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A Marie, a Lydie
Et a Charles, Merci.

This book is also dedicated - with grateful thanks - to the many colleagues with
whom I could collaborate or discuss and exchange ideas over the years in the
International Community working on quasicrystals.
My special thanks go to my friends at Churchill College, Cambridge (UK), Dalian
University of Technology, Dalian (China), Iowa State University, Ames (USA),
Josef Stefan Institute, Ljubljana (Slovenia), Jiilich Research Centre, Jiilich
(Germany), National Institute for Materials Science, Tsukuba (Japan), Technische
Universitdt Wien, Vienna (Austria), Universite Pierre et Marie Curie, Paris (France)
and of course to my Ph.D. students and colleagues in Nancy.

FOREWORD
THE GOLDEN MEAN AND THE KITCHEN

The experiment had been running already for a full day. Every three minutes, the
computer extracted another diffraction pattern from the buffer of the detector. Outside,
the sun was probably still shining, irradiating the beautiful surrounding scenery with
a unique ochre light that, by the end of the afternoon on dry winter days, turns the
snowy slopes into flaming waterfalls. No doubt that many of Grenoble's inhabitants
were still finishing their last rush on the ski tracks.
Located close to the heart of the French Alps, in the South East of the country,
Grenoble had attracted, even before the Winter Olympic Games in 1968, many lovers
of mountaineering and skiing or, more simply, walking admist wild nature. As a
matter of fact, not all but most of these people have taken jobs related to science,
thus building up one of the major places of technological development in Europe.
This was true already in the beginning of the 20 t h century when the costless
electrical energy delivered by the many nearby dams and hydraulic turbines allowed
the settlement of Pechiney's aluminium plants in the deep valleys converging
towards Grenoble. In more recent years, the place had sustained a constant growth in
most technological fields including materials production, chemistry, nuclear energy
and semiconductors. At the same time, Grenoble had become one of the largest
universities in France and accommodated a few European large scale research
facilities.
On that sunny Sunday afternoon, our neutron diffraction experiment was taking
place close to the high flux reactor of the Institut Laue Langevin, still the most
powerful facility of its type in the world. This institute actually was what attracted
me to Grenoble and not, to be quite frank, the sort of slippery boards that my
colleagues were able to ride with speed, efficiency and sometimes elegance over the
tightest hills. As far as I was concerned, I had always considered skis rather
reluctantly, knowing how much such ancillarities are prone to choose their own
trajectory themselves, with the greatest disregard to the will of fellows like me, most
often monopolized at keeping an upright and respectable position.
The sample had been prepared in another place, five hundred kilometres north,
in Nancy that is also a large university dedicated to science, medicine and
humanities, rather similar in size and content to Grenoble. The city of Nancy has
grown up in close relationship with the nearby coal and iron mines and with the
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steel industry that have dominated the local economy of the northeast part of France
for over a century. Owing to the crisis during the last three decades, most mines have
closed and many steel plants have just disappeared like the one that produced the bars
and girders for the Eiffel Tower in Paris. I remember it quite well since I grew up in
the shadow of its high-furnaces where my own father served a whole life of painful
labour.
What appeared on the screens of our diffraction machine was just amazing. With
my co-workers, we were looking at the transition upon cooling of a liquid alloy into
a quasicrystal. The sample was installed at the centre of a big furnace and, thanks to
neutrons that go so easily through most materials, we could observe in real time,
step by step, what was going on. Our surprise was that, apparently, nothing special
happened. The transformation went on smoothly like in any other aluminium
intermetallics that grows from the liquid alloy through a series of peritectic
reactions. The reaction could be stopped any time and, after reaching equilibrium, the
heating turned on again to increase the temperature. Obviously, the liquid to solid
transitions were all perfectly reversible and we were exploring a portion of a
conventional phase diagram.
This was the first, detailed and intangible, evidence that quasicrystals may
become useful materials, thus confirming a guess made about at the same period
when I discovered that quasicrystalline surfaces show attractively low adhesion
properties. Indeed, we had with this experiment all reasons to believe that
quasicrystalline alloys could be produced at industrial scale and low cost, using all
the tricks and well-known methods of classical metallurgy. Their unique
crystallographic structure allows them to be easily identified in devices, and therefore
makes the defence of patents and industrial property more simple. This fact combined
with the possibility to turn to well identified and practised production methods was,
to a large extent, a guarantee that these new materials, with their strange properties,
could reach the market and offer innovative potentialities. Less than ten years later,
several applications have been recognized by industry and a very few of them are
commercially available.
This book will deal with the practical usefulness of quasicrystalline alloys,
either already realized or potential. This however does not contain all that
quasicrystals have taught us. More importantly perhaps, they shed a new light on
various fields of condensed matter physics, like crystallography and electron
transport. They prove that entirely unexpected phenomena may eventually be
discovered in domains like aluminium alloys which, so far, have been explored for
decades. It is the deep sense of usefulness of quasicrystals that the book will address.
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Concerning quasicrystals, the first and major issue arose nearly two years after
their discovery in 1982 by Danny Shechtman when he and his co-workers (I. Blech,
J.W. Cahn and D. Gratias) published1 a now famous paper a demonstrating the
occurrence of five-fold symmetry, in an apparently long-range ordered Al-Mn crystal.
The revolution that followed, with its unavoidable and probably fruitful controversies, forced new progress of our understanding of the atomic arrangements in
solids, namely that order in condensed matter is not necessarily imposed by simple
translation symmetry as was thought before. This revolutionary concept turned into
a more general crystallography, which proves very useful nowadays to understand
complex intermetallic systems comprising hundreds or thousands atoms per unit
cell. Other and fundamental steps were taken when several papers in the years 1986
to 1988 reported the existence of stable, or substantially stable, quasicrystals in
various ternary alloys. This was when our neutron diffraction experiment took place
at DLL after An Pang Tsai 2 had pointed out that the Al-Cu-Fe alloys yield a stable
quasicrystal in a very restricted area of the phase diagram close to the composition
Al65Cu2oFe15 (at%).
At that time, my interest in quasicrystals was not new however. With Christian
Janot, I had already been studying them from nearly the earliest days, using neutrons
and substitution techniques to tune the scattering length of the constituents with the
aim to determine the atomic positions.3 Soon, a preliminary model of the structure
of the Al-Mn quasicrystal emerged from our measurements or from similar ones
performed by colleagues. I began then a period in my life, which was that of a
fascinating challenge. Nowadays, still it is a source of excitement and inspiration.
On the one hand, an issue was to cope with the arduous problem of a complete
understanding of quasicrystal structures. This issue was tackled by several groups in
the world and, although not yet fully settled, has been solved by us and others to a
fairly satisfactory extent. 4 We found that the key point to understand is the
hierarchical architecture of atomic clusters based on the golden ratio, an irrational
number already contemplated in ancient times by architects and painters. On the
other hand, the very first usefulness that I found of quasicrystals (or more precisely,
of quasicrystalline coatings), less than five years after Shechtman's initial discovery,
was not by any means a 'high tech' product. Rather, it was prosaically a frying pan
that could combine a metallic substrate for fast cooking and a coating made of a
specifically designed quasicrystalline alloy offering surface hardness, chemical
a) Footnotes appear in text as letters and references as standard numbers. All references given in a
chapter are listed at its end.
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resistance and substantially low adhesion to food.5 The golden mean had popped in
to our kitchen.
Soon afterwards, with my collaborators in Nancy, we have pointed out a few
more potential applications such as barriers for thermal insulation of blades in gas
turbines or reduction of friction at the surfaces of parts moving in contact with each
other. 6 Other fields of application were explored elsewhere like for instance
catalysis,7 particle reinforcement of alloys,8 solar light absorption.9 The research
was however devoted during this period to understanding the strange properties
manifested by quasicrystals, including single grains of excellent lattice perfection.
Electron conduction is emblematic in this respect. Some quasicrystals are such poor
conductors that they compare with doped semiconductors, a property that has to be
related with their weak heat conduction similar to that of zirconia. Furthermore, this
conductivity increases with temperature whereas it decreases if the crystalline quality
of the material is improved. Altogether, this behaviour is just opposite to that of the
usual metallic alloys, quite a surprise for a compound made of aluminium, copper
and iron. Other features, like plasticity, mechanical moduli, surface energy, light
absorption, lattice dynamics, etc., were shown to depart substantially from the
response of the constituent metals. It was a delight for many of us to take part in
this quest for a better knowledge of such properties whereas, meanwhile, progress
made on their structure determination was significant.
Thus, quasicrystals were like precious gold coins, from the beginning of their
history, at least for me. On one side, they showed the exhilarating face of Enigma,
forcing condensed matter physicists to pierce the secret of their structure and to
interpret the mechanisms that govern their unexpected properties. On the other side,
the head of Ventura was placed close to the faces of Financia, Strategia and Quarella,
less readily identifiable but quite present already. Those are the Gods who rule the
technological development of new materials like quasicrystals, taken at their birth
where so little was known. It has been a real, profound and enriching human venture,
involving not only scientists, but also many engineers and technicians, lawyers,
market experts, etc. who worked together in Europe thanks to Financia's fundings.
Often, they referred to Strategia's wills which sometimes dictated conflicting
constraints on the most efficient way to gain a market or to decide between the
interests of various partners. Of course, as in any other human affair, Quarella was
keen enough to play her own role and I must confess that I have had quite some
trouble to keep her out of the game.
The intention of the book is not to give historical background of developments.
Nevertheless, I shall keep some reminiscence of the context of what was often a
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great venture by quoting, as I did in this foreword, the few details known to me
about the circumstances of the most relevant discoveries. My objective will then be
to get the reader acquainted with what I consider as the most basic characters of
quasicrystals - structure, formation and stability, properties - and to present them in
the perspective of applied physics and potential applications of quasicrystalline
materials. I will assume that the reader has some background in solid state physics
and materials science, but has no particular knowledge of quasicrystals. Therefore, in
the first chapter it will be shown that quasicrystals can neither be considered as
crystals nor as glasses and introduce the view that quasicrystalline materials form a
broad family of specific structures, ranging from truly aperiodic crystals to
translationally symmetric structures with large unit cells. For the sake of
comparison, the main features of conventional crystalline alloys and of metallic
glasses will be depicted as well. Little however will be written about the details of
the atomic structure, a subject already addressed in detail in many other text books.
With no further delay, the second and third chapters will be devoted to the
electronic properties of quasicrystals and to the properties related to atomic mobility,
respectively. Special emphasis will be put on heat transport and surface studies. The
main argument in these chapters will be to demonstrate the strangeness of their
properties compared to what is expected from metals and alloys theory. Towards this
end, examples based on our own measurements and that from many other groups
will be provided. Nevertheless, these two chapters will not be self-contained since
the choice of examples is a matter of taste and they will certainly not cover the
whole knowledge available nowadays on the subject. In these chapters, I will discuss
facts and data in the light of my own interpretation of their relationship to the unique
structure of quasicrystals. This is my personal view, substantiated as I will show by
the agreement with experimental results, but not necessarily the universal model
accepted by every expert. For me so far, it is the guide line, engraved on the edge of
my coins, which allows me to unite the two facets of my research and penetrate
opposing worlds, fundamentals and applications, which are both embodied in
quasicrystals.
Phase transformations, preparation and mass production of quasicrystalline
materials will be the subject of chapter 4. The way will then be open to a description
in the fifth chapter of technological applications of quasicrystalline alloys. This nonexhaustive list of examples will be based either upon demonstrated applications,
commercially available or close to the market, or potential, as depicted in patents,
scientific articles or notes in newspapers. Despite the fact that I will use various
subheadings, most could have been depicted under the heading 'energy savings',
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because the developments known to me contribute to reduce friction or heat loss, to
recover the energy of the sun, to catalysis, etc., but some room will be also given to
other candidate applications such as magnetic recording or composite reinforcement.
To end with, we will see how much quasicrystals science has already spread to other
scientific fields.
This book is not written to satisfy solely experts in quasicrystals, although
specialists may find here useful complementary information. Rather, engineers,
technicians, newcomers to the field and students may become acquainted with the
basics of quasicrystal science. All along the book, I will use as little (and as simple)
equations as possible. Yet, upon writing the manuscript, I could unfortunately not
avoid some rather technical sections for the sake of completeness. The reader who
wishes to know more about the basic mathematics and physics of quasicrystals may
find the necessary complements in the excellent text books listed hereafter.10 Also,
with the view that some readers may like to broaden the scope of the present book, I
have done my best to provide a rather complete selection of articles listed at the end
of each chapter, which, by no means, signify any contempt for the other papers.
Of course, I shall place the very first in the list at the dearest place and
gratefully thank its authors Danny Shechtman, Ilan Blech, John Cahn and my
colleague at CNRS Denis Gratias for opening up and guiding the road. I shall also
express my gratitude to all those who have contributed to the technological
development of quasicrystals or have helped me to sustain this work over the years,
at home, in my laboratory, within the French Research Group on Quasicrystals and
at CNRS head quarters or abroad, in Austria, China, Germany, India, Japan,
Slovenia, Switzerland and the United States. I would like to place on record my
appreciation for the invitations to join An Pang Tsai at NIMS in Tsukuba, Japan,
far away from any administrative duty, thus allowing me to complete this book.
Esther Belin-Ferre, Gerard Beck, Christian Janot, Hans-Ude Nissen and especially
Ratnamala Chatterjee and Ulf Dahlborg were kind enough to read and critically
comment different parts of its content. However, I accept full responsibility for any
mistake or misinterpretation left in the present book. Finally, I am happy to
acknowledge the financial support offered to my research group in Nancy by Centre
National de la Recherche Scientifique, Ministere de l'Education Nationale, de la
Recherche et de la Technologie, Ministere des Affaires Etrangeres, Communaute
Urbaine du Grand Nancy, Region Lorraine and the European Communities.

Nancy and Tsukuba, April 2003

Jean-Marie Dubois
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CHAPTER 1
WHAT TO KNOW TO START WITH

1

Introduction

Five-fold symmetry did not await the discovery of quasicrystals to raise the interest
and fascination of architects, artists and painters.1 On the contrary, many living
bodies like starfishes or flowers with five petals, or a large number of houses and
buildings have been designed sometimes with a perfect pentagonal symmetry. A
modern example is the Pentagon Building that belongs to the US Department of
Defense in Washington D.C. The decorated wooden ceiling in one of the first rooms
after visitors entrance in the Alhambra Palace in Granada, Spain, is also a nice
illustration of how painters can play with five-fold symmetry in a rectangular frame.
In three dimensions, the pentagonal dodecahedron, Plato's solid of highest
symmetry (figure 1.1) is a polyhedron of twenty vertices arranged on twelve
pentagonal facets. It has therefore six five-fold axes joining the centres of opposite
facets, and also ten three-fold axes going through opposite vertices, and fifteen
two-fold axes pining the middle of the edges taken two_by two. Thus, the point
group for rotational symmetry of this object is m3 5 (or 235 if inversion
symmetry is broken). There exist many other polyhedra that show the same
elements of symmetry (figure 1.2). As a matter of fact, their number is infinite, as
they may be deduced from the simplest one, the icosahedron, by duality and
truncation. The series ends with the sphere which yields all kinds of rotational
symmetries. Atomic arrangements that show this type of local symmetry have been
pointed out in many intermetallic compounds.2 They will play an important role in
the following of the book.
As in many cyclic molecules such as fullerenes or clathrates, nature often
uses icosahedral symmetry to organise life, at least in very small objects like
viruses. This is the case for instance of the HTLV-2 virus of the AIDS disease, or
that of tomato stuntedness. Worth noticing, this organization of the virus cell
maximizes the exchange with the surrounding medium, because while keeping a
polyhedron shape, its surface to volume ratio is the largest possible one.
Metallurgists are not as gifted, but they nevertheless sometimes attempt to grow
small metallic particles of nickel or palladium to produce efficient catalysts. At a
very small size, below a thousand atoms or so, the particle envelope is often an
icosahedron. Inside, the atoms are arranged like oranges on the stall of the grocer.
They touch each other and form a cubic, close packed array, which is multiply
twinned along dense planes.
1
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Figure 1.1: Plato's five regular polyhedra having identical facets. Whereas there exist an
infinite number of regular polygons (with equal edges), the very small number of regular
polyhedra (with identical facets) in three dimensions is associated with the idea that
perfect harmony is scarce in the real world. Among these five objects, the two most
elaborated ones belong to the group of symmetry of the icosahedron (the icosahedron
itself and the dodecahedron).
Twenty tetrahedra join together along such dense planes to form the icosahedron (figure 1.3). Unfortunately, the dihedral angle of the tetrahedron is slightly
too small to close the 2n angle around the shared edge. Therefore, the growth of the
icosahedral particle is restricted to some limiting size. Beyond this size, the gap
between adjacent tetrahedra becomes too large and interfacial constraints can no
longer be sustained by the interatomic potential. The particle must be rearranged so
that the angle between constituent units, i.e. the rotational symmetry of the solid, is
compatible with space filling requirements. In the present case, with monoatomic
particles, there are two solutions, hexagonal or cubic, and this transition was indeed
observed during either subsequent growth or upon thermal annealing of e.g. nickel
particles.3
We are now at the heart of what makes the perfect, long range, icosahedral
symmetry of quasicrystals fascinating. Objects with this symmetry, or the
pentagonal symmetry if they lie in the plane, are well known and numerous.
However, they are either unique (or isolated) like some Hungarian churches,1 the
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starfish or many kinds of flowers, or they are limited in size like viruses or small
particles. Until the discovery of quasicrystals in 1984, no example had been reported
of a structure able to exhibit perfect five-fold symmetry up to infinity, i.e. up to
distances exceeding the interatomic spacing length by orders of magnitude.

Figure 1.2: Like the icosahedron and the dodecahedron (top raw of the figure), other
polyhedra show 2-fold, 3-fold and 5-fold rotational symmetries (labelled A2, A3 and A5,
respectively). The two examples presented in the bottom part of the figure are the
icosadodecahedron (left), with two kinds of facet, and the triacontahedron with lozenge
facets (right).
Figure 1.3: Twenty regular tetrahedra that share
a common vertex leave a gap open in between
as shown by the shaded area.

The problem however had already been approached on a theoretical basis. It
was considered by Kepler (1571-1630) who recognized the difficulty to tile the plane
with pentagons without leaving gaps between the tiles or heptagons that necessarily
overlap. 4 Diirer (1471-1528), perhaps influenced by the rectangular shape of the
frame, produced periodically repeating patterns of pentagons and rhombs 1
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(figure 1.4). Nowadays, it turns out that these drawings correspond to planar atomic
arrays found in crystalline counterparts of quasicrystals like the Ali3Fe4 compound
to which we will come back later in this book. Despite the fact that the symmetry is
locally pentagonal, for instance around the centre of a pentagonal tile, it does not
extend to infinity in these patterns. In order to obtain long-range five-fold symmetry,
or icosahedral symmetry in three-dimensional arrays, we need some specific rule that
forces atoms to arrange themselves accordingly.

Figure 1.4: Periodic arrangement of regular pentagons and rhombs that tile the plane in a
rectangular frame. Atomic layers found in the X-Al13Fe4 compound present the same
configuration. The trace of the monoclinic unit cell of lattice unit vectors aj and 32 is
shown.
Examination of these constraints will be an issue in this chapter. We will
begin with the case of usual crystals that are organized according to translational
symmetry. We will see how this excludes perfect five-fold symmetry. Approximate
five-fold symmetry may however be tolerated in some crystals, as anticipated by
Dlirer, and we will see a few examples. On the other hand, disordered media such as
amorphous alloys may yield local five-fold symmetry. We will insist on the
icosahedral order in metallic glasses, mostly in relation with the stability and
mechanical properties of aluminium-based alloys. This is indeed the framework that
guided many of us, and especially D. Shechtman, at the time of the discovery of
quasicrystals. The discovery of the icosahedral phase in Al-Mn, a time called
Shechtmanite, was thus a monster for crystallography, but not to the others who
were aware of space-decurving techniques.5 We will see this in the course of this
chapter and also present how R. Penrose solved the logic problem of tiling the plane
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with five-fold symmetry, yet excluding translational symmetry. The situation was
thus rather confusing between Ancient and Modern crystallographers until definite
experimental evidence could be supplied to prove the existence of quasicrystals. The
quarrel was however fruitful and productive, as we will claim by the end of the
chapter.

2

Classical and Non-Classical Crystals

Crystals, in contrast with the worlds of life or art, appear as an exception as they
tolerate only a restricted set of rotational symmetries. This is easy to exemplify with
the case of a two dimensional tiling of the plane. Consider for instance the floor of
your kitchen that you need to cover with crockeryware. Rectangular tiles, as well as
triangles, squares or hexagons will fit, with no overlap or voids in between adjacent
tiles (figure 1.5). Obviously, more complicated shapes would also fit but fairly
easily you may convince yourself that they are simple distortions of one of the
previous generic shape of tiles that do not change the rotational symmetry.

Figure 1.5: Tilings of the plane with triangular, square (or rectangular) and hexagonal
units with no voids nor overlaps. By contrast, pentagons or heptagons do not tile the
plane.
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The reason why the tiling of your floor goes so well is shown in figure
1.5. Fortunately enough, you have been supplied with tiles having a vertex angle
such that you may assemble an integer number of tiles around every vertex. For
instance, you may join together four squares because the vertex angle is,
appropriately, a quarter of a turn. This installs a four-fold rotation axis that pins the
tiling plane at every vertex. For triangles or hexagons, the shared vertex is a centre
of six-fold, respectively three-fold, symmetry whereas the invariance by rotation
around the vertex is only two-fold with rectangles because non-parallel edges have
unequal lengths. This also corresponds to the case of tiling with any parallelogram.
Suppose now that you have purchased pentagonal tiles as the ones shown
in the right-hand corner of figure 1.5. This would by no means cover the floor
entirely because the vertex angle of a regular pentagon is 108°, enough to put three
tiles around a vertex but leaving also open a rhombic void. Naturally, you may ask
for some distorted pentagons, with unequal vertex angles, or buy two kinds of tiles,
the pentagons and the interstitial rhombs. In the first case, a quick look at a drawing
will show you that this is equivalent to tiling your kitchen with rectangular crockery
decorated by an array of distorted pentagonal drawings. The second case is more
tricky. It may find a solution of the kind that Diirer himself had probably considered
for his own kitchen (figure 1.4). Though we cannot guaranty the truthfulness of this
historical statement, we are sure that this type of tiling is trivially rectangular, or
more precisely equivalent to joining parallelograms of adequate decoration as
indicated by dashed lines in the figure. Accordingly, the rotational symmetry is
simply two-fold.
Is there however a possibility to arrange pentagons, and if necessary
rhombuses, so that the resulting tiling exhibits a true five-fold rotational symmetry?
For decades, until Roger Penrose solved the problem in 1974,6 crystallographers
answered this question with a categorical no. The motivation for this reply is
introduced below, but we need first to go back to lattices and to the coupling
between rotational and translational symmetries. Around each vertex, see figure 1.5,
the same number of identical tiles covers the plane with no gap nor overlap when
the rotational symmetry is either 2, 3,4 or 6. Therefore, any vertex may be deduced
from any other one, taken as the origin, by moving a copy of a single tile along an
appropriate combination of tile edges. This translation of a unique tile is able to
cover the entire plane only if the associated rotational symmetry belongs to the set
of {2,3,4,6}-fold rotations. In more elaborated mathematical terms, we may define a
two-dimensional lattice as an infinite array of periodically arranged points such that
the position of any point with respect to an origin is given by:
r = nj aj + ^ 3 2
(1.1)
where the nj, n2 are integer numbers and ai, 82 are unit vectors which define the
translation in the plane from the origin to position r (figure 1.6). The surface span
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by (a i, 32) is called the primitive cell. Its area is unique for a given lattice. The
choice of ai, a2 is however not unique, see figure 1.6, and it is generally preferable
to define a crystallographic unit cell which emphasizes the symmetry of the lattice
and favours the use of orthogonal basis vectors. The same may be achieved in three
dimensional space, yet with three basis vectors ai, a2, 33, which refer any vertex
position to that of the origin according to:
(1.2)
r = n, aj + n2 2^ + n3 a3 = £ a as
i

Figure 1.6: Example of a square lattice in two dimensions with different choices of the
primitive cell shown in dashed lines. These cells have all the same area and do not
contain more than one atom located at the origin. The unit cell shown in full line
contains two atoms and corresponds to a centred square lattice in two dimensions.
This equationa embodies the fundamental assumption of crystallography that
dates to Rene-Just Hatty (1743-1822). Rene-Just Hatty was a clergyman but also a
naturalist. He was in charge of the supervision of the Jardins des Plantes in Paris, a
position that at the time of the French revolution was rather dangerous but it let him
be very active in many aspects of natural sciences. One day while he was contemplating a large single crystal of calcium carbonate, the piece felt down and broke into
smaller crystals. Surprised, and presumably a bit angry of himself, R.J. Hatty
observed that the smaller crystals were quite similar to the former big one.
Specifically, the number of facets, their shapes and the dihedral angles they formed
with each other were the same. The fact that natural crystals that are found in geodes
exhibit only a restricted variety of shapes and dihedral angles characteristic of each

a) Often, we will use a, b and c to label the three basis vectors of a conventional crystal.
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kind of crystal was already known from the works of other naturalists during the
previous century. Rene-Just Haiiy deduced from this nice, though accidental,
experiment that crystals cannot be divided in smaller parts up to infinity. On the
contrary, he assumed that they are formed by the periodically repeated stacking of a
single unit, something like a basic molecule. He could then imagine fairly simply
the external shape of a crystal from that of the elementary building block.7
It comes out immediately from this assumption that periodic lattices are
composed of periodically spaced lines of vertices in two-dimensions or of
periodically spaced planes of vertices in our usual 3-dim space (figure 1.7). As a
matter of fact, crystals are aggregates of atoms that, according to Haiiy's
assumption, fit into the crystal structure by translating periodically the restricted set
of atoms attached to the unit cell. Depending on the position and chemical nature of
the atoms, this operation may reduce the overall symmetry of the crystal with
respect to that of the unit cell. Thus, the combination of the position Rj of atom j
within the unit cell with that of the translated cell:
r = X n. a + Rj
(1.3)
i

introduces new symmetry elements such as rotations and reflections. The atoms
attached to any lattice vertex are translated together with the unit cell. They form
what is called the basis. Their symmetry elements belong to the point-group
symmetry of the crystal. Combined with the symmetry elements due to the
translational symmetry, they build up the space group of the crystal.

Figure 1.7: The square lattice of fig. 1.6 visualized as an ensemble of rows of sites. The 3dimensional analog of this figure would show equally spaced planar arrays of sites.
In the mid of the last century, Auguste Bravais (1811-1863) demonstrated that
there exist only fourteen different lattices in three-dimensional space. These so-called
Bravais lattices feature the only possible ways to fill-in 3-dim space with
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periodically translated primitive cells. They are based upon seven crystal systems
complemented by the allowable spatial symmetries of periodic arrays of points.
Combined with the possible symmetries of the basis, this in turn leads to 230
different space groups for classical, periodic crystals in 3-dim space.
Let us now come back to five-fold symmetry and see why it was considered
for decades as incompatible with translational crystallography. Consider one of the
regular pentagons shown in figure 1.8 and suppose it is drawn with its five vertices
around a vertex (A) on a two-dimensional lattice. The distance from the central node
to the vertices is taken as the shortest distance between neighbouring lattice sites,
for instance the minimum interspacing distance between atoms. If A and B are two
lattice sites, then B is, as well as A, a central node for another pentagon. Therefore,
D is also a lattice node. The distance C-D between two neighbouring lattice sites is
smaller than A-B. Thus, A-B that we considered as the smallest pair distance is not
such a distance. Considering now C-D as the smallest distance will take us to the
same conclusion, and so on and so forth. Hence, it is not possible to have
simultaneously translational periodicity and five-fold symmetry in the plane. This
conclusion may be easily extended to rotational symmetries higher than six.
Specifically, octagonal (8-fold), decagonal (10-fold) and dodecagonal (12-fold)
point-group symmetries cannot tile the plane periodically. In three dimensions, the
demonstration is not hard to work out: icosahedral point-groups with their six fivefold axes of rotation cannot produce a periodic tiling of space.
Figure 1.8: The pentagon centred in A, or
the one in B, does not belong to a
periodic tiling of the plane.

In 1974, Roger Penrose 6 considered this dilemma from another point of
view. He knew, as well as we know from the previous discussion, that periodic
lattices are not five-fold symmetric, but he wanted to know whether five-fold
symmetry, if enforced in a pattern, would necessarily suppress its periodicity. Of
course, there is apparently a trivial case that contradicts this possibility as illustrated
b

b) We shall kindly request the reader to forgive us if we make a short story of a lengthy and slow,
somewhat hesitating, development of this branch of quasicrystals science. It involved many more
contributors than the few whose names are quoted here. See Ref. 4 and 8.
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in figure 1.9. Here, any site in the pattern can be obtained from the centre of the
figure taken as the origin via a linear combination of two unit vectors plus rotations
by 2 m rc/5, where m is also an integer. These sites therefore lie on a lattice which,
by construction, has five-fold symmetry and, obviously enough, is periodic in every
of its five sectors. These sectors are symmetric by reflection on their common
interface. Suppose now that, like Rene-Just Haiiy, we are clever enough to break
this crystal along the interfaces into five separate parts. This would produce two
effects. First, the external shape of the constituent crystals would no longer be
homothetic to that of the initial crystal because five-fold symmetry has been lost.
Second, the relative positions of the sites in each sub-lattice are now identical, since
any two unlocked crystal fractions can be superimposed, and they are obviously
periodic. Thus, this was not what Roger Penrose was looking for. This is a special
case of some sort of artifact, frequently observed in intermetallic compounds, which
is called multiple twining. It has played a very important role in the development of
quasicrystal science and we will come back to it in section 5.

Figure 1.9: A tiling of the plane that shows five-fold symmetry around its centre by
arrangement of five crystalline domains in twin position.
Roger Penrose is one of the most prominent contemporary mathematicians
and his name is attached to many famous works. The most well known to the Grand
Public is probably his contribution to the theory of black holes that he worked out
with Stephen Hawkings. 9 More recently, he has involved himself in trying to
understand better our brain's functions and their relationship to consciousness.10 The
question that Roger Penrose asked himself was the following: if we find a way to
enforce five-fold symmetry in a tiling of the plane, would this meanwhile prevent
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the tiling to be periodic? The answer he came to was yes as we will explain in the
following. Educated as a scientist, he showed also remarkable skills in graphic arts
and proposed his solution in an amazing drawing reminiscent of the tessellations by
the Deutch artist M.C. Escher (1898-1972). A copy of this piece of art is shown in
figure 1.10 and the construction of the underlying aperiodic tiling is demonstrated in
figure 1.11. This tiling is built with two rhombuses, a fat and a thin one, assembled
in such a way that the edges are aligned along one of the five directions defined by
vectors that join the centre to the five vertices of a regular pentagon. Notice that
black circles are superimposed onto some sites of the network whereas some edges
carry an arrow. This will become important hereafter. At this stage, we may simply
observe that the drawing has one centre of five-fold symmetry (the node in the middle
of the drawing from which five arrows emanate). There are a few other sites locally
equivalent to this one visible in the figure. Everywhere in the drawing, we recognize
many decagonal contours of ten edges and they overlap other neighbouring decagons.
Some of these decagons are composed of five fat and five thin lozenges, with internal
five-fold symmetry, whereas the other decagons have a more complex internal
structure.

Figure 1.10: Artistic presentation of the Penrose tiling of the plane with fat and slim
chickens. By construction, this arrangement cannot be periodic but shows long-range
five-fold orientational order.
The important point is that we cannot identify, by any means, periodicity in
this figure. Specifically, we may copy the pattern onto a transparency and move this
copy on top of the original along various combinations of edge vectors. In a periodic
pattern, this experiment would necessarily demonstrate the exact coincidence between
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sites in the copy and in the original pattern after any translation. The two most
simple and independent displacements would mark the two unit vectors of the lattice.
Here with the Penrose tiling, this operation is never successful. Most sites in the
copy go to superimpose sites of the original pattern, but there is always a small
fraction of nodes that do not. Meanwhile, we recognize that these regions of finite
size correspond exactly to identical regions elsewhere in the pattern. In an infinite
pattern, such regions of limited size are in infinite number and it is always possible
to find two such identical fragments of the pattern at a distance about twice as their
average diameter.

Figure 1.11: Fraction of a Penrose tiling with vertices and edges decorated as explained in
the text.
In order to produce the tiling in figure 1.11, we may first start from a regular
pentagon, figure 1.12, and join all pairs of non-adjacent vertices by a straight
segment of line. This draws in the middle of the figure a smaller regular pentagon. If
the former pentagon has unit edge length, then the new one has an edge of length
T"2. The number x measures the distance between pairs of second neighbour vertices
in the pentagon of unit edge length. It is also equal to the ratio between length I and
width w in the golden rectangle11 and is therefore a root of the quadratic equation:
(1.4)
X2 - x -1 = 0
where x = l/w. It is accordingly called the golden mean or golden section. This pure
irrationnal number:
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T = (1 + 4~5) / 2
(1.5)
is approximately equal to T = 1.618 and, as Eq. (1.4) tells us, is such that x2 = x +
l;x-i + x - 2 = l ; x = 1 +x-i.
Figure 1.12: Deflation operation of a regular
pentagon of unit edge length that creates a smaller
pentagon of edge length x'2 (r = (1 + JT) I 2).

Redrawn in figure 1.13 is another partition of the initial pentagon. It consists
of six X"2 smaller pentagons plus five isocele triangles. These units can again be
subdivided in the same way, thus producing pentagons x 4 times smaller than the
first one, as well as smaller triangles and a new unit that resembles a boat (dashed
area in figure 1.13). Going one step further shows that the lozenge that links
pentagons as in figure 1.14 may be split into a boat (by adding two new triangles
from the new generation of units) plus a pentagon and a star. During the
forthcoming stages of division, there is no need any more to introduce new kinds of
units. The ones already introduced (pentagon, triangle, boat and star) tile the plane
entirely with no void nor overlap. Roger Penrose remarked this characteristic feature
and observed that the sequence along which units at a given step can be divided to
produce a new tiling in the next stage was strictly defined. As a matter of fact, the
way units assembled together to fill-in the tiling without leaving voids open could
be deduced univocally from their close neighbour units. He was then able to
simplify this pattern by using only two units, a kite and an arrow, figure 1.15,
appropriately decorated. As indicated in the top part of the figure, he designed this
decoration in such a way as to enforce five-fold symmetry and forbid periodicity to
take place. These two units themselves can be subdivided into smaller units, yet
preserving the five-fold symmetry of the pattern (bottom part of figure 1.15). When
doing so, the former decoration of the tiles is transferred to the new generation and
ensures that it preserves the same geometrical properties, especially the lack of
periodicity. This set of so-called matching rules is an invariant property of the
tiling. By re-scaling the edge length of the units at every step of the procedure, it is
therefore possible to create an infinite tiling of the plane that has no periodicity
whatsoever and five-fold rotational symmetry.
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Figure 1.13: Partition of a regular
pentagon of unit edge length into six
smaller pentagons (edge length f 2 )
and isocele triangles in-between. Two
small pentagons have been subdivided
one step further, thus creating also a
boat shaped unit shown in dash. At
this stage the edge length is f 4 times
smaller than the initial edge length.

Figure 1.14: At the fourth step of deflation of the pentagon, the regular lozenge linking
pentagons shown on the left is split into a boat, a pentagon and a star as presented in the
right part of the figure (this construction incorporates isocele triangles).

Figure 1.15: Top: Kite and arrow units
appropriately decorated to enforce fivefold symmetry in a Penrose pattern
without periodicity. In the central part of
the figure are shown an example of
forbidden matching of two units (left) and
an example that satisfies the matching
rules (right). Bottom: subdivision of the
basic units that produces deflated units and
identical matching rules but with edge
length T 2 smaller.
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It is all the same to consider another set of two basic units, the Penrose
rhombs shown in figure 1.16, which carry matching rules as well, for instance black
or white coloured vertices and arrowed edges. This set of rules was used to construct
the tiling in figure 1.11 as well as the shapes of the slim and fat chicken in figure
1.10. Here also, the two lozenge units can be divided into smaller units, thus
preserving the matching rules and allowing the construction of infinite Penrose
patterns. The possibility to relate any fraction of a Penrose tiling to that of another
tiling with shorter (or larger) edge length by deflation (inflation) is a basic property
dubbed hierarchy. An analogous rule may be worked out in three-dimensional
aperiodic tilings.8

Figure 1.16: Top: Penrose rhombic prototiles provided with matching rules that enforce
aperiodic, five-fold symmetric tilings of the plane. Bottom: deflation scheme used to
produce Penrose lozenges with edges T.2 smaller as in the previous step and still carrying
the same matching rules.
However, if we try to grow a tiling by adding units one by one, things appear
to be more complicated. In general, it is possible to continue the growth of the
tiling at a given place by making different, equivalent choices of a new unit but
sometimes it happens that there is no way to do so any more without violating the
matching rules. Then, we must reconsider one of the previous choices and change it
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to restore a perfect tiling. Altogether, we are thus able to construct an infinite
number of Penrose tilings that are all different and do not exactly superimpose onto
each other, even after relative displacements or rotation. Nevertheless, they contain
the same numbers of units or of clusters of units of finite size. Furthermore, any
combination of rhombs, whatever their size, found in a given tiling will reproduce
itself an infinite number of times in the same tiling as well as in any other Penrose
tiling.
Thus, it appears that a Penrose tiling is a fascinating object. It is nonperiodic. It reveals itself in an infinite number of combinations but nevertheless
happens to be highly ordered and possesses very strong repetition properties
regarding finite ensembles of tiling units. Also, we may design a specific decoration
of the Penrose rhombs as the one shown in figure 1.17 which emphasizes the
existence of straight alignments of specific sites inscribed on the tiles. This feature
is very reminiscent of the rows of atoms we already insisted on in previous figures,
but is however very different since their spacing distance is no longer periodic.
Nonetheless, the great degree of order exhibited by such tilings brings them far
closer to crystalline (periodic) lattices than to disordered networks. Such a
resemblance was noticed by Penrose in one of his early papers and led later Levine
andSteinhardt 12 to coin the label 'quasicrystals' for them (probably also because
'quasi' in American English can be pronounced like 'crazy', which makes sense in
comparison to regular patterns!).

Figure 1.17: Specific decoration of a Penrose tiling (left) and the Penrose pattern itself
(right) with matching rules equivalent to the ones used in figure 1.16. The decoration in
the left part of the figure produces straight lines that cross the pattern at aperiodic
intervals and emphasizes the high degree of order of the tiling.
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A three-dimensional Penrose network can be generated as well by using two
elementary rhombohedra, a prolate and an oblate unit also appropriately equipped
with matching rules. Again, aperiodically spaced planes may be drawn within the
array of tiles, thus suggesting that atoms attached to the units may form planar
arrays like in classical crystals. This construction was designed soon after Penrose's
paper was published by Alan Mackay who actually predicted the possible existence
of ordered compounds with forbidden rotational symmetries.13

3

The Reciprocal Space

To obtain better insight into the relative positions of atoms in a structure, the most
efficient method is to produce an interference pattern between waves of adequate
wavelength scattered in a given direction by the assembly of atoms. Such an
experiment is schematized in figure 1.18. It was designed for the first time in 1912
by Max von Laue (1879-1960) who was looking for a measure of the wavelength of
X-rays discovered about two decades earlier by Rontgen (1845-1923) in Wurtzburg,
Germany. The distance between atoms was not exactly known by von Laue but
could nevertheless be anticipated with fairly good accuracy from the crystal density,
assuming atoms were arranged as in a simple Bravais lattice. Within this
assumption, von Laue guessed that X-rays would interfere, and cause a sort of fringe
pattern already well known for visible light, provided their wavelength was
comparable to the interspacing distance of atoms, i.e. about one or a few angstroms.
This experiment was successful indeed and in the meantime proved the wave nature
of X-rays.
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Figure 1.18: Sketch of a diffraction
experiment with two isolated atoms located
in A and B. A remote source of particles (Xrays, electrons or neutrons) emits plane
waves from far left. The atoms scatter
elastically (with no change of the
g t h )
a part of the incoming waves
in all directions of space. When observed at
long distance with a detector in X, peaks of
intensity are detected if the scattered waves
arrive in phase. This is the case for the
n
t
example. Knowing the wavelength
of the beam, it is possible to deduce the
relative positions of the scattering centres
from the detector positions where
constructive interferences are found.

18

Useful Quasicrystals

In a diffraction experiment, each atom acts as a secondary source of spherical
waves whose amplitude fj depends on the nature of the scattering centre itself as well
as on the kind of irradiating beam. For electrons and X-rays, the scattering factor f; is
controlled by the distribution of electronic charges, whereas for neutrons, fj is due to
the atom nucleus. To simplify, we shall assume that the source of beam and detector
are far from the sample and we will consider only monochromatic, incoming and
outcoming waves with wave vectors k and k', respectively, such that:
|k| = |k'| = 2rc/A,
(1.6)
where A. is the wavelength.
We put atom A at the origin of coordinates and label the position of B with
respect to it by vector R. Then, the phase difference A between waves scattered in A
and B is:
A = R . (k - k') = R . Ak
(1.7)
Similarly, if we have not only two atoms but an ensemble of scatterers located at
different positions rj in a structure, each individual signal received by the detector
will show a phase shift rj.Ak and the total amplitude of this signal will be
proportional to £ f exp (i^Ak) where the index j = 1 to N labels all atomic
j

positions. In most directions of space, this signal will cancel to zero except where
interferences are constructive because the phase shift equals an integer times 2%. This
condition is satisfied only if Ak = k - k' is such that:
|Ak| = 2 |k| sin 6
(1.8)
where 8 is the angle between the directions of the incident and scattered beams.
Consider now the simplest case of a periodic lattice. The atoms in the unit
cell can be represented by a periodic density distribution that is zero everywhere
except at atom positions. It repeats itself identically with the same period R as the
crystal translation, i.e.:
p ( r + R) = p(r)
(1.9)
which takes non-zero values only for a restricted set of R vectors as given by
Eq. (1.2). As any other periodic function, p (R) can be expanded in the basis of its
Fourier components:
p(R)= -

V

E
G

F

( G ) exp(iG.R)

where G is a reciprocal lattice vector. The inversion of Eq. (1.10):
F ( G ) = E P ( R ) exp(-iG.R)

(1.10)
(1.11)

R

defines the structure factor F(G) which measures the amplitude of the Fourier
components of p (R). The summation in Eq. (1.10) cancels for an arbitrary G
vector. To avoid this, we must define the vector G in such a way that every term
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G.R is an integer multiple of 2n, i.e.:
G = h a ; + k a ; + la;

(1-12)

where the indices h, k and 1 are integer numbers and the unit vectors a* satisfy:
(1.13)
a. . a* = 2 n 8;j
where 5jj = 1 if i = j and Sy = 0 if i * j . The vectors a- were already introduced in Eq.
(1.2). The three unit vectors a* span the reciprocal lattice associated with the real
lattice (unit vectors 3j) of the crystal. They correspond to each other by duality (Eq.
(1.13)).
In order to observe constructive interferences, Eq. (1.8) imposes that the vector
Ak belongs to the reciprocal lattice of the crystal (figure 1.19), i.e.:
k-k' = G
(1.14)
and
2|k| sin6 = |G|
(1.15)
Eq. (1.14) may be rewritten as:
(1.16)
2dsin8 = X
where we have introduced the distance d that separates pairs of atomic planes defined
by the vector G according to Eq. (1.12) and (1.13):
2LJL
<L17)
d =
|G|
A schematic presentation of the situation is given in figure 1.20. We have drawn the
traces of two atomic planes perpendicular to the plane of the figure separated by d.
They act as selective mirrors and scatter the incoming beam of wavelength A. in a
direction 0. Again, as in figure 1.18, constructive interferences will be observed if,
and only if, Eq. (1.16) is satisfied.

Figure 1.19: Construction for the geometrical illustration of the diffraction condition, Eq.
(1.14). A sphere of radius 27tM. is shown here as a circle. The wave vector k points to the
origin O of the reciprocal lattice. Constructive interferences can be observed in the
direction k' if, and only if, G is a vector of the reciprocal lattice. Possible G vectors are
selected among the nodes that lie on the sphere. This construction is known as the Ewald
sphere.
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Figure 1.20: Two atomic planes, here represented by their traces, scatter an incoming
beam of wavelength X in the direction 8. Constructive interferences are obtained only if
Eq. (1.16) is obeyed.
Accordingly, a crystal will give rise to very sharply defined diffraction peaks
that label the nodes of its reciprocal lattice. This reciprocal lattice has exactly the
same symmetry elements as the crystal itself. It is an object invariant by translation
along the reciprocal unit vectors which exhibit the same rotational symmetries as
Eq. (1.13) tells us. In a diffraction experiment, the symmetry properties of a crystal
are directly visible in reciprocal space. An obvious consequence of this statement has
been, for decades, that five-fold symmetry, as well as any other rotational symmetry
of order larger than 6, could not be observed on diffraction data.
Alternatives to this very strict rule could nevertheless be imagined. This was
for instance the case of disordered media like metallic glasses for which a weakened
version of Eq. (1.9) applies:
p(r + r,)*p(r)
(1.18)
Here, r; measures a distance from a central atom taken as the origin within which the
arrangement of the surrounding atoms is rather well defined. When moving from one
site to another, this order is mostly preserved but the correlation between sites is
lost, thus accounting for disorder (this is like a walker in a forest: he recognizes the
tree species but loses his way if he loses his frame of reference, road, sun or
compass).
Again, the intensity scattered by an assembly of atoms located at positions rj
in the disordered sample comes from the interferences between the spherical waves
emitted at each atom (see figure 1.18). The amplitude of the phenomenon is given as
in Eq. (1.11) by:
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F(Q) =

E fj e x p ( - i r r Q )

(1.19)

j

with Q = Ak = k - k' for simplicity.
This amplitude is not experimentally available as detectors are sensitive only
to intensities. The registered intensity is directly related to the structure function (or
interference function) S(Q):

S(Q) = F(Q) F*(Q) = -J- I f. fj exp (iQ.(r-rp)

(L20)

where F* is the complex conjugate of F and the indices i and j run over the ensemble
of N atoms in the sample.
In a crystal, S(Q) takes non-zero values only if Q = G, as already stated. If the
sample is perfectly disordered like a dilute rare gas at high temperature, the
correlation between scattering particles is lost and S(Q) = f2 whatever the value of
Q. Many intermediate situations are known, for instance window glass, amorphous
semiconductors or metallic glasses. Then, disorder becomes dominant as soon as the
interatomic spacing is larger than a few first neighbour distances and the real space
orientations that characterize crystals are no longer relevant. It is accordingly more
appropriate to forget about 3-dim space and average atom spacings along one
direction r = |r[. Similarly in reciprocal space, the relevant variable is Q = |Q|.
Examples are shown in figure 1.21 for such different situations. For disordered
media, gas, liquid or amorphous solid, the scattered intensity is isotropic and the
one-dimensional representation features the complete intensity distribution in
reciprocal space. The view given here for the crystal is on the contrary valid only for
a set of specific directions G, e.g. along a high symmetry axis.
The important point here is that crystalline order is in one to one
correspondence with sharply defined diffraction peaks, also called Bragg peaks after
the name of the Braggs, father and son, who derived Eq. (1.16) in 1913. The
symmetry of the partition of intensities in reciprocal space is identical to that of the
crystal. Occasionally, the density distribution of atoms in the crystal is not
commensurate with that of the lattice. In other words, atoms are moved from their
ideal positions by a distance that is modulated. The wavelength of such a modulation
may be referred to the translational period of the crystal by an irrational ratio
a = |m| / |a|, m is the wave vector of the modulation and a, a lattice vector. Even in
such a case, it was demonstrated that modulated crystals produce a pattern of sharp
Bragg peaks to which diffraction satellites are superimposed.14
In conclusion to this section, we shall remember that crystalline order
generated by translational symmetry was associated for decades with sharply defined
diffraction patterns of identical symmetry. A breakdown of this rule was recognized
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Figure 1.21: Typical diffraction patterns expected for a crystal along a specific direction
in reciprocal space (bottom) and along an average direction for disordered media.
in disordered media as a broadening of the diffraction peaks or in modulated crystals
through the appearance of satellites. It was admitted that translational symmetry
cannot be compatible with five-fold symmetry, nor with rotational symmetries of
order larger than six. Nevertheless, model tilings of the plane, later on of
three-dimensional space, could be imagined with five-fold symmetry, yet without
voids nor overlaps. Such tilings were very reminiscent of crystalline order but had
never been observed in nature until the discovery of Shechtman in 1982. On a
theoretical basis, the question at that time was to know whether such hypothetical
arrangements of atoms could produce diffraction patterns like classical crystals.
Surprisingly, the answer was yes and was known before the experimental discovery
of quasicrystals. For the sake of illustration, we present here a copy, figure 1.22, of
an analog one published in July 1982 of a diffraction experiment obtained with
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visible light scattered by a China ink drawing of a Penrose pattern. 15 This
experiment represented the intensity distribution in reciprocal space associated with a
real space density of black and transparent regions in a 2-dim model provided with
5-fold symmetry. It possessed, with no doubt, five-fold symmetry as well.

Figure 1.22: Diffraction of visible light by a finite piece of a Penrose tiling drawn in
China ink on transparent paper. The diffraction pattern is clearly five-fold symmetric and
composed of well-defined diffraction spots (though some imperfection is present due to
the finite size of the tiling and poorly resolved drawing). This piece of evidence that
aperiodic tilings may be associated with sharply defined reciprocal lattices was one of the
very first available and was due to Mosseri and Sadoc in 1982, two years before the
discovery of quasicrystals was disclosed. It has been anticipated by the work of
Mackay.13 (Courtesy R. Mosseri, Paris).
The community of physicists and materials scientists, if not of
crystallographers, was thus ready to accept the evidence that quasicrystals exist in the
laboratory world. The evidence came, however, from an entirely different,
metallurgical approach.

4

The Search for Enhanced Mechanical Properties

Independently from the mathematical speculations on five-fold tilings that were the
subject of section 2, many groups were looking in the 80' s for new alloys with
better mechanical performances. There were different means to achieve this goal. One
was to significantly increase the solubility of the metallic matrix and rely
subsequently on precipitation hardening. This phenomenon is well known in
aluminium-based alloys, thus leading to the family of "duralumins" which are
widely used in many mechanical architectures, ranging from housewares to airplanes.
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The basic phenomenon7 behind the mechanical performance was discovered just
before war time independently by A. Guinier in France and R. Preston in the United
States. It arises from the copper atoms, incorporated into the aluminium lattice
during the preparation of the material at high temperature, which gather to form
small Cu-rich clusters at about the room temperature. They grow small precipitates,
known as Guinier-Preston zones (yet Guinier never had a chance to meet Preston
who was killed during the 2nd world war) which are finely dispersed in the facecentred cubic lattice of the metal matrix. As visualized in figure 1.23, they exhibit
crystallographic characteristics very closely related to the ones of the matrix and
therefore grow a nearly coherent interface with it. Upon further annealing, the zones
become larger and transform into precipitates that are no longer coherent with the
matrix. When the material is mechanically stressed, it deforms by emitting defects
that are pinned by the precipitates. This effect brings most of the improvement of
the mechanical properties and is widely used in many metallic alloys. The track
followed by D. Shechtman in 1982 intended to increase the solubility of metals in
aluminium alloys far beyond equilibrium in order to produce similar effects. We will
come back to this point in the next section.

Figure 1.23: High resolution electron microscopy image of an extended Guinier-Preston
zone in an aluminium matrix. The GP zone is visualized here from a direction
perpendicular to its plane and, owing to the local enrichment in copper atoms, appears in
dark contrast with respect to the surrounding aluminium atoms. It is only one or two
atomic layer thick but extends along the other directions of space over several tens of
interatomic spacings (Courtesy A. Charrai, Marseille).
The alternative to this approach is to try to eliminate any heterogeneity,
including defects, so that the medium reacts to external stresses as a rigid but elastic,
isotropic body. This can be achieved with a glass but not with a poly-crystalline
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material, which contains some density of boundaries between grains, not even with a
single crystal that will necessarily distort by gliding atom layers to accommodate the
stress. In this later case, the distortion is equivalent to the one experienced to move a
large carpet. The carpet is too large to overcome its friction on the floor when
sliding as a whole. Nevertheless, it is easy to make it move, step by step, by small
pads that can be pushed away. This is how caterpillars walk and, by analogy (figure
1.24) how crystals flow. The simplest version of the defect involved in this
mechanism is called coin-dislocation, in short hereafter a dislocation.

Figure 1.24: Comparison between the walk of a caterpillar moving from left to right and
the deformation of a 2-dim cubic lattice under shear stress. The flow of the crystal is
obtained due to breaking only one interatomic bond at a time. The dislocation core which
assists the movement of the two parts of the crystal relative to each other is thus clearly
visible. It may be characterized by surrounding it by a closed contour. Such a contour is
not the same in the undeformed crystal, in the absence of the dislocation. The difference
between the two contours is a lattice vector called the Burger's vector that is specific of
the dislocation considered (Courtesy C. Janot, Roma).
Extended defects like dislocations cannot survive in glasses but nevertheless
groups of tightly bound atoms exist. They are separated by weaker regions within
which the optimum chemical order around atomic species is no longer satisfied
because of disorder. If the applied stress is large enough, a crack can propagate
through such regions and the deformation of the material proceeds at the interface
between two rough surfaces. With J. Friedel, 16 we may consider that moving the
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two lips of the crack over a slip distance b relatively to each other creates a rumpled
surface and develops a finite surface energy y(b) per unit area (figure 1.25). This
energy is given by the sum of electronic contributions, because atomic bonds are
broken across the surface, and of elastic contributions due to the 'friction' of clusters
(or fragments of clusters) against each other. Let us call A the mean modulation
length of the crack that is comparable to the average size of the tight clusters. One
expects y(b) to increase with b up to a saturating value K. This critical value of b is
such that X < A and represents the Burgers vector of the imperfect dislocation
necessary to split the solid in two parts so that the two lips of the crack can slip
nearly freely past each other. The low temperature estimate of the elastic limit
(neglecting electronic contributions) is then:16

aR=1

F~G(T)2

(L21)

where G is a shear modulus and h the average height of the atomic rumpling, thus
h/A « 1 (typically 10%). Therefore, one expects for a metallic glass:
a R - 10"2 G
(1.22)
This yields a fairly large value of CJR since G, being of the order of 102 GPa, is
dominated by the strength of chemical interactions. Thus, a reasonable expectation
value of OR is 1 GPa, well above the yield stress of conventional alloys.
Furthermore, it is foreseen on this basis that deformation should be merely nonhomogeneous and should proceed essentially through the formation of parallel shear
bands locating the maxima of the principal directions of the stress tensor. As a
matter of fact, this is observed experimentally, for instance upon bending a metallic
glass ribbon. 17 The emergence of the shear bands at the surface of the specimen
creates steps that are easily visible (figure 1.26). Meanwhile, tensile test
experiments yield CTR in the range 0.7 to 1.4 GPa for most metallic glasses.

Figure 1.25: Propagation of a corrugated crack under shear stress in a medium constituted
of essentially rigid clusters of average size A.
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Figure 1.26: Deformation steps observed
at the surface of a bended Al87Fe6 7Ceg 3
metallic glass ribbon (Courtesy S.J.
Poon, Charlottesville).

Altogether, the expected gain in the mechanical properties may thus be fairly
large. Several groups have therefore attempted to produce metallic glasses with
enhanced mechanical properties. This was especially attractive for light alloys like
aluminium-transition metal alloys that are much appreciated in the aerospace
industry. In this respect, understanding the origin of disorder was a key issue to
selecting the most appropriate alloy systems. Again, the occurrence of atom configurations that are not compatible with the establishment of translational symmetry, i.e.
crystal order, was a central argument. For many years, this statement was postulated
for liquid metals because metallic atoms approximately behave like hard spheres (of
nearly equal size if two or more elements are alloyed). Accordingly, they tend to
cluster in a close packed way. The most tight aggregate is obtained with twelve
atoms sitting around a central atom at vertex positions of an icosahedron (figure
1.27). If such a configuration is stable enough to sustain thermal excitations in the
liquid state, then crystal growth at the liquid-solid transition will come in conflict
with simply freezing the liquid in its disordered state. Several computer simulations
have shown that such a transition may indeed take place if the interatomic potential
is defined appropriately.18 It is only recently that direct evidence was provided by a
very careful study of undercooled liquid melts that demonstrated that icosahedral
clusters of atoms grow in the liquid.19 Such liquid alloys end into a quasicrystal
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upon slow cooling or, if the temperature drop is quick enough, into a glass that may
be turned to a quasicrystal by proper annealing.

Figure 1.27: Close-packed clusters of 12 atoms (not all shown) around a central one. The
one with icosahedral symmetry is the most dense but is not compatible with crystalline
order.
For the sake of completeness, we must stress however that the icosahedral
order of the clusters present in the liquid is a sufficient but not a necessary condition
to promote glass formation. In aluminium-based metallic glasses for instance, it is
easy to distinguish the alloys that yield a significant degree of icosahedral order from
the ones that do not. To this end, we use the intensity function of Eq. (1.20) which
we expect to show maxima in reciprocal space at positions scaling like the inverse
distances between vertices of an icosahedron in the presence of icosahedral order.c If
the main intensity maximum is set to Q = 1 in arbitrary units, then secondary
maxima are expected at Q = x and Q = 2 as well as Q = f' to account for an inflated
icosahedron. This is clearly the case, figure 1.28, of the A ^ o F e ^ S i ^ glass but not
any more for the A^oNi^Siis alloy (which carries nearly the same scattering power
owing to composition and atomic species). The glass formation mechanism in this
later alloy is most probably due to the tendency of nickel atoms to occupy
interstitial sites in Al-based compounds like A^Ni whereas Fe atoms form more
complex arrangements like in Al^Fe^.. An interstitial partitioning of the transition
metal atoms occurs in the aluminium-nickel network which forces a shearing of the
lattice at the glass transition. The directions of shearing are not compatible with
crystalline order and the material is trapped in a disordered state.21 Conversely, in the
Al-Fe case, atomic pair distances are comparable and icosahedral order may already
exist in the liquid state. As a direct consequence, the transformation of the material
to the crystalline state is more energy demanding as revealed by the higher
crystallization temperature (figure 1.29).

c) The complete and accurate theory of the structure factor is given in Ref. 20. It is worth noting that
this article appeared in Phys. Rev. Lett, on the pages preceeding Shechtman's paper25 relating the
discovery of quasicrystals.
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Figure 1.28: Interference function (Eq. (1.20)) measured using neutron diffraction for two
metallic glasses of comparable scattering power: a) A ^ o N i ^ S ^ (solid circles) and b)
A^oFe^Sin (open circles). The arrows label the peak positions expected for icosahedral
order at Q = f', 1, T and 2 in arbitrary units.
Figure 1.29: Temperature Tx measured
for the onset of crystallization in
glasses of the series Al7oNii3_xFexSi17
for which Fe atoms replace Ni ones. The
interference functions at the ends of the
series are shown in figure 1.28. The
increase of Tx with iron content is
representative of a deep change in local
order rather than chemical bounding
strength. This goes along with the
occurrence of icosahedral order in Al-FeSi which requires a significant change of
local structure to match the crystal upon
transformation.
At the end of this quest, it turned out that some aluminium-based glasses
showed excellent mechanical properties. The most promising ones were discovered
simultaneously in the United States 17 and in Japan.22 They form a broad family of
alloys of typical nominal composition Al - rare earth - transition metal (figure 1.30).
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Representative values of the tensile strength fall in the range 800-1000 MPa, far
beyond the rupture strength of high performance aluminium-based alloys used in the
aeronautic industry. Young moduli are found close to 50 to 80 GPa, thus leaving G
= 30 GPa for the shear modulus. This low value of G fits adequately the prediction
of Eq. (1.22) if the atomic rumpling distance h is taken as an appreciable fraction of
the average cluster size (i.e. h/X ~ h/A = 0.2). Such an assumption would imply
that these glasses are formed by a disordered arrangement of rigid clusters about 1 nm
in diameter since first pair distances are typically equal to 0.25 nm.
This research triggered the interest of groups involved in aluminium
intermetallics in general who, last but not least, became very much acquainted with
the properties of these systems. With no surprise, they were later able to pioneer the
field of stable quasicrystals. Yet, as many ideas, not all fully accepted, were already
under discussion among physicists and metallurgists, it was the self-commitment
and persuasive insistence of Dany Shechtman which allowed him to bring
quasicrystals to light.
Figure 1.30: Sketch of the domain of
existence of the glassy state in Al-YTM (TM = Ni, Cu, Co or Fe) alloys.
The alloys are amorphous after rapid
solidification from the liquid inside
the loops whereas they are crystalline
outside.

5

The Birth of a Monster

The solubility of manganese in aluminium is fairly low in normal solidification
conditions. Shechtman was interested to know how much manganese he could
actually introduce in the metal matrix by using drastic cooling conditions of the
liquid alloy. The technique, now called melt-spinning in its most efficient version,
was initiated in the years 58-60 by Pol Duwez (1904-1979) who pioneered the
development of metallic glasses. It will be described into some detail in another
chapter. With this preparation method, thin ribbons of liquid alloys such as Al-Mn
can be quenched to room temperature at cooling rates exceeding 106 K s-1. When the
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composition is appropriately defined, the liquid structure is often frozen-in, thus
resulting in a glass, but it also happens that a crystalline phase forms although the
liquid is far from equilibrium at this specific composition. Under such conditions,
this primitive phase is an extended, metastable solid solution that may ultimately
return to equilibrium after precipitation of an intermetallic compound embedded in
the matrix. Here, with Al-Mn alloys, the matrix is the face centred cubic (fee)
aluminium lattice that is found, depending on composition, in equilibrium with
AlgMn and A^Mn compounds. Thus, increasing progressively the Mn content of
his alloys, D. Shechtman was looking for the upper limit of metastable solubility of
manganese into aluminium.
Once, he tried the 75-25 composition.** To his great surprise, the electron
diffraction pattern he observed23 on the screen of the microscope on April 8, 1982
had no reminiscence whatsoever of the diffraction pattern expected for a fee lattice,
nor for any known Al-Mn crystalline intermetallic, after all not for any kind of
lattice (figure 1.31). As a matter of fact, this pattern was a monster. On the one
hand, it showed sharp diffraction spots that could arise only from a well ordered
atomic arrangement able to produce constructive interferences. Therefore, it was not a
disordered medium like a glass. On the other hand, it was not a crystal, obviously,
because the symmetry of the pattern was ten-fold. This symmetry is due to the way
diffraction images form in the microscope, but the symmetry of the crystal itself was
only five-fold. At that time, this diffraction figure could not be associated with a
crystal, in definite conflict with the previous statement. As a consequence of
five-fold symmetry, the diffraction spots are not equally spaced but are separated by
distances that scale according to a power series of t.
Shechtman rotated his specimen in the microscope so as to explore the entire
reciprocal space. He found, figure 1.32, another five-fold axis 63.43° away from the
first one, two three-fold axes at 37.37° and 79.2° along a direction that also contained
a two-fold axis at 58.29° from the initial 5-fold axis and was shifted from a second 5fold axis by 36°. He thus pointed out all the rotational symmetry elements of the
icosahedral group that may be represented in stereographic projection as in figure
1.33.

d) Like many metallurgists, D. Shechtman quotes compositions in weight percent. Except for this
specific example, we will use in this book atomic percentages or chemical compound notations (e.g.
A^Mn).
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Figure 1.31: Electron diffraction pattern of AlggMn^ Shechtmanite, or icosahedral
phase, taken along a 5-fold symmetry axis.

Figure 1.32: Sequence of rotational simple symmetry axes characteristic of the Al-Mn
icosahedral phase as observed by electron diffraction.
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Figure
1.33:
Stereographic
presentation of the rotational
symmetry elements of the icosahedral
point group. Two-, three- and fivefold axes are represented by ellipses,
triangles
and
pentagons,
respectively. Their relative angular
positions are referred to a sphere seen
from north pole and projected onto
the plane tangent to the south pole.
To overcome the conflict between long range order manifested by the presence
of sharp spots and forbidden symmetry, Shechtman immediately thought of an effect
of twining like the one exemplified in figure 1.9. We will explain in the next
section how he came to the conclusion that this must be ruled out. Therefore, he and
his co-workers, had to accept that constructive interferences may come from an
ordered arrangement of atoms that is not a conventional lattice generated by
translational symmetry. He first tried to explain his diffraction patterns with the help
of a model constructed by assuming the existence of icosahedral clusters of atoms
(see the previous section) which he stuck rigidly together along edges or faces. Two
neighbouring clusters were therefore preserving the same orientational order that
could be propagated through the complete sample. The volume of the sample could
be filled-in in a nearly close-packed manner by using alternatively edge or facet
connections chosen more or less at random. Thus, it was rather an icosahedral glass
but its strong orientational order guaranteed the appearance of sharp diffraction peaks
as can be demonstrated by computing the Fourier components, Eq. (1.19), associated
with the atom density of the model. A paper by Shechtman and Blech was submitted
to announce the discovery of quasicrystals and to explain their own view about the
coexistence of diffraction and forbidden symmetries.24 It was judged non convincing
by the first referee who read and rejected it. It finally came out in a metallurgical
journal but later than a shorter letter,25 which without structural interpretation,
disclosed the famous breakthrough in the end of 1984.
Several other groups had very similar results in their drawers, but they were
probably too shy to dare to submit them to a journal. After the first paper by
Shechtman et al., the situation of course changed and reports on quasicrystals, either
confirming the work on Al-Mn or proving the existence of new structures, was a
flourishing activity for some time. Bendersky, 26 and nearly simultaneously
Ranganathan and his co-workers27 showed that another quasicrystalline phase forms

34

Useful Quasicrystals

in Al-Mn at the 78-22 composition. This phase has a true 10-fold axis and is
accordingly called the decagonal phase.e It is periodic along this axis and consists of
regularly spaced layers of aperiodic tilings. It is therefore a two-dimensional
quasicrystal (in the sense that the atoms architecture along the third direction of
space is invariant by translation). Similarly, a dodecagonal, or 12-fold symmetric,
phase was discovered in Ni-Cr nanoparticles by T. Ishimasa et al. 28 and an octagonal
(8-fold) one in rapidly solidified V-Ni-Si and Cr-Ni-Si alloys29 by K.H. Kuo and his
students in Beijing, China.
Over the years, the family of quasicrystals of various compositions increased
rapidly but its first members shared some serious disease. They were not stable and
returned to a normal crystalline state after heating at moderate temperature. Also, the
diffraction lines were after all rather broad, like the ones observed with highly faulted
crystals of very small size. These data led to the idea that quasicrystals were
intermediate between crystals and amorphous materials, probably a state worth of
nothing, neither good enough for fundamental science (too complicated and too
disordered) nor for applications (too metastable). Fortunately enough, this belief
turned out to be just wrong and again the demonstration came from researchers who
were looking for something else than quasicrystals.
Lithium is an interesting element. When added to aluminium, it offers a very
significant increase of the mechanical strength of the alloy while the density drops
thanks to the reduced atomic weight of Li. Manufacturers of light alloys, and
especially Pechiney in France, tried to produce Al-Li based components in order to
save on the weight of airplanes, therefore on petrol consumption. In theory, a
decrease by 1% of the aircraft weight at takeoff can be converted into 6% less petrol.
This figure was just amazing and justified extensive research and development
programmes in different countries. In the course of such a programme, Bruno
Dubost and his collaborators at the Pechiney Research Centre discovered a new AlLi-Cu compound that was unknown till then.30 They could identify it as a
quasicrystal, but is was not prepared by rapid solidification. On the contrary, it was
the result of slow, conventional casting and solidification. Thus, it was a stable, or
nearly stable material, apparently formed during the liquid-solid transition. Looking
closer at the quasicrystal dendrites grown in the shrinkage cavity of the ingot, they
observed nicely shaped single crystals. The morphology, figure 1.34, of these
crystallites was that of a triacontahedron, a polyhedron of the icosahedral group,
something that R.J. Haiiy and his followers would never have dreamed of.
Accordingly, Dubost et al. demonstrated not only that quasicrystals may be stable

e) The term 'phase' is used in this context in reminiscence of solid solutions with extended solubility. In
the following of the book, we will most often use 'compound' instead for the icosahedral quasicrystal
because its stoichiometry range is indeed very limited at equilibrium.
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but that they are crystals like the others, except for the definition of atom positions.
Two basic questions remained open, namely where are the atoms and why do
quasicrystals form? Nowadays, they still are, to a very large extent, a matter of
investigation, after being for many years a focus of interest in the international
community. Unfortunately it started in controversy.

Figure 1.34: External morphology of an Al-Li-Cu single-grain quasicrystals grown during
slow cooling within the shrinkage cavity of an ingot. A five-fold, respectively a 3-fold
and a 2-fold, axis is visible perpendicular to the plane of the picture. This triacontahedral
morphology is schematized in figure 1.2 (Courtesy M. Audier, Grenoble).

6

The Quarrel of Ancients and Moderns

Shechtman and his co-authors took great care to include in their initial paper25 on
quasicrystals persuasive evidence that the electron diffraction pattern shown in figure
1.31 could not be associated with multiple twining. Their statement was merely
based upon experimental data obtained with composition-related intermetallics like
AlgFe. This compound is orthorhombic with lattice parameters c/a = tan (7i/5) so
that the rectangular face {a,c} nearly forms a golden rectangle. When viewed along
the b direction, it is thus most often found in a multiply twinned arrangement that
has overall ten-fold symmetry. In such an arrangement, each individual crystal
scatters the incoming beam independently from the others and produces its own
diffraction pattern. Due to the relative orientation of the twins, the total pattern
resulting from summation of intensities scattered by each component crystal shows
the composed rotation symmetry of the whole particle.
For the sake of illustration, consider again figure 1.9 that presents a simple
two-dimensional array of centred (golden) rectangular cells31 with one five-fold axis.
We assume equal scattering power for the vertex and centre node atoms. The position
of the diffraction spots in reciprocal space (figure 1.35) is easy to compute. It is
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obtained from the diffraction figure of a single domain crystal plus rotations by
n7t/5, n = 0 to 4. The global rotation symmetry of reciprocal space is now five-fold
and many spots are found grouped together (the intensities are difficult to calculate
because they depend on the number of atoms contributing to scattering in each
twin). This splitting of spots is a clear signature of twining. In simple cases like
Al 6 Fe, the size of the individual crystals is large enough so that an image in real
space proves the occurrence of twining. The images of AlgFe about which
Shechtman et al. argued were published in several journals. 23 We present in figure
1.36 an equivalent case observed with a chromium carbide close to the CrsgC42
stoichiometry.32 Under appropriate preparation conditions, micrometric areas reveal
themselves in the electron microscope as ten-fold multiply twinned crystallites
(figure 1.36 left). The associated diffraction pattern (figure 1.36 right) is also ten-fold
symmetric. If the illuminated area is restricted to one single crystal component, the
orientation symmetry of the diffraction pattern goes down to that of the actual
Bravais lattice of the material. This is also a direct proof of the occurrence of
multiple twining.

Figure 1.35: The reciprocal space31 of the two-dimensional pattern shown in figure 1.9 is
a superimposition of the individual diffraction patterns of the elementary twins plus
rotations according to five-fold symmetry (Courtesy F. Denoyer, Orsay).
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Figure 1.36: Electron image taken from a Cr5gC42 particle along its average ten-fold axis.
The particle, like a pie, is divided in ten portions of nearly equal sizes and centre vertex
angle of 36° (left). The associated reciprocal space, as visualized by electron diffraction,
is formed by ten individual lattices of the Cr58C42 carbide, rotated with respect to each
other by 2n7t/10, n = 0 to 9 (right) (Courtesy E. Bauer-Grosse, Nancy).
Another way of proving (or disproving) the coexistence of twins in a
crystalline particle is to combine diffraction and imaging. This may be achieved in
an electron microscope when it is possible to select a single diffraction spot using a
diaphragm with small aperture. A reconstruction of the image with this specific
scattered beam will illuminate the regions of the particle from which the scattered
beam comes from whereas the other parts will be dark. In the case of twining, spots
equivalent by rotation will enlight the different twin crystals, one after the other,
thus emphasizing marked interfaces between any two adjacent sub-crystals. On the
contrary, if twining does not take place, no sharp contrast between bright and dark
areas of the particle can be observed. The crystal scatters the incoming beam as a
whole but, due to finite size effects and to defects, a modulation of the illuminated
zones is obtained, corresponding to the regions that exactly fit the Ewald
construction (figure 1.19) for the specific reciprocal vector selected by the aperture
diaphragm. This straightforward experiment was performed early by Shechtman
(figure 1.37) and was presented as good enough to rule out the assumption of
twining (despite his melt-spun sample was not of the best quality, in that
inhomogeneities were clearly visible from place to place in the quasicrystalline
dendrite).
Undaunted by these pieces of evidence, many crystallographers insisted that
this five-fold symmetry should not jeopardize the foundations of Crystallography and
that therefore it should be twining. The most critical scientist of Shechtman's
discovery, Linus Pauling (1901-1994), was probably the best expert of complex
intermetallics in the world of crystallography. For instance, he had with his

38

Useful Quasicrystals

collaborators solved the structure of the Mg32(Al,Zn)49 compound which is built up
by icosahedral shell clusters of 104 atoms arranged on the sites of a P-tungsten
lattice.34 Due to his decisive contributions in various areas of chemical sciences, he
was awarded the Nobel Prize in 1954. Also, as the author of 'The Nature of the
Chemical Bond', still nowadays the bible for chemists around the world, his
opinions and thoughts were respected and, anyway, hard to contradict. This stature
was even greater among non-scientists as he had been awarded in 1962 a second
Nobel Prize for Peace in recognition of his personal involvement in the suppression
of atmospheric atomic bomb trials. Altogether, Linus Pauling had been until his
recent death one of the very few worldwide authorities in science.

Figure 1.37: Electron dark field images formed from various diffraction spots of an
icosahedral Al-Mn dendrite. Different spots do not come from different crystals as the
images reveal (Courtesy J.W. Cahn, Gaithersburg).
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Pauling was truly disgusted by the idea that a crystal, giving sharp
diffraction spots, could grow without referring to translation. His great experience in
complex structures had told him that, whatever the complexity of the structure, it
may always be decomposed into individual clusters, for instance icosahedral shells of
atoms, not necessarily all identical, which lie at the nodes of a regular lattice. From
chemistry and space filling arguments, he guessed35 which cluster was the most
probable to appear in icosahedral or decagonal Al-Mn and concluded that this was an
icosahedral cluster closely related to the one that he had found in Al49Mg32- Then, to
account for five-fold symmetry, he claimed that it was sufficient to have an
arrangement of twinned cubic cells, such as the one shown in figure 1.3, where each
tetrahedron is bound by the set of four (111) planes of the cube. He could then
account with rather good accuracy for the diffraction peak positions measured by
powder X-ray diffraction, using a lattice parameter of the cubic cell a = 2.67 nm that
was in close agreement with the one expected from chemical composition. To raise
detailed agreement with experimental data, Pauling however needed to introduce
multiple scattering to reproduce very short scattering vectors. Later, he was obliged
to propose amended versions of his model36 as new experimental data were shown to
contradict it.
Naturally, many scientists and probably most crystallographers trusted the
great man and were convinced like J. Maddox,37 the famous editor of Nature, that he
had 'thrown a cat among some pigeons'when he predicted conclusively in one of his
papers 36 that 'there is no reason to expect these alloys to have unusual physical
properties'. It is still difficult to decide whether this harsh opinion against
quasicrystals was detrimental to the development of the field or rather forced the new
believers to refine their arguments and prove their validity. Unfortunately, Pauling's
model suffered from serious drawbacks. The first was about the size of the unit cell.
Its lattice parameter was so large that the structure could probably not be resolved by
crystallography techniques. The model was due to stay as an elegant guess, but could
not be confronted precisely with accurate experimental data. On the other hand, it
was small enough in comparison to the range of distances that can be imaged with
high resolution in modern electron microscopes. Thus, twin interfaces, if any,
spaced by distances of the order of the lattice parameter a=2.67 nm would be easy to
identify. Experiments were designed to this end and could not reveal twining
whatsoever, even in sample fields far broader than the lattice parameter of Pauling. 38
A modern example of such an image is given in figure 1.38. A perfect pentagonal
array of bright and dark contrast is visible up to distances exceeding 50 nm. Though
such an image does not directly reveal atomic positions in the sample, it clearly
shows that the periodicity of translational order to be considered here, if it takes
place, should be so large that it makes no sense anymore. Reciprocally, one may

40

Useful Quasicrystals

consider that twining exists, but at such a fine length scale that the size of each twin
is smaller than that of the unit cell (which would fit with the absence of twin
boundaries in the image of figure 1.38). With regard to conventional crystals this
way was shown to be very efficient to understand the formation and structure of
metal carbides or borides as well as of many complex structures, often discovered by
Pauling himself and his students. Since this kind of twining is no longer a
crystallographic operation (it does not preserve the symmetry of the partial crystals),
but comes from chemical constraints between atoms, it has been coined 'chemical
twining' by its best supporter, S. Andersson.39 It offers a simple frame to describe
the atomic structure of for instance the chromium carbide that appeared in figure
1.36 or to explain the formation mechanism of some metallic glasses.21 Attempts
have been made to refer to this type of model to better understand quasicrystals.
However, such attempts could not go very far because, by definition, chemical
twining of a single cubic cell on the (111) planes leads, in order to break
translational symmetry, to the same conclusion as for Pauling's model.

Figure 1.38: High resolution electron microscopy image obtained from a quasicrystal of
excellent lattice perfection when observed along a five-fold direction (the insert shows
the corresponding diffraction pattern with sharp spots). The bright and dark contrast is
formed by interference effects of the electron beam scattered by the group of atoms
aligned perpendicular to the plane of the thin specimen. The absence of twining and the
perfect pentagonal symmetry extending to the limits of the observation area are both
obvious. The edge length of the largest pentagon is about 7 nm (Courtesy M. Audier,
Grenoble).
These arguments, together with many other points of disagreement of
Pauling's model with measurements available at the time on metastable
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quasicrystals,40 have at the end been found convincing enough to rule out twining
and consider quasicrystals as a new kind of ordered condensed matter. Meanwhile, in
order to answer the basic question41 'where are the atoms?', it became essential to
work out an original crystallography able to include the old crystals as well as the
aperiodic newcomers. Until now, and in every respect, this is what quasicrystals
have been useful for.
It so happens that this theory of aperiodic crystals was waiting ready in the
files of a few physicists before the discovery of quasicrystals was disclosed. For
instance, Levine and Steinhardt had computed the reciprocal space of an icosahedral
bond-oriented aperiodic lattice one year before the publication of Shechtman et al.
The resemblance with the experimental pattern was so obvious that they rushed to
put it in press in a paper12 in which they coined the label 'quasicrystaF and predicted
for these new materials that 'they are sure to possess a wealth of remarkable new
structural and electronic properties'. One of the aims of this book is to show how
specifically they were right. It is a pity that Pauling, who wrote his contradictory
opinion two years later, presumably never read this sentence. For many others (like
the present author), the issue was settled nearly from the beginning: quasicrystals did
exist and they were fascinating. The truth is that this fell far below reality and that
the world of quasicrystals turned out to become even more exciting than expected
when many stable quasicrystals were discovered. In every alloy system, the true
quasicrystal is accompanied by compositionaly related crystals, having huge unit cell
sizes, and often forming micro-twinned networks with nearly aperiodic symmetry.
As we will see in the next section, it is possible to identify series of so-called
approximant crystals in systems containing a quasicrystal, thus actually proving the
existence of the quasicrystal. Nobody knows if Linus Pauling realized how strong he
was with his chemistry arguments regarding these intermetallics and how wrong he
was about the crystallography of quasicrystals.

7

The World of Quasicrystals

Many different stable quasicrystals were discovered within a short period of time
following the report on the faceted Al-Li-Cu icosahedral single grain. 30 First,
pentagonal dodecahedron shaped grains42 of icosahedral Ga2o.4Mg36 7Zni2.9, then of
icosahedral Al-Cu-(Fe,Ru,Os),43 Al-Pd-CMn.Re)44 as well as of decagonal prisms of
Al-Cu-Co and Al-Ni-Co45 alloys were found. All these quasicrystalline phases were
prepared by slow cooling from the liquid state and were able to grow faceted single
crystals within the shrinkage cavities of the ingots upon controlled cooling from
high temperature. Worth noticing, all the aluminium-transition metal quasicrystals
were disclosed by a single man, An Pang Tsai, and his co-workers of the Institute of
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Materials in Sendai, Japan. More recently, A.P. Tsai also pointed out the existence
of stable icosahedral and decagonal quasicrystals in Zn-Mg-RE alloys46 (RE stands
for a rare-earth metal such as Dy, Ho, etc. in which list we also include Yttrium for
simplicity). These icosahedral quasicrystals may be grown to nearly centimetre size
single-grains by careful heat treatments in encapsulated Ta crucibles47 (figure 1.39).
In some specific samples involving e.g. Ho, Dy, it seems that a spin lattice ordering
is observed at low temperature, a discovery due to B. Charrier et al48 that forced
crystallographers to consider also magnetic, aperiodic superorder groups. This
phenomenon however was not reproduced by other groups who could confirm only
the spin glass behaviour in this class of icosahedral alloys.49

Figure 1.39: Dodecahedral morphology of a single grain of icosahedral Zn-Mg(Tbo.37Yo.63) quasicrystal. The pentagonal facets have dimensions of up to about 4 mm
(compare with the mm scale visible in the background) (Courtesy I. Fisher and P.
Canfield, Ames).
Considering what was known about the metastable quasicrystals that
transformed into normal crystals upon heating, it was not clear whether the stable
ones would grow directly from molten alloy or from a pre-existing crystal in
equilibrium with the liquid. Such a reaction is frequent with aluminium
intermetallics and, to some extent, complicates the preparation of quasicrystals as we
will see later in the book. Our experiment was designed to solve this question (see
the Foreword) in showing that the formation path from liquid to quasicrystal is of
peritectic type.50 Upon cooling the sample down to room temperature, and once the
quasicrystal was definitely formed, a new transformation took place that was easily
identifiable from the change of the diffraction line shape at about 600°C. What
happened?
Again, high resolution electron microscopy (HREM hereafter) was the
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appropriate technique to tell us what was going on. It happened that for the specific
composition of our sample, Al65Cu2oFei5, the icosahedral phase coexisted down to
about 600°C with fee aluminium and AI2CU and Alj3Fe4 compounds. It was not
stable however below this temperature but transformed into a microtwinned
rhombohedral compound having a large lattice parameter a = 3.2 nm.51 The periodic
spacing of the groups of atoms could be easily identified on the HREM images, but
this actually crystalline structure was so close from true quasicrystal that a neutron
diffractometer with rather poor peak resolution like ours could hardly resolve the
difference. In contrast, electron diffraction showed triangular shaped spots
(figure 1.40) which indeed resulted from superimposition of intensities scattered
independently by the multiple twins. In brief, Linus Pauling was right when he
assumed that twins may occur in this type of intermetallics - the evidence was there and also deeply wrong when he rejected the possibility of some more elaborated
aperiodic lattice.

Figure 1.40: High resolution electron microscopy image of an Al-Cu-Fe sample in the
rhombohedral microcrystalline state. Periodically spaced rows are clearly visible. The
insert shows the associated diffraction pattern with triangular shaped spots (Courtesy M.
Audier, Grenoble).
In fact, the HREM data presented in figure 1.40 only guarantees that if true
icosahedral compounds are twins, then their lattice parameter must be far larger than
3.2 nm. The (Al,Si)-Cu-Fe system has been studied in the greatest detail^ and it has
been shown that the stable quasicrystal exists within a very narrow composition
range around Al52Cu25.5Fe12.5- Closeby, a few crystalline compounds appear. They
correspond to the periodic sub-groups of the m 3 5 icosahedral group (figure 1.41)
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and can be related to this parent structure by using high dimensional crystallography
techniques as explained in the next section of this chapter. Note that the lattice
parameters take huge values, for instance 8.5 nm along the periodic direction of the
so-called pentagonal phase (a periodic stacking of atomic arrays with five-fold
symmetry). Even larger is the b = 11.6 nm parameter of the orthorhombic
compound. Yet, it is clearly distinct from the icosahedral compound from which it
can be distinguished using powder X-ray diffraction in the laboratory (figure 1.42).

Figure 1.41: Schematic presentation of the icosahedral point group symmetry m T T and
its sub-group crystalline approximants obtained by reducing the number of rotational
symmetry elements. Such approximants have been discovered in Al-Cu-Fe alloys whose
compositions are indicated with the measured lattice parameters (they are not all stable at
room temperature and can be prepared only with a specific heat treatment, see ref. 52).
Addition of a small amount of silicon leads to the cubic approximant (Courtesy M.
Quiquandon, Vitry).
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Figure 1.42: Series of powder X-ray diffraction patterns (wavelength X = 0.17889 nm)
presented as functions of the Bragg angle 28 for icosahedral I, pentagonal PI (with
periodic stacking sequence of length 5.23 nm), rhombohedral R, pentagonal P2
(periodicity 8.45 nm) and orthorhombic O compounds. See figure 1.41 for lattice
parameters (Courtesy M. Quiquandon, Vitry).
It is recognizably much smaller than the minimum spacing distance between
twins that should be taken into account to satisfy Pauling's requirements6 for the
icosahedral compound, thus considering a unit cell that should contain of the order of
at least 106 atomic positions! Thus, the reality is that quasicrystals do exist and that
6) One approximant in the Al-Pd-Mn system has b = 23 nm (M. Audier, Grenoble, private
communication).
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they form in the vicinity of crystalline compounds having very large unit cells (and
reciprocally). As we will see later in this book, these crystals not only have very
similar compositions, but also structures closely resembling that of the true
quasicrystal from which they may nevertheless be distinguished. For these reasons,
such crystals are called approximants. In some systems, however, only the
approximants are stable and the quasicrystal needs to be produced by rapid cooling.
Nevertheless, the definition of such an approximant is still straightforward despite it
exhibits only approximately the forbidden symmetries of the quasicrystal itself, i.e.
pseudo five- or ten-fold axis. This point is exemplified in figure 1.43 with the case
of the Al-Cu-Fe-Cr alloys that contain several orthorhombic and monoclinic
approximants of the decagonal phase. 53 These alloys are preferred for the fabrication
of low-adhesion, corrosion resistant coatings.

Figure 1.43: Series of electron diffraction patterns with pseudo ten-fold symmetry that
define the family of approximants of the decagonal phase in the Al-Cu-Fe-Cr system.
Letters O and M stand for orthorhombic and monoclinic unit cells, respectively. They are
observed along their [010] zone axis, parallel to the pseudo ten-fold direction. For all
compounds, the b lattice parameter is equal to 1.22 nm. The other parameters are as
follows: Ol, a = 3.25 nm, c = 2.37 nm; 02, a = 2.36 nm, c = 2.01 nm; O3, a = 1.46 nm, c
= 1.24 nm; Ml, a = 2.01 nm, c = 4.32 nm, P = 98.3°; M2, a = 1.24 nm, c = 2.01 nm, (3 =
108°.
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Quasicrystals thus turned out to be the most sophisticated achievement of
Nature in the world of complex intermetallics. In order to understand better their
atomic structure, we will need to introduce the reader to some technical tricks of
high dimensional crystallography. Nevertheless, without going so far, we may state
that quasicrystals, as well as their approximants, share the same structural
characteristics. Namely, they are formed by identifiable atomic clusters that are
directly visible in HREM images of appropriate resolution. In the case of the MgZn-RE decagonal phase for instance (figure 1.44), the atomic weight of the rare earth
atom is so much larger than that of Mg and Zn that a large part of the image
contrast is due to electrons scattered by this element.54 This allows us to localize
columns of atoms centred on the RE sites and surrounded by concentric shells which
mark the sites occupied by the other atomic species. In this example, these shells
form decagon-shaped clusters that, in fact, are the projection image on the
observation screen of the real three-dimensional atom clusters in the material. This
result is general, as clusters are observed in every kind of quasicrystal or
approximant (yet with shapes depending on the material and on the way the image is
constructed by the microscope optics). So far, crystallographic determinations of the
atomic positions in quasicrystals,55 especially using single grain samples, 56 " 59
come to the same basic conclusion, emphasizing the occurrence of one (or a small
number of) elementary building block(s) like the one illustrated in figure 1.45. This
so-called pseudo-Mackay icosahedron (PMI) turns out to provide the most basic
entity to construct the structure of the Al-Pd-Mn icosahedral compound. Its diameter
is close to 0.6 nm and two such clusters are separated by about 2 nm. As a matter of
fact, at least three such clusters with varying composition, different chemical
decoration and local environment in the aperiodic lattice must exist. They may also
overlap from place to place. The overall arrangement of these clusters is shown in
figure 1.46. They are organized according to a strictly defined hierarchical scheme so
that PIM condense into larger blocks, themselves formed of PMI clusters occupying
the same positions as do individual atoms in the previous step of the hierarchy. This
process goes on to infinity in a perfect icosahedral lattice (the figure 1.46 presents
only the three first stages). The icosahedral compound in Al-Cu-Fe also obeys the
same kind of hierarchical structure but apparently with another cluster-type called the
Bergman cluster after the structure of the Mg32(Al,Zn)49 compound.59
The dream is now to better understand the reasons why quasicrystals and their
relative approximant crystals exist. To this end, we certainly need a better grasp of
the formation and stability of the clusters and of the mechanisms that link them
together in a way that produces an aperiodic network with forbidden symmetry.
Again, this requires us to go a step further in the mathematics that allows us to
appropriately account for the structure of aperiodic tilings.
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Figure 1.44: High resolution electron microscopy image taken along the direction of a
five-fold axis of the Dy-Mg-Zn icosahedral compound. The rare-earth atoms dominate the
formation of contrast in this image and emphasize the presence of well-defined
icosahedral clusters. (Courtesy I. Fisher, Ames).
Figure 1.45: Pseudo-Mackay icosahedron
(PMI) built up by three concentric atomic
shells and forming the basic cluster of the
i-Al-Pd-Mn compound. The innermost
shell is occupied by 8 or 9 Al atoms (here
arbitrarily drawn on the vertices of a
cube). It is surrounded by two
interpenetrating shells, a large
icosahedron (black dots) and an
icosadodecahedron. At least three such
clusters must be considered to account for
the icosahedral structure in these
compounds. They differ by their chemical
decoration.

What to Know to Start With

49

Figure 1.46: Hierarchical arrangements of PMI clusters in icosahedral Al-Pd-Mn. For
simplicity, only the equatorial ring of atoms is presented for each cluster. The smallest
ring represents the PMI aggregate. Three successive levels of the hierarchy are drawn.

8

Recovering the Periodicity

Tiling schemes, described in previous sections of the present chapter, have been
mainly developed for two-dimensional situations, while real quasicrystals must be
essentially considered as three-dimensional entities. It is obviously possible to
consider any aperiodic planar tiling and to pile them up periodically in a direction
perpendicular to the tiling plane. Real quasicrystals have indeed been obtained with
such uniaxial symmetries but only five, eight, ten and twelve fold rotations have
been actually observed. Amusingly enough, the corresponding polygons are those
that can be most easily drawn with only a ruler and a pair of compasses!
Now, if the three-dimensional space is to be tiled quasi-periodically in all
directions, one must combine several rotations so that the images of any point
remains on a finite trajectory, inside a polyhedron that can then be used as a prototile. For instance, using the symmetry operations of a cube gives trajectories of 48
points. All other geometrical possibilities have been known for quite a long time.
They include the 32 rotation groups, which produce periodic crystal structures.
Beyond them, there are only two more cases that correspond to symmetries of an
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icosahedral polyhedron: either the 60 rotations or 120 operations by adding mirror
planes to the rotations. Fully three-dimensional quasicrystals can then only be of the
icosahedral species. This is actually well consistent with physical reality.
Formal extension of the 2-dimensional Penrose tiling is straightforward.
Instead of planar rhombic units, bulky rhombohedral tiles are used: they are designed
in either an oblate or a prolate shape; all edges are equal; angles of their rhombic
faces are 63.43° or 116.57°, precisely those found between fivefold axes of an
icosahedron. Assembling these rhombohedra to generate a 3-dimensional quasiperiodic order requires us to select proper matching rules in the form of appropriate
decoration of faces and vertices. The practical building of such a tiling suffers of
considerable difficulties which makes the procedure both effectively untractable and
physically implausible. The hyperspace scheme offers a more acceptable alternative.
This concept was first developed by de Wolff, Janssen and Janner u- 60 " 62 and was
used to classify the symmetry of the simplest incommensurately modulated crystals
even before the discovery of the first quasicrystal. This approach treats quasiperiodic
crystals as three-dimensional sections of structures that are periodic in a higherdimensional superspace. The symmetry of the quasiperiodic crystal is then given by
the high-dimensional space group that describes the set of rigid motions in
superspace that leave the high dimensional structure invariant. Equivalent projection
schemes have been also proposed. 8 ' 12 - 63 " 65 The hyperspace schemes are based on the
fact that both crystal and quasicrystal structures can be analysed in terms of their
Fourier components. Thus, the space dependence of the density can be expressed as a
sum of density waves (Eq. (1.10)). We have seen early in this chapter that for
periodic crystals, the sum in Eq. (1.10) is zero except those G vectors that define a
discrete reciprocal periodic lattice. G can then be written (Eq. (1.12)) as an integer
linear combination of three basis vectors a* in which the integers h, k, 1, are the socalled Miller indices for the structure factor F(G) appearing in Eq. (1.10).
The diffraction pattern of a quasicrystal, as the ones shown in figures 1.31 or
1.32 obviously cannot be interpreted with a lattice of G vectors given by Eq. (1.12).
A careful investigation of the pattern suggests that actually only small modification
has to be made. The density wave description is still valid; the G vectors still form a
discrete set, but Eq. (1.12) must be modified into:
G = njH* + n2a* + n3a*3 + n4a* + n5a* + n6a*
(1.23)
in which the n; are integers and the a* vectors are lying for instance along the six
fivefold axes of an icosahedron (figure 1.47). These a't 's cannot be reduced to three
members via any projection scheme on reference axes; the resulting 'Miller indices'
would be always fractional numbers due to irrationality of the cosine and sine
functions for the angles between pairs of a* 's (63°43 or 116°57). Using the reference
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axes of figure 1.47, Eq. (1.23) can be given an equivalent expression in the form of
three orthogonal components for the G vectors, i.e.:
h + xh'
G • k + xk1

(1.24)

1 + xl'
(h, h', k, k', 1,1' are integers and x is the golden mean).
Figure 1.47: Icosahedron showing
the fivefold axis vectors a. with
their components in an orthogonal
frame: a*(l,x,0); a* (x,0,l); a*
(T.0,-1);

a;«),l,-T); a; (-l,x,0);

a; (O.I.T).

Consequences are many-fold:
•the point symmetry is incompatible with periodic translational order in three
dimensions as obvious from the set of G vectors given by Eq. (1.24),
•the G vectors do not define a reciprocal lattice but generate a set of points that fill
the space densely,
•the diffraction pattern is self-similar since x n G belongs to the set defined by
Eq. (1.23) and (1.24), given a vector G of this set,
•and, last but not least, there is a periodic image of the quasiperiodic structure in a
higher dimensional space. Indeed, Eq. (1.12) and (1.23) are formally equivalent. If
Eq. (1.12) is used to define a 3-dim reciprocal lattice for a crystal structure, then
Eq. (1.23) can be used to define a 6-dim reciprocal lattice for a quasicrystal structure
(or other high-dim images for other symmetries than icosahedral). Let us call R*3//
the space containing the 3-dim G vectors and R* a 6-dim space containing a lattice
of basic vectors e* which project on a' into R*3//. Then the vectors G = £ n ; e* (i=l
to 6) span this 6-dim lattice when the G = £Xa* span the R*3//! each G project into
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R*3// on one and only one G vector.
To the dense distribution of G vectors in R*3// corresponds a density
distribution p 3 in a direct space R3// that is dual of R*3//, via the Eq. (1.10). R 3// is
our physical space and p 3 is the structure of the quasicrystal of interest. Similarly, to
the periodic reciprocal lattice G in R* corresponds a direct periodic lattice bearing a
density distribution pg in a direct space R 6 , which is dual of R*. The density
distribution pg can be dubbed as the periodic image of the quasicrystal structure p 3 .
Mathematics tell us that if distributions in two different spaces are related via
projection, the Fourier transformed distributions in the dual associated spaces relate
via a cut procedure. The correspondence scheme can then be summarised as follows:
FT
> F(G)
P 6 (r) <

t

T

cut of R 6 by R 3//
| projection of R* onto R*3//
(1-25)
4i
p3(r//) <
> f(G)
FT
in which FT means Fourier transform and 17/ is the components in R3 of the 6-dim
vector r.
Using the high-dimensional image is a very efficient and economical way to
describe a quasicrystal. We are in this way back to normal crystallography in which
one needs only to know a unit cell and a metric to design the whole structure.
Moreover, this gives the easy way to operate diffraction experiments 55 - 56 for
structure determination: the diffraction peaks are indexed with six Miller indices
according to Eq. (1.24) and then 'lifted' into R* formally to produce F(G) whose
Fourier transform in turn gives p^(r). A final cut of P6(r) by our 3-dim physical
space generates the quasiperiodic structure P3(r//).
It is however useful to describe both the 'Bravais' lattice and the unit cell
motive of the periodic image P6(r) in somewhat more details. It is of common use
to refer to the physical space R 3// as the parallel or internal space. The 3-dim space
that must be added to R3// in order to complete R6 is dubbed the complementary
space, or the perpendicular space (hence R31 with its dual R^ J or the external space.
Each basis vector e* of the reciprocal lattice in R* projects on one e*/7 = a* and on
one e*± in R* /; and R*x, respectively. The scheme that relates the quasiperiodic
structure to its periodic image imposes that to any symmetry operation in R*/;
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correspond associated symmetry operations in R*± and R*. In other words, the
reciprocal lattice in R* is invariant in any operation that preserves e*;/ ande* x . Thus
the six fivefold planes (e* ;/ , e*x) are mirror planes of the 6-dim reciprocal lattice
which, hence, is cubic and so does the real lattice in the R$ (an N-cube has N mirror
planes perpendicular to the rotational axes of the highest order). There are also ten
three-fold and fifteen two-fold mirror planes. It is said that the point group of the
lattice in Rg is isomorphic to the icosahedral point group. The subspaces R3// and
R3X have the same symmetries.
Now what does the density distribution P6(r) in this cubic lattice look like?
First of all, the cut of p6(r) by R3// must generate a set of points that will accept
atom positions. Thus, P6(r) must have no thickness in R3//, i.e. must be a
distribution of objects being 'flat' in R3// or, in other words, completely located into
R31. Let us call A31 these 3-dim objects that have been commonly termed Atomic
Surfaces (AS). The main requisites to design the A^± are the following:
- they must be 3-dim polyhedra having symmetries of an icosahedron,
- they must obey a so-called hardcore condition that constraints their size and shape
so that cutting by R3// does not generate unphysically too short atom pair distances,
- they must allow energy translational invariance of the quasiperiodic structure
parallel to both R3// and R 31 spaces. Flatness in R3// guarantees translation invariance
in this subspace. Translation invariance in R31 means that the A31 must form a
subset in which piecewise connections prevent annihilation/creation of atoms under
any R31 translation, while structures with differences into their detailed geometry
may be generated. This is a closure condition.64
- density and composition of the quasicrystal also operate on size, shape and
partitioning of the atomic surfaces.
The simplest shape that may be attributed to the A31 is spherical. Reducing
the A3xobjects of the high-dim image to their spherical approximation is obviously
accepting a low resolution description of the structure. Here, the expression 'low
resolution' means that in the Fourier transform of the A31 atomic surfaces the highorder Fourier components are not really accounted for. The sizes of the spheres are
essentially fixed by density and composition constraints.
One possible method for introducing the high-order Fourier components is to
parametrize the atomic surfaces in terms of linear combinations of symmetry-adapted
functions associated with their point group symmetry.66 On the other hand, the
hardcore and closure conditions mentioned above are satisfied if the A3xobjects are
bounded by piecewise connected surfaces, mostly parallel to the complementary
space, without overlapping in this space, and globally invariant under point group
symmetries. These conditions are satisfied for surface boundaries that are mirror
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planes of the structures. Consequently, possible faceted A3X volumes for the 6-dim
images of icosahedral quasicrystals would have 2-fold, 3-fold, or 5-fold plane
boundaries. This point has been proved in detail for 2-fold plane boundaries59 that
gives eight different polyhedra. The acceptable volumes for decorating the 6-dim cube
must be one of these polyhedra, or any x-scaling and/or intersection of them.
Obviously, this leaves a number of alternative solutions and the formal faceting
conditions, as they stand, have to be considered mostly as a negative test to reject
improper solutions.
So far we have assumed that the A31 atomic objects of the high-dim image are
(faceted) polyhedra. This has induced conditions for these atomic objects. It may be
of interest to consider whether the polyhedral solution is imposed in every case.
There is no general answer to this question, and this point has received very little
investigation, with restriction to 1-dim and some 2-dim quasiperiodic structures. One
example has been reported by Baake et al. 67 They generated a quasiperiodic
dodecagonal tiling of the plane using squares and regular triangles arranged with
simple deflation-inflation symmetries. This 2-dim structure has been 'lifted'
(embedded) into a 4-dim periodic lattice and the acceptance domain (or Aj_ objects)
has been iteratively constructed to generate the vertex set of the square-triangle tiling.
The procedure leads to a fractally bounded A j_. In any case, detailed description of the
atomic surfaces using diffraction data is very difficult and probably impossible to
achieve.56-68
To further illustrate the hyperspace scheme let us now look at the periodic
image of a Fibonacci chain. A Fibonacci chain may be generated by the following
deterministic algorithm: place on a straight line a segment of length L, subdivide it
into a long segment L' and a short one S', rescale by inflation so that L'=L and
S'=S, replace again L by L+S and S by L, and so on. As we show below, this
sequence is necessarily aperiodic. At infinite length of the chain, the number ratio of
long L and short S segments converges towards 1. This chain was designed in the
13th century by Leonardo de Pisa, also known as Fibonacci, a famous
mathematician in Toscana. The reader may like to show that the Fibonacci sequence
has strong relationship to the successive powers of the golden mean. 1 . 1 ' As a
quasiperiodic 1-dim structure requires at least two different segments for avoiding
periodicity, the corresponding periodic image is at least two-dimensional. In the
absence of 1-dim point group, this 2-dim Bravais lattice may be any of the five
existing ones. A square lattice may be the best choice for the sake of geometrical
simplicity and also for mimicking at best the 6-dim cubic lattices that correspond to
icosahedral real quasicrystals. The atomic surfaces Ax must be 'flat' in the direction
R^which is perpendicular to the direction R// of the chain. Hence, they are simple
straight line pieces with a length A, as shown in figure 1.48. The position of R//(and

What to Know to Start With

55

then RjJ in R2 is fixed by the angle a of R// with respect to the horizontal raw of
the square lattice. If tan a is an irrational number, the structure of the chain is
aperiodic, with two different tiles L = acos a and S = asin a. The closure condition
is fulfilled provided that:
A = a(cos a + sin a)
(1-26)
The average density of the chain must be transferred to its image and, hence, is equal
to A/a2 = (cos a + sin a)/a. Finally, L/S being equal to a in a Fibonacci chain fixes
the angle a and there is no free parameter left for the periodic image.
Moving the R// direction across the decorated square lattice generates all the
equiprobable structures with the same energy but differing locally in their
geometrical features. All these isomorphic structures relate to each other via 'atomic
jumps', so-called phason-jumps, due to flipping in L-S sequences, a point that is
going to be the purpose of the next section.

Figure 1.48: Toy-model of the hyperspace image of a quasicrystal. Here a 1-dimensional
Fibonacci chain and its 2-dimensional periodic image as a decorated square lattice is
shown.

9

Organised Disorder: the Phasons

As mentioned above with the example of the Fibonacci chain, moving the physical
space (R// direction) along the perpendicular space generates all possible
configurations of long L and short S segments having the same Fourier transform
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and, therefore, the same diffraction pattern. As exemplified in figure 1.49, differences
between these equivalent configurations of the chain can be accounted for via
occasional 'inversions', or flips, of LS pairs into SL. Such LS inversions have been
termed phasons or phason flips. Phason sequences resulting from an overall uniform
translation of the physical space preserve the matching rules of the quasiperiodic
structure (see figure 1.49). Isolated phasons are structural defects that locally violate
the matching rules. The phason concept can easily be extended to quasiperiodic tiling
in two- and three-dimensional spaces. Examples of phason flips are shown in figure
1.50 for a Penrose tiling and in a rhombic dodecahedron. As already stated uniform
translations of R// into the hyperspace generate all possible configurations of a given
tiling. These configurations are indistinguishable when investigated by all possible
experimental means. There is no particular reason to think that one selected
configuration would be the best for modelling a real quasicrystal. In other words, a
real quasicrystal must be viewed as a statistical distribution of all configurations
differing by uniform phason fields. Entropically stabilised random tiling models in
some way account for this phason aspect of the structure.69 Disorder, either static at
low temperature or dynamic above a temperature threshold, is a consequence of
phason distributions.

Figure 1.49: Configurations obtained by uniform phason shift of the physical space are
geometrically different but thermodynamically equivalent. They are termed 'locally
isomorphic'.
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Figure 1.50: Example of phason flips: (a) clusters of three lozenges (2 fat + 1 thin or 2
thin + 1 fat) in a Penrose tiling, (b) a rhombic dodecahedron very often introduced in
3-dimensional models of quasicrystals.
Non-uniform phason fields generate new structures depending on their
geometrical features. Rewriting the structure in terms of density waves in the
hyperspace gives:
(1.27)
PN (r) = I F (G N ) exp (iGN . r)
G

N

in which GN are vectors of the N-dimensional reciprocal space, F ( G N ) are complex
structure factors with modulus | F ( G N ) | = | F ( - G N ) | and phase 0Q = -0.Q SO that
density remains a real quantity. Projection of Eq. (1.27) into the R* space results
in:
P3 (r//) = E F3 (G,,) exp (i G ; / . r ;/ )
(1.28)
S
with the obvious relations:
|F3(G/,)| = |F (G N )|
(1.29)
*G, = <t>cN = <!>GN + G,, . u,, + G± . u x

in which u// and u± are the components of the fluctuation field in R3// and R-^x,
respectively. In the particular case corresponding to Ux = 0, one is left with a
classical phonon field with a Debye-Waller factor increasing with |G//|. A purely
phasonic field (u// = 0) is not that easily treated. In this case, Eq. (1.28) can be
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rewritten as:
P3 (r//) = I

F 3 (G,,) exp[ i (G,, . r,, + GA . u J
(1.30)
,
It is clear that ux does not produce simple sequences of atomic displacements
from their equilibrium positions, since the phase cannot be obtained via a mere
modification of r//. One needs now to consider atomic jumps. Moreover, G// is not
any more the only relevant parameter and Gx must also be considered to describe
phason field effects. For instance, a bounded random phason field considered as a
weak perturbation in Eq. (1.30) will produce the equivalent to a Debye-Waller effect
on diffraction peaks but via the expression exp(-Bi |GjJ 2 ). Diffuse scattering will
also be a function of Gj.. When the random phason field cannot be considered as
bounded, Gx-Ux is not a perturbation any more in Eq. (1.30) and new Fourier
components are introduced into the structure that may become a completely new one.
An important particular case of phason field, called linear phason field,
corresponds to ux fluctuations changing linearly with the position 17/ in physical
space, i.e.:
(1.31)
u± = Mxr / /
where Mx is a (3 x 3) matrix describing the deformation field. Such linear phason
fields are able to produce structural transitions from a quasicrystal to special periodic
crystals, the so-called approximant structures. The point is illustrated in figure 1.51
and is going to be further developed later in the book. We will see that approximant
crystals must obey very strict structural features to deserve their qualification.
Finding experimentally these very particular crystals is the best support to the
existence of quasicrystals, better than any direct structural investigations whose
conclusions are always limited by instrumental resolution and conceptual bounds to
the hyperspace representation.
Phasons are also frequently evoked when dealing with properties of the
quasicrystals as illustrated in the forthcoming two chapters. They allow us to
consider explicitly the effect of configurational entropy on the stability of aperiodic
structures. Such a view was worked out in so-called entropically stabilised random
tiling models of quasicrystal structures.69 Their description is not necessary in the
context of this book. Yet, we do not understand clearly what makes Nature to choose
an aperiodic arrangement of atoms at some specific alloy composition. A completely
satisfactory answer is still by no means available (and also for most crystals,
stability of a given structure as compared to all other plausible architectures is
theoretically very difficult to address and very often beyond the present possibilities
of computers). Nevertheless, a decisive step towards an appropriate answer to this
question was taken recently with the notion of coverings.
G
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Figure 1.51: Illustration of the effect of a linear phason on a quasicrystal structure. Panel
(a) shows the usual generation of a Fibonacci chain via its 2-dimensional periodic image.
In panels (b) and (c) the square lattice has been 'sheared' via perpendicular displacements
u± of all lattice sites in such a way that u^ is proportional to the coordinate r// of these
sites. In the slicing space Ef/ this results in the generation of periodic structures with
periods L+S (b) and 2L+S (c), corresponding to approximants called 1/1 and 2/1
respectively (drawing by Marc Audier, Grenoble).

10

From Tilings to Coverings

The debate about the stability of quasicrystals deals with the respective roles of
energy and entropy.69 " 71 For an energetically stabilised tiling, growth gets in the
way of perfection. As seen earlier in this chapter, perfect quasiperiodic structures can
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be obtained via several geometrical methods including inflation-deflation of prototiles, tiling with at least two tiles plus matching rules or physical cut of a higher
dimensional periodic structure. Such perfect quasiperiodic structures are the most
helpful to describe the atomic positions in real quasicrystals.
The conditions for growing crystals seem intuitively more simple: it is
straight forward to imagine a single building block arising as a low-energy atomic
cluster of the given elements. Then, periodicity is obtained by adding repeatedly
clusters identical to this prototype building block provided it has no symmetry
elements of order five or larger than six. Ordered space tiling without periodicity is
far less easy. In the Penrose tiling picture, one can imagine that the tiles represent
two distinct clusters of atoms and the matching rules represent atomic interactions.
The physical conditions required to emulate a Penrose tiling appear to be much more
complex than what is needed for periodic crystals. The energetics must be delicately
balanced so that the two distinct clusters are almost equally stable and intermix with
a specific ratio of densities. Furthermore, atomic interactions must restrict the
cluster positions so that they join only according to the matching rules. This
implies arbitrary long-range interaction and precludes growth of defect-free structures
because a large number of tiles must be rearranged at each step through the whole
ensemble. The entropic viewpoint 69 . 72 allows phason defects to stabilize the
structure, relax the matching rules and results in structures easier to grow. Beyond
basic imperfection of the entropically stabilized structures, this alternative also
predicts that quasicrystals are metastable. Yet, many quasicrystals appear to be
thermodynamically stable and random tiling does not solve the delicate energetic
problem of having two almost equally stable tiles.
Implying a closer tie with crystals, a more promising alternative for filling
space with non-crystallographic clusters is the use of a single tile combined with
overlapping rules. The result is of course an unconventional tiling, because of
allowed overlaps, and it is perhaps better to term it as a 'covering' of space. Proof of
the possibility to cover a Penrose tiling with a single overlapping cluster of
decagonal shape was first given by Sergei Burkov 73 and later by Michel Duneau.74
Petra Gummelt showed subsequently75 that the size of the covering cluster can be
reduced if symmetry conditions are relaxed and if several 'covering matching rules'
are used. From the results of Gummelt, it was then shown by Hyeong-Chai Jeong
and Paul Steinhardt 76 that even the covering matching rules can be somewhat
discarded and replaced by a variational principle which leads to maximising the
density of a chosen cluster of tiles.
Elaborated proofs can be found in the original papers. The main results are
summarised in figures 1.52 and 1.53 for the case of a two-dimensional Penrose
tiling. The covering tile is the decagon shown in figure 1.52a, appropriately
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Figure 1.52: Top raw: decagonal cluster used to cover a Penrose tiling (a) and possible
overlapping situations (b). Bottom raw: illustration of the equivalence of the covering
scheme with Penrose rhombi (redrawn from Ref. 75).
decorated by shaded regions. Neighbouring decagons are allowed to overlap in certain
discrete ways as shown in figure 1.52b. This procedure allows five types of nearestneighbour configurations (families A and B in the figure) and two different
separation distances between the centres of neighbouring decagons. These two
distances, which are in an irrational ratio, replace the two tiles of the usual Penrose
tiling. The bottom part of figure 1.52 illustrates the analogy to a Penrose tiling by
inscribing each decagon with a fat rhombus tile marked with the usual matching
rules. Analysing in detail all possible configurations of decagons,76 it is possible to
demonstrate that the overlap rules force precisely the same nearest-neighbour
configurations of rhombi as do the Penrose edge-matching rules. This is illustrated
in Figure 1.53 that shows that the nine irreducible decagon configurations are in
one-to-one correspondence with the nine ways of surrounding a fat rhombus by
neighbouring fat and thin rhombi in a perfect Penrose tiling. Thus, the two-tile
Penrose tiling can be reinterpreted in terms of a single, repeating motive. Revisiting
the structure of quasicrystals along this line is a simplification valid independently
of whether overlap energetics is an important factor in the formation of quasicrystals
or not.
To go a step further, the same authors76 have also demonstrated that a
perfect Penrose tiling can be picked out by maximising the density of a particular
tile cluster. Assuming that the chosen cluster represents some low-energy
microscopic aggregate of atoms, minimization of the total energy naturally
maximises the cluster density and enforces quasiperiodicity. This strongly suggests
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that the energetic condition required for quasicrystal formation is only the existence
of a particularly stable cluster, which is similar to the condition needed to form a
periodic crystal and simpler to envisage than the formation of two different tiles plus
matching rules. Conversely, atomic clusters have been experimentally observed in
the structure of real quasicrystals. 5559 A direct comparison of experimental HREM
images obtained for the decagonal Al-Ni-Co quasicrystal with images calculated
within the framework of this covering model proved indeed very successful.77 The
question to be addressed now is obviously: why should some atomic clusters be
more stable than others? This is going to be the purpose of section 3.5 in the next
chapter.

Figure 1.53: Nine covering neighbourhoods of a decagon corresponding to the nine ways
of surrounding a fat rhombus by thin and fat rhombi according to the Penrose matching
rules (redrawn from Ref. 75 which presents as well the neighbourhoods for the thin
rhombus).
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CHAPTER 2
STRANGE PHYSICAL PROPERTIES

1

Introduction

The purpose of this chapter is not to present the results of the many investigations
of physical properties of quasicrystals in detail. Nor is it to make the reader familiar
with all theoretical aspects of the physics of quasicrystals. There are many excellent
text books available on the subject and they were already listed at the end of the
foreword. The motivation here is two-fold. First, quasicrystals have indeed very
strange properties. Although composed of good metals like aluminium, copper and
iron, or aluminium, magnesium and zinc, their physical properties do not resemble
those of their constituents. For instance, they are poor electronic conductors and
behave more like heat insulators at sufficiently low temperature. Based upon a
comparison with the well-known properties of metals, especially aluminium, the
primary objective of the chapter is thus to emphasize how different quasicrystals
behave as compared to conventional metals. Along this line, we will study the
electron transport properties, the electronic density of states, the main characteristics
of lattice dynamics and heat conduction and finally magnetism.
Second, some physical properties may find applications in technology. The
selection of information provided in this chapter is therefore oriented (or limited) to
those properties that may ultimately become useful in devices or products. The
reasons for choosing this specific selection of data will become more apparent in the
forthcoming chapters. The simplified interpretation of the results presented in the
sections of this chapter aims at a better information of the reader about the way
physical properties of quasicrystals may be associated with some potential
application. Again, the purpose is not to provide a complete understanding of the
underlying fundamentals, most often not yet achieved and still a matter of
investigation in the research community, please refer to the references listed at the
end of the chapter.
To begin with, it is useful to summarize the well established, salient features
of the physics of conventional metals first so that the strange properties of
quasicrystals become more obvious by comparison. The reader who is not acquainted
enough with the field may benefit from a reading of classics in solid state physics,
for instance the books by C. Kittel1 or Y. Quere.2
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2

Basics of Metal Physics, in Very Simple Words

2.1

Electron Transport in Metallic Crystals

Conductivity is a measure, a rank-2 tensor, of the ratio between the electric current
density j that flows along a sample and the electric field E that promotes the flux of
charge carriers:
j =a E
(2.1)
In a metal, charge carriers are assumed to be free to move so that such a
current is observable already in an infinitely small electric field. This is basically
what defines a metal as a reservoir of electrons that experience only weak
interactions with the ionic cores of the atoms and with the other electrons.
Electronic states at zero absolute temperature are populated up to a certain maximum
energy called the Fermi energy E F . Within the assumption of a free electron gas,
these electronic states are associated in reciprocal space with momentum transfer
vectors k (of modulus k) which fill-in a sphere of radius kp given by:
EF=^k2F
(2.2)
2m
where % stands for Plank's constant in reduced units and m is the electron mass. This
sphere, called the Fermi sphere, is displaced by a vector:
5k = - e E t / h
(2.3)
(e is the electron charge) along the direction of the electric field E applied during a
time t. Meanwhile, electron collisions with lattice imperfections (defects,
impurities) and lattice excitations (phonons for instance) balance the acceleration
born from switching on the electric field so that a steady-state is reached after some
time t = T. At this time, the velocity of the electrons submitted to the electric field
is:
v = -eE; / m
(2.4)
Therefore, the current density is:
j = - n e v = n e2 T E / m
(2.5)
if we have n electrons that experience the electric field E. Accordingly, we obtain for
the magnitude of the conductivity:
a = ^

^
m
The time x is called the relaxation time of the free electrons. It characterizes
the time that separates two successive interaction events of the free electrons with
the crystal. During this time, the field accelerates the electron gas whereas the steady
state is assumed to be reached after time z as soon as scattering takes place.
According to Eq. (2.6), we may also define the resistivity as the reciprocal
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conductivity:
P = G-' = - ^ - T -

1

(2.7)

ne
which is often separated in two contributions arising from collisions of the electrons
with impurities or imperfections on the one hand and with thermal excitations of the
lattice on the other:
(2.8)
p = p : + PL
Whereas the former scattering events dominate the resistivity behaviour at low
temperature, the later are the most important at room temperature and above so that
the two types of events may be considered independent of each other. Thus:
r 1 = T: 1 + r- 1
(2.9)
Eqs. (2.8) and (2.9) embody the empirical Matthiessen's rule often experimentally
observed with metals and metallic alloys (figure 2.1).
p(T)/ p(300K)

Figure 2.1: Typical resistivity
curves observed with a normal
metal as a function of temperature.
The bottom curve is for a sample
of high purity whereas the top one
is for the same metal but with a
small amount of impurities. The
residual resistivity at very low
temperature is sensitive to the
impurity content whereas the
temperature dependence of the
resistivity, due to electronphonon interactions, does not
depend much on the lattice
imperfections.

If we have N free electrons trapped in the sample of volume V, then:
E

F

_Mp£Nr
2m 1 V )

(2.10a)

and

k

(3 n2 N \" 3

* = prj

which correspond to electrons moving at the surface of the Fermi sphere with a
velocity:

(2 10b)

-
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J^.jLliN

(2.n)

m
m v V )
A typical value of vp in aluminium metal is thus 2.10 6 ms-'. From resistivity
measurements of ultra-pure specimens, we know that the scattering time is about
10"9 s at liquid helium temperature. This leads to a mean free path for conduction
electrons:
I =vF t
(2.12)
of / = 1 cm, i.e. the sample size itself. At room temperature, phonon-electron
interactions decrease the average time interval between scattering events
considerably so that the mean free path decays down to the micrometer range, i.e. a
typical grain diameter in a multi-grained aluminium specimen.
In Eq. (2.12) above, we have taken the electrons at the surface of the Fermi
sphere as the ones that are conducting the electric current. These electrons indeed
contribute to a net carrier flow when the Fermi sphere shifts by 5k along the
direction of E (all other states at positions k inside the Fermi sphere are still
compensated by other states at -k so that they do not contribute to the current
density). Thus, the appropriate expression for the electrical conductivity is:
a=—reln(EF)
(2.13)
m
where Tei specifies the relaxation time proper to electrical conductivity. Here, we use
the notation n(Ep)=N for the actual number of electrons participating to the
conduction mechanism. Similarly, a temperature gradient applied to a certain portion
of a metallic sample induces a heat flow from the hot to the cold end of the sample.
Like electricity, the propagation of heat is due to the conduction electrons that are far
more efficient than phonons in metals. In this respect, the heat conductivity of
metals like aluminium and copper at room temperature is K = 240 WnHK- 1 and K =
400 WirHK-l, namely two orders of magnitude above that of an insulator like
zirconia (K = 2 Wm-lK-1) in which heat is carried only by lattice vibrations. Again,
conduction electrons at the Fermi level are the particles able to transport heat. Thus,
the thermal conductivity reads:

* = jc d v F /=i-C e l v 2 F T t h

(2.14)

whereto is the relaxation time specific to heat transport and Cei is the specific heat
of the electron gas, i.e.:
C eI = y n2 N k2B T
with k B the Bolzmann constant. Altogether, this leads to:

(2.15)
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K = *' " ^ * T T (2.16)
3m
It is reasonable to assume that the interactions of conduction electrons with
lattice defects and vibrations which produce electrical resistivity are also responsible
for the resistance to heat flow, i.e. Tei = %. Hence:

Ji = *- f M T
a

(2.17)

3 U )

christened the Wiedemann-Franz law that no longer depends on the number density
2

n (XT

of carriers. The constant pre-factor term L = — —
or Lorenz number is
3 \e )
available experimentally in many metals and alloys from the relationship:
L = —
(2.18)
oT
and is found actually very close to its theoretical value L = 2.45 KH WQ/K2. It has
supplied one of the firsts and best sounded supports to the modern theory of metal
physics. At low temperatures however, shifts with respect to the theoretical
prediction are observed, mainly because the relaxation times for phonon-phonon and
electron-phonon interactions diverge significantly.
2.2 Electron Bands
According to Pauli's principle, electrons are quantum particles that necessarily
occupy distinct energy levels (if one forgets about ±1/2 spin degeneracy, there is one
quantum state per level). In an atom, this leads to a discrete set of energy levels
corresponding to the sequence of solutions to Schrodinger's equation. A solid may
be viewed as a kind of huge molecule in which all electrons interact with all ionic
cores. Thus, each energy level of the isolated atom will split in the solid into
closely spaced sub-levels (about 6 10 23 in an atom-gram of solid). The spacing
between sub-levels will be however extremely small, so that a near continuum is
formed in place of each individual atomic level. Such broadened levels form what is
called a band.
The width of the band due to inner electrons is the smallest since such
electrons are tightly bonded to the ionic core and experience only weak perturbation
from the other atoms in the solid. The broadest band is the one formed by the
electronic states of highest energy a that are shared by all atoms in the solid. Such
a) Often in the following, we will use the inverse definition appropriate to spectroscopy data. The
core levels are then assigned the highest binding energy, as the Fermi level is set to zero. This is just
the opposite convention of sign on the energy scale.
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electrons are the valence electrons in the isolated atom. Hence, they form a band
usually called the valence band in the solid. First, we will forget about the mutual
interactions between electrons and ions and consider only N independent electrons
trapped in a sample of volume V. They obey the Fermi-Dirac statistics and are
arranged onto successive energy levels scaling as:

where e stands for the energy scale. The function D(e), called the zero-K density of
states (or DOS as often used from now on) counts the number of states available
with energy e. At zero absolute temperature, all states with e < E F are occupied, all
states above the Fermi level are empty. At finite temperature (figure 2.2), the actual
total density of states N(e) turns into:
N(e) = D(e,T>0) = D(e) f(e,T)
(2.20)
where f(e,T) stands for the Fermi-Dirac distribution function. States located just
beneath the Fermi energy within a range of energies comparable to that of thermal
excitations may be promoted just above Ep.

Figure 2.2: Number density of orbitals versus energy for a free electron gas. The occupied
states at zero kelvin are located between e = 0 and e = EF in the shaded area. On heating the
electron gas to finite temperature T, a small fraction of the states just below the Fermi
level may be thermally excited just above this energy. The density of states is then
represented by the dashed curve. If the maximum is set to 1 in arbitrary units, then n(EF) =
0.5.
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This DOS may be assessed directly by experimental techniques such as X-ray
emission spectroscopy. 3>4 It is then often convenient to normalize its maximum to
unity because the intrinsic number of states at energy e is not obtainable with such
experimental means. Only relative intensities of the DOS are measured, which we
note in the following n(e). Then, by definition, the relative intensity at the Fermi
level is n(Ep) = 0.5 for a free electron system. This is shown in figure 2.3 for the
case of metallic fee aluminium. The figure presents the region of the DOS occupied
by free 3p and partially localized 3s,d states (thin solid line and dotted line,
respectively, at the bottom of the figure). The parabolic energy dependence of the
DOS is distorted by n-body interactions causing a sharp supplementary peak close to
Ep (set to zero in this figure).
Partial DOS n(8) (a.U.)

Figure 2.3: Experimental DOS obtained
by X-ray emission spectroscopy4 for
A13p (solid line) and Al 3s,d (dotted line)
states in metallic fee aluminium (bottom
part of the figure). Due to limited
instrumental resolution and finite life
time of the core electrons excited to probe
the valence band, the curves are distorted
as compared to the prediction of the free
electron gas model. For aluminium, this
effect is rather limited and the parabolic
shape of the DOS is still easy to identify.
The peak just below the Fermi level (set to
zero binding energy) in the 3s,d
distribution is due to a n-body effect in
addition to the existence of d-like
electrons. The maximum intensities were
set to 1 in arbitrary units so that n(EF) =
0.5 in this representation. The top part of
the figure is for the 3s,d states in metallic
iron. X-ray emission spectroscopy cannot
separate s and d states while 3p and 3s,d
states can be distinguished thanks to
quantum mechanical selection rules. Note
the position and shape of the DOS peak
for 3s,d iron states. These orbitals are no
longer relevant to the free electron gas
model. (Courtesy E. Belin-Ferre, Paris).
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We now come back to the real crystal and introduce its periodicity so that
every electron of the valence band experiences a potential:
V(r)= £ v ( r ) = V(r+R)
(2.21)
j

j

originating from each ion j (giving rise to an individual potential Vj at position rp
which has the same periodicity as the crystal. Felix Bloch thus designed in 1928 the
central theorem of solid state physics that specifies that each electron wave function
may be expressed as a plane wave e i k r weighted by a coefficient U(r) = U(r+R)
which, like the potential, has also the periodicity of the crystal. This coefficient and
the potential may be expanded in Fourier series over the set of reciprocal lattice
vectors defined by Eq. (1.12):

V(r) = I V G e iG ' r
G

and

(2.22)
U(r)= I
G

UGe

iG

-

so that the wave function of the electron writes:
i(k+G) r
'
V(r)= XUxe

r

( 2.23)

G

Then, it is shown that the Fourier components of U(r) are proportional to the
Fourier components of the potential VG» i.e.:
2m
U V
TT 0 *
noA\
U
(2 24)
* " "
2 k.G + |Gf
with Uo = UG=O- This equation carries an important issue when:
2 k.G + |G| 2 = 0
(2.25)
This expression is identical to the Bragg condition of Eq. (1.16) when the
electronic wave is scattered by an atomic plane. The ensemble of points in reciprocal
space that satisfy this condition form faceted polyhedra called Brillouin zones (see
figure 2.4). Considering only the modulus of the vectors, a solution of Eq. (2.25) is:
k 0 = G/2
(2.26)
The energy of the electron is no longer defined when its propagation direction
k hits such a facet. A domain of forbidden energy or gap has opened in the density of
states distribution and the free electron approximation is no longer valid (figure 2.5).
The width of the gap AE = 2 |VQ| is constant over the whole facet of the Brillouin
zone corresponding to a given |G|. Just beneath ko = G/2, the energy of the electron
band is decreased whereas it is increased just above but the position of the gap on the
energy scale varies with the direction of k. It is minimum when k = ko = G/2 at the
centre of the facet on the Brillouin zone.
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Figure 2.4: Two typical examples of Brillouin zones for monovalent metals having a) bcc
and b) fee Bravais lattices, respectively. The thin solid lines mark the edges of the first
Brillouin zone in each case. In a), the Fermi surface is a sphere that falls completely
inside the boundaries of the Brillouin zone whereas in b) the magnitude of the Fermi
vector is large enough to produce disk regions of forbidden energies on the facets of the
Brillouin zone (after Quere2).
Outside the gap, we find permitted bands where the free electron
approximation holds true except when approaching the Brillouin zone boundaries
(figure 2.5). Suppose now that the Fermi vector Eq. (2.10b) falls inside the smallest
Brillouin zone in k-space. The Fermi surface is still a sphere and kp divides the
valence band into an occupied and an unoccupied part. The material is a simple metal
since all states may be thermally excited above the Fermi level. This situation is
encountered for instance with monovalent alkaline metals which have a bcc Bravais
lattice. Their reciprocal lattice is accordingly fee, thus having a first Brillouin zone
with facets centred at positions G/2 = 4 u V2/4 a, where a is the Bravais lattice
parameter. From Eq. (2.10b) we have kp = (6rc2)1/3/a < G/2 for a one-electron
system, well inside the Brillouin zone (figure 2.4). For a fee one-electron system
like copper, the Fermi surface is no longer perfectly spherical. As above, simple
calculations show that G/2 - 7iV3/a == kp = (127i2)1/3/a. In other words, many
occupied states at the Fermi level are close to a Brillouin zone boundary and the
Fermi surface is distorted along the (111) directions as shown in figure 2.4. A gap of
width 2 | V n i | opens which limits the Fermi surface by disks of forbidden energy
regions located around the centres of the facets. Nevertheless, like in the previous
case, we still observe the metallic behaviour along all other k directions outside
these contact disks. In fee aluminium, which is a trivalent metal, the Fermi vector is
even larger and the first Brillouin zone is entirely filled by occupied states whereas
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the three next zones are only partially occupied. This also preserves the metallic
character of this solid element. Conversely, tetravalent materials like diamond or
silicon have two atoms per unit cell (thus, 8 electrons) which exactly fill-in the four
first zones at OK. This goes along with the formation of a broad energy gap which
make pure diamond an insulator and silicon a semiconductor.

Figure 2.5: The dispersion curve of the electronic states in a nearly-free electron system
with a band of forbidden energies open at k=k0 (left). The resulting DOS (right) shows an
increase of the number of states below the gap as compared to the free electron model
(dashed curve).
It is simpler to categorize solids according to the strength of the Fourier
components of the potential. In the first case of weak |VG|» the successive bands
may overlap: the highest permitted energy in a band may be larger than the lowest in
the next band. Although having gaps in certain directions (this depends on the
valence), the solid is a metal (see figure 2.6). In the second case of strong |VQ|, the
bands do not overlap but present a macroscopic gap that exists whatever the direction
in reciprocal space. This corresponds to an insulator if the gap is larger than every
possible thermal excitation or to a semiconductor if thermal excitations may
promote electrons from the top of the latest occupied band through the gap to the
bottom of the next, unoccupied band (figure 2.6). An intermediate situation is also
found in semi-metals where occupied and unoccupied bands slightly overlap with a
small, negative gap (figure 2.6). The region separating the occupied and unoccupied
parts of the DOS is then called a pseudogap. From terminology adapted to
semiconductors, it is customary to define the occupied side of the DOS as the
valence band and the unoccupied side as the conduction band.
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Figure 2.6: Schematic representation of the DOS in the first Brillouin zones of a metal
(a), of an insulator (b) and of a semi-metal (c). In a metal, the actual DOS (thick solid line)
is not very much different from that of a free electron system (thin solid line). The
successive bands overlap and the total DOS is the sum over all bands. The situation
represented here is for a divalent metal at OK. For the insulator in b), the bands are
separated by a macroscopic gap installed between energies Ej and E2 along every
direction in k-space. In c), the gap has vanished and a small overlap is present between
fully occupied first band and completely empty second band. The Fermi level falls
accordingly within the pseudogap, thus leading to a reduced density of states n(EF) at the
Fermi level (after Quere2).

2.3 The Hume-Rothery Rules in Crystals
In many intermetallic alloys like Cu-Zn or Al-Cu, the phase diagram shows a
sequence of close packed phases changing their symmetry at precise atomic
constituent ratios and at constant temperature and variable composition. For
instance, in Cu i_xZnx brass, we observe first the fee solid solution of zinc in copper.
Then, at about x = 1/3, comes an hep phase, then a complex cubic phase at x = 1/2,
then again an hep phase at x = 3/4 and finally pure zinc (which dissolves little Cu)
is hep. Such systematic sequences were pointed out by Hume-Rotheryb in several
alloy systems for the first time in the late 20's. 5 He also emphasized that such a
behaviour is specific to alloys made of atoms with nearly identical atomic radii and
carrying different numbers of valence electrons. This difference however, should not
be too large so that an average electron to atom ratio may be defined at composition
x in a binary alloy Ai_xBx:
e/a = (1 - x) VA + x VB
(2.27)
where V^ a n ^ ^B stand for the respective contributions to the valence band of atoms
A and B. In the example of brass, we have Vcu = +1 a n d ^Zn = +2- The first

b) In the following of the book, we will label the - more or less empirical - rules, henceforth the alloys,
which satisfy the criteria of Hume-Rothery by the two letters HR.
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symmetry change is observed for e/a = 1.36 e7at where the fee solid solution
transforms into the hep structure. The stability region of this latter phase is centred
around e/a = 1.48 e7at, that of the complex cubic phase around e/a = 1.62 eVat and
that of the Zn-rich hep phase around e/a = 1.75 eVat.
An interpretation of such a systematic behaviour was given a decade later by
Jones 6 on the basis of the formation of a forbidden band due to the interaction
between the Fermi surface and the Brillouin zone in reciprocal space. Again, a
simple calculation shows that the Fermi sphere of the free electrons becomes tangent
to the facets of the first Brillouin zone when e/a = 1.36 e7at. Increasing further the
electronic concentration beyond this value costs more energy since the Fermi surface
protrubes more and more through the facets of the Brillouin zone. It is thus
energetically favourable to rearrange the structure into another Bravais lattice so as to
restore contact between Fermi surface and Brillouin zones. A sequence of
composition domains with enhanced stability is thus found in the phase diagram.
Each domain corresponds to optimal matching between twice the amplitude of the
Fermi vector and reciprocal lattice vectors that obey the Bragg condition of Eq.
(2.25). Then, the Fermi energy falls into the gap and occupied electron states just
below E F within the gap are repelled down to lower energies at the top of the valence
bandc (figure 2.5). This is why the new structure is supposedly more stable than the
previous one.
This statement was criticized8 however on the basis of an approximate
evaluation of the contribution of the gap to lowering the total band energy.9 In most
close packed structures, this amounts to about 0.1% of the total band energy, a
difference that was claimed8 not significant enough to account for the observed phase
selection. This point is analyzed in detail in a profound review article by Massalski
and Mizutani.9 The authors show that such a weak energy difference is sufficient to
orient the competition between phases in the Cu-Zn system. Similarly,
multiplication of the number of contact areas between Fermi surface and Brillouin
zone is essential to enhance the stability of a highly symmetric phase with respect
to structures of lower symmetry. We will see in a forthcoming section that this
factor plays a key role in the formation of quasicrystals.d
A difficulty arises nevertheless, from lack of knowledge of the potential
experienced by the electrons. Therefore, we ignore in general that the lattice vectors
are responsible for the opening of a gap of significant width 2|V(j|. This Fourier
component of the potential may be written as follows:

c) Later in section 3.6, we will call such a distorsion of the DOS, a van Hove singularity J
d) Some - recently discovered - quasicrystals do not obey this condition however, see chapter 4.
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V G = w(G) F(G)
(2.28)
where w( G) is a form factor and F(G) the geometrical structure factor of the crystal
(Eq. (1.11)). Diffraction experiments tell us where the geometrical structure factor
cancels to zero (there is no diffraction peak at all) and we know then for sure that the
potential component also goes to zero. Reciprocally, if a Bragg peak is visible, we
may assign a finite value to the Fourier component of the potential although the
potential seen by the electrons in the valence band and the one producing X-ray or
electron scattering in the diffraction experiment are different. It is usually admitted
that the strongest diffraction peaks correspond to the largest VQ terms. From
experimental diffraction patterns, it is thus straightforward to determine the set of
relevant G vectors with the largest intensity. Sometimes, it happens that such
strong spots belong to different Brillouin zones. Altogether, they form a faceted
polyhedron of which the dual polyhedron is the zone of interest here. We will label
this zone hereafter the Brillouin-Jones zone (or BJZ in short). In simple crystals, the
intense Bragg peaks are the closest to the origin of the reciprocal lattice and the
definition of the first BJZ is straightforward. In complex crystalline intermetallics,
spots of weaker intensity are usually found inside the zone defined by the strongest
peaks. The number of such peaks being finite and their intensity being weak, it is
usually admitted that the corresponding Fourier components may be neglected.
Hence, the first BJZ is also given by the most intense diffraction spots in such
complex crystals. This is not necessarily true of quasicrystals, because the dense
filling of reciprocal space leads to an infinite number of peaks, yet with weak or
negligible intensity between the most intense ones. The summation of all those
peaks may nonetheless be as important as that of the few strong ones.
A more elaborate treatment of the HR mechanism was proposed by
Blandin. 10 It allows the consideration of as well the presence of transition metal
elements in the alloy that contribute to enhancing the stability of the solid if the
oscillations of the pair potential induced by the presence of d-electrons couple with
atomic positions. An equivalent expression for the HR condition, Eq. (2.27), is thus
in real space:
JIT

K = T1 = d p
(2-29)
kF
where Xp is the Fermi wavelength and d P the pair distance. This idea e was
extensively used by several authors to explain the peculiar metastability of metallic
glasses. 1 1 - 1 2 As already mentioned, a detailed review of the HR mechanism in
e) Disordered solids are characterized by a structure factor, Eq. (2.28), consisting of essentially one
intense, although broadened, peak. This allows the definition of a spherical pseudo-Brillouin Jones
zone which, as a matter of fact has a radius equal to or very close to kp in the most stable glasses.
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crystalline solids is due to Massalski and Mizutani.9
Indeed, some HR alloys may also contain a transition metal element (TM)
with a partially empty d-band that tends to fill up at the expense of the other
constituents, say aluminium for simplicity with V^i =+3. Then, from Eqs. (2.10b),
(2.26) and (2.27), for an alloy of composition Ali_xTMx, we have the following
expression for the valence of the TM element:
VTM=[(G/2)3/3n2]/x-3(l-x)
(2.30)
which may become negative as if charges were transferred from the sp electrons of
aluminium towards the uncomplete d-band of the transition metal. This valence also
depends on the local environment according to the set of vectors G considered. As a
matter of fact, a consistent ensemble of values of V-fM m a y be deduced from
diffraction data available for crystalline intermetallics of the Al-TM series: Vpd = 0,
VCo ~ -0.5, VVe = -2, -3 > VMII ^ -3-6. As an example,^ figure 2.7 shows that
several compounds of the Al-Cu-Fe system fall close to a line of constant electronic
concentration (e/a=1.862 e-/at). Most compounds introduced in this figure will be
encountered again in the following pages of this chapter.

Figure 2.7: Aluminium-rich corner of the Al-Cu-Fe system showing the position of the
crystalline and icosahedral compounds versus Cu and Fe concentration.13 The straight
line corresponds to constant e/a values of 1.862 eVat. Compounds are located by Greek
letters: i-Al62Cu25.sFe125, n-Al5Fe2, X-Al^Fe^ a-A^CuFe^ (0-Al7Cu2Fe, 8-A^Cu, <J>Al10Cu10Fe, r|-AlCu, £-Al3Cu4 and y-Al2Cu3.
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Till now, we have mainly focused on simple metals like aluminium with its
12 electrons per unit cell, nearly free to move when submitted to a potential
gradient. Its resistivity is very small at low temperature (i.e. p<2 10"6Q cm- 1 ). It
increases with temperature and with the introduction of defects or impurities. The
situation is far more complicated with transition metals like iron because of the
resonance effects established between conduction electrons and the more localized dstates. The conduction properties of such transition metals and of alloys containing
transition elements was addressed by several authors, see for instance Mott and
Jones 14 for a review textbook. We will come back to such properties of transition
metals in the course of the present chapter. At this stage, it is enough to keep in
mind that the phenomenology of heat and electronic conduction is not drastically
different from that of normal metals or of aluminium. Electrical resistivity still
increases with temperature, but the scattering mechanism behind it is no longer
dominated by interactions with impurities or phonons. Dominant contributions
come from hybridization effects between partially filled d-bands and nearly free s-p
electrons and from magnetic scattering if the transition metal carries a moment. The
density of states in such compounds or alloys departs a lot from that of a free
electron gas. It shows a parabolic component due to s electrons onto which a more
localized (in terms of energy) massif due to d-states is superimposed The interplay
between such s and d states dominates the stability of alloys containing transition
elements as will be analyzed in some detail later in this chapter in the context of
quasicrystals.
We will now see that - except the Hume-Rothery behaviour - many of the
well-established properties of metals and alloys have not been observed whatsoever
in quasicrystals.

3

Electronic Transport in Quasicrystals

3.1

Phenomenological Data

The data reported in figure 2.8, compiled and published some time ago, 15 is
probably the most emblematic representation of the strange electronic conductivity
of quasicrystals. It shows the temperature dependence of the conductivity between
liquid helium temperature (4K) and room temperature for a set of icosahedral
compounds of the Al-Cu-Fe and Al-Pd-Mn systems. All samples except sample a)
were heat treated in order to reach an excellent lattice perfection as assessed by X-ray
diffraction and high resolution electron imaging. Sample a), of identical composition
as b), was annealed at a lower temperature at which phason disordering is known to
occur in the Al-Cu-Fe system.
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Many other quasicrystals were investigated along the same line. It turns out
that they all exhibit relatively large resistivities, although the largest ones were
found only when the samples contained transition metals. From these results, it is
immediately clear that electron transport in quasicrystals is quite different from that
in metals and alloys. Indeed:
a) when the quasicrystal contains a transition metal, the conductivity is fairly low
and smaller than that of strongly disordered alloys and metallic glasses. Noticeably,
it is very sensitive to small shifts from an 'ideal' composition defined as that of the
alloy with lowest conductivity. In the next subsection, we will see that the most
resistive quasicrystal known so far shows a conductivity even below some critical
threshold associated with the occurrence of insulating behaviour in disordered media,
the so-called Mott metal-insulator transition.
b) the temperature coefficient of the conductivity is positive, which is just the
reverse of the metallic behaviour.
c) all conductivity curves in figure 2.8 are parallel, thus exhibiting an inverse
Matthiessen rule (Eq. (2.8)) applicable to conductivities:
0 = 0, + oih

(2.31)

where a; is the low temperature residual conductivity that decays with improved
lattice perfection and depends drastically on the details of the composition. The term
a t h is approximately independent of the nature of the quasicrystalline sample and
accounts for the effect of temperature on the conductivity.

Figure 2.8: Temperature dependence of the electrical conductivity a(T) in defective
icosahedral Al63Cu24.5Fe12.5 (a) and perfect icosahedral compounds of compositions
Al63Cu24.5Fei2.5 (b), Al 6 i. 8 Cu 2 6 Fe n . 2 (c), Al 7a5 Pd 22 Mn 7 . 5 (d), Al62.8Cu24.8Fe12.4 (d)
and Al62 5Cu25Fe12 5 (f)- (Courtesy C. Berger, Grenoble).
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The different conductivity behaviours of quasicrystals on the one hand and of
conventional crystalline intermetallics on the other is exemplified16 in figure 2.9
with tetragonal (O-AI7CU2FC a conventional intermetallic (inset) and of an
icosahedral sample of composition Al62.8Cu26Fen.2 (i.e. nearly A l g C ^ j F e to
compare with the composition of the 0) tetragonal compound). Also shown is the
conductivity of an approximant sample of identical chemical composition and that of
another specimen with a slightly different atomic content. These latter crystalline
materials were introduced in chapter 1, section 7. They exhibit giant rhombohedral
unit cells (a = 3.2 nm, a = 36°) and resemble the local structure of the icosahedral
quasicrystal closely. We see from these experimental facts that not only quasicrystals
but also the so-called approximants depart from metallic behaviour. This is in strong
contrast with conventional intermetallics like (u-AlyC^Fe. The experimental
measurements of the conductivity displayed in figure 2.9 for co-AlyC^Fe and iAlgCu2.5Fe demonstrate that the huge differences observed between the two kinds of
materials cannot be related in a simple way to variations of the chemical
composition.

Figure 2.9: Conductivities versus temperature measured in a conventional Al-Cu-Fe
intermetallic, namely the co-Al7Cu2Fe tetragonal compound (inset), and in the
rhombohedral R-AlCuFe approximant as compared to that of the perfect icosahedral
compound. One rhombohedral R-AlCuFe sample and the icosahedral specimen are of
identical composition, the composition of the other R-sample is slightly different.
(Courtesy C. Berger, Grenoble).
A similar difference is detected17 as well in single crystals of decagonal phase
(figure 2.10) which consist of a periodic stacking (with a period about twice as large
as the first interatomic distance) of aperiodic layers of atoms. The temperature
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coefficient of the resistivity is positive along the periodic axis, as expected for a
crystalline intermetallic, but negative in the quasiperiodic plane (i.e. the conductivity
increases with T). Thus, it can be concluded that the origin of the specific behaviour
of electronic transport in quasicrystals as a function of temperature is dominated by
structural effects.
Figure
2.10:
Resistivitytemperature curves measured in two
decagonal phases along the
periodic stacking direction (top)
and in directions perpendicular to
it (bottom). Squares are for the dAl70NiI5Coi5 decagonal phase and
dots for d-Al 65 C u i 5 C O2o(Reproduced from Ref. 17).

Measurements of the low-temperature specific heat allows the determination
of the electron number density at the Fermi level which, in the free electron model,
is proportional to the conductivity, Eq. (2.13). At constant volume, we may express
the specific heat of a solid as:
(2.32)
Cv' = yT + a T 3
which is a sum of the contributions y T arising from electronic states and a T 3 due
to lattice vibrations (sometimes, a supplementary term proportional to T 5 is
necessary to fully account for the phonon component). Thus, a plot of C v '/T versus
temperature yields the electronic pre-factor y directly as the intercept of a straight
line plot of the experimental data while its slope goes in proportion to the phonon
contribution (provided higher order terms may be neglected). Since such
measurements are done at low temperature, i.e. well below the characteristic Debye
temperature of the sample, it is acceptable to substitute for C^1 the specific heat at
constant pressure that is obtained in usual conditions.
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The specific heat capacity of the electron system in a sample of volume V is
given by the temperature derivative of its internal energy Uel. Hence:

r«' = p u d ) = d
{ 8T Jt 3T

JeN(e)de
o
)

(2.33)

with N(e) being the total density of states at temperature T as defined in Eq.(2.20).
Expanding this expression in the low temperature limit and neglecting all terms of
order higher than T yields:
C e l = (rc 2 k 2 /3)N(E)T
(2.34)
B

F

where N(Ep) is the density of states at the Fermi level. Thus, y is proportional to
N(EF):
rc2k2
y =
L N(E )
(2.35)
F
3
The low temperature specific heat was measured as a function of temperature for
several quasicrystalline alloys. It was found first of all that the intercept at T = OK is
always small, thus indicating a drastic reduction of the density of states at the Fermi
level as compared to conventional metals (e.g. y= 0-1 mJ/g atom K 2 in iAI7o.5Pd2iRe8.5 whereas y = 1.36 mJ/g atom K2 in fee Al). Furthermore, the better
the quality of the quasicrystal lattice, the smaller is y (figure 2.11). Second, a
comparative plot of the experimental resistivity versus y in various icosahedral
samples immediately shows that conductivity is not proportional to N(EF) as would
be expected from Eq. (2.13) in the context of usual metallic conduction. Instead, it is
observed that conduction correlates with the square power of y (figure 2.12). This
very important result, first pointed out by Uishiro Mizutani,!9 will be the subject of
a further comment in section 3.4. Again, we have found another confirmation that
the electron transport properties of quasicrystals are essentially different from those
of their (metallic) constituents.
For completeness, we should also consider the temperature and composition
dependence of the Hall effect. This effect manifests itself in the presence of an
external magnetic field. For simplicity, consider an elongated specimen of
rectangular cross-section with the electric field applied along the largest dimension.
The magnetic field, applied perpendicular to the largest cross section, deviates the
charge carriers and induces a potential gradient perpendicular to the flow direction of
the carriers. The sign of the difference of potential across the width of the sample
yields information on the nature of charges, electrons or holes. Examples of Hall
coefficient Ry versus temperature curves are shown in figure 2.13 for a series of
icosahedral samples in the Al-Pd-Mn system. Noticeably, the most perfect samples,
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Quasicrystals

Figure 2.11: CP/T plot of
specific heat data18 in the low
temperature range for perfect
icosahedral (open symbols)
and phason
defective
icosahedral (solid symbols)
Al62Cu25.sFei2.5 samples
(Courtesy P. Garoche, Orsay).

Figure 2.12: Resistivity
at 4.2K (a) and 300K (b)
plotted against y on a
Ln-Ln scale for a series
of quasicrystals and
approximants.19 Further
comments on this figure
are given in section 3.4.
(Courtesy U. Mizutani,
Nagoya).

hence the ones with the weakest conductivity, are associated with small negative
values of RH- A shift with respect to the ideal stoichiometry of the icosahedral
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structure causes a change of sign of RH, i.e. charge carriers that are electrons in the
pure icosahedral state transform into holes at the top of the valence band in
approximants or defective samples. This transformation may also occur with
increasing temperature.
Figure 2.13: Typical Hall
coefficient curves measured
versus temperature in a
series of Al-Pd-Mn
icosahedral specimens. The
most perfect samples show
a weak negative values of
the Hall coefficient.20
(Courtesy C. Berger,
Grenoble).
From the standpoints of the residual conductivity at low temperature, of the
temperature dependence of the conductivity and of the nature of charge carriers,
quasicrystals are thus very similar to doped semiconductors. However, it is a strong
misunderstanding to assume that the conduction mechanism in quasicrystals is
identical to the one in classical semiconductors. Indeed, there is no broad gap open
along all directions in the DOS so that low temperature conductivity in quasicrystals
does not follow the usual o = OQ exp^A/kgT) law valid for semiconductors (figure
2.14). Below room temperature, the conductivity dependence on temperature in
quasicrystals is described more adequately by the power law:

a = o0 +8X

(2.36)

with o"o the residual conductivity at OK. In some icosahedral samples, a T i / 2 law is
observed below 20 to 30K whereas the conductivity becomes proportional to T
above (figure 2.15 left). By contrast, highly resistive specimens, especially in the
Al-Pd-Re and Al-Cu-Ru systems show exponents a of the conductivity versus
temperature curves that vary from a=l/2 to a=3/2 according to the quality of the
lattice21 (right hand side part of figure 2.15). In such perfect specimens, the residual
conductivity at the approach of 0 K is so small that it seems that these quasicrystals
behave just like insulators made of metals!
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Figure 2.14: Example 2 1 of
conductivity data as a function of
temperature in a true semiconducting compound, Al2Ru with
a chimney lader crystal structure
(solid circles), and icosahedral AlPd-Re (triangles). The inset
illustrates the shape of the DOS in
the vicinity of the Fermi level for
both materials. A fit of the data for
Al2Ru yields a value of 0.17eV for
the gap width. The temperature
dependence of the conductivity in the quasicrystal follows a power law of the temperature
with exponent close to 1.4-1.6 for the best-quality specimens, see also figure 2.22
(Courtesy J. Poon, Charlottesville).

Figure 2.15: Left: Conductivity versus temperature measured for a sample of icosahedral
Al-Li-Cu.22 The temperature dependence of the conductivity is well reproduced by a T 1 ' 2
power law below about 20K whereas it goes to a T regime above that temperature
(Courtesy S. Takeuchi, Tokyo). Right: Low temperature part of o-T curves measured21 for
icosahedral samples of composition Al 7 0 5Pd2iReg 5. The two top curves are for defective
samples obtained after 12h annealing in vacuum at 940°C. The solid lines are fits to T°-55
andT 0 - 51 power laws, respectively. After further annealing at 600°C for 2h, the lattice
defects vanish. The two samples become nearly perfect and their conductivity is found
proportional to the temperature and much smaller (bottom curves). The inset shows the
corresponding log-log plots. As already stated in the caption of figure 2.14, the best
quality samples lead to CT=T3/2 (Courtesy J. Poon, Charlottesville).
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From the above, it turns out that the resistivity of an icosahedral sample is found to
be largest when:
i) its lattice is properly annealed in order to annihilate defects and phason strain,
ii) it contains a transition metal and preferably a 5d element like rhenium.
In this respect, the i-AlPdRe icosahedral compounds exhibit vanishingly
small conductivities at low temperature. Since the temperature-dependent part of the
conductivity is almost the same for all icosahedral compounds studied so far it is
interesting to plot the low temperature (4K) conductivity against the value measured
at room temperature in various alloys (figure 2.16). A clear trend is emphasized23 in
this presentation: the most resistive samples at room temperature become so weakly
conducting at 4K that they approach, or even go below, the Mott conductivity
threshold24 for a metal-insulator transition (MIT).

Figure 2.16: Correlation observed23 between low temperature and room temperature
conductivities in a series of icosahedral samples of the alloy systems indicated in the
inset. (Courtesy C. Berger, Grenoble).
This is the case for the perfect i-Al7o.5Pd2iReg 5 sample as exemplified in
figure 2.15. The Mott conductivity threshold is equal to 120 £H cm- 1 . Many
icosahedral compounds were prepared with low temperature conductivity well below
this value, especially compounds of Al-Pd-Re and Al-Cu-(Ru,Os). The effect of
partial substitution of Mn to Re in i-Al7o.5Pd2i(Rei.xMnx)g 5, i.e. a 3d element for
a 5d one, is shown in figure 2.17. 25 As mentioned above, a proper annealing
sequence that reduces the lattice defect population below experimental detection
drastically diminishes the OK conductivity (the measurement was done at 0.45K!).

92

Useful Quasicrystals

Here, we have o"(0K) smaller than a few 1O2 Q 1 cm-1, a conductivity value typical
of a doped semiconductor close to zero absolute temperature. The conductivity
increases rapidly upon doping with manganese above 2-3 % (figure 2.17). This
behaviour also mimics what happens in a semiconductor when the dopant
concentration approaches the critical level associated with the occurrence of the MIT.
Figure 2 . 1 7 :
Minimum
conductivity measured 25 in
A1
70.5Pd2i(Re!.xMnx)g 5
icosahedral samples. Triangles are
for specimens prepared by
annealing at 940°C for 12 hours
and circles for defect-free samples
obtained after a supplementary
annealing at 600°C for 2 hours.
Lines serve to guide the eye.
(Courtesy
J.
Poon,
Charlottesville).
Supplementary information21 on i-Al7o.sPd2iReg.5 is supplied by specific
heat (figure 2.18, left side) and Hall resistivity (figure 2.18, right side)
measurements. On the one hand, the y parameter is found only weakly sensitive to
the annealing treatment sequence that produces a significant change of the low
temperature conductivity. Its value is small, y = 0.1 mJ/g atom K2, thus indicating
a reduced density of states at the Fermi level, but not different from the one in iAlCuRu. Yet, the conductivity is larger by two orders of magnitude. Obviously, Eq.
(2.13) is not appropriate to understand this kind of electron transport. On the other
hand, it is observed from Hall resistivity measurements, right side in figure 2.18,
that the number density n^ of free charge carriers (those that are responsible for the
Hall tension) is much smaller in this sample than in other icosahedral compounds
with a larger conductivity. A typical value is 8.10 19 cm-3 after 12h annealing at
940°C that decreases by a factor 3 upon further annealing at 600°C. The
corresponding Hall mobility J^H = o/nn depends also on the annealing treatment but
stays nearly constant (and small) in the most conducting samples.
At this stage, we may summarize our findings:
a) although made of metals, quasicrystals do not behave as their constituent atomic
species as far as electron transport is concerned.
b) electrical conductivity is small and very much dependant on the presence of
defects. It is minimum in defect-free samples. This behaviour is opposite to that of
conventional metals and is reminiscent of that of semiconductors.
c) in quasicrystalline specimens, the temperature dependence of the conductivity
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does not obey an exp (-AE/kT) law at low temperatures which implies that the
mechanism that promotes electron transport via thermal excitations is not the same
as in semiconductors.
d) furthermore, some icosahedral compounds based on 5d constituents like Re
show a low temperature conductivity significantly below the minimum threshold for
metallic conduction. Electron transport in these samples mimics the one observed in
doped semiconductors.

Figure 2.18: Left: Specific heat measured as a function of temperature in i-Al70.5Pd21R.eg 5
annealed at 940°C (squares, top curve) and also at 600°C (circles, bottom curve). The solid
lines are fits to the classical C e l =yT+ <xT3 + 8T 5 formula. Right: Hall coefficient and
Hall mobility (inset) for the same specimens as in the left-hand side part of the figure.
(Courtesy J. Poon, Charlottesville).
To be quite frank, a generally accepted understanding of these results has not
yet been achieved in the scientific community. What is quite clear from the results
presented in this and the previous section is that we have to consider not only the
specific structure of the quasicrystal (in brief, Bloch's theorem, Eq. (2.23), does not
work in an aperiodic lattice), but also its interplay with the chemical character of the
constituent atoms. Existing theories 24 - 26 . 27 adapted to disordered systems like
metallic glasses or amorphous semiconductors may be used at least partially to
understand what is happening to electrons in quasicrystals. One of these theories
accounts for the overlap of the wave functions of an electron travelling along a
closed ring of atomic sites in one direction and in the opposite. Summing up the
two waves produces quantum interferences that may be responsible for the
temperature-dependent decrease of the conductivity. Due to the large number of
spherical clusters embedded in the quasicrystal structure, such quantum interferences
are dominant at low temperature and explain the results presented so far partially.
These quantum interference effects are the subject of the next section while variable
range hopping, a theory designed by N.F. Mott 26 for disordered solids, will be
addressed later.

"4

Useful Quasicrystals

3.3 Quantum Interference Effects
Let us first rewrite Eq. (2.13) in another form (known as Einstein's formula):
a = e2 D(T) N(EF,T)
(2.37)
in which we assume that both the relaxation time, therefore the diffusivity D(T), and
the band structure at Fermi level may vary with temperature. Nevertheless, the
relative increment of conductivity is:
AN(E,T)
Arc
An
A£ = J^_ +
F
(2.38)
a
D
N(E ,T)
which separates adequately the contributions from changes of the diffusivity and
density of states at Fermi level, respectively. These two terms add (in principle
small) corrections to the Boltzmann conductivity given by Eq. (2.13). They originate
in the interference pattern formed by the electron waves travelling along one direction
on a closed loop of scattering sites and along the opposite direction. Such a diffusive
propagation of electrons is realized at low temperature in all solids, but is enhanced
in disordered systems or quasicrystals where the mean free path of the electron, Eq.
(2.12), is comparable to the first-neighbour distances. In crystals with usual cell
sizes, they are negligible even at very low T, because the electronic mean free path is
so large that coherence between forward and backward scattered waves is soon lost.
By contrast, in the solids of interest here, constructive interferences between those
waves make the probability of backscattering the wave twice as large as in the
classical case. It was shown28 that the Boltzmann conductivity is then decreased by a
quantity related to the reciprocal distance separating successive scattering events
between the electron and another electron, or with thermal excitations of the lattice.
To come to this result, we need to accept that the electron travels a distance given by
the classical diffusion equation:
(2.39)
L i = (3DT i (T))l/2
with T;(T) being the inelastic scattering time associated with the event of type i
(scattering by a phonon, phason or electron, etc.). Any scattering of this type tends
to destroy the coherence of the interference pattern formed by the electron wave
propagating along its two routes. Therefore, the correction term to Boltzmann
conductivity decreases with temperature, i.e. the measured conductivity increases
with temperature. This variation is shown 28 to be proportional to the temperature in
most cases. It agrees with the high temperature range of the data for i-AlLiCu
presented at the left side of figure 2.15.
Furthermore, backscattering of the electron wave produces an inhomogeneous
charge distribution in the interference region which in turn modifies the density of
states in Eq. (2.38). This electron-electron interaction also adds a weak, negative
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correction term to Eq. (2.13) which increases with temperature according to T 1/2 in
the range of very small temperatures. This mechanism seems to be dominant in iAlLiCu below 20K (left side of figure 2.15).
Nevertheless, a combination of the two correction terms does not explain
why the residual conductivity is so small, especially in the icosahedral compounds of
the Al-Pd-Re and Al-Cu-Ru systems. As we have seen, a satisfactory explanation
cannot be due to a reduction of the density of states because, as we have pointed out,
there are icosahedral compounds with nearly identical values of N(Ep), but with
conductivities differing by two orders of magnitude. A better clue to interpret our
data is to remember that the carriers mobility decreases to very low values in perfect
icosahedral compounds. As in a doped semiconductor, the electrical particles (electron
or holes) seem to be localized and need thermal excitations to reach a minimum
mobility. This matter was addressed in detail by Mott24-27 in a model called variable
range hopping (VRH) designed to understand the electronic mobility in disordered
semiconductors and glasses.

3.4 Variable Range Hopping
The basic assumption in a crystal is that two electrons may interact because their
wave functions have the same periodicity as the crystal itself (Bloch's theorem, Eq.
(2.23)). In the context of quasicrystals, this theorem is of course no longer valid and
we need another theoretical approach. To simplify the case, we shall assume first
that the electrons are fully localized at OK, which also implies zero conductivity at
OK. In a spherical potential, the wave function of a localized electron decays
exponentially with the distance:
\|/(r) - exp(-r/a)
(2.40)
where a is typically a first-neighbour distance.
We have not discussed the origin of the localization mechanism yet.
Chemical disorder in a highly doped semiconductor and the combined structural and
chemical disorders in glasses are commonly admitted sources of localization.
However, structural (or topological) disorder is negligible in the most perfect
quasicrystals. Chemical disorder may also be forgotten if the 6D cut and projection
scheme introduced in the first chapter holds true. Nonetheless, diffusive propagation
of an electron in such a perfectly ordered aperiodic lattice is still a random process
because i) the distance between two successive scattering events is relatively large,
i.e. about 2 nm, and ii) the list of distinct atomic environments explored by the
travelling particle is very large in relation to the infinite list of independent atomic
positions that characterizes an icosahedral quasicrystal. Anticipating the following
pages, we may guess that the Hume-Rothery mechanism may also become very
efficient in quasicrystals, thus restricting the regions in k-space in which electronic
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states are well defined because the shape of the BJZ is nearly spherical, owing to
icosahedral symmetry, and quite similar to that of the Fermi surface. This
mechanism was first emphasized by Friedel and a few others.2^ It appears indeed to
take place with a strong magnification due to sp-d hybridization originating in the
TM elements.30
Localized electron waves may nevertheless interact if they overlap. Then, an
electron initially at position R; in real space may jump to another site at Rj if the
overlap between wave functions \|/, and \|/j at each site is non-zero. The probability
that such an event occurs decays exponentially with the separation distance between i
andj:
P ~ exp (-2 |Rj - Rj| / a)
or
(2.41)
P ~ exp (-2 rjj / a)
with nj = |R; - Rj|.
When hopping from one site to another, the electron must overcome the
energy difference between sites i andj. In practice, this could forbid the transition,
except if thermal excitations assist the process. This effect reduces the transition
probability:
P ~ exp (-Aejj / kBT) exp (-2 r;j / a)
(2.42)
where AEjj - 6; - Ej is the energy barrier between sites i and j . The hopping
probability and hence the conductivity will be given by the first exponential term at
high temperatures. At lower temperatures, the system of Fermi electrons may prefer
to explore sites at larger distances if this reduces the energy barrier. The number of
such states separated by a distance r,j and an energy shift Aey is supposed to be
randomly distributed on a spherical shell, i.e.:
«(r , Ae ) = i . n r3 N(E ) Ae
ij

ij

T

ij

F

ij

(2.43)

which must be equal to 1 in order to allow for a proper hopping between sites i and
j . Thus:
Aeu = cc/ifj
(2.44)
with a = 1/i. 7iN(E) and:
F
3
P - exp f- - j ^

| exp ( - 2 y a )

The maximum of P (for dP/9rjj = 0) goes with the largest conductivity when:

(2-45)
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]/4T-1/4

(2.46)

87C N(E ) k

v
F B ;
which in turn gives a temperature dependence for the conductivity:
o oc v exp(-To/T)-i/4
(2.47)
with v being a constant pre-factor and T o = 8/3 (9/8n)4 (N(EF) kB a3) -m.
This relation is often observed on the insulating side of the MIT in disordered
solids like doped semiconductors or insulator-metal alloys.31 Clear evidence that this
law also applies in the very low temperature end of the a-T curves in highly
resistive Al-Pd-Re icosahedral samples was first supplied32 by the group of C.
Berger in Grenoble (figure 2.19). The activation temperature To extracted from the
fits to the data in figure 2.19 is found to be extremely small (TQ = 1 mK).

Figure 2.19: Relative conductivity changes observed32 in three i-Al7o.5Pd2iReg 5
icosahedral samples in the temperature range 20-600 mK. The presentation of the results
is made in order to facilitate the identification of the fit according to Eq. (2.47). (Courtesy
C. Berger, Grenoble).
Whatever the activation mechanism for electron hopping, it is reasonable to
assume that these i-AlPdRe samples lie within the insulating range of the MIT and
exhibit zero conductivity at OK. Less resistive samples in this system and in general
from the other quasicrystal-forming alloys belong to the metallic range. The electron
transport in solids with such a high resistivity was discussed by Mott2? who
introduced the g-parameter:
g = N(E F )/Nf(E F )
(2.48)
which refers the total density of states at E F in the actual solid to that in a free
electron gas of identical volume. Then, the expression for the conductivity becomes:
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a = gStfy'127i3>.

(2.49)

with 0 < g < 1. Sp is the area of the free electron Fermi sphere and lF the
corresponding electron mean free path. The condition g<l corresponds to the Fermi
level falling in a valley of the DOS which is indeed the case with quasicrystals
showing a marked pseudogap (see section 4 below). Therefore, the conductivity
should decrease in proportion to the square of N(Ep) (and not to N(E F ) itself as
expected for Boltzmann conductivity in Eq. (2.13)). Mott also anticipated that the
effects of VRH conduction should appear in the range 0 < g < 0.2 whereas
obviously normal metallic conduction should dominate at g values closer to 1. A
systematic investigation of the resistivity data recorded by him and of other
published data has allowed U. Mizutani 19 to prove that this property indeed
correlates with y 2 , the electron heat capacity factor, and therefore that a ~ [N(EF)]2
in icosahedral compounds and their approximants. This was illustrated in figure 2.12
in section 3.1. The resistivities measured at 300K (bottom part of the figure) obey
very well Eq. (2.49) with a slope of-2 in this log-log presentation of the resistivity.
At 4K, influence on the conductivity of quantum interference effects (which are
negligible at room temperature) contaminates the correlation and the results shown
in the top part of the figure are more scattered. An even larger deviation from linear
correlation is noticeable for the very resistive Al-Pd-Re samples (half black squares)
that belong to the insulating side of the MIT.
This set of results, combined with the ones in figure 2.19, provides definite
evidence that conduction of electrical charges in quasicrystals is achieved by a
variable range hopping mechanisms. Still, it is difficult to understand why perfect iAl70.5Pd21R.e8 5 and monodomain i-AlPdMn, a priori far more perfect and which
contribute the same amount of electrons to the valence band, lie on the insulating
and the metallic side of Mott's transition, respectively. The abundance of 5d (Re) and
3d (Mn) metals is large in these compounds, so that a strong difference in the
scattering potential between the two should be significant. On top of this, we have
not yet reached a proper understanding of the ff«Ta power law with a > 1 in good
quality samples. This step was taken by C. Janot in a model called hierarchical
recurrent localization.33"35

3.5 Hierarchical Recurrent Localization
When Christian Janot was a senior scientist at Institut Laue Langevin in Grenoble,
the first task we assigned to our group of quasicrystals lovers was to understand the
atomic positions in the icosahedral structure. 36 - 37 The central topic in this
investigation was the use of six dimensional crystallography that was introduced in
chapter 1. A straight forward consequence of this way of thinking is that icosahedral
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quasicrystals consists of a hierarchical arrangement of clusters. Our purpose was to
determine as accurately as possible the atomic positions, and therefore, the shape and
geometrical characteristics of the constituent clusters. Although difficulties intrinsic
to the high dimensional approach 38 do not permit a completely accurate
determination of all atomic positions, the structural model designed by Michel
Boudard39 after these measurements pointed out consistently the occurrence of one
kind of geometrical basic cluster, the so-called pseudo Mackay icosahedron (PMI)
already shown in figure 1.45. The three constitutive atomic shells comprise N=8 (or
9)+30+12=50 (or 51) atoms.f At least two kinds of PMIs were found owing to their
different decorations by chemical species. The overlap scheme between such clusters
and their mutual arrangement forming an inflationary hierarchy were also determined.
Nowadays, after further refinement of diffraction data plus modelling40 and despite
consensus on the hierarchy of atomic clusters, it is still a matter of discussion to
identify exactly which are the constituting atomic clusters. Hesitations are still there
regarding the respective proportions in the lattice of the pseudo-Mackay icosahedron
(PMI) or another cluster called the Bergman cluster that contains fewer atoms
arranged on the vertices of fitting-in icosahedral and pentagonal dodecahedral shells.41
The number of atoms in this cluster is accordingly reduced to N=12+20+12=44
atoms. Some models 42 consider that the actual icosahedral structure is made of a
mixture of the two kinds of clusters. This is indeed what a close examination of the
coordinates in Boudard's model 39 shows as well. The space between PMIs is
occupied by Bergman clusters, and reciprocally. A careful study of cubic
approximants and of diffraction data from icosahedral compounds leads to the
conclusion 4 3 that PMIs form the atomic skeleton of primitive 6D cubic
quasicrystals, whereas Bergman units are more appropriate to describe the structure
of face-centred 6D cubic icosahedral compounds. These details are important for a
complete understanding of the icosahedral crystallographic structure. However, they
do not change the hierarchical scheme (except for the inflation ratio) and therefore
they are not relevant to account for electron transport, as we illustrate below.
Hereafter, we will focus on the use of PMIs, since this follows the initial ideas of
Janot34 but extrapolation to Bergman tiles is straightforward as we mention in text.
What matters is the following: Janot assumes that each atom in the basic
cluster contributes to the valence band by a given number of electrons, V^\ = +3 for
Al, VQU = +1 for Cu, Vpe = -2 for Fe, ^Mn = '^ f° r manganese, which are
commonly accepted numbers for these elements. He then remarks that the total
number of electrons shared by the atoms constituting each basic cluster is very close

f) The experimental accuracy is not good enough to distinguish between 8 and 9 atoms in the central
shell.
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to a magic number. Such a number is a particular solution to Schrodinger's equation
for a deep spherical well (figure 2.20). In other words, a PMI cluster is a trap for a
specific number of electrons that enforces localization. More precisely, a small
excess of electrons with respect to the ideal magic number M may be present. If so,
this excess n is available for sharing between clusters in the next step of the
hierarchy (this is why the details of the basic clusters taken to construct the
hierarchy are not relevant). When the excess electrons match the magic number
required for localization onto the next step in the cluster hierarchy, or when:
nN = M ± 1
(2.50)
with N the number of atoms constituting the basic cluster, then icosahedral order
propagates ad infinitum. If not, the hierarchy stops at some level and an
approximant crystal is formed.
A more accurate way of thinking indicates that the hierarchical scheme should
apply not only from one cluster step to the next, but right from the atomic level
onto the basic PMI's. This means that the PMIs carry a valence as well as the
constituting atoms so that at least three different basic clusters build up the
structure. Their respective valences and atomic contents can be calculated in a simple
way from a set of independent equations,35 assuming only a valence V^l = 3 for
aluminium, which poses no difficulty, taking M = 92 e- for the magic number and
N = 50 or 51 atoms per PMI unit as a result of diffraction data 39 from monodomain
i-Al-Pd-Mn studies. The specific choice of M = 92 e- is supported by a large number
of studies on the stability of isolated clusters. 44 It is also a well-known45 solution
to Schrodinger's equation for electron waves in a spherical potential well (figure
2.20). Consistent with this input data, the average electron charge transferred from
one step of the hierarchy to the next is, according to Eq. (2.50):
n = e/a ~ 1.8 e"/at
(2.51)
which fits well with the domain of electron concentrations where stable icosahedral
crystals form (chapter 4). Numerical application of the complete set of Janot's
equations 35 to the case of i-AlPdMn allows prediction of the ideal composition as
Al70.27Pd21.47Mng.26' w i t n far better agreement with the experimental determination
of atomic concentrations than the accuracy of chemical analysis. Also, the ideal
electron-to-atom ratio is calculated to be e/a = 1.856 (instead of 1.86 ± 0.01
experimentally) using consistently determined valences of Vp^ = -0.11 and Vj^n =3.6. In i-Al57Cu10.8Li32.2> the basic cluster is terminated by a triacontahedron
shell46 (see figure 1.4) but still Eq. (2.50) holds true and leads to an ideal e/a = 2.14
e7at in good agreement with the experimental ratio of 2.1 eVat when taking the
accepted valences for Cu (+1) and Li (+1).
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Figure 2.20: Sequence of energy levels for M = 2 to 156 electrons trapped in a three
dimensional square well potential (right-hand side pattern). Due to icosahedral symmetry,
a more realistic spherical potential induces a regrouping of some levels (left-hand side
pattern). Nonetheless, M = 92 still corresponds to a particularly stable aggregate
configuration. Numbers in brackets indicate the number of states available on each level.
(Courtesy C. Janot, Roma).
The inflation ratio that relates the size of a PMI cluster at a given step of the
hierarchy to the one in the next step is % - x3, with x the famous golden section
(x = (1 + 45 12) " 1.618...). Accordingly, volumes scale as x 9 in real space. The
Janot model for the electronic properties of quasicrystals can be derived from Mott's
VRH, Eq. (2.42), after appropriate adaptation to the hierarchical scheme. More
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precisely, we start with the basic PMI clusters (figure 1.45). They contain N = 50 or
51 atoms and trap an average of M/N electrons per atom. They are separated by
distances A of about 2 ran. At the next step, the first super-cluster is x3 times
bigger in size and its first neighbours are located at distances x 3 A (figure 1.46).
They in turn trap (M/N) x-9 electron per atom, and so on.
The wave functions of such trapped electrons are called recurrent by Janot for
the following reason. In a system of extended states like a metal, the number of sites
N(e) where the probability density |ty(e)p associated with the wave function \j/(e)
exceeds some threshold value e is simply proportional to the total volume D 3
occupied by the ensemble of sites of linear extension D. On the contrary, in case of
usual localization, this number is independent of the size D of the system. In the
present situation, the number N rec (e) is restricted at a given step of the hierarchy to
the clusters that are isomorphically equivalent, g Therefore, it does not grow as fast
as the total volume occupied by the potential wells, i.e.: N r e c (e) = D3P that
characterizes the fractal ensemble of hierarchical clusters. Numerically, for the case
of i-AlPdMn, the number of sites recurrently equivalent by local isomorphism are
the centre of the cluster and the sites on the external shell (figure 2.21), i.e. N r e c =
51-8 (or 9) = 43. At step say X, their volume increases like (x9)^- when their number
becomes D3P = 4 3 \ Hence, the fractal exponent (3 is:
B=

rec

ln43

- 0.86845
(2.52)
In V
9 In x
which yields a fractal dimension for the recurrent sites 3(3 = x2.
Like in the VRH model, conduction between recurrent states may be achieved
by tunnelling or via the assistance of thermal excitations. The wave function does
not change upon hopping from one cluster in a given level of the hierarchy to
another cluster in another step except for a damping factor that accounts for the
increased number of atomic sites. If d is the size of the isomorphical clusters in the
initial state and %& the size in the final state, one has:

and accordingly:

=

| i|/(%d) p = —!— | V (d) I2
il(JC)
\|/(d) <* d"a with a =

ln

(2.53)

^
(2.54)
2 1nx
where r)(%) is the inflation ratio that accounts for the multiplication of sites between
clusters of size d and %d. For i-AlPdMn, we have % = x 3 and r|(x) = 43, as already
mentioned. Hence:
g) This notion was introduced in chapter 1, section 9.
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Assuming now that the main cluster is of Bergman type, we have r](%)=21
and %=x2. This leads to a somewhat larger value of cc=1.58. Owing to our imperfect
knowledge of the atomic structure, it is safe to expect experimental exponents a
somewhere in the range 1.3 - 1.6. This data may be deciphered from resistivity
measurements as explained in the following pages.

Figure 2.21: Schematic representation of the two first levels of the hierarchy of
isomorphic clusters in i-AlPdMn. The left-hand side part of the figure insists on the full
PMIs that form the super-clusters shown at the right. Note that all atoms in the structure
are contained in this hierarchy, whatever the step considered. This kind of hierarchical
presentation should not be confused with the one introduced in chapter 1, because it
preserves the atomic density of the network. What is illustrated here is the way clusters
are related together in order to relate the successive stages of the hierarchical architecture.

At zero absolute temperature, the conductivity varies like |\y(d)|2, thus like
d" ~ d"3. There is no long distance electron transport whatsoever. Upon switching
on the temperature, thermal excitations may assist the VRH mechanism between the
successive cluster levels of the hierarchy. The overlap between wave functions i.e.
l/d 2a determines the tunnelling probability. Since all clusters are equivalent by local
isomorphism at a certain stage of the hierarchy, the energy barrier A£jj in Eq. (2.42)
is directly related to their size:
Aey = p/d2
(2.56)
Therefore, the hopping frequency P(T), or equivalently the conductivity, reads:
2a

o-(T) = per) = 4 r e x P ( - P / d 2 kBT>
d

( 2 - 57 )
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The high temperature range of the conductivity is dominated by the shortest jumps
between neighbouring basic PMI clusters:
CT

HT(T)=-^exp(-p/c£kBT)

(2.58)

with d0 = 1 nm in i-AlPdMn and a = 1.3 (Eq. (2.55)).
At lower temperatures, the jump frequency is maximum for some jump
distance d = (P/a k B T) 1/2 so that the conductivity transforms into:
(2.59)
aLT(T) = (a kB / 3) a exp ( - a) T a
3
namely a(T) °= T'- in i-AlPdMn or Ti-58 in i-AlCuFe. This is exactly what is
observed with icosahedral quasicrystals of excellent lattice perfection (figure 2.22).
Noticeably, the high temperature regime as well as the low temperature part of the
data are well accounted for using the fractal exponents specific to i-AlPdMn and iAlCuFe, respectively.
Worth noticing, this model comes very close to reproducing adequately the
conductivity measurements as a function of temperature in defect-free icosahedral
quasicrystals. We will see later in this chapter that it is also very relevant to heat
transport properties. Also, since magic numbers are even, perfect quasicrystals
should be diamagnetic which indeed is observed (figure 2.60 in section 6).
Qualitatively, the main features of the DOS may be inferred from the model.
On the side of the valence band, a main massif is due to the basic PMI with its
localized energy states up to M = 92 (figure 2.23). The next contribution comes
from the second hierarchical level of the potential well. In energy space, this is
identical to the previous one but for a deflation by T 9 . Since the radius of the
spherical well inflates by x3 in real space, the number of states must decrease by f 3
whereas the extension in energy of this contribution decays by T6. This process is
supposed to go on to infinity in a perfect quasicrystal or to stop at some stage in an
approximant. As shown in figure 2.23, the total DOS is the sum of the individual
contributions from each level of the hierarchy, separated by pseudogaps of decreasing
depth. The Fermi energy is located at the top of the stacking:
EF = AE0 £ x-6n = AE0 - 1
n

T —1

= 1.0590 AE0

(2.60a)

where AEQ represents the extension in energy of the main massif due to the basic
PMI. Only the first steps of the hierarchy contribute to the DOS by a component of
significant width. Beyond some stage A of the hierarchy, the features in the DOS
become so narrow that they condense into a decaying tail better represented by
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Figure 2.22: Ln-Ln plot of the electrical conductivity as a function of temperature 21 ' 47 in
high-quality i-AlPdRe samples. The most resistive specimen shows a CT~T« behaviour
with two temperature regimes: cc=l below 100K and cc=1.58 above this temperature. In
the inset is presented the value of exponent a observed in a series of Al O 8 . x Pd O 2 Re x
icosahedral films. 47 Perfection of the icosahedral lattice in such films goes through an
optimum for x=0.077. Similarly, the residual conductivity at low temperature is minimum
for the same composition whereas the exponent a takes its maximum value of 1.55 for
x=0.072 (Courtesy S.J. Poon, Charlottsville and R. Haberkern and P. Haussler,
Chemnitz).
N(e) = N(/x3^. Combining this with Eq. (2.60) shows that the DOS has a parabolic
shape in the vicinity of Ep on the side of the occupied states (figure 2.23). By
definition of the model, all states at OK are localized. Unoccupied states form a
parabolic free-electron band but with a rather flat density, because such states are
extended over a relatively large energy range. The valley of the DOS is therefore

106

Useful Quasicrystals

expected to be asymmetric. Although N(E F ) = 0 at OK, there is no finite gap
separating the successive occupied features, nor the top of the valence band from the
bottom of the conduction band. A reasonable estimate for AEQ is 10 eV. Then, the
Fermi level is located at 0.59 eV above the upper energy of the main massif in PMIbased icosahedral structures (Eq. (2.60a)) which creates a global pseudogap of the
same width. The secondary pseudogaps separating the successive contributions to the
occupied band are found respectively at 0.5573, 0.0031, 0.0017 eV, etc. when
approaching Epfrom the side of the binding energies above the minimum of the
main massif. Again, considering Bergman polyhedra, we have:
EF=AE O T4/(T4-1)=1.17O8AEO

(2.60b)

In the next two sections, we will see that several of these features were already
observed experimentally.

Figure 2.23: Total DOS expected at OK for recurrent localized states in the valence band
and extended states in the conduction band. (Courtesy C. Janot, Roma).
Although rather successful, the model is open to several criticisms. First, the
magic number M = 92 seems too magic. It is an admitted solution for an isolated
quantum well, but is hardly acceptable in a continuum where furthermore the
assumed quantum wells overlap. Its origin in the icosahedral lattice is clearly
associated with the Hume-Rothery rules as Eq. (2.51) and the forthcoming section
4.2 tell us, but it is not easy to accept that the potential barriers are high enough to
strictly compartimentalize48 the reciprocal space in "electron-tight" cells warranting
full localization at OK. In other words, the stability of the individual clusters is a
necessary, but not sufficient, condition for the stability of the overall arrangement.
Yet, this does not mean that the network of the interconnected clusters is not stable.
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Several authors have argued (probably inappropriately) that in crystals, the enhanced
stability of the constitutive clusters has little to do with that of the lattice because it
is the interconnection between clusters that matters. An example is quartz with SiC>4
tetrahedra sharing vertices. To this point, the discussion is still fully open. One
should not forget however, that the existence of overlapping, well-defined and stable
clusters in quasicrystals is not an assumption of the model but an experimental
input. Nevertheless, it might be more fruitful to seek a possible stabilization
mechanism, in relation to the overlapping scheme, rather than to reject its existence
a priori. This is reminiscent of what happens with a chain made of strong links.
Clearly, links are stable but a pile of links in general is not. Nonetheless, the
existence of the chain itself tells us that what is relevant to understand first is the
interpenetration mechanism of successive links involved in the formation of the
chain, and not the general problem of accumulating links in a stable array.
Furthermore, the widths of the gaps actually open by the HR mechanism
within the contact area between Fermi surface and BJZs are not considered explicitly.
This could however help us to understand why i-AlPdRe is on the insulating side of
the MIT, while i-AlPdMn is not. For the highest levels of the hierarchy, the
potential barriers become smaller and smaller because of the decaying amplitude of
the structure factor peaks associated with such entities in reciprocal space. Again, the
cumulative effect of such vanishingly weak, but infinite in number, Fourier
components must be taken into account. Significant differences between scattering
potentials (Eq. (2.28)) are expected when changing the weight of the form factor
(which may be very much enhanced by the presence of 5d orbitals in contrast to 3d
ones) and the structure factor itself (sharply varying with the exact location of the
TM atoms on the icosahedral lattice). This alternative is still a matter of research.
A careful analysis of the NMR data 49 measured for three icosahedral
compounds of excellent lattice quality (i-AlCuFe, i-AlCuRu and i-AlPdRe) as well
as many other experimental results show that the DOS must be significantly reduced
at the Fermi energy in comparison to what would be expected for the same number
density of free electrons. Furthermore, it is clear from NMR measurements that the
shape of the DOS in the vicinity of Ep in i-AlPdRe is different compared to that in
the two other materials. In the most conducting samples, the DOS is smooth and
approximately parabolic with a minimum located at E F . In contrast in i-AlPdRe, a
sharp minimum overlaps with the parabolic DOS (figure 2.24). This narrow feature
is shifted by about 15 meV from the position of the Fermi edge. Its existence is
responsible for the specifically reduced conductivity in this compound, as we will
see in section 3.7. However, its exact position on the energy scale may vary from
sample to sample, thus explaining why large differences of conductivity are being
observed in this system.
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Figure 2.24: Simplified presentation of the DOS in the vicinity of the Fermi energy as
deduced from NMR studies49 of i-AlCuFe, i-AlPdMn and i-AlPdRe. Note the overlapping
narrow edge characteristic of the most resistive i-AlPdRe compound.
A probably greater difficulty is the size of the interpenetrating clusters in real
space. This increases according to a power law of x (starting from an already large
size do = 1 nm). Quantum localization in so widely extended wells is even more
difficult to grasp and was never examined to a detailed extent by theoreticians.11
Finally, the fractal dimension of the cluster architecture is definitely not an integer
number in this model, albeit it is very close to 3. This enforces the lattice to contain
structural vacancies and voids that several authors consider to be a major failure for
the application of the model. It seems however that a few particularly well-prepared
i-AlPdMn single quasicrystals do present such hierarchical voids.51 This will be the
subject of a section in the next chapter. Let us first explore the optical properties of
quasicrystals.

3.6 Optical Properties
A free electron system like a metal with N electrons per unit volume responds to the
oscillating electromagnetic field of incoming photons so that the excitations couple
with the electron gas. Such interactions occur below some frequency called the
plasma frequency:

h) R. Penrose in his book The Emperor's New Mind50 claims that quasicrystals could not exist
without the formation of an ad-hoc 'macroscopic quantum state'. This is an appeal to theorists to
consider the case with some interest and indulgence ...
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with c the velocity of light. Above the plasma frequency, the excitations transmitted
to the electron gas vanish within a thin skin layer of material located beneath its
surface. Therefore, a metal is basically transparent to light for wavelengths smaller
than the plasmon cut-off Xp (Eq. (2.61)) and absorbing and reflecting above. This
results in a characteristic curve known as the Drude peak at zero frequency, followed
by a rapid decay of the optical conductivity at large frequencies. It is well
documented in metals and metallic alloys. 52 Further modulations of the optical
conductivity a(co) may show up in the decaying background of the Drude peak when
the incoming photon energy is equal to or exceeds the energy necessary to excite a
phonon. The situation is somewhat different in semi-conductors. The absorption of a
photon of energy "hco is possible when it equals the gap width E g . This is called a
direct transition, which without momentum change, promotes an electron from the
top of the valence band (hence leaves a hole) to the bottom of the conduction band.
An indirect transition may also happen if the top of the valence band and the
minimum of the conduction band in k-space are separated by a wave vector
belonging to the lattice.
Again, quasicrystals resemble semiconductors more than metals. There is no
Drude peak visible whatsoever on the conductivity curve of icosahedral compounds.
In decagonal phases, the optical conductivity is anisotropic. 54 A Drude peak is
present when light irradiation is made within a narrow area elongated parallel to the
periodic stacking axis. No peak is detected on the contrary in a plane perpendicular to
it. In all a(oo) curves published so far, 5 3 5 6 a main peak is observed at about 10,000
cm-1 (or tiCO - 5 eV). This peak is preceded by features of weak intensity in the
range 0.01 < ftco < 0.1 eV. The optical conductivity response of a polydomain
Al59B3Cu25.5Fei2.5 icosahedral sample is presented in figure 2.25 as an example.
The dominant excitation peak may be decomposed into three components associated
with three Lorentzian harmonic oscillators of eigen frequencies co} = 6.45 103 cm-l,
0D2 = 12 10 3 cm-1 and CO3 = 30 10 3 cm-1. In the classical dispersion theory of an
isotropic medium, we may indeed express the complex dielectric constant of the
solid as:
CO 2

£ (co) = e^ (00) + i e (00) = £
i
j co2 - co2 - iooy
j

(2.62)
j

£ is related to the optical conductivity through a(co) = 2 n ZQ £J. Here, e 0 is the
permitivity of vacuum, the index r and i label the real and imaginary parts of £ (o)
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and the Yj (j = 1 to 3) are fit parameters. Finally, the eigen frequencies of the
oscillators are related to the hopping distances through the expression:34

From figure 2.25, Aj = 1.21 nm, A2 = 2.01 nm and A3 = 2.74 nm which fit very
precisely with the three first neighbour distances between basic clusters expected in
models of the icosahedral structure (distances labelled 1 to 3 in figure 2.21).

Figure 2.25: Optical conductivity53 measured at room temperature for a sintered sample of
icosahedral i-Al 5983(^25^612.5 (addition of a small amount of boron makes the lattice
more perfect than in 'ideal' Al^Cu^.jFe^j). The three oscillator components, see text,
as well as the resulting fit are also shown (solid lines).

3.7

Another Step Towards a Model of Electronic Conductivity

We now need to summarize our findings again. On the one hand, we have studied
various mechanisms that may be responsible for the peculiar electronic conductivity
of quasicrystals. These comprise quantum interference effects and variable range
hopping, none of which is specific to quasicrystals, but which may be enhanced in
quasicrystals due to the absence of periodic order and the presence of well defined
rings of atoms. On the other hand, we have also studied a specific model that takes
the hierarchical order of quasicrystals explicitly into account in the context of
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interpreting the main experimental features of electron transport observed so far in
Al-based icosahedral quasicrystals, without attempting a complete analytical
description of the conductivity data versus temperature. This latter model is in rough
agreement with the conclusions gained independently from optical conductivity
measurements.
Several theoretical studies of the electronic conductivity in aperiodic solids
were proposed in literature over the recent years.57 The major issue of these studies
was to clarify to what extent aperiodicity entails a specific behaviour of electronic
waves propagating in a perfect quasicrystal. To this end, one-dimensional aperiodic
sequences of sites were studied, using for instance the algorithm introduced in figure
1.48 to generate the chain of sites and taking nearest-neighbour interactions
represented by a tight-binding hamiltonian.58 These studies converged to show that a
wave packet does not propagate anymore along a distance simply proportional to the
time interval between two successive scattering events as in a periodically ordered
solid. Conversely, the wave function is not localised as in a disordered solid. It is
called critical and spreads out rather than propagating to large distances or decaying
smoothly with time (figure 2.26). As a matter of fact, the nature of the electronic
eigenstate depends on the details of the potential and on its strength. Computer
simulations demonstrate how the mean square extension <x 2 > (where x labels the
distance in real space) varies with time as exemplified in figure 2.27a for the case of
a mono-atomic aperiodic chain with either weak or high-strength interactions. In this
latter case, the extension of the wavepacket, which is equal to <x 2 > times a

Figure
2.26:
Schematic
presentation of the behaviour of a
wavepacket initially located at
position x=0 at time t=0 (lefthand side column) and after time 11
(right-hand side column) in a
periodic solid, a quasicrystal and a
disordered solid (from top to
bottom).
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constant, is not proportional to time t anymore, but varies in an irregular way and is
roughly proportional to tP, where the exponent (3 is smaller than unity. 59 For a
single-atom chain containing N sites, the number of bands is equal to N. The
dispersion curve co=f(k) of the chain (where co is the pulsation of the state of
momentum k) is characterised by the presence of a large number of gaps (whose
number increases with n), although its envelope is still identical to that expected
from the free-electron model. At low momentum vectors, the overall behaviour of
the wave packet is the same as for an extended state (figure 2.27b). This is not true
any longer at large momentum (figure 2.27c). A spiky structure appears, which
characterizes the critical nature of the state. The group velocity dco/dk vanishes with
increasing number N in the centre of the Brillouin zone, and even more rapidly so
close to the gap. The critical state then appears localized for those points in

Figure 2.27: a): Computed extension <x2> versus time of a wave packet propagating away
from an initial site along an aperiodic single atomic chain with nearest-neighbour
interactions governed by a tight-binding Hamiltonian with low (upper curve) and large
(lower curve) quasiperiodic potential. The diffusion exponent is P=0.7 and (3=0.5,
respectively. Note the measurable fluctuations of <x2> for the case of a high-strength
potential, which are less marked if the dimension of the system increases59 (Courtesy D.
Mayou, Grenoble); b): Square of the wave function (in arbitrary units) as a function of
distance for a one-dim approximant containing 144 atoms per unit cell and a very small
momentum transfer. Such a state corresponds to the upper diffusion curve in a); c): same
as in b), but for a large wave vector, which goes with the lower curve in a).
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reciprocal space, and extended for the others. We will come back to these important
critical states in section 5.3 below, when we deal with the problem of heat
conduction in quasicrystals. There also, they play a central role in determining the
propagation of high-energy lattice vibrations.
In order to obtain a complete description of electronic conductivity versus
temperature in quasicrystals, it is necessary to include in the analytical expression of
O" all possible contributions arising from the coexistence of extended and critical
states. This task was successfully achieved by Enrique Macia, at least for the welldocumented case of i-AlCuRu compounds that exist in a rather broad composition
range.60 The extended states form a depleted DOS in the vicinity of the Fermi energy
as we have already seen in figure 2.24. The critical states may be accounted for by a
so-called Dirac comb of spiky features of the DOS that is due to the hierarchy of the
structure. This latter contribution turns into a self-similar array of peaks given up to
second order by:
M M-l

N (e) = I I X 5(e-E )
,,= l j = O

"J

(2.64)

"J

in which the A.n j's label the amplitude of the Dirac peaks located at energies E n j and
indices n and j run over the M first-generation peaks and M(M-l) second-generation
peaks, respectively. These parameters are obtained from only three free parameters,
namely a, a and b represented in figure 2.28:
Kj = Xn~j"' X« ; Xo = N d (b/2) = a +a b2/4
and
(2.65)
E n j=-X n - 2 (l+X-i(X-l))b/2
with %=t3, the appropriate inflation ratio for this icosahedral compound. Meanwhile,
the continuous part of the DOS around Ep may be split into a parabolic pseudogap
and a narrow dip by:

N = a+ae2

| e U b/2

N(e)=d + c/|e[

|e| > b/2

d

sr

(2.66)

with symbols already defined in figure 2.28. Incorporating these components of the
DOS into the general expression of the conductivity leads to separating it into three
contributions:
o(T) = a (T) + a (T) + a (T)
(2.67)
<1

sr

ss

where the indices have the same meaning as above in Eqs (2.65) and (2.66). Without
going to the detailed analytical expressions for these three components, Eq. (2.67) is
equivalent to:
o(T) = a(0) [l + Q ( T ) ]
(2.68)
with:
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Q(T) = [ccb 2 /2N(E)| £ r ( T )
1

F

J

(2.69)

i=i *

the Fi(T)'s being auxiliary functions fully defined in Macia's article.60

Figure 2.28: Diagram60 showing the three contributions to the electronic conductivity
taken into account in Eqs. (2.65) and (2.66). The vertical bars represent the self-similar
critical states. Letters define the parameters referred to in text (Courtesy E. Macia,
Madrid).
Expression (2.68) above is comparable, although not identical, to the inverse
Matthiessen rule introduced earlier in this chapter. Considering reasonable values for
the free parameters hidden behind the equations above, Macia 60 is then able to
reproduce the experimental data to a very high degree of accuracy (figure 2.29).
Especially, the change of curvature of a(T) observed as a function of composition of
the i-AlCuRu system is accounted for, though involving only a change by a few
tens of meV of the position of the minimum of the pseudogap with respect to the
Fermi edge and an adjustable width of the pseudogap of also a few 10 meV. This
unified description of the electrical conductivity, in a broad temperature range, is
probably unique in its ability to interpret the full set of experimental data measured
in a quasicrystalline system. As we will see later in this chapter, the same
ingredients, namely the coexistence of extended and critical states, will be used
successfully to understand the propagation of heat in quasicrystals. It is necessary to
emphasize, nevertheless, that no direct experimental evidence was found so far of the
existence of critical states in perfect quasicrystals (see section hereafter).
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Figure 2.29: Measured (open circles) electronic conductivity of various icosahedral AlCu-Ru compounds (the Ru concentration is shown at the right side of the figure) in
comparison to the calculated values represented by the solid curves. The inset shows the
respective DOSs in the vicinity of E F , presented in the same order from bottom to top as
the Ru concentrations. Refer to 6 0 for more details on the parameters (Courtesy E. Macia,
Madrid).

4

Electron Densities of States

Direct information about the number density and nature of electronic energy states
and their distribution is accessible by several experimental means. In this book, the
one we will discuss is X-ray spectroscopy. This was the technique used for the first
time in 1988 by Esther Belin-Ferre and her colleagues who pointed out the existence
of a pseudogap in Al-Mn quasicrystalline thin films prepared by ion implantation.61
Although these specimens were metastable and rather imperfect, the depletion of the
number of A13p states in the vicinity of the Fermi level was marked enough to
clearly separate the top of the valence band from the bottom of the conduction side
of the partial density of states. This effect was confirmed later in a large number of
studies of the electronic structure in quasicrystals discovered so far.62 As we will see
in this section, the depth - more than the existence - of the A13p pseudogap offers a
clear fingerprint of the quasicrystalline state. It also occurs in approximants and to a
lesser extent in crystals of nearby composition. Its width (therefore its depth)
broadens (deepens) when approaching the 'ideal' composition of the icosahedral
compound. This effect also takes place when the lattice perfection is improved and is
visible also in decagonal phases. 63 The purpose of the present section is to focus on
the main features of the partial aluminium densities of states (DOS) as investigated
by X-ray emission (XES) and X-ray absorption (XAS) spectroscopies in Al-based
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crystalline and quasicrystalline compounds. This data will prove useful to
characterize the type of atomic ordering and it gives insight into surface properties
studied in the last chapter of this book. A more comprehensive review of this
material is available elsewhere.62"69 A report70 was also published on the merits of
the photo-emission techniques applied to quasicrystals that ruled out every valuable
data gained by XES on the basis of a supposedly inadequate accuracy. The following
sub-sections, which concentrate on the most abundant chemical species in
quasicrystals, namely aluminium, may disprove this statement.
4.1

Pseudogap and Relevant Experimental Information

The definite advantage of X-ray spectroscopy as compared to more popular
techniques such as X-ray photo-emission spectroscopy (XPS) is indeed its
sensitivity to both the chemical nature of the probed atom and orbital character of
the electronic state. This is achieved on the one hand by selecting the energy range
scanned by the detector appropriately and on the other hand by taking advantage of
quantum mechanical selection rules since initial and final wave functions of the
electron system must overlap to allow a transition to take place. Because the initial
wave function is a core level of the solid (see figure 2.30 for a principle sketch of an
X-ray emission transition), overlap with the final state orbitals also warrants
chemical selectivity. For many atoms however, application of this technique is
rather inappropriate because the life time of the core level is so limited that the
energy broadening of the states distribution is too large. This - fortunately enough is not the case with aluminium, for which summation of the core level width and
instrumental resolution does not exceed 0.4 eV with good spectrometers (in 3d
transition metals, it amounts to about 0.6 eV or even to 2-3 eV for 4 d's and 5 d's
like Pd and Re). Although this broadening is detrimental to the investigation of
specific details of the DOS such as spikes or shoulders narrower than 0.1 - 0.2 eV, it
is quite sufficient to investigate the partial Al DOSs with significant accuracy. Note
by the way, that the other techniques such as XPS hardly have access to this major
constituent of quasicrystals. This is because the photo-ionization cross-sections of
the companion transition metals are so much larger in comparison to that of
aluminium that most of the signal from this element is hidden. 71 Hence, taking
advantage of the dipolar selection rules already mentioned, we will focus separately
on A13p and A13s,d partial DOSs in the occupied side of the valence band (in short
hereafter, the valence band). The A13s and A13d DOSs cannot be separated by XES.
We will keep in mind however that from theoretical calculations,72 A13s states are
scarce at the Fermi level whereas Al states with d character are localized in the
energy region between Epand the lowest binding energy of 3s states (i.e. about 3-4
eV from Ep). Most of these 3s electrons are thus found at even larger binding
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energies, far away from the Fermi edge. Accordingly, the electron transport
properties of the quasicrystal will be dominated by the A13p states at the Fermi level
and their interaction with the nearby d states. This is why we insist here on A13p
electrons whereas we will devote the forthcoming section 4.4 to d states. Similar to
XES, X-ray absorption spectroscopy (XAS) will give us insight into the Alp
contribution to the unoccupied side of the valence band (in short, the conduction
band).
Figure 2.30: Principle of X-ray emission
spectroscopy. An incoming X-ray or electron
of energy hv' creates an empty core state 1^j
(n and I are principal quantum numbers). This
vacancy survives until an electron either from
a more external shell or, more interestingly
for the present purpose, an electron from
valence band annihilates it. A discrete photon
of energy hv is then emitted. This
reorganization of the electron cloud implies
that A 1 = + 1 and A; = 0 or + 1 to satisfy the
dipolar selection rules. (Courtesy E. BelinFerre, Paris)
An ensemble of partial valence band spectra from the constituents of perfect
icosahedral Al62Cu25.5Fei2.5 is presented in figure 2.31. These distribution curves
may be compared to the ones already shown in figure 2.3 for metallic aluminium
and iron. Remarkably, the 3s,d states of iron are found underneath the Fermi edge
whereas those originating from Cu atoms are repelled towards higher binding
energies at about 4 eV from Ep. The two A13p and A13s,d partial DOSs are split
into two components, in strong contrast to the corresponding distributions in pure
aluminium. This is a result of their interaction with the Cu 3d states. Another
significant difference with respect to metallic aluminium is the drastic reduction of
the population of states at the Fermi energy. The more perfect the quasicrystal, or
the closer its content to the stoichiometric composition, the smaller the n(Ep).
Accordingly, the width 5 of the pseudogap increases in proportion to the reduction of
n(Ep). A pictorial representation of these numbers is given in figure 2.32. These
numbers rely solely on the determination of the Fermi level that is achieved by
using an independent XPS spectrum of contaminating carbon always found on the
surface of those samples kept in ambient atmosphere. The uncertainty on
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Figure 2.31: Partial A13p, A13s-d, Fe3d and Cu3d valence band distributions measured by
XES in icosahedral Al52Cu25.5Fei2.5- Note that all maximum intensities are normalized to
the same value, for instance 1 in arbitrary units (Courtesy E. Belin-Ferre, Paris)
these numbers is therefore estimated to be less than 8%. Similarly, the position A of
the maximum of the A13p DOS is repelled down to larger binding energies, thus
pointing out enhanced stability, as we will study later in this section. These values
are to be referred to the ones characteristic of a free-electron system like fee
aluminium for which, by definition, one has n(E F ) = 0.5, 5 = 0 and A = 0.4 eV, the
instrumental resolution. Typically, we have A = 2.4 eV and 5 = 0.6 eV for iAlCuFe whereas A - 2.1 eV and 5 = 0.7 eV in i-AlPdMn. A more informative
presentation of data from the partial DOS measurements shown in figure 2.32 is to
present the results n(Ep), 5 and A as functions of the electronic concentration e/a of
the specimens (another order parameter could be taken as well according to the
concentration map of the phase diagram). Hence, figure 2.33 presents the evolution
of these features in a number of approximant and icosahedral compounds of the AlCu-Fe, Al-Cu-Rn, Al-Pd-Mn and Al-Pd-Re systems. For comparison, data relevant
to crystalline compounds, namely fee Al, HR Al-Cu compounds, P-cubic CsCl-type
Al-Cu-Fe phases and tetragonal (0-Al7Cu2Fe are also included. Clearly enough, the
icosahedral compounds are distinct from the other materials in the depth and width of
the pseudogap which show, respectively, a minimum and a maximum at e/a = 1.86
e7at. The difference however, is the more pronounced with respect to simple crystals
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like the co-A^Ci^Fe or HR compounds, the approximants being fairly comparable
to the quasicrystals in this respect (figure 2.34). A deep pseudogap is therefore
characteristic of icosahedral order rather than quasicrystalline state. Surprisingly, the
P-cubic phase of largest aluminium content is not much different from Al-Cu-Fe
icosahedral and approximant compounds. This result goes along with the idea 73 that
these structures, which contain an important concentration of empty sites, are
actually approximants of the true quasicrystal. Such structures play an important
role in the phase diagram, in the formation of the i-AlCuFe quasicrystals to which
they may be structurally related74 and in the mechanical properties that we will study
later in this book.

Figure 2.32: Comparison of the normalized A13p partial density of states measured in
metallic aluminium (thin line) and i-AlPdRe (thick line). Observe the shift A of the
maximum of the DOS with respect to the position of E F (set to 0 on the binding energy
scale) and the opening of a pseudogap 8 = 1 eV at half maximum intensity. At the same
time, the intensity at the Fermi edge n(EF) is reduced by about a factor of five, from nf(EF)
= 0.5 in the metal to n(EF) =0.1 in the same arbitrary unit scale (Courtesy E. Belin-Ferre,
Paris).
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Figure 2.33: Variation with electronic concentration e/a of the density of A13p states at
Fermi energy (in arbitrary units, left-hand side of the figure) and pseudogap parameters 8
and A of the A13p partial DOS (in eV, right side) as observed by XES in a number of
samples from Al-Cu(-Fe), Al-Cu-Ru, Al-Pd-Mn and Al-Pd-Re systems. In the left side part
of the figure, the two lowest filled circles correspond to icosahedral compounds, whereas
the other symbols belong to samples that are either regular crystals or approximants (see
legend on top of the figure). At the right, black and white are inverted for clarity between
top and bottom curves.
Figure 2.34: Enlargement of
figure 2.33 for n(E F ) data
specific to Al-Cu-Fe specimens
(Symbols: cross: fee Al,
diamonds: HR crystals, open
squares: (3-cubic, open dot: coA l 7 C u 2 F e , solid squares:
approximants, solid circle: iAl62Cu25.5Fe12.5)-
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Although XES does not give access to the actual density of states present at
the Fermi level in a specific sample for a given orbital character, its ratio to the one
measured in a reference specimen is close to the real ratio as long as the respective
numbers of atoms probed in each sample are identical. This condition may be
satisfied by preparing the samples and exciting all XES spectra in the same way.
Specifically, metallic aluminium may be used as a reference. Then, neglecting the
small change of penetration depth related to the presence of transition metals in A\\.
X(TM,TM')X quasicrystalline or approximant compounds, the ratio:
g 3p = n(E F )/nf(E F )
(2.70)
between intensities n(e) of the A13p DOS measured at the Fermi level (after
normalization) in the compound of interest and in aluminium metal, is quite similar
to the actual number of A13p states at Ep referred to a system of free electrons in a
sample box containing a same number of Al ions (do not forget that n(Ep) is already
normalized to 100% of Al atoms). Therefore, the value of g3 p is proportional to the
number of A13p states that contribute to the electronic conductivity according to
Eqs. (2.45) and (2.46). This assumption is verified to an excellent degree of accuracy
in figure 2.35 by a Ln-Ln plot of experimental resistivities versus the ratio g3 p (Eq.
(2.70)) for a number of quasicrystals (i-AlCuFe, i-AlCuRu, i-AlPdMn and iAlPdRe) and approximants of AlCuFe. Crystals like co-A^C^Fe and crystalline
aluminium were not included since the correlation based on Eq. (2.46) fails for
samples with obvious metallic conductivity. Conversely, it is clearly relevant for
icosahedral and approximant specimens as emphasized by the straight line shown
here with a slope -2 as expected from Eq. (2.46). This result provides a direct
confirmation that a major role in electron transport in these compounds is devoted to
A13p electrons. It also gives confidence in the reliability of XES data. Note however
that, again, the data for i-AlPdRe is the only one that is not well accounted for by
the correlation, as already seen in figure 2.12. The strong interaction at Ep between
5d states from Re atoms and Al states is responsible for this effect (see section 4.4
hereafter).
Another significant result is the drastic drop of the Alp DOS intensity on the
unoccupied side of the valence band (figure 2.36). The intensity at the Fermi edge on
the conduction band side must be equal to that of the valence band. Therefore, we
first see a decrease in the number of Alp conduction states that follows the trend of
the n(Ep) density already presented in figures 2.33 and 2.34. Accordingly, the weaker
the resistivity of the sample, the larger is the intensity of the Alp DOS. This is
however not the only effect observable on the Alp conduction band when the
conductivity of the specimen decreases. More remarkably, we notice (figure 2.37)
that the energy dependence of the Alp DOS beyond the Fermi edge varies with the
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type of conductivity associated with the sample. For metallic aluminium, the shape
of the cut-off at the Fermi edge is given by a tan-1 function of the energy,
convoluted by the Lorentzian distribution of the electronic core level, and by the
Gaussian instrumental broadening. In the presentation adopted in figure 2.37, this
results in a significant departure from | e | " 2 law immediately above Ep since free
electrons follow a parabolic distribution (Eq. (2.19)). On the contrary, the tan-1 cutoff is not observed whatsoever for an icosahedral compound such as i-AlCuFe or iAlPdRe. Instead, we have a parabolic conduction band immediately beyond the
Fermi edge. This is featured at the right side of figure 2.37 by a plot waving around
a straight line of equation n(e)/n(EF) = | e| 1/2 (waving occurs because this data was
not deconvolved for the broadening due to the Lorentzian and Gaussian functions).
Figure 2.35: Ln-Ln plot of room
temperature resistivities versus A13p
DOS intensities at Fermi level (ratio
g3p, Eq. (2.70)) in various icosahedral
(solid dots) and approximant (squares)
compounds based on aluminium. Like
in figure 2.12, a straight line is drawn
with slope -2. Observe that the top left
data point for i-AlPdRe is the only one
shifted from the correlation line as in
figure 2.12.

Qualitatively, we observe that the shape of the edge of the occupied states
distribution just before Ep is only weakly sensitive to the atomic structure. This is
not so anymore for its position with respect to the Fermi energy, hence also for
parameters A and 8 as well as for the density at Fermi energy of the partial DOSs.
The intensity of the DOSs on the conduction band side varies dramatically with both
the composition and atomic structure, according to electron transport data. This
experimental piece of evidence may be correlated, still in a qualitative manner, to the
isotropy of the BJZ and its number of contact points with the Fermi surface, i.e. the
number of HR gaps at Fermi energy. In figure 2.38, we show the relative positions
of the Fermi vector 2k p and of the most intense Bragg reflections in reciprocal space
for the i-AlCuFe compound and its pentagonal, rhombohedral and orthorhombic
approximants. These compounds do not differ significantly from the point of view
of electron transport (see figures 2.8 and 2.9) in contrast to tetragonal
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Figure 2.36: Valence band A13p and conduction band Alp investigated by XES in metallic
aluminium (top thin solid lines). The intensities are adjusted to the same intensity n f (E F )
= 0.5 at the Fermi edge. The other curves are for a number of crystalline, approximant and
icosahedral compounds of increasing resistivity (from top to bottom). For clarity, only
the unoccupied bands of the compounds are shown.

Figure 2.37: Alp DOS normalized to the intensity at Fermi energy for fee Al (crosses), iAlCuFe (small dots) and for icosahedral i-AlPdRe (large dots). The same data is presented
at the right-hand side figure but versus e1/2- The dashed line is for the eye. The wavy
behaviour of the curve around this line is due to the convolution of the DOS intensity
with the Lorentzian-Gaussian resolution function.
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(O-Al7Cu2Fe, also shown in figure 2.38. The main characteristic regarding this latter
compound is a more anisotropic BJZ and hence, less contact points between Fermi
sphere and BJZ. Accordingly, fewer gaps open, which is a weak effect responsible
for a major difference in electron transport properties because this compound behaves
like a regular metallic alloy.

Figure 2.38: Respective positions in reciprocal space of the Fermi vector 2kF and of the
most intense Bragg peaks observed for i-AlCuFe (i), its pentagonal (P), rhombohedral (R)
and orthorhombic (O) approximants and tetragonal A^C^Fe (a>). The example of
metallic aluminium is also shown. The arrangement of the compounds on the horizontal
axis is made according to the value of n(A13p,EF).
Obviously, there is a great deal of experimental evidence that the dominant
part of the electronic structure involved in transport properties, namely the A13p
DOS, presents a deep pseudogap at Ep in perfect quasicrystals. The shape of the
A13p and Alp DOSs is parabolic on both sides of the Fermi edge (a more precise
assessment of the energy dependence of the top of the valence band was obtained by
Wu et al75 showing excellent agreement with a e 1 / 2 law). But intensities are not
distributed symmetrically (see figure 2.36), thus confirming the prediction of Janot's
model introduced in figure 2.23. We may confidently assign this pseudogap to the
overlap of all A13p gaps resulting from HR interaction with atomic planes. The
most intense Bragg peaks give rise to gaps of width equivalent to that of the
pseudogap measured by XES (up to the finite resolution of the technique). Because
the technique has no angular resolution, all smaller gaps fall within this large
pseudogap and are not detectable. A better insight into this effect may be gained
from a comparison with classical HR crystals.
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The Hume-Rothery Gap in Related Crystals

Like Cu-Zn brass, Al-Cu alloys are known to form a series of HR compounds:
cubic Y-AI35CU65, monoclinic ^-AlgCu^ and monoclinic rj-AlCu, rhombohedral 8AI39CU61 and tetragonal G-A^Cu as well as <t>-AlioCuioFe, which contains a small
amount of iron (for more details about these compounds, see 76 ). The atomic
structure and composition are precisely known for all these materials. Hence, it is
easy to verify that the HR criterion is well satisfied for electron concentrations
ranging from e/a =1.7 e7at in Y-AI4CU9 to e/a = 2.33 in 8-AI2CU. The shape of the
BJZ in 8-AI39CU61 is highly symmetric with NBJZ = 36 facets (figure 2.39). In yAI4CU9, we have the same number of facets located at G = 0.306 nnr 1 whereas 2k p
= 0.316 nnr 1 . Tetragonal G-A^Cu shows a much more distorted BJZ with only
NBJZ = 1 6 facets in loose contact to the Fermi sphere (G = 0.3004 nnr 1 , 2kp =
0.3334 nm-'). Intermediate values of NBJZ> corresponding to X-ray diffraction peaks
of largest intensities are found for the other compounds, namely N B J Z ( Q = 32,
NBJZOI) = 24 and NBjz(<t>) = 18. Observe (figure 2.39) that the number of facets
tne
NBJZ °f
BJZ varies smoothly with electron concentration in true HR crystals and
fee Al (NBJZ = 14) whereas introduction of a 3d metal like Fe makes the situation
more complicated. This is especially the case in tetragonal co-AlyC^Fe that shows
an anisotropic BJZ with N B J Z = 48, many facets being of small area. By virtue of
the icosahedral symmetry, the BJZ of icosahedral compounds of the i-AlCuFe and iAlPdMn families is nearly spherical. Considering only the two peaks of largest
intensity for X-ray scattering leads to a truncated pentagonal dodecahedron with Ngjz
= 42 facets (figure 2.39). This figure neglects many facets of small area associated
with peaks of minor intensity located close to the most intense ones in reciprocal
space.
Accordingly, the series of Al-Cu crystals offers an interesting opportunity to
see the effect of the HR mechanism on the opening of a pseudogap at the Fermi
level, though with chemical composition quite similar to that of the well studied iAlCuFe quasicrystal. The experimental partial DOSs obtained76 by XES for A13s,d
and A13p states are shown in figure 2.40. They are arranged from top to bottom
according to increasing Cu content. The inset shows pure aluminium for
comparison. Noticeable differences are observed with respect to the pure metal and
with increasing copper concentration. First, there is a strong component clearly
visible at high binding energies on the A13s,d distribution that does not exist at all
in the pure metal. It is more important at low Cu concentration. A minimum in the
A13s,d DOS is located at about 4 eV where the Cu DOS (not shown here) presents a
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Figure 2.39: Left side of the figure: shape of the BJZ in 8-Al39Cu61 (top) and icosahedral
compounds like i-AlCuFe or i-AlPdMn (bottom); right side of the figure: variation of the
BJZ number of facets with electron concentration in HR crystals (solid diamonds), fee Al
(cross), 4>-Al 10 Cui 0 Fe (open diamond), co-Al 7 Cu 2 Fe (open circle) and icosahedral
compounds (solid circle).

Figure 2.40: Experimental XES A13s,d (left-hand side column) and A13p (right-hand side
column) DOSs obtained for various Al-Cu HR compounds (the Cu concentration is
shown). Compare with the DOS characteristic of Al metal shown in the inset (the dotted
line is for A13s,d states). Redrawn from Ref. 76, the small bumps on the curves have no
physical meaning.
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sharp maximum. Assistance from computer simulation77 helps us understand the
situation. The asymmetric deformation of the rather broad A13s,d band is due to the
interaction with the narrow Cu3d band. As a result, a hybridization gap forms around
EB = 4eV which splits the s,d states into bonding and anti-bonding parts in a similar
way as it occurs in transition metal - simple metal compounds.78 Hence, the bottom
of the A13,d band with a maximum in the 6-7 eV region is nearly of pure s character
whereas the d-states are found closer to the Fermi edge. The first structure visible on
the spectra of figure 2.40 is related to the fact that d-states dominate in this region of
the DOS. Although they overlap the Fermi edge, localized d-states do not contribute
directly to electron transport but indirectly via sp-d scattering. This is the subject of
section 4.4 below.
Second, the A13p DOS is split owing to the coupling with Cu3d states.
Again, the bonding part of the states distribution is found at higher binding energies,
apart from an anti-resonance dip located close to 4 eV. The shift An of this
maximum increases continuously with copper concentration (figure 2.41). The same
trend is observed regarding Ao~, the respective position of the maximum relative to
the dip in the A13s,d DOS. The density of states at Fermi level and width of the
A13p pseudogap, introduced in figure 2.32 and 2.33, exhibit a small but significant
difference with respect to fee Al in that the A13p and A13s,d densities at Ep are
reduced by about 20 %. A pseudogap definitely exists with a width at half maximum
8 of the order of 0.25 to 0.3 eV, the maximum occurring for the two AI4CU9
compounds that show the most spherical BJZ with Ngjz = 36 facets. Addition of
iron in 4>-AlioCuioFe has a distinct influence as is revealed by a comparison to r\AlCu. The pseudogap is deeper also in co-Al7Cu2Fe than in the HR binary
compounds.
Figure 2.41: Shift with Cu
concentration of the
bonding peaks with respect
to the antiresonance dip in
the A13s,d and AI3p DOSs
measured by XES for Al-Cu
HR crystals.
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Henceforth, there is no doubt any longer that the pseudogap, as investigated
by XES and XAS techniques, is due to the HR mechanism. Its effect is amplified by
the presence of d electrons from transition metals since e.g. a concentration of iron
as small as 1/41 in the ^-compound is sufficient to double the pseudogap width in
comparison to that in r)-AlCu. The largest pseudogap width, hence the lowest
density of A13p states at Ep, is achieved with perfect icosahedral compounds and
especially i-AlPdRe (n(EF) = 0.08, 8 > leV). Approximants of the i-AlCuFe family
are not very much different from the perfect icosahedral compound (n(EF) = 0.150.20, 8 > 1 eV), but are essentially distinct from co-A^C^Fe of rather similar
composition (n(EF) = 0.3, 8 = 0.3 eV). Again, it is tempting to assign the difference
between crystals and quasicrystals to the nearly spherical shape of the BJZ in these
latter compounds. This secures contact with the Fermi surface over the whole BJZ in
the quasicrystal. As a consequence, its Fermi surface is not a sphere anymore but a
rumpled surface resembling a cauliflower with gaps open everywhere. The facets
with largest area correspond to broad gaps visible by XES, but smaller facets result
into smaller gaps like the ones already discussed in the previous section. Surface
spectroscopies are more sensitive to this kind of gaps, as we will see below.

4.3

Surface Electronic States

Like infrared spectroscopy, X-ray emission spectroscopy is in essence a bulk
technique. This is because the energy of the incident photon is such that the region
sampled below the surface is a few tens of nanometer thick. In contrast, other
techniques like X-ray photoelectron spectroscopy or tunnelling spectroscopy are
more sensitive to surface effects taking place within a few tens of a nanometer from
the surface. Using XPS in a systematic way, it was possible to confirm the
persistence of the pseudogap close to the surface.70 Tunnelling spectroscopy at liquid
helium temperature 79 has proved the existence of a narrow gap of about 50 meV
width in icosahedral and approximant compounds (figure 2.42). This gap is more
marked in the more resistive specimens. It does not exist at the surface of an
aluminium metal sample used as reference and is hardly detectable on eo-AljC^Fe.
A thorough study of the temperature and bias voltage dependencies of the tunnelling
current was performed in a series of samples of controlled quality.80 This work
showed that at least two gaps, one narrow and one broader, coexist at the Fermi
energy in all icosahedral samples of sufficient lattice perfection. The largest gap
widths are observed in i-AlPdRe with Ej = 0.1 eV and E2 = 0.4 eV for the narrow
and the wide gaps, respectively. In i-AlCuFe, these features reduce to a few tens and
a hundred meV, respectively. A tendency to smear out the smallest gap with
increasing temperature is obvious. Theoretical arguments81 based on the inflation
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symmetry of the icosahedral quasicrystal and numerical simulation82 also indicate
the existence of a gap structure at the surface of perfect quasicrystals.
Some XPS studies however did not show the existence of a gap at the surface
of good quality icosahedral samples. This was especially the case with monodomain
i-AlPdMn samples the surface of which was cleaned in situ in the spectrometer by
mechanical scratching.83 Similarly, cleaved specimens of i-AlPMn, with a perfectly
clean surface were investigated84 by XPS, but using a variable kinetic energy of the
core-level photoelectrons so that the probing depth was adjusted within a range
varying from a few tens of nanometer to a fraction of a nanometer only. It turned out
that the cleaved specimens definitely exhibited metallic behaviour at their very
surface. No gap was visible. Conversely, when probing the more internal region, the
existence of a gap was obvious. This result reconciles the apparently conflicting
conclusions that may be reached by comparing XES and XPS data. It also stresses
the importance of the sample preparation methods, a point that will become crucial.
in connection with technological applications. A plausible explanation for the
metallic behaviour of the outmost layers of the cleaved quasicrystals is related to the
mode of propagation of the crack during cleavage that we will study in the next
chapter. The crack necessarily breaks the symmetry of the constitutive clusters close
to the surface and as a consequence, the electrons trapped in these quantum wells are
delocalized, thus enhancing metallic conductivity within a very thin surface layer.
The cluster hierarchy is not perturbed by this process within the bulk, yet preserving
the existing gaps.

Figure 2.42: Tunnelling spectra79 measured at 4K with pure aluminium, co-A^C^Fe, the
cubic 1/1 approximant a-AlMnSi and two icosahedral compounds i-AlCuFe and i-AlPdRe
(Courtesy D. Mayou, Grenoble).
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A Bit More About d-States and the Role of Transition Metals

Up to this point, we have always considered that the scattering of nearly free
electrons by atomic planes is the mechanism responsible for the reduction of the
density of states at the Fermi level via the opening of HR gaps at the interface
between BJZ and Fermi surface. This simple picture is sufficient to describe the
results from Al-Cu HR crystals in which Fermi electrons do not interact with Cu 3d
states located far away from the Fermi energy. In <|>-AlioCuioFe, and furthermore in
(O-AI7CU2FC the pseudogap is observed to be much broader than in the binary AlCu crystals. This effect must be related to the presence of iron that, as we have
mentioned, contributes to the total DOS with 3d states located in the vicinity of Ep.
Similarly, in Al-Pd binary crystals, the width of the pseudogap is found68 narrower
for A13p states than in approximants that contain a small amount of manganese
such as £-Al74Pd2i.6Mn4 4. Just like in i-AlCuFe, the icosahedral and decagonal
compounds, respectively of compositions i-AlyjPdigMnio and d-Algc) gPdi2.iMnig 1,
exhibit even deeper and broader pseudogaps, both with n(Ep) = 0.19 for A13p states.
This phenomenon may be traced to the interaction between 3d states localized
at Ep and nearly free electrons from Als,p states as was demonstrated by Guy
Trambly de Laissardiere and co-workers.30-85 A systematic study of the electronic
structure of many aluminium-based crystals containing transition elements was
performed using modern numerical simulation techniques.86 While simulating the
electronic structure of the compound with known atomic positions, the method is
capable of computing the effect of the HR mechanism on opening gaps at E F and the
influence of 3d states on scattering s-p electrons separately . To some extent, this is
equivalent to the chemical Ansatz used above when comparing the <>
j and r\
compounds, with and without iron (unfortunately also with different lattices). Some
results of such calculations are reproduced in figure 2.43. The total s-p DOS
obtained without introducing the 3d scattering potential of the transition metal are
shown in dash whereas the solid line is for the DOS calculated when switching on
this latter potential. Most compounds exhibit a pseudogap at the Fermi energy due
solely to the HR scattering of nearly free s-p electrons. However, this pseudogap
deepens remarkably in the presence of s-p and d interactions, also called sp-d
hybridization. The change of the DOS observed in the vicinity of Ep depends on the
nature of the transition element and compound structure. In some compounds like
AI2RU, no pseudogap is visible in the absence of sp-d interaction. This means that
the semi-conducting behaviour of this crystal (figure 2.14) is solely due to sp-d
hybridization effects.87
Consistent with the result presented above, the expression for the effective
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pseudo-potential, which is at the origin of the pseudogap and is given in Eq. (2.28),
must be modified:85

Veff = VG +

Iv P
j - ^ -

(2-7D

e - hd
in which V Q has the same meaning as in Eq. (2.28) (Hume-Rothery scattering of
nearly free electrons) and V^ is an operator that couples two sp states I k > and I k Gd > where G^ belongs to the set of reciprocal vectors associated with the transition
element sub-lattice (Ej is the position of the d energy level). As we have seen
already in section 2.3, the weight of the term VG is enhanced in the presence of 5d
metals like Re by the structure and form factors. The form factor that accounts for
sp-d hybridization is noticeable only in the energy region close to Ej (and as a
consequence near E F ). This energy is found closer to Ep in i-AlCuFe and its
approximants (E d = 1.3 eV) than in co-AljC^Fe (E d = 1.7 eV). Similarly, Mn 3d
states as in i-AlPdMn are found at E d = 1.2 eV from the Fermi edge whereas indirect
arguments based on an analysis of the shoulders visible on the A13p and A13s,d
DOSs in i-AlPdRe allow us to assign about 1 eV to E j in this latter compound.88
This numerical data helps assess the extension of the energy range in which the
pseudogap is located around Ep. On a more technical standpoint,85-89 it was also
shown that the partition on energy scale of d-states coupled to bonding sp-states
(alternatively, anti-bonding sp-states) depends on the position of the d-orbital in the
structure. For a calculation intended to mimic i-AlCuFe with N B jz = 42 equivalent
Bragg diffraction planes, this leads to an enhancement of the density of sp-antibonding states below E F (and a depletion above) and conversely, fewer bonding states
below Ep (reciprocally, a larger density above Ep). Such a modification of the
conduction band near Ep is also responsible for the weakening of the conductivity of
the quasicrystal. Specifically for i-AlPdRe, the strength of Veff is so much enhanced
by the presence of Re atoms that a very significant difference is expected in
comparison to i-AlPdMn, in agreement with the experimental features already
discussed above.
Hence, in quasicrystals that contain transition metals, i.e. the i-AlCuFe and iAlPdMn families, the electronic structure is dominated by sp-d hybridization effects
of two kinds. The first one is the formation of the anti-resonance dip at about 4 eV
from Ep due to interactions between 3d Cu states (alternatively, 4d Pd states) with
A13p and A13s,d states. The second, in the vicinity of Ep, contributes to open the
pseudogap further and magnifies the influence of HR scattering. This latter effect is
responsible for an increase of the electron density beneath the Fermi edge as
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compared to a free-electron band. Phenomenologically, it seems that electrons are
transferred from the conduction band to the d band in such a way that the transition
metal behaves like an atom with a negative valence. Such a charge transfer is
however hardly conceivable because it would involve a huge electrostatic energy.
Nevertheless, Raynor^o suggested this explanation for Al-TM compounds, assuming
the HR criterion still holds true in the presence of a transition element. This
interpretation leads to the valences used until now in this chapter for Fe (-2) or Mn
(-3.6) and to Eq. (2.30). A more satisfactory explanation after the computations by
Trambly et al.85 i s that the number of states located below E F is enhanced with
respect to the one for a free-electron system, i.e. using the same notations as in Eq
(2.30):
3 ( l - x ) = kjV37i2 + AN
AN>0
(2 .72)
When the Fermi surface comes into contact with the BJZ (2 k F = G), we have:
x VTM = (G/2)3 /3 Jt2 - 3 (1 - x) - - AN
(2.73)
which is indeed an apparent negative valence that depends not only on the atom but
also on the structure. Values deduced from computations89 are in agreement with
those previously used in this chapter.
Figure 2.43: Total sp DOS
(solid line) calculated for
Al 3 Ti, Al 6 Mn and coAl7Cu2Fe. The dashed line
is for the DOS calculated
without sp-d hybridization.
The vertical line shows the
position of the Fermi level.
Note that the convention on
sign of the energy scale
(horizontal
axis)
is
opposite to the one used for
XES data in previous figures
(Courtesy D. Mayou,
Grenoble).
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Enhanced Stability of Quasicrystals and Approximants

In a forthcoming chapter, we will see that quasicrystals belong to equilibrium phase
diagrams and may grow in competition with other stable but crystalline phases. The
nature of these phases varies with their location in the phase diagram, i.e. with
composition and temperature. Some of these phases have already been mentioned in
the previous section, for instance (0-AI7 Ci^Fe or the (3-cubic, CsCl-type, phase.
This latter phase occupies the middle of the phase diagram, around composition
AI50TM50, in all systems based on aluminium that present a quasicrystal. Its
composition range is rather broad, especially in aluminium content, so that the
electronic concentration may be varied extensively between 1.3 and 1.8 eVat. In AlCu-Fe alloys, this amounts to compositions ranging typically between
Al 46 Cu36Fei8 and A ^ C ^ s F e ^ - As we have observed above, the aluminiumrichest cubic phase has properties that resemble those of the i-Al^C^s.sFe^.s
quasicrystal.
At equilibrium, phase selection favours the structure that exhibits the largest
difference in Gibbs free energy AG with respect to a standard reference state. Until
now, little work has been devoted to a thermodynamic assessment of the enthalpic
and entropic components of AG in various quasicrystal-forming systems. An
exception is the study of the Ali_ x Mn x system in the vicinity of the 80-20
composition region.91 A number of Al-Cu(-Fe) phases were also studied, 92
especially the icosahedral compound and its rhombohedral approximant that were
compared to regular HR crystals, (O-AlyC^Fe and to monoclinic X-Ali3Fe4, an
approximant of the Al-Fe decagonal phase. The formation enthalpy could be
determined by calorimetric experiments, but the contribution of entropy could not be
estimated as is most often the case with multi-component compounds. Results from
this study of Al-Cu(-Fe) alloys are summarized in figure 2.44. The presentation
adopted here is based on the same concentration diagram as in figure 2.7. The values
AH of the formation enthalpies are given in rectangular boxes. The icosahedral,
perfect quasicrystal sits at the centre of a surface of smoothly varying AH that shows
convex curvature such that the gradient of AH in the composition plane moves the
selected phase at equilibrium towards the position of the icosahedral compound. This
is a strong argument, sufficient to ascertain that the icosahedral structure, although
deprived of translational symmetry, may form the thermodynamic ground state in
this region of the phase diagram. It also suggests that entropic stabilization could be
of second order as compared to energetic effects.
We are now trying to quantify to what extent the specific stability of the
quasicrystal is related to the scattering of nearly free electrons by the atomic planes.
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Figure 2.44: Iron-copper concentration map onto which the formation enthalpies of AlCu-Fe compounds is reported in rectangular boxes (in kJ/mole units). Compounds are
labelled by letters as elsewhere in text (Courtesy D. Gratias, Vitry).
To this end, we concentrate on the Al-Cu-Fe system and compute the
contribution E B to the total energy due to Als-p electrons. This is only one among
many contributions to the total energy of the system. Nevertheless, Al s states and
Cu or Pd d states, which are located far away from Fermi edge, and d states of the
other transition metal, which are essentially localized at the Fermi energy, show
little dependence on the nature of the sample. Hence, the A13p and A13s,d partial
DOSs represent by far the major contribution to the binding energy resulting from
the band term initially considered by Jones 6 in his interpretation of the peculiar
stability of Hume-Rothery compounds. It is given by:

J e n(e) de

E = - _!?
B
J n(e) de

(2.74)

Owing to the sign convention adopted for binding energies provided by XES, the
integration goes from the Fermi level (Ep = 0) to the largest experimental values of
e. Therefore, a minus sign needs to be inserted at the right side of Eq. (2.74) in order
to reconcile this data with the thermodynamics measurements of e.g. figure 2.44.
The term in the denominator normalizes the band energy to one Al atom so that Eg
is equivalent to the first normalized moment of the Al sp-d DOSs. More
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specifically, the contribution from the scattering matrix elements that enter Eq.
(2.74) is cancelled since it may be assumed to be essentially independent of energy.
Unfortunately, XES does not allow the separation of ABs and A13d states. Nor does
it supply the respective weights of A13p and A13s-d electrons in the total s-p DOS.
Therefore, we will restrict ourselves to studying the two partial A13s,d and A13p
DOSs separately. It turns out that they evolve the same way throughout the series of
Al-Cu-Fe compounds already introduced. Therefore, the total contribution of the
partials to the band term will also change accordingly.'
The result of numerical integration of Eq. (2.74) for the XES data already
discussed is presented in figure 2.45. The contribution of the A13p DOS (data points
at the left side of the figure) goes through a minimum at the position of the
icosahedral compound. Pentagonal and rhombohedral approximants are not found
essentially different. This minimum contributes by a few tens of an eV to a local
minimum of the enthalpy of the system. The same trend is only marginally

Figure 2.45: Variation with e/a ratio of the partial average binding energy in Al-Cu-Fe
compounds due to A13p states (left) and to A13s,d states (right). Symbols have the
following meaning: open squares: P-cubic phases, filled squares: approximants, filled
diamonds: Al-Cu HR crystals, open diamond: <)>-AlioCuioFe HR compound, cross: fee Al,
open circle: co-A^C^Fe, filled circle: icosahedral Al-Cu-Fe compound.
observed with the A13s,d DOS (data points at the right part of figure 2.45). A direct
comparison to the calorimetric measurements shown in figure 2.44 is also not
possible, because the choice of the reference state is not compatible with that of
XES experiments except - conclusively - about the enhanced stability of the iAl62Cu25.5Fej2.5 compound due to the HR scattering of A13p electrons.
i) This assumption is restricted to invariance with structure of the respective s and d sub-band weights.
Numerical calculations68.77 suggest that this is indeed reasonable.
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Another piece of interesting information supplied by XES measurements is
the second moment of the DOS:
J e 2 n(e) de
M2 -

_!E

Jn(e)de

E

(2.75)

P

which is shown in figure 2.46 for the A13p DOS of pure spectral character.
Assuming the wave functions are constructed by linear combinations of atomic
orbitals, the second moment relative to an atom in site i is proportional to
£t 2 where ty is the hopping amplitude between sites i and j . Therefore, M2
increases in proportion to Z on the one hand, Z being the number of neighbours of
atom i, and with enhanced overlap between wave functions on the other hand. This
latter effect may be detected when comparing structures with shorter interatomic
distances or stronger hybridization due to the presence of atoms with incomplete d
band. A qualitative agreement with this statement is observed in figure 2.46. The
second moment of |3-cubic phases, with Z=14 neighbours of Al atoms, is larger
than in fee Al with only Z=12 or 8-Al2Cu with Z=ll. Within the series of three (3phases studied here, M2 increases with decreasing TM content, contrary to the
expectation. This fact may be related to superstructure ordering effects towards the
Al3Ni2-type of approximant73 already mentioned. In Hume-Rothery crystals, the
tendency is obeyed since the largest M2 values are obtained for the compounds with
the highest Cu concentration. Finally, the largest values of M2 are found for the
icosahedral compound and its pentagonal approximant.
From EXAFS measurements,93 the number of nearest neighbours of Al is
typically Z=12.5 in i-AlCuFe and Z=9.5 in i-AlPdMn whereas it is Z=l 1.7 in cubic
Al55Si7Cu25.5Fej2.5J Average coordination numbers are not known yet for the other
approximants. As illustrated in figure 2.47, the M2 vs Z correlation is fairly well
obeyed in the Al-Cu(-Fe) crystalline compounds. As a matter of fact, the correlation
is different for icosahedral and approximant compounds. Instead, we observe that the
corresponding M2 values gather at higher values (solid line). We interpret this
enhancement as the signature of a stronger hybridization between Al sp and
transition metal d states. This result confirms our previous statement regarding the
enhanced interplay between HR scattering and s,p,d states in quasicrystals.

j) I am most grateful to T. Takeuchi and U. Mizutani (Nagoya University) for providing me this data
prior to publication.
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Figure 2.46: Second moment of
the partial A13p DOS measured
by XES for the same series of
AlCuFe compounds as in figure
2.45. Refer to the caption of
this figure for the meaning of
the symbols.

Figure 2.47: Plot of the A13p
DOS second moment versus
Z in a number of AlCuFe
compounds. Refer to figure
2.45 for the meaning of the
symbols.

5

Lattice Dynamics and Thermal Conductivity

Like electronic conductivity, conduction of heat is restrained in quasicrystals. In a
conventional metallic alloy, the ratio K/O between heat and electron conductions is
proportional to temperature, thus giving the well-known Wiederman-Franz law of
Eq. (2.17). This law holds true essentially because the contribution of phonons is
negligible in comparison to that of electrons. Typical numbers for heat conductivity
are K = 5000 W/mK in single crystalline copper at 20 K and K = 400 W/mK in
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polygrained copper at 300 K. The conductivity of pure aluminium is found close to
200 W/mK at room temperature. By contrast, insulators like pure zirconia show a
conductivity smaller by orders of magnitude, typically 1-2 W/mK, which decays
smoothly with increasing temperature. Quasicrystals were found to transport heat in
a way quite different from that of their metallic constituents, having heat
conductivities below that of zirconia. Furthermore, a plot of Wiederman-Franz law
for various Al-based intermetallics including quasicrystals94 (figure 2.48) leads to a
two-fold conclusion. The plot exhibits straight lines, which means that the K/CT ratio
obeys Eq. (2.17) with slopes quite close to the Lorenz number L defined by Eq.
(2.18). This implies that the contribution to heat transport above room temperature
is in part due to nearly free electrons, as expected from previous sections in this
chapter. The one due to phonons is not T-dependent anymore in this temperature
range. From extrapolation of the Wiederman-Franz plot to OK, we see that phonons
take part in heat transport to about the same extent as electrons do at room
temperature in quasicrystals. In fee aluminium, they are negligible as already
mentioned. Crystalline intermetallics show an intermediate behaviour. In order to
understand the mechanism of heat transport in quasicrystals better, we will first
study their lattice vibrations briefly.

Figure 2.48: Variation with temperature of the ratio K/CT in several intermetallics based on
aluminium metal.94 The experimental data may be fitted by a linear temperature
dependence such as K/CT= LT + P, where L is the Lorentz number and P is a constant that
varies with the solid. Only pure aluminium shows a negligibly small p. Symbols are
crosses for fee Al, triangles for Al5Ti2Cu, squares for A.-Al13Fe4 and circles for iAl59.5B3Cu25Fei2.5-
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Lattice Vibrations in Icosahedral Mono-Domain Samples

Collective lattice vibrations, or phonons, may interact with neutrons of comparable
energy. Such an interaction, while preserving the total kinetic energy and
momentum of the system, involves a modification of these quantities for the
outcoming neutron as compared to the monochromatized incident beam. A tripleaxis spectrometer may be used to measure this modification that in turn allows to
quantify the frequency co and momentum transfer k attached to the phonon. Results
are usually presented in the form of dispersion curves (energy versus momentum
transfer) or as neutron inelastic intensity as a function of energy transfer to the
phonon. In quasicrystals, the absence of true Brillouin zones makes the analysis
more complicated than in crystals. For quasicrystals, it has instead become a custom
to measure the inelastic intensity with respect to the distance q from the centre of a
strong Bragg peak. Depending on the direction considered in reciprocal space, this
allows the scanning of the inelastic intensity either at a given distance from an
intense diffraction peak, or very far from any detectable peak, or also close to weak
peaks. Pioneering works using i-AlLiCu monodomain samples of moderate
structural quality95 or small dodecahedron grains of AlCuFe96 were soon followed by
studies of i-AlPdMn single-quasicrystals of excellent lattice perfection. 97 A
decagonal mono-domain sample was investigated recently. 98 For a review of
technical details and thorough analysis of the results, see M. Quilichini and T.
J a n s s e n " or the primer. 33 In this short overview, we will limit ourselves to
discussing some of the results on i-AlPdMn.100 Irrespective of the quasicrystal
considered, the main output of these measurements is that well-resolved acoustic
phonons were observed, but only in the close vicinity of strong Bragg peaks. As
shown in figure 2.49, the inelastic intensity presents a sharp peak of width only
limited by the instrumental resolution within a distance q = 0.35 A"1 from Bragg
line. Beyond this q value, the inelastic peak progressively broadens. It is possible to
associate dispersion curves to measurements performed at different points of the
reciprocal space (figure 2.50). From the initial slope of the energy versus q curve,
we deduce the velocity of sound in excellent agreement with macroscopic
measurement.101 Longitudinal acoustic modes give V L = 6.6 103 m s-1 whereas
transverse modes lead to Vy = 3.6 10 3 ms- 1 that in turn allows us to deduce the
elastic constants (to be introduced in the next chapter), namely Cn =215 GPa and
C 4 4 = 65 GPa.
Whereas acoustic modes of phonons represent a compression (alternatively a
tensile) sound wave and thus a shearing wave passing through the solid, optic modes
are obtained from the other more complex solutions of the fundamental equation of
motion of the atoms. For instance, in a diatomic chain with two inequivalent atoms
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per unit cell, optic modes correspond to atoms moving in opposite directions in each
cell. Their energy falls in the range of optical excitations and may be investigated by
infrared spectrometry. Dispersionless excitations were found in the i-AlPdMn
quasicrystals at various energies in the 1.8 to 6 THz frequency range. These modes,
as well as the acoustic phonons, did not vanish by more than 10 % upon raising the
temperature up to 800°C. All excitations beyond about 2 THz are characterized by
flat dispersion curves and may be tentatively coined 'optic modes'.
Figure 2.49: Intensity of
neutrons
scattered
inelastically at several
distances q from a strong
Bragg reflection of a
monodomain i-AlPdMn
icosahedral quasicrystal.
Observe the well-defined
peak up to q = 0.35 A"1 and
its progressive smearing
beyond this distance
(Courtesy M. de Boissieu,
Grenoble).
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Figure 2.50: Typical dispersion curves (E = hu> vs q) measured at various points in
reciprocal space for the same i-AlPdMn sample as in figure 2.49. Open dots show the
width of the inelastic peak corrected for finite instrumental resolution (Courtesy M. de
Boissieu, Grenoble).
For such modes, the energy is no longer well defined and it appears that the
planar wave phonon picture is not relevant for quasicrystals anymore (figure 2.51). It
is only for wave vectors below q = 0.35 A-1 that the phonons are associated with a
unique and well-resolved q-vector. In real space, this corresponds to wavelengths
larger than 18 A, typically twice the size of the individual clusters in the atomic
structure. We will come back to this point soon. Beyond 0.35 A"1, or for
wavelengths smaller than 18 A, the phonons no longer propagate which goes well
with a picture of a solid made of rigid clusters with stationary phonon modes of
maximum wavelength equal to twice their size (i.e. 0.9 nm). In terms of energy, the
largest frequency associated with acoustic phonons, or 2 THz, is equivalent to 70K.
These experimental facts will help us understand the temperature dependence of heat
conduction in quasicrystals.
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Figure 2.51: Schematic (and to some extent, arbitrary) presentation of the partition of
phonon modes in i-AlPdMn. Acoustic well-resolved modes are found at low energy and qvalues below 0.35 - 0.4 A- 1 whereas broad, so-called optic modes are continuously
distributed in the energy range above 2 THz (or 6 meV or 70K).

5.2

Heat Conduction

According to Fourier's equation, the temperature gradient established after a time
interval 3t along the axis of a cylindrical sample at rest is given by:

21 = ^ ^ £L2

in which the prefactor

dt

Pmcp

a = —£—

ax

(2.77)

P»CP

is called the thermal diffusivity (p m is the specific mass and Cp the specific heat at
constant pressure). The thermal diffusivity may be measured in a specific
experiment 102 consisting of a brief heat pulse applied onto the front face of a flat,
cylindrical specimen and measuring the temperature response on the rear face. The
heat pulse is usually provided by a flash light or a laser pulse. Knowing the sample
thickness, the resolution of the Fourier equation leads to a = 1.38 LV (n2 ti/2)
where tj/2 is the time interval elapsed after the pulse to observe 50% of the
maximum temperature increase on the opposite side and L the sample thickness.
Knowledge of the conductivity then requires the separate measurement of Cp by
calorimetry and p m (T) from e.g. thermal expansion experiments. This method is
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well adapted to decipher thermal conductivity K data in the high temperature range,
up to the melting point. It was used for a large number of icosahedral and decagonal
compounds, approximants as well as for more conventional Al-based
intermetallics.103-105 Examples of thermal diffusivity results are shown in figure
2.52. Values for aluminium are typically two orders of magnitude larger: a = 90
mm 2 s-l at 300 K. Intermetallics like 8-AI2CU or A^Ti are characterized by a =
19.5 mm 2 s-1 and 17.4 m m V , respectively. Approximants such as X-Ali3Fe4 and
Oi-Al7oCu9Feio.5Crio.5, already introduced in this chapter, have a - 1 mm 2 s-1 and
CL = 0.75 mm 2 s"', respectively. Taking now into account the variation with
temperature of the specific heat (figure 2.53) and that of the specific mass leads us to
the temperature dependence of the thermal conductivity (figure 2.54).

Figure 2.52: Left: variation with temperature of the thermal diffusivity94 a in iAl7i 5Pd2o.3Mn82 (large circles) and i-Al63 5Cu24.5Fe12 (small circles). Right: same data,
but presented as Lna versus 1/T.
Below room temperature, it is more appropriate to measure K directly, for
instance by imposing a steady-state heat flow along the length of a sample of simple
geometry and monitoring the temperature gradient. This was done by several groups
for icosahedral specimens of variable quality, 104 ' 109 for instance mono- and multigrained i-AlPdMn, down to very low temperatures (figure 2.55). Upon approaching
0 K, the values of K are always very small, of the order of 10"4 to 10"2 W/mK, i.e. a
few orders of magnitude below the conductivity of zirconia at room temperature. It
increases rapidly with temperature until a marked plateau forms in the 70-200 K
region. The shape of this plateau is a function of the sample quality (figure 2.55)
but together, the K V S T curve is very reminiscent of the behaviour of disordered
media like amorphous silica or metallic glasses (figure 2.56). A similar
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Figure 2.53: Temperature
dependence of the specific
heat 1 0 5 at constant pressure
(normalized to the Dulong and
Petit limit of the constant
volume specific heat) in metallic
aluminium (crosses) and iAl72.jPd20.7Mn7 2 (solid circles).
The difference C P -C V being
proportional to temperature, the
figure shows that saturation of
CP in the Dulong-Petit regime is
achieved in the quasicrystal
below 600 K and in fee Al in the
whole temperature range up to
the melting temperature.

Figure 2.54: Example of thermal conductivity measurements104 in a broad temperature
range for multi-grained i-A^C^s.sFe^.s .
conclusion could be reached regarding the aperiodic plane from a very early
measurement110 of the thermal conductivity in decagonal quasicrystals. As expected,
the values of K along the periodic direction were found to be about an order of
magnitude larger than the measured ones perpendicular to the stacking axis.
Assuming that the Wiederman-Franz law describes the contribution of electrons to
heat transport adequately , it is possible to estimate the respective contributions of
the lattice and conduction electrons as shown in figure 2.57. This latter contribution
becomes negligible below 100 K, whereas it amounts to about 50% of the total at
800 K.
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Figure 2.55: Low temperature side of the lattice thermal conductivity measured108 with
two single-grain i-AlPdMn quasicrystals and two multi-grained i-AlCuFe and i-AlPdRe
samples (Courtesy S. Legault, Montreal).
Figure
2.56:
Comparative display 109
of
the
lattice
contribution to thermal
conductivity
versus
temperature in single
quasicrystalline
iAlPdMn, amorphous
silica and amorphous PdSi
(Courtesy
M.
Chernikov, Zurich).
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Hence, quite like the electronic transport properties, the thermal conductivity
of quasicrystals shows specific behaviour that does not resembles that of the
constitutive metals. This specific behaviour increases with increasing unit cell
volume in those approximants that are found closer to the true quasicrystal.103 For
instance, the thermal conductivity of the orthorhombic O^AlCuFeCr approximant
is smaller than that of poly-quasicrystalline, decagonal Al-Ni-Co samples,
essentially because the stacking period in the latter is 0.41 nm, whereas in the
former crystal it is three times larger, 1.23 nm (like in the corresponding Al-Cu-FeCr decagonal quasicrystal).

Figure 2.57: Total thermal conductivity (solid circles) and lattice contribution KL = K LTa (open circles) measured in i-A^Ci^s.sFe^.s below room temperature (left-hand
side) and above room temperature in i-Al59B3Cu25.5Fe12.5 (right-hand side). The line in
dash is for a linear dependence of KL versus temperature.
With reference to the anisotropy of thermal conductivity peculiar to decagonal
quasicrystals, this argument stresses how important the lack of translational
symmetry is for damping heat conduction in quasicrystals. In approximants with
large lattice parameters, periodicity is a weak property since electron or phonon
mean free paths are very small. This statement will be elaborated further in the next
two subsections. Let us begin with the phonon contribution.

5.3

Structural Scattering of Phonons

The surprising splitting of phonon modes into well-defined acoustic phonons (often
called phonons for simplicity hereafter) with wavelengths larger than 1.8 nm on the
one hand, and damped phonons with smaller wavelengths on the other will take us
to the track. Following Janot, 34 - 111 we shall first assume that the atom clusters in
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the icosahedral lattice act on phonons as they do on electronic waves (refer to figure
2.21 in section 3.5) because they form an ensemble of joining or partially
overlapping quantum wells. We may then rewrite Eq. (2.14):
KCDclllBer= y C p A 2 ! - /

(2.78)

which accounts for the lattice conductivity due to clusters separated by an average
distance A and arranged such that the mean velocity of the heat carriers is given by
•oA = A / T~l. This allows then to turn to the same mathematical derivation as in
section 3.5 above:
A = (p / a k B T) " 2
(2.79a)
t ; ' = (a k B /P) a exp ( - a ) T

(2.79b)

and hence to a power-law for the temperature dependence of K(T) ( a and P have the
meaning of Eqs. (2.52) and (2.54)):
K(T)cluster = Ta-l
(2.80)
The electronic contribution Ke[ec = a LT may be introduced (see next subsection) so that in total:
K (T) = AT a-l + BT «+l
(2.81)
which is in rough agreement with experimental results shown in figure 2.54. A
basic assumption behind this model is that Cp is temperature-independent except at
low temperature, say below 10K. In this low-T regime, acoustic phonons take over
the transport of heat and x> and A are essentially constant. The phonon density of
states at small frequencies is typically given by a power law N(co) - com with m =
2 so that in fact Cp follows a T m + l power law before saturating in the Dulong-Petit
regime above 10K, hence K(T) ~ T m +l at low temperature. Good agreement is
observed (figure 2.56) with a variation of K in T 3 at sufficiently small temperature
because the specific heat does indeed saturate close enough to the Dulong-Petit
regime (figure 2.53). From standard thermodynamics, we may write the difference
between specific heats as:

with V m the molar volume, a the expansion coefficient at constant pressure and a'
the isothermal compressibility of the solid. As a matter of fact, this difference or
equivalently the ratio Cp/3R is linear in T for pure aluminium and for i-AlPdMn up
to T = 600 K (figure 2.53). Above this temperature, the shift from linear regime is
significant but does not exceed 10 percent except above 800 K. This sudden rise of
Cp/3R may be associated with the formation of a significant density of thermal
vacancies that we will study in the next chapter.
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To achieve a closer agreement with experimental thermal conductivities, one
has to consider the participation of every scattering event in the conduction
mechanism more explicitly, especially interactions with optic modes. This step was
taken by A. Perrot in his Ph.D. dissertation. 105 A detailed description of all
scattering events should take into account collisions between acoustic and optic
phonons with the limits of the sample and grain boundaries, with phason and point
defects, with other phonons and finally with electrons, as we will study in the next
section. Each collision type contributes to the lattice specific heat and is associated
with a mean-free path /(co), so that the total lattice conductivity KL is obtained from
a general expression like:

KL(T) = - 7 ^ I Ci<fl)) W H<°)

da)

(2-83)

where the index i runs over all possible collision types and !>j((0) stands for the
corresponding mean velocity of the heat carrier. This quantity is well defined for
acoustic modes and a classical definition of the cut-off frequency co max is that of the
Debye model1 (M) max < kB 0 D ). Hence, for acoustic modes, Eq. (2.83) simplifies
into:
a)

1

max

KL(T) = "7 Vm J C(co) /(a)) dco
o

i

with:

—!— = X —^— dco
/(Q))

i

(2.84a)
(2.84b)

Z,(co)

and the specific heat, valid for sufficiently low temperatures, is given by the Debye
model:
QR (T

C(co)= —

?

max

— I J

4

x Cp "
X

2

v m ( e j i (e*-i)

dx

(2.85)

with x = ftco/kB and 8b the Debye temperature. The game then is to obtain a cute
expression for the mean free path of each scattering process. This is not feasible for
optic modes in quasicrystals, because their energy is broadly distributed as
schematized in figure 2.51. The number density (or DOS) and dispersion curves of
such modes were studied theoretically and numerically, 112 showing that large
pulsations are associated with so-called critical modes. Again, following section 3.7
above, such modes do not propagate like the previous acoustic, or also extended,
modes for which the mean-free path is proportional to time: /(co) = X) t (hence the
diffusion constant is given by D(t)=t) 2 t/3. In contrast, critical modes are neither
ballistic (/(co) = t1) nor localized (/(©)= t°). Instead, they smear out with a width, or
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mean square deviation that follows a power law of time: 113
x* = A t "Y
(Y > 1)
(2-86)
where A is a constant depending on the initial width of the mode. Therefore, for long
enough scattering times, corresponding diffusion reads:
A2 —
(Y > 1)
(2.87)
D(t) = - j - t Y
which may increase with the relaxation time if Y > 2 or remain constant if y = 0.
This makes a crucial difference in comparison to extended modes. To
distinguish between the two types, a cut-off energy must be defined. This was done
by Perrot 105 according to figure 2.51, considering all acoustic modes below 6 meV
as extended and all other modes of larger energy as critical. Although arbitrary to
some extent, this difference proved useful as final calculations will show hereafter. It
is then possible to compute the specific heat relevant to critical modes. This may be
achieved using Einstein's model, which is better adapted for large pulsations. To a
first approximation, taking coc as the average pulsation of the optic mode region in
figure 2.51, one has:
c

with x =
c

j, j 1

i^L.
v
m

i.fiE".] x>^—
I % )
( e - If

and where 3(AVV ) (1 - (8
m

max

(2.88)

/8^) ) is the number density of
D

J

critical modes. This contribution to the specific heat of critical modes turns out to
be much larger than that of extended modes (C cr j t = 60 C ext ) so that critical modes
contribute significantly to heat transport, though not very mobile, through:
Kcrit(T)= C c r i t D(T)
(2.89)
where the diffusion constant D(T) depends on T via the temperature variation of the
scattering time, Eq. (2.87).
Elaboration of this separation between extended and critical modes thus
allows us to compute the respective contributions to the heat conductivity, Eqs.
(2.84a) and (2.89) separately, knowing the specific heats, mean-free paths or
diffusion constants, for each scattering event. Full account of all these results 105
would include too many and too technical equations. Hereafter, we will focus only
on the most important components of Perrot's model, namely phonon-phonon
interactions with umklapp and phonon-phason scattering.
Two interacting phonons merge into a third one which carries a momentum:
Q3 = Qi + Q2 + G
(2.90)
where the vectors are defined as in figure 2.58. Regular crystals have a large
Brillouin zone and the normal scattering process is the most probable with G = 0,
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i.e. vector q3 is contained in the first Brillouin zone. The resulting phonon points
towards the same direction as the two former ones and transports an energy ^003 =
>i((Oi + co2). Nevertheless, it may happen that q3 exceeds G/2 so that it ends outside
the first Brillouin zone. By translation invariance, q3 may be brought back to the
first BJZ so that (q 3 -G) now belongs to this zone. This umklapp process
corresponds to a third phonon travelling backwards with respect to the former ones
and transferring less energy (the difference is taken by the lattice), hence it
contributes to a decrease in heat conduction.

Jr

JL1

\

Figure 2.58: Schematics of normal 'n' and umklapp 'u' phonon scattering in a periodic
reciprocal lattice with period G.
In quasicrystals, the umklapp process is especially important because the size
of the BJZ is so small. A rough estimate of the effect of umklapp scattering is that,
on an average, the corresponding momentum transfer is q3 = G/4, the diameter of the
main BJZ in icosahedral quasicrystals. This is the largest possible momentum
transfer by umklapp to which an energy kgSo (QQ is of the order of 300-400 K in
quasicrystals) corresponds. Therefore, umklapp phonons carry an energy of the order
of ka 0 D / 2 and occur with a probability proportional to exp(- 6 D / 2 T ) . Thus, a
contribution to K ( T ) which varies like exp ( 9 D / 2 T ) is expected at elevated
temperature and may indeed be responsible for the plateau observed on experimental
curves. At low temperature, umklapp collisions are far less probable.
Collision between extended and critical modes end up in a critical mode.
Application of standard equations for the dynamics of phonons allows us to estimate
the relevant relaxation time and shows that this kind of interactions damp the heat
transport due to extended modes in the 20K to 100K range. Similarly, collisions of
extended modes and electrons add a term proportional to T 2 to the heat conductivity.
Extended and critical modes may also excite a dynamical phason, i.e. an atom that
may hop to a close neighbour site at distance RQ while overcoming an energy barrier
AV if the initial and final states overlap by a quantity exp(-AV 1/2 RQ). This process
then annihilates the incident phonon. Assuming a random distribution of phason
sites is a fair approximation of the real partition, like the one considered by
Anderson et al. 114 for localization effects, and it leads to an expression of the mean
free path / pp relevant to phonon-phason scattering:
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(2.91)
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(2k B TJ
with coc = (001(02) 1/2 , the goemetrical average of the pulsations characteristic of the
initial and final sites, M the average atomic mass, y the Gruneisen constant (which
reflects the anharmonicity of the potential and may be deduced from thermal
expansion measurements115) and jj(e) the number of two-level systems per unit
energy. Although a bit complicated, this equation is not different from the one
designed by Philips 116 to explain the heat conduction in amorphous silica or
metallic glasses in which the two-level systems present an energy distribution AE =
E2 - Ej between initial and final states of the order of 0.1 eV. In quasicrystals, it
seems more appropriate to take AE in the 10-3 - 1O4 eV range (and AV > AE).
The calculated lattice thermal conductivity resulting from all possible
interactions of extended modes is shown in figure 2.59. At very low temperature (T
< 0.1 K), the conductivity varies as T 3 since the propagation of acoustic phonons is
limited by the size of the sample. Between 0.1 K and 20 K, phasons of small
activation energy may be excited and are responsible for the damping of heat
conduction. This result is substantiated by NMR investigations117 of the phason
dynamics that will be presented in the next chapter (section 5.3). In this energy
range, the activation energy associated with aluminium phason hopping is 10"3 eV
and has the right order of magnitude. From 20 K to about 100 K, umklapp processes
add to phonon-phason scattering because activation by temperature is then
possible. 117 This lets phasons interact with critical modes. Without umklapp
processes, the plateau on the calculated conductivity is already obvious (figure 2.59,
left). It is far more marked if further umklapp scattering is introduced to calculate the
average mean free path. In this calculation, the control parameters are the sample
dimension (1$), the extended phonon-phason and umklapp phonon-phason mean free
paths as well as the mean energy difference AE = 10"4 eV between the states in twolevel systems.
The contribution to KL of critical modes must also be taken into account.
These modes are characterized by a weak diffusion constant and a large specific heat,
Eq. (2.89). Again, critical mode-phason and critical-extended modes collisions
contribute to limit the propagation of heat. The contributions of all scattering events
leads to the calculated curves displayed at the right-hand side of figure 2.59. The
marked maximum around 20 K is well reproduced for a monodomain quasicrystal (1$
= 1 cm) whereas it disappears, and conductivity decreases, for multi-grained
specimens of micrometer and nanometer size. Comparison with experimental
measurements (figure 2.55) is quite favourable.
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Figure 2.59: Left: theoretical variation of KL with T expected105 for extended mode
scattering in single quasicrystalline i-AlPdMn with (open dots) and without (solid
triangles) umklapp process. Right: total lattice heat conductivity predicted105 for iAlPdMn, either single-domain (open dots) or multi-grained (triangles: large grains of 8
\im diameter, diamonds: very small grains of 2nm). Compare with experimental data
shown in figure 2.55 (Courtesy A. Perrot, Nancy).
For the single domain quasicrystal, the flat plateau is clearly associated with
umklapp scattering and phonon-phason interaction because the sample size is large
enough. This is progressively hidden when reducing the grain size and the
contribution of critical modes becomes ever more important, noticeably when the
grain diameter is comparable with the distance between clusters. For all curves, the
variation of K L is linear in T above 120 K, in nice agreement with the experimental
data of figure 2.57. Yet, we still have to explain the part of heat conduction due to
electrons.

5.4

Electronic Contribution to Heat Transport

As assessed in figure 2.57, the contribution of electrons to heat transport becomes
noticeable only close to and above room temperature. This is often accounted for
assuming a free-electron behaviour via Eq. (2.18), to some extent in contradiction
with all statements made till now regarding the peculiar behaviour of electrons in a
quasi-periodic lattice. Yet, propagation of electronic waves is also critical and Eq.
(2.87) is applicable to describe their diffusivity except for the constant pre-factor.113
One may also notice the specific S-shaped curves of the thermal diffusivity vs
temperature displayed in figure 2.52 that suggest interpretation of this variation as
resulting from the influence of a band gap on the transport of electronic carriers.94
This interpretation is plausible since the part due to the lattice is nearly independent
of temperature above 300 K. The thermal diffusivity x = < x>2 >x/3 contains a mean
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square velocity < x>2 > of the heat carriers that may be evaluated from the group
velocity de/dk of the wave package according to:
< U 2> = _4n? ] N(e) f(e) (de/dk) 2 de
(2.92)
h2
\
if the density of states and the Fermi-Dirac function is known. An example of a
plausible, parabolic density of states was introduced in figure 2.23 in accordance
with Mott's model for disordered media. Hence, if N(e) is parabolic in the vicinity of
Ep, (de/dk) 2 is proportional to e - Ec, with Ec the position of the bottom of the
conduction band. Due to defects, lattice imperfections and phason dynamics, there is
no reason to assume that Ep coincides exactly with Ec- Instead, it falls within a
small energy range at the bottom of the conduction band where localised states
persist until an upper energy labelled EL- Since k B T « e - Ep and E L - Ec » e EL, we may rewrite Eq. (2.92):

(E - E \

< U2> = k (EL - E c ) 3 ' 2 T exp —
V

-

k

BT

(2.93)

/

which leads to:
(E - E \
a = k1 (EL - E c ) 3/2 exp —
V

k

BT

I

(2.94)

where k and k' are two constant terms. Plots of Ln a as a function of T"1, which are
reproduced in figure 2.52 for i - A l ^ C u ^ s F e ^ s and i-Al7i 5Pd2o.3Mng j a r e m good
agreement with Eq. (2.94) above 400 K assuming a phonon contribution
independent of temperature. Band gaps deduced from the slopes of these plots are 50
meV, respectively 60 meV, for i-AlCuFe and i-AlPdMn. These values match well
the gaps obtained by tunnelling spectroscopy shown in a previous section.
To summarize this section about heat conduction in quasicrystals and
approximants, we shall first remind the reader that the conductivity of these
materials is abnormally small as compared to that of their constituents. It is
comparable to that of zirconia, an archetypical heat insulator, at room temperature
but increases slowly above 300 K. Secondly, the mechanisms that restrict the
propagation of heat at low temperature are dominated by umklapp scattering of
phonons and phason-phonon interactions. This leads to the formation of a plateau in
the K(T) curves above 70 K and up to about 200 K. Above room temperature, heat
conduction due to electron transport becomes comparable to that due to lattice
excitations. Like electronic conductivity, it is hindered by the absence of lattice
periodicity. Analysis of experimental data supplies further evidence in favour of
recurrent localization effects in relation with the existence of rigid clusters arranged
hierarchically in the icosahedral structure.
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Magnetism

Quasicrystals and approximants of good lattice perfection are diamagnetic in a very
broad temperature range extending from about 50 K up to their melting point. 118
This is in strong contrast with fee Al or Al-based crystalline intermetallics that are
paramagnetic (figure 2.60). Introduction of phason disorder also contributes to rise
the magnetic susceptibility, especially at low temperature and the icosahedral
compound may be paramagnetic far enough from ideal stoichiometry and/or lattice
perfection. Upon melting, the diamagnetism disappears also for ideal icosahedral
quasicrystals and turns into paramagnetism in the liquid state. The origin of this
transition will be discussed later in this section. On the opposite side of the
temperature range, say below 50 K, the magnetic susceptibility increases
proportionally to T"1 and Curie paramagnetism is manifest. Beautiful examples of
spin-glass behaviour are observed in this temperature range as we will study in short
with the case of rare earth-Mg-Zn icosahedral compounds.

Figure 2.60: Magnetic susceptibility below room temperature of i-AlPdMn as-quenched
and annealed (left-hand side) and of rhombohedral R-A162 2 Cu 27 Fe 10 8 (a), cubic 1/1
Al57Si5Cu27Feu (b), icosahedral i-Al70 5 Pd 22 Mn 7 5 (c) and i-Al70.5Pd21Re8 5 (d) in
comparison to fee Al and P-cubic, CsCl type, Al52Cu35Fe13 (right-hand side) (Courtesy F.
Cyrot-Lackmann, Grenoble and F. Hippert, Orsay).
The negative magnetic susceptibility of icosahedral quasicrystals was assigned
by Janot 33 " 35 to electron pairing in cluster quantum wells since magic electron
numbers are even. The more perfect the quasicrystal and the closer to the ideal
icosahedral arrangement, the deeper the quantum well and hence the more pronounced
the diamagnetic behaviour, following the experimental observations. Another, but in
the end equivalent approach, was suggested by F. Cyrot-Lackmann,119 keeping in
mind that the Fermi surface in an icosahedral quasicrystal is not a sphere anymore
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but resembles the external shape of a cauliflower. Narrow band-gaps open
everywhere on this surface and form a large number of electron and hole pockets
localized on every facet of the BJZ. Close to each individual Bragg plane, the
surfaces of constant energy are distorted to an ellipsoid shape so that the energy in
this small region of k-space reads:
e = - ^

( a X + aykj + azk>)

(2.95)

where x, y, z label the principal axes of the ellipsoid and x is taken perpendicular to
the BJZ facet. The coefficient ax depends on the gap E g opened at the discontinuity:
a

= 1 + —-

(2.96)

with E o , of the order of 10 eV, the energy of an electron in the absence of a
discontinuity. The components of the effective mass tensork vary in proportion to
E so that m * is typically 10~3 m if E = 50 meV. Nonetheless, the total effective
mass m* itself may still be close to the normal electron mass m as long as ax ay az
= 1, which is the case with a y ~ az = 3 10"2. Then, the corresponding diamagnetic
susceptibility14 due to the orbital motion of electrons and holes in the external field

if the field is applied along the z-direction (\IQ denotes the Bohr magnetron). This
susceptibility may become very large, even with a small number of electrons or
holes if the number of small gaps oriented appropriately with respect to the field is
significant. This is precisely the situation with icosahedral compounds and their
approximants. Note however that energy gaps cannot become inferior to a limit
specified by the Heisenberg uncertainty principle119 since VG > Vx with notations
already introduced. Then, for those well-oriented pockets, the ratio between
diamagnetic and Pauli susceptibility ^d^Zp = - a x a y ^ ' s necessarily larger than
unity. Pauli paramagnetism is always present, with % = \x2 N(E ) because the
"

B

F

electron spins couple with the external field and add a positive contribution to the
susceptibility that is independent of T if the density of states at Fermi level does not
vary. As a matter of fact, the definitely negative susceptibility of quasicrystals show
k) The mass of the electron is a tensor called the effective mass m* which satisfies the standard
equation of electro-dynamics eF=m*(dv/dt). The coefficients of m* are related to the local curvature
of the band. For an isotropic band, one has Vm*=d2e/3k2.
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that this component does not dominate in relation with the depleted N(Ep) values
already discussed above. Estimates based on N(Ep) measurements from electronic
specific heat data lead to X&IX? ~ -3 to -4. Furthermore, close inspection of the
temperature dependence of the susceptibility (figure 2.61) shows that the Pauli
paramagnetic component is not temperature independent but increases smoothly
proportionally to T 2 , thus indicating that N(Ep) changes alike. This effect is related
to the parabolic bottom of the pseudogap.119

Figure 2.61: High temperature side of the magnetic susceptibility in i-Al72.1Pd20.7Mn7 2
close to the melting point and in the liquid state.119 The liquidus temperature is noted TE
and the solidus T L . In this specific alloy and at this composition, the icosahedral
compound forms as a primary phase from liquid state by eutectic reaction. Note the
change of slope at this temperature followed upon heating by a sharp rise of the magnetic
susceptibility (Courtesy F. Hippert, Orsay).
The sharp increase of the susceptibility observed upon melting (figure 2.61)
is associated with the increasing structural disorder that characterizes the liquid state.
In the temperature range between TE and T L , the data are well reproduced assuming
that an increasing number of Mn ions carry a magnetic moment whereas in the solid
state these are virtually absent. 118 When fully melted, the alloy exhibits a typical
Curie paramagnetism due to the presence of ions with uncomplete orbitals, thus
giving rise to a net angular momentum J. Hence, the susceptibility reads:
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(2.98)
Xc
3kBT
T
in which g is the Lande factor taken as g = 2 for the case of Mn ions, N m the
number of magnetic ions and C is the Curie constant. A fit of the data and a
comparison to neutron scattering functions measured at low temperature indicates
that at least 50% of the Mn atoms carry a moment in the liquid (assuming J = 1.4).
This behaviour was pointed out in several alloys of the Al-Pd-Mn system close to
the icosahedral compound region, 120 but was more clearly investigated121 at the
unique composition that corresponds to the primary crystallisation of i-AIPdMn
displayed in figure 2.61.
The origin of the magnetic moment sitting on Mn atoms was discussed by
Trambly de Laissardiere and Mayou. 122 First, the atomic disorder inherent to the
liquid state breaks the faceting of the BJZ and, since diffraction peaks broaden into a
halo, transforms the BJZ into a 'thick' sphere. Resultingly, the Fermi surface is
spherical, the pseudogap is less marked, hence with a higher density of states at E F ,
and the pronounced diamagnetism due to multiple electron and holes pockets
disappear. Secondly, the sp band energy is enhanced when this moment cancels.121
The most important part of this energy comes from middle range interactions
between Mn atoms. Moments may then appear in disordered systems like liquid
alloys, in which disorder reduces the interaction range, or on defective Mn sites. The
case was studied in AlPdMn approximants for which the structure is well known.
Manganese sites with a low Al coordinance, hence a weak sp-d hybrization favour
the appearance of a moment whereas the other sites carry no magnetic moment.
Such sites are in small number (a few percent) in icosahedral compounds and are
thus responsible for the Curie paramagnetism observed at low temperature. Again,
disorder increases the number of these sites, in consistence with the curves shown in
figures 2.60 and 2.61. Again, it is the pronounced Hume-Rothery scattering effect
on sp electrons coupled to hybridization with d states which accounts for the peculiar
magnetism of aluminium-transition metal quasicrystals.
For some time, rare earth-Mg-Zn icosahedral compounds containing a
magnetic rare earth (RE = Tb, Dy, Ho, Er) were believed to exhibit antiferromagnetism at low temperature. Carefully performed neutron diffraction experiments
indeed showed that sharp Bragg peaks developed at 1.5 K on top of a diffuse
magnetic signal. 123 This latter was identified with the spin-glass behaviour induced
by the antiparallel coupling of the large magnetic moments of the RE atoms on oddpaired rings of atoms that are abundant in icosahedral structures. The former signal
due to antiferro-magnetic ordering was therefore more surprising and required for its
interpretation to understand superspace groups of the 6-dimensional Bravais
N

v

=

m &

PB
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lattice.124 Unfortunately, this task did not appear absolutely necessary (albeit it is of
a great fundamental interest) when single crystals could be prepared by the group of
Ames Laboratory. Crushed specimens (to compare with the initial poly-grained
samples) showed no trace of antiferro-magnetism but a very clear signature of spinglass frustration.125 Most probably, the first experiment had been conducted with
samples polluted by a tiny amount of a crystalline phase that becomes magnetic in
the very low temperature range and manifests itself with sharp peaks close enough to
the icosahedral compound positions in reciprocal space. Measurements of the
magnetic susceptibility for samples cooled in a magnetic field (fc) in comparison to
samples cooled in zero field (zfc) as reported in figure 2.62 sign at first glance a
beautiful example of spin-glass behaviour with a very sharply defined cusp of the
magnetic susceptibility.126 However, since the concentration in magnetic moment
carriers is rather large, the canonical definition of a spin glass, being both frustrated
and random, cannot fulfilled.127

Figure 2.62: Low-temperature magnetization126 of i-DyMgZn in an applied field of
265Oe, both for zero field cooled (zfc) and field cooled (fc) histories. Note the sharp cusp
of the susceptibility at 3.8 K where the two fc and zfc curves diverge (Courtesy P.C.
Canfield, Ames).
Altogether, we have seen in this chapter how far we are from the classical
picture of wave propagation in regular metals because of the scattering of s-p
electrons by the vast number of Bragg planes in quasicrystals and because of their
hybridization with d states when transition metals are being incorporated in the
structure. The next chapter insists on the peculiarity of quasicrystals, but from the
point of view of mechanical properties and atomic motion.
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CHAPTER 3
WHEN ATOMS MOVE AWAY

1

Introduction

The properties examined in the previous chapter predominantly result from mutual
interactions of the electronic and vibration states. As we have seen, the absence of a
simple periodic order goes along with a breakdown of Bloch's theorem and enforces
electron localization. This in turn dramatically influences the conduction properties
in comparison to conventional alloys. In essence, such interactions arise primarily
from collective excitations and their appropriate description is based upon
interference effects. By contrast, the properties described in the present chapter
consider the addition of individual, elementary excitations induced by the movement
of atoms. Such properties are the mechanical properties, the construction of surfaces
of (preferably single-) quasicrystals and their chemical reactivity as well as the
atomic transport mechanism itself.
Like in the previous chapter, our intention is to point out the similarities
and differences that quasicrystals exhibit with respect to more classical metallic
materials. Irrespective of the crystallographic nature of the specimens, the
phenomena studied from now on involve elementary transformations of the kind:
A +B^AB
(3.1)
where A and B represent two reacting species before transformation and AB stands
for their complex, excited state during the transformation. A classical example is
that of atomic diffusion in a periodic lattice. This usually implies the exchange of an
occupied site (A) and a vacancy (B) which in turn creates an excited state (AB)
existing for a short time as indicated in figure 3.1 for the simple case of a closely
packed two-dimensional lattice. Repeating the process randomly from site to site
allows the transportation of an atom over long distances provided there exists a
source of vacancies in the material, generally a surface or an interface, since vacant

Figure 3.1: Simple representation of the movement of a vacancy in a two dimensional
lattice. The atom A exchanges its position with a vacant site B (left) after transition
through an excited state AB (right).
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sites disappear when they reach a surface. The formation of a vacancy costs some
energy Ef and modifies the configurational entropy of the crystal so that the
equilibrium concentration of vacancies minimizes the Gibbs free energy of the
system:
C v = exp (- Ef/kT)
(3.2)
Furthermore, the migration of the vacant site goes on along with the
formation of the excited state (AB), also associated with an energy cost E m .
Altogether, the probability that a certain atom A, for instance a radiotracer of a
specific element, moves from a given position to another, will be proportional to
the probability that there is a vacant site in its close neighbourhood multiplied by
the probability of the occurrence of the excited state. Thus, the flux of atoms
through an elementary surface area within the material is proportional to:
(3.3)
D = pexp(-(Ef+Em)/kT)
where the prefactor P stands for temperature-independent effects such as the jump
distance, configurational entropy variation and the trial frequency with which lattice
vibrations may promote the creation of state (AB).
In this example of atomic transport, each elementary step in the process
consumes some energy supplied by a local fluctuation of the thermal energy
reservoir. An overall balance of the energy costs yields a thermal activation energy
EA = Ef + E m (or more appropriately an activation enthalpy AH if volume changes
are also considered). Similarly, the various transformations corresponding to the
reaction path given by Eq. (3.1) may be depicted empirically by the so-called
Arrhenius (1859-1927) equation:
R = Ko exp (- EA/kT)
(3.4)
which accounts for the transformation rate R at temperature T. Here, the pre-factor
Ko has the dimension of a frequency and is similar in nature to (3 in Eq. (3.3). It is
easily extracted from a plot of Ln R versus the reciprocal temperature 1/T which has
a slope equal to minus the thermal activation energy (or enthalpy). Several examples
of the Arrhenius plot will be used in the following sections to decipher the
activation energy of plastic strain or atom transport in quasicrystals originating from
an applied force or a concentration gradient. The formation of an equilibrium surface
on a crystal is also the result of many elementary processes involving local atomic
rearrangements and the formation and displacement of vacant sites. After
examination of the mechanical properties of quasicrystals, we will look into the
main characteristics of their surfaces. This will lead us to the study of their oxidation
behaviour and then to atomic diffusion.
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2

Brittle Intermetallics that End into Chewing-Gum

There are various means to assess the ability of a material to withstand mechanical
stresses or resist deformation without failure. In most metallic materials and for
small strain far from rupture, the two effects are proportional to each other so that
deformation increases with the applied stress according to a law:
a = E e
(3.5)
known as Hooke's law. Here, a is the stress, e the strain and the coefficient E is
called the Young modulus. This law is valid within a restricted range of stresses, up
to a limit called the elastic limit. Above this value, the behaviour of o versus e is
no longer linear (figure 3.2).
Figure 3.2: Consolidation curve showing the applied
stress o and strain £ for silicon at 71% of its melting
temperature Tm. The elastic regime corresponds to the
small, linear fraction of the curve at very low
deformation. It is followed by the plastic range, which
may extend to large values of deformation when
approaching the liquid state. As indicated by the
variation of a vs e, the work hardening effect is rather
important in silicon. Note the marked yield drop
immediately at the end of the elastic range (redrawn
from ref. 1 with permission of M. Feuerbacher, Julich).
Within the elastic regime a < a^, the material strain changes linearly with
the applied stress in a reversible way: it vanishes if the stress is removed.
Conversely, if the stress exceeds the elastic limit, the deformation of the material
increases faster than the applied stress whereas the material does not spring back to
its initial shape when the stress is removed. In this so-called plastic regime, the
stress is more often a zigzag function of strain. It goes up step by step or may even
decrease a little before increasing again while the deformation becomes continuously
larger. This effect, called work hardening, is due to the dislocations that carry the
deformation of the material (see figure 1.24). Above the elastic limit, dislocation
displacements are slowed down and may eventually be blocked by obstacles such as
other dislocations, grains boundaries or precipitates. As a result, more stress is
required to move dislocations around or through the obstacles till further deformation
is obtained. This mechanism can proceed until the fracture of the material at a yield
stress typically larger than the maximum elastic stress and a strain at rupture
significantly above the upper limit of the elastic regime. Most often, the plastic
range is well developed in metallic alloys, a property that is extensively used in the
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mechanical industries to shape such alloys by low temperature working techniques
(extrusion, rolling, forging, etc.) and thus to produce net-shaped candles, or carengine braces, etc.
Many non-metallic materials, however, do not behave like this. At low
temperature, they resist large stresses with little deformation and break without
developing any plastic regime. This is typically the case with silicon and of
ceramics or oxide glasses. Approaching their melting temperature helps to restore
ductility as exemplified in figure 3.2 with the case of silicon at a temperature 71%
of the melting point. It is possible also to gain some plastic deformation in such a
material either by subdividing it into very small grains, thus with a very large
density of interfacial defects, or by introducing appropriate additives, in fact to hinder
grain growth.
All results available so far from studies of the mechanical properties of
quasicrystals converge to show that they hardly behave like metals under stress. At
room temperature, they are very brittle, but ductility may appear under specific
conditions. Above temperatures about 80% of their melting temperature, they
become plastic but show no work hardening whatsoever2 (figure 3.3). Hence, the
large plastic deformation that quasicrystals are able to sustain at high temperature
without hardening may be considered a specific property of icosahedral quasicrystals.
In comparison, this standpoint is well exemplified by the plasticity of monodomain
decagonal samples.3 When compressed along the periodic stacking axis, they
resemble conventional intermetallics and show a substantial work hardening whereas
a strain applied in a direction not too far from the aperiodic ten-fold plane produces a
stress response similar to that of the icosahedral quasicrystals (figure 3.4). This
section is dedicated to examples of this unconventional behaviour.
Figure 3.3: True stress-strain curves2
recorded with i-Al-Cu-Fe samples
submitted to compression at the
indicated temperatures. Whereas the
specimen breaks with negligible
deformation at room temperature,
observe the marked plastic range that
develops above 600°C, which
eventually leads the material to
sustain deformations exceeding
several tens of % without rapture (the
origins of the curves were shifted
from left to right for the clarity of the
figure) (Courtesy L. Bresson, Vitry).
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IV1

Figure 3.4: Stress versus strain observed3 after appropriate correction for the deformation
of the test machine with a decagonal Al 7 1 7 Ni 1 5 4C012.9 mono-domain specimen. Part a)
of the figure is for compression along the periodic stacking axis and part b) for a
compression direction tilted by 45° with respect to the ten-fold axis. Compare with figure
3.3 (Courtesy M. Feuerbacher, Jiilich).

2.1

Hardness, Brittleness and Low Friction

Let us first consider the low temperature regime8 in which quasicrystals are
essentially brittle. Brittleness may be assessed fairly easily with the help of an
indentation test. An indenter, for instance a diamond square pyramid, is driven
slowly into the flat, polished surface of the material. The area marked on the surface
after removal of the indenter is related to the hardness of the material: soft materials
show a broad indentation mark whereas hard materials present a much smaller one.
This typically comparative test is made quantitative with the help of tables that
relate the material's hardness in units specific to the shape of the indenter for a given
load applied to the size of the indent (or equivalently its diagonal length).
The top part of figure 3.5 shows examples of indentations produced on the
surface of a polygrained, icosahedral Al62Cu25.sFei2.5 sample with a Vickers
indenter, a diamond pyramid with vertex angle of 136°. Cracks emanating from the
corners and edges of the indent are clearly visible. They are a signature of the
brittleness of the material. The longer they are, the less able is the material to resist
the propagation of a crack, i.e. the more brittle it is. Before using this crack length
as a possible parameter to quantify the lack of ductility of the specimen, we may
first take a look at the central row in the top part of figure 3.5. Here a

a) In this chapter, the low temperature regime begins just above room temperature!
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Figure 3.5: Vickers indentations5 under 0.5N load on the surface of a polished sample of
icosahedral Al52Cu25.5Fej2.5- The top row of the figure is an enlargement of the indents
presented in the second row. In the middle column of the figure is shown the trace left by
the scratch test with a cemented carbide rider loaded at 30N. Observe that no cracks
emanate from Vickers indent applied after the scratch test whereas aside the track such
cracks are readily observable.
photography of a small surface area of the same sample scratched with a cemented
carbide rider before the indentation test is shown. The load applied to this indenter
was kept equal to 30N while it was moved at constant speed in contact with the
quasicrystalline material. A Vickers indentation was then applied at the centre of the
scratch track. Whereas indents aside the track clearly reveal the brittleness of the
material, it is obvious that no crack emanates from the indented area within the
scratched region. Here, the material has become ductile, but its hardness has not
changed very much since the size of the diamond imprint is merely the same as
outside the scratch track. The reason for this significant improvement of the ductility
after severe deformation by the shear stress developed within the contact area between
rider and quasicrystal surface is related to a brittle-to-ductile transition that will be
studied in a section of the next chapter. This phenomenon indeed has great relevance
to the technological preparation of surfaces that are central to some applications, for
instance reduced adhesion and friction.4
When the indenter is pressed down into the sample, the first part of the
penetration depth is due to the elastic strain stored in the material whereas the second
part produces plastic deformation. After the indenter is removed, this plastic work
produces the residual indentation mark. A record of the penetration depth during
loading and unloading as a function of load can thus provide information about both
elastic and plastic regimes of the material.6 The ratio between residual depth dr and
maximum penetration d m is proportional to the elastic recovery and is equivalent to
the amount of plastic work compared to the total work (elastic + plastic) needed to
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imprint the pyramid (figure 3.6). Also, hardness is deduced more safely from
penetration depth than from size of the indented area because some matter is piled-up
at the edge of the indent.

Figure 3.6: The shape of a Vickers indent (left) or the cross-section of a standard scratch
test with a spherical indenter (right) changes after removal of the load FN due to the
elastic spring-back.
Altogether, this simple experiment supplies quantitative data 7 for the
hardness, Young modulus and toughness. This latter factor is a measure of the
resistance of the material to crack propagation. Representative values are given in
Table 1 below for several icosahedral quasicrystals and, for comparison, for
conventional materials as well. As can be seen, quasicrystals do not behave very
differently when compared to crystalline intermetallics or ceramics, but do not
resemble their most abundant metallic constituent.
Table 1: Representative mechanical data for icosahedral samples and for crystalline
materials.
Material

Hardness
H (GPa)

i-AlPdMn

7

Young Modulus Toughness constant
E (GPa)
Kc (MPa ml'2)
130

1

from indentation
measurements2

fccAl

1.7

70

40

silicon

10

170

0.7

c-Al5Fe2
c-AlFe

11
6

110
105

1
1

i-AlPdMn

-

180

-

from ultrasonic
pulse
measurements8

i-AlCuFe

-

170

i-AlCuFeRu

-

140
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As given by Eq. (3.5), Hooke's law is useful only for an isotropic medium in
uniaxial tensile or compressive stress conditions. The complete theory of elasticity
relies upon a tensorial relationship between the six independent stress and strain
components of symmetric, rank-2 tensors a and e via a rank-4 tensor of elastic
constants Qj. A summary of this theory may be found in classical text books.9 As a
matter of facts, the number of independent elastic constants (which is 21 in the most
general case) is reduced according to the symmetry of the medium. For an isotropic
material, there are only two independent elastic constants:
X = C 1 2 a n d n = C44
(3.6)
such that:
C u = A. + 2ja.
which are called the Lame coefficients already alluded to in the previous chapter.
These coefficients describe the elastic response of a poly-quasicrystalline icosahedral
material to tensile (or compression) and shearing tests. They allow us to calculate
the moduli and Poisson's ratio of the sample as indicated in the caption to figure
3.7.

Figure 3.7: Lame constants measured8 as functions of temperature in three different
icosahedral alloys of nominal compositions Al 70 Pd 2 4Mn 6 , Al65Cu2oFei5 and
Al67Cu2oFe7Ru6. According to standard equations of mechanics for isotropic media, the
Young modulus E = \i (3X + 2u) / (X + u), the bulk modulus B = (3k + 2\x) I 3 and Poisson's
ratio v = A./2 (X+ \x) may be calculated from these data (Courtesy K. Tanaka, Kyoto).
A detailed study of the temperature dependence of the Lame constants was
performed for different quasicrystals by K. Tanaka et al.8 The results are reported in
figure 3.7. All samples were prepared from sintered powders of nominal

175

When Atoms Move Away

compositions Al7oPd24Mng, Al65Cu2oFei5 and Al67Cu2oFe7Ru6, respectively.
Unfortunately, these choices did not correspond to the exact stoichiometry of the
icosahedral phase in these systems, thus leading to the formation of contaminating
crystalline phases in the specimens together with the quasicrystal. The contribution
of the crystal however could be subtracted from the response to ultrasonic pulses of
samples having a rectangular cross-section.
This experimental method is more reliable than the one based on Vickers
indentations. It leads to different values of the mechanical properties as seen in Table
1. Again, it is interesting to compare these features to those of more conventional
materials, for instance metals on the one hand and semiconductors on the other. To
this end, we may compute after Tanaka et al 8 the ratio between shear and bulk
modulus, i.e. the normalized shear modulus:

G.

=

MLiM

(3.7)

B
2 (1 + v)
in isotropic materials. Some results at room temperature are shown in figure 3.8.
Surprisingly, due to the small value of Poisson's ratio v, the quasicrystals are found
much closer to semiconductors than to metals. Specifically, this result is related to
the large value of the shear modulus as compared to the bulk modulus. This is an
indication that interatomic bonding in quasicrystals is rather directional, as it is in
semiconductors, and not as isotropic as in metals in which atomic bonding
originates from the conduction electrons cloud in interaction with the lattice ions.

Figure 3.8: Comparative display8 of the normalized shear modulus G/B and Poisson's
ratio v for several metals, semiconductors and three icosahedral compounds (Courtesy K.
Tanaka, Kyoto).
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So far, the intrinsic brittleness of quasicrystals is like that of simple ceramics
or semiconductors. It constitutes a major obstacle to their practical use for the design
of mechanical components. Nevertheless, regarding surface mechanical properties
such as friction or wear resistance, quasicrystalline alloys appear more attractive. The
friction coefficient of a material is not an intrinsic property. It obviously depends on
the riding counterpart and most often on the experimental conditions, for instance
the presence of a third body like a lubricant, wear particles, oxidizing atmosphere,
etc. For the sake of comparison between different materials, it is usually preferred to
rely upon a standard scratch test obtained with a machine able to ride, at
predetermined speed, an indenter kept in contact with the material of interest under
some load applied perpendicular to the surface.
The surface of the sample is prepared before the test by grinding or polishing
so as to show a well-defined, but minute roughness, for instance a negligibly small
arithmetic roughness (typically Ra < 0.05 (xm). In our laboratory, we prefer to grind
the specimens with metallographic abrasive papers under water down to a mesh size
of 4000 (equivalent to diamond paste of 6 |J.m). This procedure does not use any
lubricant liquid that could be trapped in the pores and cracks of the sample and would
later artificially diminish the friction. After polishing, the specimen surfaces are
cleaned in methanol and left under primary vacuum for several hours for deabsorbing
trapped liquids if any. The rider is taken preferably either as an undeformable sphere
of diamond or as a representative counterpart (hard steel, cemented carbide, alumina,
etc.) encountered in real applications. The normal load may be kept constant or
increased linearly with time during the test whereas the relative velocity of the rider
onto the surface is usually fixed. There are quite different experimental setups for
tribological tests. The most practised one is probably the multi-pass test, which is
designed in such a way that the rider comes in contact with the surface, produces a
scratch, then goes back to the origin of the scratch with no contact and produces a
new scratch again within the same trace, and so on. This test provides a simple trick
to explore the influence on friction of the initial surface roughness during the first
pass in sequence, then the friction of the virgin surfaces during the few following
passes and later, after a large number of passes, the fatigue and wear resistance of the
material. To this end, realistic tests may require up to several million passes. For an
easier approach of the practical usefulness of materials, it is preferable to use a pinon-disk system in which the sample rotates beneath the fixed indenter located at
some distance from the rotation centre. This distance determines the relative velocity
and total length of the measurement once the rotation frequency and duration are
given. This device may be modified by a camshaft system in order to transform the
rotating movement in an alternating translation, better adapted to the study of
elongated samples like single crystals, thus giving a test intermediate between
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multi-pass and pin-on-disk. In this book, we will report data from these three kinds
of testing machines, using standard parameters for load, velocity, etc. which will be
indicated when appropriate.
Using a rigid indent, like a diamond sphere of radius R, allows us to measure
the elastic springback by comparing the residual depth of the track at the end of the
test to the maximum depth reached under load. As for the Vickers indentation, this
assumes that elastic recovery takes place along the direction of loading and does not
modify the width of the trace after load removal (figure 3.6). In this latter case, we
have for the elastic strain depth:
de = R - ^ R 2 - a 2 - dr
(3.8)
where a is the track half-width. These numbers are available from profilometry
measurements after the scratch test. For icosahedral Alg2Cu25.5Fei2.5, they show
that the elastic springback is 88% of the total deformation induced by the contact
with a rider loaded at 30N that develops a contact pressure of about 2.6 GPa. 5 This
conclusion is quite similar to the result based upon Vickers indentation tests from
which we deduce an elastic recovery term of 75% of the total strain.
The addition of a few atom percent of boron replacing some of the aluminium
atoms in the composition of i-Al59B3Cu25.5Fej2.5 leads to a significant increase in
the yield stress and hardness (see below). Accordingly, the elastic springback is
found well above 90% in this quasicrystalline alloy. This data is sufficient to
establish clearly the exceptionally high elastic recovery that characterizes
quasicrystals. An alternative, less direct, way is to compare the hardness H and the
Young modulus E which, according to Lawn and Howes,7 give rise to large values
of H/E in materials specifically able to resist well-localized surface damage. A
comparison2 to conventional materials suggests indeed that quasicrystals, with H/E
approaching 0.1, offer much more favourable resistance to local shocks than
aluminium alloys (H/E < 0.05) and alumina (H/E = 0.07). Independent assessment
of this property6 did not reach the same conclusion however since H/E was found
close to 0.05 for a large number of quasicrystals, including mono-domain samples.
Such diverging opinions about the ability of quasicrystals to sustain localized strain
may be associated with grain size and phase purity effects, the finer grain size and/or
the existence of impurity phases at grain boundaries being able to enhance the
toughness of the materials.
With deformable indenters like cemented carbides or hard steels the crosssection of the track shows a wavy profile. 10 Pulling-off of wear particles is
responsible for this effect. During the creation of the track, the surface of the
indenter changes its initial spherical shape. Depending on whether some material is
transferred from the quasicrystal to the surface of the indenter or vice versa, the
sphere becomes protruding or flat (figure 3.09). A more marked effect is observed
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with mild steel, a material with a hardness below that of the quasicrystal. The
transfer of the rider material towards the scratch surface is found to decrease if the
hardness of the substrate increases. Similarly, the hardness of the material has a
direct impact on the friction coefficient11 measured under high load. Ploughing the
indenter into the specimen surface, which therefore deforms at least elastically,
produces indeed friction, because some material must be pushed away in front of the
slider. This contribution to friction may be evaluated, knowing the mechanical
characteristics of both antagonists. In the case of an underformable indenter like
diamond, it amounts to 3% of the loading force. With softer materials, such as low
carbon steel or aluminium-based alloys, this contribution may become far larger.
Similarly, the defects - for instance pores - present in the material or alternatively,
the way the initial roughness of the surface was rubbed off may have a dramatic
influence on friction. In the last chapter, we will study examples of these effects in
view of mechanical contact applications.

Figure 3.9: Modifications of the surface topography10 after 4 passes of scratch test of
icosahedral M^^C^s.iPtn.s
(left, hardness H=8.5 GPa) and 1/1 cubic approximant of
composition A^SijC^s^Fe^.s (right, hardness H=ll GPa). The indenter materials are
indicated at the left side of the figure. For each combination of indenter and sample alloy,
the upper curve shows the cross-sectional topography of the initially spherical indenter
and the lower curve the cross-section of the scratch after four passes under 30N load.
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To this end nevertheless, it is crucial that quasicrystalline materials offer the
largest possible resistance to fracture, i.e. the largest possible yield stress CR and
toughness constant Kc. At this stage, it is fair to emphasize that such a goal has not
yet been fully achieved, even with the most optimized quasicrystalline alloys
available. Addition of small amounts of boron, 11 which actually do not keep
absolutely invariant the composition of the icosahedral phase since they do not
substitute for Al atoms at true equilibrium, can increase OR by a factor 3 at room
temperature (figure 3.10). Such a drastic enhancement of O"R is also obtained if
chromium is introduced in the composition. However, the composition field then
corresponds to that of the decagonal quasicrystal or one of its approximants (next
chapter). As a matter of fact, it is not detrimental to the mechanical performance of
the material but rather improves the ductility thanks apparently to the multiplication
of grains boundaries and the production of pores as we will see in the forthcoming
subsection.

Figure 3.10: Room temperature stress-strain curves showing11 how boron additions may
improve the yield stress and elongation at rupture in order to prepare quasicrystalline
materials with enhanced performance regarding local mechanical contact. Compositions
are indicated in the figure; i: icosahedral compounds, A: approximant alloys of the
decagonal phase. The curves were corrected for the deformation of the ancillary
equipment.
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The friction coefficient \i between two contacting bodies is defined as the
ratio between the force F N applied normal to the contact surface and the force FT
which acts against the movement of one of the antagonists relative to the other
(assumed immobile):
H = FT / FN
(3.9)
This unitless coefficient does not depend on the cross-sectional area of the
contact but is specific to the antagonist couple. Typical values of the friction
coefficient may vary roughly over an order of magnitude, depending on the materials
in contact. For instance, the friction force exerted by the steel wheel of a locomotive
on a rail is comparable to the weight of the machine (\Ji>l) whereas self-lubricating
materials such as Teflon or molybdenum disulfide offer friction below 1% with
respect to most counterparts {\i < 0.01), yet at the expense of significant wear
damage. Relatively to diamond, quasicrystals enter this last category of low-friction
materials in non-lubricated conditions, but comparatively with little wear (figure
3.11). Here, the friction coefficient of about 5% is very close to the one which is
measured with diamond gliding on itself.12 In multi-pass testing, it .furthermore
decreases with the number of passes5 and goes down to a fairly low value of \i ~
0.045 with perfect icosahedral samples of composition Al62Cu25.5Fe12.5- Larger
values of the friction coefficient are observed with this compound for other indenter
materials, namely fX=0.15 with an AI2O3 alumina rider, \x~0.ll with respect to a
cemented carbide sphere and (1=0.18 with respect to hard steel. The friction changes
with these latter indenters as a function of number of passes (figure 3.11), an effect
that is related to the surface modifications already pointed out in figure 3.9 in
relation with the release of abrasion and wear particles and morphology changes of
the surfaces in contact.
A more instructive comparison is reported in figure 3.12 for the case of
diamond-gliding on several aluminium-containing specimens.13 This comprises not
only samples from quasicrystal forming A1(B)-Cu-Fe and Al-Pd-Mn systems, but
also reference materials such as pure copper, window glass, Cr-steel, of hardness
quite similar to that of the i-Al59B3Cu25.5Fei2.5 compound, and sintered alumina. A
twinned i-AlPdMn single crystal13 grown by the Czochralski method, large enough
to allow scratch test measurements, has also been studied. The friction data were
produced at room temperature with a pin-on-disc apparatus operated in the alternating
translation mode (load 5N, relative velocity between 0 and ± 10 mm/s, ambient
humidity 40%). Accuracy of these measurements is estimated to be ± 0.008. The

b) I am indebted to Y Calvayrac and D. Gratias, CECM Vitry, and D.J. Sordelet, Ames Laboratory,
who supplied us with several samples used for the purpose of this figure.
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Figure 3.11: Typical friction coefficients measured with a sintered icosahedral
Al62Cu25.5Fei2.5 sample and various spherical riders (radius R = 0.79 mm, load 30N,
sliding distance 4 mm) as functions of pass number, a) diamond, b) cemented carbide, c)
alumina A12O3 rider. Note the dependence of n on the nature of the indenter.

pure quasicrystals, either single quasicrystalline or sintered and the 01-orthorhombic
approximant of the decagonal phase exhibit particularly low friction coefficients,
equivalent to those of the hardest material, alumina as shown in figure 3.12 or
diamond sliding on itself. The other materials gather close to the graph of (i=H-n+ C
(C is a constant) with n = 0.4, a kind of universal power law that is expected if
ploughing dominates the friction behaviour. Assuming that the diamond indenter is
not deformed under the applied load, and in the absence of a third body, friction arises
from deformation of the scratched material in front of the indenter, from roughness
of the contacting surfaces (this becomes negligible after a small number of passes
except for lattice mismatch effects), from chemical bonding at the indenter-substrate
interface and from dissipation of sound waves. As already mentioned, a rough
estimate of the ploughing deformation corresponds to ji = 0.03 for a typical
quasicrystal with Young modulus E = 100 GPa, therefore to JI = 0.02 for lattice
roughness and electronic interactions.0 Other solids like the hard Cr-steel with
comparable hardness and slightly larger Young modulus, hence supposedly
c) A section in chapter 5 deals with this component of solid friction.
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generating a smaller contribution from elastic deformation, show a more significant
contribution from sticking effects, most plausibly due to enhanced electronic
interactions. To summarize, figure 3.12 clearly demonstrates that the low friction of
quasicrystals of excellent lattice and microstructure quality (no cracks, no pores, no
crystalline impurities) is not solely related to their high hardness and Young
modulus but primarily to reduced electronic interactions. Inspection of the trace after
these multi-pass experiments also reveals the appearance of ductility after severe
shearing of the material as was already stated in figure 3.4. Figure 3.13 presents the
variations with pass number of the friction coefficient, track width and density of
transverse cracks observed upon riding a sharp spherical diamond indenter onto an
Al-Cu-Fe-Cr approximant quasicrystal14 (tip radius 0.2 mm, load F N = 20N). The
density of transverse cracks is defined as the number per unit length of small cracks
opened by the tensile stress field behind the indenter contact area and that are
perpendicular to the direction of the trace.
A computation I5 of the stress field developed by a sphere of radius R = 0.79
mm indenting a material of Young modulus E = 80 GPa and Poisson's ratio V =
0.3, close enough to a real poly-quasicrystalline alloy, is shown in figure 3.14. For
\\, > 0.15 typical of e.g. a hard steel glider, the tensile stress immediately behind the
contact area exceeds the elastic limit of the quasicrystalline substrate and leads to the
formation of transverse cracks. This is the mere cause of failure of quasicrystalline
materials when solicited in friction. However, as figures 3.4 and 3.13 tell us, they
are capable of a significant amount of restoration that, combined with the low
friction coefficient, leads to possible applications in mechanical contact and
tribology.
Figure 3.12: Friction coefficients n measured13
in an alternating sliding scratch test with a
diamond indenter for specimens of variable
hardness. Symbols are: O mono iAl705Pd21Mn8.5; • sintered Al70Pd20Mn10;
• HR, (3-AlCuFe, co-Al 7 Cu 2 Fe and XAl73 5Cu3Fe23.5 (Al13Fe4 type) compounds; •
sintered AlCuFe icosahedral containing a
small volume fraction of P-cubic impurity
phase; • sintered i-Alsgl^C^s.sFe^.s; •
orthorhombic OI-AI71 2CU9.gFeg.sCrji; x fee
Al; sintered C-A12O3; hard Cr-steel; • fee
copper; A window glass.
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Figure 3.13: Friction coefficient, track width and density of transverse cracks observed14
with increasing number of passes upon gliding a diamond indenter onto the surface of
Al 64 Cu 18 Fe 8 Cr 8 coatings prepared by plasma spraying on Al-based (open circles) and low
carbon steel (filled symbols) substrates (load 20N, radius of indenter R = 0.2 mm).

Figure 3.14: Stress field computed 15 in the case of a spherical indenter (radius R = 0.79
mm) gliding on the surface of a material with Young modulus E = 80 GPa and Poisson's
ratio v = 0.3. The rider is assumed to be infinitely rigid. The sliding, transverse and
vertical directions are labelled x, y and z, respectively. P o is the maximum Hertzian
contact pressure and a, the corresponding contact radius. In a) is shown the variation of
the stress componentCTXin the centre of the track for different friction coefficients and in
b) are presented iso-contour lines at 0X = constant and n = 0.1. The shaded areas, mostly
behind the indenter, are tensile stress zones where the failure of the material is most
likely to occur.
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Plastic Behaviour at Elevated Temperature

If quasicrystals are brittle at room temperature, they become soft as chewing-gum
when their temperature approaches that of their melting point. The rise of plasticity
is easier to study in compression than in tensile tests because of the far more simple
preparation of specimens with parallel faces required in the former case. Typical
stress-strain curves were already presented in figure 3.3 for the case of the Al-Cu-Fe
icosahedral compound. Many different quasicrystalline alloys were investigated in
this respect. In the following, we will focus our attention on plasticity of single
grained Al-Pd-Mn samples grown at the exact stoichiometry of the icosahedral
phase. 7 . 16 "l 8 Such crystals have excellent lattice perfection, by far exceeding that of
many normal metallic crystals. Their chemical homogeneity was studied in great
detail. Therefore, the measurements performed on these specimens may be considered
as well established and they may serve as reference for the discussion below. More
information on this subject is available in the literature.19.20
A typical set of plasticity data was obtained from samples having the shape
of parallelipipeds cut from a Czochralski-grown single crystal of composition
Al7o.5Pd2iMn8 5 . They were submitted to compression tests at a fixed strain rate of
lO-V 1 and at temperatures between 680 and 800°C. The thermodynamic properties,
such as the activation enthalpy AH or activation volume V, involved in the plastic
deformation of the material, were determined by dynamic stress relaxation
experiments (figure 3.15 right) using the standard formalism for the plastic
behaviour of crystalline materials (see Ref. 16).

Figure 3.15: Left: typical true stress-true strain curve obtained at 760°C (strain rate £=105
s"1) with a single grain i-AlPdMn sample under compression.1 The inset shows the
shape of the specimen after deformation by 21%. Right: true stress-true strain charts
recorded during relaxation tests between 768°C and 788°C. The change of temperature
goes along with a maximum stress increment noted ACT (Courtesy M. Feuerbacher, Jlilich).
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In sharp contrast to conventional materials, the stress-strain curves for
icosahedral compounds reveal the complete absence of work hardening (compare
figures 3.2 and 3.15 left). At the end of the linear regime, a marked yield drop is
observed and it is followed by a smooth and continuous decrease of the stress up to
strains that may exceed some 10 percent without rupture. Thus, icosahedral
quasicrystals at temperatures beyond about 80% of their melting point flow (nearly)
like chewing-gum. The yield stress a m a x decreases continuously with increasing
temperature from 750 MPa at 680°C down to 120 MPa at 800°C. This strongly
suggests that the plastic deformation of the quasicrystal is controlled by a thermally
activated process, thus leading to an Arrhenius-type relationship of the kind given by
Eq. (3.4) which relates the plastic flow rate 6 = Ae/At to the (stress dependant)
activation Gibbs free energy AG (a).
Knowing that during relaxation experiments, the plastic flow of the specimen
and the deformation of the ancillary equipment that imposes the stress are in balance,
it is possible to measure the activation volume V*, activation enthaly AH and work
d
20
A W = T V * of the resolved shear stress X according to standard equations. The
example in figure 3.16 shows the variation of the activation volume with applied
stress at T=803°C. Here, the volume is referred to a unit volume b^ corresponding to
the elementary volume attached to the most frequently observed dislocation of
Burgers vector b//=0.183 nm (see hereafter). The activation enthalpy of the
deformation process and the work term AW as functions of temperature are presented
in figure 3.16.
The immediate conclusion that arises from these figures is two-fold. First,
the as-measured activation enthalpy is too large as compared to that in normal
metals. Here, it increases slowly with temperature from about AH = 6.3 eV at
700°C to AH = 7.4 eV at 800°C. A linear fit, shown in figure 3.16, goes to AH = 0
at OK. The work term of the applied stress is found to be a negligible fraction (0.35
eV) of the activation enthalpy.
Second, the activation volume V* of about 1 nm 3 is huge as compared to the
deformation volume b^ associated with the mobile dislocations. Considering these
two pieces of information, and also the stress exponent factor, this indicates that the
plastic deformation in quasicrystals must proceed according to a specific mechanism.
However, such a large difference with what is well known in more conventional

d) The resolved shear stress is given by T=m s a where m s is the Schmid factor taking into account the
fact that the shear stress is not maximum in a plane perpendicular to the compression axis but inclined
with respect to this direction. In an isotropic medium, the normal to such a plane is at 45° from
compression direction and ms = 0.5.
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materials has raised questions about the actual meaning of this data. 17 A critical
assessment of compression test data, unfortunately not yet published6 shows that
atomic diffusion that takes place during the deformation process must be considered
explicitly. When doing so, the corresponding recovery effects lead to quite
conventional values of V* and AH. A similar conclusion was reached by
Messerschmidt et al. 21 from an in situ straining experiment in a high voltage
scanning electron microscope22 associated with macroscopic compression tests.

Figure 3.16: Left-hand side: Operational activation volume V* versus stress a at
T=803°C. Also shown in this figure is data obtained by changing the strain rate (SRC).
On the left vertical axis, the volume is referred to a unit volume for the most frequently
observed dislocation. Right-hand side: Activation enthalpy AH and work term AW
deduced as functions of temperature from the plastic deformation of i-AlPdMn single
grains (Courtesy K. Urban, Jiilich).
This study gave an experimental strain rate sensitivity rex=Ao71n6. This
factor does not depend on the crystallographic orientation of the compression axis
with respect to the single-domain i-AlPdMn lattice, but varies sharply with
temperature. The maximum in this curve (left side of figure 3.17) marks a transition
from a low-temperature brittle regime in which slow deformation is accompanied by
transient work hardening effects. Above this temperature, a steady-state deformation
is reached with the recovery balancing the dislocation generation. The corresponding
change of configurational entropy could then be estimated assuming it arises only
from the temperature dependence of the shear modulus, which is justified when
elastic interactions between dislocations and defects control the mobility. The Gibbs
free energy of the reduced stress f= ms a(T) \XQI\X(T), with lir/nCO the ratio between
shear modulus at OK and at temperature T, is shown in the right part of figure 3.17.
e) L. Bresson, Lecture delivered at 'Spring School on Quasicrystals', Aussois, France (1999).
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Figure 3.17: Temperature dependence21 of the flow stress (left) and strain rate sensitivity
(right) measured along a two-fold (open symbols) and a five-fold (filled symbols)
direction. Squares and triangles are for the steady-state regime with strain rates of 1CH S"1
and 10-5s->, respectively, and circles for the elastic domain with strain rate of lO^s- 1
(Courtesy U. Messerschmidt, Halle).
It does not vary much with temperature and its magnitude is typical for
collective motions of atoms and defects. Before we can be more specific about this
point and elaborate some conclusion regarding a plausible plasticity mechanism in
quasicrystals, we must take a look at what is going on at atomic scale in deformed
quasicrystals. This may be achieved using transmission electron microscopy either
with thin specimens prepared postmortem from deformed materials23, or in situ in
the microscope.22

2.3

The Role of Dislocations

The formation of contrast due to the presence of a defect such as a dislocation in a
transmission electron image was formulated by Hirsch et al. 24 in the 60's. This
theory leads to the conclusion that the defect becomes invisible if the scalar product
G.u between the reflection G in reciprocal space used to image the defect and the
displacement field u(x, y, z) it produces in its vicinity cancels to 0, i.e.:
G.u = 0
(3.10)
The most important contribution to the displacement of atoms at a point of
coordinates x, y, z in real space is its component along the Burgers vector b that
leads to near extinction if:
G.b = 0
(3.11)
This provides a possible measurement of b by finding first the dislocation clearly
visible and then looking for a reflection G such that Eq. (3.11) is verified.
For quasicrystals, the extinction conditions are more complicated as the
reciprocal space of icosahedral quasicrystals is a six-dimensional object. Thus,
without going into the details of contrast formation in quasicrystals, 25 it is easy to
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guess that the appropriate equivalent of Eq. (3.11) for these materials can be written
as:
G.u = G / / .u / / + G . u = 0
(3.12)
with notations already introduced in chapter 1. Accordingly, a dislocation will move
out of contrast either because strong extinction is satisfied:
<V U ,/ = G x - U , = °
or because of weak extinction contrast:
G

(3-13)

,,- u /, = - < V U ,
( 3 - 14 )
An example of such contrast extinctions is given in figure 3.18.
Using this technique, it was possible to observe the nucleation and
multiplication of dislocations during in situ straining and to measure their Burgers
vectors. First, it happens that unstrained, as-grown single grains of icosahedral AlPd-Mn contain a very low density of dislocations that even decays by a factor of 6
upon heat-treatment while it increases by two orders of magnitude upon straining to
25% at 750°C. Typical numbers for the dislocation density in the as-cast, annealed
and deformed samples are 9.0 106, 1.5 10 6 and 7.0 108 cm"2, respectively. Secondly,
direct visualization of the motion of dislocations was possible as well (figure 3.19).
The average dislocation velocity was determined as 7.10"7 ms- 1 at 750°C under 390
MPa of tensile stress. The movement preferentially took place in planes
perpendicular to three-fold and five-fold directions. It looked very much like a viscous
motion of defects without occurrence of any jumps that are often observed in
conventional materials. Diffraction experiments after deformation and cooling of the
sample back to room temperature revealed the existence of diffuse scattering between
the sharpest spots in the pattern. More important, the strained samples did not show
perfect icosahedral patterns in reciprocal space any longer, but deviations of the peak
positions from ideal ones instead. The deviations were the largest for the weakest
spots, a signature of phason disorder specific to quasicrystals (figure 3.20). The
intensity of the residual phason field could be determined accurately, thus pointing
out its continuous variation throughout the sample.26
Finally, from postmortem analysis of samples strained at high temperature
and rapidly cooled to room temperature, the evolution of the dislocation density
could be traced as a function of plastic strain (figure 3.21). In an icosahedral
quasicrystal, the movement of a dislocation occurs along with a partition of the
elastic energy due to atom displacements between physical space, i.e. a phonon
component, and complementary space, i.e. a phason component. It should be
remembered that like any object attached to the lattice of a quasicrystal, the Burger's
vector b of a dislocation is a six-dimensional object with components in both
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Figure 3.18: Examples 22 of transmission electron images of dislocations obtained in an
Al-Pd-Mn icosahedral grain using various G vectors. The dislocations visible in a) are
extinguished in b) and c) according to the strong extinction condition of Eq. (3.13)
whereas they nearly disappear in d) and e) due to the weak extinction condition of Eq.
(3.14) (Courtesy M. Wollgarten, Julich).
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Figure 3.19: Series of digitalized transmission electron images 23 taken at intervals of
one second during in situ straining of an i-AIPdMn mono-domain thin sample in a high
voltage electron microscope. Observe how dislocations b and c move one after the other
along the same crystal direction whereas dislocation a is almost immobile (Courtesy M.
Wollgarten, Jiilich).
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Figure 3.20: The appearance of a static phason field in stained single-domain i-AlPdMn is
assessed 21 by the linearly increasing shift of electron diffraction spots with the
perpendicular component of the Burger's vector (right). Additional slopes are shown for
plastic strains of 0% (thin line) and 0.15% (thick dashed line). The left part of the figure
presents the deviation of the spot positions with the parallel component of the Burger's
vector (Courtesy M. Feuerbacher, Jiilich).

Figure 3.21: Evolution of the dislocation density p d with plastic strain ep for icosahedral
Al-Pd-Mn single grains at 760°C (left) and stress-strain curve showing the deformation
stages corresponding to the density data (right) (Courtesy K. Urban, Jiilich).
sub-spaces: b = b// + b i . This partition of the elastic energy can be quantified by the
so-called stress accommodation factor:
C= b / b
(3.15)
which turns out to be equal to x 5 (T is the golden section) for the most frequently
observed dislocations, irrespectively of the plastic strain e p beyond 1% (figure 3.22).
It is therefore the complementary space coordinates that are by far the most disturbed
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by the movements of the dislocations. This result is in line with the shift of
electron diffraction spots from their ideal positions after straining which was already
mentioned.

Figure 3.22: Left: Occurrence frequency N^ of dislocations with 2-fold Burgers vectors and
stress accommodation factor C, for the various strains indicated (temperature: 760°C).
Right: variation of the mean £ value with plastic strain at the two temperatures indicated
(Courtesy K. Urban, Jiilich).
In conclusion of this subsection, we should summarize the most salient
features of the mechanical properties of quasicrystals. First, they are very brittle at
room temperature, though some ductility may be restored upon severe shear
straining or due to specific chemical additions. In this respect, they resemble ceramic
materials but hardly their metallic constituents. As compared to metals and to
ceramics, they show reduced friction coefficients depending on the antagonist
considered. We will come back soon to friction experiments after introducing the
preparation of clean and well-defined surfaces.
Secondly, at high temperature, icosahedral quasicrystals become plastic and
may sustain without rupture deformations of more than several tens of a percent.
They do not workharden under compressive stress, contrary to most materials, which
at first glance lead to surprisingly large values of the deformation activation enthalpy
and volume. Whereas dislocations are clearly responsible for the plasticity of
quasicrystals in this high temperature range, their motion essentially disturbs the
complementary part of the displacement field. Surprisingly enough, the density of
dislocations decreases at large strain, beyond the yield drop. It is tempting to assume
that these dislocations glide in the observation plane with their Burger's vector
contained in it. A very careful analysis' 8 of the image contrast of the mobile
dislocations shows that this is presumably not appropriate. Rather, dislocations are
found most often dissociated in two components with clear evidence that the
Burger's vector is perpendicular to the plane they move in. This suggests that the
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deformation of the icosahedral lattice is not only due to a glide mechanism but also
to a climb of the dislocations.1" Discrepancies found between measurements of the
activation enthalpy by different groups 16 - 17 might be interpreted as due to a
transition from a dislocation glide to a climb mechanism at high temperature. A
completely satisfactory modelling of this complex mechanism has not yet been
achieved. Note however that the coexistence of dislocation glide and climb is
fortunate to allow for the movement of kink pairs classically encountered in crystals
as was suggested by S. Takeuchi.19 Furthermore, kinks may more easily form on
phason defects, whereas the wide interatomic spacings are overcome by kink
migration (figure 3.23). Yet, considering only gliding dislocations already
approaches pretty well the available plasticity data. The viscous type of dislocation
flow directly observable by electron microscopy may be related to dislocation cutting
or circumventing groups of individual clusters. This deformation model, dubbed
'cluster friction' model, 26 assumes that such clusters are mechanically rigid in
agreement with their specific electronic stability examined in the previous chapter.
Figure 3.23: A kink pair is formed by two
dislocation climb segments connecting a
dissociated gliding dislocation (shown
parallel to the trace of the atomic planes).
Localised atomic transport involved in
the climb segments produces an overall
motion of the dislocation line when the
distance between kinks increases while
minimizing the energy penalty. In
quasicrystals, the migration of a phason
flip may assist that of the kink (Courtesy
S. Takeuchi, Tokyo).

2.4

Behind Dislocations, Cluster Friction

In fact, the motion of dislocations, which could be observed directly during in situ
straining in a microscope (see figure 3.19) was found very reminiscent of the
movement of bonds simulated in a computer during the propagation of a crack in a
two-dimensional decagonal model. This model was arranged so as to obey simple
pair potentials that favour the formation of unlike bonds, i.e. in a binary network of
A and B particles, the A-B pair is more strongly bonded than the A-A and B-B ones.
A molecular dynamics code was used by H.-R. Trebin and his co-workers 28 to

f) Refer to basics in metal physicsU and to the 'primer' on dislocations by J. Friedel.27
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visualize the evolution of the network model at finite temperature under the effect of
a tensile stress opening the crack in the perpendicular direction. Without mentioning
the many useful information that such a numerical experiment supplies, it is worth
noting here that the motion of the crack head is preceded by the emission of
dislocations (figure 3.24). They propagate along directions inclined 36° to the
sample length, where the shear stress is maximum. More significantly, they avoid
passing through full clusters of atoms that are the most tightly bonded according to
the specific choice of pair potential. The resulting surface, after the crack has passed
through the sample, is thus not flat as it would be in a simple metal crystal, but
shows a roughness of magnitude close to the size of the elementary clusters.
Defects, easily recognizable as phason jumps and vacancies, are formed in the near
region behind the dislocation whereas the movement of the crack front is of viscous
type.

Figure 3.24: Piece of a numerical sample constructed28 with decagonal symmetry in the
computer so as to favour unlike-atom bonds. A crack is propagated by a molecular
dynamics code to relax the stress applied perpendicular to the length of the sample.
Dislocations are emitted in front of the crack head whereas the crack itself avoids cutting
full ten-fold clusters of atoms (occupied by the ten-fold rings of thin lozenges). Observe
the two rough surfaces that form. The two figures are separated by 1000 timesteps of the
molecular dynamics code (Courtesy H.R. Trebin, Stuttgart).
The results obtained from the two sets of data, from experimental stress-strain
studies and from numerical simulation, are so close to each other that it is very
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tempting to conclude that the plastic deformation of quasicrystals is monitored by
the viscous flow of dislocations moving around nearly undeformable obstacles
constituted by rigid clusters. The measured deformation volume is indeed of the order
of the volume separating two such clusters. In the structure description of the
icosahedral i-AlPdMn phase (see chapter 1), the diameter of a basic cluster (presented
in figure 1.45) is about 0.9 nm and the distance separating two clusters is 2 nm.
This yields a volume of about 1 nm3 (cluster cross-section times separation distance)
which fits the data shown in figure 3.16. Accordingly, the obstacles that resist the
propagation of dislocations are not individual clusters but groups of clusters. Also,
the activation enthalpy AH associated with the viscous flow of the dislocations must
be large in comparison to that of plastic strain in normal crystals, where the
undeformable entities are single atoms (or clusters containing a small number of
atoms). Nevertheless, a physically acceptable value of the variation of the Gibbs free
energy AG = AH - TAS cannot be obtained without postulating a significant
contribution of the dislocation flow to the varying configurational entropy of the
quasicrystal. This effect due to lattice recovery has a clear signature given by the
phason disorder left upon straining the samples. Another contribution, rarely
mentioned in the literature, may arise from the formation of vacancies as the ones
visible in the middle part of figure 3.24 that were created during the simulation
process by phason jumps. Many aluminium intermetallics are known to contain
vacancy densities exceeding that in pure metallic aluminium by orders of magnitude.
A forthcoming section in this chapter will argue quantitatively on this point and
show that atomic diffusion is primarily due to the motion of vacancies in the high
temperature range, like in any other conventional intermetallic compound of
aluminium. Using positron annihilation experiments,29 it is for instance possible to
demonstrate that the yield stress anomaly observed at 800K in B2-AlFe is related to
the migration kinetics of vacancies. These latter interact with dislocations so that the
climb of an atom induced by a first moving dislocation cannot be restored afterwards,
hence promoting a progressive increase of the yield stress. In icosahedral
compounds, the opposite trend of the yield stress is observed.
Anticipating the following subsections that will provide evidence that
vacancies exist in large number in quasicrystals and move fast, we claim that the
multiplication of vacancies, also a thermally activated process, also plays a role in
the enhancement of plastic strain. Full clusters, initially rigid at low temperature,
can no longer be strongly bonded when they loose an atom by formation of a
vacancy. Accordingly, we expect plasticity to manifest itself in the same temperature
range where vacancies become mobile and numerous enough. Owing to the
activation energies involved (see section 5), this range is located typically beyond
500°C, in strong relationship to the appearance of a detectable plasticity. Associated

196

Useful Quasicrystals

with the mobility of vacancies, atom transport is sufficiently fast to allow the
dislocations to shear the clusters, thus introducing phason disorder.
From such experimental observations, Feuerbacher and Urban have proposed
the 'cluster-friction' model. 26 The model considers ensembles of dislocations the
mobility of which is restricted by mechanically rigid obstacles identified as the full
PMI clusters of figure 1.45 that constitute about 60% of the atomic structure in
icosahedral Al-Pd-Mn. Hence, the propagation of dislocations is easier within the
regions between full clusters (figure 3.25). A quantitative estimate of the energy cost
of this movement may be attempted by assuming that the destruction of the local
order in the PMI arrangement creates a plane of defects with fault energy y.

Figure 3.25: Schematic presentation of a dislocation line propagating in a five-fold
atomic plane of the i-AlPdMn icosahedral lattice. The line moves more rapidly between
full clusters that it needs to overcome by shearing until propagation can continue. The
activation volume of strain is the area between the two positions of the dislocation
before and after going round the central cluster. Note that this model does not incorporate
recovery effects nor vacancies and must therefore be taken as an idealized approach of
plasticity in quasicrystals. (Courtesy U. Messerschmidt, Halle).
Thus, the energy barrier to overcome for the dislocations is supplied by the
applied stress:
Ao=y/b
(3.16)
where b is the relevant Burger's vector. This additional flow stress induces an orderdisorder transformation in the sheared region that is essentially due to the
introduction of phasons. Therefore, the stress increment is proportional to the
number of phasons left behind the dislocation line. This stems from the external
stress field and b is identical to the physical Burger's vector b//. Hence:
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Aa - (3b /b = K
x

II

(3-17)

with C, being the strain accommodation parameter of Eq. (3.15). The constant P,
although not directly accessible to experimental determination, reflects the amount
of energy stored during the creation of a plane of defects. It is proportional to the
surface energy of the quasicrystal. Rough estimates based on one hand on computer
simulations30 and on the other on measurements at room temperature of the apparent
surface energy of icosahedral compounds lead to the calculated stress-strain curves
presented in figure 3.26. The agreement with experiment is quite good, in strong
support to the validity of the cluster-friction model. Unfortunately, the type of
surface energy measurements considered by the authors 26 take into account the
unavoidable presence of an oxide layer as we will see in chapter 5. They are therefore
not necessarily relevant to the present situation that raises questions about the actual
meaning of the cluster friction model. In a different approach, Guyot and Canova20
have proposed to explain the plastic behaviour of quasicrystals on a basis similar to
that followed by Friedel for metallic glasses (see chapter 1, Eq. (1.21)). A
dislocation which glides in a quasicrystal promotes the creation of a wall of defects
(phonons and phasons) left in its wake. Once the energy threshold necessary to
initiate the defects is overcome, i.e. when the displacement length of the dislocation
is comparable to the average corrugation length of the atomic clusters arrangement,
this energy saturates to some finite value corresponding to the nucleation of a
deformation strip. New dislocations may then move within the strip without further
increase of the applied stress. At high temperature, atomic diffusion leads to a
broadening of the deformation strip, hence to larger and larger plastic strain, whereas
in the low temperature regime, brittle fracture occurs owing to the accumulation of
stress in very localized regions. This model was put on a quantitative basis by
splitting the effective stress in two components, one accounting for the classical
elastic interaction between dislocations and another specific to quasicrystals. This
latter term assumes that the friction forces opposed to the movement of the
dislocations decay exponentially with the ratio between actual stain and a critical
strain representative of the number of dislocations needed to overcome the energy
required to create a deformation strip. All together, quantitative agreement between
calculated and experimental stress-strain curves, also shown in figure 3.26, is
excellent.
Note again that an essential ingredient in this model is the existence of
corrugated surfaces along which dislocations find their way to move. Approximant
crystals also contain similar clusters and therefore the same kind of internal
corrugated surfaces (section 3 in chapter 4). Therefore, it is no surprise that they
exhibit a comparable plasticity at high temperatures. Furthermore, evidence exists
that approximant crystals may be deformed by rearranging (or re-tiling) structural
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units.31 This mechanism is dealt with in section 5.3 of the next chapter. The phason
jumps associated with this re-tiling generate a specific type of dislocation dubbed
meta-dislocation31 that is characterized by a huge Burger's vector of the order of the
size of the tiles.

Figure 3.26: Comparison between experimental (dotted line) and calculated (solid line)
stress-strain curves for i-AlPdMn at 730°C obtained in the frame of the cluster friction
model (curves shown at the left) by Feuerbacher et al.21 and in the frame of the GuyotCanova model20 (curves shown at the right) (Courtesy M. Feuerbacher, Jiilich and P.
Guyot, Grenoble).
Yet, if diffusion in the high temperature range is a determining factor for
plasticity, atomic mobility does not vanish completely at lower temperatures, say
below 500°C. This point is studied in the forthcoming section 5 where we show
how phason jumps also contribute to the atomic mobility. Nevertheless, these
phason jumps do not modify the core of the clusters. Rather, they operate merely
within the boundary region between clusters that they are able to move as a whole.
At low temperature, this has little effect on the motion of dislocations that still pin
on the rigid obstacles constituted by the full clusters. Since atomic mobility is
restricted and undeformable pinning centres are numerous, the plasticity of the
quasicrystal is then vanishingly small. This range of temperatures corresponds to
that of the brittle behaviour of quasicrystals already studied. If such a model is
acceptable, non-conventional surfaces should form by cleaving single grains at low
temperature, in strong contrast to normal metals. This is indeed an experimental
piece of evidence that we produce in the next section.

3

Non-Conventional Surfaces

3.1

Rough and Flat Surfaces

In situ cleavage of single-crystalline samples is a usual means for preparing clean,
well-defined surfaces for studies of two-dimensional crystallography or physical
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properties in ultra-high vacuum experiments (tunnelling microscopy, spectroscopies,
etc.)- This type of research, on its own basis, supplies a great deal of our current
understanding of solid matter. Quasicrystals contain dense atomic planes and
therefore should also cleave along such planes like conventional metals. An in situ
cleavage experiment was first performed in Jiilich32 with an Al-Pd-Mn icosahedral
single grain strained in the ultra-high vacuum of a scanning tunnelling microscope
(STM). Remarkably, the surface topography investigated with the very high
resolution necessary to image individual atoms in normal metallic crystals, could
never reveal anything else than roughness. Furthermore, it was clear upon changing
the magnification of the STM image that roughness was present at different length
scales (figure 3.27). More specifically, the better resolution achieved could not
image individual atoms but only sorts of bubbles about 0.6 nm in diameter,
separated by distances of the order of 2 nm. At lower magnification, groups of such
bubbles were still visible whereas, at even lower magnification, there were clusters
of groups of bubbles.

Figure 3.27: STM images32 of a two-fold plane prepared by in situ cleavage of a single
grain of i-Al-Pd-Mn. The magnification of the images increases from left to right. The
arrows indicate the directions of 2-fold, 3-fold and 5-fold symmetry (Courtesy Ph. Ebert,
Julich).
The contrast of a STM image is mainly due to the gradient of the electronic
density of occupied states existing at the very surface of the sample. Therefore, these
images reveal the existence of electron traps, or quantum potential wells, organised
hierarchically at the surface of the material. We have seen in the previous chapter
that the existence of such quantum wells was anticipated a few years before this
piece of evidence was published.33
The propagation of a crack is a very fast phenomenon that splits the sample
into two half-crystals far from equilibrium. Even if the observations reported in
figure 3.27 nicely coincide with the numerical simulations produced at near
equilibrium, it is tempting to check whether or not these STM images depend on
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the thermal history of the cleaved surface. This test may be successfully achieved by
annealing the cleaved specimen at temperatures ranging from 260°C to 566°C 3 4
During such annealing of up to one hour, the contrast of the images, which initially
show the same kind of fuzzy contours of the occupied density of states as in figure
3.27, become more marked. No individual atom can be made visible. Yet, the
observed variation of the tunnel current with voltage reveals the presence of a very
small number of free electrons at the surface (see section 4.3 in chapter 2).
Conclusively, the picture that arises from these experiments about the structure of
quasicrystals is that of a hierarchically organised assembly of atomic clusters
exhibiting weaker atomic bonds between them so that a crack can preferentially
propagate in such regions rather than shear the full clusters. Most of the occupied
electronic states are trapped within the clusters, irrespective of the level of the
hierarchy considered, but a weak fraction is still available to escape the surface. In
this representation, the true equilibrium surface is necessarily rough and atomic
resolution cannot be achieved as is the case in semiconductors.
Unfortunately, this simple model is just too simple! Within the same
annealed specimen that demonstrates the persistence of localized electron clouds and
of their hierarchy, it was also observed that a minute shift of the composition from
ideal stoichiometry of the icosahedral phase is accompanied by the formation of flat
terraces.34 An illustration of this effect is given in figure 3.28 that was taken within
the same area observed by the scanning electron microscope. The left region does not
change upon annealing at 550°C for one hour whereas on the right, small
composition variations are induced by preferential evaporation in the vacuum of the
microscope. This effect occurs simultaneously with the appearance of faceted holes.
The high-resolution images, also shown in figure 3.28, recorded in these two
regions of the same cleaved and annealed single grain are essentially different. The
cluster-based structure, which is readily identifiable at the surface unaffected by
annealing, is replaced by a more conventional terrace, like in normal crystals.
In fact, terraces are often observed at the surface of single-grain quasicrystals
prepared by ion etching. This is the classical preparation technique used to remove
the oxide layers that unavoidably form on top of the materials kept at ambient
atmosphere. We will come back to the formation of these oxide layers in the next
section. The etching is usually produced by an argon ion beam directed towards the
surface under an accelerating voltage of 1 or 2 keV. Though simple in its principle,
this process requires a great deal of expertise to obtain reproducibly clean and welldefined surfaces.35 When doing so, the composition of the surface layers evolves due
to preferential evaporation of some elements and very often becomes amorphous
because of the cascade of shocks the argon ions introduce in the lattice. After proper
in situ annealing, the aperiodic structure of the surface is restored, as we show
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below. Some STM images36 present terraces coexisting with rough regions within a
same and very small area of a few nanometers size (figure 3.29). Undoubtedly, the
atomic structure of the surface and its chemical composition must be extremely
sensitive to minute details of the surface preparation process to produce such
significant variations.

Figure 3.28: Top: Scanning electron microscopy picture of a cleaved i-AlPdMn singlegrain annealed at 550°C for 1 h in ultra-high vacuum. 34 At the left, part of the surface does
not evolve upon annealing and keeps the stoichiometric composition of the icosahedral
phase. At the right, Al preferential evaporation has moved the local composition to a
small enrichment in Pd and Mn and to the formation of faceted voids. Middle and bottom:
STM high resolution images taken in conditions comparable to those of figure 3.27 for a
region which did not change upon annealing and after a minute composition change
(bottom). The cluster-type structure is obvious in the first two images and is replaced by a
terrace-like structure in the two next ones (Courtesy Ph. Ebert, Jiilich).
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Figure 3.29: STM imago ''' showing the coexistence of terraces and clustered surface on iAlPdMn prepared by Ar etching and subsequent annealing. The size of the imaged area is
200x200 nm2 (Courtesy J. Ledieu, Liverpool).
The case was studied in great detail for i-AlPdMn35 and i-AlCuFe37,38
icosahedral samples. As shown in figure 3.30, the aluminium content at the surface
is markedly dependent upon etching conditions and time. The composition, initially
equal to the nominal stoichiometry Al62Cu25.sFei2.5 of the Al-Cu-Fe icosahedral
compound, moves under argon bombardment to that of another phase, namely the
cubic CsCl-type P-phase. Turning the etched surface back to its nominal
composition and also removing the atomic disorder is readily achieved by thermal
annealing. An in situ control of the surface structure is possible in the case of single
grains with the help of low energy electron diffraction (LEED) experiments. Such
electrons are only sensitive to the scattering potential within the few top-most layers
and therefore carry selective information coming from the very surface of the
material. This information, in simple terms, is identical to that given by Eq. (1.11)
and may be computed for a given structure model.39
Thus, the LEED pattern just after ion etching at room temperature is clearly
indicative of an amorphous surface layer as it has the shape of broadened intensity
rings. After 30 mn of annealing at 500K under ultra-high vacuum, this ring turns
out to sharpen in ten spots with decagonal symmetry (figure 3.31a). A closer look at
the intensities and composition shows that this specific transient structure is
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produced by five-fold multiple twining of a f3-Al(Cu,Fe) thin surface film oriented
with its [110] direction along the normal to the surface.40 We argue that such a twin
arrangement can be modelled 41 by chemical twining as shown in figure 3.32.
Further annealing of the sample at 850K for 60 mn leads to LEED patterns with true
five-fold symmetry (figure 3.31b) which are assumed to belong to the icosahedral
phase right at the surface. 38

Figure 3.30: Surface composition of a polygrained sample of pure Al-Cu-Fe icosahedral
phase measured37 by scanning Auger spectrometry as a function of Ar-etching time. The
curves at the left are for the three constituent elements with etching at ion energy of 0.5
keV. At the right is presented the Al concentration at the surface versus etching time for
ion energies of 0.5, 1 and 1.5 keV (Courtesy D. Rouxel, Nancy).

Figure 3.31: LEED patterns40 representative of the recovery of crystallinity at the surface
of a quasicrystalline sample after ion etching at room temperature. The pattern in a) was
recorded after 30 mn annealing at 500K and shows the presence of a transient pseudo-tenfold structure. The pattern in b), with true five-fold symmetry after 60 mn at 850K is
assigned to the surface icosahedral phase (Courtesy P.A. Thiel, Ames).
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Figure 3.32: Simple model for five-fold symmetry twining of the CsCl structure with a
(110) direction perpendicular to the plane of the figure. Such a twining is possible on
(113) planes only if vacancies are ordered across the twin boundary, i.e. sites p and q
cannot be occupied simultaneously.
A similar conclusion was reached about the icosahedral Al-Pd-Mn phase
prepared using the same method. The transition from initial amorphous state (after
etching) towards the final state upon annealing, which gives rise to a sharply defined
LEED pattern with perfect five-fold symmetry (when appropriately oriented), could
be followed step by step using various techniques. Remarkably, a signature of
quasiperiodic order was found in the sharpness of the 2p3/2 line of manganese in
photoelectron spectra (XPS) recorded for a surface prepared with its normal along a
five-fold42 or a two-fold43 axis. Figure 3.33 reproduces the XPS core-level spectra
taken for the three constituent atoms in icosahedral Al7oPd2iMn9 immediately after
argon sputtering at room temperature (top row), after annealing (and surface
reconstruction of the aperiodic order) at 870K (second row from top), then in a cubic
CsCl-type phase of composition Al6oPd25Mnj5, also ion etched and annealed at
870K (third row) and in the pure metals for comparison (bottom row). Worth noting
is the shift by 2.2 eV of the Pd core level with respect to the pure metal. This is an
effect of the alloying with the other elements. The core line of the Mn displayed in
the right-hand side column is far narrower when the associated LEED pattern, not
shown here, is five-fold symmetric whereas it broadens, as in the metal, either in
case of disorder or in a simple crystalline lattice. Hence, it may be used to trace the
formation of the icosahedral network upon annealing within the few outer-most
layers at the surface. Specifically, the initial surface obtained by ion bombardment to
remove the contaminated surface layers is characterized by both a composition shift
towards less aluminium and disorder. Part of the disorder is related to the growth of
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micro-twinned cubic CsCl crystals, as already mentioned. The annealing at
temperatures below but not too far from melting point of the icosahedral phase is
able to remove all traces of cubic phase and reconstruct the icosahedral lattice at the
surface with an orientation symmetry in perfect epitaxy with the substrate.
Qualitatively similar conclusions may be reached with the help of X-ray
photoelectron diffraction44 or with secondary-electron imaging,45 two techniques that
are also sensitive to the top-most part of the sample. Since the Mn 2p3/2 line
involves core electrons, the sharp narrowing of this line in the quasicrystal is a clear
indication of electronic localization (remember that the lifetime of the quantum state
is inversely proportional to the width of the energy distribution) in contrast to the
other materials.

Figure 3.33: XPS spectra for Al, Pd and Mn core levels in a single grain of icosahedral
Al7oPd2iMn9 oriented with a five-fold axis normal to the surface (the top row is for the
sample immediately after ion etching at room temperature and the second row for the same
sample but after annealing at 870K), in a single crystal of B2 cubic phase, CsCl-type and
of composition Al60Pd25Mn15 also annealed at 870K (third row from top) and the pure
constituents after annealing at 81O-87OK. The vertical lines mark the position of the core
level energies in the pure metals. Observe the shift of the Pd-level in the alloys with
respect to pure Pd and the sharp narrowing of the Mn line in the icosahedral, well-ordered
surface (Redrawn from Ref. 42 with permission of P.A. Thiel, Ames).
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Thus, flat terraces, like in conventional crystals, are present after ion etching
and annealing. Atomic resolution, though very difficult to achieve after numerical
treatment of the image, is obtainable.46 However, it is the spacings separating the
successive terraces that really carry important information about the quasicrystal
(figure 3.34). As a matter of fact, they form sequences of long and short segments
arranged according to the Fibonacci series. Furthermore, the height of the terrace
steps in figure 3.34 is not equal to the distance between closely packed atom planes
as it would be in a simple metal. This distance is known from crystallographic
studies of the i-AlPdMn icosahedral phase and is about 0.21 nm. Instead, we have
here H = 0.68 nm for the largest step height and L = 0.42 nm for the lowest. This is
about twice as much as the minimum separation distance between dense planes
whereas H is equal to xL. It is easy to recognize here characteristic distances found
along a five-fold axis in the pseudo-Mackay cluster introduced in figure 1.45 that is a
good candidate as basic building block of the i-AlPdMn aperiodic lattice. A closer
look at the full structure of the icosahedral compound shows that it is possible to
cut a surface normal to a five-fold axis with steps separated by the appropriate H and

Figure 3.34: Flat terraces observed46 by STM microscopy at the surface of an iAl68Pd23Mn9 single grain oriented perpendicular to a five-fold axis. Here, the normal to
the surface is tilted by 14° to the normal of the image. Eleven different steps are visible.
They are separated by distances labelled H and L in the frequency of occurrence histogram
shown in inset. These distances form a sequence HHLHHLHLHH which belongs to the
Fibonacci series (Courtesy T.M. Schaub, Basel).
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L distances. When doing so, the edges of the steps are occupied by complete atomic
clusters either fully protruding (step height H) or partially sunk in the terrace (step
height L). Such a model is consistent with the experimental LEED patterns if the
three outmost layers are allowed to relax a little along the direction perpendicular to
the terrace.47 It is then observed that the terminating structure which best fits the
LEED experiment contains more aluminium than the bulk. The very top layer is
nearly pure aluminium and contains no manganese. We will cover the surface
structure of quasicrystals in greater detail in the next chapter. All results reported
until now are very reminiscent of the classical description of the surface of simple
metals, the famous TLK model with its terraces, ledges and kinks (see e.g. Ref. 48
for details). In quasicrystals, it is necessary to replace the individual atoms of the
TLK model by the basic building blocks, the pseudo-Mackay icosahedron for
instance, to understand pictures like the one shown in figure 3.34 (otherwise, the
minimum step height would be 0.21 nm and not L = 0.42 nm).

3.2

Static Friction on Clean Surfaces

Presumably, there is no difficulty any longer for the reader to accept that the surface
of a quasicrystal is actually non-conventional, irrespective of the way it was prepared
(cleavage or ion etching and heating). A supplementary and very important
demonstration of the non-conventional nature of quasicrystalline surfaces comes
from friction experiments. We have already seen in the previous section that friction
of e.g. diamond on a poly-quasicrystalline alloy is abnormally small as compared to
conventional metals. Nevertheless, such an experiment is produced at ambient
atmosphere. Therefore, it cannot inform us about the intrinsic friction properties of
the quasicrystal since its surface is necessarily covered by some oxide layer. In order
to obtain direct knowledge of the mechanical contact properties of a material, it is by
far preferable to first prepare two clean surfaces of the material by using single
crystals ion-etched and annealed in ultra-high vacuum according to the procedure
already described. Static friction is then investigated by sliding slowly the two
crystals kept in contact with a small loading force. This was done for the first time
at Carnegie Mellon University by Andrew Gellman in the frame of a systematic
study of friction contact for simple metals49 and for i-AlPdMn quasicrystals.50
With metals, for instance Ni(100) and C u ( l l l ) single crystals, the friction
force is more than four times larger than the normal force applied to bring the two
crystals into contact. The reason why this force is so large comes from overlapping
of the conduction electron wave functions when the two half-crystals come close
enough to each other. For a metal surface, the potential of the vacuum is not infinite
and a conduction electron has a non-zero probability of presence just outside the
surface. Upon contact, the two crystals simply weld if their common surface is
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perfectly clean. It is possible to cancel this effect by covering the surface with
various molecules, for instance trifluoroethanol (figure 3.35), or water or oxides, so
that the static friction coefficient drops down to a very low value (\i§ = 0.38 in case
of trifluoroethanol on Cu 111). This value is merely dependent on the covering
medium and is typical of a (perfectly) lubricated regime whereas u^ = 4.6 signs a
stick regime.
This behaviour is definitely not observed with i-AlPdMn single crystals. As
shown in figure 3.36, the non-lubricated surfaces give a static friction coefficient u,s
as low as 0.6, about an order of magnitude below the static friction observed for
naked metal surfaces. It depends neither on the shearing conditions (contact time,
relative velocity, load) nor on temperature below 400K. Friction decreases further
upon controlled oxidation or covering with water molecules. Conclusively from this
experiment, it is clear that the density of conduction electrons, known to be very
small in the bulk, must also be small at the surface. This is consistent with the
STM observations reported in this section. It does not mean however that friction
forces will always be low, whatever the experimental conditions, since rough oxide
layers develop at the surface in ambient conditions or at elevated temperature in air.
This point will be examined in the forthcoming section.
Figure 3.35: Example49 of
static friction coefficient
measured in ultra-high
vacuum for two Cu(lll)
single crystals put in
contact under a force of 40
mN. The temperature is
120K and the sliding
velocity between 1 and 3
u,m/s. Each data point is an
average
over
10
measurements.
For
unlubricated samples, the
crystals stick together and
u,s = 4.6. It decreases by
more than an order of
magnitude upon increasing
the
coverage
with
trifluoroethanol (Courtesy
A. Gellman, Pittsburg).
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Figure 3.36: Static friction coefficient measured50 at 120K for two i-AlPdMn single grain
samples in contact (applied load in the range 10 to 50 mN, relative sliding velocity
between 5 and 70 |am/s, each data point is an average over about 15 friction runs). The
sample surfaces were prepared in situ prior to the experiments by etching and annealing at
800K. Auger and LEED patterns were recorded to control the quality of the surfaces,
oriented perpendicular to a five-fold axis, before and during either in situ oxidation or
covering with water molecules. Note the low value of the static friction coefficient \i% =
0.6 for the clean, naked surfaces. Open and filled symbols correspond to two different
samples, respectively. (Courtesy A. Gellman, Pittsburg).

4

Oxidation Behaviour

4.1

Dependence on Oxidizing Environment

Another characteristic feature of quasicrystals is their resistance to oxidation which,
as a matter of fact, is quite reminiscent of that of metallic aluminium. This
behaviour is especially spectacular with the AlCuLi icosahedral phase that resists
oxidation very well in humid air. In contrast, the approximant R-AlCuLi cubic
phase rapidly faces the formation of LiO at the surface. The situation is not very
different for Al-Cu-Fe intermetallics, for instance the icosahedral phase (nominal
composition Alg5 7Cu22.2Fei2.iX the cubic P-phase (AI51 .iCu346Fei4 3) and the
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monoclinic A,-Ali3Fe4 compound which may be prepared with some copper in
solution (AI74 gCu3Fe22.4)- Specimens of these materials could be prepared by
sintering powders of appropriate compositions under high isostatic pressure. After
preparation of the surface of these samples, by ion etching and annealing in vacuum,
they were submitted to three different oxidation environments: i) pure O2 in the
vacuum chamber of the spectrometer, ii) normal air and iii) immersion in pure
water.51 Oxidation up to saturation was achieved for each experimental condition and
controlled by recording periodically XPS and Auger electron spectroscopy (AES)
patterns. Though oxidation kinetics may differ according to the crystallographic
nature of the sample, it turns out that the thickness of the final oxide layers do not.
Instead, this is apparently (figure 3.37) imposed by the bulk aluminium content.52
In normal air, where some water molecules are always present, the oxide thickness
goes up to 2 to 2.5 nm when saturation is reached after more than 16 hours whereas
immersion in water for more than 10 hours produces a layer of about 8 nm
thickness. Meanwhile, the surface composition of all three materials shifts from
nominal compositions (figure 3.38). The more pronounced shift is observed for
aluminium. Also, the surface of the P-phase undergoes the most significant
deviation from bulk composition whereas for the two other materials (both with
icosahedral short range order) the shifts are rather comparable. Such an Alenrichment of the surface is systematically observed upon oxidation of all
quasicrystals and related intermetallics.

Figure 3.37: Correlation
observed 52 between oxide
layer thickness ; after
oxidation in pure oxygen and
aluminium content of the bulk
material. The symbols are X for
monoclinic AI i3Fe4, Oj for the
orthorhombic approximant of
the decagonal phase (see figure
1.43), i for an Al 65 Cu 2 3Fe 12
icosahedral sample and P for
the bcc CsCl-type phase.
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Figure 3.38: Surface chemical analysis of icosahedral (solid dots), cubic (solid squares)
and monoclinic (solid diamonds) Al-Cu-Fe intermetallics submitted to saturation in the
oxidation environments indicated at the bottom of the figure. Composition shifts are
referred to the respective nominal concentrations (Courtesy P.A. Thiel, Ames).
For completeness, it must be stressed that the same trend is not observed
upon full oxidation of an i-AlPdMn single quasicrystaI53 (composition
Al7oPd2iMn9) or a (3-cubic sample 54 (composition Ai56Pd33Mnn) submitted to
either pure O2, dry air or water. This is shown in figure 3.39, revealing that the Al
surface concentration does not change so much with oxidation environment in the
cubic phase while it shifts by about the same amount in the two icosahedral phases.
Here also, the thickness of the final oxide layer strongly depends on oxidation
conditions. This type of correlation is also found with metallic aluminium whose
oxidation is more efficient in the presence of humidity so that Al O(OH) or Al
(OH)3 hydroxides may form. The reactivity of the individual constituents of the
icosahedral phase also varies with the exposure conditions.53 For i-AlPdMn, it is
clear that only the aluminium atoms bond to oxygen atoms when the oxidation
experiment is performed in situ on a clean surface. Noticeably, the XPS spectra of
Pd and Mn atoms are the same before and after exposure to oxygen. Only the Al line
shows a shoulder on the higher binding energy side corresponding to aluminium
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atoms embedded in the oxide. This is no longer true as soon as traces of water come
in contact with the sample surface. After full immersion in water, all constituents
take part in the formation of the oxide layer.

Figure 3.39: Comparative presentation of the surface composition of a single grain iAlPdMn specimen (filled symbols) and 3-AlPdMn cubic phase (open symbols). For each
oxidation treatment, the atomic concentration normalized to 100% are given for Al, Pd
and Mn from top to bottom. The initial surface composition of the sample cleaned in
ultra-high vacuum is shown in (a). After in situ saturation with oxygen, the
concentrations in (b) reveal a change with respect to (a) for the quasicrystal but not for
the cubic phase. For the quasicrystal, this trend is amplified after oxidation in normal air
(c) and definitely verified after immersion in water as in (d). The behaviour of the cubic
phase shows less sensitivity to humidity.
Long time annealing at high temperature leads to the formation of much
thicker layers. It is then rather easy to identify the nature of the oxide either by
diffraction techniques or from a local chemical analysis. In the case of the
A l ^ C u ^ F e ^ icosahedral phase, annealing in air between 750 and 840°C of polished
samples 55 shows the sequential growth of cubic Y-AI2O3 and corundum (X-AI2O3.
The first type of oxide, Y-AI2O3, forms a few micrometers thick covering layer with
a tendency towards spallation upon further growth whereas OC-AI2O3 appears in the
shape of isolated nodules, initially piercing the cubic oxide layer and then
percolating till they uniformly cover the whole surface. At this stage, the thickness
of the oxide layer is in the range of tens of a micrometer or so. Simultaneously, the
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penetration of oxygen into the icosahedral lattice has become significant56 and
faceted voids have appeared in large number beneath the oxide. These cavities are
most likely due to the condensation of vacancies left by the migration of aluminium
atoms towards the surface. Needless to mention that such an oxidation behaviour has
a dramatic influence on the mechanical properties at high temperature. Its relevance
to some technological applications will be studied in the last chapter.

4.2

Kinetics and Temperature Dependence

A more precise insight into the kinetics and temperature dependence of the oxidation
of quasicrystals is delivered by in situ experiments performed on ultra-clean surfaces
investigated by photoelectron and Auger spectroscopies. After preparation of the
surface by ion etching and temperature annealing as explained is the previous
section, the samples are submitted to a fixed dose of oxygen atoms inside the
analysis chamber of the spectrometer. A convenient unit to measure the dose of
oxygen in contact with the surface is the Langmuir L that is equivalent to exposing
the surface to a partial pressure of oxygen of 10"6 torr, i.e. 0.75 mbar, for one
second. The development of the oxidation may then be traced as a function of
exposure dose and of sample temperature by looking at the surface structure, using
LEED patterns if the bulk sample is a single grain, and at the chemical composition
of the surface by XPS or AES analysis. This was done in a relatively systematic
way for i-AlPdMn single grains57 and i-AlCuFe multi-grained specimens.35'58"59
As indicated by LEED patterns recorded during in situ experiments, the
quasiperiodic arrangement of the atoms within the top most layers of the icosahedral
sample gradually vanishes upon oxidation. The first steps of the oxidation
correspond to adsorption of oxygen atoms onto the surface. This occurs together
with a weakening of the LEED intensities but the aperiodic order is preserved up to
saturation of the surface. When this is reached, the LEED pattern simply disappears,
thus indicating that the oxide layer is amorphous. The saturation dose depends on
temperature and varies from 50L at 105K to about 200L at 870K. The oxide that
grows then is most probably sub-stoichiometric AI2O3 as deduced from XPS peak
positions. The formation kinetics is drastically influenced by temperature to such an
extent that it is possible to distinguish a low and a high temperatures regime. Data
for i-AlPdMn is shown in figure 3.40.
The temperature dependence of the oxide film growth was measured 58 ' 59 more
accurately for the multi-grained A l ^ C ^ s . s F e ^ . s icosahedral stoichiometric
compound. After exposure of the cleaned surface to oxygen saturation with a dose of
5000L, it is observed that the surface composition remains the same up to 600K
whereas it drastically changes above this temperature (figure 3.41). Again, it is the
surface aluminium concentration that increases at the expense of the two other
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Figure 3.40: Ratio between recorded Auger intensities versus oxygen dose at various
temperatures for a i-AlPdMn single grain from the aluminium lines in the quasicrystal
(labelled metal) and in the oxide (Courtesy P.A. Thiel, Ames).

Figure 3.41: Temperature dependence of the observed aluminium concentration shift 59
with respect to the nominal composition at the surface of a single-phase iAl62Cu25.5Fe12.5 sample exposed to 5.10"7 torr of pure oxygen and doses as indicated
(left). Net compositions measured versus temperature at the surface of the same specimen
after exposures to 5000L of oxygen at 5.1O7 torr (right). The surface of the sample was
ion-etched and reconstructed by annealing at 973K during 300s after each measurement.
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constituents. Simultaneously, the thickness of the oxide layer increases smoothly
with temperature up to 800K. Above this temperature, the growth of the oxide layer
becomes more rapid. The preferential segregation of aluminium at the surface in
contact with oxygen is also observed in conventional aluminium-based alloys.60 It
is assumed that the migration of Al atoms towards the surface, rather than Cu or Fe
ones, is the most efficient mechanism to minimize the surface energy of the
quasicrystal/Al2C>3 interface, thus giving a posteriori an explanation for the
experimental data. This agrees with the large enthalpy of formation known for the
aluminium oxide, AH = -1080 kJ/mol O2, in comparison to -560 < AH < -520
kJ/mol O2 for the iron oxides and AH = -325 kJ/mol O2 for CuO2- Atomic mobility
however must also be taken into account and the diffusivity of aluminium atoms in
the quasicrystal is larger than that of the other atomic species. The relevance of this
question is analysed in the next section. Actually, the amount of aluminium atoms
trapped at the surface of the i-AlCuFe quasicrystal varies significantly with
temperature as well as with the probability to encounter an oxygen atom, i.e. with
oxygen dose and pressure (figure 3.42). For low enough pressures, say below 10"7
mbar, the segregation is virtually not detectable and the growth of the oxide layer is
very slow. Conversely, above this pressure, oxidation takes place merely at
temperatures beyond 400°C and leads to nearly micrometer thick layers at saturation.
In summary, the oxidation behaviour of aluminium-based icosahedral compounds is

Figure 3.42: Oxygen concentration profiles obtained during Ar-etching the surface of the
i-Al62Cu25.5Fe12.5 sample presented in the previous figure and exposed to 7200L of pure
oxygen at 5.107 torr pressure and temperatures as indicated (left). At the right is shown
the temperature dependence of the depth associated with the presence of oxidized
aluminium from the initial surface of the specimen.
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quite similar to that of their major constituent, aluminium. It begins with
chemisorption of oxygen atoms and ends in the formation of sub-stoichiometric ocAI2O3 alumina. In the absence of water, only aluminium bonds to oxygen atoms.
The oxide layer is then passivating and thin. Its thickness is smaller than when
formed in the same conditions on metallic aluminium. It is nevertheless of the same
order of magnitude, in the range of 0.5 to 10 nm, depending on temperature.
Interestingly enough in view of applications, this thickness remains below 2 nm up
to 800K. The structure of the quasicrystal surface is gradually modified during
chemisorption of oxygen. It is eventually destroyed at the interface with the oxide
whereas it is not clear whether oxygen atoms deeply penetrate into the icosahedral
lattice. Finally, it appears that water is a far more efficient oxidizing medium than
pure oxygen. In humid conditions, all constituent elements take part in the
formation of the oxide layer. The growth kinetics of this layer is thus dominated by
the atom transport mechanism towards the surface.

5

Atomic Mobility

5.1

Atomic Transport in Normal Crystals

Let us consider a long, cylindrical-shaped sample with a concentration gradient in
one of its constitutive elements. This specimen is kept at constant temperature T for
a time t. The number of atoms J which cross a unit area per unit time and the
evolution of the concentration gradient upon time are given by the two laws of Fick:
3 c.
J = -D;(T) VCj
and
= D.fJ)V2c{
(3.18)
9t
where Cj stands for the concentration of atomic species i at position x along the
cylinder axis. The coefficient Dj(T) measures the velocity with which the particles i
travel along a unit distance Ax. It is the temperature-dependent diffusivity of the
system with regard to the transport of element i, or its coefficient of diffusion, in the
sample considered. Atomic transport is usually activated by temperature so that the
coefficient of diffusion also obeys an Arrhenius law as in Eq. (3.4) with a preexponential factor written DQ. Again, the activation enthalpy AH may be derived
from slope of Ln D vs T-1 plots, i.e.:
Ln D = Ln D o - AH/kT
(3.19)
A simple way to measure the diffusion coefficient of a given atom is
presented in figure 3.43. The specimen is enriched at its surface with a radioactive
isotope of the element. This may be produced for instance by deposing a thin layer
of a solution containing the isotope on the polished surface. After evaporation of the
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solvent, the isotope will diffuse into the sample lattice and establish a new
concentration gradient that will depend on tempering time and temperature according
to:
c (x,t) = C o exp (-x2/4Dt)
(3.20)

Figure 3.43: The diffusion coefficient of a constituent atom in a sample may be deduced
from concentration gradient experiments with radiotracers. In (a), the sample surface is
initially coated with a thin layer of the radioactive isotope. After diffusion at temperature
T for a time t, a new concentration gradient is established (b). It may be sampled by
measuring the radioactivity of thin slices of the specimen.
In principle, it is possible to measure the isotope concentration at position x
by slicing the sample into very thin layers perpendicular to the axis (and assumed
diffusion direction). The activity of the isotope in a given slice is proportional to its
concentration. Using different annealing temperatures allows us to determine the
parameters Do and AH in Eq. (3.19) which define the macroscopic diffusion
mechanism completely. The experimental reality is unfortunately not that simple for
various reasons. The first is that proper radioactive isotopes are not always available
for the alloy of interest, either because, if they exist, their life time is too short as
compared to the duration of the experiment or because their activity is so weak that
it becomes hardly measurable in a thin slice. This is unfortunately the case of
aluminium. The duration of the diffusion treatment is taken such that the penetration
depth of the isotope into the sample (x = (Dt)1/2) is large enough for allowing the
specimen to be cut afterwards into at least a few tens of slices, each usually to a few
micrometers thick or preferably a few tens of micrometers. The technique of
preparing such layers and measuring their activity also has its own difficulties.
Mechanical grinding and electrochemical etching are most frequently used. Finally,
the diffusion mechanism, depending on the actual morphology of the sample with
possible grain boundaries or dislocations, is responsible for the shape of the
diffusion front. Most often, this later does not move as a flat surface parallel to that
of the sample. Then, interpretation of the results is by no means simple. It requires
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a very specific expertise that the interested reader may find in textbooks devoted to
the subject.61
The main mechanism which promotes the transport of atoms in a crystal is
the exchange between occupied sites and vacancies introduced in section 1 of this
chapter. More complex processes, also sketched in figure 3.44, are possible: cyclic
permutations, transient occupation of interstitial sites, etc. Such mechanisms are
quite different from the point of view of activation enthalpy. For instance, the
former needs the creation of point defects in the structure, whereas the latter proceeds
by jumps from an occupied interstitial site to an empty interstitial site. Thus, the
activation enthalpy for the diffusion of carbon in iron reduces to the sole migration
term in Eq. (3.3).

Figure 3.44: Typical examples of diffusion mechanisms encountered in crystalline solids:
a) interstitial diffusion, b) occupied site-vacancy exchange, c) cyclic permutation of
atoms and d) indirect interstitial.
Indeed, the activation enthalpy for the diffusion of carbon in Fe-C alloys is
rather low: AH = 0.8 eV. In substitutional alloys, in which all atoms occupy about
the same volume, the simplest transport mechanism involves the creation of
vacancies that move randomly in the lattice. During this walk, they exchange their
position with occupied sites, thus producing an overall mass transport in the
sample. The associated enthalpy of activation is larger than in the former case
because two contributions add to each other - the creation of the vacancy and its
migration. Typical numbers for metallic alloys are in the range of AH=Hf+Hm=2 eV
to AH = 4 eV. Specifically for the self-diffusion of Al in metallic aluminium, we
have Hf=0.69 eV and Hm=0.64 eV. More complicated processes like the indirect
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interstitial or the cyclic exchange of two or more atoms, see figure 3.44, cost more
energy. This latter mechanism has a fairly low probability of happening because it
involves a strong correlation between atom movements. The previous one as well
requires to cooperatively move an atom from an interstitial position into a
substitutional site made vacant because the atom has jumped into an interstitial site
nearby.§ Therefore, the enthalpy cost is rather large, of the order of 5 eV. The
mechanisms of atom jumps in quasicrystals which we will address in the following
pages of this section are very reminiscent of this background knowledge of diffusion
in crystals.

5.2

Diffusion in Icosahedral Quasicrystals

Experiments on icosahedral compounds have faced all possible experimental
difficulties. Aluminium has only one radioactive isotope with an extremely weak
activity. Furthermore, this element does not diffuse easily across the oxide barrier
that is always present at the surface of all specimens handled under normal
conditions. These are presumably the major reasons why data yet available on the
diffusion of aluminium in quasicrystals is still scarce and subject to controversy.
Conversely, it is much easier to use isotopes of Fe in i-AlCuFe 62 or Mn in iAlPdMn. 63 This was done in several laboratories. Also, from classification of the
chemical elements, it is reasonable to assume that zinc 64 will behave like
aluminium in the icosahedral lattice and gold like copper,62 though there is no direct
evidence that this is indeed what happens. A complete set of data was also produced
with i-AlPdMn single quasicrystals using lO3pd and 195Au radiotracers.65 Despite
the fact that diffusing species vary from one experiment to the other, the picture of
atomic transport that emerges from these experiments with different quasicrystals
looks rather consistent with diffusion data on classical crystals.
Let us begin with results obtained at high temperature (T>450°C). An
example of the depth profile of 59 Fe established in a multi-grained Al62Cu25.5Fei2.5
icosahedral sample after 3 hours at 703°C is shown in the left-hand side of figure
3.45. The activity is abnormally large close to the surface of the sample (taken as
origin of the depth) due to the formation of an iron-rich intermetallic compound
within the first layers in contact with the initial 57 Fe enriched solution. At a few
micrometers from the surface, the activity profile follows Eq. (3.20). This profile
corresponds to the volume diffusion within the icosahedral grains. It may be
distinguished from short-circuit transport in grain boundaries which presents another
kind of profile as exemplified in the right part of figure 3.45. This experiment
shows that diffusion of 59 Fe is much faster (by about 2 or 3 orders of magnitude) in

g) This is the basic mechanism that produces contrast in Ag photographic recording.
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grain boundaries than in the bulk of the quasicrystal. In the following, we are no
longer going to consider grain boundary diffusion (except when explicitly
mentioned) and will focus at atomic transport in the bulk.

Figure 3.45: Depth profiles of 59 Fe activity in a polygrained, icosahedral
Al62Cu25 sFe^.s sample.62 Left: the profile is obtained after 3 hours at 703°C. It may be
fitted by a unique Gaussian (ignoring the first surface layers) and corresponds to volume
diffusion only. Right: profile after diffusion at 612°C for 4.33 hours. The first part of the
profile is gaussian and comes from volume diffusion. Short-circuit diffusion within grain
boundaries causes the second part which is accounted for by a x6/5 law (x = depth). At the
previous temperature of 703°C, bulk diffusion is fast enough to obscure the contribution
of grain boundaries.
Similar measurements were performed63"66 above 450°C for volume diffusion
of 51Q-, 54Mn, 59pe, <>0Co. 6 5Zn, 68Ge, lO3pd, ll4min and 195AU in single domain
Al7oPd2i.5Mng 5 icosahedral quasicrystals. The temperature dependence of the
experimental diffusion coefficients is summarized in figure 3.46 in comparison to
data available from literature for the atomic transport of the same elements in
aluminium metal. Obviously, diffusion in the two kinds of solids is not
significantly different. Corresponding values of DQ and AH are reported in Table 2.
The activation enthalpies may be gathered in three groups. Low values around
1.3 to 1.5 eV go with elements like Zn and Ge known to be good representatives of
the diffusion of Al in the pure metal, hence with a very similar activation energy.
Transition metal constituents of the quasicrystal find their activation energy in the
range 1.9 to 2.6 eV, a value also typical of their diffusion in aluminium metal.
Finally, impurity atoms like Co and Fe (in i-AlPdMn), which are known to move
the stability region of the quasicrystal towards that of the decagonal phase, need a
somewhat larger activation energy. As well, the volume diffusion parameters in
poly-quasicrystalline i - A ^ C ^ s . s F e ^ . s are quite comparable to the corresponding
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figures found in Al-Fe compounds (figure. 3.47). The diffusivity of iron in i-AlCuFe
extrapolates to that in the Al5Fe2 crystalline compound that is only two orders of
magnitude below that of iron in fee aluminium.

Figure 3.46: Comparative presentation64 of Arrhenius plots for diffusion of the elements
indicated in single quasicrystalline i-AlPdMn. For comparison, the right-hand side of the
figure shows diffusion data for the same species in metallic aluminium (Courtesy H.
Mehrer, Munster).
Table 2: Volume diffusion constant Do and activation enthalpy AH measured above 450°C
with different radio-tracers in i-AlCuFe and i-AlPdMn icosahedral compounds.
Icosahedral sample

Radio-tracer

Do
(m2/s)

AH
(eV)

poly-domain
i-AlCuFe

59pe
Au*

4.5 10-2
1.3 10-4

2.55
1.75

single-domain
i-AlPdMn

54Mn
59Fe
65Zn
6»Ge
l03pd
l95Au

5 10"4
1.6 10-2
2.8 10-5
1.4 10-4
1.2 10-2
8.2 10-1

1.9
2.6
1.3
1.5
2.3
2.6

* Diffusion profile measured by electron microprobe analysis
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More recent experiments attempted to expand the temperature range of
diffusion measurements towards lower temperatures. This is the case for instance of
the 65 Zn data shown in figure 3.46. At low temperature, a serious difficulty is often
met because the activation energy is not sufficiently large to move the radiotracer
through the oxide barrier on top of the specimen and produce a concentration gradient
inside the lattice. To circumvent this difficulty, it is possible to use ion
implantation. This was done for lO3pd a n c j 195Au in single grain i-AIPdMn.66 The
activity profile was then recorded by gently abrading the specimen by ion etching,
thus removing layers of nanometer thickness. These results can be connected with
those given at higher temperatures by the classical technique. They are represented in
figure 3.46 and, except for Zn, indicate some enhancement of the low temperature
diffusivity as compared to the high temperature range (Table 3).
The difference between the two sets of data (Zn and Au or Pd, respectively) is
not yet fully understood. We must stress that it may result from an experimental
artifact, namely ion implantation may have disturbed the icosahedral lattice to such
an extent that diffusion is accelerated by defects in the few first tens of nanometers
close to the surface. The authors took care however to withdraw the data obtained
from the top layers of the sample in which ion implantation cascades had obvious
effects. On the other hand, there is no evidence that tracers like Zn or Ge actually
mimic the transport of Al in the low temperature range. According to Janot's model
(previous chapter), the valence of the clusters should be modified if these elements
replace aluminium. These atoms, with +2 or +4 valences (instead of +3), are not
iso-electronic to Al and may move in the icosahedral lattice only via empty sites or
linear defects so as to minimize the energy cost introduced in the recurrent quantum
wells. A similar change of the diffusivity was also observed regarding the selfdiffusion of aluminium in poly-quasicrystalline i-Al62Cu25.5Fe12.5- Though rather
indirect, and subject to possible artifacts due to grain boundaries, this experiment is
worth a few lines in the present context because it belongs to the very little data
available till now about transport of Al in a quasicrystal. 67 It is based on an
oxidation experiment managed in situ in the ultra high vacuum of the Auger
spectrometer. As described in the previous section, oxidation with pure oxygen leads
to an aluminium enrichment of the surface before the formation of AI2O3. The
diffusion coefficient is proportional to the flux of atoms that reach the surface
immediately after the oxygen exposure dose is established in the AES chamber.
Because this number is counted within a very thin layer at the surface, the gradient
term in Eq. (3.17) may be taken to be constant over the duration of the experiment
(the measurement proceeds in a short time before formation of the oxide
layer). Assuming furthermore that it does not depend on the oxygen chemical
potential established at the surface, we can determine an approximate value of D(T)
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for aluminium in i-Al^C^s.sFe^.s with reasonable accuracy. The absolute value of
the diffusion coefficient is difficult to assess owing to the assumptions made above.
In an Arrhenius plot, this produces an uncertainty on LnDg, which we will ignore
here by choosing arbitrarily the same value as for Zn diffusion in i-AlPdMn at
450°C. The slope of the plot is however independent from this and gives the thermal
activation energy safely. This data is reported in figure 3.47 and Table 3. It basically
shows the same trend as Pd and Au in i-AlPdMn with two diffusion regimes. Yet,
enhancement of the diffusivity at low temperature may be induced by the grain
boundaries in this sample but this effect could hardly account for the magnitude of
the change of slope in the Arrhenius plot, because the AES beam size is much
smaller than a grain diameter. Hence, most of the signal recorded during this
experiment comes from Al atoms located far away from any grain boundary. In spite
of the somewhat questionable experimental soundness of these results, which
undoubtedly needs further verification, they may turn out to be important in view of
phason assisted diffusion addressed in the next subsection. This is the main reason
for producing them here as a complement to the high temperature data. Let us
continue however with the high temperature range (T>450°C or T-!<13 1(M K-1).
The comparison with diffusion coefficients in quasicrystals and in aluminium
metal or intermetallics presented in figures 3.46 and 3.47 strongly supports the view
that the atomic species are transported in icosahedral compounds via high
temperature vacancies. Furthermore, many indirect arguments are available from
various studies that suggest the existence of a significant fraction of unoccupied sites
in these materials. First, crystallographic studies of quasicrystals, 68 . 69 including
single domain samples of excellent lattice perfection yield occupancy factors smaller
than one for many atomic sites. This is derived from the existence of structural
vacancies, i.e. empty sites in the icosahedral lattice which act as sources for thermal
vacancies at elevated temperature. Conversely, like in conventional alloys,
thermalvacancies also form at interfaces, since they most efficiently decrease the
Gibbs free energy of the material by maximizing its configurational entropy. Such
vacancies are fairly easily trapped in the lattice, owing to the known diffusivity, and
contribute therefore to partial site occupancy, even in 'perfect' single domain
specimens. The multiplication upon thermal activation of such vacancies has a clear
fingerprint. It increases the size of a sample, and therefore is detected as a slope
change of a differential thermal expansion curve, whereas it does not affect the lattice
symmetry except for relaxation effects. In icosahedral quasicrystals, we may certainly
take these effects as isotropic. In principle, a comparison between lattice expansion
from a diffraction experiment and specimen dilation with temperature supplies a
quantitative estimate of the abundance of vacancies.70 The two experiments in fact
are difficult to produce because they must be performed simultaneously on the very
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same specimen. To our knowledge, this has not yet been achieved for quasicrystals.
A different technique71 was carried out for the determination of the density of
vacancies in i-AlPdMn specimens.72 This method uses only the differential length
change of elongated samples determined by laser interferometry upon applying a
temperature pulse of a few tens of kelvin (figure 3.48). On heating, the rapid
expansion of the sample due to interatomic potential effects is followed by a
smoother increment related to the formation and migration of vacancies. Similarly,
upon cooling, an instantaneous shrinkage of the specimen comes before a length
variation due to the annihilation of vacancies. Together, these two time-dependent
length changes allow us to determine the formation and migration enthalpies of
vacancies from amplitude and time constants of the signal. For single grain
icosahedral AlPdMn, these quantities amount to AHf=0.6 eV and AH m =0.8 eV,
respectively. Hence, the average vacancy concentration at 1073K is close to 0.15%,
about an order of magnitude above that found in fee aluminium at the approach of
the melting point. It is comparable to that typical of x- and P-cubic phases.
The existence of vacancies may be investigated more directly by positron
annihilation. The antiparticle of the electron has indeed a larger probability of
surviving annihilation if it is trapped in a cavity of the lattice where the density of
electrons is weaker. Vacancies, but also dislocations or phason defects, may each
contribute to increasing the life time of the positrons injected into the sample from
an external radioactive source. Since it is also dependent upon the specific DOS of
the sample, confusion between open space in the lattice and reduced number of
electronic states is possible. Nevertheless, the signature of vacancies is well
Table 3: Diffusion parameters obtained below 450°C for Al in i-AlCuFe (see text for the
possible experimental restrictions on this results) and Zn, Pd and Au in i-AlPdMn. For
comparison, data is given for diffusion in fee aluminium.
Specimen

Tracer element

Do
(m2/s)

AH
(eV)

poly-domain
i-AlCuFe

Al T<450°C
(A1T>45O°C)

-

0.6
2.2

single-domain
i-AlPdMn

Zn
Pd
Au

2.8 10' 5
1.4 10-10
4.6 10-12

1.3
1.2
0.9

fccAl

Al
Zn
Au

0.18 10-4
0.7 10-4
0.06 10-4

1.3
1.3
1.15
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Figure 3.47: Same as in figure 3.46 but for poly-quasicrystalline i-AlCuFe and crystalline
Al-Fe intermetallics. The hetero-diffusion of iron in fee Al and in i-AlPdMn is also
reported for comparison. The data presented in dashed lines was deduced from an in situ
oxidation experiment in the AES. Note that the position of this specific set of data on the
diffusion coefficient axis is arbitrary. Only the two slopes of the Arrhenius plot, i.e.
activation energies, are relevant.
documented from numerous studies of intermetallic compounds.73 The life time of a
positron amounts to about 180 to 190 picoseconds in the cubic CsCl-type phases
such as x-AlNi.
Positron annihilation experiments were performed in a systematic way on
decagonal quasicrystals and also on regular crystals of parent composition.74 Such
crystalline phases were specifically the Al-Ni CsCl-type cubic phase and various
intermetallic compounds of the Al-Ni-Fe, Al-Cu-Ni and Al-Cu-Co systems that also
yield a decagonal phase. The result of lifetime measurements on these structures are
summarized in figure 3.49. Similar data was obtained with icosahedral compounds.75
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Figure 3.48: Schematics of the method used to measure differential length changes by
laser interferometry.71 A temperature pulse is applied to the sample initially at
temperature Tj. After a time t and at final temperature Tf) the length has increased by a
quantity Al(Tj,Tf,t). This variation is reversible in most cases. The formation,
respectively annihilation, and migration of vacancies contribute the time-dependent
parts of Al (Courtesy F. Baier and H.-E. Schaefer, Stuttgart).
In both types of quasicrystals, the positron lifetime was found well defined,
close to 200 ps, thus suggesting the existence of a unique type of point defect. The
density of these defects was large and did not evolve with plastic deformation in
strained single domain i-AlPdMn samples. Hence, the most plausible interpretation
of the positron annihilation data was in favour of the existence of a significant
density of vacancy-type sites in quasicrystals.
Lattice vacancies are well-known to form in many intermetallics.73 In the B2
and x (CsCl-type) cubic phases such as FeAl and NiAl, their equilibrium
concentration is close to 10"2 while approaching the melting temperature. This is in
strong contrast to pure metals, especially aluminium, for which the equilibrium
concentration of vacancies is found two or three orders of magnitude below, in the
range 10"4 to 10 5 . After an appropriate thermal annealing treatment of such bcc
phases, vacancies most often order on the mixed (110) planes occupied by
aluminium and transition metal atoms. 68 Vacancies are also found in Al^X^type
(X = Ni, Fe, Co) compounds. Here, the structure consists of an alternation of flat
and puckered atomic planes formed by five-fold rings of atoms connected like the
pentagons in figure 1.4. Some of the five-fold rings of aluminium atoms are empty
whereas other Al sites are only partially occupied. Comparing the life times of
positrons in figure 3.49 between decagonal and AI13X4 (X=Fe or Co) phases should
not lead to the conclusion that the free volume in the quasicrystal is substantially
higher than in the crystalline material. It is more likely that vacancies of the kind
found in the crystal do exist in quasicrystals as well, but that their influence on the
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positron lifetime is amplified by a lower local electron density. This assumption is
consistent with the shape of the electron densities of states already mentioned in the
previous chapter. Nevertheless, it is quite clear from the data in figure 3.49 that
quasicrystals, like their approximants, contain a significant density of free volume
and that the size occupied by each individual open void in the lattice is comparable
to that of a vacancy in a conventional crystal. Yet, positrons are not sensitive to
voids, e.g. pores, of size much larger than the atomic volume. This kind of defects
also grow in single domain quasicrystals as we will see later in the book. They may
have a dramatic influence on plastic strain, but not on atomic transport. At this
stage, we may thus confidently assign the high temperature diffusion regime to a
random walk of the diffusing species jumping from occupied sites into thermal
vacancies. From thermal expansion and positron life time studies, we may estimate
that the concentration of vacant sites amounts typically to 0.1 - 0.2%.

Figure 3.49: Positron lifetime determined74 for the various crystalline and
quasicrystalline compounds indicated. Open squares refer to the Al-Cu-Co system, black
dots to Al-Ni-Co and triangles to Al-Ni-Fe (Courtesy R. Wurschum, Stuttgart). The data
for icosahedral single domain quasicrystals is from Kanazawa et al.75

5.3

Phason Assisted Diffusion

We shall assume in the following that atomic diffusion due to vacancies at high
temperature is definitely the dominant mechanism experimentally assessed above
450-500°C in icosahedral quasicrystals. Another mechanism, specific to
quasicrystals, may also have an equally important influence on atomic transport,
possibly at lower temperatures. It was proposed on a theoretical basis by Kalugin
and Katz76 and is therefore often referred to in literature as the KK model.
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Phason defects of the kind illustrated in figure 1.50 are able to transport
atoms over long distances. This mechanism is presented for a 2-dim Penrose tiling
in figure 3.50. A sequence of correlated matching rule violations produces a
movement of the atom initially sitting in C towards the left of the tiling while the
atom A goes to the nearby position B. This atom acts as a gate that opens the way
to atom C for diffusion. Kalugin and Katz demonstrated that only a fraction of the
sites in an aperiodic network is subject to large distance diffusion. Their argument is
based on a two-dimensional 8-fold tiling, but may be applied more generally to
icosahedral quasicrystals in 3-dim (figure 3.51). Atomic positions are generated by a
cut of the atomic surfaces in complementary space (see section 8 in chapter 1).

Figure 3.50: Example of a fraction of a Penrose tiling subject to a sequence of phason
jumps correlated in such a way that long range diffusion is observed. The atom initially in
A moves to position B that allows C to move into D. All together, a transport of mass is
obtained from right to left of the tiling (Courtesy G. Coddens, Saclay).

Figure 3.51: Illustration of phason jumps on an octogonal tiling.76 Phason jumps occur
when it is possible to draw a closed loop of coordinates in complementary space that
crosses the edges of (at least) two atomic surfaces (b) whereas such jumps are not possible
if the loop is entirely contained in the atomic surface (a). Furthermore, a cyclic
permutation of atoms like the one shown at the left is obtained if the loop crosses more
than two edges of atomic surfaces (c) (Courtesy P. Kalugin, Orsay).
We may distinguish two kinds of atoms: a) atoms whose coordinates in
physical space come from the core of the atomic surface and b) atoms from the outer
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region of the atomic surface. Thermal excitations are equivalent to fluctuations of
the perpendicular coordinates, which in quasicrystals add to the classical phonon
contribution. When these fluctuations explore the complementary space, they
produce phason jumps for atoms of type b) but atoms of kind a) will obviously not
jumps to another position. Some of the b) atoms will be able to jump back and
forth from one position to the other in the phason double-pit potential, but will not
move a large distance if their perpendicular space coordinates keep confined between
two neighbouring atomic surfaces. On the contrary, some other atoms, denoted c) in
figure 3.51, are allowed to explore a larger fraction of complementary space and
move from one atomic surface to a next nearest neighbour one. This is equivalent to
a complete cycle of position exchange as the one drawn in the left side part of figure
3.51. A comparable cyclic diffusion mechanism is illustrated in figure 3.44 for
crystals.
Therefore, the Arrhenius diagram associated with phason-assisted diffusion is
expected from the KK model to show typically three temperature ranges. First comes
a low temperature regime (in the right part of figure 3.52) for which atoms of type
c) become mobile because they are surrounded by the critical number of phason
defects that allows cyclic permutations to take place. Upon increasing the
temperature further, an even larger number of violations of the matching rules take
place. As a result, the associated energy penalty or activation energy of the process
increases with temperature until all possible phason jumps are active and a
saturation regime takes place. The activation energy (or slope of the Arrhenius plot)
should therefore change with temperature from a given constant value, the one
associated with the critical phason jumps, to an effective and larger energy that is
temperature dependent. In the saturation regime, the model predicts a reduced
activation energy since phason defects are then so numerous that diffusion is no
longer restricted. It was not possible to even estimate the order of magnitude of the
transition temperature and activation energies involved from KK model. For a long
Figure 3.52: Shape of the Arrhenius
diagram expected for phason-assisted
diffusion in the frame of the KK
model. The sharp rise of the
activation energy in the central part
of the plot marks the percolation
transition range of the phason jumps.
(Courtesy P.A. Kalugin, Orsay).
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time, the phason saturation regime was supposed in literature to take place at high
temperature and considered to be responsible for the brittle-ductile transformation
already mentioned when we examined plasticity at the beginning of this chapter.
Recent experiments however demonstrate that phason excitations occur at much
lower temperatures.
For instance, mechanical spectroscopy measurements may provide
information about short distance jumps in solid matter. This is well known as the
Snoeck effect in cast-iron. Cast-iron is basically a bcc lattice of iron atoms with
carbon occupying part of the interstitial octahedral sites. Upon applying a cyclic,
external stress to such a sample, it is possible to trigger the movement of carbon
atoms from one octahedron to another empty neighbouring interstitial site. This
motion absorbs some energy, an effect called internal friction that is detectable
because it results in a decay of the amplitudes of oscillation of the sample. The
activation energy associated with this process is 0.87 eV. This is why cast-iron
cannot be employed for the manufacture of bells, but is a good choice for the body
of e.g. milling machines that must absorb vibrations efficiently. A convenient way
to express the strength of internal friction is to measure the decaying amplitude of
oscillations of a sample submitted to an angularly varying stress. In case of non-zero
internal friction, the resulting strain shows a loss-induced strain lag <E> behind the
stress, from which we define the internal friction factor:
Q-' = tanO = - ! ( ! _ _ $ _ )
(3.21)
n
2n
where § is the logarithmic decrement of the freely decaying amplitudes. This factor
was measured from 100 to 1000K in icosahedral AlPdMn single quasicrystals77
(figure 3.53). It allows us to determine the anelastic relaxation frequency. Since it is
thermally activated, it obeys an Arrhenius law, thus yielding an activation energy
specific to the internal friction process involved. Two distinct friction peaks, noted
A and B in figure 3.53 are clearly identified for these samples. They appear
reversibly if the experiment is carried out a second time. From analysis of the
frequency dependence on temperature, it turns out that the activation enthalpies are
AH = 1 eV and 4 eV, respectively, for peaks A and B.
Again, like in atomic diffusion, we are facing two distinct processes that
differ in their activation enthalpy. It is quite clear from a comparison with activation
energies published in literature for other systems that for peak B at high temperature,
the internal friction is related to atomic mobility and vacancies. Nevertheless, it
must be stressed that the value found in i-AlPdMn is quite large and accordingly, the
anelastic relaxation cannot be assigned to a single-jump mechanism, but to a more
collective rearrangement of atomic positions. In the next section, we will explain
how phasons may be associated with the atomic transport due to vacancies. Like
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carbon in cast-iron, peak A could correspond to interstitial atom movements, but
this is not likely to occur because the specimens examined here were well controlled
and did not contain light atoms such as hydrogen, carbon or nitrogen capable of
interstitial diffusion. Though the occurrence of this artifact cannot be ruled out with
certainty due to possible oxygen atoms in solution, it is more likely that another
mechanism takes place. This specific mechanism is most presumably phason jumps
in the saturation regime.
Figure 3.53: Internal
friction
Q-'
versus
temperature in i-AlPdMn
single domain samples.77
Two peaks, noted A and B,
mark the occurrence of two
di s t i nc t anel as t ic
mechanisms (heating rate 3
K mn-1) (Courtesy M.
Weller, Stuttgart).
Experimental evidence that phason jumps are active at room temperature and
presumably below is provided7** by a special kind of NMR experiment that is
sensitive to the diffusion coefficient of 27A1. It is therefore of great value since this
element is not directly visible by any other technique. The principle of the
measurement consists in a double pulse nuclear resonance that supplies a signal
proportional to the decay of the transverse nuclear spin magnetization. If the electric
field gradient applied to the nucleus is not homogeneous, the spin-echo attenuation
factor writes:

A(2r) = expJ

I expj-Dco'2

\

(3.22)

with r the pulse separation time and T2 the spin-spin relaxation time. In case of
atomic diffusion, the first exponential decay term in Eq. (3.22) is not sufficient to
account for the experimental signal (inset a) in figure 3.54) and the second term,
which explicitly contains the diffusion coefficient D must be considered as well
(note by the way that no other model fits). This constant is obtained unfortunately
multiplied by the squared frequency gradient co2, i.e. the true diffusion constant
cannot be deduced from this experiment. However, it may be assessed that co '2 does
not depend on temperature so that the temperature dependence of the product Deo2
given by the experiment is also that of the diffusivity. This has the same effect on
the origin of the Arrhenius plot as the one encountered with the oxidation
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experiment at the end of the previous section and is not detrimental to the value of
the activation energy thus derived. This Arrhenius diagram is reproduced in figure
3.54. Inset b) shows the temperature dependence of the spin-spin relaxation time,
thus proving that the conclusions drawn are valid for a broad temperature range
above 12K, within which this relaxation time is constant.

Figure 3.54: Temperature dependence of the 27A1 renormalized diffusion constant Deo'2 in
'-Al72.4pd20.5Mn7.i between 4K and 400K.78 An example of an 27A1 NMR spin-echo
decay curve in single domain i-Al72.4Pd20.5Mn7A is presented for T=50K in inset a). The
solid line is a fit with Eq. (3.24) incorporating the diffusion coefficient term (up to a
squared frequency constant) whereas the dashed line is for a fit using only the monoexponential term. Inset b) is for the temperature dependence of the spin-spin relaxation
time T2.
The first point of interest that stems from this experiment is that some 2?A1
atoms move already at fairly low temperature since the fit of Eq. (3.22) to the
experimental data requires the consideration of a diffusion constant at the lowest
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examined temperatures. A similar conclusion was reached for i-AlPdRe using
another set of NMR runs. 79 Below 70K, the activation energy is so small (lmeV)
that it may correspond to a specific diffusion mechanism at very low temperature.
Aluminium atoms exchanging positions with voids left in the most internal shell of
the atomic clusters may cause such a signal. Above 70K, the activation energy
becomes a continuously increasing function of temperature. Clearly, this means that
phason jumps operate in the Al - sub-lattice with increasing activation energies as
expected from the KK model. Unfortunately, the present NMR measurements do not
tell us which Al sites exactly are subject to motion. We do not know neither if all
atoms move or only a small fraction of them, for instance the scarce sites produced
by cut and projection for the edges of very exotic atomic surfaces as the ones
encountered in Gratias' model of the icosahedral structure. 80 Nevertheless, the
continuous rise of the activation energy with temperature implies that such jumps
are no longer bound, but contribute to atomic transport to large distances, thus
giving a sizeable diffusion coefficient in Eq. (3.22). The temperature range explored
till now with this technique does not extend sufficiently above room temperature to
see whether the saturation regime is observable before vacancies become active. It is
quite a surprise nevertheless to conclude from this experiment that phasons not only
play a role in the atomic mobility of icosahedral quasicrystals, but also that they
manifest their influence at rather low temperature (and by no means only in the
vicinity of the brittle-to-ductile transition around 500°C). This result sheds new light
on the behaviour of acoustic phonons and thermal conductivity studied in the
preceding chapter for which we observed that the temperature of 70K also plays a
key role in i-AlPdMn.
Although there is still a 'blind region' between 400K and 570K where no
experimental data exists till now, it is tempting to summarize the information
gained on diffusivity of Al atoms in a four-step mechanism (transition metal atoms
would naturally follow the same trend, but with different activation energies). Below
70K, no diffusion occurs, but some fraction of the Al atoms jumps back and forth
between phason sites. From 70K up to some temperature beyond 400K, not yet
determined, these phason jumps exhibit a temperature-dependent activation energy
and most probably establish progressively long distance diffusion as the temperature
increases in i-AlPdMn. At 570K and up to 723K (450°C), diffusion by phasons has
entered a saturation regime. The activation energy, which was continuously rising
during the previous step, is now constant and amounts to about half that necessary
to move an atom in fee aluminium. Finally, beyond 723K, atomic mobility goes on
essentially via vacancies, but phasons are still active. In the forthcoming subsection,
we will see that phason jumps and movement of vacancies are in fact strongly
correlated, a phason acting as a gate that opens and let a vacancy move to another
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site. Therefore, the probability that a site becomes vacant is given by the product of
the probability that a phason jump occurs and of the probability that a vacancy is
mobile nearby. In other words, the total activation energy for diffusion is the sum of
the two individual activation energies. This mechanism is in strong contrast to the
usual case in which the diffusion mechanism having the lowest activation energy
becomes unobservable at high temperature. If the activation energy of phason
jumps at temperatures above 450°C is assumed to be the same as in the saturation
regime below 450°C, Table 3 tells us that the activation energy to assign to
vacancy-mediated transport of Al is close to 1.6 eV. This value is quite comparable
to the one found in fee aluminium. Yet, diffusion of Zn requires 1.3 eV all over the
temperature range corresponding to steps 3 and 4 above (figure 3.46). Foreign atoms
that are not isoelectronic to Al (like Zn in i-AlPdMn) may experience an energy
penalty that confines their motion to the vacancy sites of the aluminium sub-lattice
where they find a larger volume than in phason sites.
We will thus end this chapter with a closer look at atomic jumps.

5.4

Atomic Jumps

Correlated atomic movements were investigated in great detail by quasi-elastic
neutron scattering. When a beam of thermal neutrons (i.e. of wavelength comparable
to interatomic distances) interacts with a specimen, most neutrons are scattered
elastically. A fraction however, sees a noticeable variation of their energy because
they are scattered by dynamical excitations of the lattice (phonons, magnons). A tiny
amount of the incoming neutrons may also interact with diffusing atoms. Then, the
outgoing neutrons have nearly the same energy as the initial beam, but a very weak
energy variation is detectable. It contributes to the so-called quasi-elastic signal
hardly visible -except for the expert- beneath the huge elastic peak (see figure 3.55).
This technique was employed in a systematic way by G. Coddens for icosahedral
AlCuFe81 and AlPdMn samples and for the rhombohedral AlCuFe approximant.82
Isotopic substitution was used in order to vary the scattering cross section of the
copper and iron atoms, thus facilitating the identification of the jumping species.
The study was extended to single domain i-AlPdMn quasicrystals with the aim of
approaching the symmetry dependence of the jump directions. Complementary
experiments based on inelastic Mdssbauer spectroscopy83 informed the authors about
the mobility of iron atoms. Unfortunately, access to that of aluminium atoms could
not be achieved because of the very weak interaction of this nucleus with neutrons.
The temperature dependence of the quasi-elastic signal in icosahedral AlCuFe
containing the 63 Cu isotope is illustrated in figure 3.55. Whereas the signal is
nearly not visible at 450°C, the quasi-elastic intensity is significant at 780°C. Its
intensity variation with temperature is well reproduced by the Arrhenius plot
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presented in the inset of the figure while its width is nearly independent of
temperature. The existence of this quasi-elastic peak, which is also detected in the
rhombohedral AlCuFe approximant, and moreover its temperature dependence, seem
specific to aperiodic order. In metals which produce a quasi-elastic signal due to atom
transport, it is the width of the quasi-elastic line that depends on temperature
according to an Arrhenius law. Conversely, the intensity is more or less independent
of temperature.

Figure 3.55: Variation with temperature81 of the quasi-elastic neutron scattering line in
an icosahedral poly-quasicrystalline sample of composition Al6265Cu25.5Fei2.5- The fit
shows the triangular contribution of the elastic peak and the Lorentzian shape of the
quasi-elastic signal. The width of this Lotentzian line at half-maximum is constant
whereas its intensity, reported in the inset, follows an Arrhenius law (Courtesy G.
Coddens, Saclay).
Furthermore, playing with the isotope neutron scattering lengths and tracking
the signal in reciprocal space in order to explore the way it changes with direction in
space and momentum transfer, allows us to identify the jumping species and
measure the corresponding jump distances, relaxation times and symmetry axis.

236

Useful Quasicrystals

Altogether, this work may be summarized as follows:
i) all atoms jump in the icosahedral quasicrystal. The experimental evidence
based on neutron scattering experiments or inelastic Mossbauer spectroscopy is
available for Fe, Cu, Pd and Mn, but not for Al (because its interaction with
neutrons is by far too weak). It is reasonable however to assume that this is also
true for this latter element as we have seen from NMR measurements.
ii) all jumps are very fast, but the hopping rates may differ considerably from
one atom to another. Typical relaxation times range between a few picoseconds and
hundreds of picoseconds. They must be thermally activated, owing to the
temperature variations of the signal intensity. This key result cannot be interpreted
without assuming a strong correlation between the various jumps.
At this stage, we should nevertheless stress that phonons must also
contribute to the quasi-elastic signal in quasicrystals, either directly or by the
umklapp effect, down to the lowest energies. This contribution shall also increase in
intensity with temperature while the vibration amplitudes become larger. By
contrast, since lattice vibration frequencies do not depend on temperature, the width
of the quasi-elastic peak should not vary.
Thus, we are left with two kinds of apparently irreconcilable results. At low
temperature, we know from the previous section that atomic jumps contribute to
bulk diffusion, but they do not seem responsible for any detectable quasi-elastic
signal. However, the jump length is probably too short and their number density too
weak to produce a signal compatible with the detection range and sensitivity of the
neutron detectors used for the purpose of the quasi-elastic experiments. At high
temperature, this signal becomes quite significant and is compatible only with local
correlated jumps. Meanwhile, the mechanism of bulk diffusion that involves
vacancies specifically starts from the same temperature of 450°C. Therefore, we need
to understand how the motion of vacancies is correlated to phason jumps.
The core of the simplest model worked out by G. Coddens 84 to interpret the
quasi-elastic neutron scattering data is reproduced in figure 3.56. Basically, the model
assumes the existence of an assistance mechanism of local but correlated jumps,
which would fit in with the evidence of thermal activation and the observed
differences of relaxation times according to the atoms considered. In figure 3.56, the
copper atom in A may jump to position B, with relaxation time x, only, and only
if, the gate C (here an aluminium atom) moves to position D. The relaxation time
for an aluminium atom in C is X) and it is supposed to be far larger than the
'lifetime' %j of the excited state of the system when this atom sits in D. To
understand the data above, this latter site must be occupied by a vacancy so that the
'gate' C opens. A critical examination of atom positions in one of the structural
determinations of the icosahedral phase based upon experimental measurements of
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Figure 3.56: Basic model 84
describing assisted jumps in
quasicrystals. A copper atom
located in A may move to position
B if and only if the 'gate' C opens
the way. This is the case when the
aluminium atom in C is allowed to
move in D because a (transient)
vacancy occupies this position.
The corresponding relaxation times
indicated in the figure are explained
in text (Courtesy G. Coddens,
Saclay).

diffraction data 80 supplies some clues to fix the jump distances and the sites
involved. The best agreement with the quasi-elastic neutron intensities for i-AlPdMn
relies upon Al and Mn jumps by 0.107 nm along a five-fold axis, Pd jumps of
about 0.16 nm along 5-fold and 2-fold axes and 0.26 nm jumps of Al and Mn atoms
in a 3-fold direction. The detailed understanding of this process is not important for
the purpose of this book. The point of interest is that at all temperatures above
about 450°C, a large number of atoms in the quasicrystal move collectively, and
fast, thanks to correlated arrangements of vacancies and phason flips. This is a fairly
important point, both from the standpoint of quasicrystals growth and for
applications in the range of elevated temperatures.
A supplementary confirmation of this statement was achieved recently thanks
to a study of Al5o(Ni,Cu)5o alloys, the crystalline structure of which orders on a
lattice very similar to the one of P-cubic CsCl-type phases.85 More specifically, the
cubic lattice of Al5o(Ni,Cu)5o is slightly distorted and corresponds to the class of
x-phases well-known in Al-Ni and Al-Pd alloys. 68 These phases contain a large
amount of vacancies as we have seen already. It turns out that they give rise to very
similar quasi-elastic neutron scattering signals although by definition they do not
contain phason flips. Nevertheless, coupling between vacancy motion and atoms
jumping to interstitial sites was pointed out in the very same way when these
samples were investigated by neutron scattering techniques. Accordingly, we
conclude that the major origin of the quasi-elastic signal observed in quasicrystals is
by no means due solely to the existence of a dynamical phason field, but rather to
the pre-eminent role played at high temperatures by the mobility of empty sites and
their influence onto the overall dynamics of the lattice. We will encounter further
examples of the part taken by vacancies in quasicrystals in the next chapter.
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CHAPTER 4
PREPARATION AND MASS PRODUCTION

1

Introduction

We are now entering the core of the practical usefulness of quasicrystals. A key step
for the development of innovative materials beyond laboratory research is to make
them available at low cost, with reproducible characteristics and no impact
detrimental to the environment. Several quasicrystalline materials have already
reached the status of commercial availability and may be purchased in different
countries, for instance in Japan or from a French company. Since the raw materials
are rather abundant metals like aluminium or 3d transition metals, their price is to a
large extent determined by the production technology. A well-defined example is that
of the thick coating route that relies upon a three-step process, gas atomization of
the liquid alloy, thermal spraying and surface finishing by mechanical grinding. This
technology is known for decades already, and is being successfully applied at
industrial scale to many materials. It is employed in dedicated plants for the purpose
of manufacturing corrosion-resistant or wear-resistant over-layers, thermal barriers,
hard-facing coatings, etc. This is not considered an expensive technology although of
course the cost of the material itself may be small in comparison to that of the
manpower involved.
Reproduction and reliability of the base quasicrystalline products as well as
that of the resulting coatings or bulk-shaped materials are essential but difficult to
ascertain. The main reason for this difficulty, which we will study in some detail in
this chapter, is related to a specific character of their growth from the liquid state.
Quasicrystals do not grow directly from molten alloy of appropriate composition,
but from a mixture of one or several pre-existing crystalline phases with the residual
liquid. Such crystals may hence be easily trapped out of equilibrium upon cooling
from high temperature and induce composition fluctuations and multiplication of
grain boundaries in the final product at the expense of good mechanical properties or
corrosion resistance. Keeping in mind that the stoichiometry range of ideal
quasicrystals is extremely narrow makes it clear that the preparation processing of
quasicrystals must be more sophisticated than for usual materials. Fortunately
enough and for most technological purposes, the industrial exploitation of
quasicrystalline materials does not require the formation of the ideal, stoichiometric
quasicrystals. Approximants, or mixtures of approximants and quasicrystals, may
also achieve the task. A good example is that of the composition of the alloy setup
for coating frying-pans that must resist corrosion and scratching while offering
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reduced adhesion to food. Also, it must be easy to produce in large quantities and
therefore must be able to sustain small composition fluctuations without growing
crystalline impurity phases. A compromise between such conflicting properties is
matched by a mixture of approximants of the Al-Cu-Fe-Cr system as we will see
later in this chapter. To this end, we will first reconsider the case of approximants
from a more phenomenological point of view than in chapter 1.
Quasicrystals and approximants transform into other crystalline forms upon
heating or pressurization like any other type of condensed matter. Of special interest
to us are the reversible transformations that take place in the phase diagram between
quasicrystals and liquid alloy or quasicrystal and the other crystals, including the
approximants. Such transitions are related to the formation mechanisms of the
quasicrystalline state, and are involved in the preparation methods used in the
laboratory or in view of industrial processing. Irreversible transformations may also
take place, either because the material was prepared out-of-equilibrium or owing to a
composition change imposed by an external parameter or even due to mechanical
straining. Examples are oxidation, already studied in the previous chapter, and
surface preparation by mechanical grinding that may cause localized disruption of the
quasicrystalline order. We will study such examples because they are of premium
relevance to the reliability of quasicrystalline materials in view of applications. Data
from the most typical phase diagrams of quasicrystals will also be reported to this
end in the following pages.
Many techniques used in the laboratory to prepare quasicrystalline materials
do not achieve thermodynamic equilibrium. This may be taken as an advantage when
processing in the solid state is considered or, more simply, in order to quench the
local icosahedral order taking place in the liquid at room temperature. For most
purposes, it is more convenient however to proceed with stable materials either for
fundamental studies or in view of practical applications at elevated temperatures. To
this end, classical crystal-growth methods and also sintering may be employed.
Altogether, both approaches are able to bypass the nightmare of growing a stable
quasicrystal, with enhanced lattice perfection and no crystalline phase impurity as we
will see in section 6.
We will then be ready to study how technological processing of
quasicrystalline products may be achieved. There exist basically two quite different
routes. One is the thick coating route already alluded to above. The other is the
manufacture of composites comprising both metal-matrix and polymer-matrix
materials. Precipitation-hardened alloys containing nanometric icosahedral particles
finely distributed in a fee lattice or an amorphous phase will be ranked in the first
category. Thin films will also be described more briefly as a promising but not yet
industrial route.
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To introduce the chapter further, it is probably wise to come back to the
empirical rules known to govern the selection of phases in metallic systems that
contain a quasicrystal. This will offer us an opportunity of categorizing the most
important classes of the various quasicrystals.

2

Phase Selection

Many metallic systems are known so far to contain a quasicrystal at a specific
composition. Examples were already encountered in the previous chapters with more
emphasis put on the aluminium-transition metal (TM) systems. Furthermore, we
have already seen that different varieties of quasicrystals exist: icosahedral, decagonal,
pentagonal, etc. In brief, quasicrystals may be categorized in three distinct classes
according to the number of space dimensions along which the atomic arrangement is
not periodic by translation. Icosahedral quasicrystals correspond to truly threedimensional aperiodicity. Several binary Al-TM alloys contain such icosahedral
crystals, but none is stable. They may be prepared only out-of equilibrium,
especially by rapid solidification. This is also the case with a number of ternary Albased alloys, including e.g. Al-Zn-Mg,1 and of binary and ternary Titanium-based
alloys, for instance Ti-Ni and Ti-Fe 2 or Ti-Ni-Si3 and Ti-Ni-Zr4 (although evidence
exists that this latter compound is stable at the Ti45Zr3gNi]7 composition).
Similarly, implantation of Mn ions in gallium substrates entails the formation of
metastable icosahedral precipitates.5 In contrast, aluminium-based ternaries like AlCu-Fe, AI-Pd-Mn or Al-Li-Cu yield a stable icosahedral crystal as we have already
seen in the previous chapters. The list of stable icosahedral compounds extends to
Ga2oMg37Zn43, Mg47Al3gPdi5 or ZngoMg3oREio where RE is a rare earth taken
among RE = Y, Dy, Ho, Lu, Tb or Gd. 6 Fascinatingly enough, a stable, binary,
icosahedral compound was discovered in recent years in the Cd-Ca and Cd-Yb
systems. 7 All these icosahedral componds exhibit a fee hypercubic lattice in 6dimension. A noticeable exception, and so far the only one, is the primitive 6-dim
cubic lattice of the stable Mg-Zn-Sc icosahdral quasicrystal.8
Introducing one periodic stacking direction leads to the pentagonal
approximant studied in section 7 of chapter 1 or to the decagonal phase with 10-fold
rotational symmetry around the periodic axis. Examples are well known in the AlCu-Fe system^ for the former approximant or in the Al-Ni-Co and Al-Cu-Co alloys
for the decagonal phase.10 This phase may coexist with the icosahedral compound in
a few alloy systems like Al-Mn u (in which both are unstable) or Al-Pd-Mn12-13 (in
which both are stable). Other examples of two-dimensional quasicrystals are the
octogonal 8-fold symmetric Cr-Ni-Si or V-Ni-Si compounds 14 and the 12-fold
dodecagonal Ni-Cr particles. 15 Beautiful examples of non-metallic 12-fold
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compounds were discovered in Ta-Te chalcogenides.16
A step further towards crystal periodicity is achieved in one-dimensional
quasicrystals like Al-Pd-Fe 17 or Al-Cu-Fe-Mn.18 Both compounds are stable and
resemble the decagonal phase for they comprise a periodic stacking of nearly
aperiodic atomic layers. In contrast to the decagonal phase however, such layers are
truly aperiodic along one direction of space only whereas periodicity is restored along
the two other perpendicular directions. According to this classification, approximant
crystals may be considered as the result of zero-dimensional aperiodic order. Up-dated
lists of quasicrystals and related compounds are often published, see for instance a
recent one by A.P. Tsai. 19
The reasons why quasicrystals form right at such specific compositions in a
restricted number of metallic alloys are not yet fully understood. In chapter 2, we
have insisted on the predominant role played by conduction electrons via the HumeRothery mechanism and their coupling with d-states when a transition metal enters
the chemical composition of the compound. From this standpoint, aluminium is a
good choice as a base metal to grow a quasicrystal in an intermetallic system since it
supplies the appropriate number of electrons to achieve the necessary magic electron
concentration of about 2 e7at. An a posteriori explanation of the stability of the
quasicrystal may then be elaborated to interpret the existence of the known
quasicrystals but no fully completed theory does exist yet to predict the composition
of any quasicrystal starting from fundamental properties of the constituents. Also,
there is no real clue to understand why Al-based quasicrystals change from
icosahedral to decagonal, ultimately to approximant structures when the transition
metal component is changed among the 3d to 5d series. Arguments based on Janot's
model, which we have studied in chapter 2, indeed assess the existence of icosahedral
order to a perfect matching between the average electron density in the compound and
the electronic charge carried by individual clusters. This does not explain
unfortunately why several alloys like Al-Co-Ni do not exhibit an icosahedral
compound but only a decagonal phase despite the fact that the e/a ratio may be set in
principle as equal to the electron concentration appropriate to icosahedral
quasicrystals. It does not tell us why a restricted set of approximants forms in the
vicinity of the quasicrystal in most systems. Nor does it help us foresee the
formation of quasicrystals in alloys containing other constituents like Ti-Ni-Zr or
Ta-Te for which the computation of e/a is far more complicated.
This situation is by the way not different from the one encountered in normal
crystals. The selection of a specific atomic structure among all possible
arrangements in a given phase diagram is governed by a small difference between
large numbers representing the Gibbs free energies of every structure in
configurational space. Most often, it is quite risky to try to guess which compound
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is the most stable one at fixed thermodynamic conditions without a detailed
calculation of the energy balance. For quasicrystals, the issue lies beyond the
performance of computers in principle since the absence of a finite unit cell does not
allow thorough calculations. Only approximations based on giant unit cell crystals
of increasing size can be attempted. This strategy is soon limited by the power of
present computers and no theory is available to extrapolate the results to larger sizes.
The question to know whether a defined ensemble of atoms will be icosahedral,
decagonal or simply crystalline will probably remain unanswered for a long time
yet.
Therefore, it is more efficient to rely upon empirical criteria. Is is a custom to
distinguish between rules based on electronic properties and on atom size matching,
although the two types of effects are obviously interdependent. In a first order
approach, it is reasonable to assume well-defined atom valences for the constituents,
again despite the evidence exists that such numbers depend on the specific
environment of the atom (see Eq. (2.30)). Typical numbers for Al-based compounds
were given in chapter 2 already. Then, it turns out that icosahedral and decagonal
quasicrystals form in Al-Cu-TM and Al-Pd-TM alloys around e/a =1.8 e7at and e/a
= 1.7 e-/at, respectively (figure 4.1). The same trend is observed in quaternary Al-PdTM1-TM2 systems. In transition metal-free systems, i.e. Al-Li-Cu, Al-Mg-Zn, ZnMg-RE, with valences of +3 for Al and RE, +2 for Mg and Zn and +1 for Li and
Cu, the stoichiometric compositions of the icosahedral compounds correspond all to
e/a = 2.1 e7at. Albeit all such icosahedral quasicrystals are stable and exhibit very
similar diffraction patterns in reciprocal space, they split into two classes according
to the value of e/a. This point was recognized early to occur as well in complex bcc
crystals of corresponding compositions such as a-(Al,Si)57Mnj2 with e/a = 1.85 e/at and (Al,Zn)49Mg32 with e/a = 2.1 e-/at. Both compounds comprise a cluster of
icosahedral symmetry located at the (0, 0, 0) and (1/2, 1/2, 1/2) nodes of the bcc
Bravais lattice, but the respective clusters are different. In the former crystal, this is
the so-called Mackay icosahedron depicted in figure 1.45 with 54 atoms whereas in
the latter it is a Bergman polyhedron with 44 atoms. The atomic size in these
constitutive clusters are not the same so that the packing geometry is also different.
This point is reflected in the ratio between the average atom diameter d and the
experimental quasilattice constant a^ measured for the isosahedral compounds.a

a) Remember that quasicrystals and approximants are conceived as, irrational and rational cuts,
respectively, through a high dimensional space. Therefore, aL is directly related to the bcc lattice
parameter in 3-dimensional space. Refer to chapter 1, sections 7 and 8 and to Quiquandon et al.« for
more details.
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Figure 4.1: Icosahedral (i) and decagonal (D) quasicrystals grow only at specific
compositions of Al-Cu-TM (TM is one of the transition metals represented in this
selection of the periodic table), Al-Pd-TM and Al-Cu-TMrTM2 alloys. Outside such
regions, one has conventional crystalline phases (c) or metastable, amorphous phases
(A) under sufficiently fast quenching conditions (redrawn from Ref. 19 with permission of
A.P. Tsai, Tsukuba).
Then, we observe 20 a difference between the Al-TM and Al-Mg-Zn or Zn-MgRE icosahedral quasicrystals again, with aL/d = 1.65 and a^d = 1.75, respectively.
Figure 4.2 summarizes these findings for most stable icosahedral quasicrystals
known so far. Application to the series of Zn-Mg-RE alloys,19 all with e/a = 2.1 e/at, assigns the existence of the icosahedral compound within a restricted range of
rare earths to an adequate matching between stereochemistry constraints as illustrated
in figure 4.3.
Figure 4.2: Correlation observed19
between average electron density
e/a and size matching ratio d/aL in
Al-TM quasicrystals based on the
Mackay icosahedron and in Al-MgZn, Al-Li-Cu or Zn-Mg-RE
quasicrystals based on Bergman
clusters (after A.P. Tsai, Tsukuba).
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Figure 4.3: Range of existence of the icosahedral compound in Zn-Mg-RE alloys with
varying atomic size of the rare earth RE (Courtesy A.P. Tsai, Tsukuba).
To proceed a step further, the following section takes a closer look at the
phenomenological description of the wealth of approximants discovered so far in AlTM alloys. Because of technological relevance, emphasis will nevertheless be
essentially on Al-Cu-Fe-Cr compounds. Many such approximants are isotypic with
crystals of the Al-Pd-Mn-TM system.

3

The Multitude of Approximants

The notion of approximant crystal was already presented in chapter 1, section 7. In
fact, one needs to be cautious when introducing the case. Often, crystals with a)
chemical composition similar to that of the quasicrystal and b) large unit cell, or
preferably a unit cell containing big atomic clusters with icosahedral point
symmetry, are labelled approximants. A majority of them are related to the
decagonal phase, since they comprise regularly spaced flat and puckered layers of
atoms. A typical example is the Ali3Fe4 compound, often referred to as the A^Mn
structure2l that resembles the array of figure 1.4 if only the Mn layers are
considered. We will study several such compounds in this section. Such a
relationship to the parent quasicrystal is however only qualitative and a possible
controversy always remains regarding the way the atomic clusters are defined. A
more rigorous definition is therefore useful for those approximants that not only
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satisfy criteria a) and b) above, but which also corresponds to the quasicrystal lattice
in a univocal manner.
Hence, we will call 'canonical approximant' a crystal that c) may be put in
one-to-one correspondence with a quasicrystal by referring to the same cut and
projection scheme from high dimensional space as specified by figures 1.51 b and c
while substituting rational numbers p/q, with p and q integers and p > q, to the
golden mean x itself. Thus, several approximants go with the same quasicrystal
since T may be approximated closer and closer by successive ratios between
increasingly large p and q integers. Quite different combinations may exist according
to the choice of p/q along each direction of the cut in high dimensional real space.
They are however not all observed for a given system. For instance, the Al-Cu-Fe
approximants discovered till now are restricted to two pentagonal, one rhombohedral,
two orthorhombic and one 1/1 cubic approximants.9 The essence of the cut scheme
is illustrated in figure 4.4. Lattice parameters are reported in figure 1.41. Two cubic
approximants with respectively p/q = 1/1 and p/q = 2/1 (and lattice parameters a =
1.24 nm and 2.03 nm) were discovered in an Al7oMn2c>Pdio alloy.22 At a slightly
different composition from AlvoMn^Pdis, four orthorhombic approximants coexist
with the decagonal quasicrystal from which they have inherited their b lattice
parameter corresponding to the periodic stacking axis. Along the two other
orthogonal directions, the parameters are for each approximant: &\ = 1.26 nm, c\ =
1.48 nm; a2 = 1.92 nm, C2 = 6.14 nm; &•>, = 5.05 nm, C3 - 3.78 nm; 34 = 8.4 nm, C4
.= 6.2 nm. These numbers result from substitution of x by various rational ratios
encountered by taking p and q in the sequence of the Fibonacci coefficients p/q = 1/1,
2/1, 3/2, 5/3, 8/5, etc. that defines so-called Fibonacci approximants as a special
case of canonical approximants. Specifically for the Al-Pd-Mn system and in
correspondence with the lattice parameters given above, we have (p/q) \ = 1/1 and 1/1
for aj and c\, respectively, (p/q)2 = 2/1 and 5/3 for a2 and C2; (p/q)3 = 5/3 and 3/2 for
a3 and C3; (p/q)4 = 8/5 and 5/3 for a4 and C4.

3.1

Crystals and Approximants in the Al-Cu-Fe-Cr System

Up to now, most quasicrystalline materials designed for plasma spray coatings or
vapour-deposited films belong to the Al-Cu-Fe(-Cr) system because the raw
materials are cheap enough whereas their physical and mechanical properties are quite
interesting. Addition of chromium to the Al-Cu-Fe base is commanded by corrosion
resistance requirements as we shall see later in this book. The binary combinations
of transition metals with Al are well-known for decades already. Some compounds
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Figure 4.4: Simplified presentation of the cut scheme that generates Al-Cu-Fe(-Si)
approximants. The dashed lines represent the traces of the 6-dim unit cell in a plane that
contains a five-fold axis E// belonging to physical space and a five-fold axis in
complementary space perpendicular to Ef/. The decomposition in rectangular joining cells
is based on the traces of the atomic surfaces in this plane. The thick broken line
corresponds to the icosahedral quasicrystal whereas the solid lines define the cut
appropriate to the 1/1 cubic (C), 4/2 rhombohedral (R) and pentagonal 5/3 (Pj) or 10/4
(P2) approximants. The trace of the orthorhombic approximant in this plane is identical
to that of P2 (Courtesy M. Quiquandon, Vitry).
like Al nFe 4 2 1 or A\sFe223 exhibit broken icosahedral order and are very similar to
canonical approximants of the decagonal phase. 24 In AI13C04, isotypic with
Ali3Fe4, the case is even more interesting since a series of approximants with unit
cells inflated by power ratios of x forms upon rapid solidification.25 Approximants
also appear in the binary Al-Cr26 and ternary Al-Fe-Cr systems, the latter exhibiting
a large hexagonal unit cell (a = 4.0 nm, c = 1.24 nm) at the AlgjFegCrn
composition. 27 We will come back to the Al-Cu compounds in the next subsection.
Among the various Al-Cu-Fe and Al-Cu-Cr compounds identified till now,
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those with e/a = 1 . 8 e7at electron density are either true stable quasicrystals
(Al62Cu25.5Fej2.5) or approximants. With no chromium addition, these
approximants are the ones listed in the introduction part of this section. They may
all be mapped to the icosahedral lattice via the high-dim space as we have explained.
In the presence of more than 1 or 2 at % Cr, the atomic arrangement evolves so as
to fit with the decagonal quasicrystal (figure 1.43). Specifically, these approximants
are two monoclinic compounds labelled M] with a = 2.01 nm, b = 1.22 nm, c= 4.32
nm, P = 98.3° and M 2 with a = 1.24 nm, b = 1.22 nm, c = 2.01 nm, 3 =108° and
three orthorhombic structures, coined Oj to O3, with giant unit cells respectively
given by &\ - 3.25 nm, bi - 1.22 nm, c\ = 2.37 nm; a2 = 2.36 nm, b2 = 1.22 nm,
C2 = 2.01 nm; 33 = 1.46 nm, b3 = 1.22 nm, c 3 = 1.24 nm. Observe 28 that all
structures have the same b parameter length that coincides with the periodicity of the
relevant decagonal phase. It is straightforward to remark that these lattice parameters
may be deduced from each other by scaling up to a power of xn with n = -1, 0, 1,2,
3 ... and that the ratios between any two a parameters (respectively, c parameters)
match the rational approximations of the golden mean.29
The location of these compounds in a composition chart is reproduced in figure 4.5.
Taking a valence of -4 for Cr, i.e. a tendency to fill-up the 3d band comparable to
that suggested for Mn and Fe on the basis of more sophisticated arguments evoked
in section 4.4 of chapter 2 leads to the conclusion that all approximants listed in the
present subsection lie close to a constant e/a ratio of 1.8 e7at. 3 0 All other
compounds - like 8—Al2Cu or tetragonal co-A^C^Fe - that do not belong to this
ensemble of compounds characterized by this specific electron density of 1.8 eVat
show no icosahedral order whatsoever. This argument points out a fourth criterion
for the definition of approximants, namely that d) approximants exhibit nearly the
same electron density as their parent quasicrystal.b

3.2

B2 - Based Approximants in Relation to Quasicrystals

At first glance, the CsCl B2 ordered phases that occupy the middle of the Al-Fe and
Al-Cr phase diagrams have no link at all to quasicrystals. This phase, coined the Pcubic phase in the previous chapters, also forms close to the composition of the
quasicrystal in Al-Cu-Fe and Al-Pd-Mn alloys. It is worth noticing that such a phase
is always present in at least one of the Al-TM binary systems contained in a

b) According to Janot (chapter 2, section 3.5), a small difference must exist however between the two
e/a values relevant to the quasicrystal and the approximant, respectively.
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Figure 4.5: Location of the Al-Cu-Fe-Cr icosahedral and approximant compounds in a
section of this 5-dimensional phase diagram taken at room temperature. For the sake of
the presentation of the figure, the base triangle of the diagram is drawn for Al, Fe and Cu
concentrations (such that the sum of Al, Cu and Fe is normalized to 100 at %) and the Cr
content is given in the brackets. Solid and open dots represent the position of the
samples prepared for this study. White areas correspond to annealed samples whereas the
shaded zones were located after rapid solidification of the sample. The orthorhombic
compounds are noted here MCI to 3 since the samples are actually microcrystalline.
Cubic B2 phases are referred to by the letter C. The M2 monoclinic compound is isotypic
with ^.-Al^Fe^ The position of Ml is not shown since the composition could not be
determined although the structure is clearly assessed different from that of M2 (see figure
1.43).
quasicrystal composition field, see e.g. Al-Pd. Sometimes, like in AI3CU2 or
Al3Ni2, the CsCl arrangement is distorted to a hexagonal lattice, but examination of
the atomic positions points out a simple relationship between these atomic
arrangements and the CsCl-type lattice. The structure of Al 3 Ni 2 is rhombohedral
with a P-3ml space group.31 It comprises a large density of vacant sites ordered on a
CsCl superlattice with 3 CsCl units per rhombohedral cell. The composition may
be written as AI3N12D1 where D stands for a vacancy. These vacancies order into a
hexagonal network of {111} planes of the CsCl lattice with a three-layer period
along the long diagonal of the rhombohedral unit cell. This type of vacancy ordering
was uncovered32 in several B2-type intermetallics based on a CsCl lattice of Al and
TM atoms. These phases are often called Tn-phases with n indexing the period of the
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vacant sites. The Al3Ni2 structure is the T3 member of the series. The detail of the
distribution of vacant sites was studied in several Al-Ni and Al-Pd
intermetallics. 3 3 - 3 4 For specific compositions that may be written as
Alpn+iTMpn[]pn_i where the P n + i , P n and Pn_i integer numbers are successive
coefficients of the Fibonacci series, the sequence of filled and vacancy-occupied
{111} planes follows a period specified by the rank n of P n . More explicitly, if F
and V label filled and partially vacant {111} planes, then for composition
AI8TM5HI3, the sequence of F and V planes along one period is F F V F V. For
AI13M8D5, it is F V F V F F V F F V. By extrapolation, a truly aperiodic sequence
is expected for composition AlT+]TMtDi where X, the golden mean, is an irrational
number that may be approached very closely by atom mixtures, for instance at
composition Algi 8TM28.2 (compare with the stoichiometry of the i-AlCuFe
quasicrystal).
This close relationship between x-phases and quasicrystals was first pointed out
by noticing the crystallographic orientations observed by electron microscopy at the
grain boundaries between this phase and orthorhombic approximants in Al-Cu-Fe-Cr
specimens.35 In more recent years, Chuang Dong from Technological University of
Dalian in China has dedicated a large fraction of his research to the formation and
structure of B2-phases in connection with quasicrystals. He has discovered two new
CsCl-type structures in an AI3CU4 alloy. 36 The crystalline structures are respectively
face centred orthorhombic (noted oF with lattice parameters a = 0.82 nm, b = 1.42
nm and c = 1 nm) and body centred orthorhombic (ol, a = 0.41 nm, b = 0.71 nm and
c = 1 nm). They are quite similar from the point of view of atomic positions, as
well as they resemble the high-temperature parent phase £2-Al2Cu3 as illustrated in
figure 4.6. They differ essentially in their detailed atomic composition, vacancy
concentration and ordering with 0F-AI36CU48D12 and 0I-AI8CU12Q4, respectively.
Note immediately the associated electron concentrations: 1.856 eVat for oF and 1.8
e7at for ol.
Henceforth, these (3-phases satisfy the definition of (non-canonical)
approximants according to criteria a), b) and d) prescribed above. This characteristic
feature is also met in the AI3N12, <t>-AlioCuioFe and £-Al3Cu4 (y-brass type)
structures.36 They may accordingly be placed 30 - 37 on a e/a = 1.8 e7at correlation
chart like the one displayed in figure 2.7. On top of this, it is possible to relate the
B2 structures to the high-dimensional picture of quasicrystals 38 in the line of
criterion c) but the projection scheme must be modified so that it will not generate
canonical approximants. Let us begin with the 2D example introduced in section 8
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Figure 4.6: Structural relationship between £2-Al3Cu2, oF-Al36Cu4gD12 and oI-AlgCu^CU
(in atom numbers). Two successive (Oil) layers are shown with the a parameters
perpendicular to the figure. A unit cell of £2-Al3Cu2 is shown in (a) by a dashed area. This
area plus the neighbouring open area on the right-hand side corresponds to a unit cell of
the ol phase. The largest rectangular cell corresponds to oF (Courtesy C. Dong, Dalian).
of chapter 1. Using the same notations, with tan a = T 1 and an atomic surface of
length A = 1, the correspondence between 2D square lattice and basis vectors along
physical and perpendicular space is given by:
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where d0 is the shortest physical length that can be produced in real space, for
instance the smallest distance between atom pairs. Then, the right-hand side part of
Eq. (4.2) represents a ID approximant crystal generated along physical space after
projection according to tan a = q/p. The smallest is obtained when the period in 2D
space coincides with do and q/p = 1/0. Taking do = 0.295 nm and q/p = 1/0 allows us
to reproduce the atomic structure of (3 and %i phases from high dimensional 6D cubic
lattice.
The local resemblance with a Penrose tiling of the atomic arrangement in B2
phases is emphasized in figure 4.6 by bold lines. For specific compositions, as we
have seen, crystalline periodic order disappears because of chemical ordering of atoms
and vacancies. It is therefore not a surprise to ascertain that the physical properties of
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specific P-phases are not so much different from those of the neighbouring
quasicrystal of closeby composition. This point was illustrated in section 4.5 of
chapter 2 by electronic structure results. In figure 4.7, we present measurements of
the thermal diffusivity a(T) in a simple B2 phase and in a ternary Al5oCu34Feie Pphase with chemical superordering. The temperature dependencies of a(T) are quite
different from each other, the latter being comparable to that measured in
quasicrystals whereas the former is about an order of magnitude larger. Other
examples of the similarity between P-phases and icosahedral quasicrystals will be
pointed out in the next chapter.

Figure 4.7: Thermal diffusivity
measured as a function of
temperature in a conventional
B2 CsCl-type phase of
composition Al 5 0 (Ni,Ti) 5 0
(crosses) and in a (5 Al 5 0 Cu3 4 Fei 6 cubic phase
(solid circles) showing T2-type
superorder.

4

Phase Diagrams

The early quasicrystals discovered essentially in binary alloys were not stable and
turned into conventional crystals when heated at moderate temperatures of about
400 c C. 39 For some time, it was concluded from this behaviour that quasicrystals
represent an intermediate state between fully organized crystals and disordered
amorphous alloys. Although disorder may be present because of phason fields, it
turns out however, that quasicrystals may be grown by slow - and reversible solidification of a liquid alloy at adequate composition. Initial evidence of this
unexpected behaviour was supplied by the growth of single-domain quasicrystals
within the solidification shrinkage cavity of an Al-Li-Cu ingot. Nevertheless, the
first direct in situ observation of the formation path of a stable quasicrystal was the
one mentioned in the foreword of this book. This is the reason why we will insist a
little more on this measurement in the next subsection.
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Growth from the Liquid State

The objective of this experiment 40 was to study in situ the formation and growth
kinetics of the icosahedral i-AlCuFe quasicrystal from the liquid state of an
Al65Cu2oFei5 alloy. This was easy to achieve by measuring neutron diffraction
patterns every three minutes during continuous cooling of a specimen initially held
at a high temperature of 1400 K in a furnace specifically designed for this purpose.
The overall display shown in figure 4.8 summarizes the results. On the x-axis, we
have the 29 Bragg angle and the temperature is along the perpendicular y-axis. The
third axis is for the scattered neutron intensity (after subtraction of a background
intensity due to the ancillary equipment).

Figure 4.8: Neutron diffraction patterns (k = 0.252 nm) recorded upon cooling from 1400
K at 1 K mn-1 an alloy of composition A ^ C u ^ F e ^ . The broad peak in the forefront of
the figure is due to the liquid state of the alloy. Upon cooling, ji-Al5Fe2 and then XAl13(Cu,Fe)4 crystals form first, followed by the (3-cubic phase indicated here by its (100)
and (110) lines. The other letters D to N mark the positions of the icosahedral
quasicrystal peaks that appear at a lower temperature. Proper indexing of these peaks will
be explained later in this chapter.
Clearly enough, the icosahedral quasicrystal does not grow directly from the
liquid alloy, but instead appears after three crystalline phases have formed. First, at
high temperature, the broad halo characteristic of diffraction by a liquid is
surmounted by narrow peaks due to ri-Al5Fe2 crystals. At lower temperatures, the
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same signature of crystal growth appear successively for A.-Ali3(Fe,Cu)4 and (3cubic phases. Peaks that can be indexed according to the icosahedral compound
lattice (marked by capital letters in figure 4.8) rise only when the smooth
background intensity due to the liquid has nearly vanished. This process is reversible
and follows a kinetics controlled by diffusion of the constituents in the bulk. In
Al7jPdi9Mnio, the same kind of delayed quasicrystal growth was pointed out, but
with a formation kinetics limited by interface diffusion mechanisms.41 This kind of
formation path of a solid from a liquid is well known in many intermetallic alloys
and, in fact, is the most frequent one regarding the growth of Al-based compounds. It
is called a peritectic reaction because the resulting crystal grows at the periphery of
preexisting crystals. Since atomic transport must proceed through this growing solid
phase in order to exchange atoms between the liquid phase and the crystal already
formed, this process is necessarily slow. In the two icosahedral quasicrystals, it was
found 4 ! abnormally slow by a few orders of magnitude in comparison to
conventional peritectic reactions like the growth of AlgMn. This result is probably
the most important one to keep in mind in view of the preparation of quasicrystals
by solidification of a liquid alloy. The same trend is observed 42 during solid state
reaction0 between a metastable cubic phase and Al mixtures prepared by mechanical
alloying or ball milling (see section 6.1 hereafter for an introduction to this
preparation method).

4.2

Equilibrium Phase-Diagram Data

The determination of equilibrium phase diagrams is extremely important in view of
the preparation of any type of material and especially for industrial production,
because such diagrams are a kind of road maps through the temperature-composition
field that allow the researchers to maintain a direction towards the expected
microstructure. As far as quasicrystals are concerned, only a few phase diagrams are
available in literature, because they require the investigation of at least ternary
systems, hence of a very large number of samples. Most published diagrams embody
a tremendous research effort by R. Luck and his colleagues at Max Planck Institute
in Stuttgart. Also of great relevance to our present goal is the Al-Cu-Fe phase
diagram worked out by F. Faudot et al. in Vitry. Space is too limited here to report
the entire information contained in these phase diagrams. The reader is invited to
consult the papers listed at the end of this chapter regarding the Al-Cu-Fe43, Al-PdMn, 44 Al-Co-Ni, 45 Al-Pd-Re46 systems. Fragmentary information is also available
about Al-Cu-Fe-Cr4? (figure 4.5), Al-Li-Cu,4^ Al-Cu-Fe-Si 4 ^ and Zn-Mg-Y
alloys. 19 Determination of the extension of the many phase stability regions in
c) In solid state, this type of reaction is dubbed 'peritectoid'.
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these diagrams was based on multiple techniques including X-ray diffraction,
calorimetry, magnetic susceptibility measurements and metallographic observations.
A digest19 of a few of these results is presented in figure 4.9.

Figure 4.9: Approximate isopleth sections 19 through temperature-composition regions
of the Al-Li-Cu (a), Al-Cu-Fe (b), Al-Pd-Mn (c) and Zn-Mg-Y (d) phase diagrams that
contain the icosahedral compound stability range. Observe that the i-compound
transforms upon heating into a mixture of liquid plus another crystalline phase. The yaxes give temperature in Kelvin (Courtesy A.P. Tsai, Tsukuba).

A more accurate isopleth section of the Al-Cu-Fe phase diagram49 at constant
Fe content of 12 at % is reported in figure 4.10. Observe that the i-AlCuFe
compound has its widest extension range at about 740°C whereas it shrinks
dramatically with decreasing temperature. An isothermal section9 at T = 700°C of
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this narrow region is shown in figure 4.11. The pentagonal (P), rhombohedral (R)
and orthorhombic (O) approximants are located near the icosahedral compound with
only after the addition of a few at % of silicon.50 This small region of the Al-Cu-Fe
phase diagram is the one marked i* in the Al-rich corner of the phase diagram
reproduced in figure 4.12. The other intermetallic compounds of the system,
alreadyintroduced in previous sections, are also shown. The 2-phase fields are
represented by white hatched regions and the 3-phase ones by dotted areas. This is a
modern, revisited version of the Al-Cu-Fe phase diagram published before World
War II by Bradley and Goldschmidt.51 These authors could identify all intermetallic
structures by powder X-ray diffraction except the one located at about 12 at % Fe and
25 at % Cu. They mentioned that they could not find an indexing scheme
appropriate to this phase and suggested the existence of an interesting problem at
this point. Unfortunately, they could not use an electron microscope as we would do
nowadays nor a single crystal to make progress along this direction, and thus, the
discovery of quasicrystals waited for nearly five more decades.
Fi g ure
4.10:
Recent
determination49 of the isopleth
section of the Al-Cu-Fe diagram at
constant iron concentration of 12
at %. The letters refer to the
icosahedral compound (i), S , 1, (i)
phases already introduced, liquid
(L) and rhombohedral (R)
approximant (Courtesy M.
Quiquandon, Vitry).
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Figure 4.11: Isothermal section9 at 973 K of the Al-Cu-Fe phase diagram around the
stability region of the icosahedral compound and its approximants (Courtesy M.
Quiquandon, Vitry).

Figure 4.12: Sub-solidus projection of the Al-rich corner of the Al-Cu-Fe phase diagram
showing the location of the single-phase fields (white areas). The position of the
icosahedral and approximant compounds area is marked i*. Dotted areas show the regions
where three phases coexist (Courtesy F. Faudot, Vitry).
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Phase Transformations

Most text books on quasicrystals contain at least one section dedicated to phase
transitions in quasicrystals. See for instance, the Primer by Janot52 or if you read
French the book by Janot and Dubois.29 We shall therefore limit ourselves to a brief
evocation of the mechanisms that underline the transformation of a quasicrystal into
another type of condensed matter: an approximant crystal or a regular crystal or even
an amorphous phase. The other way round, crystals or amorphous phases may
transform, e.g. upon heating, into a quasicrystal. Examples of this latter kind of
transformation will be met also in a forthcoming subsection dedicated to the
preparation of quasicrystals by out-of-equilibrium methods. As we have just studied
in the previous section, solidification and growth of a quasicrystal involve a number
of transitions from crystal plus liquid mixtures into a quasicrystal. These transitions
take place at equilibrium and are basically reversible, although time plays an
important role since composition within a small reference volume must be changed
by atomic diffusion in a solid phase in order for the transition to proceed to its
complete end. Full equilibrium is therefore most often not achieved because the
cooling rate within the temperature range where liquid and solid coexist was either
not large enough to prevent crystal nucleation and phase separation or not small
enough to let atomic transport make crystals fully disappear. A major source of
difficulties when one tries to make use of quasicrystals prepared by solidification of a
molten alloy comes from such incomplete transformations. They induce
composition fluctuations, hence reduced corrosion resistance and enhanced metallic
behaviour in proportion to the fraction of residual crystalline impurity. Upon
annealing, the transformation may be finished, but mechanical stresses may develop
in the interfacial region between crystal and quasicrystal since specific atomic
volumes are different. A fraction of residual P-cubic phase is furthermore detrimental
to the use of quasicrystals in tribological applications since it exercises tensile
stresses on the quasicrystal grains that add to the shear stress developed in the contact
area between rider and substrate. Although apparently this aspect has never been
studied so far, it is reasonable to assume that a coupling exists between local
stresses, diffusion rates and transformation mechanisms as is now well-known in
conventional materials.53
An important class of transformations from a technological point of view is
that of irreversible transformations that link a metastable quasicrystal and a stable
crystal or, conversely, an amorphous or a metastable crystal and a stable
quasicrystal. In general, such transformations do not preserve the composition, but
examples are known in which the quasicrystal and its crystallization product have
identical nominal compositions. This is what happens with metastable icosahedral
Al-Mn (the so-called Shechtmanite phase) that transforms upon heating into
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orthorhombic AlgMn. 39 This quasicrystal-to-crystal transformation cannot be
reversed without going back to the liquid state and is therefore clearly irreversible in
solid state. Irradiation with energetic particles54 or intense ball milling55 (see next
section for this technique) may also turn the quasicrystal irreversibly into another
structure, but of higher Gibbs free energy, the difference being taken by the
transformation process. Two such examples, namely crystallisation of the decagonal
phase into a cubic CsCl ordered structure after electron irradiation, and amorphisation
of Al-Cu-Fe icosahedral quasicrystals are illustrated in figures 4.13 and 4.14,
respectively.
The decomposition of a quasicrystal into crystalline phases usually proceeds by
nucleation of crystal grains at the boundaries of the quasicrystal.56 It is initiated by
the formation of planar defects visible in reciprocal space, thanks to the appearance
of streaking lines of weak intensity. Ultimately, aggregates of microcrystals grow.
They preserve a symmetry that mimics that of the parent quasicrystal and they carry
a high density of planar faults. As the transformation proceeds, these faults
progressively disappear and another crystalline phase of lower symmetry may appear.

Figure 4.13: Electron diffraction pattern taken54 along a 2-fold axis before (a) and after
(b, c) electron irradiation of a AI62CU20C015S13 decagonal thin specimen. In a), the
periodic axis of the decagonal phase is placed horizontally. After 15 mn of irradiation,
nanometer-size nodules of a bcc phase forms and is identified in b) by bold lines relating
the intense spots. This bcc phase turns into the CsCl-ordered, equilibrium cubic phase
after another 15 minutes of irradiation (c). The formation of this phase is induced by
irradiation and seems to indicate that thin samples of the present decagonal phase are not
stable at room temperature (Courtesy K. Urban, Jiilich).
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Intensity (a.u.)

Figure 4.14: X-ray diffraction patterns (wavelength X = 0.154 nm) demonstrating55 the
progressive transformation of an Al65Cu2oFei5 icosahedral sample into an amorphous
solid during ball milling for increasingly large durations as indicated on the right side of
the figure (Courtesy P.H. Shingu, Kyoto).
Thus, crystallization of a metastable quasicrystal may induce the formation of a
high density of twin boundaries and planar defects that are detrimental to the
technological performance expected from the material in relation to the enhancement
of electron conductivity promoted by defects (see chapter 2). Conversely, the
presence of a large density of grain boundaries is favourable to an increased ductility.
In this respect, the reader may refer to the effect of boron additions that were depicted
occasionally in chapter 3 (figure 3.10) and will be addressed again in section 6.3.
Thus, it is in principle possible to design optimized compositions is in order to
achieve a compromise between conflicting mechanical and electronic properties in
view of technological applications.Probably of greater technological relevance are
the surface transformations that occur within the outer-most atomic layers at the
surface of icosahedral monodomain samples when the local concentration changes
slightly upon preferential ablation of atoms during ion bombardment or upon
restoration of the ideal stoichiometry of the quasicrystal during annealing. These
structural changes have a dramatic impact on the surface electronic properties and are
therefore worth a short presentation in section 5.4 below.
All transformations mentioned up to now either relate the quasicrystal to two
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other phases (e.g. peritectic growth) or involve a substantial change of structure (e.g.
crystallization), and therefore require atomic transport over significantly large
distances. This is the reason why the label 'transformation' is preferable to
distinguish them from 'transitions' in which a crystallographic group to subgroup
relationship is maintained between initial and final products of the transformation.
An example of a phase transition that preserves both the composition and lattice
positions of the quasicrystal is the order-disorder transition that takes place in
icosahedral Al-Pd-Mn or decagonal Al-Ni-Co compounds upon rearranging the
constituents onto a sublattice of the quasicrystal. Another example of phase
transition frequently observed in icosahedral quasicrystals is the reversible
transformation of the quasicrystal lattice into that of one approximant. Such a
transformation is equivalent to the well-known martensitic transition that takes place
in many metallic alloys, for instance in Fe-C steels. This kind of transition may be
mapped to a shear deformation of the parent high dimensional space of the
quasicrystal. It is driven by large phason strains induced either by temperature or
pressurization. For completeness of this book, the following subsections deal in
short with order-disorder, phason-driven and pressure induced transitions in
quasicrystals.

5.1

Order-Disorder Transitions

Order-disorder transitions are known to occur in simple intermetallics. For instance,
A and B atoms in equal numbers may be distributed at random on a bcc lattice, and
preserve statistically its genuine symmetry, or else order on the vertex and body
centre sites, which results in the simple cubic Bravais lattice of the CsCl-type B2
structure. Such an order-disorder transition is observed upon heat treatment of the FeAl intermetallic alloy. Similarly, the high-dimensional hypercubic lattice that
generates icosahedral quasicrystals may be decorated as a primitive, or a body-centred,
or face-centred lattice, depending on the shape, position and respective occupancy
factors of the atomic surfaces. Clearly, a modulation of the occupancy of the atomic
surfaces increases the size of the unit cell in high-dimensional space like in normal
crystals. Accordingly, the simplest case of order-disorder transition in quasicrystals
corresponds to a doubling of the 6-dimensional unit cell, which relates a primitive
hyper-cubic lattice of parameter a6D to a face centred hypercubic lattice of parameter
a®=2a|p. The associated reciprocal spaces are primitive and body centred in six
dimensional space, respectively. As a consequence, the Bragg lines visible in
physical reciprocal space are not identical for the two kinds of hyper-cubic lattices,
just as systematic extinctions are a signature of a given conventional Bravais lattice.
Going a step further along this line in order to specify which line of an icosahedral
reciprocal space is extinguished would require a technical description of the
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appropriate indexing scheme. This was already done in many text books, see for
instance Refs. 29 and 52.
Two different ways of indexing were introduced in chapter 1 by Eqs. (1.23)
and (1.24), depending on whether one uses the six independent vectors that point to
the vertices of an icosahedron or one prefers to refer to an orthogonal frame. The first
scheme 57 is used in figure 4.14 to label the lines of the icosahedral compound. The
second scheme 58 is often preferred because it is more convenient to index an
(isotropic) powder diffraction pattern with the help of only two major indices:
N = h2 + k2 + 12 + h'2 + k'2 + 1'2
M = h'2 + k'2 + 1*2 + 2 (hh' + kk' + 11')
(4.3)
where the h to 1' indices of Eq. (1.24) are simply related to the nj integer coefficients
ofEq. (1.23) by:
h = nj - n4
h' = n2 + n5
k = n3 - ng
k' = nj + n4
(4.4)
1 = n2 - n5
1' = n 3 + n 6
so that the position of a Bragg line in physical reciprocal space is given by an
expression reminiscent of that used for normal cubic crystals:

N 2 = |Gexpf = 4 - -^a

6D

Z

+

T

(N + xM)

(4.5)

Hence, it may be shown that a primitive icosahedral quasicrystal is
characterized by lines indexed by even values of (h + k'), (k + I') and (1 + h')
whereas a fee icosahedral quasicrystal has also non-zero intensity on Bragg lines
specified by (h + k + 1) and (h' + k' + 1') even sums. Considering the N and M
major indices, these constraints turn into similar extinction rules illustrated in figure
4.15 by a comparison between experimental X-ray diffraction patterns of primitive
and fee icosahedral powder samples. Table 1 below specifies the extinction rules for
primitive and face centred lattices studied in reciprocal space. It is easy to show that
a primitive reciprocal icosahedral lattice is invariant under an inflation of the G
vectors^ by a factor x3. Similarly, the supplementary spots of the fee reciprocal
lattice induce an inflation by a factor x. These features are illustrated in figure 4.16
for the case of 2-fold zone axes of diffraction patterns.

d) Remind that x2 = x + 1, hence T.3 = 2x + 1. Consider a G = h/h' ; k/k' ; 1/1' vector of the primitive
reciprocal lattice. Since (h + k'), (k + 1') and (1 + h') are even, then x3 G = (h+2h')/(2h+3h') ;
(k+2k')/(2k+3k'); (1+2I')/(2I+31') leaves the parity rules reported in Table 1 invariant. Conversely, for
the fee lattice, scaling the G vector by x does not change the parity either.
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Figure 4.15: X-ray diffraction patterns (wavelength X = 0.17889 nm) for a primitive
(bottom curve) and a face centred (top curve) icosahedral compound. (N/M) indices label
the lines according to an orthogonal frame of reference.58

Figure 4.16: Primitive and body-centred reciprocal space of the icosahedral quasicrystal
along a 2-fold zone axis. 58 The diameter of each spot is proportional to the intensity.
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Table 1: Parity and scaling properties of primitive and face-centred icosahedral lattices.58
Parity of h,k,I,

Scaling

Primitive

Face centred

h',k',F indices

factor

N

M

lattice

lattice

six even

x

3

present

present

4n

4m

four even

x

present

absent

4n+2

4m+l

two even

x

3

present

present

4n

4m

six odd

x

present

absent

4n+2

4m+l

A primitive to fee ordering transition takes place in metastable Al-Cu-TM
(TM = Cr, Fe, Mn) quasicrystals prepared by rapid solidification. 56,59 it turns out
that all equilibrium icosahedral quasicrystals discovered until now exhibit fee order in
six dimensions while the primitive ones are metastable. e That depending on
temperature and cooling rate achieved during solidification, an intermediate state
forms between primitive and fee order, is obvious from the relative intensities of the
lines specific to the body-centred reciprocal unit cell (e.g. line (7/11) in figure 4.15
or line E in figure 4.8).
More sophisticated order-disorder transitions were discovered to take place in
Al-Pd-Mn icosahedral monodomain specimens. 60 A detailed investigation using
electron diffraction techniques shows that the high temperature state of this
quasicrystal (above 800°C) is indeed of fee type. At lower temperatures, close to
700°C, the symmetry is lowered down to that of a primitive lattice with parameter
in 6-dim space aJP= xa£° where x is the golden section. This value is actually large:
ajp:= 2.0881 nm and corresponds to a super-order cell in a lattice up-scaled from a fee
one by a factor x. A plausible explanation60 for the observation of such a symmetry
breaking is based on the assumption that atomic surfaces order on the sites of the 6dim diamond lattice. This lattice is related to the fee lattice a ^ = 2 a*° and may be
mapped by a scaling transformation to the primitive lattice (see Ref. 60 for details).
Similarly, in decagonal Al-Co-Ni quasicrystals, an abundance of phase
transitions was observed upon heating and composition changes.61 From variation
of the diffraction intensities, it was deduced that the atomic ordering on the different
decagonal sublattices is driven by at least two different order parameters. 62 A
detailed analysis of a very large number of diffraction lines and satellites was
performed by Haibach et al. in order to achieve a precise geometrical description of
e) Except again the one discovered only recently by T. Ishimaza et al. at Sapporo University.8
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the relationship between basic and superordered decagonal phase. 63 This link, it
turned out, belongs to a specific crystallographic transformation called rotoscaling
that comprises a scaling by a factor (3-x) 1/2 plus a rotation by -rc/10. Such models
assume that the atomic rearrangements that are responsible for the existence of the
superstructure do not influence the topological stability of the lattice. Often, this is
not the case and the quasicrystal structure loses its stability. It distorts into another
atomic arrangement of lower symmetry. This situation is especially met with
phason-driven transitions that relate a quasicrystal to one of its approximant
structures.

5.2

Phason-Driven Transitions

An intuitive presentation of a phason-driven transition between a quasicrystal and an
approximant crystal was given in figure 1.51. A disorientation of the parallel space
with respect to the periodic high-dim lattice, or equivalently a shear deformation of
this periodic lattice, is able to bring the physical space onto a rational cut direction.
Accordingly, a crystal is generated with a period depending on the specific rational
approximant selected as shown in figure 1.51. Intuitively too, it is easy to imagine
that approximant twin crystals will be generated if the physical space is not a
straight line but a zigzag line waving around the slope corresponding to the
quasicrystal. The complete algorithm for generating approximants and twinned
micro- (or nano-) crystalline approximants in real physical world was studied by
Duneau and Audier and their collaborators.64
This one-to-one correspondence between quasicrystal or approximant and
high-dim lattice is in essence an efficient crystallographic tool, useful for the
description of atomic positions. It so happens that the phase transitions observed
experimentally follow the same path and map atomic positions in the initial
quasicrystal and final approximant. Such a transition was first discovered in the
vicinity of the stoichiometry of the perfect Al62Cu25.5Fei2.5 icosahedral
compound. 65 It manifests itself by a change of the electron diffraction spots that
become triangular and a broadening of the foot of X-ray and neutron diffraction
lines66 when the temperature of an Al-Cu-Fe alloy is lowered from high temperature
down to below 650°C.f The composition that yields such a transition is slightly
different from the ideal stoichiometry of the quasicrystal so that the electron
concentration is moved to e/a = 1.92 eVat, see figure 4.11. Fine analysis of the high
resolution electron images taken during the transition demonstrates that the
icosahedral lattice stable at high temperature has transformed to that of the

f) At high temperature, the lines are Gaussian whereas at low temperature, they are better accounted
for by a Lorentzian lineshape.
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rhombohedral compound introduced in figure 1.41. Furthermore, these rhombohedral
crystals form an icosahedral tessellation that preserves the initial average icosahedral
symmetry (figure 4.17). Every facet of the rhombohedral micro-crystals is therefore a
micro-twin plane and the transition has led to the formation of a twined system.
Hence, it is possible to compute the reciprocal space by summing up the amplitudes
scattered by each individual crystallite, up to rotation symmetry elements of the
tessellation, for instance a 5-fold axis as in figure 4.18. A very good agreement is
achieved with the experimental reciprocal space. The triangular shape of the spots is
reproduced to an excellent degree of accuracy. A contrario, the narrow dot-shaped
Bragg spots of the icosahedral quasicrystal at higher temperature cannot be explained
by assuming a tessellation with average icosahedral symmetry of any crystal system
with a unit cell of reasonable size. The occurrence of the quasicrystal-crystal
transition in Al-Cu-Fe compounds is probably the most robust argument in favour
of the existence of a genuine icosahedral structure, but also the clearest evidence that
Pauling was not entirely outside the track when he postulated twining as a plausible
interpretation of the 5-fold symmetric diffraction patterns.

WBBKBS^^^^^^^^^^^^'^

Figure 4.17: High resolution electron

WBHn^K^SS$BuB$BBSB^BnBH&§
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microscopy image65 of a region where
^'ve rnombohedral crystals match and
form a local five-fold axis. The
separation distance projected on the
plane of the figure is a sin(63.43°) =
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P/fn^\'5ii^B^^MBffl§sSls!l£ra
tj^/^/^S^^^S^S^^^B^^^v^^^t
MB^ft>WWflBBWWMlBP^ft•.£•>**'".''*>•*-

parameter. The inset shows a
perspective view of the tessellation
existing in this region of the image
(Courtesy M. Audier, Grenoble).
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Detailed in situ investigation67 of the transition reveals that the perfect, hightemperature icosahedral symmetry is progressively lowered by successive symmetrybreaking transient events that are actually quite sensitive to details of the specimen
preparation and thermal history. Upon cooling, a modulation of the icosahedral
symmetry appears first. This shows up in reciprocal space as intensity streaks
elongated in the direction of the 5-fold axes. This transient state ends up at lower
temperatures in the formation of the pentagonal compounds (figure 1.41) and then
the rhombohedral approximant.
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Figure 4.18: Experimental (a) and calculated (b) electron diffraction patterns
corresponding to a 5-fold zone axis of a rhombohedral tessellation with average
icosahedral symmetry.65 In the calculation, only the positions of the spots are relevant.
The periodic grid is for one rhombohedral lattice alone. The other four twins are rotated
by 72° with respect to each other. The triangular shape of the experimental spots in a) is
due to the near superimposition of individual spots and is well reproduced in b) (Courtesy
M. Audier, Grenoble).
Transitions of this type were observed in several other quasicrystal-forming
systems. For instance in Al-Pd-Mn, a superlattice ordering of cubic symmetry was
uncovered thanks to a combination of high resolution X-ray diffraction and electron
microscopy techniques.6^ The phase transformation product entails the occurrence of
crystalline regions grown from a cubic approximant with a huge cell parameter (a =
29.4 nm). Again, the microstructure comprises multiply twinned domains with
mutual crystallographic orientations producing an overall icosahedral symmetry. The
formation of this approximant may be interpreted as a phason-driven transformation
of the low-temperature ordered icosahedral superstructure (with diamond hyper-cubic
lattice) introduced at the end of the previous section.
As already mentioned, it is observed that a background of diffuse intensity
develops around strong Bragg lines and contributes to the rise of well-identified
satellite peaks as the transition proceeds towards the formation of the approximant
upon cooling. This background intensity vanishes at high temperature in the perfect
icosahedral state. It is anisotropic in reciprocal space and shows elongations along
simple symmetry axes that depend on the specific material. In Al-Cu-Fe, the
satellite intensities are correlated to that of the main Bragg line around which they
are located. For the sake of illustration, figure 4.19 presents a summary of the
satellite intensity measured around a Bragg peak located on a fivefold axis (left) and a
threefold axis (right). The size of the ellipsoids is proportional to the intensity
whereas the elongation reproduces the experimental shape with respect to the local
icosahedral frame of reference. In other quasicrystals, the symmetry and intensity
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distribution of the background intensity is found to be different. From these
findings, it is concluded that the shear deformation of the high dimensional space
that produces the appearance of the satellite intensity during the transition has
essentially a phason origin with a polarisation parallel to the q component of the
vector that refers the satellite position to that of the main peak in reciprocal space.
Hence, the label 'phason-driven transition' adopted here.

Figure 4.19: Relative intensities and elongation of satellite spots measured around a
Bragg line positioned on a 5-fold axis [TOI] (left) and a 3-fold axis [x210] (right) during
the quasicrystal-crystal transition in a Al-Cu-Fe sample.69 The volume of the ellipsoid is
proportional to the intensity (Courtesy M. de Boissieu, Grenoble).
Beautiful numerical models were designed by Walter Steurer and his coworkers at ETH-Zurich in order to mimic the transition from decagonal phase to its
(4,6) approximant.70 This example is simpler than that of the icosahedral compound
since only two layers of atoms need to be included in the model. The mechanism
introduced in the model of the transition assumes that an atom in the basic decagonal
structure moves to one of the nearest neighbour positions available in the
approximant lattice. Such jumps do not exceed 0.15 nm, most of them being below
0.1 nm. In case of conflict between different possible jumps, the shortest vector is
selected. Iteration of this process is performed until no more movement is possible.
This procedure leads a monodomain decagonal structure to transform into a
nanodomain patchwork of approximant crystallites (figure 4.20). This result is in
fair agreement with the experimental evidence that approximant materials derived
from a parent quasicrystal via a phase transition are formed of very small regions
preserving mutual crystallographic orientations. The size of such domains is always
comparable to that of the approximant unit cell. Although successful indeed, the
model does not take into account atomic mobility along directions perpendicular to
the aperiodic layers nor the unavoidable existence of vacant sites. Clearly enough,
these two effects couple phason jumps taking place in adjacent layers and may
influence not only the kinetics of the transition but also the selection of possible
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local movements.7'
For completeness, it should be mentioned that reversible quasicrystal-crystal
transitions are known, e.g. in rare earth-Mg-Zn alloys, which relate an icosahedral
compound to a hexagonal crystal that apparently cannot be generated by highdimensional crystallography techniques.72 Other examples will be mentioned in the
following pages.
Figure 4.20: Nanodomain
structure observed 70 after
completion of the decagonal-to(4,6) approximant transition in
an area of 800 x 800 nm of the
model. The origin of the lattice is
located at the left bottom corner
of the image. Different intensities
of grey and black mark different
domains (Courtesy W. Steurer,
Zurich).

5.3

Pressure Induced Transitions

In situ study of the effect of pressure on phase stability has become rather easy with
the availability of intense and sharply focused polychromatic X-ray beams delivered
by synchrotron light sources. The intensity is nowadays large enough to allow a real
time record of the advancement of a transformation. This may be achieved using
energy-dispersive diffraction at fixed Bragg angles and a diamond-anvil hydrostatic
pressure cell. 73 Remarkably, the perfect icosahedral Al62Cu25.5Fei2.5 compound
remains icosahedral up to pressures as high as 33.5 GPa. Similarly, the
rhombohedral and pentagonal approximants do not change their structure either
except an isotropic compression of the lattice. From relative change of volume as a
function of pressure, it is possible to deduce an equation of state that contains the
bulk modulus at zero pressure. Quite similar values are then found, in the range 155
to 175 GPa for the bulk moduli of the quasicrystal and those of the two
approximants. The evolution of the peak positions with pressure is rather
comparable in i-Al-Cu-Ru and i-Al-Pd-Re that manifest no structure transition under
hydrostatic pressures up to 35 GPa. 74 An abrupt broadening of the diffraction lines

g) In practical units, the equation equivalent to Bragg's law (Eq. 1.16) that relates lattice distances d,
fixed scattering angle G and energy of the scattered beam selected by the detector is d (nm) = 1.2398 /
(2 E sin8) where E is this energy expressed in keV.
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is observed nevertheless when the applied pressure exceeds 10 GPa (figure 4.21).
This effect is assigned to the rise of a phason field able to stabilize the icosahedral
compound under high isotropic pressure stress.

Figure 4.21: Step-wise broadening74 of a few Bragg lines characteristic of icosahedral
Al65Cu2oRui5. The full width at half maximum intensity (FWHM) increases suddenly
when the pressure exceeds 10 GPa. It does not come back exactly to its initial value after
the pressure has been released (data shown on the left beneath the arrow marked Od). Open
dots are for the (6/9) line, open squares for (7/11), solid diamonds for (8/12), open
triangles for (18/29) and solid squares for (20/32). Refer to figure 4.15 for the indexing
(Courtesy A. Sadoc, Orsay).
A first evidence that non-isotropic pressurization leads to a quasicrystalcrystal transition, in strong contrast with the previous findings, was obtained from a
postmortem study of i-Al-Cu-Fe and d-Al-Cu-Co-Si samples compressed at room
temperature.75 In such samples, a large amount of ordered (3-cubic phase and other
crystal impurities was uncovered after mechanical straining at room temperature.
More convincingly, thin specimens cut out of strained icosahedral Al-Li-Cu
monodomain samples show a complete breaking of the icosahedral symmetry in
large areas of the total surface accessible to transmission electron microscopy.76 A
pseudo-5-fold axis of the transformed product is exemplified in figure 4.22. It can be
indexed according to a rhombohedral lattice of parameters a = 0.54 nm-l and a = 72°
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in reciprocal space. No sharp boundary is visible between transformed regions and
initial icosahedral structure. Instead, a modulated structure has developed in between.
This transition is therefore continuous and proceeds via the formation of lattice
defects and stacking faults (for a review on lattice defects in i-Al-Li-Cu, see Ref. 77
and Ref. 78 for similar data relevant to deformed i-Al-Cu-Fe samples).

Figure 4.22: Pictorial presentation of an experimental selected area electron diffraction
pattern recorded from a thin specimen cut out of a deformed monodomain Al-Li-Cu
icosahedral sample. The dark dots reproduce the position and intensity of the
experimental spots. A rhombohedral grid with its indexing partially indicated matches
the experimental positions along a [001] zone axis for reciprocal parameters a = 0.54
nnr1 and a = 72°. Observe that the original perfect icosahedral symmetry of the sample is
now broken to a pseudo-5-fold symmetry axis (Courtesy M. Kleman, Orsay).
In Al-Pd-Mn, several approximants exist close to the composition of the
decagonal phase. These compounds are built by very similar clusters, the pseudoMackay icosahedron (PMI, see figure 1.45) and the Bergman cluster already
introduced in previous sections. The approximant structures differ according to the
way these clusters are linked together or overlap, and to their relative abundance. The
respective atomic structures, although quite complicated, may be simplified by
defining structural units whose vertices are located on a specific choice of the
constitutive clusters. For example, the ^'-phase, figure 4.23, comprises flat (F) and
puckered (P) layers of atoms arranged perpendicular to the b axis that coincides with
the periodic stacking axis of the decagonal phase. All atoms may be assigned a
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position on one given shell of either a PMI or a Bergman cluster. It is then easy to
distinguish a partition of each layer into space-filling flattened hexagons (shown in
light solid lines in figure 4.23. Such hexagonal cells are alternating in zigzag with
respect to each other. Similarly, in the ^-phase of nearby composition, the same
hexagons may be distinghished,64 but they arrange along straight parallel strips as
shown in figure 4.24. The two other approximants of d-AlPdMn, namely the T- and
R-Al3(Pd,Mn) phases, may also be decomposed into elongated hexagons, disposed
either in zigzag or in parallel.79
Figure 4.23: Partition of
atomic positions64 in flat (F)
and puckered (P) layers of the
Al-Pd-Mn £'-phase into
flattened hexagonal cells. Note
the mutual arrangement into
zigzag strips. For simplicity,
an intermediate atom layer is
not shown
(Courtesy L.
Behara, Palaiseau).
Figure 4.24: Atomic structure of the Al-Pd-Mn
t, and §' phases simplified to the extreme. Both
phases comprise flattened hexagonal cells
(figure 4.23), forming zigzag (4') or parallel
strips (4). The atomic decoration is omitted for
simplicity of the figure. Solid circles represent
only the vertices of the underlying partition of
the structure into hexagonal cells (Courtesy L.
Behara, Palaiseau).
Electron microscopy high-resolution images prove that the £,' structure
transforms into that of the ^-phase by application of a shear stress79 (equivalently,
the T-phase ends into the R-phase according to the same mechanism). This
transformation is illustrated in figure 4.25 for the case of the £' to ^-phase
transformation. The hexagon cells are visible in the right-side part of the figure with
the PMIs drawn in their respective positions. Note in the central part of the figure
the banana-shaped defect that breaks the symmetry of the hexagonal cells locally.
This specific defect allows the transition to take place under the application of a
mechanical stress as is exemplified in the left side part of the figure. Another defect,
in the shape of a boat, drives the propagation of this transition to the T-phase that
then transforms into the R-phase. The banana- and boat-shaped defects that appear
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transiently during the £,'- to ^-phase transition, respectively the T- to R-phase
transition, are sketched for completeness in figure 4.26.

Figure 4.25: Illustration of the transition induced by a shear stress between £'and % AlPd-Mn phases. The right-hand side column shows the PMI clusters arranged on the
vertices of the hexagonal cells in %' (top) and 2, (bottom) phases. In the central drawing, a
banana shaped defect appears. As shown at the left, the creation and propagation of this
defect carries the transformation of a single domain £,' crystal into a twinned % crystal
(Courtesy M. Audier, Grenoble).
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Figure 4.26: Focus at the two specific defects that allow the transition from £'to t, phase
(left) and T to R phase (right) in Al-Pd-Mn alloys of composition close to that of the
decagonal phase. These defects propagate in the lattice via phason jumps. Some initial
and final atomic positions involved in the phason jumps are indicated for the sake of
illustration (Courtesy M. Duneau, Palaiseau).
A major characteristic of the propagation of these defects is the absence of
dislocation lines. For instance, a line that circumvents such a defect in a HREM
image shows that the associated Burger's vector is zero. Remarkably, the defect is
only due to phason flips of atoms hopping to neighbour sites. The investigation of
all jumps involved in the transition was performed by L. Behara, 64 but would take
us too far away from our main subject. It happens that the length of the jumps
calculated for the two model transitions between h, and %', respectively T and R,
phases fit well with the ones measured experimentally (section 5.4 of chapter 3).
Conclusively, the existence of phason jumps is a unique feature that allows
phase transitions to take place with no composition change between quasicrystals
and approximant crystals or between two distinct approximants. Plasticity itself may
be issued from the movement of specific defects initiated by phason jumps without
requiring the formation and displacement of dislocations as would be the case in
normal crystals. The occurrence of phason jumps in a given structure, truly aperiodic
or approximant, is probably the specific mechanism that introduces clearly a
distinction with respect to conventional crystals in which such excitations do not
exist.
Again, completeness of a model appropriate to describe the atom movements
all over a phason-driven transition would certainly require to consider explicitly the
coupling between phason jumps and diffusivity of vacant sites and composition
modulations. This has not yet been attempted except for the surface transformation
of the cubic phase into the icosahedral compound.
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Surface Transformations

A typical example of a surface transformation was already introduced in chapter 3
when we dealt with the formation of a cubic phase layer at the surface of
monodomain Al-Pd-Mn icosahedral samples after etching by Ar ions and subsequent
annealing. Another example will be shown in section 7.3 hereafter for Al-Cu-Fe
specimens submitted to severe shear during scratch testing. The growth of cubicphase surface layers was detected long ago on several types of quasicrystals.80 Such
layers most probably appeared because of the preparation method used to thin the
specimen foil adapted to electron microscopy studies. Small but definite
composition changes may indeed be provoked by ion milling, even at liquid nitrogen
temperature as was the case here. It turned out that the cubic phase was ordered in the
B2, CsCl structure on Al-Cu-Co alloys, but was disordered b.c.c. at the surface of
the other Al-Li-Cu and Al-Cu-Fe alloys. Simple crystallographic orientation
relationships were manifest in diffraction patterns, thus demonstrating that the 5-fold
axis of the icosahedral substrate aligns with the <110>t,cc direction of the cubic
layer, the 3-fold axis with the <11 l>bcc direction and the 2-fold axis with either
<111>1,CC or <110>t,cc directions. Similarly, on decagonal grains, [110]bcc planes
grew in epitaxy with the aperiodic plane. Misfit dislocations were pointed out in the
interfacial region between the cubic layer and quasicrystal. This specific coincidence
between decagonal and cubic lattices was already studied elsewhere in the present
chapter (section 3.2).
As far as monodomain samples are considered, the growth of cubic layers on
ion etched samples kept in ultrahigh vacuum is now well exemplified.81 LEED
patterns of the cubic layer obscure those of the quasicrystal underneath, which
implies that such a layer is at least 5 atomic layers thick. Upon annealing, the cubic
structure disappears suddenly close to 750 K and transforms into the icosahedral
structure. This transformation is clearly associated with a change of composition of
the outermost layers. Again detailed analysis of the LEED pattern intensities
allows 82 us to determine the atomic positions within the outer-most layers (figure
4.27). Even the kinetics of the surface reconstruction could be visualized in situ by
using a technique specifically designed for the purpose of such studies by Mehmet
Erbudak at ETH-Ziirich.83 This method is based on the secondary emission of
electrons excited during irradiation of a single crystal surface by high energy
electrons.84 It leads to the formation of real-space patterns (figure 4.28) produced by
the forward-focusing effect in electron-atom scattering and hence allows to follow
changes taking place at the very crystal surface in real time symmetry.
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Figure 4.27: Atomic positions
determined from a fit of LEED
intensities typical of a cubic phase
layer grown on top of an icosahedral
Al-Cu-Fe monodomain sample ion
bombarded and annealed at 750 K. The
two outer-most layers of the (110)
surface are shown at the left whereas a
side view perpendicular to this surface
is presented at the right. Relaxation
of the atomic positions is indicated
for the two outermost layers as
compared to the bulk inter-spacing
distance of 0.2066 nm. This model
gives the best fit to the experimental
data (Courtesy P.A. Thiel, Ames).

Other techniques like angle-resolved X-ray photoelectron spectroscopy (XPS)
were also used to monitor the same transformation.85 Interestingly enough, it is
sometimes observed that the symmetry breaking at the surface of the icosahedral
quasicrystal is only partial when the cubic phase grows. In several samples, a
twinned arrangement of cubic crystals forms that preserves an overall ten-fold
symmetry. This specific multiple-twinned overlayer was already introduced in
chapter 3. It is also not stable and disappears upon heating for the benefit of the
icosahedral structure. A tentative model designed to specify the orientation
relationship between (110) and 5-fold planes was introduced in chapter 3, figure
3.32. In order to understand the nearly perfect epitaxy observed experimentally
between P-cubic and quasicrystal lattices, it is essential to consider explicitly the
large density of vacant sites that characterises this specific kind of B2 (or bcc)
phases, see section 5.2 of chapter 3. A rigorous demonstration that the B2 lattice
matches the average periodic structure of the quasicrystal is due to Steurer. 86 The
mechanism for the P-cubic to quasicrystal transformation is then probably also
driven by phason jumps as we have studied before, the B2 structure being considered
as an approximant in the sense advocated in section 3.2 of this chapter.
The same XPS technique is able to probe the electron density of states within
the outer-most atomic layers.h In particular, the method can establish the metallic
character of the surface by comparing the measured density of states versus binding

h) We have mentioned in chapter 2, section 4 that this technique gives a stronger weight to d-states in
relation to the relevant cross-sections of the electronic states. Therefore, the results reported here
essentially refer to the transition element constituents and merely ignore the Al 3p states dealt with in
subsection 4.5 of chapter 2.
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energies to the one expected from the Fermi-Dirac distribution at the temperature of
the sample. At the approach of the Fermi edge Ep, departure from this calculated
distribution signs the presence of a pseudogap at Ep and the loss of metallic
behaviour.
Figure 4.28: Real-time record of
secondary electron emission patterns
taken during the backwards
transformation of cubic layers into
the icosahedral structure of an Al-PdMn monodomain specimen surface.
The temperature of the sample is 700
K and 2 mn intervals separate each
pattern whereas the first one shown
in a) was recorded 15-20 mn after the
beginning of the annealing. In a),
the oblique bright strip of intensity
links a <110>bcc (bottom) to a
< 111 >bcc (top) direction. In f)» the
resulting discrete spots correspond
to 2-fold and 3-fold directions,
respectively, of the icosahedral
lattice (Courtesy M. Erbudak,
Zurich).

A very significant result emerges from these works on clean and wellcharacterized surfaces of quasicrystals: metallic behaviour is definitely associated
with the presence of crystalline layers on quasicrystals, whereas truly aperiodic,
icosahedral surfaces show the presence of a marked pseudogap at Ep. 87 For
illustration, figure 4.29 presents a series of valence-band spectra recorded at room
temperature on an initially 2-fold icosahedral Al-Pd-Mn surface. During annealing at
the temperatures indicated in the figure, the composition of the surface moves
progressively from Al54Pd42Mn4 (sputtered surface) to Al6gPd27Mn5 (700°C). The
atomic structure evolves as well and develops the cubic crystalline order after
annealing at 400°C before becoming truly icosahedral after annealing at the highest
temperatures. An enlargement of the valence-band intensity curves close to Ep is
shown in the right side part of figure 4.29. For metallic surfaces, the data normalized
to the Fermi-Dirac distribution (solid dots) show a linear energy dependence within a
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range of 4.4 k B T energy units, where the Fermi-Dirac function takes values between
90% and 10% of its maximum. In strong contrast to this behaviour, the truly
icosahedral surface does not exhibit this linear variation, a direct consequence of the
existence of a deep pseudogap in the density of states around E F .

Figure 4.29: XPS valence band spectra recorded at room temperature87 for a 2-fold iAlPdMn surface as sputtered or annealed at the various temperatures indicated in the figure
(left). The right side of the figure shows the same data but enlarged in the region of the
Fermi edge E F = 0 (thin solid line). The experimental data represented by solid dots were
normalized to the Fermi-Dirac distribution calculated for an effective temperature of 300
K. Hence, the sharp cutoff is removed at EF. Observe the nonlinear variation of the DOS
exhibited close to E F by the (icosahedral) surface annealed at high temperature that signs
the existence of a pseudogap at EF. Conversely, the sputtered surface and surface annealed
at 350°C are definitely metallic as indicated by the linear profile of the intensity
(Courtesy D. Naumovic, Fribourg).
Intriguingly, rough surfaces produced by in situ cleavage of a monodomain
icosahedral quasicrystal (see figure 3.27), although of manifest aperiodic structure, do
not present XPS spectra with a deep pseudogap at Ep, but rather show evidence of
metallic states in a very thin region localized immediately at the surface. 88
Apparently, breaking of atomic bonds when the cleavage crack propagates through
the bulk material in order to form the surface produces atomic displacements that
destabilize this type of surface as compared to the equilibrium one prepared by
etching and in situ annealing. Indeed, annealing, or sputtering followed by heating,

Preparation and Mass Production

285

of cleaved surfaces restores the presence of a pseudogap at Ep and a weakened
metallic character reminiscent of that specific to the bulk icosahedral compound.89
Thus, it seems essential to preserve the genuine icosahedral order up to the most
extreme surface if attractive properties related to the electronic structure are expected.
As we will see later in this chapter, the industrial reality of the preparation processes
such as mechanical grinding and polishing is not of great help in this respect. For
our present purpose, it is essential now to study how quasicrystals may be prepared.

6

Preparation in the Laboratory

Historically, the methods used to prepare quasicrystals in the laboratory have
inherited from the technology of rapid solidification of the molten alloys90, thanks
to Shechtmann's initial breakthrough. The most popular method, called melt
spinning, was indeed used at NBS in Washington DC in order to extend the
solubility of transition metals in solid aluminium. This technique employs a rather
simple device consisting of a small furnace in which the alloy is melted and a
rotating wheel placed nearby, onto which a stream of liquid alloy is directed. A
narrow strip of metal is then cast by contact to the heat sink formed by the mass of
the wheel, which ensures efficient evacuation of heat, since the wheel rotates at high
speed and is made of a good heat conductor like copper. This kind of instrument was
developed extensively after the pioneering work of Pol Duwez 91 on metallic glasses
had led industrial companies to invest in the manufacture of rapidly solidified alloys
for exploiting their mechanical and magnetic properties. Actually, the principle of
the technique was not particularly new, because the first patent about a continuous
casting method for the preparation of filaments of low-melting point metals was
filed in 1908 by Strange and Pirn92 (figure 4.30). This technique had been anticipated
towards the end of the 19th century by other methods able to produce frozen
micrometer size droplets and splats of metals and alloys by centrifugation or
extrusion through fine nozzles.' Other out-of-equilibrium processes will be presented
in the following pages.
Although very efficient at trapping a quasicrystal if it forms at high
temperature in a given alloy, rapid solidification methods are most often not
relevant, because most quasicrystals of interest are stable. This is a very important
issue because it makes the manufacture of quasicrystalline materials feasible

i) I am most grateful to H. Jones, University of Sheffield, who drew my attention to these interesting
facts in an illuminating talk'4 delivered at the RQ10 conference, Bangalore 1999.
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Figure 4.30: Method developed by Strange and Pim92 for continuous casting of metals
with low-melting temperature onto a rotating copper wheel. Except adaptation to more
demanding temperature and atmosphere conditions, the technique initially used by
Shechtman to produce the first quasicrystalline materials was essentially the same
(reproduced from Ref. 93 with permission of H. Jones, Sheffield).
according to conventional metallurgical processing (section 7 hereafter).
Furthermore, in selected cases, crystal-pulling techniques or flux-growth methods
allow the growth of single crystals of excellent quality. This possibility, and also
sintering that delivers well controlled polygrained samples, has opened the study of
quasicrystals to fundamental physics. It is the subject of one of the following
sections. Nevertheless, it remains very difficult to control the lattice perfection and
crystal purity of those quasicrystals. Owing to the sensitivity of electronic and
mechanical properties to such factors, a subsection will be devoted to this question.

6.1 Out-of-Equilibrium Methods
It is difficult to exhaust in just a few sentences the list of techniques able to produce
quasicrystals far from thermodynamic equilibrium. They act either in vapour phase,
in the liquid state or as solid state reactions. An overview of the various preparation
paths is given in figure 4.31. Vapour condensation methods lead to thin films that
are studied later in this chapter (section 8). Direct rapid solidification of quasicrystals
was widely publicized till now and does not need further comments in this context.
We would prefer to concentrate here on solid state reactions, namely preparation of
quasicrystals by ball milling and by devitrification of metallic glasses. We will also
address the case of powder atomization that represents the first step in the industrial
production line of quasicrystalline thick coatings.
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Figure 4.31: Condensed presentation of the various preparation paths that lead to a
quasicrystal, starting from either a vapour, a liquid or amorphous or crystalline solids.
Except slow cooling of a liquid alloy, all ways shown here involve out-of-equilibrium
kinetic routes (reproduced with permission after A.P. Tsai19).
Again, the principle of ball milling (or mechanical alloying), is quite simple
(figure 4.32), but the control and understanding of the underlying fundamental
mechanisms are still matters of intense research activity.95 To cut a long story
short, we shall keep in mind that for a given milling device, and once the optimal
milling balls have been determined, the important parameters are the intensity of the
miller (roughly, the kinetic energy transmitted to the balls), time of milling and
temperature.
Use of this technique allows us to prepare either crystalline, amorphous or
quasicrystalline materials, depending on milling time and intensity. 96 Further
milling at higher intensity transforms an amorphous phase into a quasicrystal or the
other way round. 97 Note also that the phase selection through ball milling
incorporates the influence of defects. For instance (figure 4.33), milling a
Al 65 Cu 2 oCoi5 alloy for 55 hours leads to a B2 phase. 98 The quasicrystal, here
decagonal, appears only after supplementary annealing at 600°C. In more general
terms, preparation of a quasicrystalline material is possible for many metallic
systems, including binary and ternary Al-based and Ti-based alloys. For the stable
quasicrystals like Al-Cu-Fe or Al-Co-Cu, it is observed that the (3-phase is often
formed first as an intermediate state. For systems ending in a metastable quasicrystal
like Ti-based alloys, the intermediate stage is occupied by an amorphous phase. 99
The details of the preparation route for a given alloy depends on the intensity of the
milling, see figure 4.34 for all possible paths observed with a Al65Cu2oMn15 alloy.
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Figure 4.32: Principle of mechanical alloying. The miller comprises typically two to four
vials placed on a rotating disk. The centrifugal force generated by the movement of the
disk maintains the powder and milling balls placed inside the vials into dynamic contact
while the opposite rotation of the vials maintains a strong mixing of the particles.
Alloying of the powder grains is produced by the severe mechanical straining thus
induced.
Figure
4.33:
X-ray
diffraction pattern (X =
0.154
nm)
of
a
A l 6 5 C u 2 o C o 1 5 alloy first
ball milled into a (3-cubic
phase after 55 hours that
transforms then into a
decagonal quasicrystal upon
annealing at 600°C for 1
min. The inset shows the
DSC scan recorded during the
transformation (Courtesy J.
Eckert, Dresden).
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Figure 4.34: Summary sketch of the solid state reactions involved in mechanical alloying
a Al65Cu2oMn15 that yields metastable amorphous, B2-cubic and defected icosahedral
phases. The intensity is given in relative arbitrary units (Courtesy K. Urban, Jiilich).
The transformation kinetics of the ball milling process of quasicrystals, like
actually that of many other materials, is controlled by the deformation behaviour of
the constituents and the activation energy of atomic transport in solid state. The
amorphous phase is preferentially formed when the reaction temperature installed in
the milling reactor is not sufficiently high to warrant large distance diffusion.
A number of quasicrystalline, metastable phases may be formed by
devitrification of an amorphous precursor. In Pd-U-Si100 or Al-Cu-V101 the glass-tocrystal transformation is the only way found until now to prepare the quasicrystal. In
the presence of a tiny amount of oxygen impurity, the crystallization of the bulk
amorphous alloy of composition Zr7oCuu 25Nin 25AI75 transforms it into a singlephase primitive icosahedral compound.102 Glassy Al-Mn-Si films transform upon
heating into the known metastable Al-Mn icosahedral phase.103 A careful analysis of
isothermal DSC data shows that this transformation actually consists of the growth
of pre-existing nanometer nuclei of the quasicrystal.104 Conversely, it is possible to
prevent the formation of a quasicrystal or of a crystal by addition of Si to a binary
Al-TM alloy. 105 At fixed TM concentration, for instance 14 at % so as to include
AlgfcMni4, the initial alloy of Shechtman's discovery, it is interesting to seek the
minimum Si amount necessary to promote amorphisation by rapid solidification
from the melt. This amount depends sharply on the nature of the TM element (figure
4.35). Furthermore, as we see in this figure, a very large quantity of silicon is
needed in the Al-Cr and Al-Mn binary alloys in which the formation of the
icosahedral quasicrystal is known to take place. It is smaller in Al-Fe, incidentally
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Figure 4.35: Minimum amount of silicon needed105 to achieve full amorphisation of
Al86.xSixTM14 alloys by rapid solidification from the melt in relation with the existence
range of icosahedral, decagonal and regular crystalline order in these alloys.
an alloy that favours the decagonal phase instead, and is further reduced in Al-Ni that
shows no quasicrystal whatsoever. Instead, Al-Ni-Si intermetallics are regular
crystals. 106 Accordingly, the quantity of silicon needed to fully amorphize these
alloys is strongly dependent upon the strength of icosahedral order that pre-exists in
the liquid state at the approach of the solidus line. The assumption that atoms group
in the liquid state into clusters of rotational symmetry incompatible with crystalline
order dates back to the 50's with the ideas of Frank and Turnbull (see Nelson and
Spaepen 107 for a review). They were substantiated in recent years by computer
simulations 108 associated with neutron diffraction measurements of effective pair
potentials in liquid Al-Mn and Al-Ni alloys. 109 The magnetic susceptibility results
reproduced in section 6 of chapter 2 also support this view. Also, in a quite different
approach, container-less experiments allow us to decipher accurate data about the
liquid-solid interface energy and nucleation kinetics in alloys forming or not forming
a quasicrystal.110 It is then concluded that liquids that grow a quasicrystal as a
primary phase are quite different from melts that do not (e.g. grow a P-cubic phase
with simple CsCl lattice). The invoked reason to explain a very large variation of
the interface energy from one case to the other is that quasicrystals require only little
reorganization of atomic clusters through the liquid-solid front, whereas the growth
of a crystal involves a much larger energy barrier. The other way round,
amorphisation takes place more easily upon cooling the melt if the clusters are
already disordered themselves, thanks to the presence of foreign atoms like Si. Note,
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by the way, that the presence of a marked icosahedral order in the liquid alloy is not
a necessary pre-requisite to facilitate amorphisation of a metallic alloy. 1 ' 1
Powder atomization is to some extent reminiscent of droplet casting, an
invention credited to a nephew of the English King Charles I who reportedly 93
distinguished himself as a cavalry leader during the English Civil Var. The technique
is still in use to produce lead shots by teeming molten lead through a preheated steel
dish perforated by a hole of an adequate diameter that controls the final size of the
shots. By gravity, or in modern devices under the effect of pressurization of the
atmosphere above the alloy bath, a stream of liquid falls downwards. In turbulent
regime, this jet spreads into fine droplets that round themselves into spheres under
the action of surface tension before they solidify. The idea was refined in different
variants, either by increasing the fall heights up to about 100 m in specifically
designed towers so as to prepare shots of increasing large diameter in micro-gravity
conditions, or by transforming the method in a nearly continuous process called
powder atomization these days. This has led not only to laboratory facilities, but
also to a major industrial activity for material production with a market share of
thousands of tons per year worldwide.
A technique suitable for atomization in the laboratory112 is based upon the
centrifuging of the molten metal. The central component is a refractory cup held in
rotation at very high speed (typically 105 rot/min or more) onto which the liquid
alloy is poured from the heating furnace above. Droplets of relatively narrow size
distribution escape from the edge of the cup and freeze during flight within the
external vessel. A more sophisticated ensemble for gas atomization is shown in
figure 4.36. The main component here is the gas atomization nozzle located beneath
the melt tundish. High pressure argon or nitrogen is injected into this nozzle and
flows against the liquid alloy stream (see circled inset in the bottom left part of the
figure). This stream is then broken, or 'atomized', into a cloud of very small
droplets that solidify upon travelling downwards in the atomizing chamber. They are
collected at the bottom of the chamber and sieved into different granulometry classes.
Figure 4.36 illustrates a laboratory equipment designed for the preparation of
consolidated billets, yet preserving them from oxidation in ambient air. One may of
course fancy other kinds of outputs for such powders. Although divided in
discontinuous batches, this method of preparation allows the production of very
large quantities of metals after up-scaling the design. In industrial plants,
atomization towers exceed 10 to 15 metres in height, up to 2 metres in diameter
with production capacities of roughly 1000 kg per batch.
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Figure 4.36: Typical laboratory setup for gas atomization of molten alloys including
ancillarities designed to keep the powder protected from oxygen contamination during
and after atomisation The inset at the bottom shows an enlarged view of the gas nozzle
(Courtesy H. Jones, Sheffield).
With the latter technique, particle sizes are more broadly distributed, typically
between submicronic diameters up to more than 200 |am. Sieving in a well-defined
range adapted to plasma spraying torches is then an essential step, as we will see
later in this chapter. Different methods based on pneumatic and mechanical selection
for fine and coarse particles, respectively, may achieve the task. Figure 4.37 shows a
SEM picture of such a nearly ideally spherical particle. 1 ' 3 After cross-sectioning, it
turns out that a phase mixture is clearly visible. This is a direct consequence of
passing through the peritectic reaction at a cooling rate large enough to prevent the
alloy from reaching equilibrium. The nature of the phase mixture in highly
metastable quasicrystalline materials will be studied in section 6.3.
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Figure 4.37: SEM micrographs 113 of an atomized Al62Cu25.5Fe12.5 particle (left) and its
cross-section (right). Basing on black and grey contrast, observe that this sphere
comprises at least three distinct phases (Courtesy G. Michot, Nancy).

6.2 Mono-Domain Samples
As opposed to the use of out-of-equilibrium techniques, crystal-growth methods
allow the preparation of stable, defect-free and well-controlled samples. This is in
principle not possible with most quasicrystal-forming systems owing to the
coexistence of at least two solid phases in equilibrium with the liquid (refer to
figures 4.9 and 4.37). Fortunately enough, this difficulty may be bypassed in a
number of alloys in different ways.
Thanks to the discovery of small triacontahedral Al-Li-Cu single grains of the
icosahedral phase, it was soon admitted that such size-limited crystals may be grown
out of all quasicrystal forming systems.114 When attempts were made to grow larger
icosahedral crystals, great progress was obtained first with the Al-Pd-Mn system,
because melting is nearly congruent close to the Al7oPd2oMnio composition (see
figure 4.9). Classical crystal-pulling techniques like the Bridgman or Czochralski
techniques may hence be used. A principle sketch of Bridgman's method is shown in
figure 4.38. The other method delivers larger crystals of excellent quality, typically
lcm in diameter and a few centimetres long. They are grown out of a seed crystal
that serves to initiate a well-controlled growth of the crystal at the surface of a bath
of the molten alloy when extracting it at very slow velocity by vibration-free
translation plus rotation. The perfection of the resulting crystal is limited by the
temperature stability of the melt, absence of vibrations and more importantly, the
evolution of the composition of the liquid batch since the peritectic growth reaction
imposes a concentration gradient through the liquid-solid front. Although limited in
the case of the Al-Pd-Mn system, an evolution of the composition is detectable in
the crystal in relation to the finite size of the liquid alloy reservoir. In the case of the
Bridgman technique, the crystal growth is initiated by the first crystal that appears in
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the sharp-edged bottom of the crucible. It is accordingly not possible to determine in
advance the growth orientation whereas this is imposed by the pre-orientation of the
seed in Czochralski-grown crystals. Also, the crucible material, most often alumina,
may interfere with the quality of Bridgman crystals by epitaxy effects. Another
method called floating zone 1 1 6 is similar in its principle, but uses no container so
that this latter drawback may be avoided.114 These techniques were extensively used
until now to supply various groups throughout the world with single crystals of the
Al-Pd-Mn,i2,ll7-ll8 Al-Ni-Co,H5 Al-Cu-Fe 1 ^ a n d RE-Mg-Zn 1 ^ systems.

Figure 4.38: a): Cross section of a Bridgman crucible that may be used115 to grow a single
crystal when slow and regularly pulled downwards in a sharp temperature gradient
provided by a specifically designed furnace sketched in b) (Courtesy A.P. Tsai, Tsukuba).
A very promising alternative to these techniques was suggested by Ian Fischer
and Paul Canfield from Ames Laboratory.J 20 It may be used in principle for the
growth of large single domain quasicrystals in all systems provided there exists a
composition region in which the quasicrystal appears as a primary solid phase. It
was indeed already applied to icosahedral RE (Y, Er, Ho, Dy and Tb)-Mg-Zn, Al(Ga)-Pd-Mn, Al-Cu-Fe and decagonal Al-Ni-Co systems. 121 The key point is to
slowly cool the molten alloy so as to let the quasicrystal grow beneath the residual
liquid alloy that acts as a flux bath. This liquid is then eventually removed by
returning the crucible top-down as exemplified in figure 4.39. It so happens that in
all systems tried so far only a very small number of quasicrystal nuclei form, and
hence grow to centimetre sizes. This behaviour contrasts with what is observed with
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more usual metallic systems, suggesting again, a specific energetics for the liquidsolid interface. A beautiful example of such a decagonal single domain i-Ho-Mg-Zn
was presented in figure 1.39.

Figure 4.39: Temperature profile followed120 to prepare monodomain RE-Mg-Zn
icosahedral grains from a ternary molten alloy with atomic constituents in ratios
RE:Mg:Zn = 3:51:46. The sample container is made of a Ta crucible sealed under vacuum
in a quartz ampoule. At the end of the crystal growth process, this container is turned
upside down and the residual melt decanted through the strainer (Courtesy I. Fisher,
Ames).
The chemical and structural perfection of these different single quasicrystals was
studied in various respects. Figure 4.40 presents a detailed atomic balance analysis
performed in the aperiodic plane of a decagonal single grain grown with nominal
composition Al71.9C017.oNin.! and 10-fold axis aligned with its length. Minute Co
and Ni concentration changes are detected along the aperiodic direction defined in the
inset to the figure. This variation is imposed by the decrease of the temperature
while the growth of the crystal goes on and is in complete agreement with the wellknown phase diagram of this system. It implies that the growth rate exceeds the
atomic diffusivity of the TM atoms is this temperature range. Line profile analysis
of the X-ray diffraction lines of this single domain sample could not detect any
structural imperfection nor lattice strain associated with this small concentration
gradient.
This is a general feature of single domain quasicrystals. All structural
investigations reported in the literature mention the fact: point-like electron
diffraction spots, narrow diffraction lines including when synchrotron X-rays are
being used so that line widths are only limited by the instrumental resolution. This
statement was already supported by figure 1.44. Such a harsh opinion must be
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contrasted however, with the possible effects of phase transition that we have
examined in section 5 above. The equilibrium shape of those crystals is also quite
meaningful with respect to stability and lattice perfection. The external shape is
either a triacontahedron for Al-Li-Cu samples or, in most cases, a pentagonal
dodecahedron for Al-TM specimens although quite many other related polyhedra have
been observed. This separation in two categories of morphologies fits with the
occurrence of dense planes along 2-fold directions in the former system 122 and along
5-fold directions in the latter.123

Figure 4.40: Concentration profiles measured along an aperiodic direction at the surface
of a polished face perpendicular to the 10-fold axis of a Al71 9 Ni n [Co^o decagonal
single crystal (see inset) (Courtesy P. Canfield, Ames).
Also observed124 was a large variety of equilibrium faceting shapes of internal
microcavities. Such microvoids form in single quasicrystalline icosahedral Al-Pd-Mn
by condensation of thermal vacancies above 700°C. Prolonged annealing ends in the
formation of highly faceted microvoids such as the one visualized in figure 4.41 that
comprises a very large number of facets located on a polyhedron of the icosahedral
point group symmetry having 302 facets. Similar shapes of polyhedra were
predicted125 on the basis of a hydrodynamic theory of an ensemble of rigid atomic
clusters bond together by two types of links. Assigning different energy costs to
each kind of link cut by a facet allows us to estimate the most probable shapes that
will appear at equilibrium. Although the model is not refined enough to predict very
complex shapes as the one in figure 4.41, a reasonable agreement with experimental
shapes is attained.
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Figure 4.41: Example of a highly
faceted microvoid observed124 by
scanning electron microscopy in
icosahedral Al7iPd2oMn9 after 100
h anneal under vacuum at 830°C. The
cavity is open at a fresh fracture
surface of the ingot and visualized
downwards in the microscope
(Courtesy C. Beeli, Zurich).

The formation of these microvoids is assigned by Beeli et al 1 2 4 to a diffusioncontrolled process called Ostwald ripening often encountered in Al-based alloys.' 26
This conclusion stems from observation of the shape distribution of the microvoids
as a function of tempering time at 820°C. Initially, the holes had a diameter between
2.5 and 4 jj,m. Some of them became larger after 30 mn annealing, rising typically
above 12 jam in diameter, whereas the others shrunk below 2 jam, and the total
number density of the cavities decreased.
A different interpretation was advanced by Janot on the basis of his hierarchical
cluster model. 127 First of all, this work is substantiated by a detailed study of the
distribution of cavities in i-AlPdMn single grains using a third generation
synchrotron source to produce phase-sensitive radiographies combined with
monochromatic X-ray topography.128 A selection of such experimental results is
reproduced in figure 4.42. The cavity edges appear since they are out of diffraction
contrast. They consist of pentagonal dodecahedral voids and distinctively belong to
one of at least three classes of size. Holes prevailing in the as-grown state have
diameters distributed in narrow ranges centred around 22|am, 5|^m and 1 to 2 Jim.
Their total volume occupies 0.2 % of the sample. From these findings, it is
tempting to assume that the distribution of cavities obeys a hierarchical scheme with
diameters correlated according to a x3 law (22 = 5 t 3 = 1.5 x6). This step was taken
by Janot 127 who emphasized that his structure model based on a hierarchical stacking
of pseudo-Mackay icosahedra entails the existence of empty sites at every stage of
the hierarchy. A fair agreement with some experimental data is then obtained despite
this kind of void distribution is not being observed systematically in all monodomain quasicrystals. Another drawback of the model is that it leads to assigning a
fractal dimension of 2.773 to the quasilattice, a number that is unrealistically too
small as compared to dimension 3.
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Figure 4.42: Dodecahedral microvoids made visible 127 by phase radiography of a bulk
monodomain specimen of icosahedral Al-Pd-Mn. The three different kinds of sizes are
indicated by white arrows (Courtesy C. Janot, Roma).

6.3 The Nightmare of Growing a Stable Quasicrystal
On more technical grounds, it is interesting to study the result of casting a molten
alloy with the aim of preparing a stable quasicrystal, as this is actually an important
issue in view of the industrial production of quasicrystalline materials. Usually, this
apparently simple task does not result in a single-phase material unless specific care
is taken when cooling the alloy from the high temperature melt down to solid state
below the peritectic temperature. For example, rapid casting (although at moderate
cooling rate) may be achieved by using a copper mould equipped with a narrow
cylindrical cavity in which the liquid alloy can be poured. This method of
solidification imposes cooling rates of the order of 102 to 103°C s-1, substantially
below the ones obtained by melt-spinning or powder atomization (104 to 106°C s-1)Nevertheless, an as-cast Al62Cu25.5Fei2.5 ingot prepared this way is representative of
the metastable Al-Cu-Fe system in the vicinity of the icosahedral compound. Close
examination of the phase mixture already illustrated in figure 4.37 and chemical
profile analysis show that the icosahedral quasicrystals neighbour crystals from two
phases of about similar aluminium content (50 at. %) and occasionally traces of XAli3Fe4. One of these phases is the now well-known P-cubic phase whose formation
precedes the nucleation and growth of the icosahedral compound. The other phase is
also cubic and may hardly be distinguished from the P-phase by diffraction
techniques. However, it contains a much larger Cu concentration (and less Fe) and a
significant amount of vacancies. Hence, it shows a smaller lattice parameter and
belongs to the series of so-called x-phases introduced in section 3.2 of this chapter.
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A combination of X-ray diffraction experiments and differential thermal analysis
(DTA) shows 129 that it is metastable and forms at a much lower temperature than
the P-phase, i.e. at about 740°C (figure 4.43). Sometimes, it is accompanied by the
T1-AI50CU50 Hume-Rothery compound encountered in section 4.2, chapter 2. Proper
annealing below, but close enough to the peritectic reaction temperature restores the
equilibrium state that comprises only the icosahedral compound at this composition.
For instance, annealing at 750°C for 3 hours in evacuated quartz ampoules is required
to eliminate all traces of cubic phases from an Al62Cu25.5Fei2.5 ingot cast in a
copper mold.129

Figure 4.43: Differential thermal analysis signals recorded upon continuous heating at
10°C mn-' of as-cast Al62Cu25.5Fe12.5 (a) and A ^ C ^ ^ F e ^ s B e j (c) samples. Curves (b)
and (d) are for the same alloys but after annealing at 750°C for 3 hours and 0.5 hour,
respectively. The DTA peaks are labelled according to the phase the melting of which
they signal. However, peaks marked * correspond to the solid-liquid transition of p-phase
crystals grown in situ during the DTA experiment (Courtesy S.M. Lee, Seoul).
As demonstrated by shifts of the Bragg diffraction lines observed e.g. during in
situ neutron diffraction experiments,40 the composition of the icosahedral compound
evolves all along the reaction with the (3- and x-cubic phases. This variation of
composition WLS studied by different means more adapted to the purpose of
composition determination such as electron probes and backscattered electron
imaging. Such studies allowed several authors to investigate the equilibrium phase
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diagrams already introduced in section 4.2 and to point out the location of the ideal
stoichiometry in a narrow triangle-shaped concentration range around
Al62Cu25.5Fei2.5 (or Al 71 5Pd2o.3Mng 2 for the other Al-TM system). This ideal
stoichiometry is valid only at 700°C (figure 4.11) and extends over about 0.5 at %
Fe along its narrowest extension whereas it is more flexible regarding Cu content
(about 4 to 5 at %). The position of the domain of stability of the icosahedral phase
moves in the composition plane according to the temperature as well as to the
solidification rate or annealing temperature.130 Of particular importance is the fact
that the stoichiometry range of samples annealed at high (800°C) or low (600°C)
temperatures only marginally overlap. Fortunately, the compositions
Al62Cu25.5Fei2.5 and Al62.3Cu24.9Fei2.8 were definitely demonstrated to stay within
the stability region of the icosahedral compound. The situation becomes even more
critical with the Al-Pd-Mn icosahedral quasicrystal that forms a pure phase between
20 to 21 at % Pd and 8 to 9 at % Mn at 800°C. Upon decreasing the temperature
below the peritectic down to room temperature, the stoichiometry range shrinks to
nearly one point in the composition plane: AI71 5Pd2o.3Mng 2- Such a nightmare of
growing a pure single-phase quasicrystal is a serious limitation to their practical
usefulness.
There are various means of overcoming such a difficulty depending on the
application aimed at. One is to modify the size of the solidification microstructure
so as to obtain a material with better average properties. This may be achieved131 for
instance by addition of a small amount of boron that reduces the grain size quite
significantly in as-solidified alloys whereas the phase mixture content is limited to
the (3-cubic and icosahedral compounds. An even more efficient addition in this
respect is beryllium that may be introduced in the melt by using commercial Cu-Be
alloysJ A substitution of 7 at. % Be to Al in the canonical composition, i.e.
Al55Cu25.5Fe12.5Be7, prevents the formation of the P-phase and makes the
icosahedral compound appear as a primary phase upon solidification from the liquid
state. Local chemical analysis, in addition to X-ray diffraction, proves that the ascast alloy contains only the x-cubic and icosahedral phases (figure 4.44). This phase
mixture appears to enhance the thermal stability of the icosahedral compound (figure
4.43) as well as it improves very significantly the perfection of the icosahedral
lattice after high temperature tempering. 129 It also reduces the duration of the
annealing necessary to grow a single-phase icosahedral sample considerably. For
instance, 30 mn at 750°C is enough to eliminate all traces of T-phase impurity.
Another possibility of improving the ease of preparation of single-phase
j) Beryllium itself must be avoided in the laboratory because of the risk of forming an oxide that is
volatile and extremely poisonous.
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quasicrystals is to move to a different system that presents more flexibility regarding
the extension of the composition field. This is the chief advantage of the Al-Cu-FeCr alloys in which a number of approximants co-exist with the quasicrystal (figure
4.5). For properties such as e.g. reduced adhesion or low friction, approximants with
their large unit cells do not depart significantly from quasicrystal properties. It is
then more astute to consider using such complex intermetallics whose performance
is less critically dependent upon composition instead of the ideal quasicrystal, far
more difficult to obtain in large quantities suitable for industrial applications. The
cost to be paid for this improvement is a greater sensitivity of the microstructure to
the solidification conditions, essentially because the configurational entropy of the
system is dramatically enhanced by the presence of four constituting elements. It is
then easy to prepare the material in the glassy state or as a primitive icosahedral
phase, both being metastable, or even a mixture of icosahedral and decagonal phases
depending on the cooling rate achieved during preparation (figure 4.45). In fact, the
near-equilibrium state of such alloys comprises a fine-grained, on nanometre scale,
mixture of approximants matching together across coherent grain boundaries.

Figure 4.44: X-ray diffraction patterns (X = 0.154 nm) recorded129 at room temperature
with two as-cast Al 62 Cu 2 55Fe 125 and Al55Cu25.5Fe12.5Be7 Cu-moulded ingots. Letters
label the Bragg peaks of the phases also analyzed separately by electron probe analysis.
Indexing of the icosahedral compound is according to Ref. 57 (Courtesy S.M. Lee, Seoul).
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Figure 4.45: Series of X-ray diffraction patterns (k = 0.17889 nm) characteristic of alloy
A^oCugFejo 5CriO.5 in the amorphous state after condensation of the vapour (a), in
primitive icosahedral structure after solidification of the liquid by melt-spinning at high
cooling rate (b) or mixed with the decagonal phase at a reduced cooling rate (c). The
equilibrium state, shown in (d), comprises a mixture of approximants of the decagonal
phase plus a minute amount of P-cubic phase. The indexation schemes shown in (b) and
(d) correspond, respectively, to the double-index scheme appropriate to powders of
icosahedral samples and to conventional Miller indices of the orthorhombic approximant
noted 0! in section 3.1.

6.4 Sintering
In many cases, sintering of quasicrystalline particles above the peritectic reaction
temperature followed by in situ annealing under pressure below this temperature
down to room temperature allows us to overcome the difficulties mentioned above
and get rid of co-existing crystalline impurities. Sintering is a well mastered process
in powder metallurgy, which allows to obtain pre-shaped metallic or ceramic parts
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from fine-grained powders. It is widely used in industry with the main advantage that
it saves substantial amounts of raw materials since the produced parts do not need
any machining or, better still, because shaping of non-machinable materials
becomes feasible. Especially, alumina and other technical ceramic components may
be processed accordingly. More often, the preform of the part is shaped at room
temperature in a mould under very high pressure, and the sintering of the particles
takes place during subsequent annealing at high temperature and ambient pressure.
Organic additives may be mixed with the powder material in order to supply the preshaped object with sufficient mechanical strength in order to sustain the subsequent
handling operations.
The same processing may be applied to quasicrystals that behave in this
respect like ceramics. Sintering may also be produced in the meantime of
pressurization in order to achieve virtually zero porosity in bulk specimens. To this
end, a quasicrystal powder of e.g. nominal composition is heated under vacuum or
protective atmosphere up to typically 20 K above the peritectic temperature. A small
(30 to 100 MPa) uniaxial compressive load is then applied in order to increase the
packing fraction of the powder while sintering proceeds. This step is accelerated
since a small fraction of liquid is present at this temperature so that full compaction
is achieved within a reasonable time of a few tens of minutes. The specimen is then
fully dense, but contains a mixture of crystalline phases and residual liquid.
Annealing below the peritectic temperature may then be performed in situ, yet
preserving the applied load so that the pores, which arise because the atomic
volumes of the crystalline and quasicrystalline compounds are not identical, anneal
out. Such a sinter comprises only fine grains of size smaller than that of the initial
powder particles (typically less than 50 Jim) and atomic transport over such short
distances is able to achieve kinetic growth of the pure quasicrystal within a period of
time typically less than an hour. k Equilibrium is matched very soon after the
beginning of the tempering step and a pure, massive quasicrystalline sample thus
obtained. Alternatively, depending on the mixture of the initial powders, a crystalquasicrystal mixed sample may be prepared with this process. High isostatic pressure
may also be employed with the view that the residual porosity will be even more
limited thanks to the higher applied pressure (300 MPa instead of 30 MPa). This is
indeed observed132 although the resulting characteristics of the samples are not
necessarily better than those obtained with uniaxial pressurization (figure 4.46). The

k) From diffusion coefficients reported in section 5.2 of chapter 3, we may estimate (Dt)i/2 to typically
50 (im for a 1 hour anneal at 800°C as long as oxide layers do not hinder diffusion. As a matter of fact,
real atomized powders are always covered by an oxide layer so that sintering may require much
longer time. Alternatively, the quenched-in metastability of the powder supplies a supplementary
driving force that accelerates the sintering process.
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main reason for this difference is that high isostatic compression is not as versatile a
technique as the uniaxial one. It requires encapsulating the powder in a tight
container such as a stainless steel box that must be evacuated before sealing.
Oxygen left in this container produces oxide diffusion barriers at the periphery of the
grains that act against full sintering during annealing and may promote the
formation of (3-cubic phases (section 5). The control of the temperature profile
during cooling is also not as easy, which may induce a higher level of residual stress
in the specimen. Most results reported in this book about friction coefficient
measurements and wetting properties were gained from samples sintered under low
uniaxial pressure or under high isostatic pressure.1

Figure 4.46: Optical micrographies132 of two A ^ I ^ C u ^ F e j ^ s alloys prepared by low
uniaxial pressurization (LUP) and under high isostatic pressure (HIP). The grey phase is
the icosahedral compound. White areas in the HIP sample correspond to a small fraction
of untransformed P-phase. Small black rods are (Al,Cu)B2 precipitates. The curves give
the friction coefficient measured over pin-on-disc tests using a spherical WC-Co indenter
(diameter 6 mm, load 5N, velocity 85 mm s-1). Error bars are shown on the right. The
horizontal bar superimposed on each micrograph is for a length scale of 50 urn.

1) A sintering machine was specifically designed for this purpose in Nancy by Pierre Brunet. I am most
grateful to him and to Daniel J. Sordelet from Ames Laboratory for a long standing and fruitful
collaboration on these topics.
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The Thick Coatings Route

As far as quasicrystals are concerned, sintering is not yet available as an industrial
process. The major obstacle to overcome is the intrinsic brittleness of our favourite
materials in the low temperature region below 500°C. Owing to brittleness, they
cannot be used in bulk form in mechanical devices as soon as the contact pressure
becomes significant, or if vibrations or shocks may happen. This is most often the
case in real mechanical applications. In many other devices in which quasicrystals
might be useful, for instance as temperature sensors or marginally as magnetic
components, it is necessary to shape the device by machining and brittleness is
again a serious drawback. Bulk quasicrystalline materials never proved useful as such
up to now. Conversely, brittle materials are often employed in view of mechanical
applications. The solution is to split the functions: ductility and toughness are
provided by the core material whereas the surface of the part offers additional
properties such as hardness, corrosion resistance, optical reflectance, low friction,
and so on. Frequently also, one is interested in properties specific to coatings, for
instance thermal insulation of metallic parts, or one is seeking for an application
that comes only if the material is processed as a thin layer, e.g. light detection in a
bolometer, or are due to surface properties such as reduced adhesion.
On this basis, it is clear that quasicrystalline materials may become useful,
according to their properties either already studied in previous chapters or that will be
introduced in the next one, provided they may be prepared as coatings or thin films.
This is actually the case nowadays, including with respect to industrial production
constraints of low cost and large quantities, reproducibility and reliability. The next
sections deal with these topics regarding thick coatings. Thin films will be studied
later on.

7.1

Thermal Spraying Versus Magnetron Sputtering Techniques

The original idea of preparing coatings by pilling up small fused droplets of a
given material on top of each other dates back to M. Shoop who patented an
oxygen-acetylene flame torch specially modified in order to spray a molten metal in
1909.133 Initially, the technique was restricted to low melting-point metals such as
zinc or aluminium that could be used to protect steels against corrosion.
Improvements showed up in the forthcoming years, namely the use of an electric arc
as a heat source and the possibility to feed the torch with either a powder of the
material or a continuous wire when available. Since it allowed a better control of the
oxidation of the molten particles owing to the absence of oxygen and combustion
water, the electric arc offered a serious improvement with respect to the conventional
torch. Decisive steps were taken with the invention on the one hand of the plasma
torch and the supersonic torch guns on the other. Such supersonic guns are specific
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combustion torches modified in such a way that they operate in the gas explosion
regime, resulting in a much higher velocity of the outgoing gases and hence of the
particles they carry away. We will come back to some properties of the coatings
made there of.
A plasma torch consists essentially of an electric field generator able to ionise
a gas like argon in between a tungsten tip, the cathode, and a water-cooled copper
box, the anode (figure 4.47). The plasma jet that exits the torch though the window
managed in front of the cathode reaches temperatures in excess of 10000 K and
velocities approaching that of sound. An injection nozzle installed perpendicular to
the plasma axis allows us to introduce a powder of the coating material within the
hot region of the plasma. The particles are then accelerated by the plasma flow and
melt during their flight time. The molten droplets splash and freeze when they hit
the substrate where they form the thick coating. Such a method is simple in
principle, but requires quite some know-how and skills in fact to be operated
properly in view of the preparation of dense, defect-free coatings. Hence, attention
must be paid to the design of the torch itself, to its operating parameters, to the

Figure 4.47: Simplified presentation of a plasma torch for thermal spraying of powdered
materials. The actual size of this device is usually two to three times larger than the figure
but small torches of the size of the figure also exist for specific purposes. The normal
distance to the substrate is kept between 10 to 20 cm. Protective neutral gas may be
dispersed around the plasma jet to prevent the oxidation of the spray (Courtesy D.J.
Sordelet, Ames).
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granulometry, flow rate and characteristics of the feeding powder, to the preparation
of the substrate prior to spraying, to the kinematics of the respective movements of
the torch and substrate, to the subsequent processing of the coating after spraying,
etc. Examination of all those details may soon become boring although they are
essential to the success of this preparation method. A review of the state of the art
may be found elsewhere.134 We are going to restrict ourselves to some points more
specifically relevant to quasicrystal coatings. A major issue in preparing thick
coatings is their microstructure and morphology. As such, a thermal spray coating,
whatever the material it is made of, is a composite material containing pores and
microcavities, cracks, oxides, unmelted particles and other macroscopic defects that
may prove detrimental to its usefulness, especially regarding tribology or mechanical
applications. The various thermal spray techniques do not yield equivalent results in
this respect. For example, a conventional flame torch delivers a rather coarse coating
containing a significant fraction of oxide because of the relatively easy oxidation of
the Al-Cu-Fe liquid alloy (see left hand side part of figure 4.48). In contrast,
supersonic guns are able to prepare dense coatings, although a few macroscopic
defect like cracks may occur (right side of figure 4.48). Such cracks must be avoided
in order to prevent the rapid failure of the coating under mechanical stress. An
intermediate morphology is obtained by plasma spraying (central part of figure 4.48)
with a characteristic layered structure that reveals the piling-up of splashed droplets.
Since plasma spraying is most often performed at ambient atmosphere, some oxide
may be present at the interface between flakes. Also, pores do exist owing to the
relatively slow velocity of the impacting particles. Both drawbacks may be
significantly reduced by processing the plasma spray in an evacuated chamber
partially filled with an inert gas. Under such conditions, the density of the coating
approaches 100 % of the nominal value and becomes comparable to that obtained
with a supersonic gun. Internal oxidation is also eliminated, a result that is
mandatory for many applications like thermal barrier coatings on turbine blades in
order to warrant the absence of failure in service as we will see in the next chapter. A
cross-section of such a coating 135 is shown in figure 4.49.
Another source of failure is the presence of unmelted particles trapped in the
coating between molten flakes. Part of this defect has its origin in the viscosity of
the plasma and in the injection system but another part is directly relevant to the
powder material itself. This latter cause will be studied in the next section. The exact
shape of a powder injector as well as the definition of the flow rate of the powder
carrier gas are most often determined by trial and error. This step is strongly coupled
to the setting-up of the operating parameters of the torch: input power (voltage,
current), nature of the plasma gases (mixtures of gases like Ar plus H2 or Ar-He-H2
in fixed proportions such as e.g. 95 % Ar + 5 % H2) and their flow rate, distance
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Figure 4.48: Metallographic cross-sections of Al-Cu-Fe-Cr coatings sprayed on a
metallic substrate visible at the right side of each picture. At the left is a coating prepared
by using a conventional flame torch. The cross-section reveals a large number of defects,
including wide open pores and oxides. The right-side picture corresponds to a coating
prepared with a supersonic flame gun. Far less porosity is observed, although pores
remain present at the interface with the substrate. Observe that the rough surface at the
left is a source for easy crack propagation. The photography in the centre is for a plasmasprayed coating characterized essentially by unfilled gaps between adjacent flattened
droplets. These may amount to about 10 % of the total volume and may also initiate crack
propagation. Hence, final grinding of the surface is necessary. Note the rough aspect of
the coating-substrate interface that ensures bonding of the sprayed material upon
solidification.

Figure 4.49: Cross-sectional view of an Al-Co-Fe-Cr coating prepared by plasma spray
under reduced Ar atmosphere with optimized spray parameters.135 The left hand side is for
the as-sprayed state. Observe that the coating is fully dense with a sharp interface towards
the substrate. An enlargement of this region of the same coating after annealing in air at
950°C for 24 hours is shown on the right side of the figure. An inter-diffusion layer has
formed with the substrate and pores of various sizes have opened. This data is discussed in
section 7.4 hereafter (Courtesy A. Sanchez-Pascual, Madrid).
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from substrate and respective velocities of the torch and substrate, position and shape
of the injector, etc. A long series of trials is usually necessary to study all possible
inter-relationships between the various parameters and converge towards an
optimized coating. Fortunately enough, computer modelling of the process is
feasible now so that a number of steps of this process no longer require massive
experimental work to be set up. 1 3 6 Also, modifications of the geometry, power bias,
number of cathodes, etc. allows us to match the plasma spray process with the
constraints raised over the years by an increasing demand for spraying more materials
ranging from volatile metals to oxides with very high melting points. Adjunction of
cryogenic cooling systems that move in parallel to the torch may be used to deposit
refractory materials like zirconia onto heat-sensitive substrates such as polymers or
produce metallic glass coatings. Conversely, laser beams prove helpful in order to
perform an in situ heat treatment immediately after the coating has been deposited by
the torch.137
Altogether, the flexibility and performance of thermal spray techniques, and in
the first place plasma spray, are now well recognized and have raised the status of a
real industrial process actually in use worldwide for both technological developments
and mass production. Up to now, a major application of quasicrystals, namely
coatings of cooking utensils is based on this technology. This pioneer work has led
a number of groups to look upon the characteristics of optimized quasicrystalline
coatings in relation with their specific domestic plasma spray equipment. Sets of
preferred parameters were set out. They are hardly transferable from one piece of
equipment to another, but generally revolve for the most important ones around the
list given in Table 2. As a result, it was observed 138 that the microstructure changes
significantly with the setting of the plasma torch. For instance, the respective
weight fractions of icosahedral and cubic phases depend both on power dissipation in
the plasma and powder flow rate. This has obviously an effect on the final properties
and porosity of the coating. Since the sticking coefficient of the powderm varies with
their viscosity in the liquid state, kinetic energy, temperature of the substrate, etc.,
the thickness of the as-prepared coating also depends on the setting of the torch. This
latter parameter, namely the thickness of the coating per pass of the torch, turns out
to govern the bonding strength between substrate and deposit layer. This bond
strength is always relatively weak, in the range 25 to 40 MPa, unless inter-diffusion
of the materials is managed by heat treatment at the contact interface with the
substrate. This is most plausibly related to the low surface energy of quasicrystals
that we will study in the next chapter.

m) Or the number of particles that get stuck onto the surface in comparison to the number of particles
injected into the torch.
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Table 2: Set of plasma spray parameters used at Yonsei University (a)n and Ames
Laboratories (b).
a)

Ref. 138

b)

Ref. 139

plasma intensity (A)

300 to 500

700 to 800*

plasma voltage (V)

-

25 to 43*

plasma gas:
flow rate (1/mn):

Ar/He

pressure (MPa):

44/6

Ar/He

Ar/He 37.8/(20* to 0)

0.61/0.44

powder carrier gas (1/mn):

Ar

powder flow rate (g/sec):

0.3 to 0.6

0.33

spraying distance (mm)

80 to 120

75

relative velocity (m/sec)

0.5

10

Ar

5.6

angle of injector:
90°
_
*) parameters marked * set the torch in the supersonic regime with plasma jet velocity of
Mach 1.
It is also important to stress the interdependence of the coating
characteristics and processing parameters. As an example, figure 4.50 shows how the
hardness and phase content of the Al-Cu-Fe coatings depend on the thickness
deposited per plasma torch pass. Furthermore, the figure indicates how the properties
shown are sensitive to the position within the thickness of the coating (cross-section
measurements) or at the external surface. Clearly, thicker coatings are harder and
more closely packed, possibly because the cooling rate imposed by the substrate
acting as a heat sink during spray is reduced by the lower conductivity of the
coating. It is indeed observed that small cooling rates favour the annealing out of the
cubic phase and therefore explain why the amount of icosahedral compound increases
with the thickness of the deposit layer. Similarly, at constant coating thickness and
fixed torch parameters, the heat conductivity of the substrate has a direct influence on
the deposit structure, because it imposes the cooling rate experienced by the spray
material after contact with the substrate (conduction and convection in environmental
air opposite to the substrate side are negligible in this respect). For instance, as
illustrated in figure 4.51, Al-Cu-Fe-Cr coatings are found to be formed of metastacle

n) Thanks to the permission of Sang-Mok Lee to reproduce his data here prior to publication.
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icosahedral (i.e. primitive) phase when deposited on aluminium alloy sheets,
whereas they turn to a mixture between primitive icosahedral and decagonal phases
upon spraying on low conductivity stainless steel plates.47

Figure 4.50: Correlation found experimentally138 in plasma-spray Al-Cu-Fe coatings
between deposit thickness per pass, porosity and phase content. The phase content is
referred to the intensity of the most intense X-ray diffraction peaks of the icosahedral and
B2-cubic phases (Courtesy Sang-Mok Lee, Seoul).
Albeit of acceptable quality, plasma spray quasicrystalline thick coatings
suffer from two serious limitations. The first is the mandatory preparation of the
substrate surface prior to spray. A conventional procedure to prepare the surface of
the substrate is the use of sand blasting in order to install a significant roughness
(see the central part of figure 4.48). Upon solidification, the droplets freeze and
condense so that mechanical stresses develop at the interface with the rough substrate
that warrants mechanical bonding. A representative value of such an interface stress
is in between 30 to 80 MPa, a rather limited value that may be insufficient for
demanding applications like coatings of turbine blades at the extremity of which the
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Figure 4.51: X-ray diffraction patterns (X=0.177892 nm) demonstrating47 the evolution
of the crystallographic structure of the Al-Cu-Fe-Cr coatings upon plasma spray on
aluminium alloy (a), low carbon steel (b) and stainless steel (c) substrates initially at
room temperature. Heat conductivity of these substrates decreases from a) (K=200 W nWK;
) to c) (K=20 W rn-JK-') whereas the pure metastable icosahedral structure in a) is
gradually changed into a mixture with the decagonal phase in c). The presence of the
decagonal phase is pointed out by the two diffraction peaks arrowed in c).
centrifugal force is large. Again, plasma spray under reduced atmosphere or
supersonic guns offers a better performance but at much higher cost.135 Pulsed lasers
may also be used to clean the surface immediately before the passage of the torch to
make sand-blasting unnecessary. When the coating is finished, it presents a surface
roughness that, on the one hand, reflects the substrate prior to spray, and on the
other contains a contribution from piled-up flakes, itself dependent upon the powder
granulometry. Some applications like solar light absorption are not very demanding
in this respect and may even work better with a rough coating. On the contrary,
tribological or low adhesion devices require a finely polished surface, which means
that a subsequent polishing operation must be applied. Mechanical grinding is
commonly used for this purpose, but requires great care in order to achieve a mirror
finish at the end of the process. Such detailed information is beyond the scope of
this book. An important point nevertheless, is related to the elevated shear stresses
developed upon grinding, which in turn may induce a phase transformation. This
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specific topic is the subject of the forthcoming section 7.3.
The other serious limitation of thermal spray techniques is the restriction to
simple geometries. In a few words, the particle jet exiting from the torch must hit
the surface to be coated directly, which means that complex surfaces cannot be
covered if a shadow is created by a protruding part or that internal surfaces of too
small components are not accessible. Robotization of the torch and substrate
kinematics, or use of torches of reduced size, helps to overcome part of these
difficulties, but a limit does indeed exist for complicated components. In such cases,
it is wise to think about completely different methods of coating that produce a
deposit in liquid or vapour phase. In principle, every area of the surface that may be
reached by the liquid or vapour vector of the coating material may be covered, since
the directionality of the spray process is lost with such methods. In liquid phase,
electro-depositing or galvanometric methods are well-known for corrosion-resistant
coatings. Apparently, this route was never explored in detail for quasicrystalline
materials. Early attempts with metastable Al-Mn icosahedral-forming alloys and
molten salt precursors did not prove entirely satisfactory 1 4 0 but these experiments
may have turned more promising with stable ternary quasicrystals. This is probably
still an attractive and open area of research about quasicrystals with great
technological relevance.
An alternative route is provided by magnetron sputtering, also an industrial
preparation method, capable of producing thin films (section 8) as well as thick
coatings when appropriately modified. Application to the preparation of thick
quasicrystalline coatings was studied in detail by Joulaud and his co-workers at
ONERA for the purpose of growing 0.3 to 0.5 mm thick thermal barriers on Nibased superalloy substrates. 141 Magnetron sputtering belongs to the Physical
Vapour Deposition (PVD) methods. It consists basically of using the bombardment
of a target by ions extracted from an argon plasma to eject chemical species that
condense into a film deposited on the surface of the coated substrate (figure 4.52). In
practice, the plasma is obtained by ionization of a neutral gas, preferably argon (but
a more complex mixture of gases may be used) within an electric field managed
between the target and an electrode. An electron beam may be injected in this area to
maintain the plasma and an external magnetic field used to focalize the ions onto the
target. In a triode set-up, the substrate is biased by an independent voltage source so
as to achieve an optimal control of the coating morphology. This technology
ensures an efficient growth rate of the film that may exceed 150 p.m per hour,
whereas heating the substrate by deriving part of the power dissipated in the plasma
allows us to manage a supplementary degree of freedom. This may be used for
instance, to provoke the formation of a diffusion layer at the interface with the
substrate, and therefore warrants excellent bonding of the deposit. A further
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advantage is that the substrate may be cleaned before spray by ion sputtering. The
initial roughness of the substrate is reproduced in principle at the surface of the
coating so that no supplementary polishing is required. Shadowing artifacts are far
less important than with thermal spray and internal surfaces may be coated if a target
is inserted in the open space. Conversely, a tubular target may be produced first, for
instance by thermal spray of the interior of a cylindrical holder, which is latter used
for magnetron sputtering on the surface of small objects placed inside. This is the
set-up used to deposit an Al-Cu-Fe quasicrystal on an Ni-based substrate that is
presented in cross-section in figure 4.53. During sputtering, the substrate
temperature was maintained at 630°C.

Figure 4.52: Simplified presentation of the working principle of a cathodic sputtering
reactor biased in triode mode.
The coating prepared this way presents a columnar growth morphology with
the elongated direction of the grains directed perpendicular to the substrate.
Depending on the process parameters, but also on ill-controlled features within the
same coating, the inter-diffusion layer at the interface with the substrate and the pore
fraction may vary significantly. Under optimum conditions, a dense, pore-free
coating forms (figure 4.53) that reaches the stoichiometric composition of the
icosahedral quasicrystal within a few tens of micrometers from the initial surface of
the substrate. Within the diffusion layer, some oxygen is present and a significant
enrichment in nickel is detected. The former element arises from sputtering of the
oxide layer present at the surface of the plasma spray target, whereas the latter is
supplied from the Ni-based substrate. Conversely, some Al, Cu and Fe atoms have
diffused towards the bulk substrate.
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Figure 4.53: Scanning electron
microscopy image141 of the crosssection of an Al-Cu-Fe icosahedral
coating prepared by magnetron
sputtering. The figure at the right
shows an enlargement of the about
5 p.m thick interdiffusion layer
formed in contact with the Ni-based
substrate during sputtering at
630°C for 8.3 hours. Observe that
the 200 (im thick coating is fully
dense beyond about 10 jxm from
interface (Courtesy J.L. Joulaud,
Chatillon).

A slight but easily measurable change of composition has thus occured
within the quasicrystalline coating. This effect initiates a number of modifications of
the atomic structure in comparison to that expected for an ideal icosahedral
quasicrystal. For a few coating specimens, a linear phason field is manifest (figure
4.54). The phason strain is important along the growth direction and orients the
crystallographic structure towards that of a high-order approximant. Furthermore, an
orthorhombic approximant also forms. It was never observed earlier and is
characterized by lattice parameters a = 3.32 nm (identical to that of the Ol
Figure 4.54: Systematic shifts
observed between experimental
and ideal line positions in a 50
Urn thick Al-Cu-Fe coating.
These shifts are linearly
c o r r e l at ed w i t h
the
perpendicular component of the
reciprocal lattice vector. The
indexing scheme is according
to Cahn et al.58 Deviations are
much larger for peaks aligned
along 5-fold axes (Courtesy
J.L. Joulaud, Chatillon).
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compound, see figure 1.41), b = 7.19 nm and a very long, probably non periodic, c
axis like that of the pentagonal P2 compound (see section 7 in chapter 1). A
thorough analysis of the position and intensity of the diffraction lines of the coating
reveals the growth texture of the approximant crystals. The best agreement with the
experimental data is achieved when a 5-fold axis of the P2 grain and a binary axis of
O2 (010 direction with period of 7.19 nm) are aligned along the growth direction.
Altogether, these observations confirm previous data that emphasized the existence
of a linear phason strain oriented along the solidification direction in rapidly
solidified quasicrystals. 142 In contrast, other coatings, especially thin ones of
thickness below about 80 |xm, show a perfect icosahedral compound within the
whole layer. Thus, it turns out that triode magnetron sputtering is also a very
efficient technique to produce quasicrystalline layers of controlled quality.

7.2

Processing of Atomized Powders

To a large extent, the phase purity of coatings prepared by thermal spray techniques
or by physical vapour deposition is determined by the chemical composition of the
deposit material although the metastability introduced by the large cooling rates
achieved by these techniques broadens the existence range of quasicrystalline phases
considerably. Annealing during or after the coating process can restore the
equilibrium structure. Such an annealing is most often mandatory, either in order to
form the quasicrystal of interest (e.g. from an amorphous precursor), or in order to
eliminate impurity phases or reduce internal stresses or even enhance bonding to the
substrate. It is therefore essential to process a raw material with a composition
initially appropriate for the purpose, namely that it contains no contaminants like
oxygen or other gases, and is defined so as to compensate for any loss of
constituents during processing. Care must also be taken to avoid pollution from
environment like the material of the crucible that may introduce Zn or Mg. In the
case of PVD coatings, it is well-known that sputtering rates vary rapidly with the
atomic weight of the chemical species. Typically, the sputtering rate of aluminium
is more than twice as large as that of 3d metals like Cu and Fe. As a consequence,
the composition of the target must be shifted with respect to the nominal one desired
for the coating by an artificial enrichment of the target in 3d metals and conversely a
decrease of its aluminium content in the same ratio. A trial-and-error loop must then
be applied until the stoichiometric composition of the coating is achieved because
shadowing effects in the PVD reactor and the architecture of the target (made of
isolated pieces of the separate constituents, or of sintered powders, or prepared as a
plasma spray thick coating, etc.) also influence the final composition.
Things appear simpler in the case of thermal spray techniques, although a
number of artifacts may delay obtaining a good coating. This is a bit too technical
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and we shall restrict ourselves to a brief view at two such artifacts - granulometry
effects on the one hand, and oxidation of atomized powders on the other. Atomized
powders are sieved in different granulometry ranges, depending on the type of plasma
torch they are made for. Typical numbers for the lower and upper limits of the grain
diameters are given in classes like {+10 Jim; - 25 |im} for the purpose of spraying
with mini-torches or {+ 25 \x.va; - 45 pun] or even {+ 45 ^m; - 75 p,m} for
conventional torches. Very small particles below 10 p.m in diameter evaporate in the
high temperature plasma whereas too big ones, above 75 ^m, do not stay long
enough within the flame to reach full melting.
The effect of the temperature gradient experienced by the powder particles in
the plasma flame was studied in detail by Dan Sordelet at Ames Laboratories,
Iowa. 1 3 9 Due to the poor thermal conductivity, it appears that the skin of the
particles may evaporate while their interior is still solid. This effect is manifest with
the largest particles, but occurs as well with sizes in the range 30 to 40 jim. As a
result, the aluminium content of the deposit particles is reduced in comparison to
that of the initial powder. This artifact may be compensated at the stage of the liquid
alloy preparation, for instance by increasing the aluminium concentration by 2 at%,
or by reducing the time of flight of the particle in the flame, i.e. by using a
supersonic gun (figure 4.55). It turns out 143 that particles that experience the largest
evaporation upon flight in the plasma temperature gradient also end in coatings
containing a larger contamination by oxygen (figure 4.56).

Figure 4.55: Aluminium concentration (top) and icosahedral compound weight fraction
(bottom) in as-received powders of nominal compositions and granulometry ranges as
indicated and after plasma spray in the subsonic and Mach 1 regimes139 (Courtesy D.J.
Sordelet, Ames).
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Figure 4.56: Correlation observed143 between oxygen content and final aluminium
concentration of plasma spray coatings prepared from two powders of nominal
compositions as indicated (Courtesy DJ. Sordelet, Ames).
Let us now concentrate on oxidation. Atomized powders come into contact
with oxygen atoms at various stages of industrial production: during preparation of
the base liquid alloy, during atomization and subsequent flight in the atomization
tower and during plasma spray itself. Sieving in air and storage at ambient
atmosphere are also potential sources of oxidation. At first glance, the oxide layers
that form during these different steps are constituted of pure alumina as we have seen
in chapter 3. More complex contamination layers should nevertheless be considered
in cases where other reacting gases like nitrogen or hydrogen are being used for
atomization and/or plasma spraying since nitrides may easily form when this
element enters the composition of the alloy or because the oxidation regime is
modified in the presence of protons.
The weight increase of atomized powders annealed at various temperatures
shows a parabolic-like temperature dependence as expected when the growth of the
oxide layer is controlled by atomic diffusion.144 It is observed that the icosahedral
powders resist better oxidation than powders of the P-cubic or X-Alj3(Cu,Fe)4 phases
of similar compositions. In powders containing a phase mixture of icosahedral and
cubic phases, the same parabolic weight gain is measured over long ageing times in
oxygen irrespectively of the multiplication of grain boundaries.
A complete sketch of the transformations undergone by Ai63Cu25Fei2
powders atomized in the {+ 10 (im; - 25 ^m} granulometry range is presented in
figure 4.57. Initially, the powder contains a mixture of icosahedral and cubic phases
that react together at sufficiently high temperature to form a single-phase icosahedral
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compound. No effect of oxidation is detected by X-ray diffraction because the oxide
layers surrounding the powder grains are ill-crystallized and thin. Nevertheless, such
layers are clearly revealed by optical or electron micrography.144 Oxidation at higher
temperature for long durations shows the progressive rise of a new Bragg peak
between the two most intense lines due to the icosahedral compound. This peak is
labelled fT in figure 4.57. It belongs to a new cubic phase that is distinct from the
initial one, since positions on the 28-axis do not overlap. At the end of the
oxidation experiment at 800°C, only this peak remains, thus indicating that the
icosahedral compound has disappeared. Cross-section images 144 of the powder grains
then show a homogeneous core surrounded by an oxide layer about 3 |0.m thick. A
simple calculation of the atom balance, assuming an AI2O3 composition for the
external shell, tells us that the internal core has reached the composition of a P-cubic
phase enriched in iron (see below). At this composition, the icosahedral compound
is not stable anymore. Thus, in order to guarantee the successful preparation of the
quasicrystal by subsequent plasma spray, care must be taken to avoid the formation
of composition gradients in the powder grains due to the reaction with
environmental gases (nitrogen is another example).

Figure 4.57: X-ray diffraction patterns (k = KaCu) recorded144 at room temperature after
annealing samples of atomized Al 63 Cu 2 5Fe 12 powders in dry oxygen. Annealing
temperatures: a) 300°C, b) 500°C, c) 700°C and d) 800°C. Refer to individual traces to
determine duration of oxidation. Note the progressive disappearance of the P-phase (as a
matter of fact, a mixture of P and x-phases pointed out by the broad, di-symmetric peak
labelled P at the left of the figure), and the appearance of a new cubic phase marked P' at
high temperature and long oxidation time (Courtesy D.J. Sordelet, Ames).
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Oxidation of cubic plus icosahedral phase mixtures at moderate temperatures,
for instance 500°C, does not hinder the transformation into a single-phase
icosahedral compound (figure 4.57). Comparing the changes that occur to X-ray
diffraction patterns as functions of annealing time at 500°C in the presence of
oxygen on the one hand and in vacuum on the other provides further information on
the way oxygen atoms react with aluminium to grow an AI2O3 external layer and
change the bulk composition of the quasicrystal underneath. For instance, X-ray
diffraction experiments performed on samples of atomized Al62Cu25.sFei2.5 powders,
initially containing a mixture of icosahedral plus P and x cubic phases, indicate a
slight but detectable increase of the icosahedral lattice parameter after annealing at
500°C in dry air. 145 This lattice expansion is not observed upon annealing in
vacuum (figure 4.58, right). Meanwhile, as already shown in figure 4.57, the Bragg
peaks associated with the x-cubic phase progressively disappear and are shifted to
positions characteristic of a P-cubic phase whereas its lattice parameter increases as
expected (figure 4.58, left). This shift is driven by a composition change owing to
the peritectoid transformation into the icosahedral compound and is therefore coupled
to both an intensity decay of the (110) peak of the P-phase and a narrowing of the
Bragg peaks of the icosahedral compound. Unfortunately, the evolution of the

Figure 4.58: Left: Lattice parameter145 of the P-cubic phase formed upon oxidation in dry
air at 500°C of an A^C^s.sFe^.s powder atomized with argon jets and sieved in the {+
25; - 45 \xm] granulometry range (solid symbols). For clarity of the figure, the data are
presented as a function of log(time). The open symbols show the variation of the lattice
parameter of the P-phase when the same annealing experiment is performed in vacuum.
Right: 6-dim lattice parameter of the icosahedral compound measured at room temperature
after the same annealing runs in air (solid dots) and in vacuum (open dots). Note the sharp
decrease of this lattice parameter followed by a plateau when annealing is done in vacuum
or by an increase in the presence of oxygen.
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composition of the f3-cubic phase may not be mapped in a straightforward way to the
change of its lattice parameter, as in usually feasible for solid solutions. It turns out
from a study 145 of a series of such samples that the lattice parameter of the Al-CuFe B2 unit cells does not vary linearly with iron and copper concentrations, but
shows a wavy behaviour instead, depending on whether or not the Al content is fixed
(figure 4.59).

Figure 4.59: Change with composition of the lattice parameter of the 0-cubic phase.
Solid dots are for samples at fixed aluminium concentration of 50 at.% and open squares
for specimens at varying Cu+Fe content. The line is a guide for the eyes.
Note that while a smooth, continuous change of the cubic lattice parameter is
observed during the transformation from T to P-cubic phase, the icosahedral lattice
intensity exhibits a sharp decrease, followed by an increase in the presence of
oxygen. This result is difficult to interpret since it may be due either to oxygen
atoms that preferentially diffuse in the icosahedral lattice, in agreement with Auger
spectroscopy data already presented in the previous chapter or to an enrichment of the
surface layers in transition metal atoms because aluminium atoms were transferred to
the growing oxide layer. Accurate measurements of the 6-dim lattice parameter of the
icosahedral compound with increasing Al concentration (figure 4.60) indeed show
that the larger the Fe and Cu concentrations, the larger also the lattice parameter.
This mechanism may soon bring the icosahedral compound towards the boundary of
its stability range and thus favour the formation of a cubic phase.
Accordingly, it appears that oxygen may poison quasicrystalline powders in
the sense that it not only grows oxide layers (like in Al-based conventional alloys)
but also favours the formation of undesirable intermetallic phases or even dissolves
into the icosahedral lattice (in contrast to its behaviour in metallic aluminium).
Upon spraying these powders in air with a plasma torch, or worse, with a flame
gun, interaction of the powder grains with oxygen can only be minimized thanks to
the use of protective neutral gas jets and appropriate cooling conditions. The artifacts
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described above may then also occur and spoil the quality of the coating but
unfortunately we still lack a detailed investigation of such effects in industrial
coatings.

Figure 4.60: Six dimensional lattice
parameter of i-Al-Cu-Fe compounds
as a function of aluminium content.

Obviously, the influence of oxygen will be more important in the finest
grained powders, in relation to their larger specific area. Chemical analysis of Al-CuFe powders containing about 60 wt% icosahedral compound proves that the oxygen
content is reduced by a factor of 3 when the average grain diameter is twice as
large. 138 Upon plasma spray at Mach 1 velocity146 (see right-hand column of table
2), fine grained particles produce relatively little icosahedral compound and instead a
nearly pure P-cubic phase (figure 4.61a). With an increased grain size (figure 4.61b),
the position of the (110) peak of the cubic phase depends on the cooling rate
achieved in the flakes after deposit, thus indicating that oxidation of the smaller
particles takes place essentially during cooling after building up the coating. The
effect of cooling rate and grain size becomes less marked with powders containing
grains of larger sizes (figure 4.61c-e).
In all the data cited above, it was convenient to assess the weight fraction
occupied by the icosahedral compound. In crystalline samples, this may be achieved
easily by referring to X-ray diffraction intensities in comparison to the scattering
power expected for each unit cell of the phases in presence. A rather precise analysis
of the volume fractions of crystalline phases is then possible, knowing lattice
parameters and site occupancy factors. Transformation to weight % is straightforward
if required. In the present case, with the icosahedral compound that has no unit cell
in 3-dimensions, this procedure does not apply, and it is better to rely upon an
external calibration. A universal calibration curve was published for this purpose by
D.J. Sordelet. It was constructed146 from diffraction patterns of icosahedral plus
cubic phase mixtures in variable amounts (figure 4.62) and might be helpful to
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those who wish to obtain a fair estimate of the respective weight fractions from
diffraction experiments. However, accuracy is rather poor because (3-phases of
interest are not necessarily of the same composition as the one used by Sordelet.
Error bars are also rather large.

Figure 4.61: X-ray diffraction patterns (X = K a Cu) in the region of the two intense Bragg
peaks of the icosahedral compound for various plasma spray coatings prepared in the
supersonic regime. These patterns are normalized to the same maximum intensity.
Coatings that give a pattern represented by a thick solid line were obtained by spraying
on a hot Cu substrate, whereas thin lines are for coatings deposited on a mild steel kept at
room temperature before the spray began. The nominal composition of the powder was
Al63Cu25Fe12. Particle sizes were - 25 pun (a); {+ 25, - 45 ^m} (b); {+ 53, - 63 urn} (c); {+
45, - 75 um} (d) and {+ 75, - 106 |j.m} (e). Note the near absence of peaks from icosahedral
compound in patterns (a) and (b dotted) and the shift of the line marked (3 with spray
conditions (Redrawn from Ref. 138 with permission of D.J. Sordelet, Ames).
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Figure 4.62: Icosahedral weight %
calibration curve based on X-ray
diffraction patterns of two-phase
mixtures artificially prepared from
pure icosahedral and 3-cubic
phases. The peaks of interest are
indicated. The dotted line is only a
guide for the eyes (Courtesy D.J.
Sordelet, Ames).

7.3

Polishing and Surface Preparation

The final step in the industrial production chain of thermal spray coatings is most
often mechanical grinding and surface finish by polishing in order to eliminate the
surface roughness of the coating inherent to the technique. Many applications require
a mirror-like surface, see the next chapter. Again, the preparation of such surfaces is
an art in itself, based on technical know-how that does not need to be explained in
this book. Electro-polishing could be used in principle for this purpose but does not
appear to have been applied yet to quasicrystals. The other common way to achieve
the task consists of a series of mechanical grinding passes, using abrasive materials
of decreasing mesh size and hardness. Classically, the last polishing steps use very
fine abrasive powders kept in suspension in a lubricating liquid and supported on a
soft tissue like cotton. During this step, the surface temperature may increase quite
noticeably to such an extent that enforced oxidation may develop at the coating
surface. During the previous grinding passes, some material is removed from the
surface by abrasive particles that impose tremendous shear stresses at localized
contact points on that surface. In this subsection, we will study what happens there
in some detail.
A comparison 147 of two single-phase, mono-domain icosahedral Al-Pd-Mn
samples extracted from the same Czochralski-grown crystal, one with a flat surface
obtained by cleavage and the other with a surface prepared by mechanical grinding,
illustrates the effect of such shear stresses on the stability of the icosahedral lattice.
Both samples exhibit a phason strain field that broadens the diffraction peaks in
proportion to Gl (figure 4.63), but the phason strain in the mechanically ground
material is much larger than in the sample surface formed by cleavage.
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Figure 4.63: Determination147 of the FWHM of diffraction peaks using a high resolution
synchrotron X-ray beam for a mono-domain Al-Pd-Mn icosahedral sample surface after
mechanical grinding (upper solid squares) and a surface prepared by cleavage (solid dots).
The open symbols correspond to the values of the FWHM calculated by assuming a linear
phason strain dependence on G^. This fit represents the experimental data well if a small
contribution to phonon strain is introduced (see Ref. 147 for details) (Courtesy M.
Boudard, Grenoble).
Another evidence that the quasicrystal surface transforms under severe shear
strain was already studied in chapter 3, section 2.1 (see figure 3.5). Ductility of the
material becomes quite significant after several passes of a WC indenter, a situation
that is pretty similar to the one experienced upon grinding within the contact area
between abrasive particles and surface. This kind of scratch test is therefore a good
model to simulate the effect of grinding particles during polishing of quasicrystalline
coatings, and will give us some insight into the transformation of such surfaces
during the final stage of preparation.
To this end, a sintered quasicrystalline model sample of nominal composition
AlgsC^s.sFe^.s and containing a single-phase icosahedral material was submitted
to localized, severe straining by gliding a WC tip of radius 0.8 mm under a normal
load of 30N. 148 This test develops a shear stress within the contact area that exceeds
the yield stress of the material by a factor of at least 3. The surface damage caused
during this experiment is illustrated in figure 4.64. It comprises macroscopic defects
like circular imprints due to the solid friction of the indenter sphere and linear cracks
(a), pulling-off of small powder particles too weakly bonded to the sinter matrix (b)
and wear material re-deposited on the surface (c). In addition to large abrasion traces,
there are much smaller ones (white arrows marked c) that are the locus of extreme
stress concentration owing to the small contact area.
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Figure 4.64: Scanning electron microscopy images 148 of the wear damage provoked at
the surface of a sintered i-Al62Cu25.5Fe]2.5 sample after 5 successive scratch passes of a
WC spherical indenter of radius 0.8 mm (normal load 30N). Observe the different length
scales of the longitudinal wear cracks in a). The direction of the movement of the rider is
given by the large white arrow. Circular imprints (R) mark occasional stops of the
indenter due to solid friction. Enlarged views of the surface damage are given in b) and c)
with emphasis on pulled-off grains (b) and re-deposited material (c). Other longitudinal
wear cracks, but of smaller size, are then clearly visible too.
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A thin foil specimen adapted to transmission electron microscopy was cut out
of this sample in a plane parallel to the initial surface at a position below this
surface taken in the region where the contact (or Hertz) pressure was maximum.
Images and electron diffraction patterns from this thin foil are shown in figure 4.65.
A string of defects generated by the passage of the WC rider in this region is easily
identified as in figure 4.65a. Essentially, small dark particles of a few tens of
nanometers in diameter have formed within the icosahedral matrix (figure 4.65b).

Figure 4.65: Transmission electron microscopy observation148 of the zone where shear
stresses reach a maximum, a few micrometres beneath the contact area (a). A string of
defects and dark particles appear along the direction of indenter gliding (black arrow). A
magnification of the dark particles is shown in (b). Nano-diffraction experiments (c) and
(d) demonstrate that these particles are bcc cubic with a lattice parameter a = 0.29 nm.
They exhibit the usual crystallographic orientations encountered with the icosahedral
matrix (see section 3.2) but are disordered bcc and not of B2 CsCl type (observe the
absence of the (100) spot in d)).

328

Useful Quasicrystals

Nanodiffraction experiments identify the structure of these nanoparticles and
demonstrate that they have grown in perfect epitaxy with the surrounding icosahedral
matrix (c). The structure is body-centred cubic, and not of CsCl-type, as clearly
indicated by the absence of the (100) spot, but the lattice parameter is identical to the
one of the B2 Al-Cu-Fe (3-cubic phase. Since the structure is disordered (bcc), the
string of cubic particles does not result from pre-existing P-cubic nodules, but was
actually formed under the action of shear while riding the WC indenter. All around
the trace, electron diffraction patterns and Moire images of the icosahedral matrix
prove that a structural modulation has taken place. 148 In many different areas, the
straining was so intense that the diffraction spots have acquired a rhombus shape of
the type illustrated in figure 4.18. Thus, it is quite reasonable to assume a local
phason-driven transition towards an approximant structure. This conclusion also
applies to the formation of the cubic particles in the sense exposed in section 3.2
above, although assistance by a thermal spike may have occurred owing to the low
conductivity of both quasicrystal and WC indenter, and the much reduced contact area
with wear particles emitted from the microcracks observed in figure 4.64a (small
white arrows). This is another example of a pressure-induced phase transition,
associated with a phason-driven transformation of the icosahedral quasicrystal into a
specific approximant, namely the bcc cubic phase. The reason why this
transformation enhances the ductility of the quasicrystalline material is not yet fully
understood. In this respect, it is worth noting that the specific atomic volume
decreases while going from icosahedral to cubic lattice so that some void volume
may be created at the interface between the two phases. Therefore, a larger lattice
defect mobility is expected in the interfacial regions but this viewpoint still requires
more experimental work for support.
Nevertheless, it is now clear that technological processing of quasicrystalline
coatings and surfaces must be controlled in such a way as to avoid detrimental
artifacts such as the ones exemplified in this section and the previous one.
Specifically, the formation of cubic phase nodules due to grinding or of 3-cubic
precipitates in an oxidizing environment will seriously up-scale the metallic
character of the surface and reduce the attractive behaviour of a quasicrystalline
surface. For the sake of completeness, we study in the next sub-section the
behaviour of quasicrystalline coatings at room temperature in corrosive
environments and at high temperature in oxygen.

7.4 Phase Stability of Quasicrystalline Coatings in Agressive
Media
All the results introduced till now in this book emphasize the moderate resistance of
Al-Cu-Fe and Al-Pd-Mn quasicrystals to high temperature oxidation. Conversely,
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the oxide layer formed at temperatures below about 400°C are passivating so that
oxidation ultimately stops at a layer thickness that depends on the environment
(section 4.1, chapter 3). The cross-over temperature that marks the limit between the
two kinds of behaviour depends essentially on the transition metal constituents. It is
increased for instance by 100°C in the Al-Cu-Fe-Cr orthorhombic approximant in
comparison to i-Al62Cu25.5Fe12.5- In view of using one or another surface property
like reduced friction or adhesion, it is therefore important to consider the change of
property induced by the presence of a passivating oxide layer or by contrast a much
thicker layer of alumina (figure 4.66). In this latter case, the behaviour of the
material usually evolves and resembles that of the pure oxide. In the former case of a
passivating oxide, the passivating layer has only little effect on such properties (the
results will be presented in the next chapter). Fortunately enough, friction devices or
cooking utensils operate below 400°C so that quasicrystalline coatings offer
attractively reduced friction and adhesion despite the unavoidable presence of an oxide
top layer. Another important application is the use of quasicrystals in thermal
barriers that require much better resistance to oxidation and other chemical
environments. The design of an alloy specifically adapted to this end will be
explained in section 2 of chapter 5.
Figure 4.66: Friction coefficient (i
measured 149 at the beginning of
pin-on-disc tests using an alumina
spherical indenter and a
Al63Cu25Fei2 coating prepared by
atmospheric plasma spray in
subsonic regime of atomized
powders in a narrow granulometry
range of {+ 53, - 58 urn}. The test
was conducted at the temperatures
indicated on the x-axis in dry air.
Oxidation occurred well before the
value of the friction coefficient was
measured. Its value keeps constant
for the test temperatures below
400°C but increases sharply above.
At longer test durations, not shown
here, friction increases even more
as due to the presence of oxidized
wear particles in the track
(Courtesy D.J. Sordelet, Ames).
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Dissolution and pitting in corrosive solutions, either acidic or alkaline, is
also responsible for the transformation and ultimately the destruction of material
surfaces.150 In comparison to polymers, metal-based systems usually offer relatively
weak resistance to corrosion except if they are very pure or made of noble metals.
Meaningful comparisons in the case of quasicrystals should therefore be limited to
similar intermetallics and occasionally to stainless steel that presents a quite
satisfactory behaviour with respect to corrosion in humid air or weakly acidic
solutions. A few series of experiments were dedicated to the investigation of the
electrochemical response of quasicrystals to alkaline or acid 151 and chlorine
containing solutions. 152 Such studies were extended to comparisons with
intermetallics of related composition, especially in a systematic way by Rudiger and
Koster in Dortmund. 153 This type of experiment uses an electrochemical cell in
which the sample is immersed in the solution. It is polarized with respect to a
counter electrode0, while the bias voltage is monitored at constant variation rate
(direct current mode). The current that flows through the sample-electrolyte-electrode
system is recorded as a function of bias voltage and informs us about the underlying
corrosion mechanisms through so-called polarization curves (figure 4.67). Among
the many pieces of information contained in such curves, the corrosion potential
ECom o r potential at which the corrosion current reverts and therefore marks the

Figure 4.67: Polarisation curves measured153 at room temperature with samples of
quasicrystals and approximants of compositions as indicated in the figure using a 0.1M
NaOH electrolytic solution (Courtesy A. Rudiger, Dortmund).

o) Potentials are set on a comparative scale for different experiments with reference to a third,
standard electrode. The results reported in this scetion refer to a standard calomel electrode (SCE).
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beginning of the dissolution regime of the sample material in the electrolyte, is
especially meaningful. The higher E c o r r , the more corrosion resistant is the material
with respect to the electrolyte of interest. Also of importance, the corrosion current
IQC measured at zero bias voltage (i.e. at a potential measured with an open circuit,
or open circuit potential EOCP) ls representative of the kinetics of the corrosion
under normal conditions. Representative numbers are reported in table 3 for
quasicrystalline and approximant materials.
Table 3: Corrosion potential Ecorr and corrosion current Ioc measured151 with an alkaline
solution of pH = 13 (NaOH, 0.1 M) and an acidic solution of pH = 2 (Na2SO4, 0.5 M +
H2SO4) and various samples specified in the left column.

Sample
..
composition
fccAl

I

I

E

corr (»V)

Description

1
pH = 2

pure metal

I I oc (^Acm-2)
1

p H = 1 3

pH = 2

p H = 1 3

-1323

-1930

11.4

1064

phase mixture:

X-Al 13 Fe 4 <5%
Al 63 Cu 20 Co ]5 Si 2

decagonal phase

-702

-1565

2.2

462

AljoCugFejQjCrjQj

O] orthorhombic
approximant > 95%
P-cubic < 5%

-718

-1030

1.6

1.6

Like pure aluminium, quasicrystalline materials resist acid solutions rather well,
but far less to alkaline electrolytes. Quite clearly, the details of the crystallographic
structure matter little and the corrosion resistance is essentially related to the addition
of 3d metals, especially Cr and Cu. More complete studies of ternary and quaternary,
single-phase Al-based intermetallics were performed in recent years as mentioned
above. Conclusively, the corrosion resistance of quasicrystals is not specific and
some intermetallics likefi-Al5oCu3OFe2obehave better in strong alkaline media (or
8-AI2CU in strong acids). As demonstrated in figure 4.67, addition of Cr improves
the corrosion resistance of the base Al-Cu-Fe icosahedral quasicrystal definitely. The
corrosion potential and the open circuit potential increase in proportion to the Cr
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content (figure 4.68), while Ioc drops by one or two orders of magnitude. This effect
is well-known in other metallic materials like amorphous metals or stainless steels.
Remember that while introducing Cr in the Al-Cu-Fe system, the crystallographic
structure of the material evolves from icosahedral to that of a series of approximants
of the decagonal phase (section 3.1). It is therefore possible to maintain the useful
approximant structure while improving its corrosion resistance. This advantage will
be exploited in chapter 5, when we will deal with cooking utensils. In the absence of
chromium, the corrosion parameters of the ternary Al-Cu-Fe compounds are
essentially determined by the Al concentration (figure 4.69). Considering error bars
of about 10%, it seems that the i-Al63Cu2sFei2 quasicrystal is found slightly below
the correlation line typical of the crystalline intermetallics.

Figure 4.68: OCP and corrosion current measured153 in NaOH, 0.1M with Al-Cu-Fe-Cr
alloys of variable Cr content. Note that the concentration of the other chemical species
could not be kept at fixed ratio in order to obtain the sample in either quasicrystalline or
approximant structures (Redrawn from Ref. 152).
The transformations of the surface that accompany the corrosion were studied by
metallographic observations of the cross-section of the samples and X-ray diffraction
studies of the surface. 152 . 153 In parallel to corrosion tests, chemical analysis of the
electrolyte informed us about the metallic species put in solution.151 Both series of
experiments show that the surface of all quasicrystals and of similar samples is
deeply corrupted after a few hours of corrosion testing in alkaline media at typically
E corr /2. The composition of the surface moves towards an enrichment in the most
noble metal (i.e. Cu in Al-Cu-Fe or Pd in Al-Pd-Mn) by transfer of Al and of the
other metal to the electrolyte. Various oxides and hydroxides are trapped at the
surface or found dissolved in the corrosion medium. The details of this mechanism
depend on the sample and corrosion conditions. They are illustrated in figure 4.70 for
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the case of the corrosion of i-Al63Cu2sFei2 in NaOH, 0.1 M. Naturally, such an
important change of composition is accompanied by a transformation of the
structure within a micrometer-thick layer. A (3-cubic phase is found close to the bulk
quasicrystal in i-Ai63Cu25Fei2 samples that in turn transforms into Cu-rich
compound and hydroxides at the contact with the electrolyte.

Figure 4.69: OCP (circles) and corrosion current (squares) measured 153 in NaOH, 0.1M
with four Al-Cu-Fe intermetallics as indicated on top of the figure (Courtesy A. Riidiger,
Dortmund).

Figure 4.70: Main corrosion steps observed 153 versus time and corrosion condition with
i-Al63Cu25Fei2 in NaOH, 0.1M (Courtesy A. Riidiger, Dortmund).
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Corrosion in the presence of Cl ions is even more marked and gives rise to
pitting and repassivation phenomena. Pitting is due to a local corrosion effect,
usually initiated at a defect of the surface. The oxide layer is removed there so that
the electrochemical potential increases to that of the bulk intermetallic underneath.
Metallic constituents dissolve away, thus creating a pit that increases in size radially
and in depth at the position of the initial defect. Pitting occurs suddenly at a specific
potential that is easily detected during a voltametric run at variable bias voltage by a
sharp increase in the corrosion current. Reverting the bias voltage, an hysteresis of
the current loop is observed in relation to the potential at which an oxide layer forms
again on the pitted surfaces. This repassivation potential E ^ is different and smaller
than the pitting potential Ep;t.
These quantities were systematically investigated154 for a series of Al-Cu-Fe
intermetallics and their pure metallic constituents. Only copper shows a positive
pitting potential, essentially identical to its repassivation potential, which indicates
that this metal resists localized corrosion by Cl ions well. The other two metals and
all intermetallics show variable values of E p j t and E p r (figure 4.71). The worst
values are observed with pure Al. The pitting corrosion resistance of the Al-Cu-Fe
intermetallics decays with increasing Al concentration and scales up with Cu content
(figure 4.71). No apparent correlation to the iron content was found. Observe again
that the icosahedral compound exhibits the most negative value of E pr (or the
broadest hysteresis gap between E p j t and E p r ). This result signals the difficulty of
growing an oxide layer on this quasicrystal that becomes a disadvantage for corrosion
in the presence of Cl ions.
Due to the many microstructural defects inherent in plasma spray, coatings
obtained by this process are especially sensitive to localized corrosion. In the present
case, the basic oxydo-reduction reactions that take place at the interface with the
electrolyte are :
Al - Al3+ + 3e~
(4.6)
O2 + 2 H2O + 4e~ - 4 OH"
Transport of oxygen to the bottom of the cracks and pores left in the coating
is more difficult than to the open surfaces. Hence, these latter are polarized (cathodic)
with respect to the internal parts of the defects (anodic), a phenomenon which in
itself favours localized corrosion. It is amplified when Cl ions enter the composition
of the elctrolyte. Then, a gradient of Cl- concentration is established within the
pores, in correlation with that of metal ions, whereas OH- ions are more abundant at
the surface. The open void is thus essentially alkaline whereas the bottom of the
pore is acidic. This effect enhances the corrosion kinetics dramatically and makes Albased intermetallic coatings very sensitive to localized and pitting corrosion.

Preparation and Mass Production

335

Figure 4.71: Pitting and repassivation potentials154 versus Al and Cu concentrations in
Al-Cu-Fe intermetallics (labelled as usual by letters) in an aqueous solution of NaCl, 0.1M
buffered to pH 8.4 with boric acid/borate. Lines guide the eyes. Several measurements
were performed for each kind of specimen (Courtesy P.A. Thiel, Ames).
Fortunately, addition of corrosion inhibitors to the composition of the
coatings, like Cr or Mo, coupled with heat treatments designed to improve the
microstructure of the coating helps resolve this problem. 155 Such an efficient heat
treatment must be performed at high temperature in order to benefit from the
presence in the coating of a liquid phase, which speeds up the filling of the pores by
fast atomic transport. Meanwhile, it also eliminates the residual metastable x- and 0phases trapped in the coating during the rapid cooling following the impact of the
molten powder grain on the substrate. Figure 4.72 illustrates the beneficial influence
of a thermal treatment at 830°C on a plasma spray coating of nominal composition
AlyjCugCrio.sFejo.s. As prepared, the corrosion current in dilute acetic acid at 95°C
is indeed very high, but it decays rapidly after a few minutes of heat treatment. The
corrosion current matches the value typical of the bulk defect-free alloy after 2 hours
of annealing. It is then significantly below the current density measured during the
same conditions with low carbon steel and is then equivalent to that of a ferritoaustenitic steel often used for the manufacture of cooking utensils. 155 The release of
mechanical stresses in the surface region of the coating that such a treatment is able
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to achieve may as well cause a drastic reduction of the pitting corrosion in the
presence of CY ions. 126 > 150

Figure 4.72: Evolution on a log time scale of the corrosion current in dilute acetic acid at
95°C with increasing duration of the annealing treatment at 83O°C of Al 71 CugCr 10 5 Fe 1 0 5
plasma spray coatings. Initially large, I o c decays towards the value measured with a bulk,
defect-free sample. This value is only slightly above the one obtained with an austenitic
stainless steel and well below that observed with a low carbon steel.

8

Thin Films and Nanosized Precipitates

The study of quasicrystalline thin filmsP was initiated during the early days of the
field when only metastable binary quasicrystals were known. 156 In more recent
years, several techniques were applied to grow multi-component stable films. Coevaporation of the constituents is often used in this respect to produce an amorphous
layer first that is later transformed into a stable quasicrystal by heat treatment.157
Another preparation method relies upon sequential evaporation of layers of the
individual constituents followed by a heat treatment that ensures adequate mixing of
the elements. 158 The technological relevance of these films is obvious since they
permit the preparation of light detectors and of sensors as well as of performing
tribological surface layers. 159 Therefore, they deserve a description of the main
preparation parameters in the next subsection. In the section that will then follow,
we will also see to what extent growth kinetics of thin films informs us about the
peculiar stability of quasicrystals.

p) The definition of what is actually called a thin film is quite arbitrary. As opposed to thick coatings,
thin films are supposed in this book to have a thickness of a maximum of 1 um.
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8.1 Multilayers or Vapour Deposited Films
There are different means of depositing a film from the vapour phase depending on
the type of vapour source. One such method called the flash evaporation method
produces a pulse of vapour by suddenly overheating a minute grain of the alloy
positioned on the surface of a tungsten or platinum filament. The overheat is
delivered by applying a sharp intensity pulse while the source is maintained in high
vacuum. For alloys like Al-Cu-Fe that melt at a low enough temperature, this
technique gives excellent results with only little shift of the composition with
respect to that of the initial grain.158 Films are usually amorphous when deposited
on a substrate at room temperature but may also be obtained in situ as a singlephase quasicrystal if the substrate is preheated above about 350°C. Naturally, postdeposition annealing also leads to single-phase quasicrystalline films, provided care
is taken to avoid the effect of oxidation, as already described in this chapter.
Magnetron sputtering produces essentially the same kind of films, but with a much
more pronounced shift of the film composition with respect to that of the target.
The advantage of this technique comes from the possibility, already mentioned in
section 7.1, of using heterogeneous targets, including targets comprising isolated
pieces of the individual constituents. Such a target containing a variety of Al-Cu-Fe
phases was used to prepare Al-Cu-Fe films onto either window glass (that allows
annealing treatments up to 550°C) or stainless steel (for annealing at larger
temperatures).160 Whereas as-deposited films were found to be amorphous, annealing
at 200,400 and 500°C produced partial crystallization with an increasing fraction of
microcrystalline approximant crystals of diameter up to 100 nm and, although not
mentioned by the authors, a significant amount of cubic phase the presence of which
is clearly visible in X-ray diffraction patterns. The films annealed for 2 hours at
750°C were fully icosahedral. The presence of the Al-Cu-Fe cubic phase as an
intermediate step of the crystallization of amorphous Al-Cu-Fe into the icosahedral
compound was systematically observed as we have already seen.
The fine grain size of the partially crystallized films is responsible for the
moderate ductility of the films when submitted to scratch tests. This result is in
contrast to the behaviour of thick coatings (figure 4.46) that contain a small fraction
of (3-cubic impurity crystals of much larger size. Friction coefficients of the films
measured with diamond and hard steel indenters are especially small and comparable
to the ones found with TiN films. They are weakly sensitive to the annealing
treatment: as-sputtered films lead to ^ = 0.11 for a diamond rider whereas a film
annealed at 550°C for 1 hour gives |a. = 0.09 under the same scratch conditions.
Also, hardness and Young modulus increase both by about 40% through the same
series of heat treatments (figure 4.73).
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Figure 4.73: Change with annealing temperature of the hardness (open dots) and Young
modulus (filled squares) of sputtered Al-Cu-Fe films. These values are typical of the
mechanical characteristics usually met with quasicrystalline films and coatings (redrawn
from Ref. 160).
A more surprising result was obtained by laser ablation of Al-Pd-Mn
targets. 161 Atoms, or groups of atoms, are kicked out of a target into the vapour
phase under the impact of an intense laser beam pulsed at nanosecond periods. A thin
film forms at reasonable growth rate upon collecting these atoms onto a substrate
that may be kept at a temperature varying between that of liquid nitrogen and up to
300°C (in the present study). Several kinds of substrates were studied, ranging from
amorphous quartz to single crystalline Si or MgO. Several target compositions were
also used in order to scan the formation range of the icosahedral compound obtained
by this technique. It turned out that the optimal composition was identical to the
one assessed from bulk studies and that the substrate temperature had no detectable
influence on the deposited composition. The surprising result was that the 6D face
centred icosahedral compound did form only when the substrate was maintained at
liquid nitrogen temperature. All other films formed at higher temperatures contained
merely an amorphous phase (figure 4.74). The crystallographic nature of the
substrate had no influence on this result.
This behaviour is just opposite to what is known regarding the formation of
metallic glasses by condensation of a vapour phase. Usually, these materials
preserve a high degree of disorder thanks to the huge quenching rate achieved when
the atoms of the vapour loose their kinetic energy after contact with the cold
substrate surface. Here, obviously, order arises at low temperature and disorder
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Figure 4.74: X-ray diffraction patterns (X = 0.154 nm) showing the structure of
Al7OPd2oMn1o films deposited on quartz glass substrates at the temperatures indicated.161
The indexing of the top curve is for a fee icosahedral lattice according to Bancel et al.57
The other patterns show the presence of a disordered icosahedral compound or of a glassy
structure. The broad bump visible at 20 = 25° is due to the quartz substrate (Courtesy U.
Mizutani, Nagoya).
becomes ever more important with increasing substrate temperature. A plausible
explanation for this effect could be that entire icosahedral clusters are evaporated by
the laser beam instead of isolated atoms. In such a scenario, clusters could match
together at low temperature to form an icosahedral lattice (although with a large
density of defects), whereas larger substrate temperatures would destroy these clusters
after contact with the surface of the substrate. An essentially amorphous state would
then form and remain in a metastable state because the crystallization temperature of
this type of glass is larger than the highest temperature used in this study (see figure
1.29). It is fair to mention however, that no direct evidence of the existence of such
clusters in the vapour phase is available yet, and that this scenario still needs
experimental confirmation.
Another way to prepare quasicrystalline films proceeds along the growth of a
multi-layer of the individual constituents followed by a heat treatment that leads to a
homogeneous material by diffusion of the species. Initially, the layers are produced
by sequential evaporation of the atoms, using one or another of the techniques
already mentioned (flash evaporation, laser ablation, sputtering). Of course, use of
separate evaporation crucibles and control of the layer thickness by a quartzmonitored balance warrants optimal results. Hence, the overall composition of the
sandwich is imposed by the thickness of the individual layers. It was assumed for
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some time that the order of the layers in the sequence, for instance Al-Cu-Fe instead
of Al-Fe-Cu, may influence the formation path of the quasicrystal.158 As a matter of
fact, a systematic study of the transformations taking place in five-layer stackings,
i.e. Al-Cu-Fe-Cu-Al and Al-Fe-Cu-Fe-Al, shows that this is not the case and that
the icosahedral quasicrystal forms after annealing up to about 7 0 0 ° C 1 6 2 The
sequence of phases that appear during an annealing ramp at continuously increasing
temperature depends however on the stacking sequence in the multilayer. This is
illustrated in figure 4.75 for the case of a five-layer sandwich. The identification of
the intermediate crystalline phases that appear as transient states before the film is
fully transformed in quasicrystal at high temperature is based on in situ X-ray
diffraction experiments using a synchrotron light beam.
Parallel to recording diffraction data, the resistance of the film could be
measured in situ. Abrupt changes of the film resistance mark the phase
transformations that occur in the sample upon continuous heating above room
temperature (figure 4.76). The position of these changes depends slightly on the
nature of the stacking sequence but is found close to 350°C and 500°C, respectively,
for transformation steps number 2 and 3. Another transformation is also observed in
the 200-300°C range with Al-Cu-Fe and Fe-Al-Cu multi-layers. Fine analysis of the
diffraction patterns shows that the transformation of the multi-layers begins at
150°C and proceeds along with the diffusion of Cu atoms into the Al layer. In the
case of the Al-Fe-Cu sandwich, Cu atoms must migrate through the Fe layer via
dislocations and grain boundaries. Part of the Al layer and the whole of the Cu
atoms react together to form first the binary 8-AI2CU compound, the formation of
which is completed at 35O°C. A transient AICU3 state is detected in the case of the
Al-Cu-Fe multi-layer, but not in the other case (figure 4.75). There is no evidence
that a binary Al-Fe compound appears at this stage of the transformation.
Consumption of the remaining aluminium and reaction with the Fe layer
begins above 350°C and leads first to a partial transformation of AI2CU into AlCu
by reaction with Al atoms. In parallel, a metastable, Al-rich Al-Fe phase forms at
the contact area with the iron layer. This complex transformation ends in the
formation of the ternary d) and P phases and finally in a single phase icosahedral
quasicrystal with definite fee 6-dim order.
Thin layers of thickness below 500 nm were prepared using this technique.
Encapsulation of the multi-layer between a sapphire substrate and a covering
alumina layer protects the sample from unwanted oxidation and warrants a good
definition of its geometry necessary for precise measurements of electron transport
properties. 162 These sandwiches were used extensively for magneto-conductivity
measurements and confirmed very precisely the notions developed in chapter 2,
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Figure 4.75: Schematic presentation of the transformation path of 5-layer Al-Cu-Fe-CuAl and Al-Fe-Cu-Fe-Al sandwiches into icosahedral compound upon heating at constant
rate (l°C/min) up to 700°C. The temperature scale on the left is only approximate.
Question marks indicate that the corresponding phase could not be identified
unambiguously by X-ray diffraction (Redrawn from Ref. 162).
Figure 4.76: In situ resistance
measured during annealing of a
Al-Cu-Fe 3-layer
sample
evaporated on a sapphire
substrate and protected from
oxidation by an alumina top
layer. The inset blows up the low
temperature part of the curve. The
resistance decreases at high
temperature due to the negative
temperature coefficient of the
resistivity characteristic of the
Al-Cu-Fe icosahedral compound
(Courtesy F. Giroud, Grenoble).
especially the development of quantum interferences at low temperature in aperiodic
samples. Furthermore, observation of electron transport in a two-dimensional regime
could be achieved with very thin samples of thickness close to or below 15 nm,
when the sample thickness becomes comparable to or smaller than the electron mean
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free path. In this situation, the movement of the charge carriers is essentially
confined into the plane of the sample and, e.g., the conduction in the presence of a
magnetic field becomes anisotropic. This anisotropy is indeed detected with a thin
enough reacted sample (12.5 nm in total thickness) whereas a specimen twice as
thick does not show this effect (figure 4.77).

Figure 4.77: Example of magneto-conductivity data observed with a thick (left) and thin
(right) Al-Cu-Fe icosahedral film. The thickness of the thick sample is 25 nm whereas
that of the thin film is 12.5 nm that maintains the transport of electrons in a 2D regime.
The magnetic field intensity is plotted in abscissa and the relative change of conductivity
along the y-axis. Open symbols are for measurements with the magnetic field in the plane
of the specimens and filled dots for data with the field perpendicular to it. The experiment
was done at 0.45K. Observe that the thin sample does not exhibit identical conductivity
for the two field geometries (Courtesy F. Giroud, Grenoble).
For completeness, it is worth mentioning that potential technological
applications of thin films have triggered a relatively large number of preparation
studies that we cannot list here. We will come back to the ones dedicated to light
sensors in the next chapter. The possibility was demonstrated to grow fully oriented
decagonal films with the periodic axis normal to the substrate plane. 163 The role of
oxygen in the formation of the quasicrystal appears more tricky than in the bulk
since evidence was shown on the basis of EELS patterns that oxygen is incorporated
in large amounts into the decagonal lattice of Al-Co-Fe-Cr (O) films. 164 This result
however, remains to be reproduced on bulk specimens to make sure that oxygen
contributes to the stability of the decagonal phase in this system.
8.2

New Data from Kinetics of Growth

It is easier to gain insight into the kinetics of the formation steps of a quasicrystal
from a binary A-B multi-layer rather than from a sandwich containing a larger
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number of constituents. This is because the compound formation takes place
initially at the interfaces between layers of constituents A and B without requiring
atomic transport through a third layer C, as we have seen in an example in the
previous subsection. The sequence of nucleation and growth mechanisms is therefore
more step-wise and easier to decipher.165 Unfortunately, binary quasicrystals are not
stable^ and may decompose into crystalline phases while the formation goes on
during heating. There exists nevertheless one system, namely Al-Co, which contains
a series of approximants of the decagonal phase at the composition AI13C04.166
These compounds are relatively stable in comparison to the other binary compounds
and turn into the stable monoclinic A.-AI13C04 structure upon prolonged heating
above 700°C. This latter structure is itself an approximant of the decagonal phase
(see section 3 in this chapter) whereas the other three approximants represent
inflations of the base ^.-Ali3Co4 unit cell by inflation ratios x, x2 and x3.
The Al-Co system is therefore especially suited to a study of a decagonal thin
film from a stacking of alternating Al and Co layers. A series of Al/Co multilayers
was thus prepared by sequential evaporation of the constituents.167 The thickness of
the individual layers was chosen so as to span a broad composition range around the
13/4 ratio. Also, while maintaining fixed the total thickness of the sandwich, it was
possible to multiply the number of Al/Co couples of layers at constant composition
in order to study the influence of the interface density.168 In situ measurements of
the resistance of the multilayer as a function of continuously increasing temperature
(as already exemplified in figure 4.76) show that the transformation of Al/Co
multilayers takes place in three successive and well-separated steps at roughly
300°C, 400°C and 500°C. The transformation products were identified by combining
in situ X-ray diffraction and ex situ electron microscopy studies on thin samples
quenched from the temperatures of interest.
The temperatures at which each transformation step begins depends on the
interface density, as shown in figure 4.78: the larger the number of Al/Co interfaces,
the lower the transformation temperatures. The interface density, however, does not
change the nature of the transformation products, nor their order in the sequence. The
final compound that appears at about 470-500°C is a single phase decagonal
compound that is stable up to 710°C. Above this temperature, it transforms
irreversibly into monoclinic X-AI13C04 and orthorhombic Al n C o 4 compounds. The
morphology of the film consists of a homogeneous distribution of fine grains with
sizes in the range 50 to 150 nm. Crystallization above 710°C is accompanied by a
noticeable grain coarsening.

q) In general! A counter-example exists in Cd-Ca and Cd-Yb phase diagrams.
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Figure 4.78: In situ ramped resistance measurements (heating rate 3°C/min) obtained with
three Al/Co multi-layers of total thickness 300 nm, namely one Al/Co bi-layer (right
curve), three Al/Co bilayers of thickness 100 nm (curve in the middle) and five Al/Co bilayers of 60 nm (left curve). The transformation steps shift by about 50°C towards lower
temperatures every time two more Al/Co interfaces are introduced in the sandwich
(Courtesy E. Emeric, Marseille).
The two previous transformation steps at approximately 300 and 400°C are
more informative about the mechanisms that precede the formation of the
quasicrystal. As demonstrated by a nice combination of DSC, X-ray and electron
diffraction experiments with morphology observations, the multi-layer transforms
first by nucleation of a large number of small grains of the AI9C02 compound. I 69
These grains are merely localized within the Al layers and leave the adjacent Co
layers nearly unreacted. Coarsening of the AI9C02 grains proceeds during further
heating up to 400°C, while the amount of Co in the Co layers diminishes. In the
end of this second transformation step, the Co layers are subdivided into isolated Co
islands by the growth of AI9C02 crystals. Partial oxidation of the remaining Co
atoms is detected, whereas some residual metallic aluminium is still present.
Finally, the formation of the decagonal phase is observed at higher temperatures
(500°C) only after all Al atoms have reacted to form AI9C02 crystals. It occurs from
a reaction of the AI9C02 crystals with the remaining cobalt. A possible influence of
oxygen cannot be ruled out in this mechanism, but could not be assessed
experimentally.
This transformation path is clearly taking place when the nominal
composition of the Al/Co stacking corresponds to Al/Co ratios in the range 10/4 to
13/4. It is also observed if the ratio is 1/1, i.e. for composition Al/Co, although the
stability range of the decagonal phase does not exceed 600°C, at which temperature
the equiatomic AICo compound forms. It is surprising to ascertain that this
quasicrystal forms from crystalline phases, namely Co and AI9C02, which show no
icosahedral order, at variance possibly with the formation mechanism from the liquid
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that was studied earlier in this book. The appearance of the AI9C02 compound itself
is always observed, whatever the reaction conditions.
The selection of this specific compound in the initial reaction step deserves
some explanation. A detailed analysis of isothermal DSC scans shows that the
nucleation of this compound is initiated along the Al/Co interfaces and driven by
atomic diffusion along the interface plane (figure 4.79). Since diffusion within the
interface is much faster than in the bulk direction perpendicular to it, nucleation in
the interface and growth perpendicular to it are resolved and lead to the two distinct
steps at about 300 and 400°C, respectively, mentioned above. To interpret the
experimental data correctly, 168 the concentration gradient established across the
Al/Co interface must be taken into account as soon as diffusion of atoms begins. 170
The first compound that will appear at the interface will then be the one in which
atomic diffusivity is the largest, hence the one that exhibits the highest kinetics of
formation.171 This condition is achieved in a binary A-B multi-layer by the one or
the other compound richest in A or B element, because diffusion of A (or B) atoms
requires the less disordering of the lattice to be allowed to move from one site to
another. Between the two possible compounds (A-rich or B-rich), the one that is
selected by this ruler is the compound that melts at the lowest temperature, because
activation energies for atomic diffusion are proportional to temperature.172
Altogether for the Al-Co system, this leads to expecting the first Al-Co
compound in the phase diagram, i.e. AI9C02, to form initially during reactive interdiffusion of multi-layers, in quite nice agreement with experiment. The decagonal
quasicrystal appears when the AI9C02 compound reacts with the residual cobalt left
by the previous reaction that has consumed all aluminium metal. Several other AlCo crystalline phases exist in the same composition range, namely AI3C0, AI5C02,
etc. They have very comparable formation enthalpies of the order of 30 to 35
kJ/mol. The reason why the decagonal phase is selected in this reaction process,
independently of the thermal history of the sample and interface density as well as
within a broad composition range, is thus rather intriguing. Since the enthalpy term
is quite presumably not different for the decagonal phase and the nearby compounds
(as we have already seen for the Al-Cu-Fe system, figure 2.44), the essential
difference that favours the decagonal phase must come from interfacial energy (see
Eq. (4.7) hereafter). This assumption is consistent with the many observations
already reported in the previous sections of this chapter. Conclusively, reactive
diffusion of thin multi-layers, which is a process that imposes a large density of
internal surfaces by design, is an excellent technological choice for the preferential
r) Also called the "ordered AuCu 3 rule" after its designer, F.M. d'Heurle 171 from IBM-Yorktown
Heights.
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preparation of quasicrystals. We will see in the next subsection that precipitation
hardening is another way of favouring the growth of quasicrystals, essentially for the
same reason.

Figure 4.79: Simplified description of the nucleation process of Al9Co2 crystals taking
place at the Al/Co interface during the first transformation step. Atomic diffusion is
enhanced along the interface plane and favours the growth and propagation of Al9Co2
crystals within the Al/Co interface until coalescence (Courtesy E. Emeric, Marseille).

8.3

Nanosized Precipitates in Selected Metallic Alloys

To finish this chapter on the preparation and fabrication of quasicrystalline materials,
we cannot forget the growth of very small icosahedral precipitates in a number of
selected metallic alloys, especially maraging steels. s Based on nano-diffraction
experiments, there is evidence that the particles precipitated in the alloy are truly
icosahedral in the sense of this book, and are not twinned particles (in the sense of
Pauling). Owing to the average size falling in the nanometre range, electron nanodiffraction experiments deliver diffraction patterns corresponding to the icosahedral
point group symmetry, but of limited resolution that does not allow us to
distinguish clearly however between these two types of structures.173 Yet, the well
isotropic shape of the diffraction spots and the absence of any contrast modification
in high resolution images taken at different sides of a particle support the
assumption of truly icosahedral nanocrystals. Further studies of the mechanical
properties of these alloys reveal that the strengthening effect of the icosahedral
particles is unique and leads to a very important technological application, yet
available on the market. We will come back to this point in the next chapter.
The formation of icosahedral precipitates during long-term isothermal aging of
Mo-containing steel was recognized early and properly identified.174-175 For instance,
a stainless steel alloy containing initially a fee matrix (the y austenite phase) and a
shallow distribution of bec nodules (the 8 ferrite), aligned along the rolling direction,
was submitted to an annealing treatment at 550°C for 100h.174 After this treatment,
s) A maraging steel is typically a stainless steel that acquires its very high mechanical strength by way
of a progressive martensitic transformation taking place during isothermal aging of the alloy at
moderate temperatures (hence the label "maraging"). This property is obtained by tailoring the
composition, e.g. 12%Cr, 9%Ni, 4%Mo, 2%Cu, l%Ti, bal. Fe (in wt %).
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precipitates corresponding to the icosahedral point group symmetry have formed
within the y/8 interface. Electron diffraction patterns may be indexed using a
primitive hypercubic lattice of parameter agrj = 0.63 nm. Microanalysis of the
particle composition shows that these particles are essentially depleted in iron and
considerably enriched in molybdenum in comparison to the composition of the
nearby S-ferrite, i.e. 0.6Si-26Cr-l.lMn-66.6Fe-4.6Ni-1.4Mo (in wt%) for the 8
phase instead of 28.3Fe and 33.3Mo for the i-particles. In Mo-free materials, a
M23C6 carbide (with M for metals and C for carbon) forms instead in the interfacial
region. 175 This type of carbide is often found in the form of twinned particles as
exemplified in figure 1.36. A similar kind of twining was detected beneath the oxide
layer formed upon keeping stainless steel samples in a high pressure CO/CO 2
atmosphere.176
The size of these precipitates is typically a few nanometres in diameter. They
exhibit well defined crystallographic orientations with the surrounding matrix. 174 A
similar distribution of precipitates was also uncovered in Al-Li-Cu alloys submitted
to heat treatments. 177 In these alloys as well, the distribution was found
homogeneous and centred around a small average value of a few nanometres.
Coarsening of this distribution of small grains does not occur, even after aging
treatments of several thousands of hours. Assuming for simplicity a cubic shape of
edge length 2r for the nucleus, the change of free energy of the particles within a
solid solution is given by: 170
AG = 24 v r2 + 8 p AG r3 + p a Vc 2 r5
(4.7)
N

S

V

where Ys stands for the interfacial energy, p the molar atomic density, AGy the free
energy variation associated with the formation of the particle of volume V and Vc
the concentration gradient at the particle-matrix interface. The term a represents the
curvature a = (5 2 Gs / 8c2) of the free energy curve in the solid solution as a function
of the composition. The two first terms in Eq. (4.7) account for the competition
between surface and volume energy terms. They are used only in classic text books
to explain that a new crystal grows in a matrix only beyond a minimum critical
radius Rc as shown by the curve in bold line in figure 4.80. In the present situation,
the concentration gradient at the particle/matrix interface is extremely sharp, as
indicated by the chemical microanalysis results mentioned above in former
subsections. Such composition changes are consistent with the definite variation of
physical properties of quasicrystals in comparison to metallic matrices. The use of
the third term is Eq. (4.7) is therefore relevant. As illustrated in figure 4.80, it may
modify the free energy of the particle to such an extent that observation of the
distribution of fine grains may only become possible in out-of-equilibrium
conditions. As yet, proper definition of the thermodynamic function of the matrix
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and accurate determination of the concentration gradient term have not been achieved
and application of Eq. (4.7) to modelling the nucleation of icosahedral particles can
only remain qualitative. Nevertheless, this equation will help us understand the
underlying key mechanism.

Figure 4.80: Profile of the free energy of a particle of size R and in the presence of a
concentration gradient as indicated in the figure, either vanishingly small AC=0 or
important, AC]. (Courtesy P. Gas, Marseilles).
Essentially, what matters is the establishment of a concentration gradient
surrounding the quasicrystal particle. This gradient must exist because we deal here
with a small precipitate embedded in a metallic alloy. As already mentioned, both
chemical measurements and analysis of the physical properties stress the importance
of the difference in composition of the two bodies, at least in a few of their chemical
constituents. This situation is therefore quite different from the growth of a single
domain quasicrystal from a liquid bath of (almost) the same composition. It is then
obvious that once the critical size is reached by the first solid crystal (bold curve in
figure 4.7), growth will continue to larger sizes. In Al-Pd-Mn alloys, where melting
is nearly congruent, very large single crystals may be grown out of the liquid state.
The same holds true for flux-grown quasicrystals in which the target composition
corresponds to a window in the phase diagram in which the quasicrystal appears as a
primary phase. Some alloys however do not possess such an appropriate window (or
it has not yet been discovered) and the growth of large crystals is inhibited by the
concentration gradient associated with the peritectic reaction. An extreme case is that
of the peritectoid formation (in the solid state) of the quasicrystal particles in a
metallic matrix. Irrespective of the characteristics of the phase diagram, which may
prejudice the existence of a quasicrystal, aperiodic precipitates do not appear
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generally because the change of composition for installation in order to reach their
stoichiometric composition is too large. Only a few favourable systems are known
yet in which the precipitation of such particles may be detected.
From morphology observations of these systems, it turns out that the size
distribution is rather narrow and centred on a small value of a few nanometres. This
distribution does not move to larger sizes upon (very) prolonged annealings,
including at temperatures at which the atomic mobility must be significant.
Therefore, the corresponding critical radius Rc (see figure 4.80) must be small. This
value corresponds to the situation where surface effects equilibriate the volume terms
in Eq. (4.7). The second term in this equation is always negative whereas the two
other terms are by definition positive. This implies that a stable distribution of very
small particles must yield an especially small interfacial energy Ys- We came to this
conclusion earlier in the context of the kinetics of growth of quasicrystalline thin
films. The low surface energy of quasicrystals constitutes one of their most salient
and promising properties that lies at the heart of two domains of their technological
potential, tribology and wetting. We will try to understand this property better in the
next chapter.

References
[1]

P. Ramachandrarao and G.V.S. Sastry, Pramana 25 (1985) L 225.

[2]

C. Dong, Z.K. Hei, L.B. Wang, Q.H. Song, Y.K. Wu and K.H. Kuo, Scripta
Metall. 20 (1986) 1155.

[3]

K.F. Kelton, P.C. Gibbons and P.H. Sabes, Phys. Rev. Lett. 38 (1988)
7810.

[4]

K.F. Kelton, YJ. Kim and R.M. Stroud, Appl. Phys. Lett. 70 (1997) 3230.

[5]

K. Sun, S. Zku, J.S. Wu, K.H. Kuo and J.P. Zhang, in Quasicrystals, Eds.
S. Takeuchi and F. Fujiwara (World Scientific, Singapore, 1997), p. 733.

[6]

W. Ohashi and F. Spaepen, Nature 330 (1987) 555; N.K. Mukhopadhyay, S.
Ranganathan and K. Chattopadhyay, Scripta Metall. 20 (1986) 525; Z. Luo,
S. Zhang, Y. Tang and D. Zhao, Scripta Metall. 28 (1993) 1513.

[7]

A.P. Tsai, J.Q. Guo, E. Abe, H. Takakura and T.J. Sato, Nature 408 (2000)
537.

[8]

T. Ishimasa, Y. Kaneko and H. Kaneko, J. Alloys Compounds 342 (2002)
13.

[9]

M. Quiquandon, A. Quivy, J. Devaud, F. Faudot, S. Lefebvre, M. Bessiere

350

Useful Quasicrystals

and Y. Calvayrac, / Phys.: Cond. Matter 8 (1996) 2487.
[10]

A.P. Tsai, A. Inoue and T. Masumoto, Mater. Trans. JIM 30 (1989) 463.

[11] L.A. Bendersky, Phys. Rev. Lett. 55 (1985) 1461.
[12] M. Audier, M. Durand-Charre and M. de Boissieu, Phil. Mag. B 68 (1993)
607; C. Beeli, Electron Quasicrystallography (Ph.D. Dissertation, Zurich,
1992), unpublished; C. Beeli and S. Horiuchi, Phil. Mag. B 70-2 (1994)
215.
[13]

A.P. Tsai, A. Niikura, A. Inoue, T. Masumoto, Y. Nishida, K. Tsuda and M.
Tanaka, Phil. Mag. Lett. 70 (1994) 169; T.J. Sato, E. Abe and A.P. Tsai,
Jpn. J. Appl. Phys. 36 (1997) L 1038.

[14]

N. Wang, H. Chen and K.H. Kuo, Phys. Rev. Lett. 59 (1987) 1010.

[15] T. Ishimasa, H.-U. Nissen and Y. Fukano, Phil. Mag. A 58-6 (1998) 835.
[16] M. Conrad, F. Krumeich and B. Harbrecht, Angew. Chem. Int. ed. 37-10
(1998) 1384.
[17]

A.P. Tsai, T. Masumoto and A. Yamamoto, Phil. Mag. Lett. 66-4 (1992)
203.

[18] A.P. Tsai, A. Sato, A. Yamamoto, A. Inoue and T. Masumoto, Jpn. J. Appl.
Phys. 31 (1992) L 970.
[19]

A.P. Tsai, in Physical Properties of Quasicrystals, Ed. Z. Stadnik, Springer
Series in Solid-State Sciences 126 (Springer-Verlag, Berlin, 1999), p. 5.

[20]

C.L. Henley and V. Elser, Phil. Mag. B 53 (1986) 59.

[21] P.J. Black, Ada Cryst. 8 (1955) 175.
[22]

H.L. Li and K.H. Kuo, Phil. Mag. Lett. 70-1 (1994) 55.

[23]

K. Schubert, V. Rosier, M. Kuge, K. Anderko and L. Harle,
Naturwissenschaften 16 (1953) 437.

[24] C. B. Shoemaker, D.A. Keszler and D.P. Shoemaker, Ada Cryst. B 4 5
(1989) 13; C.B. Shoemaker, Phil. Mag. B 67-6 (1993) 869.
[25]

K.L. Ma and K.H. Kuo, Metal. Trans. A 25 (1994) 47.

[26]

MJ. Cooper, Acta Cryst. 13 (1960) 257.

[27]

H.X. Su, X.Z. Li and K.H. Kuo, Phil. Mag. Lett. 79-4 (1999) 181.

[28] X.Z. Li, C. Dong and J.M. Dubois, /. Appl. Cryst. 28 (1995) 96.
[29] C. Janot and J.M. Dubois, Les Quasicristaux, Matiere a Paradoxes (EDP

Preparation and Mass Production

351

Sciences, Les Ullis, 1998).
[30]

C. Dong, A. Perrot, J.M. Dubois and E. Belin, Mater. Sci. Forum 150-151
(1994)403.

[31] A.J. Bradley and A. Taylor, Phil. Mag. 23 (1937) 1049.
[32]

S.S. Lu and T. Chang, Ada Phys. Sinica 13 (1957) 150.

[33]

M. Van Sande, R. de Ridder, J. Van Landuyt and S. Amelincks, Phys. Stat.
Sol. (a) 50 (1978) 587.

[34]

K. Chattopadhyay, S. Lele, N. Thangaraj and S. Ranganathan, Acta Metall.
35 (1987) 727.

[35] C. Dong, J.M. Dubois, S.S. Kang and M. Audier, Phil. Mag. B
(1992) 107.

65-1

[36] C. Dong, Q.H. Zhang, D.H. Wang and Y.M. Wang, in Aperiodc' 97, Eds. M.
de Boissieu, J.L. Verger-Gaugry and R. Currat (World Scientific, Singapore,
1998), p. 193.
[37] C. Dong, D.H. Wang, F. Ge and F.Z. He in New Horizons in Quasicrystals:
Research and Applications, Eds. A.I. Goldman, D.J. Sordelet, P. A. Thiel and
J.M. Dubois (World Scientific, Singapore, 1997), p. 17.
[38]

C. Dong, L.M. Zhang, E. Belin-Ferre, P. Brunet and J.M. Dubois, Mat. Sc.
Eng. A 304-306 (2001) 172.

[39]

J. Pannetier, J.M. Dubois, C. Janot and A. Bilde, Phil. Mag. B 55 (1987)
435.

[40] C. Dong, M. de Boissieu, J.M. Dubois, J. Pannetier and C. Janot, J. Mater.
Sc. Lett. 8 (1989) 827; C. Dong, J.M. Dubois, M. de Boissieu and C. Janot,
J. Phys.: Cond. Matter 2 (1990) 6339.
[41] C. Dong, J.M. Dubois, M. de Boissieu, M. Boudard and C. Janot, J. Mater.
Res. 6-12 (1991) 2637.
[42]

A.P. Tsai, T. Tsurui, A. Memezawa, K. Aoki, A. Inoue and T. Masumoto,
Phil. Mag. Lett. 67-6 (1993) 393.

[43] F. Faudot, Ann. Chim. Fr. 18 (7) (1993) 445.
[44] T. Godecke and R. Luck, Z Metallkd. 86 (1995) 2.
[45] T. Godecke, M. Scheffer, R. Luck, S. Ritsch and C. Beeli, Z Metallkd. 88-9
(1997) 687; M. Scheffer, T. Godecke, R. Luck, S. Ritsch and C. Beeli, Z.
Metallkd. 89-4 (1998) 270; T. Godecke, M. Scheffer, R. Luck, S. Ritsch and
C. Beeli, Z Metallkd. 89-10 (1998) 687.

352

Useful Quasicrystals

[46] H. Sawada, R. Tamura, K. Kimura and H. Ino, in Quasicrystals, Eds. S.
Takeuchi and T. Fujiwara (World Scientific, Singapore, 1998), p. 329.
[47]

J.M. Dubois, A. Proner, B. Bucaille, Ph. Cathonnet, C. Dong, V. Richard,
A. Pianelli, Y. Massiani, S. Ait-Yaazza and E. Belin-Ferre, Ann. Chim. Fr.
19 (1994) 3.

[48]

H.S. Chen, D. Koskenmaki and C.H. Chen, Phys. Rev. B. 35 (1987) 3715.

[49]

M. Quiquandon, Y. Calvayrac, A. Quivy, F. Faudot and D. Gratias, in
Quasicrystals, Preparation, Properties and Applications, Eds. J.M. Dubois,
P.A. Thiel, A.P. Tsai and K. Urban, Symposium Proceedings of the
Materials Research Society 553 (Materials Research Society, Warrendale,
1999), p. 95.

[50]

A. Quivy, M. Quiquandon, Y. Calvayrac, F. Faudot, D. Gratias, C. Berger,
R.A. Brand, V. Simonet and F. Hippert, J. Phys.: Cond. Matter 8 (1996)
4223.

[51]

A.J. Bradley and H.J. Goldschmidt, J. Inst. Met. 62 (1939) 389 and 403.

[52] C. Janot, Quasicrystals, a Primer (Oxford Sci. Publ., Oxford, 1992 and 1994).
[53] A. Simon, S. Denis and E. Gautier, /. Phys. (Paris) IV C3-4 (1994) 1099.
[54]

H. Zhang and K. Urban, Phil. Mag. Lett. 66-4 (1992) 209.

[55]

S. Nasu, M. Miglierini K.N. Ishihara and P.S. Shingu, J. Phys. Soc. Jpn
61-10 (1992) 3766.

[56]

A. Singh and S. Ranganathan, Mat. Sc. Eng. B 32 (1995) 137.

[57] P.A. Bancel, P.A. Heiney, P.W. Stephens, A.I. Goldman and P.M. Horn,
Phys. Rev. Lett. 54 (1985) 2422.
[58] J.W. Cahn, D. Shechtman and D. Gratias, J. Mater. Res. 1 (1986) 13.
[59]

S. Ebalard and F. Spaepen, J. Mater. Res. 5-1 (1990) 632.

[60]

T. Ishimasa, Phil. Mag. Lett. 71-1 (1995) 65.

[61]

S.L. Ritsch, Electron Quasicrystallography of Decagonal Al-Co-Ni, (Ph.D.
Dissertation, Zurich, 1996), unpublished.

[62]

K. Edagawa, H. Sawa and S. Takeuchi, Phil. Mag. Lett. 69-4 (1994) 227.

[63]

T. Haibach, A. Cervellino, M.A. Estermann and W. Steurer, Phil. Mag. A.
79-4 (1999) 933.

[64]

M. Duneau and M. Audier, in Lectures on Quasicrystals, Eds. F. Hippert and
D. Gratias (Les Editions de Physique, Les Ulis, 1994), p 283; L. Behara,

Preparation and Mass Production

353

Modelisation des Approximants de la Phase Icosaedrique Al-Pd-Mn et Etude de
leurs Transformations Structurales (Ph.D. Dissertation, Palaiseau, 1997),
unpublished; L. Behara and M. Duneau, Acta Cryst. A 52 (1996) 391; H.
Klein, M. Audier, M. Boudard, M. de Boissieu, L. Behara and M. Duneau,
Phil. Mag. A 73-2 (1996) 309.
[65] M. Audier and P. Guyot, in Adriatico Research Conference on Quasicrystals,
Eds. M. Jaric and P. Lundqvist (World Scientific, Singapore, 1989), p. 74.
[66] J.M. Dubois, C. Dong, Ch. Janot, M. de Boissieu and M. Audier, Phase
Transitions 32 (1991) 3.
[67] N. Menguy, M. Audier, P. Guyot and M. Vacher, Phil. Mag. B 68 (1993)
595; N. Menguy, M. Audier, P. Guyot and M. de Boissieu, J. Physique IV
C3-4 (1994) 169.
[68] M. Audier, M. Duneau, M. de Boissieu, M. Boudard and A. Letoublon, Phil.
Mag. A 79-2 (1999) 255.
[69]

M. de Boissieu, P. Guyot and M. Audier, in Lectures on Quasicrystals, Eds.
F. Hippert and D. Gratias (Les Editions de Physique, Les Ulis, 1994), p. 1.

[70]

M. Honal, T. Haibach and W. Steurer, Acta Cryst. A 54 (1998) 374.

[71]

S.S. Rang and J.M. Dubois, J. Phys.: Cond. Matter 4 (1992) 7025.

[72] E. Abe and A.P. Tsai, Phys. Rev. Lett. 83-4 (1999) 753.
[73] S. Lefebvre, M. Bessiere, Y. Calvayrac, J.P. Itie, A. Pollian and A. Sadoc,
Phil. Mag. B 72-1 (1995) 101.
[74]

A. Sadoc, J.P. Itie, A. Polian. C. Berger and S.J. Poon, Phil. Mag. A 77-1
(1998) 115.

[75]

S.S. Kang and J.M. Dubois, Europhys. Lett. 18(1) (1992) 45.

[76] D.P. Yu, N. Baluc, W. Staiger and M. Kleman, Phil. Mag. Lett. 7 2 - 1
(1995) 61.
[77] D.P. Yu, N. Baluc and M. Kleman, Defect and Diff. Forum 141-142 (1997)
65.
[78] J.E. Shield, in New Horizons in Quasicrystals, Research and Applications,
Eds. A.I. Goldman, D.J. Sordelet, P.A. Thiel and J.M. Dubois, (World
Scientific, Singapore, 1997), p. 312.
[79] L. Behara, M. Duneau, H. Klein and M. Audier, Phil. Mag. A 76-3 (1997)
587 and 78-2 (1998) 345.
[80] Z. Zhang, Y.C. Feng, D.B. Williams and K.H. Kuo, Phil. Mag. B 67-2

354

Useful Quasicrystals

(1993) 237.
[81] Z. Shen, M.J. Kramer, CJ. Jenks, A.I. Goldman, T. Lograsso, D. Delaney,
M. Heinzig, W. Raberg and P.A. Thiel, Phys. Rev. B 58-15 (1998) 9961.
[82] F. Shi, Z. Shen, D.W. Delaney, A.I. Goldman, CJ. Jenks, M.J. Kramer, T.
Lograsso, P.A. Thiel and M.A. van Hove, Surf. Science 411 (1998) 86.
[83] B. Bolliger, M. Erbudak, D.D. Vvedensky, M. Zurkirch and A.R. Kortan,
Phys. Rev. Lett. 80-24 (1998) 5369.
[84]

M. Erdubak, M. Hochstrasser, E. Wetli and M. Zurkirch, Surf. Sci. Lett. 4
(1997) 179.

[85]

D. Naumovic, P. Aebi, C. Beeli and L. Schlappach, Surf. Sci. 433-435
(1999) 302.

[86]

W. Steurer, in Quasicrystals, Eds. F. Gahler, P. Kramer, H.R. Trebin and K.
Urban, Mat. Sc. Eng. 294-296 (2000) 268.

[87] D. Naumovic, P. Aebi, L. Schlapbach, C. Beeli, T.A. Lograsso and D.W.
Delaney, Phys. Rev. B 60-24 (1999) R16330.
[88]

G. Neuhold, S.R. Barman, K. Horn, W. Theis, P. Ebert and K. Urban, Phys.
Rev. B 58-2 (1998) 734.

[89]

V. Fournee, J.W. Anderegg, T.A. Lograsso, A.R. Ross and P.A. Thiel, Phys.
Rev. B 62 (2000) 14049.

[90]

H. Jones, in Treatise on Materials Science and Technology 2 0 , Ed. H.
Herman (Academic Press, New York, 1981), p. 1.

[91] P. Duwez, R.H. Willens and W. Klement, J. Appl. Phys. 31 (1960) 1136
and 1137; W. Klement, R.H. Willens and P. Duwez, Nature 187 (1960) 869.
[92] E.H. Strange and C.A. Pirn, US Patent 905 758 (1908).
[93]

H. Jones, Metals and Materials 7(8) (1991) 486.

[94]

H. Jones, Proc. RQ 10 Conf., Bangalore (1999), Mat. Sc. Eng., in press.

[95]

B.S. Murty and S. Ranganathan, Int. Mater. Res. 43 (1998) 101.

[96] J. Eckert, J. Schultz and K. Urban, Appl. Phys. Lett. 55 (2) (1989) 117.
[97]

J. Eckert, L. Schultz and K. Urban, Europhys. Lett. 13 (4) (1990) 349.

[98] J. Eckert, Mat. Sc. Forum 88-90 (1992) 679.
[99] J. Eckert, L. Schultz and K. Urban, Acta Metall Mater. 39-7 (1991) 1497.
[100] S.J. Poon, A.J. Drehman and K.R. Lawless, Phys. Rev. Lett. 55 (1985)

Preparation and Mass Production

355

2324.

[101] S. Garcon, P. Sainfort, G. Regazzoni and J.M. Dubois, Scripta Metall. 21
(1987) 1493.
[102] U. Koster, A. Riidiger and J. Meinhardt, in Quasicrystals, Eds. S. Takeuchi
and T. Fujiwara, (World Scientific, Singapore, 1998), p. 317.
[103] J.L. Robertson, S.C. Moss and K.G. Kreider, Phys. Rev. Lett. 60 (1988)
2062.
[104] L.C. Chen, F. Spaepen, J.L. Robertson, S.C. Moss and K. Hiraga, J. Mater.
Res. 5-9 (1990) 1871.
[105] R.A. Dunlap and K. Dini, J. Mater. Res. 1(3) (1986) 415.
[106] D. Bechet, G. Regazzoni and J.M. Dubois, Pour la Science 139 (1989) 30.
[107] D.R. Nelson and F. Spaepen, Solid State Physics 42 (1989) 1.
[108] M. Maret, F. Lan?on and L. Bilard, Physica B 180-181 (1992) 854; J. Phys.
(Paris) 3 (1993) 1873.
[109] M. Maret, P. Chieux, J.M. Dubois and A. Pasturel, J. Phys.: Cond. Matter 3
(1991)2801.
[110] D. Holland-Moritz, J. Schroers, D.M. Herlach, B. Grushko and K. Urban,
Ada Met. Mater. 46-5 (1998) 1601.
[ I l l ] J.M. Dubois, F. Montoya and C. Back, Mat. Sc. Eng. A 178, (1994) 285.
[112] A. Ziani and G. Michot, Int. J. Rap. Sol. 9 (1996) 305.
[113] G. Michot, in Quasicrystals, Eds. C. Janot and R. Mosseri (World Scientific,
Singapore, 1995), p. 794.
[ 114] Y. Yokoyama, A.P. Tsai, A. Inoue and T. Masumoto, Mater. Trans. JIM 3212 (1991) 1089.
[115] T.J. Sato, H. Takakura and A.P. Tsai, Jpn. J. Appl. Phys. 37 (1998) 663.
[116] T.J. Sato, T. Hirano and A.P. Tsai, J. Crystal Growth 191 (1998) 545.
[117] M. de Boissieu, M. Durand-Charre, P. Bastie, A. Carabelli, M. Boudard, M.
Bessiere, S. Lefebvre, C. Janot and M. Audier, Phil. Mag. Lett. 65 (1992)
147.
[118] W.G. Yang, M. Feuerbacher, N. Tamura, D.H. Ding, R.H. Wang and K.
Urban, Phil. Mag. A 11-6 (1998) 1481.
[119] T.A. Lograsso and D.W. Delaney, J. Mater. Res. 11 (1996) 2125.

356

Useful Quasicrystals

[120] I.R. Fischer, Z. Islam, A.F. Panchula, K.O. Cheon, M.J. Kramer, P.C.
Canfield and A.I. Goldman, Phil. Mag. B 77-6 (1998) 1601.
[121] I.R. Fischer, M.J. Kramer; Z. Islam, A.R. Ross, A. Kracher, T. Wiener, M.J.
Sailer, A.I. Goldman and P.C. Canfield, Phil. Mag. B 79-3 (1999) 425.
[122] M. de Boissieu, C. Janot, J.M. Dubois, M. Audier and B. Dubost, J. Phys.:
Cond. Matter 3 (1991) 1.
[123] M. Boudard, M. de Boissieu, C. Janot, G. Heger, C. Beeli, H.-U. Nissen, H.
Vincent, R. Ibberson, M. Audier and J.M. Dubois, /. Phys.: Cond. Matter 4
(1992) 10149.
[124] C. Beeli and H.-U. Nissen, Phil. Mag. B 68-4 (1993) 487; C. Beeli, T.
Godecke and R. Luck, Phil. Mag. B 78-5 (1998) 339.
[125] T. Lei and C. Henley, Phil. Mag. B 63-3 (1991) 677.
[126] J. Philibert, A. Vignes, Y. Brechet and P. Combrade, Metallurgie, du Minerai
au Materiau (Masson, Paris, 1998) p. 522.
[127] C. Janot, L. Loreto, R. Farineto, L. Mancini, J. Baruchel and J. Gastaldi, in
Quasicrystals, Preparation, Properties and Applications, Eds. J.M. Dubois,
P.A. Thiel, A.P. Tsai and K. Urban, Symposium Proceedings of the
Materials Research Society 553 (Materials Research Society, Warrendale,
1999), p. 55.
[128] L. Mancini, Etude des defauts dans les quasicristaux en utilisant les sources
synchrotron de 3eme generation (Ph.D. Dissertation, Grenoble, (1998),
unpublished; L. Mancini, E. Reinier, P. Cloetens, J. Gastaldi, J. Hartwig, M.
Schlenker and J. Baruchel, Phil. Mag. A 78-5 (1998) 1175; L. Mancini, C.
Janot, L. Loreto, R. Farinato, J. Gastaldi and J. Baruchel, Phil. Mag. Lett.
78 (1998) 159.
[129] S.M. Lee, B.H. Kim, D.H. Kim, E. Fleury, W. T. Kim and D.H. Kim, J.
Mater. Res. 294-296 (2000) 93.
[130] B. Grushko, R. Wittenberg and D. Holland-Moritz, J. Mater. Res. 11-9
(1996) 2177.
[131] D.J. Sordelet, T.A. Bloomer, M.J. Kramer and O. Unal, /. Mater. Sc. Lett.
15 (1996) 935.
[132] P. Brunet, L. Zhang, D.J. Sordelet, M. Besser and J.M. Dubois, Mat. Sc.
Eng. 294-296 (2000) 74.
[133] M. Shoop, Swedish Patent 49 270 (1909).

Preparation and Mass Production

357

[134] P. Fauchais, A. Grimaud, A. Vardelle and M. Vardelle, Ann. Phys. Fr. 14
(1989) 261; P. Fauchais, A. Vardelle and B. Dussoubs, J. Thermal Spray
Tech. 10-1 (2001) 44.
[135] A. Sanchez-Pascual, Nuevos Materiales para si Possible Empleo como
Barreras Termicas en Motores Aeronauticos (Ph.D. Dissertation, Madrid,
1997), unpublished.
[136] B. Dussoubs, 3-D Modelling of Plasma Spray Process (Ph.D. Dissertation,
Limoges, 1998), unpublished.
[137] C. Coddet, G. Montavon, S. Ayrault-Costil, O. Freneaux, F. Rigolet, G.
Barbezat, F. Folio, A. Diard and P. Wazen, J. Thermal Spray Tech. 8(2)
(1999) 235.
[138] E. Fleury, S.M. Lee, W.T. Kim and D.H. Kim, J. Non Cryst. Sol. 2 7 8
(2000) 194.
[139] M.F. Besser and D.J. Sordelet, in New Horizons in Quasicrystals: Research
and Applications, Eds. A.I. Goldman, D.J. Sordelet, P.A. Thiel and J.M.
Dubois (World Scientific, Singapore, 1997), p. 288.
[140] G.R. Stafford and B. Grushko, in Quasicrystals and Incommensurate.
Structures in Condensed Matter, Eds. M. Jose Yacaman, D. Romeu, V.
Castano and A. Gomez (World Scientific, Singapore, 1990), p. 486.
[141] J.L. Joulaud, Alliages Quasicristallins AlCuFe: Structure et Texture
Cristallographique de Depots Obtenus par Pulverisation Cathodique Triode
(Ph.D. Dissertation, Paris, 1997), unpublished; J.L. Joulaud, C. Diot and P.
Donnadieu, in Quasicrystals, Eds. C. Janot and R. Mosseri (World Scientific,
Singapore, 1985), p. 726.
[142] P.A. Bancel and P.A. Heiney, J. Phys. (Paris) C3-47 (1986) 341.
[143] D.J. Sordelet and M.F. Besser, in Thermal Spray: Practical Solutions for
Engineering Problems, Ed. C.C. Berndt (ASM International, Materials Park,
Ohio, 1996), p. 1.
[144] D.J. Sordelet, L.A. Gunderman, M.F. Besser and A.B. Akine, in New
Horizons in Quasicrystals: Research and Applications, Eds. A.I. Goldman,
D.J. Sordelet, P.A. Thiel and J.M. Dubois (World Scientific, Singapore,
1997), p. 296.
[145] P. Weisbecker, G. Bonhomme, A. Cael, L. Zhang and J.M. Dubois, in
Quasicrystals, Preparation, Properties and Applications, Eds. E. Belin-Ferre,
P.A. Thiel, A.P. Tsai and K. Urban, Symposium Proceedings of the

•358

Useful Quasicrystals

Materials Research Society (Materials Research Society, Warrendale, 2001), p.
K.9.2.
[146] D J . Sordelet, M.F. Besser and I.E. Andersson, J. Thermal Spray Tech. 5(2)
(1996) 161.
[147] M. Boudard, M. de Boissieu, J.P. Simon, J.F. Berar and B. Doisneau, Phil.
Mag. Lett. 74-6 (1996) 429.
[148] J.S. Wu, V. Brien, P. Brunet, C. Dong and J.M. Dubois, Phil. Mag. A 80-7
(2000) 1645.
[149] DJ. Sordelet, MJ. Kramer, I.E. Anderson and M.F. Besser, in Quasicrystals,
Eds. C. Janot and R. Mosseri (World Scientific, Singapore, 1995), p. 778.

[150] D. Landolt, Corrosion et Chimie de Surfaces des Metaux (Presses
Polytechniques et Universitaires Romandes, Lausanne, 1993).
[151] Y. Massiani, S. Ait Yaazza, J.P. Crousier and J.M. Dubois, J. Non Cryst.
Sol. 159 (1993) 92.
[152] K. Asami, A.P. Tsai and K. Hashimoto, Mat. Sc. Eng. A 181/182 (1994)
1141.
[153] A. Rudiger, Korrosion Quasikristalliner Legierungen (Ph.D. Dissertation,
Dortmund, 2000), unpublished; A. Rudiger and U. Koster, in Proceedings of
the 7th International Conference on Quasicrystals, Eds. F. Gahler, P. Kramer,
H.-R. Trebin and K. Urban (Materials Science and Engineering, vol. 294296, 2000), p. 890.
[154] N.A. Spurr, P.J. Pinhero, D.J. Sordelet, K.R. Hebert and P.A. Thiel, in
Quasicrystals, Preparation, Properties and Applications, Eds. J.M. Dubois,
P.A. Thiel, A.P. Tsai and K. Urban, Symposium Proceedings of the
Materials Research Society 553 (Materials Research Society, Warrendale,
1999), p. 275.
[155] Y. Massiani, S. Ait-Yaazza and J.M. Dubois, in Quasicrystals, Eds. C. Janot
and R. Mosseri (World Scientific, Singapore, 1995), p. 790.
[156] D.M. Follstaed and J.A. Knapp, Phys. Rev. Lett. 56 (1986) 1827; K.G.
Kreider, F.S. Biancaniello and M.J. Kaufman, Scripta Met. 21 (1987) 657;
P.B. Barna, A. Csanady, G. Radnoczi, K. Urban and U. Timmer, Thin Solid
Films, 193/194 (1990) 1.
[157] R. Haberkern, C. Roth, R. Knofler, L. Schulze and P. Haussler, in
Quasicrystals, Preparation, Properties and Applications, Eds. J.M. Dubois,
P.A. Thiel, A.P. Tsai and K. Urban, Symposium Proceedings of the

Preparation and Mass Production

359

Materials Research Society 553 (Materials Research Society, Warrendale,
1999), p. 13.
[158] T. Klein and O.G. Symko, Appl. Phys. Lett. 64-4 (1994) 431.
[159] O.G. Symko, in New Horizons in Quasicrystals: Research and Applications,
Eds. A.I. Goldman, D.J. Sordelet, P.A. Thiel and J.M. Dubois (World
Scientific, Singapore, 1997), p. 181.
[160] Y. Ding, D.O. Northwood and A.T. Alpas, Surf. Coating Techn. 96 (1997)
140.
[161] N. Ichikawa, O. Matsumoto, T. Hara, T. Kitahara, T. Yamauchi, T. Matsuda,
T. Takeuchi and U. Mizutani, Jpn. J. Appl. Phys. 33 (1994) L736.
[162] F. Giroud, Elaboration et etudes des proprietes de transport de couches minces
quasicristallines AlCuFe (Ph.D. Dissertation, Grenoble, 1998), unpublished.
[163] G. Li, D. Zhang, H. Jiang, W. Lai, W. Liu and Y. Wang, Appl. Phys. Lett.
71(7) (1997) 897.
[164] J. Reyes-Gasga, A. Pita-Larraiiaga, M.P. Balles-Gonzalez and A. SanchezPascual, Thin Solid Films 347 (1999) 1.
[165] C. Bergman, E. Emeric, P. Donnadieu, J.M. Dubois and P. Gas, in
Quasicrystals, Eds. C. Janot and R. Mosseri (World Scientific, Singapore,
1985), p. 774.
[166] X.L. Ma and K.H. Kuo, Metall. Trans. A 23 (1992) 1121; Metall. Mater.
Trans. A 25 (1994) 47.
[167] E. Emeric, C. Bergman, G. Glugnet, P. Gas and M. Audier, Phil. Mag. Lett.
78-2 (1998) 77.
[168] E. Emeric, Etude des Reactions a I'Etat Solide dans des Multicouches Al/Co
(Ph.D. Dissertation, Marseille, 1998), unpublished.
[169] A. Douglas, Ada Cryst. 3 (1950) 19.
[170] F.M. d'Heurle, Mat. Res. Soc. Symp. Proc. 402 (1996) 3; F.M. d'Heurle, P.
Gas and J. Philibert, Defect and Diffusion Forum 143-147 (1997) 529.
[171] F.M. d'Heurle, P. Gas and J. Philibert, Solid State Phenomena 41 (1995) 93.
[172] Y. Adda and J. Philibert, La Diffusion dans les Solides (Presses Universitaires
de France, Gif-sur-Yvette, 1966).
[173] Ping Liu, A.H. Stigenberg and J.-O. Nilsson, Acta Metall. Mater. 43-7
(1995) 2881.

360

Useful Quasicrystals

[174] H. Sidhom and R. Portier, Phil. Mag. Lett. 59-3 (1989) 131.
[175] P. Auger, F. Danoix, A. Menaud, S. Bonnet, J. Bourgoin and M. Guttmann,
Mat. Sc. Tech. 6 (1990) 301.
[176] I.M. Reaney and G.W. Lorimer, Phil. Mag. Lett. 57-5 (1988) 247.
[177] P. Sainfort and B. Dubost, 4th Int. Conf. on Al-Li Alloys, Paris (1987),
unpublished.

CHAPTER 5

THE RISE OF A DREAM

1

Introduction

In this last chapter, we will explore some details of the practical usefulness of
quasicrystals, keeping an eye on fundamental issues when appropriate. Based on the
broad family of quasicrystals, approximants, complex intermetallics and simpler
crystallographic structures met in the Al-Cu-Fe-Cr system (section 3.1 in chapter 4),
the study of wetting these materials by water sheds new light onto the wetting
behaviour of oxidized metals in general. This final - and the last - example of the
academic importance of quasicrystals is intimately related to the very first practical
application that was dreamed of for quasicrystals.1 This was an attempt to use them
in cookware, combining reduced adhesion and enhanced resistance to scratch and
abrasion during use in kitchens, at home or better still in restaurants where the
second criterion is essential.
Other practical applications were thought of later: bond coats and thermal
barriers for heat insulation,2 mixed barriers combining quasicrystals, which become
plastic at high temperature, and oxides like zirconia so as to adapt the layer to the
thermal expansion of metallic substrates,3 abrasion and wear resistant coatings that
exhibit a significantly reduced friction coefficient,1 low cost infrared absorbing
devices for domestic heating,4 and last but not least, the relevant processing
techniques of optimised materials.5 Other groups in the world have pursued the same
dream in more recent years. The most successful groups were those who thought
about using quasicrystals as reinforcing particles either produced in situ by
nanoprecipitation in metallic alloys or as additives in composites. Maraging steels
and aluminium-based light alloys are now marketed under trademarks by Sandvik in
Sweden6 and Gigas in Japan,7 respectively. Magnesium-based alloys are extensively
studied in Korea8 whereas Ames Laboratory, Iowa has specialized in polymer-matrix
composites reinforced by quasicrystalline powders9.
At a more exploratory stage, research on hydrogen adsorption in Ti-Ni-Zr
quasicrystals10 or on the catalytic performance of ultra-fine particles derived from
quasicrystalline precursors11 demonstrate their high technological potential in the
production and storage of a green energy, namely hydrogen. Thermoelectricity is
another alternative green energy that may as well arise from the use of
quasicrystals.12
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In spite of the large scale research programs that were funded in Europe, Japan
and the United States, not many products based on quasicrystals have been marketed
so far. It is probably too early to judge whether this delay is due to difficulties that
occur on account of the intrinsic properties of the materials (a parameter that may
turn to be critical because quasicrystals compete with other materials in each area of
application) or to difficulties encountered while processing large quantities of
quasicrystals, or more simply with the underlying policy adopted by the main owner
of the patents.a As a matter of fact, it appears clearly however that this policy of
exclusive licensing has indirectly - via the licensed company - limited the number of
users allowed to try diverse applications of quasicrystals in their production share,
with a fairly restricted number of attempts to target the market. An example will be
quoted later in this chapter. The following sections will deal with a number of
attempts to put quasicrystals and related materials onto the market, either
successfully or potentially, and with their relevance to fundamental materials
science.

2

Smart Surfaces

2.1

Facts and Artifacts

The science of wetting dates back to Galileo (1564-1642). He was the first who
assumed that the reason why a thin foil of a metal, gently deposited at the surface of
a water bath does not sink is because the liquid applies some unspecified forces at
the edges of the foil. This standpoint was put on a firmer basis two centuries later
by Thomas Young (1773-1829), an English physician who lived in London at the
turn of the 18th century. 13 At about the same time, he introduced the so-called
Young's modulus in mechanical sciences. He was among the few who demonstrated
the undulatory nature of light and came very close to translating the hieroglyphs
carved on the Rosette stone before the French Jean-Franc, ois Champollion (17901832). In short, a very great scientist in human history. Young expressed the
equilibrium shape of a small spherical droplet of a liquid L deposited at the flat
surface of a solid S in thermodynamical equilibrium with its vapour V by:
Y

SV

= Y COS8 + Y
L

SL

C5-1)

where 8 is the equilibrium contact angle shown in figure 5.1 and the Yy, i or j = S,
L or V, are the so-called surface tensions applied to the three-phase line. In the
present framework, it is equivalent to transforming the surface tensions to Gibbs free
a) Note that the present author, as an individual scientist and French civil servant, owns no patent
whatsoever.
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energies between liquid and solid (Y SL ). liquid and vapour (yLv s YL) and s °l'd and
vapour (Ysv)- Note that for true mechanical equilibrium, one should also consider a
reaction of the solid surface represented by the dashed arrow in figure 5.1.

Figure 5.1: A small droplet of liquid L at the surface of a solid S in presence of its vapour
V shows a contact angle 0 under the effect of equilibriation of the free surface energies Yy
(i,j = L,S or V).
The reversible adhesion energy of a liquid L on a solid S is defined as the
energy variation:
W s [ =Y s + Y L -Y S L
(5-2)
which using Eq. (5.1) may be rewritten:
W = Y (1 + cos6) + Y - Y
SL

L

S

SV

(5.3)

Here, the Yi» i = S or L, are the surface free energies of the solid and the
liquid, respectively, which are defined as half the cohesive energies of the bodies.b
The term n = Ys - Ysv is called the film pressure and corresponds to the
surface energy change of the solid due to adsorption of liquid molecules trapped from
the vapour phase. It is considered negligible only if the contact angle is large
(typically around 80° or more), which in turn makes this angle well defined and easy
to measure. This will be the case with most samples studied in the following,
except alumina, oxidized metallic aluminium and window glass. Hence, we will use
a simplified version of Eq. (5.3):
W = Y (1 + cos8)
(5.4)
where subscript L will most often stand for water (H 2 O). Therefore, within this
assumption, we have Ys= Ysv

b) For the solid, Ys is equal to one half of the reversible cleavage energy of the bulk material if no atom
rearrangement takes place at the fresh surfaces.
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A measure of the contact angle 8 is easily obtained from the profile of a
sessile droplet, using optical methods. Often, the advancing angle measured when
the volume of the droplet increases is quite different from the receding angle obtained
when the volume decreases. This difference is directly related to the dynamics of
wetting and is informative about pinning effects and hysteresis of wetting.14 We
will rely in the following upon a polishing and surface preparation procedure that
supplies identical advancing and receding angles, within experimental accuracy.
Therefore, we will also ignore pinning effects in the following.
While the surface energy of the solid (y s ) or liquid (yL) arises from the
existence of uncompensated atom pair bonds at the surface, the interfacial
components (yy above) have different origins. The first comes from van der Waals
interactions between continuously moving electrically charged particles (electrons,
ions) present in the liquid molecules as well as at the solid surface and within its
bulk. These forces were calculated by Lifschitz15 and are therefore coined Lifschitzvan der Waals forces (or LW in short hereafter). They decay according to a power law
of the distance d separating the interacting bodies: F L W ~ d"n, with 3 < n < 4
depending on whether d is small, and comparable to a first atom neighbour distance,
or in the opposite case much larger. An experimental study of the LW forces acting
between a metallic substrate and a fluid across a polymer layer of varying thickness
shows however that their influence becomes negligible when the separating distances
become larger than 2.5 - 3 nm. 16
Based on the use of a simple interatomic potential like a Lennard-Jones
potential, Good17 showed that the LW contribution to the reversible adhesion energy
(noted W LW ) may be expressed according to a simple "geometric mean combining"
rule:
W-w = 2 |v L W Y L W
SL

IS

which, using Eq. (5.2) immediately leads to:
Y

SLW=('^r ~ ^

L

f

(5-5)
(5 6)

-

Here, the terms y L W , i = S or L, represent the individual contributions of the
i

LW forces to the surface energy of, respectively, the solid and the liquid (henceforth,
the use of the super-script LW in the Eqs. above).
A second, and often predominant, contribution to the reversible adhesion
energy comes from the polar configuration of the liquid molecules that may couple
with a non-symmetric distribution of charges placed at the solid surface. Dangling
bonds, or hydrogen bonds, produce the same effect. A fruitful approach to what
happens right at the outmost surface was designed on the basis of the works by
Bronsted and by Lewis and leads to a generalized definition of acids and bases.17 A
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polar molecule is an acid if it may use an electron from the contacting body in order
to complete its own electron shell. It is a base if it may transfer an electron to the
other body. Some molecules like water may do both. They are called dipolar. Each
tendency, acid or base, is accounted for by a Lewis acid (y +, i = S or L) or a Lewis
i

base (y ~) parameter assuming that a contribution y ^ for the acid-base character of
i

i

substance i (i = S or L) is given by:
yAB = 2
i

Jy+yy

i

(5.7)

i

which is equal to zero if the substance is monopolar (y+ or y- = 0) or apolar (y + =
i

Y- = 0).

i

i

Now, if we postulate like Good 17 a combining rule for the acid-base (hereafter
noted AB) contribution to the reversible adhesion energy:

W^ = 2(J^if + i o f )

(5.8)

one has for the interfacial energy due to AB interactions:

*£ = 2 < - / n - ^ > < ^ - ^ >

(5 9)

-

whereas the two contributions, LW and AB, add and give:
W = WLW + WAB
SL

or:

SL

(5.10)

SL

which obviously leads to:

(5-12>

cose = 2_ \^^+ftifrL+frsfti-1}

This equation represents a linear variation of cos 8 with respect to the ratio
x = Jy L W / y when either AB interactions from liquid or from solid, or both,
cancel to zero. This condition is fulfilled when using apolar liquids like
diiodomethane or tricresylphosphate. A plot of cos 0 as a function of this ratio is
then a straight line that hits the y-axis at cosG = -1 for x = JY LW / Y = 0- The
slope of this line does immediately give the value ofyLW according to Eq. (5.12).
Using polar liquids, like water, glycerol or ethylene glycol allows us to probe
the AB contribution to the solid surface as well (the y LW , y + and y~ parameters for
these liquids are known precisely17). It is clear from Eq. (5.12) that the plot of cosG
versus Jy L W /y defines a straight line if the solid surface is apolar (i.e. y+ and y~
I

L

L

S

S
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are equal to zero, whatever the values of y* and y~) whereas it will deviate from
linearity if y* or y~ (or both) are different from zero.
A perfect example of an apolar solid is PTFE (or Teflon), which furthermore
shows a very small LW contribution. Experimental measurements of cos 8 using the
five liquids mentioned above are presented in figure 5.2a. The five values of cos9
indeed align on a straight line, which hits the y-axis at cos 6 = -1 when
x = JyLw/y is set to zero. The slope of this line is pretty small and fits precisely
I

L.

L

with y LW = 1 8 mJ/m 2 as expected for this solid. In sharp contrast to this
PTFE

situation, measurements with the same five liquids on the surface of a single crystal
of OC-AI2O3 show a quite different behaviour. The two apolar liquids located on the
right hand side of the plot, at the largest values on the x-axis define a straight line
when put together with the third point at coordinates (x = 0 ; y = cosG = -1). The
slope of this line leads to a much larger LW component, v LW =40mJ/m 2 ,
A12O3

Figure 5.2: Left (a): plot of cosG values measured using five liquids of varying Jy L W /y
parameter, namely from left to right along the x-axis: water, glycerol, ethylene glycol,
diiodomethane and tricresylphosphate. The example of Teflon is represented by open
diamonds. A dashed straight line runs through the data points and to cos0 = -1, as
expected from Eq. (5.12) for an apolar solid. By contrast, single crystalline alumina
(open squares) deviates significantly from a straight line. Data points represented by
solid diamonds that are located in between the two other sets of measurements are for an
Al-Cu-Fe-B icosahedral quasicrystal of excellent lattice perfection. Note that although
covered by a layer of alumina oxide, this sample exhibits no AB contribution to its
surface energy, as revealed by the nice fit of the data values by a straight line that indeed
goes to cos 8 = -1 when x = 0. Right (b): same as in figure (a) but for fee Al, covered by an
amorphous oxide layer (crosses) and for silicon, also oxidized (dots). For comparison,
the dashed line for i-AlCuFeB and the squares for a-Al2C>3 shown in (a) are drawn in (b).
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characteristic of crystalline alumina. The values of cos 8 determined with the other
three polar liquids do not fit this linear behaviour anymore. On the contrary, they lie
far away from a straight line, which clearly indicates a strong acid-base component
to the surface energy of crystalline alumina. Numerical fits of the experimental data
give for a-Al 2 O 3 : y LW = 39.5 ± 5 mJ/m2 ; y+ = 12 ± 2 mJ/m 2 ; y~ = 26 ± 2
mJ/m2 and therefore y =74.5 mJ/m2. Similar plots (figure 5.2b) are obtained from a
study, using the same five liquids applied to pure aluminium and pure silicon that
are always covered by a thin oxide layer in ambient atmosphere.
A big surprise arises if one compares the data obtained for an alumina sample
with the ones measured on the surface of a quasicrystal of high lattice quality (figure
5.2a). Although the sample must be covered by a film of alumina oxide because the
experiment must be performed in ambient atmosphere, the plot of cos9 as a function
of the JyLw /y r a t i 0 for the same five liquids is very close to a straight line that
goes to cos 8 = -1 when x = 0. This plot cannot be expected from previous reports
in literature, which would have suggested that the wetting behaviour of a surface is
essentially determined by the acid-base character of its outer-most surface layers, i.e.
by the covering oxide. According to literature, it is therefore not a surprise that pure
aluminium in air, with its well-characterized alumina surface layer,18 wets like pure
crystalline alumina. A difference with respect to (X-AI2O3 is however clearly visible
in figure 5.2b. This difference may be assigned at first glance to the amorphous
nature of the alumina layer formed on pure fee Al after polishing the sample. It is
characterized by smaller values of y LW , y + and y -, but qualitatively, the behaviour
of cos8 vs J Y L W l"i appears similar.
Equally surprising is the fact (figure 5.3) that the reversible adhesion energy of
water (noted WH20 for short hereafter) correlates with the AB component of the solid
surface energy (Eq. (5.7)) measured using the same 5-liquid method on a set of AlCu-Fe-Cr samples.
In order to make the following of this sub-section self-comprehensive, we must
be specific about the way the samples were prepared and their surface characterized.
First, all samples were prepared by sintering as explained in section 6.4 of chapter 4.
The surface was prepared using a careful polishing procedure, using only pure water
as a lubricating liquid. After polishing, the samples were covered by an amorphous
alumina layer in contact with the metallic substrate and a layer of aluminium
hydroxide located on the opposite side, in contact with the atmosphere. The total
thickness of this double layer was approximately 5 nm (see section 4.1 in chapter
3). Second, immediately after polishing, the samples were kept for 18 to 12 hours in
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Figure 5.3: Correlation chart observed between experimental values of WH20 (Eq. (5.4))
using water as a test liquid and y ^ obtained from three independent sets of measurements
using two apolar and one polar liquid (Eq. (5.11)). Data points are for PTFE (open
diamond), icosahedral Al-Cu-Fe (small grey diamond), a number of Al-based Al-Cu-Fe-Cr
intermetallics (triangles), steels and copper (grey diamonds), a-Al2O3 (open square) and
fee aluminium (cross). The curve is only a guide for the eyes.
an evacuated vessel, under primary vacuum, so as to remove any liquid trapped at the
surface or within open voids during polishing. A liquid nitrogen trap was placed
between the vessel and the pump in order to avoid deposition of refluxing oil on the
specimen surface. Meanwhile, this procedure limited considerably the contamination
of the surface and any further growth of the hydroxide layer that occurs in ambient
atmosphere, but with a low kinetics of several days. The variation of the reversible
adhesion energy (of water) which we deal with here should therefore not be mistaken
with the one that takes place at the surface of samples abandonned in air for long
enough. This effect is exemplified in figure 5.4a, showing how the reversible
adhesion of water varies with time of ageing the sample at room temperature in
ambient atmosphere. Due to the unavoidable presence of humidity, the thickness of
the hydroxide layer growth slowly, whereas contamination by foreign molecules
takes place at the outer-most surface. As a result, all samples converge towards a
similar value of WH20 after sufficient time of ageing (typically 10 days or more).
This phenomenon is not relevant to the data presented hereafter thanks to the
adequate surface preparation protocole introduced above.
Thus, according to standard literature, there is no reason why the AB character
of these surfaces should vary smoothly from one sample to another. On the contrary,
one should observe either an erratic variation as is indeed the case with reference
samples like crystalline alumina, steels or copper (also represented in figures 5.3 and
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5.4b) if dangling bonds are present at the surface, or a constant value, close to that
which characterises pure alumina, if liquid and solid react via electronic or ionic
exchange.
Which phenomenon lies behind this surprising behaviour? It cannot be pinning
centres due to a surface rough topography since WH2o does not correlate with the
arithmetic mean square roughness of the surfaces of interest (figure 5.4b) and
receding and advancing angles are identical. Neither can it be a property of the oxide
layer that would change with the nature of the substrate underneath. Indeed, most
samples have compositions defined within a narrow range of the Al-Cu-Fe and AlCu-Fe-Cr phase diagrams (figures 4.5 and 4.12). Therefore, the amount of transition
metals in solution in the alumina layer cannot vary significantly from one sample to
another.0 A plausible explanation however could be based on the mechanical stress
state of the outer-most alumina layers, itself determined by the epitaxial strain born
at the substrate-oxide interface owing to a change in the crystallographic structures.^
This must be ruled out because WH20 decreases with increasing thickness of the oxide
as we show hereafter, again in clear contradiction with expectations based on
common sense and literature published so far.

Figure 5.4: (a) WH2o measured as a function of ageing time in ambient atmosphere for
three of the sintered samples depicted in this section (i-AlCuFe: diamonds; Ol-AlCuFeCr:
triangles; y-AlCrFe: dots; refer to chapter 4 for a definition of the approximants). (b) Plot
of WH2o versus the mean sqaure arithmetic roughness RMS measured using an atom force
microscope on several samples used for this section. Symbols are defined as in figure 5.3.
c) The Al-Cu-Fe icosahedral and co-tetragonal compounds, although of nearly identical chemical
compositions, exhibit reproducibly distinct wetting behaviours in the chosen experimental conditions.
The same hods true for Ol and y-AlCrFe approximants, see figure 5.7 hereafter.
d) Thanks are due to V. Pontikis, CECM-Vitry, for a discussion on this point.
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A first clue to understanding what happens is supplied by figure 5.5 where the
two components of the surface energy of various solids y = y LW +y ^ are reported
for the series of Al-Cu-Fe(Cr) compounds as functions of the partial density of A13p
states at the Fermi energy n(E F ) (see figure 2.34). The y LW and y* 3 components
were determined, again using several liquids as indicated above. The series of data
points also includes a measurement on CI-AI2O3 for comparison.

Figure 5.5: Measurements of yLW and y48 obtained using five liquids as explained in the
text for single crystalline a-Al 2 O 3 (open square) and several Al-Cu-Fe(Cr) samples,
including pure fee Al (cross) and icosahedral, approximant and ordinary intermetallic
samples. These samples order along the x-axis if one uses the partial A13p DOS at the
Fermi energy, as defined in figure 2.32. Observe that yLW =32 + 5 mJ/m2 is nearly
independent of the nature of the sample whereas yAB increases smoothly from the value
measured with the icosahedral sample of the best quality to that obtained with metallic
(and oxidized) aluminium. We use the notation of the literature here, but will assign a
quite different meaning to y in the following of this section.
Using n(EF) for the x-axis allows us to order the samples in the series according
to their metallic character, which was already discussed in section 4.1 of chapter 2.
Then, it appears that the y LW component is approximately independent of the nature
s
of the sample (except for a-Al 2 O 3 ) and amounts to y LW = 32 ± 5 mJ/m 2 .
Meanwhile, what we call provisionnaly the acid-base component increases smoothly
from y ^ - O mJ/m 2 , which is observed for an Al-Cu-Fe icosahedral sample of
s

excellent lattice perfection (as in figure 5.2) to a larger value y

~20 mJ/m

characteristic of metallic (and necessarily oxidized) aluminium. All values are
significantly smaller than the AB contribution found on crystalline alumina. Again,
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this is a surprise, because on the one hand the thickness of the oxide layer of the
order of 5 nm is large enough, so that LW interactions are restricted to the
amorphous oxide itself (and therefore, they do not vary much from one sample to
another). On the other hand, acid-base interactions are by definition restricted to the
most external part of the solid and at first glance, should not correlate with a bulk
property like the (partial) density of states.
At this point, it must be stressed that this set of data was obtained only when
the oxide-hydroxide layer was amorphous. By heat treating the samples above room
temperature, typically in the range 300 to 500°C, the hydroxide layer crystallizes
into one or the other allotropic form of alumina as studied earlier in this book. This
transformation goes with a dramatic change in the topography of the surface, which
then shows a high surface roughness due to the growth of numerous sharp needles of
crystalline oxide (figure 5.6). The formation of such a rough surface, combined with
that of ionic charges at the far tip of the needles, must go with a very significant
increase of the y ^ component, as is indeed observed. This is an artifact, which was
avoided during preparation of the surfaces as explained earlier.

Figure 5.6: AFM topography of the native oxide layer grown at the surface of an Al-CuFe-Cr approximant sample at room temperature after polishing (left) and after heat
treatment at 500°C for 72 hours (right). Observe the large difference of length scales
along the z-axis and, correspondingly, of roughness of the sample surface (Courtesy G.
Bonhomme, Nancy).
Conclusively at this stage, we cannot understand the wetting behaviour of Albased quasicrystals and related crystalline materials, including aluminium metal,
when they are covered by a layer of amorphous alumina. The conceptual framework
available up to now does not fit with our experimental evidence: we do not observe
wetting properties identical or similar to that of the oxidized metal (and main
constituent of the samples). We do instead observe that these properties correlate
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with a bulk property of the substrate located far (i.e. typically 5 nm) below the oxide
layer. This experimental observation has on the one hand led us to challenge the
existing theories of wetting 19 and on the other hand opened a way to offer new
cooking utensils1 competing with Teflon. Let us first examine the scientific case.

2.2 Wetting and Electronic Properties
Henceforth, we will concentrate on wetting by ultra-pure water deposited onto Albased quasicrystals and related materials. These materials are covered in ambient
atmosphere by an amorphous alumina and Al-hydroxide layer the thickness of which
never exceeds 10 nm, depending on preparation conditions of the surface. The
samples used are essentially metallic, although their metallic character, which is
quantified by n(EF) (figure 2.34), varies sharply from that of a free electron system in
fee aluminium to a nearly localized system in the best quasicrystalline samples. The
model derived hereafter to interpret the data has no validity outside this range of
experimental conditions. For comparison purposes, we will also refer to (X-AI2O3
and Teflon as above as well as to steels, pure copper or window glass. Teflon is an
example of a solid that is not wet by water, whereas window glass wets perfectly.6
A full series of measurements of WH20 derived from repeated contact angle
measurements according to Eq. (5.4) is shown in the inset of figure 5.7. In order to
investigate the possible role of the oxide layer on the force equilibrium depicted in
figure 5.1, a few samples were equipped with a supplementary, artificial layer of
oxide. This layer was obtained by evaporating thin layers (< 3 nm) of pure
aluminium followed by in situ oxidation in the evaporator. The process could be
repeated at will several times, so that layers of up to 30 nm could be prepared on
finely polished plates of stainless steel. Larger symbols in figure 5.7 represent AlCr-Fe orthorhombic approximant samples20 equipped with such supplementary
layers of amorphous alumina.
It appears from figure 5.7 that the value of WH20 spans a broad range, between
the lowest possible value, which is obtained with Teflon, and the largest one, close
to the cohesive energy of water yr = 2v = 2 x 72.8 mJ/m2, which is observed
CJ

l{

~

H2O

with window glass and nearly with CC-AI2O3 and oxidized aluminium. The data
points measured with the Al-based intermetallics do not spread randomly however:
the best quasicrystals lie close to Teflon whereas an Al-Cr-Fe approximant with a
small crystal unit cell supplies a much larger value of WH20.
Furthermore, the thickness of the oxide layer, which was carefully measured by

e) Therefore, we use the verb "to wet" in the sense of imperfect wetting (9 > 0) as well as of perfect
wetting (6=0). It is the value of the contact angle that makes sense.
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XPS according to the Strohmeier standard procedure,21 plays a definite role. Contrary
to expectation based on common sense and literature, an increase in the thickness of
the amorphous alumina layer does not increase WH2o (so as to recover the value for
the bulk oxide), but decreases it! This was systematically observed with several
samples, and also with the help of the series of artificial layers deposited onto an AlCr-Fe approximant specimen and on stainless steel plates, provided the total
thickness of the native oxide and supplementary layers was kept below 10-12 nm
(figure 5.8). A plot of WH20 as a function of the inverse squared thickness (inset of
figure 5.8) proves a V2 dependence of the data for small values of t. This essential
result points out that the forces of interest to understand this specific wetting
phenomenon may be simple Coulomb forces between charged particles.
However, since it was not possible with our experimental set-up to produce
layers of thickness smaller than 3 nm, we could not obtain more than three data
points in the range of thickness below 10-12 nm. Therefore, the t-2 dependence can
only be taken as a first approximation and a H law is equally valid. What is quite
clear nevertheless is that WH20 decreases with increasing thickness of the oxide up to
t = 10 nm beyond which a crossover to the normal behaviour is recovered. This
remark is in substantial contrast to what should be expected based on literature about
the subject. Note furthermore that, because the oxide was prepared from ultra-pure
aluminium, it is not possible to invoke a composition change of amorphous
alumina to explain the data.
The messy disorder of the data points in the inset of figure 5.7 may be nicely
rearranged in two series of WH20 values, if one orders them as functions of the square
of the ratio n/?, where n is the partial A13p DOS measured at the Fermi edge by
XES as already explained in chapter 2, section 4.1. One should stress here that the
wetting experiments were performed using the very same samples so as to make sure
that XES also probes any modification of the DOS due to preparation of the surface
and oxidation. The reversible adhesion energy of water onto these Al-based, oxidized
specimens, is therefore also proportional to the square of the density of conduction
states at the Fermi edge. The data falls into two branches, one for Al-Cu(-Fe)
intermetallics, with rather little iron in the chemical composition, and one for AlCu-Fe-Cr intermetallics. This difference arises from the fact that we use one partial
DOS, and not the total DOS, which is not available yet for these samples. It turns
out that experimental evidence from XES measurements22 shows that the A13p and
A13s,d partial DOSs are proportional at Ep (figure 5.9). However, the abundance of
3d states from transition metals at the Fermi edge is not the same in the two series
of samples: Cu contributes a peak located about 4 eV from Ep and therefore has a
negligible effect on the population of 3d states at this energy whereas Fe is quite a
minority constituent in the Al-Cu(-Fe) samples, when it is not simply
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Figure 5.7: A set of measurements of W H20 scaled according to the ratio (n/t) 2 , where n is
the A13p density of states measured by XES at the Fermi energy and t the thickness of the
covering amorphous alumina layer. The inset shows the same data but arranged as a
function of the aluminium content of the sample. A few labels mark reference samples.
The other symbols are for Al-Cu-Fe-Cr intermetallics prepared by sintering. Larger
symbols are for specimens equipped with a supplementary alumina layer as explained in
text. In the main part of the figure, the two straight lines correspond, respectively, to AlCu(Fe) intermetallics, including fee Al, and to Al-Fe-Cr compounds.
absent. Accordingly, pure fee Al also belongs to this series of Al-(CuJFe) samples.
By contrast, Cr and Fe 3d states in the Al-Fe-Cr series are far more abundant at Ep,
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which explains why the data points occupy another branch. Nevertheless, we shall
bear in mind that according to the experiment, WH20 is proportional to the square of
the density of states at the Fermi energy and, to first approximation, inversely
proportional to the square of the oxide layer thickness.

Figure 5.8: Values of W H20 measured with an orthorhombic Al-Cr-Fe approximant
(circles) and a stainless steel (diamonds) specimen, both covered with artificial alumina
layers of varying thickness t. The inset shows that WH20 scales with t"2 for thicknesses of
the oxide layer below roughly 10 nm.
Figure 5.9: Variation of the
experimental A13p (x-axis)
and A13s,d (y-axis) partial
DOSs evaluated at the Fermi
edge in a series of Al-based
intermetallics, including fee
Al (cross) for which n(EF,3p)
= n(EF,3sd) = 0.5 by
definition.22

The two straight lines in figure 5.7 converge towards a same intercept on the yaxis, so that we may write:
W
= K + K'nVt2
(5.13)
H2O
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where K and K' are ad hoc constants and n = n(Ep) has the same meaning as in figure
2.31 and is expressed using the same reduced units adapted to XES experiments.
Since all data orders nicely on a correlation plot with a bulk property, one must
admit that no dangling bonds exist and no acid-base interactions take place at the
surface of our samples. This fact, though surprising, must result from the especially
careful polishing procedure that we have relied upon to prepare the sample surfaces
and possibly from the very small but finite conductivity of amorphous alumina,
which is able to cancel out the effect of ionic charges, if any are present due to the
polish. The absence of any acid-base character, at least on the best quasicrystalline
samples, may arise simply from the use of ultra-pure water during the short interval
of time necessary for the measurement of the contact angle. It would certainly have
manifested itself when using alcaline or acid solutions. Then, setting W ^ = 0 in
H2O

Eq. (5.10), and knowing that y LW = 21.8 mJ/m 2 , one has immediately from Eq.
H2O

(5.5) yLW(n//=0) = 32.8 ± 2 mJ/m2. This value fits very precisely the value of y LW
determined independently by the five-liquid method (figure 5.5a). Since it is identical
for all samples, we assign it to the LW contribution arising solely from the oxide
layer (Note however that it is a constant only because the layers are thick enough, t
> 3 nm. With thinner layers, we should have considered an LW contribution from
the substrate as well).
Until this point, we did not raise any interpretation of the underlying
mechanism that promotes the linear scaling of WH20 with the (n/t) 2 ratio shown in
figure 5.7. We only insisted on the fact that our current understanding of wetting
does not allow any reasonable interpretation of this data set. We mentioned however,
that the constant value of WLW = K holding for all samples of Al-based
H2O

intermetallics may be safely assigned to van der Waals forces arising from the
fluctuations of the electromagnetic field, which take place between the permanently
moving electronic and ionic charges of the amorphous alumina layer and the water
molecules.
This takes us to a re-interpretation of the second part in Eq. (5.13). This
interpretation should allow for a smooth variation with (n/t)2 of the contribution to
the reversible adhesion energy. As a consequence of this smooth variation, it cannot
originate from conventional ionic interactions, although up to this point we use this
notation in agreement with conventional literature. At this stage, the reader must be
aware that the model which follows offers a plausible explanation of our
experimental results, but it is not a generally accepted theory. It raises only
qualitative arguments.
Each water molecule carries a strong, permanent dipole (of strength q). Notice
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parameter: v +

H2O

H2O

=Y~
H2O

acid-base character of the molecule in comparison to its LW
= 25.5 mJ/m2 whereas YLW = 21.8 mJ/m 2 . Now, let us
H2O

reconsider the situation in the vicinity of the three-phase line (figure 5.10). We see
strong dipoles close to the oxide-water interface (noted o-w in the following).
Underneath, we have a layer of oxide of thickness t until we meet the oxide-substrate
interface (o-s), which we suppose is perfectly flat. Beyond this interface, in the bulk
of the metallic substrate, we find a cloud of conduction states, with density n(EF). At
room temperature, the water dipoles undergo Brownian motion and vibrations, and
generate a low frequency electromagnetic field in the vicinity of the dipoles, that in
turn may polarize the electron cloud in the substrateand locally modulate its density
by a small charge fluctuation An.f This coupling between moving dipoles and
electron charge fluctuations, through the oxide layer assumed an inert spacer
material, may be accounted for by a fairly simple model, considering the interaction
of a dipole with a localized, negative charge, an electromagnetic interaction that is
propagated over significantly large distances of the order of the Debye screening
length XD. In ultra-pure water, this length amounts to a substantial fraction of a
micrometer and is quite large in comparison to the length scale we are dealing with
here. In other words, we assume that the induced polarisation of the electronic cloud
in the substrate beneath the oxide layer produces the formation of a modulated image
electric field, which couples to the permanent dipoles of the water molecules.
Figure 5.10: Sketch
of the parameters
used to describe the
dipole and its image
DOS fluctuation
close to the threephase line.

0 The reader should not be mistaken by figure 5.10: this is not an electrostatic interaction between
immobile dipoles and their static dipole images, but an interaction between moving dipoles and
electronic charges underneath the oxide layer.
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According to Jennings and Jones, 23 we may calculate first the potential energy
of a point charge located at a distance d from the o-w interface taken as the origin of
the coordinate system along the normal to the interfacial planes (figure 5.10). This
is done in a quasi-static approximation by considering the charge as the emitter of a
plane wave, which is partially absorbed and partially scattered at the o-w interface.
The part of the wave, which is absorbed by the oxide layer is then also partially
absorbed and partially reflected at the o-s interface, except if the substrate is a true
free electron system, in which case the reflection coefficient at the o-s surface is R=l
(see figure 5.11 for a schematic presentation of the optical path of the wave). In this
latter case of a perfect metal, Jennings and Jones demonstrate that the position of the
centroid of all images generated by the successive, complete reflection of the wave at
the o-s interface is repelled towards the inside of the bulk substrate by a distance d'=
d + t/K where K = Z\lf-2 is the relative dielectric constant of the oxide with respect to
water. For crystalline alumina, we know that 8j = 1.1 F/m whereas for ultra-pure
water we have ti - 9-04 F/m. Since K « 1, this supplies us with a first clue to
understanding what happens: the image charges are located far away from the o-s
interface and sit actually in the bulk of the material. This explains why XES
measurements, which probe the same region below the interface, are relevant. This
also tells us why abrupt changes of the DOS within the most external atomic layers
(that may occur depending on the surface preparation24) have no significant influence
on wetting when the sample is covered by an oxide layer.
Figure 5.11: Schematic presentation
of the path of the planar wave, which
is supposed to be emitted by a water
dipole and partially emitted and
reflected at the water-oxide and oxidesubstrate interface. The reflection
coefficient of the substrate must be
measured whereas the other
transmission (T) and reflection (R)
coefficients are easily calculated from
the dielectric constants of water and
oxide.23
In real alloys, including fee Al, but to a much larger extent in quasicrystals, the
electromagnetic field penetrates a skin at the surface of the material whose depth is
proportional to (a co)"5*, with a the electronic conductivity of the material and 0) the
frequency of the field.15 For metallic aluminium, the penetration depth amounts to
about 10-12 nm for frequencies in the infrared range. As we have seen in chapter 2,
the conductivity of quasicrystals is by 2 to 4 orders of magnitude smaller than that
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of fee AI. Therefore, the field will penetrate down to 100 to 300 nm, very much in
the bulk of the best quasicrystals. In the other samples of larger conductivity, the
penetration depth will take intermediate values, which however will remain superior
to the distance from the o-s interface where the modulation of the electronic density
takes place.
Let us now calculate the potential energy V(d) for a charge located at a
distance d from o-w interface, above a layer of amorphous alumina of thickness t <
10-12 nm. We call R the reflection coefficient of the substrate material. The
transmission factors from water to oxide, respectively from oxide to water, are given
by:
T w o = 2 ej / (ej + e 2 )
T o w = 2 e 2 / (ej + e 2 )
whereas the reflectivity factors (figure 5.11) are:
R = - ( e - e )/(e+e )
w

2

1

1

and

R = - ( e - e ) / ( e + e ).

2

o

1 2

1 2

To simplify the formulae in the following, we shall use compact notations:
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Then, we have for V(d) according to Jennings and Jones:2^
1
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Collecting successive powers of 1/d leads to:
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which in turn reduces further into:
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It is straightforward to verify that Eq. (5.17) is identical to that of Jennings and
Jones for the case R=l.
The force that originates from the image electromagnetic field is proportional
to -dV/dz and modulates the vertical component shown in dash in figure 5.1. Yet,
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the interaction is actually between freely rotating water dipoles and a distribution of
electric charges in the substrate. The dependence on the distance of V(d) in Eq. (5.17)
must be modified accordingly. After integration over all possible angular
orientations of the dipole, weighted by a Boltzmann distribution factor, this yields a
variation with the separation distance inversely proportional to its forth power.25
The modified version of Eq. (5.17) will thus incorporate a pre-factor proportional to
1/d3, if the right hand side term is kept unchanged. After double integration to take
into account the interaction of one specific dipole with all image charges generated
by its neighbour dipoles and along the z-axis to account for all dipole contributions
acting on a three-phase line of length unity yields to first order a 1/d2 variation of
the force per unit length. A reasonable approximation of this force F is to consider
only the immediate vicinity of the o-w interface.? Thus:
F°cJ_
t2

_L(1+R) 2 (_J.(1+R) 2 -2(1-R 2 ))
e
e
2

2

- _!l (l-R) 2 (_!l (1-R) 2 - 2(1 -R2)) R-2
e
e
i

(5.18)

i

from which all unnecessary proportionality factors were dropped out for convenience.
We know from a spectroscopy study in the infrared and visible ranges that R is
very close to 1 and 0.6 for pure aluminium and excellent quasicrystals,
respectively. 26 Approximants show values of R in the 0.6 < R < 1 interval, R
being closer to 1 when the crystal unit cell is small (and vice-versa). Since this
range of values of R is relevant, we show in the inset of figure 5.12 how the force F
(up to a scaling factor) varies with R. We have chosen K = 0.2, a value slightly
larger than what is expected with crystalline alumina in order to take into account
the amorphous nature of the oxide layer (hence with some very small conductivity)
and its low but finite concentration of transition metals in solution. Note that values
of R much smaller than R=0.5 may not be relevant since they take us to a regime in
which absorption of the wave by the substrate is dominating, which leads to a
contradiction with the basic assumption behind the model. It is therefore safer to
consider that the range of validity of Eq. 5.17 is restricted to 0.6 < R < 1.
The problem is now that we do not know how to relate F to the experimental
evidence available so far. It is clear that this force will decay as 1/t2 (Eq. (5.18)), but
we found no study in the literature that allows us to relate R and n(EF). Therefore,
we will rely on an empirical Ansatz and observe that R equals 1 when n(EF) takes its
maximum possible value in a perfect metal like fee aluminium, while from
g) Which in the mean time avoids unphysical divergence at d=0.
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experiments,26 we have the smallest R for the lowest DOS in the quasicrystal.
Assuming a linear relationship between R and n(Ep), we write:
R = (nf +n )/2n f
= (l + 2n)/2
(5.19)
where nf

ABp

A13p

ABp

ABp

denotes the A13p DOS measured at E p in fee Al and n
r

AI3p

the one

measured under the same calibration conditions in another Al-based compound. The
right side of Eq. (5.19) sets the same relationship to R, but in the reduced units
adapted to XES experiments. The parameter n is the one used to label the x-axis in
figures 5.7 and 5.12. Qualitative agreement with the experimental data looks
satisfactory.

Figure 5.12: Variation of the force F defined by Eq. (5.18) as a function of the reflection
coefficient R of the (oxidized) substrate (inset) and as a function of n2, the squared reduced
density of states.
It turns out then that the image force F varies linearly with n 2 in the range of
the experimental values available for n, except very close to the origin (at constant
unit thickness). We have thus a reasonable explanation for the behaviour observed in
figure 5.7. Wetting by water in these fairly specific experimental conditions is a
combination of Lifchitz-van der Waals interactions of the water molecules and the
oxide layer and dipole - image field coupling to the conduction states in the metallic
reservoir located below the oxide. Under these conditions, the oxide acts simply as
an inert spacer provided its thickness is kept below a threshold value that the
experiment shows to be around 10-12 nm. Above this threshold, the reversible
adhesion of water increases, most probably because it is not possible anymore to
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avoid the occurrence of acid-base interactions with the top-most layers of the oxide.
To the best of our knowledge, this effect was never pointed out with reference
to oxidized metals.h Usually, the outer-most layer contributions to wetting are so
significant that they hide the weaker dipole - image field interaction, except if
specific care is taken (as we did here) to cancel them out (and also thanks to using a
series of smart materials like the quasicrystals family, which allowed us to fine tune
n(EF)). Yet, because such interactions do usually take place at the outer-most surface,
one should rewrite Eq. (5.10), including dipole - image field (DIF) interactions for
completeness:
W = WLW + WAB + WDIF
(5.20)
SL

SL

SL

SL

It should not be inferred from this study of contact angles of water deposited on
oxidized quasicrystals that the intrinsic surface energy of a virgin quasicrystal is low
in comparison to that of fee Al. Yet, indirect means, which we have presented in
section 8.3 of the previous chapter, indicate that this is most probably correct. A
recent study of the coverage of silver atoms on the five fold surface of an icosahedral
Al-Pd-Mn single crystal sheds more light along this line.28 Even at large coverages,
silver does not wet the quasicrystal surface, but grows elongated needles,
perpendicular to the surface. They are fee, as is bulk silver itself, preserving the
initial orientation where growth started, so that a system of microtwins is
established between needles, one disoriented with respect to the other by an angular
span of an integer number (2rc/5 - 2n/6). The fact that wetting by silver, which has
a surface energy ys,Ag =1-17 J/m2, is inefficient clearly indicates that either the
surface energy of the quasicrystal is significantly smaller than Ys,Ag (which by the
way is close to that of aluminium Ys,Ag =1-2 mJ/m2) or that the interfacial energy is
large (which may also result from a low surface energy of the quasicrystal).
Nevertheless, no direct measurement of the surface energy of a quasicrystal, for
instance by evaluating the cleavage energy, seems to be available in literature. This
is surprising in so far that a thorough theoretical study of the intrinsic surface energy
of quasicrystals was developped by N. Rivier long ago. 29 The essential conclusion
of this work was that a planar cut of the surface through the hierarchical lattice of a
quasicrystal, is also a hierarchical two-dimensional structure. The electronic
contribution to the intrinsic surface energy will therefore be weak because the
electronic density in the bulk is low. Furthermore, corrugation of the cluster
arrangement may reduce the contact area with a liquid (if this is the method used to
h) A way to test this model further could be to use simple metals of varying (and known) total DOS,
cover them with amorphous alumina layers, and study again the variation of WH2O VS (n/t)2. We leave
this to others and put emphasis on the problem of the adhesion of a metal onto an oxide that was treated
by Didier and Jupille27 in a way rather reminiscent of the one used here, referring to both LW and
image contributions in order to calculate the metal-oxide reversible adhesion energy.
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measure Ys) and produce pinning effects. We have seen that these two last points are
not relevant for contact angle measurements in ambient atmosphere, but they are
still valid for contact with e.g. liquid metals. Study of friction in vacuum will bring
us back to surface energies in section 3.3 below.

2.3 Cooking Utensils for the Future
Despite the fact that the story actually started from the empirical discovery1 that
quasicrystals wet poorly, it is easy to imagine from the previous section that
applications to surfaces offering reduced adhesion to polar liquids like water are
feasible. Food is essentially composed of water and a plausible candidate application
is concerned with covering the inner surface of a cooking utensil. Food however is
not only made of water. Other components are essentially apolar matters. Ignoring
the possible chemical reactions that may also contribute to adhesion, it is clear that
the relatively large value of y LW = 33 mJ/m2 will never permit the reduction of WSL
to the same extent as Teflon (with Ys = YLW =

18

mJ/m 2 ). Nevertheless, other

materials used in cookware like stainless steel, glass, enamels, etc. show large
values of y LW and, simultaneously, a significant acid-base contribution to the
adhesion energy. Thus, a quasicrystal surface is a good compromise between Teflon,
which is mechanically soft, and the other, harder materials. A pictorial presentation
of this compromise is given in figure 5.13, where we refer to a kind of Ashby's
materials selection chart.30
Figure 5.13: Plot of the hardness of
various materials used for cookware
as a function of the reversible
adhesion of water on surfaces
produced there of. The size of the
corresponding areas represent the
scatter of the data for each class of
materials. Except for materials in
the quasicrystal family, which
represent the best compromise
choice, the other materials happen
to align on a H /W
line.
V

H2O

Now, the big issue is to produce the materials on an industrial scale and sell
them in the market. The production route that was selected was the thick coating
route described in the previous chapter. A key issue was the corrosion resistance of
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the coating deposited by plasma spray onto the internal surface of low-carbon steel
shells so as to produce corrosion-resistant frying pans. Excellent corrosion resistance
is mandatory, not only to warrant a respectable life, but also to guarantee that the
amount of aluminium and other constituents going into the food is kept below a
threshold (usually imposed by a standard). A good reference value is the aluminium
content of tap water. In France, this amounts to an average of 2 mg/1. A very critical
test to assess the quantity of elements that may be released in food relies upon the
corrosion test already presented in figure 4.72 but for boiling dilute acetic acid
containing typically 2% in a mass of sodium chloride. This test represents one of
the worst corrosion solution that may be encountered in the kitchen of a restaurant.
As sprayed, Al-Cu-Fe or Al-Cu-Fe-Cr coatings hardly behave better than pure
aluminium (which, as a matter of fact, is still available commercially as low cost
saucepans!). However, after optimisation of the Al-Cu-Fe-Cr composition and
merely annealing above 700°C so as to eliminate all traces of residual (3-cubic phase
leads to a release of aluminium that is less than two times larger than the mean
aluminium content of the water available from tap (figure 5.14, compare with the
evolution of the corrosion current shown in figure 4.72). Targeting simultaneously
good corrosion resistance and insignificant release of metals in the frying pan could
thus be achieved with the proviso that the utensil underwent a heat treatment at
some stage of the manufacturing process. As a matter of fact, most metallic
materials require a heat treatment in their preparation process in order to reach
optimum performance, although it adds some cost to the final marketing price of the
product. In the present case, it was just mandatory, but although its beneficial
influence on the corrosion resistance of quasicrystals was fully demonstrated,31 the
company in charge jointly of the production of the coatings and marketing of the
coated pans has decided to skip the annealing treatment because this could allow
it to sell utensils made of a sandwich of stainless steel and aluminium plates.
Figure 5.14: Mass
release of aluminium per
litre of dilute acetic acid
boiling for one hour in a
cooking utensil and in
contact with the materials
shown. Note the logi 0
scale on the y-axis. The
average Al concentration
of tap water is given for
comparison.
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This sandwich material shows better homogeneity of the temperature
distribution and supplies quicker heating rates for frying meat. Unfortunately,
aluminium melts well below the requested annealing temperature, so that no thermal
treatment could be completed whatsoever, while the resulting coating comprised at
least a metastable icosahedral phase in addition to the decagonal phase, a substantial
amount of residual metastable cubic phase and lots of micro-cracks and macroscopic
defects.32 Unfortunately, soon after the beginning of the marketing campaign, many
frying pans were sent back to the grocers, most often because part of the coating
peeled off after some cooking or after a few runs in a washing machine. The
company detected a corrosion problem and withdrew its products from the market.'
The rather sad conclusion of this part of the story may not be its final end. A
recent attempt by Niminevski et al. 33 appears very promising. It consists in a
composite coating prepared by electrodeposition of atomised quasicrystalline powders
in a Ni-P matrix. This is a rather cheap material, easy to produce, with less
constraints regarding the geometry of the substrate in comparison to the coatings
described in the previous chapter. Although this composite contains a fair amount of
foreign Ni-P alloy, it turns out that the contact angle of water at its surface is as
large as that on Teflon, thus producing evidence that the reversible adhesion of water
on the new composite is as low as that on the - so far - unique material able to
produce such reduced adhesion. The subtle balance between contributions to adhesion
coming from the incorporated quasicrystal powder on the one hand, and Ni-P matrix
on the other, is not yet understood. However, it is quite clear that the rounded profile
of the surface inherited from the presence of spherical (quasicrystalline) grains in the
Ni-P matrix decreases the Gibbs free energy of the surface, as explained by Rivier.29
Figure 5.15: Scanning electron
microscopy observation33 of the
surface of the electro-deposited Ni-P
coating containing about 80% in
volume of i-AlCuFe atomized
powder. Observe the round-shaped
morphology of the surface. The
diameter of each grain is around a
few micrometers (Courtesy Z.
Niminevski, Texas).

i) This difficulty has initiated more research on the corrosion resistance of quasicrystals, see the
previous chapter.

386

3

Useful Quasicrystals

Application to Energy Savings

We assemble under the heading "Energy Savings" two potential applications of
quasicrystalline materials that were secured in various patents.1"3 The first one,
thermal barrier coatings, takes advantage of a combination of the low thermal
conductivity of quasicrystals, enhanced ductility at high temperature and thermal
expansion coefficient, rather identical to that of metallic alloys, in order to increase
the thermal gradient from surface to the bulk of mechanical parts submitted to a heat
source. This in turn allows either to increase the thermodynamic efficiency of a
combustion engine or to limit heat losses. The other application revolves around a
reduction of the power dissipated through friction and ultimately wear at the surface
of moving parts put into contact. Substantial hardness and lowered solid-solid
adhesion are the two properties of quasicrystals that support this application.
Although studied to a rather detailed technical standpoint, neither of these two
applications seems to have approached significantly the market, probably because
more efficient solutions may be found with other materials.
3 . 1 Thermal Barriers
As far as application to thermal barriers and heat insulation is concerned,
quasicrystals and their approximants exhibit both advantages and disadvantages. On
the positive side, as already mentioned, are i) their reduced thermal conductivity,
which is small compared to that of metallic substrates, but slightly above that of
insulating oxides like zirconia in the range of the working temperatures, ii) their
enhanced ductility above 550-600°C, iii) their expansion coefficient, which is found
to be close to that of metals, typically in the range 12 10-6 < a (K-l) < 17 10"6, in
strong contrast with zirconia: a = 6 1O 6 K"1. Combining properties ii) and iii)
reduces the interfacial stresses at the contact zone with metallic substrates, especially
during thermal cycles of a combustion engine. On the negative side there are two
major limitations to the use of quasicrystals as thermal barriers: i) their relatively
low melting point and ii) substantial mass transport coefficients that according to
phase diagrams, provokes a destabilisation of the quasicrystal to the benefit of
another crystalline phase, richer in transition metals when the thermal barrier is left
in contact with a metallic substrate at high temperature.
In order to minimise these two disadvantages, it is wise to seek a compromise
between obtaining a higher melting temperature at the expense of a slightly
increased conductivity. This goal was achieved 2 - 34 by setting up a family of
compositions in the Al-Co-Fe-Cr phase diagram, which contains an approximant of
the decagonal phase, isotypic with the AI5C02 compound.35 Especially interesting is
the Al7iCoi3FegCrg compound, which shows a hexagonal unit cell nearly identical
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to that of AI5C02 and melts peritectically at 1100°C, very close to the liquidus
temperature at 1170°C. In comparison to the Al-Cu-Fe icosahedral quasicrystals, the
range of working temperatures is increased by about 200°C and matches the one
found in most combustion engines (although as a matter of fact designers of aircraft
engines of the future are looking for even higher temperatures, in the range 13001400°C). Properties of this alloy fit the goals given above (figure 5.16). Despite the
fact that the size of the AI5C02 unit cell is rather small, the thermal conductivity of
the approximant is significantly reduced in comparison to that of the icosahedral
compound, essentially because of a much higher density of 3d states at the Fermi
level which limits the relative weight of the electronic contribution to the
conductivity. Furthermore, thanks to its large concentration of Co and Cr, this alloy
resists very well against corrosion by sulphurJ and oxidation at high temperature
(figure 5.17).

Figure 5.16: Comparative presentation of the thermal expansion (top) and thermal
conductivity (bottom) measured in icosahedral Alsgl^C^s.sFe^.s and hexagonal
AlyjCo^FegCrg compounds.
Unfortunately, inter-diffusion with the underlying metallic substrate takes place
inevitably during annealing of coating-substrate sandwiches, as expected from phase
diagrams and from the detailed knowledge of the diffusion coefficients in Al-based
intermetallics, 3 6 an example of which is given in figure 3.47 for Al5Fe2,
isomorphic to Al5Co2- This effect, which cancels out the beneficial input of the
properties of quasicrystals, is illustrated in figure 5.18a for the case of thermal
conductivity. After a short period of annealing treatment at 950°C in dry air, a thick

j) Sulphur is inherited from the combustion of kerosene in aircraft engines.
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Figure 5.17: Results of corrosion (left) and oxidation (right) tests at elevated temperature
of the AlyiCo^FegCrg hexagonal compound and related compositions. Thin cylindrical
samples of approximately 1 cm in diameter were placed in a furnace at 85O°C (a) or 950°C
(b) for cycles of 1 hour duration. In (a), the sample was sprayed before annealing by a
solution of NaSO4 in water. This test mimics the corrosion by sulphur, which is released
by kerosene during combustion in an aircraft engine. In (b), the sample was annealed in
dry air. The curves show the mass increment of the sample measured after each annealing
cycle. In (a), open dots represent the mass change of the optimized composition
Al7iCoi3FegCr8 whereas solid dots are for a composition with less Cr, which suffers from
a dramatic corrosion by S. In (b), open symbols represent three different specimens of the
optimised composition. The oxidation kinetics follows the classical (time)'* law as
expected. It may be minimised if the sample contains no open porosity whatsoever or by
addition of 0.5% yttrium as demonstrated by the curve with solid circles (Courtesy S.
Drawin, ONERA).
coating of composition AlyiCo^FegCrg deposited by PVD magnetron sputtering on
a Ni-based superalloy substrate shows an inter-diffusion layer that is already a few
micrometres in thickness (figure 5.18b). After 300h, inter-diffusion has reached the
external surface of the coating and the composition is shifted from that of the
nominal hexagonal compound to that of the 3-cubic phase. Due to the initial
composition of the superalloy, other elements like Ti or Co are also detected by
electron microanalysis in the coating region. This change in composition produces a
dramatic increase of the thermal conductivity of the coating, which cannot act any
longer as a thermal barrier (figure 5.18a).
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Figure 5.18: a): Thermal diffusivity measured on the external, free side of a coating of
nominal composition Al7iCoi3FegCrg prepared by PVD magnetron sputtering onto a
superalloy Ni-based substrate. While small in the as-deposited state (triangles), the
diffusivity increases (hence the conductivity) during annealing at 950°C (squares: after 50
hours; dots: after 500 hours). After 500 h, it matches the conductivity of a sample of Pcubic phase of composition Al5o(Ni,Ti,Cr,Fe,Co)5o, similar to the end composition of
the coating reached by diffusion of the species from substrate (crosses), b): Remaining
average thickness of plasma sprayed coatings onto a Ni-base superalloy substrate
submitted to annealing at 950°C under argon atmosphere.37 As such, the A^Co^FegCrg
coating has fully disappeared after 300 hours, whereas a residual thickness of 60 \xm is
still present after 500 hours in the presence of a Y 2 O 3 diffusion barrier. For comparison,
the behaviour of a Y2C>3/Ni-Al bond coat sandwich is also shown (Courtesy A. SanchezPascual, INTA-Madrid).
A simple trick to overcome this difficulty, which is well known among the
experts in the field of thermal barriers, consists of intercalating a thin layer of an
oxide between the thermal barrier coating itself and the metal underneath.37 This
layer, also called the diffusion barrier, must be designed in such a way that it delays
the composition change of the thermal barrier for long enough time while preserving
the strength of the adhesion to the substrate. Different ways to manage these
conflicting constraints were investigated, either by spraying simultaneously
mixtures of oxide and approximant, or by depositing in sequence a thin layer of
yttrium oxide followed by a thick coating of AljiConFesCrg. It turned out that this
latter technique, with a diffusion barrier of Y2O3 not more than 10 p.m in thickness,
works successfully and delays the formation of the 3-phase by at least 500 hours,
which is sufficient for application to military aircraft engines (figure 5.18b).
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An extensive demonstration of the feasibility of this application was set up by
Augusto Sanchez-Pascual and his colleagues at the Spanish National Facility for
Aerospace Techniques (INTA) in Madrid. 37>38 They installed a number of turbine
blades coated as explained above onto the first and second compressor stages of a J79
General Electric engine borrowed from the Spanish Air Forces. For comparison,
turbine blades equipped with coatings according to prior art or with no coating were
inserted in between. The engine was submitted to a ground test for 31 cycles of
steady state regime and accelerations represented in figure 5.19 the total duration of
which was restricted to 12 hours in order to limit the total consumption of kerosene
(yet, about 50 m 3 for this specific test!). The sequence of dry and idle periods was
designed in order to mimic a very demanding succession of runs, representative of
the use of the engine for longer periods. After the completion of the test, it could be
assessed that the tip of the blades in stage 1 reached 1000°C whereas the ones on
stage 2 reached 700°C. No crack formation nor shear could be detected.

Figure 5.19: Typical 1320 s (22 mn) cycle designed for a ground test of an aircraft engine
at INTA, Madrid.37 The first and second stages of the compressor were equipped with
blades coated with a Al7iCoi3Fe8Crg coating of 300 um thickness and a Y2O3 diffusion
barrier. The power of the engine was proportional to the rating shown along the y-axis
(Courtesy A. Sanchez-Pascual, INTA-Madrid).
The advantage of using composite thermal barriers made of a combination of an
AI71 Co nFegCrg coating deposited on top of a Y2O3 diffusion barrier was thus
demonstrated because its processing is easier than the one used for conventional
barriers. 39 It does not require a Ni-Al bond coat, which is mandatory for zirconia
barriers, yet requiring also a diffusion barrier. Since its specific mass is a good deal
smaller, it is able to sustain larger centrifugal forces. Provided production is at a

The Rise of a Dream

391

sufficient industrial level, its cost may also be smaller. Unfortunately, this type of
innovative thermal barrier technology will never reach the very high temperatures
(more than 1300°C) requested for the next generation of aircrafts. It may find more
applications in automotive engines,40 power generators, etc.
Another potential application of quasicrystal thermal barriers is grounded on a
paradoxical behaviour: they fasten the cooling rate of a piece of metal during quench
in water! This technique is at the heart of heat treatment followed by rapid cooling
that is widely used in industry for the sake of retaining a (metastable) metallurgical
state existing at a certain temperature and that must be kept at room temperature
because it supplies better mechanical performance. A well known example is the
martensite phase that forms upon dissolution of the carbon atoms within the fee
lattice of iron, which exists above 740°C, and may be quenched through rapid
cooling back to room temperature. There is naturally a competition between
mobility kinetics of the carbon atoms, which tend to migrate out of the Fe bec
lattice below 740°C, and time-temperature profile of the part subject to cooling. In
order to make the cooling as efficient as necessary, it is therefore essential to have at
one's disposal a process that allows an optimised control of the heat flux from hot
part towards a cooling liquid like water or oil.
Like other thermal barriers, quasicrystal coatings 41 supply such a controlling
device as is illustrated in figure 5.20. Similar curves were produced by Pierre
Archambault, using nickel cylindrical samples, and quenching in cold water.41-42
Differences in the quench regime are observed that are easily related to the way
vapour bubbles nucleate at the surface in contact with water. We may ignore these
details and concentrate on the important phenomenon. Water presents a phase
transition, from liquid to vapour, at 100°C. The heat conductance in the vapour
phase is by far smaller than in the liquid. What matters then is the way the vapour
phase nucleates in the region very close and in contact with the solid part. If it forms
a continuous film, the heat conductivity of which is small, the cooling rate will also
be small. On the contrary, if nucleation is unstable, there will still be some liquid
water that will come into contact with the solid, although it is metastable because
locally the temperature exceeds 100°C. This unstable regime takes place in the
temperature range just above 100°C and up to about 110°C. This supplies much
faster cooling rates because the heat flux at the solid-liquid interface is high.
Suppose we start with a solid that is at a high temperature T s (typically 500°C
for an aluminium cylinder like in figure 5.20) and quench it in a bath of liquid at
temperature TL- What matters is the contact temperature at the solid-liquid interface.
This temperature is determined by the respective effusivities of the phases in contact:
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Figure 5.20: Cooling curves measured for an aluminium alloy cylinder quenched in nearly
boiling water with and without a quasicrystal thermal barrier plasma sprayed at their
surface.41 Thickness of the barrier is indicated. The temperature on the y-axis was given
by a thermocouple fixed at the centre of the cylinder (and protected from any contact with
water) (Courtesy P. Archambault, Nancy).
T =
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where the effusivity E, = KjPiCpi of phase i = S or L depends on the heat
conductivity K,, specific mass Pj and specific heat C p ; of the phase of interest. It
turns out that quasicrystals exhibit a very small effusivity E QC = 2 kWs^m^K-l,
smaller by an order of magnitude than the one of metals, and even smaller than that
of zirconia. This type of quasicrystalline coating surpasses therefore the solutions
currently used in the automotive industry for cooling rate control, based on the use
of blends of oxides. Furthermore, since the application is not very demanding
regarding the absence of pores or of micro-cracks, the coatings are of low cost. The
thickness of the barrier offers a supplementary control parameter for the cooling rate
that is easy to set up.
This effect explains why frying pans coated with a layer of quasicrystal are
more efficient than others when a steak grilled to perfection has become a
fundamental issue as many French would tell you.k The pan is initially at 200°C
when the steak, almost like a piece of water that forms 80% of its weight, comes
k) The author understands that one may not like a steak grilled, or even not a steak at all!

The Rise of a Dream

393

into contact with it at room temperature. If the pan is covered with Teflon, the
contact temperature is below 100°C: the steak hardly grills, it boils. If it is coated
with a quasicrystalline layer, the contact temperature given by Eq. (5.20) above falls
sharp in the range where nucleation of the vapour is unstable. This maximises the
heat transfer to the surface of the meat, which matches then the very demanding taste
of the (average) French consumer. A few cooks in French restaurants have publicly
acknowledged their interest for this new cooking utensils technology.43

3.2 Reducing Friction and Wear
Although based on very crude approximations, a fair estimate of the energy loss in
developed countries due to friction and wear amounts to 30% of the total energy
produced. 44 This figure represents typically several billions Euros per year in
European countries, a number substantial enough to monitor large scale research
programs on the topic of reducing friction and wear in engines and mechanically
driven machines (pumps, alternators, gear boxes, etc.). At a much smaller scale,
micro-motors and miniaturized actuators also have to counter-balance the losses due
to friction in order to operate under optimal conditions. Therefore, the underlying
science of friction and wear, or tribology, encompasses an extremely broad field of
scientific and technological aspects, ranging from cute mechanical design and surface
preparation techniques to the fundamentals of materials mechanics and surface
physics on the one hand and, the management of energy and materials waste on the
other. The purpose of this section is to indicate how quasicrystals, and related
complex intermetallic compounds having similar properties, may enter this game
and offer alternative solutions to the reduction of friction and wear.
The evidence that quasicrystalline compounds exhibit reduced friction against
various antagonists like diamond, hard steel or sintered tungsten carbide riders was
already described in sections 2.1 and 3.2 of chapter 3. Here, the wording 'reduced
friction' must be understood in the frame of a comparison to friction coefficients
measured in comparable conditions on conventional metallic alloys of similar
mechanical characteristics. By contrast, adjunction of a lubricating material may
reduce friction to a very large extent, irrespective of the crystalline nature of the test
material, and it is therefore not relevant to our present purpose.
Because bulk quasicrystals, and especially single grain icosahedral quasicrystals,
are very brittle, showing toughness constants1 below 1 MPa m 1/2 , research efforts

1) The K c toughness constant, also called the critical stress intensity factor, is equal to a (711)

where

C represents the stress that leads to rupture a sample cut by a crack of length 1. When the test is done
in tensile stress mode, or mode I, the toughness constant is coined Ifc.
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have concentrated on coatings45 and thin films.46 This is well sounded in so far that
the toughness constant increases by approximately an order of magnitude in Al-CuFe coatings prepared by plasma spray in ambient atmosphere.47 Yet, irrespective of
the fine tuning of composition in the initial powder, the coatings turned out to be
essentially made of B2-cubic phase, a result that is indeed expected when using this
preparation technique as explained in the previous chapter. It is therefore not obvious
that the enhancement of the toughness constant is directly related to the process
technology used since it could also be due to the resulting crystallographic structure
of the coating, or more simply to the loss of aluminium while spraying. Similarly,
addition of 1 at% of boron definitely increases the toughness constant, another result
that points out the importance of chemistry regardless of the synthesized crystalline
structure.
The dependence of brittleness in quasicrystals and related intermetallics onto
composition and crystalline structure was studied in more details by Christophe
Comte 4 8 who used sintered samples (see section 6.4 in chapter 4), all with
comparable grain and pore sizes, but of three different compositions and crystal
structures. One sample, of composition Al62Cu25.sFei2.5 was pure icosahedral
whereas another of nearby composition Al7oCu2oFeio was pure tetragonal coAl7Cu2Fe phase. A third sample of composition Al5oCu4()Feio was pure B2 CsCl
P-phase (see section 3.2 in chapter 4). Based on a rigorous analysis of the cracks
emanating from Vickers indentations under a small load of 50 mN, he could then
decipher the Kc toughness constants reported in figure 5.21. The relationship
between crack length and toughness constant depends on the model used to describe
the critical stress necessary to initiate the propagation of a crack. Such models are
too technical for our present purpose and the reader may refer to Comte 48 or to
Ponton and Rawlings 49 for more details. It turns out that, whatever the model used,
the toughness constant of the icosahedral and tetragonal bulk compounds is nearly
the same whereas that of the cubic phase is significantly higher.
A similar conclusion was also reached by Sordelet et al 5 0 who measured with
the same kind of samples the friction coefficient (figure 5.22) and wear loss against
two different antagonists, brass which shows a lower hardness than any of the three
samples considered, and WC that is harder. The volume loss, which occurs at the
surface of the samples after riding the pin for a distance of the order of a few hundred
metres was shown to obey Archard's law51 and be proportional to the applied load
and inversely proportional to the hardness of the disk. However,
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Figure 5.21: Ensemble of toughness constants determined from the length of cracks
initiated by Vickers indentation on the surface of sintered icosahedral, tetragonal and
cubic Al-Cu-Fe samples. Four different models are used, one of which (model 4)
incorporates explicitly the Poisson ratio and is therefore more questionable than the
three others (Courtesy C. Comte, Nancy).
surprisingly, the softer brass pin caused twice as much wear than the hard WC
indenter. Simultaneously, it was established 50 that the low friction coefficient
observed right at the beginning of pin-on-disk tests or when using scratch
indentation tests of short duration 45 does not last beyond a transient time interval
after which a break-in period occurs that manifests itself as a sharp increase of the
friction coefficient (figure 5.22). The delay before increase of friction is the longest
for the less ductile counterparts, an experimental result that is counter intuitive. It is
illustrated in figure 5.22 for the case of two pins of different hardness and in figure
5.23 for the case of a WC indenter riding on Al6sCu23Fei2 films of 10 jim
thickness prepared by PVD magnetron sputtering at various substrate
temperatures. 52 Depending on this temperature, the film may be amorphous if
deposition is made at room temperature, or cubic B2-type (200°C), or a mixture of
cubic and icosahedral phases (300°C), or finally pure icosahedral if the deposit is
prepared at 400°C. Corresponding hardness varies from Hy = 5.5 GPa in the
amorphous state to H v = 6.1 GPa for the P-phase and Hy = 8.5 GPa for the
icosahedral compound. Accordingly, the real contact area between indenter and
substrate increases with decreasing hardness of either the pin or the tested material.
This fact explains why the transient stage at low friction lasts for a longer time with
a harder counterpart or a harder substrate. Furthermore, since all specimens
considered in this section are necessarily covered by an oxide layer in ambient
atmosphere, one understands certainly that the adhesion of the pin material onto the
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Figure 5.22: Coefficient of
friction measured in ambient
atmosphere under a normal
load of IN using brass and WC
spherical pins riding against a
sintered Al 6 5 Cu23Fei2
icosahedral disk. Observe how
the initially low friction
coefficient rises during a
break-in period that occurs
much sooner after the
beginning of the test with
brass than with tungsten
carbide (Courtesy D.J.
Sordelet, Ames).

Figure 5.23: Coefficient of friction measured at room temperature in air (humidity 30%)
during repeated scratch tests within the same trace under a load of IN and a relative
translation velocity of 20 mm/s. Films of 10 Jim thickness were all of composition
Al65Cu23Fe!2 and crystallographic structure as indicated in the figure. For comparison, a
bulk, sintered icosahedral sample of similar composition is also shown (Courtesy J.M.
Sorro, Nancy).
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outside surface of the oxide will also play a role in determining the observed wear
rate. In the next sub-section, we will see that the transient stage observed when
beginning friction test in ambient atmosphere fully disappears when the oxygen
partial pressure above the substrate surface is reduced enough to slow down oxidation
kinetics, so that an oxide layer does not form anymore. Wear becomes then
insignificant on quasicrystalline samples. As a result, it happens that
quasicrystalline materials may be used in friction devices provided one or all of the
following requirements is satisfied:
their hardness is increased, either by thermal annealing 53 or by addition of
small amounts of elements like boron or silicon54, which are known to improve
hardness (although Si moves the stability range of the icosahedral compound towards
that of the 1/1 cubic approximant55)
their resistance to oxidation is enhanced, for instance by addition of chromium
to Al-Cu-Fe compounds 56 or by using systems like Al-Pd-Mn or Al-Co-Ni that
seem less sensitive to tribo-oxidation57.5^
the surface in contact with the rider is free of defects able to initiate the
propagation of a crack.
This latter condition is not specific to quasicrystals and plays a major role in
the tribological behaviour of materials in general. This is the reason why coatings
prepared by PVD sputtering or High-Velocity Oxygen-Fuel supersonic guns, with
little, if not zero, porosity open at their surface, behave much better than coatings
prepared by conventional flame torches or plasma spray at ambient atmosphere (refer
to figure 4.48 for an illustration of this effect). Also, it is essential to eliminate
impurity phases like the B2-cubic phase, which may be trapped in the bulk material
either in a metastable state by result of too fast a cooling in the temperature region
of the peritectic growth of the icosahedral compound or by result of aluminium loss
during plasma spray. If small amounts of this phase are left in the substrate,
inhomogeneities in the distribution of elastic constants, as well as multiplication of
grain boundaries are also present, which explains the larger brittleness of the
material and henceforth its greater sensitivity to wear and enhanced friction (figure
5.24).
By contrast, intentional addition of a small amount of ductile FeAl
intermetallics proved very efficient in diminishing the abrasive wear of Al-Cu-Fe
quasicrystalline coatings 59 . Surprisingly, the volume fraction of FeAl material
needed to minimize wear when added to i-AlCuFe is not larger than 1% (figure
5.25). The reason for this behaviour is most probably linked to a subtle balance
between increased ductility, in proportion to the FeAl volume fraction, which
increases wear as seen before, and improved resistance to tribo-oxidation, which is
achieved by the large iron content present in the binary addition. Hence, a small
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amount of this additive is sufficient to cover the whole contact area and protect it
against oxidation while keeping the mechanical resistance of the substrate essentially
unchanged.

Figure 5.24: Coefficient of friction observed at 2N load with a WC spherical pin riding in
air on Al-Cu-Fe sintered disks containing either no trace of residual P-phase (thin and
thick solid lines) as assessed by the X-ray diffraction pattern (k = KaCo) also shown or
two different amounts of (3-cubic phase (dashed lines).
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Figure 5.25: Volume loss versus volume fraction of FeAl B2-cubic intermetallics
measured after pin-on-disc tests for composite FeAl/i-AlCuFe plasma spray coatings
(Courtesy DJ. Sordelet, Ames).
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Aside the role devoted to tribo-oxidation mechanisms 60 responsible for the
formation of hard, nanometric wear particles that remain within the indenter trace and
therefore accelerate the abrasion wear, several studies were dedicated to surface
damage effects and to transfer layers formed by the oxidized particles that attach onto
the tip of the sliding ball. 61 It was found that they form a third, "lubricating" body
which is responsible for friction coefficients actually lower than those observed with
metals and conventional alloys. A similar mechanism was pointed out with
oxidizable hard coatings like TiN. 62 Grain orientation, for instance in the highly
anisotropic decagonal phase with a short period of 0.42 nm along the 10-fold axis,
also influences wear and friction.63 The interpretation of this effect, based on the
observation of a widely scattered coefficient of friction as measured on sintered
AINiCo samples, including from one grain to another adjacent grain, is presumably
related to an anisotropic distribution of cleavage energies in this type of quasicrystal.
Conversely, the isotropic icosahedral compound does not show this type of scatter,
nor do the approximants of the decagonal phase with a large stacking period of 1.2
nm, e.g. A-Ali3Fe4 and Oi-AlCuFeCr.
This result has direct relevance to the selection of quasicrysalline materials in
view of technological applications, either in automotive engines 64 for the reduction
of wear or friction at the piston-cylinder interface (piston ring coatings) or in gear
boxes, etc or more generally for the fabrication of wear-resistant and abradable
coatings. 65 The industrial potential of Al-based quasicrystalline coatings was
assessed by Lee et al, 66 comparing the respective merits of Al-Ni-Co-Si and Al-CuFe-Cr plasma sprayed layers and of coatings prepared by hypersonic gun projection.
First, this study demonstrated that coatings prepared by high-velocity spray (HVOF)
behave much better regarding wear than plasma spray coatings. This finding has to
be related to the existence of a smaller density of pores in the HVOF coating (see
again figure 4.48) and therefore to a smaller number of macroscopic defects emerging
at the surface of the sample after appropriate polishing. The formation of a dense,
pore-free layer a few micrometres in thickness beneath the oxide layer after riding the
pin for some distance also contributes to a better performance of HVOF coatings.
Regardless of the preparation technique of the coating, the coefficient of friction
appeared to be almost independent of the contact pressure, provided it was kept
below the yield stress limit, but instead to be determined by the contact area with the
antagonist. Figure 5.26 illustrates the case of a pin-on-disk test performed on an
Al7oCuioFei3Cr7 flat disk using either a spherical indenter, which allows varying
the contact pressure as indicated in the figure, and a flat indenter at very low
pressure. In the former situation, the contact area is very small and keeps so as long
as wear does not change the geometry of the pin ball, which itself is favoured by the
flattened shape of the spray particles and their enhanced thoughness. No transient
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state is observed, in contrast with the case of i-AlgsCi^Fe^ (figure 5.22) from
which particles are more easily worn due to its lower resistance to oxidation. The
corresponding coefficient of friction is also small, as stated before. Conversely,
when the contact area is much larger (bottom curve in figure 5.26), the same
transient evolution is observed, leading to an equilibrium friction coefficient about
twice as large. Nevertheless, this value \i ~ 0.4, which is also observed when the
pin-on-disk is ran at high frequency, is still significantly smaller than the coefficient
of friction measured in identical conditions with metallic alloys like stainless steel
or with stabilized ZrC>2 and &2O3 (ji ~ 0.5 - 0.6), two materials of current interest
for application in combustion engines.

Figure 5.26: Evolution of the friction coefficient measured66 as a function of sliding
distance during pin-on-disk tests performed in ambient air, using an Al-Cu-Fe-Cr plasma
sprayed coating as disk and either a spherical high-carbon steel ball of diameter 6.3 mm
(three top curves) or a flat disk of 12 mm diameter made of Cr-coated cast iron (bottom
curve). The contact pressure could be varied as indicated in the figure by changing the
applied load (Courtesy S.M. Lee, Seoul).
More important in view of applications to combustion engines is the evidence
(figure 5.27) that the performance of quasicrystalline coatings, especially of
Al7oNij3Coi3Si4 composition, proves quite comparable if not better to that of
plasma sprayed Cr2C>3 layers at 450°C, which represents the most advanced
technology for use on piston rings in automotive engines. To be fully competitive,
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resistance to wear should be improved however, a goal that may be achieved either
by relying upon composite materials as explained hereafter in section 7 or more
simply by embedding a lubricating solid in the quasicrystalline material. An
example of this kind of solution is embodied by lead that does not dissolve in the
solid quasicrystal and forms therefore homogeneously dispersed nanoparticles.67
These particles exhibit well-defined crystallographic orientationships with the
surrounding quasicrystalline matrix and are stable up to a temperature of about
320°C at which melting occurs, slightly below the equilibrium melting point of
pure lead. Above this temperature, they may develop a lubricating liquid film at the
interface with the gliding counterpart, and thus reduce friction.™

Figure 5.27: Comparison of the friction coefficient (a) and wear rate (b) measured66 at
room temperature and at 450°C with Cr2O3 and decagonal Al7oNii3Coi3Si4 coatings
prepared either by plasma spray or HVOF spray techniques as indicated in the figure
(Courtesy F. Fleury, Seoul).
As we shall see in the forthcoming section, quasicrystals behave in a different
way when the friction test is performed in high vacuum. This will bring us back to
surface energies and shed new light on possible applications in vacuum technology
or aerospace industry.

m) Yet, this idea does not take into account possible artifacts detrimental to environment, but selection
of more suitable candidate metals is feasible.
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3.3 Friction in Vacuum and (Once More) Surface Energy
In order to escape from the artifacts due to tribo-oxidation that we came across in the
previous section, it is preferable to work in vacuum, provided the oxygen residual
pressure in the work chamber is reduced enough to avoid the formation of a complete
layer of oxide during the time interval between two successive passages of the
indenter. This condition was achieved during the study in ultra-high vacuum of the
static friction between naked single grain icosahedral Al-Pd-Mn crystals and their
cubic approximant (section 3.2 in chapter 3). First of all, this study has shown that
two single quasicrystals put into relative motion under low normal load present very
small static friction coefficients compared to conventional metals. Second, contrary
to the observation in ambient air, oxidation reduces further the friction by a factor 2
(so does also a covering with water molecules).
Therefore, we are going to reconsider all previous measurements of friction on
quasicrystals, yet using pin-on-disc tests worked out in vacuum." To this end, we
present measurements performed in a chamber that could be evacuated to a final
pressure of less than ICh5 mbar. At this pressure, a monolayer of oxide forms in a
time interval approximately equal to the duration of 2 successive passes of the
indenter. Any oxide grown at the surface is thus eliminated by the passage of the
rider, well before a continuous layer may form. Friction tests performed under this
condition show that the transient regime observed in ambient air (figure 5.22) is
almost not existing (in strong contrast with what is observed with more
conventional materials), that the value of the friction coefficient is much lower than
in the presence of oxygen, and finally that a minimum of friction occurs right at the
composition of the true quasicrystal. Similarly, the adhesion force between hard steel
and flat solids, which is deduced from fretting tests in high vacuum, is also
minimized when the counterpart is quasicrystalline.
The flat samples used for pin-on-disk and fretting tests were prepared, as
explained earlier in this book, by sintering in the shape of pellets with a diameter of
30 mm and about 6 mm high. For completeness, true quasicrystals from the Al-FeCu and Al-Pd-Mn systems as well as approximants of the decagonal phase like the
monoclinic X-Al^Fe^ orthorhombic O- and y-brass Al-Cr-Fe68 compounds and
intermetallic compounds based on aluminum (namely, (O-Al7Cu2Fe, <|>-AlioCuioFe,
P-Al50Cu35Fei5, Y-AI4CU9 and 0F-AI3CU4, see sections 3 and 4 in chapter 4 for
more details about these compounds) were studied. For comparison purposes,
reference materials, i.e. two samples of hard steel, one of window glass and one of
sintered alumina, and several pure metals, including fee, were also studied. As
n) Thanks to a fruitful collaboration over the years with A. Merstallinger and collaborators at Austrian
Research Centers - Seibersdorf, Austria.
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antagonist, a sphere of 6 mm diameter of a high-carbon Cr-steel (AISI 52100) was
employed because its hardness was similar (but larger) to that of the materials of
interest (i.e. Hv=880 Vickers units under a load of 0.5N).
The pin-on-disk tests were performed using a rotating tribometer installed in a
vacuum chamber that was before starting the test evacuated from ambient
atmosphere to a residual pressure typically below 10"5 mbar. The tests parameters
were chosen as follows: normal load 2N, relative velocity 5 10"2m/s, diameter of
the trace 10 to 20 mm, cumulated distance up to 100 m. Figure 5.28 presents a
record of the friction coefficient measured during filling-in the chamber with ambient
air. At low initial pressure, friction between the two surfaces is as low as jx=0.2,
whereas after the internal pressure has reached a steady value of 7 mbar, the friction
coefficient increases to ^=0.6, thus reproducing the same experimental evidence as
obtained when the experiment was conducted in ambient atmosphere. This process is
perfectly reproducible and may be repeated at will several times. Since the only
change that may have occurred is the formation of an oxide layer, we have here a
' direct confirmation of the detrimental influence of tribo-oxidation onto solid friction
between steel and quasicrystal.

Figure 5.28: Friction coefficient measured at room temperature between a high-carbon
hard steel ball of diameter 6 mm and a flat surface of a sintered Al 5963(^25^6! 2.5
icosahedral sample. The chamber pressure, initially set to 10 6 mbar, was risen to a value
of 7 mbar in the second part of the run.
Fretting is a special kind of friction that takes place between two contacting
bodies that move one relative to the other at high frequency and very small
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amplitude. Therefore, fretting tests may be regarded as a case of extreme solicitation
in unlubricated friction that informs us about the ability of the material to bond to
an another solid material. Since the thermal conductivity of quasicrystals and high
order approximants is quite small, fretting tests may amplify the effect of heat
spikes on atom transport as well as on the deformation of the surface bumps on the
contacting bodies, which, as was already shown, promotes a very localized
transformation of the material from icosahedral to bcc cubic metastable nodules
(section 7.3, chapter 4).
The adhesion force between the two solid surfaces may be measured after
removing the normal load, being the force necessary to open a gap between the two
solids. Comparing the response of various materials with different hardness and yield
strength would be meaningless if the relative contact pressure is not kept unchanged.
To this end, one may refer69 to Hertz theory of contact mechanics and to the Tresca
criterion for the onset of yield (i.e. 100% of the elastic limit) and calculate the
associated critical static load P v :
P =7.1.17 R 2 y 3
(5.22)
Y
2
E'
Y is the yield, R the radius of the spherical pin, and E * the reduced Young's
modulus given by:
,
1-v 2
1-v 2
J_=
1+
P
(5.23)
E*
E
E
s

p

where the sub-scripts i = S and P define the sample and pin, respectively, and v,- and
E,- are the respective Poisson's ratio and Young's modulus. The values reported by
Tanaka et al. (Figure 3.8) were considered for the present quasicrystals0 and standard
data for the other materials. The radius of curvature of the indenter and its contact
pressure could then be adjusted so as to keep the fretting test conditions as
comparable as possible from one sample to the other.
The main features that emerge from such fretting tests are summarized in figure
5.29. Pure metals like fee Al and fee Cu exhibit a large stick force against hard steel,
yet with a scatter between Al and Cu that spans two orders of magnitude. Hard steel
in contact with itself shows a stick force reduced further by nearly one order of
magnitude in comparison to Al. Although of comparable hardness, and with a
Young's modulus that is smaller than that of hard steel, the two quasicrystals present
a stick force against hard steel which is quite smaller. In the case of io) Despite a more recent determination of the Young's modulus and Poisson ratio by C. Comte and J.
von Stebut70 leads to a larger value of the Poisson ratio (n = 0.39 instead of n = 0.27). This makes little
difference in the present context.
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Al59B3Cu25.5Fei2.5, we observe a reduction by a factor 2 of the stick force, and by
more than one order of magnitude for i-AlyoPd2oMnio. Long duration tests over
several 10 3 identical runs do not show any significant variation of the results, and
the stick force on the two quasicrystals stays significantly below that of the other
materials. Since the fretting conditions were kept comparable for all samples, the
diffusion barrier formed at the surface by the oxide layers can not explain the
difference in behaviour reported in figure 5.29. Cr-steel as well as quasicrystals are
indeed covered by diffusion barriers and should therefore present comparable stick
forces if only this parameter should play a role. However, because the experiment is
performed in vacuum, these oxide layers progressively disappear during the first
experimental loops and contact is achieved between essentially naked solids.
Therefore, overlap between 3d electronic states from the tip of the hard steel indenter
and scarce, localized states at the surface of the quasicrystal disk71 play a major role
in the binding force between solids. We shall come back to this point after having
studied dry, solid friction in vacuum.

Figure 5.29: Comparative display of the Vickers hardness and stick force measured
against AISI 52100 steel as indicated in text for the five materials shown along the xaxis. The right upper part of the figure shows an enlargement of the stick force histogram
in order to make it easier to read. The data shown here represent an average over the 100
first runs of the fretting test. No significant variation of the figure is recorded over
continuing the test for 6000 more runs.

A first major result that arises from our pin-on-disk tests under vacuum is the
near disappearance of the transient state observed with quasicrystals in ambient
atmosphere (figure 5.30), in strong contrast to what is observed with hard steel or
sintered alumina. Henceforth, we will focus hereafter only at the values measured in
the steady state. By contrast, hard steel riding on itself shows a marked transient
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stage in the form of a sharp increase of \i just after the beginning of the test,
followed by a slow decrease until a plateau is reached. This transient state is
produced by the removal of nanometer-size steel particles from the flat surface due to
adhesion forces (hence, an increase of p), which ultimately stick to the pin surface
and form a lubricating third body (hence, finally a decrease of |i). On sintered
alumina, the mechanism is different. Wear concerns only the softer steel pin, which
releases progressively nanoparticles that stick onto the alumina flat surface, thus
enhancing friction until the surface is covered by this third body actually made of
steel. Hence the friction that is observed in the steady state is characteristic of a hard
substrate, actually made of alumina, but with respect to a surface with the
pronounced surface energy of steel instead of that of alumina. Since we observe
nothing like this with quasicrystals against hard steel, we may conclude that wear in
vacuum is quite reduced and that steel does not stick on quasicrystals, in line with
the previous observation based on fretting tests. Inspection of the surfaces in contact
after the end of the friction tests confirms this conclusion because no worn particles
are visible at the tip of the indenter.

Figure 5.30: Comparative display of the friction coefficient measured in vacuum over a
distance of 100 m while riding a hard steel ball onto the flat surface of samples of hard
steel, sintered alumina and icosahedral AI59B3CU25.sFe^. Experimental conditions are
the same as for the data shown in figure 5.28 at the lowest chamber pressure.
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The second important result is the confirmation (figure 5.31a) that the lowest
friction coefficient is observed for the sintered icosahedral quasicrystals of best lattice
perfection. This result was already pointed out on the basis of the friction tests
conducted in air (figure 3.12), but the amplitude of the range of p, values investigated
using a series of samples with comparable hardness but different crystalline
structures is far more important when the test is performed in vacuum. As explained
above, the difference between ambient air and vacuum tests is due to the occurrence
of tribo-oxidation in air and the emission of wear particles. For a small enough
residual pressure of oxygen in the tribometer chamber, this artifact does not come
into play anymore. For instance, friction increases along the series of samples iAl59B3Cu25.5Fei2.5 / i-Al^Ci^s.sFe^.s / P-Al50Cu35Fei5 / (0-Al7Cu2Fe and indeed
follows a trend already pointed out by Dong et al. 72 : the position in the Al-(B)-CuFe phase diagram of the minimum of friction coincides with the electron-to-atom
ratio of 1.86 eVat. However, one should consider this conclusion with care since it
does not hold true for Al-based intermetallics that contain no Cu or no Pd, transition
metals from the middle of the series, but metals from the end of the d-series like Cr.
(figure 5.31b). Binary Al-Cu Hume-Rothery compounds (figure 5.31b) present as
well low friction coefficients despite their weaker resemblance to quasicrystals.
Analysis of the data shown in figure 5.31a and b points out two diverging
trends for the friction observed in steady state. On the one hand, \i decreases with
increasing hardness, as is indeed expected, but this trend is verified only for part of
the sample set (metals and co-phase in figure 5.31a and Al-Cu(-Fe) samples in the
bottom part of figure 5.31b). On the other hand, a broad range of p. values is
observed when going from icosahedral compounds to metals or alloys with no Cu
(central part of figure 5.31a and top part of figure 5.31b), which follows just the
opposite tendency: (i increases roughly with increasing hardness.
Artifacts such as a lubricatant left at the surface before the test began, or
intervening oxide layers, may be ruled out. Great care was taken to clean the samples
always using the same procedure, oxides at the surface of these Al-based alloys are
all the same, etc. We may also rule out any scatter in microstructure of the samples,
due to preparation artifacts. This is exemplified by the little difference observed
between samples of identical compositions, but prepared in different batches, that are
shown by identical symbols in figure 5.30b, thus indicating a very reproducible
synthesis method. As well, changes in composition within the strained area at and
below the surface due to preferential tribo-oxidation of Al and Fe that may leave the
surface at the bottom of the friction track enriched in Cu can not explain the
observed differences since i-Al62Cu25.sFei2.5 and eo-Al7Cu2Fe behave quite
differently whereas the quasicrystal is not found much different from Al-Cu(-Fe)
compounds that belong to the family of (more or less distorted) B2 cubic phases.
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Figure 5.31: (a) Friction coefficient observed in vacuum against hard steel with
various materials as indicated in the figure. The materials are arranged according to
their Vickers hardness Hy (load 0.5N), which emphasizes the similarity between
mechanical properties of the materials located in the central part of figure a). A
blow-up of this region is shown in b) with more samples as indicated. Symbols not
labelled are the same as in a).
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Because the normal load is small, because the steel rider is harder than any
other material (except sintered alumina) and because wear plays only a minor role
(except for steel riding on itself or on alumina, but before reaching a steady state
plateau), let us assume in a very crude approximation that friction (in vacuum, after
reaching a steady state) comprises two components, one due to strain in the vicinity
of the indenter, the other due to adhesion (thus neglecting roughness and lattice
mismatch effects at the contact interface, which is a fair approximation only in the
case of a crystal sliding on a very smooth quasicrystal surface). Accordingly, we
expect:
H=aH-' +
foW
(5.24)
V

SP

with a and b ad-hoc proportionality constants, H v the Vickers hardness and W S P the
adhesion work of the hard steel pin on the solid surface. Obviously, this model fails
at low hardness values and will not be applicable to very soft metals like lead or tin.
For harder materials, including fee aluminium, agreement with experimental data is
quite good as demonstrated below. Since we assume that wear is not important, we
may replace W$p by the reversible adhesion energy of steel onto the surface of
interest, i.e. as in Eq. (5.2):
W =v +Y -Y
(5-25)
SP

S

P

SP

where the indices S and P have the same meaning as above and the yfs label the
surface energies of the solid and pin, respectively. The term YSP ls the interfacial
energy occurring during contact between the two antagonists. This later term may be
approximated by the immersion energy 73 of material P onto material S, which is
nearly equal to y . Therefore, we may take y ~Y equal to 0, which reduces further
p

Eq. (5.24) into:

SP

]X=aU-l + by
(5.26)
Using this Eq. will therefore supply us with an approximate value of ys, yet
by superior values owing to the assumptions made, which is already quite
satisfactory regarding the importance this energy plays in surface physics on the one
hand and on the other hand the lack of any other determination so far. For most
materials, not only quasicrystals, it is difficult to assess experimentally73 and the
most reliable data are obtained from computational methods.74 This difficulty makes
the present approach especially valuable for the case of quasicrystals and
approximants.
The fit parameters a and b in Eq. (5.26) may be calibrated by using materials of
known surface energy73-74 and hardness (this latter parameter is easy to measure with
a Vickers indenter under a load of 0.5N for instance). The reference materials were
selected so as to span a broad range of Hy and Ys values, namely pure aluminium
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(1.15), Cu (1.81), Cr (2.32), Ni (2.41), V (2.58), Zr (1.96), Ta (3.03), three types
of steels with varying hardness but nearly identical values of Ys (2.44), window glass
(0.6) and poly-crystalline a-alumina (0.8) (the numbers between brackets stand for
the surface energy in J/m2). The friction coefficient experienced on alumina at the
beginning of the test is characteristic of naked alumina, before worn particles as
stuck on the surface, and that at their end of the test of a iron coverage of the same
substrate. Thus, the surface energy increases substantially while keeping the
hardness high (Hy=1950 in Vickers units). Finally, the friction coefficient measured
with window glass at the very beginning of the test may be used as well, since wear
occurs only after a few turns of the test, but the validity of this number is more
questionable. Errors on hardness measurements are within ±8% and on friction
within ±15%, which will lead us to an estimation of y s within an uncertainty of
. ±25%.
A least-square fit of the parameters in Eq. (5.26) ends into a = 27.8 ± 0.1 and b
- 0.322 ± 0.005. Calculated values of \i according to Eq. 5.26) and experimental
data fit pretty well, with a correlation coefficient of 0.93 (Figure 5.32a). The same
correlation is displayed in Figure 5.32b, but according to the measured hardness.
Very soft metals like lead and tin, which can not be accounted for by this simple
model (arrow close to Hy=0) were excluded from the fit.

Figure 5.32: Correlation observed between friction coefficient measured in vacuum as
explained in text and values of \i calculated according to Eq. (5.26) and the fit parameters
shown above (a). Transition metals (Cu, Cr, Ni, Cr, V, Zr and Ta) are represented by small
solid squares, the other symbols have the same meaning as in figure 5.31. The correlation
displayed in b) is according to the measured hardness. Open symbols are for calculated
data and solid circles for experimental data.
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Reverting now Eq. (5.26) allows us to estimate the surface energy of our
preferred samples, after measuring their hardness and friction coefficient against steel
in vacuum. The results are presented in figure 5.33a for the same samples as in
figure 5.31 and listed hereafter in Table 1. This yields the following values: ys ^
540 ± 120 mJ/m2 for i-Al59B3Cu25.5Fei2.5 and y s ^ 820 ± 200 mJ/m2 for iAl7oPd2oMniO. It is clear that ys increases by more than a factor 4 along the series
of crystalline Al-Cu-(Cr-Fe) compounds. Note however again that these values can
not be taken for better than estimates, owing to the large uncertainty on the
measurements, but the actual values of Ys m u s t be smaller than the present
estimates.
Table 1: Estimates (by superior values) of the surface energy of a few Al-based complex
metallic alloys as derived according to the method explained in text.
Compound
(Compositions are
in at% or atoms)

Structure

Vickers
hardness
0.5N ±8%

Friction
coefficient
±15%

Estimated Ys
(J/m2)

Al 5 9 B 3 Cu 2 5 5 Fe 1 2 5

icosahedral

790

0.21

0.54

Al 62 Cu 25 5 Fe 1 2 5

icosahedral

780

0.26

0.55

Al 70 Pd 20 Mn 10

icosahedral

750

0.3

0.82

X-Al13Fe]5

monoclinic

815

0.69

2.04

co-Al7Cu2Fe

tetragonal

640

0.75

2.2

P-Al55Cu30Fe15

B2-cubic

680

0.31

0.84

OF-A1 3 CU 4

Orthorh.

710

0.24

0.62

Y-Al9Cu4

cubic

480

0.37

1.0

Furthermore, we know from section 2.1 in this chapter that the reversible
adhesion energy of water W H20 follows the same trend as Ys when changing the
nature of the solid in contact. Using two sets of experimental measurements on the
very same samples proves indeed a clear correlation between JJ, and WH2o (figure
5.33b). The adhesion term therefore dominates the friction behaviour and is more
marked for the more metallic samples.
Yet, the adhesion energy of steel in contact with an intermetallic system like

412

Useful Quasicrystals

the ones considered here is of a different origin than the one which controls the
adhesion of water. To first order since oxidation plays a minor role in vacuum and
following Rivier29, we may assess in a simple jellium model the most important
contribution to Ys t o t n e presence of d-states in the vicinity of the Fermi edge.
Icosahedral and even cubic Al-Cu-Fe (equivalently i-AlPdMn) compounds show a
reduced density of J-states at the Fermi energy, in strong contrast to oo-AlyC^Fe,
due on the one hand to hybridization of Fe 3d states with Al sp states and on the
other hand because Cu 3d states are repelled far bellow the Fermi edge. Similarly,
Al-Cu compounds can not present a large density of 3d states at EF since they
contain no Fe and have also Cu d states far away from EF (section 4.1 in chapter 2).
Consistently, they may offer less friction with respect to steel than compounds like
co-Al7Cu2Fe, A.-Ali3Fe4 or O- and y-AlCrFe (and even more so, steel) that exhibit
large numbers of J-states at EF.
Figure 5.33: Estimated values
of the surface energy deduced
from friction data as explained
in text for the same specimens
as the ones shown in figure
5.31 (a). Correlation observed
between measurements of the
friction coefficient against hard
steel in vacuum and the
reversible adhesion energy of
water onto the same solids (b).
Symbols are defined as in
figure 5.31. The dashed lines
serve only to guide the eye.
This experimental correlation
chart between two surface
properties, one in the presence
of an oxide layer, the other
without oxide, is still waiting
for
a
well-sounded
interpretation.
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Electronic Devices

Both experiment and theoretical arguments suggest that certain quasicrystalline
systems are good candidates either to generate power from light absorption or from
absorption of heat. This has led a few groups to file patents to secure applications in
the field of solar heating,4-75 manufacture of bolometers,76 resistive sensors76 and of
thermo-power generators.12-76 The background behind these potential applications of
quasicrystals is briefly analysed in the following two sections. As we will see, most
devices are based on the thin film route which we studied in section 3.1 of chapter 4.
Accordingly, specific care must be taken to insure a precise control of the
composition since electronic properties depend critically on lattice perfection, and
therefore on stoichiometry.

4.1 Light Absorption and Sensors
Optical conductivity measurements applied to high-quality icosahedral quasicrystals
exhibit no Drude peak whatsoever at low frequencies, in strong contrast with
metals. 77 Conversely, a strong resonance peak shows up in the visible range (see
figure 2.25). In decagonal quasicrystals, as well as in approximants with large unit
cells, the situation is more complex depending on whether light propagates along, or
perpendicular, to the periodic axis. 26 - 77 As already seen in this chapter, the
reflectance of good quasicrystals is rather small in comparison to that of metals (R=
0.6 instead of R ~ 1, respectively), within a broad range of wavelength from about
20 jo.m to 300 nm. As a consequence, absorbance is high, although with no
selectivity, and the material may be used as a light absorber from infrared to visible
range, provided its emissivity is maintained as low as possible. This is feasible with
quasicrystals because they keep transparent down to thicknesses as high as a few ten
nm, to be contrasted with e.g. gold that becomes opaque to visible light for
thicknesses above 10-12 nm. An illustration of this comparison is shown in figure
5.34 that presents the refractive and extinction indices of gold, i-Al59B3Cu25.5Fei2.5
icosahedral quasicrystal and orthorhombic Al-Cr-Fe approximants.26
Numerical simulation shows that some selectivity may be introduced between
infrared and visible light by preparing a stack of dielectric and quasicrystal thin films
deposited onto copper foils.78 Using i-Al7oPd2iMn9 quasicrystals, a solar absorbance
as high as 92% may be obtained at 120°C, while keeping the hemispherical
emittance below 4% when the quasicrystal film of 15 nm thickness is sandwiched
between two layers of Y2O3 of 60 nm thickness on copper. At 400°C, the emittance
has increased up to 8%, a figure that is still remarkably small. Even better
performance is achieved when the quasicrystal material is introduced within the oxide
matrix in the shape of nanometric size particles, thus forming a cermet. With a
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filling factor of 30%, mixing 80 nm in diameter particles of icosahedral
Al7oPd2iMng into a layer of 100 nm Y2O3 covered by an anti-reflective layer of
A1FO produces an emittance of 3.2% at 120°C and of only 4.8% at 400°C whereas
the solar absorbance is as high as 92%. 79

Figure 5.34: Refractive index n(co) (left) and extinction index K(co) (right) measured for
gold, icosahedral A ^ I ^ C ^ s . s F e ^ . s and an Al-Cr-Fe orthorhombic approximant by
optical spectrometry26 applied to bulk specimens. Note the logarithmic scale.
Low cost quasicrystals like i-Al-Cu-Fe may be employed to target nearly the
same level of performance. For instance, a stack of 50 nm AI2O3, 10 nm i-AlCuFe
and 70 nm Al 2O3 on copper increases the solar absorbance at room temperature to
90% whereas the emittance is about 2.5%. 80 Cermets made of AlCuFe particles
incorporated in an AI2O3 matrix match almost the same level of performance
provided the oxide films placed below and above the cermet film are well optimized.
Nevertheless, the selectivity in the visible range of the oxide/quasicrystal/oxide stack
appears better (figure 5.35).
With respect to commercial absorbers already on the market, like the TiNOx®
films, devices based on quasicrystals offer an absorbance at room temperature
slightly less by 3%, but a much higher temperature stability, which in principle
allows us to use oil instead of water to exchange heat, and therefore increase the
thermodynamic efficiency of the device. The thermal stability of the quasicrystalline
film may be further enhanced by incorporating Cr, as was emphasized several times
in previous sections, and without loss on the optical performance.81 Without Cr, the
i-AlCuFe fims is more sensitive to oxidation in dry air at 400°C (figure 5.36).
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Figure 5.35: Reflectance measured 80 as a function of wavelength for four stackings on
copper of dielectric and quasicrystal thin films. The dielectrics used were either A12O3 or
float-glass whereas quasicrystals were either Al-Cu-Fe or Al-Cu-Fe-Cr compounds. The
curve shown in dash-dotted is for a sandwich of AI2O3 and AlCuFe films deposited on a
silicon wafer with a 50 nm thick Cu layer underneath, which acts as an infrared reflector.
Its reflectance curve is rather similar to that of sandwiches comprising a cermet. The peak
at X ~ 0.6 (J.m is responsible for a slightly decreased performance of the device.

Figure 5.36: Measured change of reflectance determined experimentally81 as a function of
wavelength for a 200 nm thin film of composition Al 63 4 Cu22.3Fei 3 4 O] submitted to
oxidation in air at 400°C for increasing lengths of time. The reflectance spectra were
recorded at irregular intervals as indicated in the figure (Courtesy T. Eisenhammer, TiNOx,
Miinchen).
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Breakthrough to the market of these quasicrystal films awaits the need for heat
exchangers functioning at temperatures of the order of 400°C in domestic or
industrial solar heating. This market is probably as broad as the one already targeted
by conventional sensors, and both are subject to fashion for alternative sources of
energy. Besides their technological relevance, it is worth mentioning that the study
of nucleation of the icosahedral phase in these Al-Cu-Fe thin films has supplied one
among very few pieces of evidence that clustering of a large number of atoms is a
prerequisite for the formation of a quasicrystalline lattice.82 The presence or absence
of oxygen is presumably also a determining factor for the growth of the icosahedral
compound,83 especially if the film is prepared by a sputtering technique.

4.2 Thermo-Power Generation
A difference of potential appears between the two ends of a conducting rod if their
temperatures are different. This effect, already known for two centuries, is called the
Seebeck effect. It is closely related to the Thompson effect, which is observed as a
generation of heat on top of Joule's effect when an electrical current flows through a
conducting material subjected to a temperature gradient. Some thermal power is also
absorbed, or generated, depending on the flow direction of the current, at both
extremities of the conducting material. In a closed circuit made of two different
conducting materials a and b and with their welded junctions ab and ba maintained at
two distinct temperatures, a current is established that is proportional to the thermal
power. The proportionality factor is called the Peltier coefficient. Conversely, if the
circuit is open, the voltage that appears is proportional to the Seebeck coefficient,
also called the thermoelectric power of the a-b couple, which is nothing else than the
Peltier coefficient divided by the temperature difference between the hot and cold
junctions.
The mechanism that promotes the thermoelectric effect is two-fold.84-85 First,
since the width of the distribution of electronic states at the Fermi energy is
proportional to the temperature (see figure 2.2), there exist statistically more
electron states with a high energy on the side of the hot junction than on the side of
the cold junction. Therefore, electrons tend to move opposite to the thermal gradient
from hot end to the cold end of the conductor. Second, due to the thermal gradient,
the crystal lattice is out of equilibrium, an effect that induces a flux of phonons from
hot to cold sample ends in order to re-establish equilibrium. Most often, electrons
and phonons are coupled in a given crystal so that collective lattice excitations
"drag" the electrons in the direction of the thermal gradient, which in turn induces a
thermo-electronic field to counterbalance this effect. This so-called phonon-drag
mechanism may dominate the thermoelectric power in poorly conducting metallic
systems.86
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Needless to mention, many applications may be based on thermoelectric
effects, either to measure a temperature based on the Seebeck voltage generated at the
hot junction between two metals, or to refrigerate a substance without moving parts
like in a refrigerator, or produce electricity directly from absorption of heat.
Although the efficiency is still rather low in comparison to that of Carnot machines,
the market is continuously expanding, especially in sensitive areas like military and
aerospace applications.
Since low thermal conductivity is necessary to maintain a strong thermal
gradient between hot and cold sources, whereas a large electrical conductivity is
mandatory to transport the thermoelectric current without generating heat, or as little
as possible, by Joule effect, it is useful to characterize the efficiency of the generator
by its figure of merit:
z = T a S 2 / ( K +K)
(5.27)
L

e

which is a dimensionless number, usually much smaller than 1 for metallic
materials, and of the order of 1 for materials that show potential usefulness in view
of generating thermoelectricity. All symbols in Eq. (5.27) above were already
introduced in chapter 2, except the Seebeck coefficient noted S. The Seebeck
coefficient is extremely sensitive to details of the preparation and stoichiometry of
quasicrystals (figure 5.37a) and may vary from slightly negative to large positive
values of the order of 80 (J.V K-1. Knowing however that the room temperature
electronic resistivity of a quasicrystal is typically equal to 10 3 iiQcm~l, whereas K =
KL + Ke = 1 Wm-'K" 1 , the figure of merit is still substantially smaller than 1.
Various attempts were made in order to improve this figure of merit (figure 5.37b),
either by optimizing the annealing treatment12 or by doping, essentially using Re in
Al-Pd-Mn that may be introduced either during the preparation process of the master
alloy or by implantation of single crystals.87
According to Mott,88 the thermo-power is directly related to the first derivative
of the DOS evaluated at the Fermi energy. Since this DOS is either spiky or shows
many sharp features like the one pointed out by NMR for the case of i-AlPdRe
(figure 2.24), it is easy to understand why it depends so sensitively on details of the
thermal history and composition of the specimens.83 it also leaves room for the
hope of finding quasicrystals of better performance for the generation of
thermoelectricity. For the moment, this task was considered by theorists regardless
of the feasibility of actual devices.86-89
In this respect, Pope et al 90 elaborate further on a model introduced by CyrotLackmann.86 They show that the Seebeck coefficient may be accurately modelled as
a function of temperature (figure 5.38) knowing the electrical conductivity a(T) = a 0
+ Aa(T) (compare with Eq. (2.31)). Thus:
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S(T) = \bo T + baCP + b5o(T) T ] / a ( T )

(5.28)

where the change of the conductivity with temperature is split in a linear part and a
residual change, or:
o(T) = o + ocT + 8a(T)
(5.29)
o

Figure 5.37: a) Change of the Seebeck coefficient observed 86 as a function of temperature
in Al-Pd-Mn icosahedral quasicrystals of various compositions, namely: diamonds:
Al70.5Pd22.5Mn7; squares: Al70.5Pd21.5Mng; circles: Al 7 o.5Pd22Mn 7 5; triangles:
Al 70 Pd22.5Mn 7 5. b) Thermo-power as a function of temperature 87 in undoped iA ^ j P d ^ M n i o before (open triangles) and after annealing treatment at 770K (filled
triangles) and in doped i-A^iPdigMngsReo.s, also before (open circles) and after (solid
circles) annealing (Courtesy F. Cyrot-Lackmann, Grenoble and U. Mizutani, Nagoya).

Figure 5.38: Comparison 90 between values of the Seebeck coefficient measured in the
icosahedral quasicrystals indicated in the figure and fit according to Eq. (5.28). Observe
the strong dependence of S(T) upon composition (Courtesy T.M. Tritt, Montr6al).
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The first part in Eq. (5.28) accounts for the usual diffusion term that is
proportional to temperature times [dN(e)/3e] . The second term is specific to
quasicrystals and transduces the phonon drag effect, which is important in
quasicrystals because phonon-phonon relaxation times exceed phonon-electron
interaction times, at least at high temperature, so that they cannot dissipate all their
energy before new electron scattering events take place.86 Since this term is large
and always positive, it may dominate the behaviour of S(T) and embodies the hope
to find quasicrystals with S of the order of 102 mVK"1. Finally, the third component
in Eq. (5.28) takes account of the high temperature electron-electron scattering
events, which we introduced in section 3 of chapter 2. It appears as an ad hoc
ingredient the temperature dependence of which cannot be predicted before measuring
o(T).
Macia89 considered the influence of the shape of the DOS in the energy range
surrounding E p more explicitly. In a way reminiscent of figure 2.28, he assumed that
the DOS in this region consists of only two sharp features (see i-AlPdRe in figure
2.24 for an example). Accordingly, the spectral conductivity writes:
CT(£)=A8(E-E)U5(E-E)
(5.30)
where the two Dirac peaks are centred at energies E i and E2, respectively, along the
energy axis and the parameter A = X1/A.2 defines the relative heights of the two main
spectral features. With this simple set of three parameters {E], E 2 , X), and using the
scaled variable x = (e - Ep) / ksT, Macia is able to express all transport properties
versus a(E), which in turn supplies him with an explicit expression of the figure of
merit:
C 1 "^) 2
(5.31)
4A, + a(T)f 2 (x)(l + X)
where a(T) = (4k I c2X ) K (T), c being the velocity of light, f(x) = x"1 cosh (x/2)
z(x,A,T) =

B

1

L

and e takes values assumed different from 0 (we do not wish to enter here the detail
of the calculation by Macia, nor into the reasonable assumptions made beforehand,
see Ref. 89 for such details). Macia shows then that an optimized figure of merit can
be assessed from this equation when the sharp features are symmetric around Epand
located at positions x 0 = ± 2.399 on the energy axis expressed in scaled units as
given above. This reads:
(1 X)2
z (x XT) =
~
(5.32)
OP

o

4A. +

4 k

L _ _ (1 + A) K (T)
L
c 2 ^ (x 2 -4)
1 o
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The result is shown in figure 5.39 as a function of parameter X for a specific
set of parameters that was deduced from an experimental study of i-AlCuFe
quasicrystals, namely A,j = 0.2 MeVQ^nr 1 and 1 < KL < 2 Wm-'K"1. Fairly large
values of z are expected, well above the practical limit z ~ 1 reached nowadays by the
most performing materials, provided the two features that compose the DOS around
Ep are quite different. According to figure 2.24, i-AlPdRe is a much better candidate
than i-AlPdMn, in accordance with experiment. Recent band structure calculations91
for the newly discovered Cd-Yb icosahedral quasicrystal92 indicate that f orbitals of
the ytterbium, which are located close to E F , may enhance considerably the Seebeck
coefficient and the figure of merit. Alternative promising candidates are the decagonal
TaTe quasicrystalline chalcogenides,93 which exhibit small band gap semiconducting
properties. A supplementary advantage of these compounds is their resistivity at
room temperature which is low in comparison to that of the more conventional Albased quasicrystals.
Figure 5.39: Variation of the
optimal figure of merit expected
by Macia 8 9 as a function of
parameter X for the optimal value
of x in scaled energy units and K L =
2 Wm-'K- 1 (solid line) or KL = 1
Wm-iK-i (dashed line)(Courtesy E.
Macia, Madrid).

Work is in progress in different groups to see whether these predictions are
well-sounded or not. Other tracks were followed meanwhile to investigate two other
properties of selected quasicrystals, namely storing hydrogen and catalytic properties,
also able to generate a non-polluting, green energy. This is the subject of the two
next sections.

5

Generation of a Green Energy

At the turn of this century, the demand for new energy sources, more respectful of
the environment and consuming less resources of the earth, has increased
tremendously. In the mean time, the development of portable electronics has risen
the need for simple, light and efficient devices capable of storing electricity at low
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cost. Both trends converge into the ability to generate and store hydrogen, either in
gaseous form or as protons. If the emergency to produce such a green energy on a
large scale was recognized only recently in the policy for a sustainable development
of industrialized countries, the challenge is not new however. Pure metals like
magnesium or vanadium as well as intermetallic compounds, e.g. compounds that
belong to the family of Laves phases, are well known for their ability to store very
large quantities of hydrogen.94 They supply an essential component, namely the
battery, that has allowed the amazing spread all over the world of cellular phones and
portable computers. Steam reforming of methanol, a nearly cost-less source of
energy, is another example of a chemical process that produces hydrogen, which in
turn may be used directly in fuel cells or for storing purposes.
As it happens, catalysts made of quasicrystalline materials or hydrogen-storing
quasicrystals offer competing solutions to existing materials, with definite
advantages regarding either performance or processing costs.

5.1 Catalysis
Ultra-fine particles prepared by spark evaporation in an arc furnace from Al-Pd, AlPd-Mn, or Al-Cu-Fe, or Al-Cu-Co ingots were tested in Sendai 95 for their catalytic
effect on the temperature decomposition of methanol: CO3OH => CO + 2H 2 . It
was observed that the generation of hydrogen started at significantly lower
temperatures than with crystalline catalysts like metallic Pd or Cu that are
conventionally used for the same purpose. The reaction rate was also higher in
comparison to that of Pd or Cu. A comparison to crystalline Al-Pd showed a poor
catalytic activity for this material, thus suggesting that the formation of icosahedral
clusters in the evaporated particles is essential in order to observe the decomposition
reaction at low enough temperature. Knowing (from chapter 3) that the top layer of
these quasicrystals comprises only aluminium atoms, and that furthermore they are
covered by an oxide layer at least before coming into contact with the chemical
reactants, it is difficult to understand what makes these quasicrystal superior to
metals that are much more difficult to oxidize.96 Most plausibly, the effect must be
indirect and related to the small but finite concentration of transition metals
dissolved in the oxide layer, as well as to the specific surface energy studied in a
previous section.
A more straightforward evidence of the advantage of employing quasicrystals
for steam-reforming of methanol was given by Tsai and Yoshimura. 11 The
experimental set-up 97 used for this purpose is sketched in figure 5.40. The reaction
takes place above 500K between methanol and water steam. It is an endothermic
reaction:
CO3OH + H2O => 3H2 + CO 2 - 11.85 kcal/mol
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Heat may be supplied by the combustion of methanol in oxygen:
CO3OH + O 2 =» CO 2 + 2H2O +161.6 kcal/mol
in such a way that the use of methanol is especially convenient to feed a fuel cell
embarked with the methanol reservoir on a car.
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Figure 5.40: Experimental set-up used by Tsai and Yoshimura97 to test the catalytic
performance of quasicrystal powders for the steam-reforming of methanol (Courtesy A.P.
Tsai, Sendai).
Traditional catalysts for this reaction are Cu or Pd nanosize particles, which
however, are subject to grain coarsening during their life time and must be attached
to an oxide substrate. Large specific areas are required and may be obtained by
different methods such as electrolysis of a precursor salt or leaching in a corrosive
solution of a pre-alloy of the element of interest. By contrast, the high brittleness of
quasicrystals allows us to prepare large amounts of ultra-fine powders through
grinding, without loss of the chemical homogeneity of the ingot (after proper heat
treatment). For instance, powders of nominal composition A ^ Q ^ s F e ^ , which are
icosahedral, exhibit a production rate of H 2 that compares with the one obtained
from the commercial Cu catalyst, provided the specific area of the Cu grains is large
enough. This is easily obtained with quasicrystals, starting from a small mesh size
of the powder (figure 5.41) and leaching in 20 wt% NaOH diluted in water. On the
contrary, leaching in 1 wt% HC1 does not produce any significant H2 rate. The
reason for this difference is easy to understand: alkaline solutions like NaOH
dissolve the surface alumina layer and leave on top of the corroded surface very small
grains of fee Cu and Cu oxides, which in turn show the catalytic activity
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Figure 5.41: Production rate of H2 gas
versus temperature observed97 with the
apparatus shown in figure 5.39 with
quasicrystalline A l ^ C i ^ F e ^ crushed
powders after leaching in 20 wt% NaOH
aqueous solution (triangles: average
size 15 ^m; squares: average size 9 |im)
or in 1 wt% HC1 (solid dots, average
size 15 (im). For comparison, the
production rate observed with a
commercial Cu catalyst is also shown
(open circles) (Courtesy A.P. Tsai,
Tsukuba).

Figure 5.42: Diffraction patterns11 of i-Al63Cu25Fei2 powder (X=KaCu) homogenized at
1073K for 6 hours in the as-prepared state (a), after leaching in 20 wt% NaOH in water for
12 hours at room temperature (b) and after steam reforming of methanol (c). A few peaks
of fee Cu, CuO and Cu2O oxides are indexed (Courtesy A.P. Tsai, Tsukuba).
(figure 5.42). An H 2 production rate as high as 25 I/kg min is observed at 573K for
a sample with the largest surface area of 16.9 m2/g obtained so far by this technique.
Meanwhile, XPS studies reveal the presence at the surface of a very thin layer of
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C u 2 + ions, whereas chemical analysis of the leaching solution shows that
essentially Al is released in solution, but not Cu and Fe. On the contrary, the 1 wt%
HC1 solution contains both Al and Fe and produces big grains of fee Cu at the
surface as assessed by X-ray diffraction. Since Fe and Cu are immiscible, the
simultaneous presence of both elements at the surface after alkaline leaching acts
against grain coarsening of copper, which is not the case with the acid solution.
Accordingly, the H 2 production rate is much higher in the former situation while the
fraction of reacted methanol exceeds 80% over long duration times of the reaction.97
The Al-Cu-Fe icosahedral quasicrystal shows a unique combination of
properties that makes it an efficient catalyst for steam-reforming of methanol after
appropriate surface preparation in alkaline solutions, namely low cost of the raw
elements, brittleness to warrant large specific areas after grinding (also a low cost
process) and optimum Fe/Cu concentration ratio. Other intermetallics in the Al-CuFe family like (0-Al7Cu2Fe or P-Al5oCu3sFei5 do not exhibit as good an efficiency.
Fairly recently, TsaiP has shown that Al-Pd-Mn quasicrystals behave even better
since they require no leaching preparation and give as good results as commercial Pd
catalysts while saving 50% on the Pd weight and resisting grain coarsening much
better.

5.2 Hydrogen Storage
Loading hydrogen into a solid network requires fulfilling a number of conditions.
First, hydrogen needs to dissociate at the surface of the material so that protons may
migrate into the bulk lattice. The nature of the interface, especially the absence of a
surface oxide layer, is critical for the success of the loading operation. It may be
assisted by increasing the temperature and pressurization of the gas phase or by
electrolytic loading. The presence of defects like grain boundaries or dislocations at
the surface also help a lot. The control of the composition and defect density of the
interface are therefore very important parameters to guarantee acceptable load-unload
cycling over long enough time intervals. Second, when the proton enters the bulk
material, it must reach large concentrations, remain attached to its crystallographic
site and be released from the bulk material upon demand. This condition is satisfied
by a number of close packed metallic phases, which are made of metals like Mg or
V, or contain constituents like Ti or Zr that bond weakly to the proton via a
hybridization mechanism. Meanwhile, forcing hydrogen into a solid host modifies
the host properties: the lattice expands, the cohesion energy stops, and particularly
the elastic properties die out so that the material becomes brittle, etc. Alternatively,

p) The author is most grateful to An Pang Tsai for this private communication prior to publication at the
ICQ8 Conference, Bangalore (sept. 2002).

The Rise of a Dream

425

the proton may be used as a probe to see how the dynamic and electronic densities of
states are sensitive to its presence and vary with the load rate, which is usually
expressed as H/M, the number of protons relative to the number of atoms in the
host lattice.
Motivated by the technological importance of the field, both for storing
hydrogen as a primary fuel and for finding highly efficient electrode materials for
reversible batteries, a large number of studies were dedicated to the thermodynamics,
metallurgy and properties of metal hydrides. The interested reader may find a digest
in the book edited by Louis Schlapbach and the references quoted therein.94 So far,
the most efficient material discovered for H 2 -storage purposes is magnesium
(maximum H/M = 2), which may incorporate up to 7.7% in weight of hydrogen,
but is expensive and requires rather large temperatures for unloading. Vanadium
(maximum H/M = 2), also expensive, is handicapped by its larger specific mass but,
like Mg, yields an atomic density of protons that is comparable to the density of
liquid hydrogen when loaded to the maximum H/M ratio. More flexible to use and of
lower cost are the Ti-based metallic hydrides, many of which belong to the family of
Friauf-Laves compounds that comprise a large number of interconnected, distorted
icosahedra in the unit cell. 98 For instance, Ti 2 Ni may dissolve up to one proton per
unit cell, or the compound ThZr2 (Laves phase of MgCu2 type) slightly more than 2
H/M. More attractive for battery applications is the nickel lanthanide of nominal
formula LaNis, which reaches H/M =1.1 and 1.1% in weight of hydrogen. It is
currently used for negative electrodes in batteries after proper optimization of the
composition by fractional substitution of Fe, Mn or Al to the nickel species.
Intermetallic phases like B2-TiFe of CsCl type are also extensively used for storage
applications, again after development of optimum compositions (e.g.
Tio.96Feo.94Zro.o4Nbo.o6) and strict control of the impurity content, especially
oxygen. Altogether, the basic knowledge which was accumulated on top of the
technological know-how represents a large effort of research during the last two
decades.
Research on quasicrystals along the same line is by far not so advanced. A few
candidate alloys for high performance H2-storage have nevertheless been identified.
They are inexpensive. Their reversibility upon load-unload cycling was demonstrated
at least for short periods of time. They yield better H/M ratios than crystalline
materials of comparable specific mass because the occurrence of icosahedral
quasiperiodic order enforces the formation of a greater number of interstitials sites
that may be occupied by protons. These materials, so far, are the Ti-Ni-Zr" and ZnMg-Y 1 0 0 icosahedral compounds and Zr-based nanoquasicrystals prepared by
devitrification of an amorphous precursor.101 The Ti-Zr-Ni approximant also shows
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some storage ability, although to a lesser extent than the quasicrystal (figure 5.42).
Typical figures for the H/M ratio at maximum loading under a pressure of 40
atmospheres at 260°C are H/M ~ 1.7 (or 2.5 wt%) in icosahedral Ti 45 Zr3 8 Ni 17 and
1.6-1.4 in its approximant. 99 Loading at higher temperature (500°C) and low
pressure yields significantly smaller H/M ratios. Similarly, partially
quasicrystallizedZr69 5Cuj2NiiiAl7.5 loads up to nearly 2H per metal atom upon
electrolytic loading. 10 l Meanwhile, the volume expansion of the material is dramatic
and approaches 2% after 30h of loading in a 2:1 glycerine-phosphoric acid solution
under a current density of 10 A/m 2 . The structural quality of the icosahedral
precipitates in the amorphous matrix is then greatly diminished, as exemplified in
figure 5.44. Absorption of hydrogen in the Zr-based quasilattice induces the
formation of a 3/2 rational approximant first and leads eventually to amorphisation.
In contrast, full recovery of the icosahedral material is observed only for H/M values
smaller than 0.5. A similar mechanism of destabilisation of the icosahedral host

Figure 5.43: X-ray diffraction patterns (k = CuKa) recorded" before loading (a,d) and
after loading at the temperatures indicated in the figure and charging either at low pressure
(c,f: less than 1 atmosphere) or high pressure (b,e: 40 atmospheres of H2). Crystalline
phases are marked by letters (and Miller indices): h for the hep MgZn2-type Laves phase,
Ci for the Ti-rich and c 2 for the Zr-rich fee MgCu2-types. Indexing of the icosahedral
peaks is as in chapter 4, ref. 57. For clarity of the figure, only few lines are indexed.
Observe the shift of the diffraction peaks towards lower Bragg angles due to the lattice
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expansion that occurs upon charging with hydrogen (Courtesy K.F. Kelton, St Louis).

Figure 5.44: Modification of the grain microstructure observed101 by transmission
electron microscopy imaging (left) and diffraction (right) when comparing a partially
crystallized thin foil of Zr69 sCu^NinA^ 5 glass before (top raw) and after (bottom raw)
hydrogenation at a ratio H/M = 1. The pattern in (b) is characteristic of an icosahedral
lattice whereas the one in (d) reveals the transformation to a 3/2 approximant after
loading (Courtesy U. Koster, Dortmund).
alloy upon charging at 573K with hydrogen is observed 100 with icosahedral
Zn5oMg42Yg, which decomposes into a mixture of Zr^Mg Laves phase and MgH2
plus YH3 hydrides. The icosahedral structure however, is fully recovered by heat
treating the material at 850K in the absence of hydrogen.
Among the H2-storing intermetallics investigated so far, the i - T ^ Z ^ g N i n
compound appears as the most promising candidate. It forms by peritectoid
reaction, 102 in solid state, and is stable, as well as is its 1/1 cubic approximant of
nominal composition Ti44Zr4 0 Nii 6 . Starting from a determination of the atom
positions in this latter compound, and using numerical simulations, the group of
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Kenneth Kelton and Patrick Gibbons at Washington University in St Louis, USA,q
could demonstrate that the icosahedral material has a structure that comprises
essentially Bergman clusters connected in a somewhat disordered way (figure 5.45).
Hence, it is appropriate to term this material a Bergman-type icosahedral glass, in
contrast to Ti-Zr-Mn(-O) or Ti-Zr-Cr(-O), which fit a Mackay type of icosahedral
glass better.103

Figure 5.45: Comparison103 between a powder diffraction pattern simulated for an
icosahedral glass packing of Bergman clusters at composition Ti41 5Zr4j 5 Ni 17 and an
experimental pattern obtained by neutron diffraction. Observe that the essential features
of the experimental pattern are well reproduced by the simulation. So-called "glue atoms"
which fit in between the fundamental Bergman clusters were not introduced in the model
and therefore peaks of weak intensity cannot be accounted for (Courtesy K.F. Kelton, St
Louis).
A simplified sketch of the tetrahedral interstices, 104 where H atoms are
supposed to fit in, is supplied in figure 5.46. As a matter of fact, there are four types
of distinct tetrahedra in a fundamental Bergman cluster that contains 130 tetrahedra as
a whole. Analysis of unloaded and loaded samples by XES and XAS techniques (see
q) The present author cannot refrain from putting emphasis on the quality of the thorough study that this
group has devoted over a decade to Ti-based quasicrystals and approximants, from their discovery to
the resolution of their crystal structures, pointing out new properties and, last but least, potential
applications. Unfortunately, space is too limited in this book to give a proper account of this impressive
work. For a review and more references, see Ref. 10.
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section 4.1 in chapter 2) prove that protons sit in those tetrahedral sites in such a
way as to neighbour preferably Zr and Ti atoms rather than Ni atoms. 105 At high
load rates however, bonding to nickel is also manifest, in accordance with H/M
values as high as 2 that may be achieved upon electrolytic charging. At the same
time, this study demonstrates that the nature and distribution of s-p states is
modified upon alloying in the vicinity of the Fermi energy, and even more so after
introducing large amounts of hydrogen in the icosahedral material. This set of results
points towards a rather broad distribution of bond strengths between H and host
atoms, depending on the occupancy of the tetrahedra 1 vertices. Using H protons as a
local probe, this distribution may be inferred from measurements of the vapour
pressure of hydrogen in equilibrium with the quasicrystal as a function of
temperature and H/M ratio. 106 It turns out to be broad indeed and double peaked
(figure 5.47), thus indicating that two essentially different kinds of interstitial sites
absorb hydrogen atoms (most presumably from DOS studies, tetrahedra with no Ni
and with one Ni atom sitting on a vertex, respectively). A similar distribution of Hsite energies is obtained for the approximant Ti-Ni-Zr compound, and also for AB2
Laves intermetallics with A = Zr and B s V, Mn, Fe.

Figure 5.46: Simplified presentation104 of part of the tetrahedral sites that compose a
Bergman cluster (for clarity, not all sites are drawn) (Courtesy K.F. Kelton, St Louis).
Due to the unavoidable presence of an oxide film at the surface of the Ti-Zr-Ni
quasicrystal under normal conditions, the loading with hydrogen cannot take place
easily and reversibly without eliminating this surface barrier. This goal may be
achieved through different means. Ion etching with argon followed by sputtering a
thin layer of Pd at the surface is especially efficient in this respect.107 This operation
suppresses entirely the incubation time observed without it at 260°C and allows
even charging at room temperature with an induction time that does not exceed half
an hour (figure 5.48). While doing so, the absorption and desorption of hydrogen is
fully reversible and corresponds to a maximum storage capacity H/M ~ 2, which is
twice as much as that of LaNis per weight percent. Other means, already well known
r) The number of cycles tested so far, although quite significant, may not be representative enough
however of the number actually needed to test the full life time of a commercial battery.
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for crystalline reversible hydrides are based upon an activation step by mechanical
alloying 106 - 1 08 ( s e e section 6.1 in chapter 4). The development 109 of a duplex
nanostructure, with the icosahedral compound intimately mixed with a (Ti,Zr) solid
solution may also prove useful, because it multiplies the number of grain
boundaries and lattice defects which emerge at the surface, thus facilitating the
adsorption and diffusion of hydrogen towards the bulk of the material.

Figure 5.47: Left: Equilibrium vapour pressure of hydrogen versus relative hydrogen
concentration H/M observed at three different temperatures with icosahedral
Ti45Zr3gNi17. Right: distribution of hydrogen site energies deduced from the data shown
in the left side part of the figure assuming a gaussian probability of occurrence of all
possible energies. The origin is set at the chemical potential of molecular hydrogen at
standard pressure (Courtesy K.F. Kelton, St Louis).
Figure 5.48: Hydrogen pressure
versus time measured at room
temperature with a sample of
icosahedral Ti-Ni-Zr and a sample of
identical weight of crystalline, C14type Ti-Ni-Zr compounds after
etching in an argon plasma to
remove the surface oxide and
covering in situ with a thin
palladium layer (about 30 to 50 nm
thick). The observed incubation time
is less than 0.4 hour (Courtesy K.F.
Kelton, St Louis).
In summary, quasicrystals of appropriate composition, after surface activation
by Pd coating, electrolytic charging or mechanical grinding, supply excellent
substitutes to existing materials. Especially, icosahedral Ti45Zr3gNii7 is stable, of
low cost and offers better performance than the LaNis compound, which is one of
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the most widely used materials for negative electrodes in batteries. By contrast to
materials already available on the market, the new-comer quasicrystals have not yet
been fully optimized and their potential in actual demonstrators was only marginally
explored. Research along this line is therefore quite active, with a well-argued hope
that quasicrystals will also be useful in this area of technology.

6

High-Performance Alloys for Mechanical Applications

Presumably, you have already purchased one or another piece of domestic equipment
that contains a part made of a precipitate-hardened alloy. Indeed, although it does not
look very much high-tech, repeated, daily use of domestic equipment without failure
for years requires very performing materials with high level of mechanical properties
on the one hand and guaranteed sustainability on the other hand. Obviously, the
same constraints are met in many other domains of applications, outside our home,
in all kinds of mechanical industries. To some extent, these two constraints are
conflicting since, again, enhanced yield stress or hardness goes most often with an
increase in the material's sensitivity to crack propagation. Combining a tough
material with reinforcing particles or fibres in a composite material, or forming in
situ nanoprecipitates in a ductile matrix in order to pin dislocations and deviate,
therefore slow down, the course of a crack tip, are two well-known solutions used to
reconcile a high elastic limit with a significant toughness in one single, yet multiphased material. Polymer-matrix composites and aluminium-matrix composites
reinforced with quasicrystalline powders offer a substantial performance increase with
respect to more conventional composites. Similarly, precipitation-hardening of
steels, aluminium-based and magnesium-based alloys leads to new materials with
outstanding yield limits that have already found niche applications in the market.
The following sub-sections will introduce more information on these new materials,
starting with the maraging steels developed in Sweden by Sandvik Steel.

6.1 New Maraging Steels and Light Alloys
Unlike conventional steel that contains a significant amount of carbon, and therefore
of cementite Fe3C maraging steels are very poor in carbon, but contain
substitutional elements like Ni, Cr, Co, Mo, Ti, etc. They inherit their hardness and
high elastic limit from an age hardening stage which takes place within a martensitic
matrix. To this end, the steel is first quenched from a high temperature region (where
it is fee or equivalently austenitic) down to room temperature so as to develop the
distorted bec martensite phase. It is then annealed by prolonged tempering at mild
temperatures between 400°C and 600°C typically. During this treatment, fine
particles grow within the matrix. They are richer in addition elements than the
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surrounding matrix, and often belong to the Laves phases family. So called emphases, ^-phases or R-phases, also closely related to the icosahedral crystal, may be
observed. The elastic limit that may be achieved with a maraging steel is
substantially larger than with a conventional steel, but its cost is also quite large
owing to the chemical composition and heat treatment required.
Sandvik Steel of Sweden is a leading international company involved in the
production of special steels. As explained at the end of the previous chapter, the
company has developped6-110 specific compositions of maraging steels, which by
careful annealing at 475°C exhibit a monotonously increasing hardness as a function
of annealing time (figure 5.49). The continuously increasing hardness is not
observed anymore if the tempering is made at 540°C or at higher temperatures. A
careful analysis of the precipitation microstructure reveals a homogeneous
distribution of very small particles about 1 nm in diameter after 4 hours of
tempering. These particles grow to a maximum of 50 nm after ageing for lOOh at
475°C. The crystallographic structure of the particles grown at 475°C is icosahedral,
as assessed by nanodiffraction experiments. In contrast, after ageing at 540°C and
above, the particles show distorted electron diffraction patterns that may be related to
a R-type Laves approximant of the icosahedral compound. 111 As revealed by
differential thermal analysis, this transformation takes place along a reversible
second order transition and is accompanied by a slight composition change (table 2).
Noticeably, the composition gradient with respect to the matrix is quite significant,
which explains why the precipitates do not grow much (see section 8.3 in chapter
4). Yet, direct growth of the bulk icosahedral material with composition identical or
very similar to that of the precipitates was never successfully achieved, which
indicates that the particle-matrix interface plays a role in stabilizing the
quasicrystalline structure of the nanoprecipitates. Nevertheless, the icosahedral
structure seems very stable for long duration anneals up to about 500°C and of
course below that temperature. As a result, the particles resists grain coarsening very
well and keep their nanometric size as well as the homogeneous particle-to-particle
distance distribution. Associated with an assumed better resistance of the icosahedral
precipitates to shearing, in contrast to the surrounding matrix, these two features
may explain the exceptionally high ultimate tensile strength, exceeding 3 GPa, that
this new maraging steel may achieve.
Applications of this alloy may be found in various areas of micro-mechanics,
especially in domestic utensils, or in surgery and orthodontric prosthesis as needles,
wires, cutters, etc. 112 In all these areas, the new steel surpasses previous steels and
is therefore manufactured in quite respectable weights every year by Sandvik Steels.
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Figure 5.49: Evolution of the hardness110 of the Sandvik Steel maraging alloy upon
tempering at 475°C or at 540°C (Courtesy J.O. Nilsson, Sandviken).
Table 2 : EDX analysis of the matrix and precipitates. • >' All compositions are given in
at.%.
Phase

Heat Treatment
(temperature/duration)

Fe

Cr

Ni

Mo

Cu

Ti

Si

475°C/4 hours
475 °C/100 hours
475°C/1000 hours

71
74
80

14
15
15

8
7
3

3
2
0

3
1
1

1
1

1 0
0
0

icosahedral
particles

475 °C/1000 hours

36

18

1

33

0

0

12

R-phase
particles

550°C/400 hours

36

23

4

29

3

0

5

matrix

Beyond better ultimate tensile stress and improved ductility, automotive and
aerospace applications also require light structures, in order to reduce the engine
consumption, and often working temperatures of parts in the range 300 to 400°C.
This goal is now hardly met by the best aluminium-based alloys, but military
applications are so demanding that new alloy families will have to be invented. To
this end, Akihisa Inoue has in Sendai, Japan designed several series of light alloys,
based on aluminium glasses or solid solutions among which most fulfil the goal7
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(figure 5.50). Interestingly, some alloys comprise a fine dispersion of
quasicrystalline particles of nanometer size within a fee aluminium matrix. The Alrich parent alloy is usually processed by rapid solidification or by atomization.
Precipitation takes place during shaping of bulk specimens by extrusion. Especially
large tensile strength may be achieved, 113 simultaneously as a very large plastic
elongation which the more conventional alloys do not allow nor reinforced alloys
fee Al (d=100-200 nm)

bulk;
of=700-1000 MPa

- fee Al (d=100-200 nm)

ef=1 -8 %

amorphous matrix
fee Al nanoparticle
(d=3-5 nm)

of=1560 MPa

quasicrystalline nanoparticle
(d=15-50nm)
. . . .
grain boundary-free
aluminium phase

af=500-700 MPa

amorphous nanoparticle
(d=10nm)
. A ,
' -• i
fee Al nanoparticle
(d=7 nm)

af=1400 MPa

bulk;

ef=5-30 %

fee Al (d=20-30 nm)
amorphous network
(d=1 nm)

af=1100MPa

Figure 5.50: Simplified presentation7 of the microstructures of Al-based alloys developed
at Institute for Materials Research, Sendai in order to push the tensile stress and
deformation (shown on the right) to a maximum at room temperature (Courtesy A. Inoue,
Sendai).

The Rise of a Dream

435

that contain no icosahedral particles (figure 5.51). Furthermore, the resistance to
grain coarsening appears good and mechanical tests performed above room
temperature indicate that these new Al-based alloys are especially appealing when
long duration cycling at elevated tensile stress is requested (figure 5.52). Note for
instance that the target fixed by air force armies is already met by several
compositions designed by Inoue 7 since an Al93Cr2Ti2Fe3 extruded alloy offers a
tensile strength of nearly 400 MPa at 573K, when a conventional high-strength
aluminium alloy like the I/M-2219 alloy does not reach 100 MPa at the same
temperature. Similarly, alloys with no rare-earth addition like Al93_95(Cr,Mn,Ni)5_7
or Al93_95(Cr,Mn,Cu)5_7 exhibit plastic deformation which exceeds 30% whereas the
impact fracture energy reaches 160 kJ/m 2 and the ultimate tensile stress is found in
the range 500 to 800 MPa. J I 4 This represents a definite improvement with respect
to the properties of commercial alloys like the 7075-T6 alloy which is illustrated in
figure 5.53.

Figure 5.51: Tensile stress versus elongation at rupture measured in various Al-based bulk
alloy specimens as listed in the inset. Observe that, except for alloys that comprise
icosahedral particles (circled region), the materials do not offer large ductility and high
resistance to tensile stress simultaneously (Courtesy A. Inoue, Sendai).
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Figure 5.52: An extruded bulk alloy of composition AI94CU2.5C01 sMrr^Zrj (Mm: Misch
metal or mixture of rare earths), which contains essentially a single-phase icosahedral
alloy, allows cycling at larger stress amplitudes in comparison to conventional Al-based
alloys that do not yield better than 175 and 125 MPa at room temperature and 423K,
respectively.

Figure 5.53: Comparison between mechanical properties of a commercial 7075-T6 alloy
and a bulk extruded alloy comprising essentially an icosahedral, Al-based phase. Each
property is set to 1 for the 7075-T6 alloy (Courtesy A. Inoue, Sendai).

Other substantial improvements resulted from progress of the processing
technique associated with composition tailoring. It turns out that addition of Ce,
rather than misch metal, to a base Al-Mn alloy favours the formation of a 6D face
centred cubic icosahedral phase and therefore improves the stability of the icosahedral
material. 115 Accordingly, a large cooling rate, as achieved by atomization of
powders, is not necessary anymore and bulk rods of Al92MngCe2 may be processed
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by squeeze casting technique at no more than a few lOOK/s cooling rate. 116 The
stress-strain compression curves so obtained compare quite well with the ones
characteristic of more classical Al-Mn-Cu-Cr alloys prepared by gas atomization
followed by extrusion (figure 5.54).
Figure 5.54: Comparative
display of the true stress - true
strain curves recorded in
compression at room temperature
for the materials indicated in the
inset (Courtesy J. Eckert,
Dresden).

Also of great potential for mechanical applications are the lighter magnesiumbased alloys. 117 Such an alloy was created at Yonsei University in Korea which,
with composition around MggsZityYj, sustains larger deformation at 425°C than
currently available commercial alloys (figure 5.55). The microstructure of the alloy
forms upon solidification of the liquid alloy through a primary crystallisation of a
oc-Mg matrix followed by an eutectic growth of finely dispersed icosahedral
dendrites.8 Again, very good resistance to grain coarsening is observed, including
upon intense rolling of the material.

2

Figure 5.55: Stressstrain curves obtained
from uniaxial tension
tests at 425°C with
commercial Mg-based
alloys (labelled AZ6I and
AZ3I) and two new Mgbased alloys with
composition as indicated
in the figure (Courtesy
D.H. Kim, Seoul).
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6.2 Metal and Polymer Matrix Composites
A blend of A l ^ C i ^ F e ^ icosahedral particles produced by grinding at an average
diameter of 5 \x,va may be produced by mechanical alloying with pure fee
aluminium. 118 Subsequent hot pressing supplies bulk specimens the hardness of
which increases nearly linearly with the volume fraction of the particles. Whereas
the hardness of the pure commercial aluminium is only equal to H v = 25 kg/mm2, it
reaches 120 kg/mm 2 when 25 vol% of icosahedral material is dispersed in the
aluminium matrix. Yet, using co-A^C^Fe powders instead of icosahedral particles
produces nearly the same increase of the hardness with increasing fraction of
particles. The superiority of icosahedral reinforcing particles is clear since reaction
with the embedding Al-matrix preserves a large fraction of icosahedral phase 119 on
the one hand and on the other hand offers much lower friction coefficient if
application to a tribological mechanism is the target. In this respect, reinforcement
of Al-based alloys by Al-Cu-Fe quasicrystal powders is quite superior to using SiC
fibers,120 the most performing composite known so far, as is exemplified in figure
5.56. Use of drastic out-of-equilibrium techniques such as extrusion of atomized
powders is by no means mandatory. On the contrary, blends of aluminium alloys,
e.g. AI96CU4, with quasicrystal powders may be performed by pouring powders in
the liquid alloy followed by casting. 121 The gain in mechanical properties is
nevertheless appreciable (figure 5.57), which opens a way to recycle the lower range
of granulometry of atomized powders manufactured in view of spraying thick
coatings. A further advantage of mixing these otherwise unused powders is that they
definitely hinder grain growth when mixed with an aluminium alloy.122

Figure 5.56: Variation120 of the composite hardness (left) and relative friction coefficient
against hard steel (right) when the Al-matrix is filled with SiC fibres (open dots) or with
i-AlCuFe powders (solid dots) (Courtesy C. Dong, Dalian).
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Figure 5.57: Variation with the volume fraction of icosahedral Al-Cu-Fe powders
incorporated in fee Al or in Al 96 Cu 4 matrices of the composite Young's modulus (a), yield
stress (b) and strain hardening rate (c). The data were derived either from compression
tests or from indentation tests, as explained in Ref. 121. The strain hardening rate n is
defined by the Eq.: x = K£n where x and e represent the plastic stress and strain,
respectively, as before in this book and K is a constant (Courtesy D.H. Kim, Seoul).
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Poly(p-phenylene sulfide), or PPS in short, is a polymer preferred for
mechanical applications. Most often however, it requires reinforcement by a filler
material, either in order to establish some electrical and thermal conductivity (in
which case, metals are used) or in order to improve its mechanical resistance to wear,
its storage modulus, its creep resistance, etc. Various fillers may be used to this end.
For instance, talc additions increase the polymer stiffness whereas addition of
ceramics like AI2O3 or SiC enhances considerably the hardness of the blend when
their volume fraction exceeds a few 10 vol.%. Thanks to a high strength-to-weight
ratio, applications of reinforced polymers are numerous in mechanical industries.
It is tempting to use quasicrystalline powders as a filling material for polymermatrix composites. Advantages are born from the low cost of the powders combined
with good tribological properties. Actually, the very first attempt to do so by the
present author in the years 1992-1993 was oriented towards making use of the finest
granulometry range of atomized Al-Cu-Fe-Cr powders which resulted from
atomizatibn process necessary to manufacture frying pans at large production scale.
This fraction of the powder cannot be plasma-sprayed nor recycled by remelting and
therefore represents quite a significant part of the production cost of the pans. Using
them in polymer blends was a way to reverse the cost into an added value, to the
benefit of all industrial partners involved in this venture.123 Unfortunately, despite
the demonstration of the utility of cheap quasicrystal powder was very successful,
including mechanical sustainability, the industrial partnership installed at this
occasion led to a conflict among two companies, one forbidding the other of making
use of such powders for its own production of gears employed in the mechanisms of
domestic mixers and choppers.
Very fortunately, Valerie Sheares at Iowa State University realized a few years
later that filling PPS 1 2 4 as well as a few other types of polymers I 2 5 not only
diminishes the costs along the production chain, but also induces unexpected friction
properties and better wear resistance. An example of this behaviour is shown in
figure 5.58. The volume loss experienced by filled PPS composites during pin-ondisk tests is comparatively much smaller when the filler is an atomized
quasicrystalline Al-Cu-Fe powder, including in the low-cost, scrap fine granulometry
range. Similarly, angular powders prepared by crushing bulk Al-Cu-Fe ingots induce
the same behaviour, showing that the shape of the Al-Cu-Fe powder is not operative
in this mechanism. Most important is the evidence that addition of quasicrystalline
powders reduces the wear loss, whereas all other additives increase wear in
comparison to the neat polymer. A larger fraction of quasicrystal reduces wear
further, e.g. by a factor of more than two if the volume fraction is 60 vol.%.
Meanwhile, the wear experienced by the steel counterpart is also very significantly
reduced. Furthermore, filling with quasicrystalline powders does not affect the

The Rise of a Dream

441

thermal stability of the polymer and, as expected, increases the storage modulus in
proportion to the added volume fraction.

Figure 5.58: Volume loss of PPS composites filled at 30 vol.% with the materials
indicated on the x-axis. The numbers indicate the granulometry range used for the various
additives. The wear tests were performed on a pin-on-disk machine, using a hard-steel
spherical ball of 6 mm diameter, loaded at ION and ran for 1000 m at 0.15 m/s linear
speed (Courtesy V.V. Sheares, Ames).
Besides application for the manufacture of low cost, long life gears and
substitution of metals in certain areas of mechanical applications, this new type of
composites may find a definite usefulness in the manufacture of surgery protheses,
which request simultaneous minimization of friction and wear, on both sides of the
articulation, with enhanced bulk and shear modulus of the composite. This is
precisely what this new kind of polymer composite is able to achieve, in strong
contrast to past solutions. Furthermore, partial evidence exists that the toxicity of
quasicrystals towards living tissues is not different from that of crystalline alumina,
now widely employed in hip prosthesis. 126 The origin of this behaviour is most
probably related to the passivating AI2O3 layer that forms at the surface of
quasicrystals, which means that this promising evidence of non-toxic behaviour
should be contrasted first with experiments in real friction conditions before a firm
conclusion can be established. Similarly, the fundamental reason why
quasicrystalline fillers embedded in a polymer matrix behave much better than any
other filler known is so far not understood. It is plausible that reduced wear of the
QC-PPS composite stems from a combination of several effects, including lowered
QC-PPS adhesion, reduced friction properties of the quasicrystalline filler and
preferential lubrication of the steel pin by the polymer molecules. Since real hopes
to see this product in the market do exist, one should also find new research data on
this topic in the literature.
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Perspective View at Other Applications

We are now approaching the end of the story. The dream which arose first in Nancy
and soon after in other places has essentially taken advantage of a combination of
mechanical and transport properties of quasicrystals. In this respect, thermal barriers
combine enhanced ductility and reduced thermal conductivity in order to sustain
thermal cycling while limiting the transfer of heat. Coatings for the reduction of
friction compose high hardness and shear modulus with minimal surface energy, as
does the application to frying pans, but in a less direct way, because the surface
oxide layer also contributes to reduced adhesion (yet, not as expected from earlier
literature). Though to a lesser extent, the same kind of compromise between
mechanical and electronic properties supports other applications described in this
chapter, like catalysis and hydrogen storage for which grinding and size reduction of
the precursors form an essential step in the manufacturing process. The intrinsic
value of a quasicrystal application is therefore difficult to assess without considering
the underlying compromise explicitly as we did already in figure 5.13. A good
example is supplied by the competition of quasicrystal coatings with Teflon
coatings in frying pans. The latter material is outstanding as far as domestic cooking
is concerned: it works well, except for steaks (and this is always a matter of personal
taste!), it is easy to clean, it is non-toxic and cheap. Nevertheless, such a frying pan
has a reduced lifetime at home and is virtually never used in a restaurant because it
does not resists scratching, cutting, etc. Conversely, hard surfaces like Cr-coatings,
stainless steel, Pyrex®, etc. resist mechanically aggressive conditions well, but
stick and are therefore difficult to clean.
Another example is magnetism which was never considered to be an important
property with respect to technological applications of quasicrystals. Nevertheless,
the coexistence of ferromagnetic domains, probably due to precipitation of finely
dispersed manganese borides, in a paramagnetic Al-Pd-Mn(-B) host icosahedral
quasicrystal127 should have been scrutinized more. The reason for this statement is
two-fold. On the one hand, the metallurgical engineering of quasicrystals, including
in the shape of thin films, is so advanced now that it is possible to tune the
magnetic domain microstructure nicely by monitoring the distribution of magnetic
precipitates and therefore obtain high magnetization at room temperature (figure
5.59) and tailor the magnetization hysteresis cycle for the purpose of recording
applications. On the other hand, as quasicrystal resistance to oxidation and to
corrosion is good, and friction and wear are considerably reduced in comparison to
oxides, the conditions for success of the application are positive.

The Rise of a Dream

443

Figure 5.59: Magnetization measured as a function of temperature in Al7O.xPdi5Mn[5Bx
icosahedral alloys which, although not mentioned by Yokoyama et al. 127 most probably
contained a small fraction of nanometric Mn-B compounds, at least for x > 3 at%B.
Observe the significant magnetization at room temperature (Courtesy A. Inoue, Sendai).
With the possible exception of light sensors examined in section 4.1 above, no
application of a quasicrystal discovered so far can be judged to be appealing enough
without referring to a combination of two or more properties. Nowadays, many
research programs in the international quasicrystal community are oriented towards
finding a new property of a quasicrystal. As a matter of fact, this goal seems more
easy to achieve by relying on artificial structures, either in the form of onedimensional aperiodic stackings of layers, i.e. Fibonacci multi-layers, or twodimensional arrangements of finite-size objects, or even by using the quasiperiodic
surface of a single domain quasicrystal as a template for absorption or growth of a
second material. We shall summarize here only two major tendencies.
A first trend is oriented towards inventing new electronic or optical devices by
exploiting either the presence of hierarchical gaps in the quasilattice, 128 or the
occurrence of real photonic band gaps in (macroscopic) aperiodic photonic
crystals, 129 or finding the potential virtues of a combination of atomic order and
quasiperiodic stacking in multi-layers that, for instance, may be arranged according
to the Fibonacci series. 130
As yet, no property of actual technological importance was pointed out, except
for what was mentioned earlier in this chapter, regarding photo-conduction of thin
films. The situation looks more promising on the side of photonic crystals, or
macroscopic arrangements of micrometer size rods of a dielectric material able to
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scatter light, which may be ordered either periodically or aperiodically in a plane (3dimensional arrays may also be considered). Calculations, as well as experiments,
show for octogonal and Penrose tilings that a definite gap exists in the parallel
transmission spectra, whatever the direction of the incident light with respect to the
array of dots, and even if the ratio between dielectric constants of the rods and of the
surrounding medium (for instance, air) is rather small. This ensures a definite
advantage over periodic photonic crystals in which formation of a gap is more
dependent on size and degree of order of the array of rods. Applications as microoptical circuits or single-mode light emitter are being sought.
The artificial synthesis of multi-layer nanostructures, either made of
semiconductors for specific electro-optical devices, or of metals for X-ray or neutron
total reflectivity devices, or even combinations of materials for, e.g., giant
magnetoresistant sensors is nowadays a matter of intense investigation. A specific
literature has developed on the subject which we shall not attempt to summarize here
(see Ref. 131 for an introduction). Resonating cavities may be managed by
alternating layers made of, respectively, dielectric materials with low and high
optical indices.s In turn, the stacking sequence of this man-made micro-cavity may
be chosen either periodic, or aperiodic, following for instance the Fibonacci series.
Computation, as well as experiment, shows new optical capabilities of this latter
type of multi-layer, involving generation of second and third-harmonic waves or
localization of light in the cavity. Definite improvement of the cavity efficiency was
suggested on a theoretical basis by Maria 1 3 0 with the use of a combination of
periodic and quasiperiodic stackings in a hybrid optical resonating micro-cavity like
the one sketched in figure 5.60. This is because it is possible to arrange the full
cavity in such a way that total transmission is achieved for the periodic part of it
while full reflection is obtained on the left and right aperiodic segments by properly
choosing the thickness of the two kinds of layers and the number of constitutive
layers. For the sake of illustration, figure 5.61 presents the transmission coefficient
calculated as a function of the angle of incidence of light with respect to the plane of
the multi-layer (9 = 0 denotes normal incidence) for a periodic stacking (dashed line)
and a Fibonacci stacking (solid stacking) and the specific case of multi-layers made
of 8 layers each with n^d^ = r^dg, where n; and dj, i = A or B, represent,
respectively, the optical index and thickness of material A or B. As seen in the
figure, there exist broad intervals of the incidence angle, except at crossing points
marked by vertical lines, in which the two types of multi-layers exhibit
complementary optical properties, one being transmitting when the other is
reflecting. Potentials of finding an application niche in the fashionable world of

s) For instance, an alternation of Si and Ti oxides with n = 1.46 and 2.35, respectively.
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information and communication nanotechnologies most probably belong to the few
subjects that will appeal to scientists and industrialists in the science of
quasiperiodicity in near future.

Figure 5.60: Schematic presentation130 of a hybrid optical resonating micro-cavity
comprising a periodic stacking with 4 A/B submits encased between two quasiperiodic
fragments of the Fibonacci stackings, also arranged with 8 sub-units. While the periodic
multi-layer is fully transmitting light, the two end quasiperiodic multi-layers may act as
reflecting mirrors (Courtesy E. Macia, Madrid).

Figure 5.61: Variation with the incidence angle 8 of the light transmission coefficient
computed130 for a periodic stacking of 4 A/B layers as in the central part of figure 5.60
(dashed line) and for a Fibonacci multilayer as shown on the left and right sides of figure
5.60 (solid line) (Courtesy E. Macia, Madrid).
Another area of attraction has now been opened by the possible use of naked
quasicrystalline surfaces as templates for non-periodic nanoscopic architectures built
either by molecular absorption132 Or epitaxial growth 133 or any other kind of
technique offered by the atom force machinery. Synthesis of a mono-atomic film,
that would be actually quasiperiodic by epitaxy onto a single domain quasicrystal
supporting it, of course represents a true challenge that a few groups have looked
into, since it would open an entirely new field of research regarding the fundamentals
of thermodynamics and crystallography and possible applications. Completely
satisfactory evidence that such a single-constituent quasiperiodic film does exist has
not yet been released, but it seems that using indium as a surfactant, it was possible
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to grow a thin gold layer on top of a i-AlpdMn 5-fold surface. 134 A Au4f
photoemission pattern taken from the 5-fold surface that was initially covered with
an indium layer and then annealed after depositing two mono-layers of gold matches
perfectly the icosahedral point-group symmetry (figure 5.62), thus suggesting that
the gold film itself has icosahedral symmetry. Alternatively, platinum deposited on a
5-fold i-AlPdMn surface or on a 10-fold d-AlNiCo surface did show the formation of
multiple-twinned two-fold Al 2Pt domains grown in epitaxy with the quasicrystal
lattice underneath. Therefore, the possibility of growing truly icosahedral monoconstituent films in two dimensions at the surface of naked quasicrystals is far from
being settled and research is quite active in this area. Worth noticing is the need to
use a surfactant in order to decrease the surface energy significantly after covering it
with a metal like gold (yAu = 1.28 Jirr 2 ) or platinum (yPt = 2 . 3 Jrrr 2 ). Indium
s
s
offers such an alternative (yIn = 0.49 Jnr 2 ), which was already well known in the
case of crystalline surfaces.

Figure 5.62 (a): Photoemission pattern arising from gold atoms sitting in a film grown
by epitaxy on top of a 5-fold i-AlPdMn surface using indium as a surfactant. The pattern
matches perfectly the symmetry elements of the icosahedral point group whose
stereographic projection is shown in (b) (Courtesy A.P. Tsai, Tsukuba).
Besides studies 132 dedicated to molecular adsorption on quasicrystalline
surfaces, with a view at understanding better chemical bonding in the absence of a
periodic potential and possible application in catalysis, a thorough investigation of
Cgo molecules deposited on perfectly clean and flat 5-fold Al-Pd-Mn surfaces was
performed by Ronan McGrath and his co-workers at Liverpool University. Diverse
coverages were produced, thus showing that the C60 molecules occupy randomly at
least three different types of hollow sites open at the 5-fold surface. To exemplify,
figure 5.63 presents an atomically resolved image of the surface and shows clearly
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the coexistence of hollow sites with varying size. 135 Note however the starfish
shaped sites that align onto a pentagrid defined according to a t-scaling of the
underlying quasicrystal lattice. At low enough coverage, the Cgo molecules may
order locally within these pentagonal hollows, 136 with inter-molecule distances
scaling according to the Fibonacci sequence (figure 5.64). Some molecules are driven
at room temperature by the movement of the STM tip and pop from one site to
another. The possibility therefore exists to build an artificial array of Cgo molecules
(most presumably, of other kinds of molecules as well) that shows at least locally
quasiperiodic order, with its T-scaling hierarchical signature. This discovery has
roused considerable interest in the use of a truly quasicrystalline surface as a twodimensional nano-scaled template for various applications. At this stage however, a
fully quasiperiodic over-layer can not be produced, apparently because the molecules
select different kinds of rest-sites randomly. A better comprehension of the site
selectivity is thus necessary in order to prepare such a complete two-dimensional
man-made over-layer, a goal that looks important enough to justify an increasing
research effort in this direction.137 As we see in the conclusion chapter hereafter with
a few more examples, the dream that the discovery of the usefulness of quasicrystals
has conveyed us is not over yet.

Figure 5.63: STM image135 with atomic resolution showing 5-fold starfish-like hollows
in which C 60 molecular will preferentially sit at low coverage (Courtesy V. Fournee,
Ames).
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Figure 5.64: STM image of the 5-fold surface of a single-domain Al-Pd-Mn icosahedral
crystal onto which a few Q o molecules were deposited.136 These fullerene balls appear in
white. Most are trapped in pentagonal hollows. Observe that their geometric arrangement
is in agreement with fragments of the T-scaling marked on the figure. Often observed also
in situ in the microscope are balls which pop from one site to another, like the molecule
marked M on the right side of the figure (Courtesy J. Ledieu, Liverpool).
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3-8

Never use a postposition to finish a sentence with.
Sir Winston Churchill, MP (1874-1965)

CONCLUSION
THE DREAM IS NOT OVER YET

As the Reader must have observed, the main purpose of this book was not a focus at
the practical usefulness of quasicrystals.. Although I have dedicated more than a
decade in my life to this latter objective and although successful achievements of
quasicrystalline products are now available in the market5 while others are still on
standby, it does not appear to me that the importance of quasicrystals is there. I
would certainly understand the view of an industrialist objecting that his/her interest
in quasicrystals is to produce value out of them, which is quite fair and important for
the development of this field. However, for the general Reader, the main virtue of
these materials is quite different. First, quasicrystals have revolutionized our
description of solid matter, both from the point of view of crystalline structures and
from that of understanding the propagation of waves in solids. Second, the discovery
of quasicrystals is one more demonstration that an open mind may find new and
challenging problems in materials, including in domains already explored for decades
like aluminium alloys or intermetallic compounds. Young scientists should not
forget that a breakthrough in science is more a matter of curiosity and of personal
skills than a question of having been given a good subject. Third, and last but not
least, the example of quasicrystals is in my opinion the best choice for a student to
grasp the whole of condensed matter physics and materials science, for it requests
knowledge of metallurgy and processing, of transport properties, and mechanical
properties, surface sciences, corrosion, etc., not to mention a good deal of tiling
theory and crystallography. Therefore, I would strongly insist in suggesting to my
colleagues who teach physics and chemistry at the university level to consider this
case as a template for courses. Since quasicrystals are potentially useful,
completeness with respect to economy and business is also secured, a point that is
now often mandatory to rouse the interest of the audience. At least, this is how the
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layman - and my own family - understands as to why we spend public money to do
research on materials in our laboratories. Hence, the case of quasicrystals offers to
the teacher both uniqueness and unity.
My conclusion however will not elaborate further on these points. Nor will it
address any of the events and worries that have accompanied my attempts to find
practical usefulness in quasicrystalline materials. Instead, I will follow the spirit of
the sentence quoted above a by Sir Winston Churchill who, among other
achievements, won the Nobel Prize in Literature in 1953. The first time I came in
contact with the work and character of Sir Winston was towards the beginning of the
80's when I stayed at the University of Cambridge, UK as a fellow of Churchill
College and a visiting scientist at the Cavendish Laboratory. The College embodies
another brilliant idea of Sir Winston who wished to endow the Kingdom with an
English equivalent of the American MIT. I owed this privilege from my friend
Philip H. Gaskell, a former senior scientist at Pilkinton Ltd. who had moved to the
Cavendish Laboratory to pursue his studies on glasses in the wake of Sir Nevill
Mott. Here is the right place to express my most sincere thanks to Philip for the
beautiful opportunity he has offered me then, not only to learn the physics of
disordered materials, but also to find new guide lines that still nowadays orient my
tastes in science. Together with Philip and a very few others, we tried to find out the
extent to which disorder is a matter of appearance in amorphous materials and
metallic glasses.3 This part of our work is alluded to in the first chapter. When
quasicrystals were disclosed in literature, the apparent conflict between the obvious
order of atoms and the impossible crystalline structure was a delight to us. We were
not so much surprised that an impossible crystal could survive very drastic cooling
conditions, although we expected more disorder than the experiments revealed.
We also enjoyed the disturbance that this discovery caused within the scientific
community: after all, amorphous metals were also at the edge and a focus of
contempt for most conventional crystallographers. After having tackled such odd
questions for many years, I may have reached a point where employing a pirouette,
or tricks against the rules like the quotation above, has become a necessity.
Therefore, my conclusion will not be conventional like in good textbooks that
contain very deep and final statements in general. Instead, I will open a new, but
quite brief chapter with the intention of showing that the dream Dany Shechtman
offered us with quasicrystals two decades ago is not finished yet. It may continue
with new materials uncovered recently and has already spread out to other scientific
fields.
After the discovery and until now, research on quasicrystals has generated
a) I shall thank here E. Belin-Ferre who drew my attention to this sentence by the Grand Old Man.
Many excellent text books report his life, political achievements and historical role. See e.g. Ref. 2.
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several thousands of scientific articles and the organization of tens of international
conferences and local meetings. Did a clear picture emerge from this tremendous
effort on the reasons as to why Nature chooses to arrange atoms in such a
complicated way - whereas simple crystalline architectures exist at nearby
composition? By no means! In chapter 2, I have introduced some views on this
question and emphasized how a part of the answer lies in the formation of specific
clusters of atoms. b I have also insisted on the limitations of this model.
Intentionally, for the simplicity of the book, I have neglected the possible
contribution of configurational entropy brought into the stability of quasicrystals
and most adequately accounted for by the covering procedure and by the existence of
phason flips. A covering is a special kind of tiling which requires only one tile to
fill-in space, yet allowing for part of the tiles to overlap (see section 10 in chapter
1). Specified overlaps between neighbour tiles can enforce quasiperiodic order as was
first proved by Michel Duneau4 and Petra Gummelt.5 Numerical simulations with
variable built-in densities of phasons lead to randomised quasiperiodic lattices6 that
resemble the experimental ones. Recent models7 by Eiji Abe and co-workers at
NRIM, Tsukuba of the structure of decagonal Al-Ni-Co based on advanced electron
diffraction techniques could be designed along this approach in fairly good agreement
with the experimental data.
My personal belief is that the entropy term alone is insufficient to explain why
quasicrystals can reach near perfection and resist a slow cooling from the peritectic
formation range without undergoing a phase transition. Nevertheless, this entropic
contribution might be quite significant. Its relevance to the stability, growth and
microstructural defects of model quasiperiodic lattices was extensively studied in a
beautiful theoretical work by Dieter Joseph and a few others.8 Needless to mention
that much work may still be done in this area to achieve a more realistic modelling
applicable to real quasicrystals. Our own measurements by 27A1 NMR prove that
aluminium atoms hop from site to site at relatively low temperature. This result
cannot be interpreted without assuming that phasons are active at such temperatures,
an unexpected view that is not yet fully accepted, but may prove very useful to
understand other intermetallics. Since we have discovered localized atom jumps in
some B2-related cubic phases (see end of chapter 3), I think especially of the many
cubic phases that exist in Al-based phase diagrams, for instance the Al-Fe system,
which is now an important technological material in the area of aeronautic alloys.
Referring to the description of these B2 structures in terms of the average structure
of the quasicrystal according to Walter Steurer9 and Chuang Dong10 may allow us to
b) By the way, and except fairly simple structures, our understanding of normal crystals is not more
advanced. Quasicrystals, which were the focus of interest of many crystallographers for years are
now probably better understood than most other complex intermetallics.
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define phason flips in these structures as well and gain new insight into the atomic
dynamics in these materials. On the whole, I am convinced that the notion of
phasons, which is a natural by-product of the high dimensional crystallography
techniques that the discovery of Shechtman et al. have forced us to understand, is the
most unique concept which we have inherited from the studies of quasicrystals. I
would be happy if this book serves to show that phason flips and phason fields must
be taken into account to understand most properties of quasicrystals and relevant
complex intermetallics, including those below room temperature.
Fairly recently, An Pang Tsai and his group in Tsukuba discovered a new
stable quasicrystal. 11 In sharp contrast to the previous systems, 0 this new
icosahedral compound belongs to a binary system at a composition close to CdgYb
or CdeCa. Thus, the hunt for finding more quasicrystals has been relaunched, yet the
issue is even more appealing: find quasicrystals comprising only two constituents,
or preferably only one! Wouldn't that simplify the interpretation of the role played
by entropy in the formation of such compounds that to first approximation require
only three first-distance pair interactions (or, respectively, only one)? Furthermore,
the absence of transition metals like Fe or Re seems quite appealing in view of an
easier understanding of electronic structures and transport properties. In fact, the
search for monoatomic quasicrystals has begun long ago with the help of
computers 1 2 and theoretically.13 An Pang Tsai 14 in Japan, as well as Ronan
McGrath and Julian Ledieu15 in England, are already on the track with their recent
announcements of the formation of aperiodic films of gold, respectively of copper,
grown in epitaxy on the surface of icosahedral monodomain samples. Another
favourable layer is probably the one of elements like boron, which grow crystals
based on icosahedral clusters. 16 Similarly, clathrates of rare gases may yield a
quasicrystal as well.17
The hunt seems to have already been successful since the proof was established
that the tetrahedral atomic bonding in a specific phase of silicon and germanium
corresponds to near perfection with five-fold icosahedral orientational order, l 8 A
phason field may be designed as described earlier in this book to relate the phase
transitions known in this so-called BC8 phase to a more general frame of
understanding, or even to amorphisation. More specifically, an amorphous network
may be modeled 19 by referring to a periodic high-dimensional lattice simply by
distorting the atomic surfaces according to some random algorithm, thus losing the
strict point-group symmetry enforced by the symmetry and position of the atomic
surfaces (figure 6.1). A chief advantage of this method is that lattice defects such as

c) As far as I know, the dodecagonal Ta-Te compound discovered by B. Harbrecht and his co-workers
has not yet been established with certainty to be stable.
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dislocations are still rigorously defined with respect to the unique underlying highdimensional periodic lattice. Hence, a defect like a dislocation is also uniquely
defined, and therefore understanding mechanical properties of metallic glasses is more
straightforward. Similarly, atomic diffusion in amorphous alloys may be understood
with reference to the Katz-Kalugin model introduced in chapter 3. This may explain
why diffusion is often enhanced at moderate temperature in metallic glasses and
provides a simple basis for the existence of the well-established two-level systems
in such alloys. Making such a model has never been attempted yet in details, to the
best of my knowledge, but it may prove quite useful. This is just one example of
the power of high dimensional crystallography techniques, now often used as well to
describe complex grain boundaries 2 0 or interfaces in incommensurate
intermetallics.21 More prosaically, the evidence that aperiodic order may occur in
semiconductors, with its possible influence on transport properties, renews the
dream of finding new attractive electronic components. Would this not help avenge
the old quasicrystals based on metals for being essentially worthy of mechanical
applications only?

Figure 6.1: Schematic presentation19 of a one-dim atom density obtained by cut of a
periodic two-dim lattice for the case of a genuine quasicrystal (left) and a disordered
network (right). The atomic surfaces in this latter case are randomly disoriented whereas a
small parallel component is introduced also at random, yet preserving the periodic frame
of reference useful to define e.g. dislocations and phason flips.
The surfaces of quasicrystals offer an entirely new game field to surface
scientists, with still many unknowns regarding stability and structure, chemical
interactions and transformations of these surfaces. In the far background of my own
work on the wetting properties of quasicrystals stands the adhesive behaviour of
(oxidised) metals, a domain of much broader technological relevance than my
starting point. Many other developments issued from surface physics and chemistry
of quasicrystals were developed in the course of the previous chapter, see e.g.
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nanotechnologies in the final sub-section.22 Beyond this breakthrough, remains the
fact that quasiperiodic surfaces, with their genuine hierarchical non-crystallographic
symmetry23 offer an entirely new domain for the development of surface sciences.
My personal view at the supposed usefulness of quasicrystals is that the
concepts originating in this field will find more applications in quite different
scientific domains, besides researches on materials. To argue in favour of this
standpoint, I will give only a few examples taken from works published in solid and
fluid mechanics, in low temperature physics and finally in graphic arts.
A major problem in mechanics, and even more so in civil engineering and
architecture, is that solid materials cannot sustain constraints equally well in all
directions of space. Wood for instance is an outstanding material for building
provided forces act in the right directions. Concrete cannot resist stresses except in
uniaxial compression. Many attempts have been made to solve this problem and
composite materials offer a solution whose efficiency depends on the symmetry of
the arrangement of the inner filler material. This is yet of limited value because of
the simple architectures designed in most cases. An icosahedral array of filling fibres
would naturally optimize the isotropy of the partition of internal stresses, but it was
long believed that a filling of maximal density - as required to maximize the
efficiency of the composite material - could not be achieved for practical reasons.
Michel Duneau and Marc Audier have proven that this is not true.24 On the contrary,
they have shown that high-dim crystallography techniques may be used to design a
composite filling with maximal density. Macroscopic samples were fabricated and
tested on mechanical benches; also computer simulations using finite element codes
were used to explore different filling configurations.25 It is clear from these studies
that the response of those composites to mechanical stresses is indeed quite isotropic
and therefore appealing for new developments in mechanical sciences. Furthermore,
when prepared from an optically transparent medium, this type of composite may
also exhibit photonic pseudogaps that are of great interest from the viewpoints of
academic understanding and technological applications. Thus far, many architects
have considered structures of buildings with a reminiscence of icosahedral symmetry,
as for instance the designs of Buckminster Fuller himself or, as another example, the
famous dome of the botanic garden in Des Moines, Iowa, which every quasicrystal
scientist must have visited once on a rainy or windy Sunday afternoon. These
structures are two-dimensional tilings based on a triangulation of the sphere using
steel gears and glass windows. The work by Duneau and Audier opens a new way of
filling architectural space in three dimensions, yet with a better response to external
constraints, which architects and designers will hopefully exploit quite soon. Note
by the way that these two authors are foreigners to the fields of mechanics and
architecture, but are internationally recognized in the community of
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quasicrystallographers as may be inferred from references to their work in previous
chapters.
Ron Lifshitz, a former student of David Mermin at Cornell University is
another such expert in quasicrystal sciences who has formulated the theory of colour
symmetries on quasicrystal lattices. 26 More recently, his interests were directed
towards explaining how Faraday waves form at the surface of a vibrating liquid and
how this may result in dodecagonal patterns.*1 The existence of this phenomenon is
rather ancient since Michael Faraday (1791-1867)27 discovered it nearly two centuries
ago in an open vessel containing a fluid that he subjected to vertical sinusoidal
vibrations, thus modulating periodically the effective gravity. A more performing
experiment28 was realized in the 90's, which -using sophisticated imaging systemsallowed to detect the formation of stripes, squares, hexagons and dodecagons at the
surface of the liquid when the vertical excitation wave was composed of a linear
combination of two frequencies. Depending on the respective amplitude and phase
shift of the two waves, the resulting pattern exhibited thus 2-, 4- 6- or 12-fold
symmetry, but 8- and 10-fold patterns were not observed. A picture of a 12-fold
pattern is shown in figure 6.2. The phenomenon had not received a satisfactory
interpretation until the work by Lifchitz and Petrich.29
In order to interpret the effect, Lifshitz and Petrich use a model equation for the
movement of the fluid surface across its plane at rest that is a standard in the
mechanics of fluids showing supercritical instabilities. I do not need to reproduce
this equation here since we are more interested in the method of thinking used by the
authors in relation to quasicrystals than in the detailed results. This equation, after
Swift and Hohenberg,30 contains a positive-definite gradient term that selects only
those waves which are specified by a wave vector close to a given critical value, e.g.
k c = L A supplementary cubic term is added to account for the coupling of triad
interactions, which also minimize the free energy of the system and form hexagonal
patterns. Then, guided by their knowledge of quasiperiodic patterns, the authors
modify the standard equation and introduce a double positive-definite gradient term
which selects only the modes that are near one of two critical values, k c = 1 o r k c =
q. They define q as the magnitude q = 2cos(7t/12) of the vector sum of two unit
vectors separated by an angle of 30°. This parametric equation depends only on two
wave vectors of magnitude 1 and q and on two control parameters that monitor the
linear and quadric displacements. Searching for the minima of the free

d) My attention was drawn to this important work by C. Beeli from ETH-Ziirich.
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Figure 6.2: Faraday experimental (left) and calculated (right) 12-fold vibrating fluid
patterns, not both to the same scale! (Courtesy R. Lifshitz, Tel Aviv).
energy allows to derive the phase diagram shown in figure 6.3. The region where
dodecagonal patterns are stable is well defined and computer simulations performed
with parameters chosen in this region come out in excellent agreement with the
experimental data (figure 6.2). Patterns with 8- or 10- fold symmetry cannot form
under these conditions, also in accordance with observation. Like the great scientist
Louis Pasteur (1822-1895) used to say, luck favours only those who are ready in
their mind. In this theoretical work, I am quite confident that his previous
achievements in quasicrystallography have helped Lifshitz to find his way in this
problem of fluid mechanics. Based on this background, he suggests that many other
aperiodic patterns may be discovered in vibrating systems, although his present
model is too simple to help us, alternatively, to understand quasicrystalline
materials.
Figure 6.3: Phase diagram calculated
by Lifshitz and Petrich29 to locate
the symmetry of Faraday patterns in
a two-dimensional plane of the
control parameters noted e and a.
The boundaries of the regions
correspond to lines of constant e/a2
values, 0.08776 and 1.91313,
respectively (Courtesy R. Lifshitz,
Tel Aviv).
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In low temperature physics, the use of a combination of laser beams
converging towards a small region into which they interfere and therefore form a trap
for resonating atoms, is the key that has opened the way to obtaining extremely low
temperatures in the range of nanokelvins. The Nobel Prize in Physics was awarded
in 1997 to the main protagonists in this venture, C. Cohen-Tannoudji, S. Chu and
W. D. Phillips. The pumping system of coherent light acts on the trapped atoms
like ions in a solid interact with electrons. It provides an effective potential that
slows down the motion of the atoms. In the most simple design of this experiment
the array of laser beams is periodic. Using for example six beams directed along the
4-fold axes of the cube allows to decrease the temperature to values so close to
absolute zero that Bose condensation effects become manifest. This arrangement may
also be chosen aperiodic, for instance with five beams arranged in the plane of the
experiment, as indicated in figure 6.4, plus eventually two other beams propagating
in opposite directions along the normal to this plane. Luca Guidoni has devoted his
Ph.D. work to inventing an experimental setup able to achieve this goal and to
numerical simulations of the expected efficiency and properties of the trap. 31 One of
his relevant results is shown in figure 6.5, namely the computation of the in-plane
interference pattern obtained with five beams oriented at 72° from each other and
with their polarisation vectors placed in this plane as illustrated in figure 6.4. The
position set of intensity maxima forms a Penrose lattice of the kind shown in the
first chapter. The efficiency of this trap proves experimentally to be higher than that
of a periodic optical array by about 20% (figure 6.6). Once more, the concepts
derived from high dimensional crystallography prove useful outside the field for
which they were invented for.e In view of the many technological applications
foreseen for the cold traps, the enhanced efficiency of the aperiodic optical lattices
may well carry on one of their most promising breakthroughs. Similarly, in life
sciences, quasiperiodicity happens to rule the growth geometry of sunflowers and the
Figure 6.4: Relative orientations of the laser
beams that generate a 5-fold optical
lattice.31 Here, the polarization vectors of
light are taken in the propagation plane
(Courtesy L. Guidoni, Paris).

e) Never use a postposition to finish a sentence with!
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Figure 6.5: Computed Penrose optical lattice with 5-fold symmetry that results from the
interference pattern produced by five laser beams of wavelength noted X and arranged as in
figure 6.4 (Courtesy L. Guidoni, Paris).

Figure 6.6: Measured efficiency in terms of life time of cold traps based upon periodic
(solid dots) and aperiodic (open diamonds) optical lattices (Courtesy L. Guidoni, Paris).
arrangement of leaves or seeds on a branch or stem. The same concepts were referred
to in order to explain the architecture of a large number of forms resulting from the
growth of living organisms. 32 1 definitely hope that quasicrystal science will become
important in this area too.
As a final touch, I would like to end this conclusion on the new relationships
which arose in the last ten years between quasicrystals and graphic arts. The possible
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influence of aperiodic composites onto the art of building was already mentioned
above. Still in its infancy, but to my eyes already very significant, is the systematic
recourse to computer-designed graphics that incorporate the most advanced
knowledge of colour symmetries. This new graphic art was pioneered in Stuttgart,
Germany, by Ingrid and Reinhard Luck and has produced many fascinating pieces of
graphic art. Of course, artists did not wait for the invention of quasicrystals to try to
escape from the constraints of the rectangular frame. Many of them were very
successful indeed in painting or drawing non-periodic objects, or figures that could
seed non-periodic patterns. Among others, the great Dutch artist, Maurits Cornelis
Escher (1898-1972), with his mathematical intuition of space-filling requirements,
was very close to drawing aperiodic patterns, whereas later R. Penrose himself
actually sketched his slim and fat chicken pattern in this spirit (figure 1.10).
Regarding colour layouts without any symmetry, the work by C. Robinson, which
is exhibited in the Des Moines and San Francisco Modern Arts Museums, is a
grandiose example of the lack of any periodic order in the plane of the walls. But, as
far as I am aware of this concept of modern art, the first people who actually
rigorously designed symmetric aperiodic patterns in the plane, yet with a wonderful
artistic interpretation of the colours, are the Lucks. It is possible that an artist not as
skilled as Reinhart and Ingrid in drawing high dimensional patterns projected onto
the plane would suffer too much from the space-filling constraints and would not
express his (her) inspiration in this way.
But it may also have happened that artists have used such constraints to guide
their hands on the work. A demonstration of this possibility was given once to the
attendance of an international workshop dedicated to aperiodic structures in a
gorgeous oral talk f by Hans-Ude Nissen, now famous for his discovery with T.
Ishimasa and A. Fukano of 12-fold symmetry in Ni-Cr particles.33 Hans-Ude is not
only a mineralogist and a crystallographer, he is also an artist in his own right who
produces very good water-colours. He has shown us that the Arabic artists who
decorated the walls and ceilings of the Alhambra in Granada, Spain, could not have
achieved the level of geometrical perfection of the nearly exact, five-fold or eight-fold
symmetric, so-called arabesques - still visible in excellent state of preservation
beyond the entrance - without an underlying guide that they later on erased when the
work was finished. The most plausible guide was a pentagrid or hexagrid of the kind
proposed by de Bruin 34 to construct aperiodic structures. A multigrid (an n-grid) is
generated from a drawing of a set of parallel lines placed perpendicular to a seed of n
independent vectors as illustrated in figure 6.8. Corresponding to a regular
pentagonal orientation of the five-star vectors, a regular pentagrid is generated (figure

f) International Workshop on Aperiodic Structures, Krakow, Poland, 1996, unpublished.
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6.7), whereas spacing the lines aperiodically generates a special kind of pattern that
is also called an Amman grid. By duality, this latter kind of grid shows one-to-one
correspondence with the Penrose tiling of the plane. The lines in the grid divide the
plane into non-intersecting cells. The final decoration of the grid is a matter of
inspiration of the artist and is superimposed onto the grid, which serves as a guide to
the hands. It is withdrawn when the work is completed. I am most grateful to HansUde Nissen who supplied me with the example shown in figure 6.8. The technique
may easily be extended to other pieces of graphic art, using different orientations or
spacings of the grid. My own guess is that computer-assisted designs of graphics and
handicrafts - which are more and more often offered to the consumers - will take
advantage of these various techniques to expand their rate of production and lower
their costs.

Figure 6.7: Regular pentagrid generated from a set of five linearly independent vectors.
In every example quoted above, the elaboration of a new idea, or of an advanced
concept appropriate to a different domain, was achieved by - or with the help - of a
scientist trained in quasicrystals. From my numerous visits to foreign laboratories as
well as laboratories in my home country, I know that many young fellow scientists
are ready to use the corpus of knowledge accumulated over the years on these
materials for their own purpose and to export it to new systems, technologies,
designs, inventions and a better comprehension of the world. A third wave of
collective interests manifests itself already on the basis that the concepts, methods
and tools developed to synthesize, study and better understand quasicrystals and
g) In the microcosmos of quasicrystal science, it is commonly referred to the studies that focused at
Shechtman's discovery as the 'first wave'. A 'second wave' followed a few years later when
potential applications were pointed out.
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approximants may be applied now to broaden the field and challenge the much
broader domain of Complex Metallic Alloys.35 No doubt, the dream is not over yet.

Figure 6.8: According to H.-U. Nissen, decoration of an aperiodically spaced
pentagrid, respectively tetragrid or hexagrid, most plausibly was used by the Morish
artists of the painters of Alhambra (Granada, Spain) to generate five-fold,
respectively eight-fold graphic patterns. An example of the latter type is shown here
(Courtesy H.-U. Nissen, Zurich).
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