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ABSTRACT 

Quasicrystals are material with perfect long-range order, but with no three-dimensional translation periodicity. They are 
typically binary and ternary metallic alloys. Quasicrystals have characteristic physical properties. Some resemble those 
of periodic crystals while others have similar properties to amorphous alloys. Many of their mechanical physical prop- 
erties are quite unusual by the standards of common metals. The peculiar physical properties of quasicrystals certainly 
give rise to the hope that they may become of some practical importance in the future. Some of these properties are sur-
face related. This provides the main motivation for surface scientists to study this material. In this paper; quasicrystals, 
types of them, physical properties, surface science and potential applications of them have been discussed. 
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1. Introduction 

A crystal is defined as a three dimensional periodic ar- 
rangement of atoms or molecules with transitional pe- 
riodicity along its three principal axes [1]. Thus it is pos- 
sible to obtain an infinitely extended crystal structure by 
aligning building blocks called unit-cells until the space 
is filled up. In 1984, Dan Shechtman, Blech, Gratias & 
Cahn discovered quasi-crystals (QCs) [2,3] which are 
well ordered but aperiodic intermetallics. These are typi-
cally binary and ternary metallic alloys often containing 
60% - 70% aluminium which exhibit unusual physical 
properties, such as low friction, low adhesion, high hard- 
ness and high wear resistance [4,5]. 

QCs also present unique structural features. To a sur-
face scientist, quasicrystals are quite unusual because of 
several factors, the first of which is their structure. They 
are neither periodically ordered, like crystals, nor disor-
dered or amorphous solids. They have a well defined, 
discrete group symmetry, like crystals [6], but one that is 
explicitly incompatible with three-dimensional periodic 
translation order (e.g. exhibiting 5, 8, 10, or 12-fold 
symmetry axes). Crystal lattices can be carried or mapped 
into themselves by various symmetry operations. A typi-
cal symmetry operation is that of rotation about an axis 
that passes through a lattice point. Lattices can be found 
such that 1, 2, 3, 4, and 6-fold rotation axes carry the 
lattice into itself. But, we can not find a lattice that goes 
into itself under 2π/5 radians. Therefore we should not 
expect the lattice to have 5-fold rotation axis because it is 

not possible to fill all space with a connected array of 
pentagons. However, quasicrystals do exhibit 5-fold sym- 
metry.  

The other element of strangeness about quasicrystals is 
that many of their mechanical-physical properties are 
quite unusual by the standards of common metals. Some 
of these properties are surface related. This intriguing 
element provides the main motivation for surface scien-
tists to study these materials. 

2. The Concept of Higher Dimensional Space 

Quasicrystals are materials with perfect long-range order, 
but with no three-dimensional translational periodicity. 
Since quasicrystals lose periodicity in at least one dimen-
sion it is not possible to describe them in 3D-space as 
easily as normal crystal structures. Thus it becomes more 
difficult to find mathematical formalisms for the inter-
pretation and analysis of diffraction data. For normal 
crystals we can assign three integer values (Miller indi-
ces) to label the observable reflections [1]. This is due to 
the three-dimensional translational periodicity of the 
structure. Quasicrystals are periodic if one goes to six (or 
higher) dimensional space [7]. In order to assign integer 
indices to the diffraction intensities of quasicrystals, 
however, at least 5 linearly independent vectors are nec-
essary. So we need 5 indices for polygonal quasicrystals 
and 6 indices for icosahedral quasicrystals. Atomic order 
is best defined in terms of the Fourier transform of the 
mass density of the solid. In an ordinary crystal, this 
transform can be written as a Fourier series [1]: *Corresponding author. 
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The set of wavevectors G define a discrete reciprocal 
lattice in which each wavevector in the sum can be writ-
ten as an integer linear combination of three “basis” vec-
tors ai
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In a quasi-crystal, the Fourier transform of the mass 
density is also a Fourier series and the wavevectors in the 
Fourier sum also form a discrete reciprocal lattice. How-
ever, the number of integer linearly independent basis 
vectors required to “span” the reciprocal lattice exceeds 
the spatial dimension, and the point symmetry of the re-
ciprocal lattice is incompatible with periodic translational 
order. For example, six basis vectors are required to span 
the reciprocal lattice for three-dimensional quasi-crystals 
with icosahedral symmetry:  

* * * * *
1 1 2 2 3 3 4 4 5 5 6 6G n a n a n a n a n a n a           (3) 

where the ai
* can be selected to point along the fivefold 

axes of an icosahedron. They are called generalized Miller 
indices. The necessary n vectors span an nD-reciprocal 
space. Therefore there is also a nD-direct space in which 
a structure can be built that gives rise to a diffraction 
pattern as it is observed for quasicrystals. To put it sim- 
ply it can be said that in the higher-dimensional space a 
quasi periodic structure can be described as a periodic 
one. Thus it is enough to define a single unit cell of the 
nD-structure. This enables us to describe the whole qua-
sicrystal structure with a finite set of parameters. If we 
described it in 3D-space only, we needed thousands of 
atoms to obtain a representative volume segment of the 
whole structure. 

3. Experimental Discovered 

Quasicrystals were discovered in 1982, when Dan Shecht- 
men observed patterns of sharp spots with icosahedral 
symmetry in selected area electron diffraction patterns of 
a rapidly cooled Al-Mn alloy [2]. It took about two years 
before an account of this icosahedral phase appeared in 
print. 

Independently, another type of quasicrystal with a 
twelevefold rotational axis was found in a Ni-Cr alloy [8]. 
This dodecagonal phase was also characterized by sharp 

electron diffraction spots, a clear evidence of an ordered 
structure. Subsequently, two more types of quasicrystals 
with ten-and eightfold rotational symmetry were found. 
Again by selected area election diffraction, a decagonal 
phase was observed in a rapidly solidified Al-Mn alloy [9] 
with a somewhat higher Mn content than those used by 
Shechtman et al. [2]. An octagonal phase was first found 
in rapidly solidified V-Ni-Si and Cr-Ni-Si alloy [10]. 

Thus, the peculiar property of quasicrystals that led to 
their experimental discovery is the occurrence of sharp 
spots in electron diffraction patterns with symmetries that 
are not found in “conventional” crystals. In other words, 
quasicrystals are well-ordered solids with unusual sym-
metry properties. 

4. Non-Crystallographic Symmetry 

The crystallographic restriction or crystallographic lemma 
states that, in two and three dimensions, a lattice can only 
have rotational symmetry axes of order one, two, three, 
four or six, corresponding to angles of 360˚, 180˚, 120˚, 
90˚ and 60˚, respectively and integer multiphase of these 
elementary rotation angles. The proof of this lemma is 
elementary. If a rotation is a symmetry of the lattice; it 
has to map the vectors that span the lattice onto integer 
linear combinations of themselves. This immediately 
restricts the set of possible angles P to those where 2Cos 
(P) is integer, which gives precisely the list above with 
their multiples. Clearly, there is no three-dimensional 
lattice showing icosahedral symmetry, and none with a 
symmetry axis of order fire, eight, ten, or twelve. Never-
theless, the sharpness of the observed diffraction spots 
shows that the atomic positions in these solids must be 
long-range ordered; quasicrystals are clearly distinct from 
amorphous solids. The only solution that remains is to 
give up the idea that the atoms are arranged according to 
a periodic lattice, that is, the arrangement of atoms in a 
quasicrystals is ordered, but aperiodic. For the icosahe-
dral phase, this is true in all directions of space; there is 
no periodicity whatsoever.  

5. Types of Quasicrystals 

The icosahedral quasicrystals form one group and the 
polygonal quasicrystals another (8, 10, 12-fold symme- 
try). The former is manifested in the occurrence of sharp 
diffraction spots and the latter in the presence of a 
non-crystallographic rotational symmetry. The polygonal 
or dihedral quasicrystals are periodic in one direction, so 
they consist of a periodic sequence of slices with twelve-, 
ten-, or eightfold symmetry. They are quasi periodic in 
two dimensions. There is one periodic direction perpen- 
dicular to the quasi-periodic layers. For the icosahedral 
phase, this is true in all directions of space; there is no 
periodicity whatsoever. They are quasiperiodic in three 
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materials. A new class of stable icosahedral quasicrystals 
was discovered in Mg-Zn alloys containing rare earth 
elements. These are very interesting from the physical point 
of view because the rare earth elements, due to their large 
magnetic moments, are expected to lead to interesting 
magnetic properties of these materials. Other materials 
that may be important for applications are Ti-Zr-based 
quasicrystals.  

dimensions. There is no periodic direction. The symme- 
try that determines the type of the quasicrystals is first 
seen in its diffraction pattern. Simulations of some dif- 
fraction patterns are shown in Figure 1. These could 
represent either electron diffraction patterns or the Zeroth 
layers of precession photographs (X-ray). A simulation 
for a Laue pattern (X-ray) from an icosahedral quasi-
crystal is shown in Figure 2, where the X-ray beam is 
along one of the five-fold axes.  

 

6. Systems with Quasicrystals 

The first quasicrystalline samples were found in rapidly 
solidified binary alloys, an icosahedral and a decagonal 
phase in Al-Mn and the dodecagonal phase in Ni-Cr. 
These phases are metastable, as is the case for a sizable 
fraction of the known quasicrystals. The first thermody- 
namically stable icosahedra quasicrysrtals were found in  
a ternary Al-Cu-Li alloy, and today quite a collection of 
stable icosahedral and a decagonal phase is known.  

 

Typically, stable quasicrystals occur in ternary or qua- 
ternary alloys. A large class consists of Al-based alloys, 
the most prominent being Al-Cu-Fe, Al-Pd-Mn, and 
Al-Pd-Re, which shows highly, ordered icosahedral phases. 
There is also a stable decagonal phase in the Al-Pd-Mn 
system.  

Although Al-based quasicrystals play a major role, it is 
by no means true that these exhaust all quasicrystalline  
 

 

Figure 1. Simulations of some diffraction patterns. 
 

 
7. Physical Properties 

 

Quasicrystals have characteristic physical properties. 
Some resemble those of periodic crystals while others 
have similar properties to amorphous alloys. Many of 
their mechanical physical properties are quite unusual by 
the standards of common metals. Some of these proper- 
ties are surface related. This provides the main motive- 
tion for surface scientists to study this material. Some of 
the physical properties of quasicrystals, relative to se- 
lected benchmark materials, are shown in Table 1. Two 
ternary quasicrystal line materials were chosen for Table 
1. They are icosahedral (i-)-Al-Pd-Mn and i-Al-Cu-Fe.  Figure 2. A simulation from an icosahedral quasicrystal. 
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The latter alloy is of some commercial interest because it 
is an equilibrium phase with inexpensive components. 
The values of Vickers’ hardness, Hv [11,12] in Table 1 
demonstrate that this quasicrystal is harder than any of its 
individual components and comparable in hardness to 
silica. Quasicrystals also exhibit a low coefficient of fric-
tion and is reputed to be relatively unreactive (i.e. non- 
stick) [28,29]. The combined properties of high hardness, 
low friction and inertness lead naturally to speculation 
that quasicrystals maybe useful as low-friction or release 
coating in industrial settings where abrasion resistance is 
also important. However, to date, such an application has 
not reached the marketplace.  

The results in Table 1 also illustrate other properties, 
including brittleness, elasticity, conductivity, and surface 
energy. Quasicrystals are quite brittle, illustrated by the 
low value of fracture toughness, which is a drawback for 
many applications [12,15]. Its elasticity, judged by its 
Young’s modulus, is comparable to that of typical metals 
[12,16]. Although metallic, quasicrystals are poor ther- 
mal and electrical conductors, which can be put to good 
use in thermal barrier applications. Quasicrystals exhibit 
a rather low surface energy which is much lower than of  

a typical clean metal and significantly lower than that of 
an oxidized metal (alumna) [14,19]. Finally, although not 
shown in Table 1, qualitative observations suggest that 
the quasicrystals are resistant to oxidation. For the first 
studies of surface oxidation [20,21] i-Al-Pd-Mn were 
chosen because, starting in the early 1990s, it could be 
grown in large, single-grain form [22,23]. Later studies 
have indicated, however, that oxidation phenomena on 
i-Al-Pd-Mn and i-Al-Cu-Fe are quite similar [24]. Hence, 
the i-Al-Pd-Mn, although not commercially attractive 
because of its precious metal content, may serve as a 
useful model for understanding oxidation of the other 
Al-rich quascrystalline alloys.  

8. Surface Science of Quasicrystals 

Early interest in surfaces of quasicrystals was sparked by 
the observation of the beautifully facetted growth struc- 
tures. At that time, a variety of shapes had been observed. 
The current generation of work on surfaces of quasicrys- 
tals was ushered in by the use of ultrahigh vacuum (UHV), 
and associated spectroscopies and microscopies, to ex-
amine these materials. A group of experimentalists at AT 
& T Bell laboratories were the pioneers, performing  

 
Table 1. Physical properties of icosahedral alloys, compared with relevant benchmark materials at room temperature. 

Property value Material 

Hardness (Hv) 6000 – 10,000 Diamond [17] 

 800 - 1000 i-Al-Cu-Fe [11,18] 

 700 - 800 i-Al-Pd-Mn [12] 

 70 - 200 low-carbon steel [17] 

 40 -105 Copper [17] 

 25 - 45 Aluminum [17] 

coefficient of friction 
(unlubricated with a diamond pin) 

0.42 Copper [13] 

 0.37 aluminum alloy [13] 

 0.32 low-carbon steel [13] 

 0.05 - 0.2 i-Al-Cu-Fe [13,14] 

Young’s modulus (106 Psi) 31 stainless steel [16] 

 29 i-Al-Pd-Mn [12] 

 19 Copper [] 

 10 Aluminum [16] 

thermal conductivity (W·m−1·K−1) 390 Copper [16] 

 170 Aluminum [18] 

 50 low-carbon steel [16] 

 2 i-Al-Cu-Fe [18] 

surface energy (mJ/m2) 2480 Iron [19] 

 1830 Copper [19] 

 24 -25 i-Al-Pd-Mn(air-oxidized) [14] 
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the first LEED and STM experiments on surfaces of de- 
cagonal AL-Co-Cu [25]. Subsequent work focused mainly 
upon icosahedral Al-Pd-Mn, primarily because of avail-
ability of good samples, and icosahedral Al-Cu-Fe. Thus, 
all work to date concerns Al-rich alloys. The research is 
driven by the fact that several attractive properties of 
quasicrystals (low friction, good oxidation resistance, 
low surface energy) involve surface phenomena. A main 
goal is to determine whether and how these properties 
may be related to the unusual atomic structure. Fur- 
thermore, in most proposed applications, quasicrystals 
would be in the form of low-dimensional solids-coatings, 
thin films, precipitates, or composites-where the ratio of 
surface area to volume is high, and where surface or in- 
terface properties could be crucial to the success of the 
application [5,14]. This section first discusses the prepa- 
ration of clean surfaces, then the chemical composition 
of surfaces, their structure and their surface chemistry. 

8.1. Preparation of Clean Surfaces 

Typically, a clean surface can only be prepared and pre- 
served for a reasonable length of time within an Ultra- 
high Vacuum (UHV) environment. Quasicrystals can un- 
dergo surface oxidation and contamination, so that a 
sample prepared in air by any means contains the same 
contaminants observed on crystalline metals-oxide(s), as 
well as carbon- and sulfur-containing compounds. Fur-
thermore, heating a sample can cause surface segregation 
of trace impurities from the bulk. One of the approaches 
for cleaning the sample is, transferring the sample to 
UHV and bombarded with noble gas ions (sputtered) to 
remove surface material, then annealing to remove the 
structural and chemical damage left by sputtering. This 
can be done repeatedly until segregation of bulk con-
taminants is eliminated. 

8.2. Surface Composition 

Many studies of surface composition have been reported, 
using X-ray Photoelectron Spectroscopy (XPS) and Au- 
ger Electron Spectroscopy (AES), techniques which pro- 
vide a depth-weighed average over approximately the top 
10 nm of material. All such studies have been on sput- 
ter-annealed surfaces, one is represented in Figure 3, 
demonstrating the AES-based compositions as a function 
of temperature after Ar sputtering of the fivefold surface 
of i-Al-Pd-Mn [33]. 

8.3. Surface Structure 

In studies of the surface structure of quasicrystals, the 
type of information obtained depends sensitively upon 
surface preparation and surface composition. Sputtering 
usually leaves a non-stoichiometric surface which can return 
to equilibrium by annealing to very high temperatures. 

 

Figure 3. Surface atomic compositions, based upon Auger 
Electron Spectroscopy, as a function of annealing tempera-
ture in UHV [33]. 
 

8.4. Surface Chemistry 

Another fundamental surface property is chemical reac- 
tivity. Studies under various environmental conditions 
suggest that quasicrystals are relatively unreactive and/or 
surface energy is very low, suggesting a non-stick char- 
acter which maybe useful as a coating. The surface en- 
ergy of a clean metal is typically in the range of a few 
thousand mJ/m2, of aluminum oxide about 50 mJ/m2 and 
of polytetrafluoro ethylene (PTFE) about 17 - 18 mJ/m. 
Air-oxidized i-Al-Cu-Fe has a surface energy close to 
that of PTFE, about 24 - 25 mJ/m2, and significantly lower 
than that of alumina [14,16]. It has been proposed that 
the surface chemistry of quasicrystals should be domi-
nated by the suppression of the density of states at the 
fermi level [27]. This hypothesis is supported by mea- 
surements which reveal that, under atmospheric condi-
tion, the surface of quasicrystal behaves more like a co-
valently bonded material (e.g. Teflon) than like a metal; 
the polar component of the surface energy is much lower 
even than that of crystalline phases which are similar in 
composition and local structure [28]. A low polar com-
ponent suggests low surface polarizability, i.e. low free- 
electron density. 

9. Potential Applications 

Perhaps the fastest growing sub field of quasicrystal re- 
search in the 1990s has been the area of technological 
applications based upon the interesting combinations of 
physical properties that many of these systems offer. The 
desirable mechanical properties of quasicrystalline alloys, 
discussed in the previous section, include low surface 
energies and coefficients of friction, good oxidation and 
corrosion resistance, and high hardness. Furthermore, at 
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least in the case of Al-Cu-Fe, the constituent elements 
are readily available, low-cost, and non-toxic. Together 
with their low thermal and electrical conductivity and 
some unusual optical behavior, the mechanical properties 
listed above show great potential for application in the 
realm of coatings. 

Nowadays, the question of potential industrial applica-
tions of non-materials plays a major role. The peculiar 
physical properties of quasicrystals certainly give rise to 
the hope that they may become of some practical impor-
tant in the future. The three main applications are out-
lined below. 

9.1. Surface Coatings 

The most important area of applications concerns the use 
of quasicrystals as materials for surface coatings. This is 
favoured against the use of bulk material because bulk 
quasicrystals tend to be rather brittle, while coatings 
benefit from the hardness of qusicrystals. The most 
prominent example is the application of quasicrystalline 
coatings to frying pans—an application that has been 
famous in the quasicrystal community for years though it 
has not been realised until just recently that a quasicrys-
tal-coated frying pan appeared on the market. They are 
now sold by the French Company Sitram under the 
trademark cybernox [29]. 

9.2. Alloys Containing Quasicrystalline 
Nanoparticles 

A different way to circumvent the brittleness of quasi-
crystalline bulk material while preserving some of its 
useful properties is the utilization of an Al-based alloy 
(typically Al-Mn-Ce) reinforced by precipitation of ico-
sahedral particles in the nanometer range. Such materials, 
which are now commercially available in Japan, are of 
great technological interest because they can be very 
strong but much lighter than other material with compa-
rable physical properties. Examples of applications that 
have already been realized are razor blades and surgeon’s 
instruments, though this may have been more by chance 
than being an intentional application of quasicrystals. 
Nevertheless they will undoubtedly find their way to 
applications in many different areas such as the aviation 
industry [30]. 

9.3. Hydrogen Storage 

A third, and maybe more speculative, application con- 
cerns the use of quasicrystals as a reversible storage me- 
dium for hydrogen. The most promising quasicrystal 
materials for hydrogen storage are Zr-based quasicrystals 
[31]. For such systems, storage capabilities of almost two 
hydrogen per metal atom have been reported, comparable 
to the storage capability of the Ti-Fe hybrids, which have 

already been applied in non-polluting internal combus- 
tion engines. 

A less desirable feature of QCs, however, is that at 
temperatures lower than about 70% - 80% of the melting 
temperature, these alloys are very brittle, limiting the 
range of applications of bulk material. The hardness of 
icosahedral Al-Pd-Mn at room temperature, for example, 
exceeds that of most steels, but it has very low fracture 
toughness. 

One way to avoid the difficulties inherent to the ex- 
treme brittleness of bulk quasicrystalline alloys is to de- 
posit them as coating on more robust substrates. In this 
manner, the desirable properties can be exploited while 
maintaining the mechanical integrity of the substrate. 
Most of the interest in applications so far has focused on 
the use of thick or thin coatings of quasicrystals. Appli- 
cations can make use of the high strengh of these alloys 
as wear resistant coatings for steel and aluminium parts 
in manufacturing and the automotive industries. 

Moving beyond the chemical properties of quasicrystal 
surface, there are other physical properties such as low 
thermal conductivity and low diffusivity [32], which 
show promise for applications as thermal barrier coat-
ings. 

10. Diffusion in Quasicrystals 

Diffusion properties are important for the production of 
quasicrystals and for application of these materials at 
elevated temperatures. Diffusion in solid materials, ire- 
spective of whether they are crystalline or quasicrystal- 
line, is an important topic of materials science. Diffusion 
processes play a key role in the production and heat 
treatments of materials and in the kinetics of many mi- 
crostructural changes and their associated properties. The 
atomic mechanisms of diffusion in crystalline materials 
are closely linked to defects. Point defects such as va-
cancies and self-interstitials are the simplest defects. A 
new kind of defect called a phason exists in quasiperiodic 
structures. Phasons are violations of the matching rules 
of a quasiperiodic structure. Kalugin and Katz have pro- 
posed a self-diffusion mechanism via phason flips with- 
out the presence of vacancies [34]. It has been suggested 
that the diffusion rate via the phason mechanism can be 
much faster than conventional diffusion processes.  

11. Summary 

A Quasicrystal is a material which shows diffraction pat- 
terns with rotational symmetries that are a “forbidden” 
by classical crystallography. The structure of quasicrys- 
tals is comprised of atoms that are arranged in nonoperi- 
odic fashion. Quasicrystal structures show long-range 
order, but no translational periodicity. Quasicrystals are 
typically binary and ternary metallic alloys, often con- 
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taining 60% - 70% aluminium. They present unique struc- 
tural features, coupled with unusual combinations of 
physical properties. Some of the interesting properties of 
quasicrystals, such as low friction and “non-stick” char- 
acter, involve surface phenomena. Studies have shown 
that quasicrystalline materials exhibit low coefficients of 
friction, are wear resistant, and are hard. In most pro- 
posed applications, QCs would be in the form of low- 
dimensional solids-coatings, thin films, precipitates, or 
composites where the areas in quasicrystal research that 
have seen great advances in the past 10 years, each of 
these topics represent new horizons.  
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