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INTRODUCTION

Thermodynamically stable quasicrystals exist in the
form of both ternary (Al–Pd–Mn, Al–Cu–Fe, Al–Cu–
Ru, etc.) and binary (ZrPd, ZrPt, ZrBe, etc.) alloys.
With respect to the degree and character of ordering,
they occupy a position between amorphous and crystal-
line materials: in the absence of translational symmetry,
they retain the long-range order in the spatial arrange-
ment of atoms [1]. Owing to the unique strength and tri-
bological properties, quasicrystals can be used as addi-
tives and coatings, which do not change the composi-
tion of an article but significantly increase the wear
resistance, corrosion durability, and mechanical
strength of its surface. Although all components of qua-
sicrystals are good metals, the electron density of states
at the Fermi level has a singularity of the pseudogap
type, and the resistivity of the quasicrystalline phase
exceeds by more than an order of magnitude the resis-
tance of alloys both in the crystalline and amorphous
states owing to the localization of electrons in stable
atomic configurations (clusters) that are deep potential
wells (traps) for valence electrons [2].

The symmetry of clusters (in particular, pentagonal)
significantly differs from that of the initial crystal struc-
ture, a fact indicative of the formation of a new short-
range order [3]. The processes of local ordering of
atoms upon transition from the crystalline to the quasi-
crystalline state have not been completely studied. This
circumstance is primarily related to the weak sensitivity
of the “integral” methods (X-ray diffraction and neu-
tron scattering) to features of local structure. In this
study, we demonstrate the advantages of X-ray absorp-

tion spectroscopy for studying the local structural
ordering in quasicrystals via joint analysis of the
extended and near-edge fine structure of the X-ray
absorption spectrum of quasicrystalline systems based
on Al–Cu–Fe ternary alloys. Combination of the two
noted methods makes it possible not only to determine
the coordination numbers, distances, and type of atoms
in the nearest coordination of copper and iron in quasi-
crystals but also to refine the character (symmetry) of
their mutual arrangement.

EXPERIMENTAL

As a basic method for studying the local crystalline
and local electronic structures of quasicrystalline com-
pounds, we chose X-ray absorption spectroscopy with
application of synchrotron radiation. This technique is
based on two locally sensitive methods: extended X-ray
absorption fine structure (EXAFS) spectroscopy and
X-ray absorption near-edge structure (XANES) spec-
troscopy, which are based on the analysis the fine struc-
ture arising in X-ray absorption spectra above the
absorption edge of an individual element entering the
composition of a complex compound.

It is agreed that the XANES region extends by 50–
100 eV beyond the absorption edge and is determined
by the local density of free states of an absorbing atom
and the contribution from scattering of an excited pho-
toelectron from the potentials of several atoms of the
coordination (the multiple-scattering effect). This pro-
cess depends on the sufficiently large mean free path of
the photoelectrons excited with small wave vectors.
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The fine structure observed in the energy dependence of
the absorption cross section of X-ray photons whose
energies exceed by 100–1500 eV the ionization thresh-
old of the core atomic level under consideration was
referred to as the extended fine structure: EXAFS. In
contrast to XANES, this structure is mainly due to the
single scattering of a photoelectron from the potentials
of neighboring atoms. The boundary between these
regions is fairly arbitrary and is determined by the mag-
nitude of the photoelectron wave vector at the boundary
of the first Brillouin zone: 

 

k

 

D

 

 = 2

 

π

 

/

 

d

 

, where 

 

d

 

 is the lat-
tice parameter. However, EXAFS spectra are sensitive
only to the type of the atoms surrounding an absorbing
ion and to the distance between them, whereas XANES
spectra are sensitive to changes in the local symmetry
of the atomic arrangement.

The physical cause of the fine oscillating structure is
the interference of the primary photoelectron wave with
the secondary waves formed upon scattering from the
surrounding atoms. An analytical formula for the
absorption coefficient in the single-scattering region
(EXAFS) can be obtained in the semiclassical approxi-
mation; i.e., when an X-ray photon is replaced with an
electromagnetic wave field. In this case, the photoelec-
tron formed as a result of ionization of an atomic core
level is described within the quantum-mechanical
approximation.

The experimentally measured absorption coefficient
in a sample of thickness 

 

x

 

 has the form
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 is the X-ray intensity transmitted through the
sample and 
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 is the intensity of incident X rays.

The oscillating part 
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 of the absorption coeffi-
cient, referred to as the EXAFS function, is determined
from the relation
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 is the experimental absorption coefficient,
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 is a gradually varying function describing the so-
called absorption coefficient of a “free atom,” and 

 

k

 

 is
the photoelectron wave vector:
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where 
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 is the electron mass, 
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 is Planck’s constant, 

 

E

 

is the energy of incident X rays, and 
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0

 

 is the energy of
the absorption edge under consideration.

For the 

 

K

 

-absorption edge, in the plane-wave single-
scattering approximation and in the case of harmonic
atomic vibrations, the EXAFS function 
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 is
described by the formula
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Here, summation is performed over all coordination
spheres, 

 

N

 

n

 

 is the coordination number, 
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n

 

 is the mean
radius of the 

 

n

 

th coordination sphere, 
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 is the
amplitude of backward scattering of a photoelectron
with a wave vector 

 

k

 

 from atoms of the 

 

n

 

th coordination

sphere, and  is the mean-square deviation of the
interatomic distance from its mean (this deviation is
referred to as the Debye–Waller factor). The scale fac-

tor  takes into account the influence of many-elec-
tron effects. The phase shift of the secondary wave is
the sum of the geometric phase shift 
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, which arises
on its way to the 
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th atom and vice versa; the phase
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 during its propagation in the potential of an excited
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backscattering from the 
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are calculated within the quantum-mechanical
approximation.

To record XAFS spectra, we used the EXAFS spec-
trometers mounted in the extraction channel for the
synchrotron radiation beam in the VEPP-3 storage ring
at the Budker Institute of Nuclear Physics, Siberian
Division of the Russian Academy of Sciences (Novosi-
birsk) and at HASYLAB station E4 (DESY, Hamburg,
Germany).
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Fig. 1. Schematic diagram of the EXAFS station: (1) input
collimator, (2) monochromator unit, (3) output collimator,
(4) planar X-ray mirror, (5) flight ionization chamber mon-
itor (I0), (6) sample (location under the cryostat), (7) total-
absorption ionization chamber (It), (8) sandwich trap,
(9) current-to-voltage converter amplifiers, (10) integrating
voltmeters, (11) crate CAMAC with a microcomputer and
necessary modules, (12) operating stations, and (13) control
units for the stepper motors of the monochromator and col-
limators; (I) white (nonmonochromatic) and (II, III) mono-
chromatic synchrotron radiation beams.
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Figure 1 shows a schematic diagram of the EXAFS
station E4. The station includes a spectrometer and
electronic equipment necessary to automate the spec-
trometer operation. The spectrometer consists of the
following main parts: input and output collimators 1
and 3, double-crystal monochromator 2, planar X-ray
mirror 4, and two ionization chambers 5 and 7. The
spectrometer is automated on the basis of a personal
computer and electronic equipment in the CAMAC
standard.

The monochromator is designed according to the
double-crystal scheme, in which the output monochro-
matic beam is parallel to the input white synchrotron
radiation beam and is somewhat displaced in the verti-
cal direction. In this scheme, the wavelength of the
monochromatic radiation changes owing to the change
in the angle of incidence of the synchrotron radiation
beam on the reflecting planes of Si(111) or Si(311) sin-
gle crystals (Bragg diffraction). The higher harmonics
of the radiation are rejected using plane mirrors 4 with
a gold coating, which are mounted at the angle of total
external reflection for the main harmonic.

Recording of a spectrum implies obtainment of
count statistics in gas ionization chambers over a spec-
ified time (the typical collection time is about 1 s per
point). Energy scanning is performed via rotation of
the monochromator crystal by a stepper motor. Since
processing of spectra requires passage to an equidis-
tant grid in the k space, the energy step can be set
with a quadratic increase, thus increasing the time of
count in the far spectral region, where the fine-struc-
ture amplitude is small. Under such conditions, the
recording time of a fairly extended spectrum ranges
from 20 to 40 min.

The Si(111) monochromator of the E4 station pro-
vides energy resolutions of ~1.2 and ~1.0 eV in the
regions of K-Cu- and K-Fe-absorption edges, respec-
tively. Low-temperature measurements were per-
formed with a pumped liquid-helium cryostat. The tem-
perature was maintained at a specified level with an
error of ~1 K.

Methods of Analysis of EXAFS Spectra 

In this study, the EXAFS spectra were analyzed
using the VIPER [4] and Ifeffit [5] software packages
and the FEFF program [6] for calculating amplitudes
and phases.

After calculation of the absorption coefficient from
formula (1) and extraction of the EXAFS function (the
criterion for correctness is the absence of nonphysical
peaks in the Fourier transforms at small R), the isolated
signal is subjected to Fourier filtration in specified
intervals of the k and R spaces in order to separate the
contribution of individual coordination spheres. The
windows used (Hanning windows in our case) make it
possible to exclude (by smoothing) spurious oscilla-
tions related to the limited length of the spectrum. In

this case, the function is additionally multiplied by k2 to
increase the signal at large k, expand the spectral region
under study, and separate the contributions of light and
heavy elements.

The Fourier transform of a signal is not exactly the
atomic radial distribution function, because it contains
information about both pair and polyatomic distribu-
tion functions, and the position and shape of maxima do
not correspond to interatomic distances and groups of
atoms, owing to the effect of the backscattering ampli-
tudes and phase shift. The values of the coordination
numbers Nn, radii Rn of the coordination spheres, and

the Debye–Waller factors  are derived as a result of
simulation of the experimental EXAFS function. The
problem of choosing the minimum number of compo-
nents describing the signal is solved by applying the
Nyquist criterion for the maximum number of parame-
ters in the chosen windows in the k- and R spaces:

Mmax = (2∆k∆R)/π + 2. (5)

For example, in simulation of the first coordination
sphere of an Al65Cu22Fe13 prephase crystal, ∆k =
13.5 Å–1 and ∆R = 1.8 Å; therefore, the value Mmax = 17
obviously exceeds the number of parameters that is
actually necessary for simulation. To refine the model
used, it is desirable to use EXAFS spectroscopy in
combination with X-ray or neutron diffraction. In this
case, one can decrease the number of variable parame-
ters, for example, fix the number of atoms in coordina-
tion spheres.

The Fisher criterion makes it possible to choose a
model with the minimum number of parameters that
adequately describes the experimental data. Let the
numbers of parameters of the two models χ1(k) and
χ2(k) be, respectively, M1 and M2 (M2 > M1). Then, the
dispersions D1 and D2 can be written as

(6)

and, according to F0.95% (Fisher criterion), the model
χ2(k) is accepted when D1/D2 > F0.95%. The values of
F0.95% are tabulated.

Samples 

Bulk Al65Cu22Fe13 samples were prepared by pow-
der metallurgy using two techniques. In the first case,
after mixing of powders of electrolytically pure metals,
the charge was dried in air, and then pellets 10 mm in
diameter and 2 mm in height were formed by cold
pressing. These pellets were subjected to vacuum
annealing at T = 800°C for two hours. In the second
case, a prephase crystal was prepared in the first stage
by vacuum thermal annealing at T = 500°C for 20 min.
In the second stage, a quasicrystalline sample was

σn
2

D j Mmax/n Mmax M j–( )[ ] χ ki( ) χ j ki( )–[ ]2
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obtained as a result of vacuum annealing at T = 700°C
for 20 min.

Furthermore, to prepare samples for measuring
EXAFS spectra, the pellets were ground, carefully
mixed with a cellulose powder to provide maximally
homogeneous absorption over the sample thickness,
and pressed into pellets 12 mm in diameter. The effec-
tive thickness x of the samples was chosen in accor-
dance with the requirements for the optimal absorption
jump µx ≈ 1.5; the mass of each sample was about
15 mg, and the pellet area was 1.3 mm2.

The X-ray diffraction analysis performed with a
DRON-3 diffractometer and in the channel of the
VEPP-3 storage ring at the Siberian Synchrotron Radi-
ation Centre showed that no less than 95% of the
prephase volume is occupied by the tetragonal ω phase
(ω2213), whereas in the samples obtained by annealing
and the two-stage process, no less than 90% of the vol-
ume is occupied by the quasicrystalline phase with an
icosahedral structure (i2213). Investigations showed
that the structure of the Al65Cu22Fe13 prephase crystal
corresponds with a good accuracy to the known struc-
ture of the analog crystal Al7Cu2Fe (P4/mnc).

RESULTS AND DISCUSSION

Figure 2 shows the typical EXAFS spectra of the
ω2213 prephase crystal and the i2213 quasicrystal,
measured at temperatures of 20 and 300 K above the
K-absorption edges of (a) copper and (b) iron, respec-
tively. Application of a special procedure for recording
spectra, which makes it possible to increase the data
collection time with an increase in the photoelectron
wave vector ~k2, along with low-temperature measure-
ments, provided a high signal-to-noise ratio up to k ~
16 Å–1 (Figs. 3a, 4a). As a result, the reliability of the
EXAFS data significantly increased in comparison
with the previously published results [7, 8], which
were obtained by analyzing shorter spectra (to
~12 Å–1).
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Fig. 2. EXAFS spectra of the i-Al65Cu22Fe13 quasicrystal, measured at temperatures of 20 and 300 K above the (a) Cu and (b) Fe
K-absorption edges.
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Fig. 3. (a) Experimental EXAFS function χ(k)k2, measured
at T = 20 K above the Cu K-absorption edge and (b) the
modulus of the Fourier transform |F(R)| of the EXAFS func-
tion of the prephase crystal ω2213 and the i2213 quasicrys-
tal.
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The EXAFS functions and moduli of their Fourier
transforms for the prephase crystal ω2213 and quasic-
rystal i2213 that were measured at 20 K and calculated
above the K edges of copper and iron are shown in Figs. 3
and 4, respectively. Figure 3 indicates that not only the
EXAFS functions of the crystal and quasicrystal that
were measured above the Cu K edge but also the moduli
of their Fourier transforms are in good agreement. The
decrease in the amplitude of the maxima of |F(R)| for
the quasicrystalline sample in the range 1.0–2.8 Å is
caused by some structural disordering of the nearest
environment of copper. The differences in the farther
region (to 3.5–4.1 Å) are more significant; however, the
main features are repeated with some shift of the corre-
sponding peaks to smaller distances in comparison with
the peak position for the crystal. Analysis of the spectra
showed that the local environment of copper in the qua-

sicrystal is described fairly well by the model using the
coordination parameters in the prephase crystal at
fixed values of the coordination numbers and varia-
tion in the interatomic distances (see table). In this
case, the best fitting of the model spectrum to the
experimental one is obtained by replacing some part
of Al(4) atoms with iron atoms. This model describes
well not only the splitting of the first sphere but also
the peak at a distance of 2.7 Å (Fig. 3b). At the same
time, the peak indicated by an arrow near 3.7 Å is
absent in the model spectra because it is due to the
effects of multiple scattering. Thus, it follows from
the EXAFS data analysis that the local structure
around copper atoms is inherited by the quasicrystal
from the crystal, with some shift and splitting of the
nearest coordination spheres.

At the same time, the transition to the quasicrystal-
line state radically changes the structure of the local
environment of iron. This change manifests itself,
above all, in the significant decrease in the amplitude of
the experimental EXAFS function (Fig. 4a). The mod-
ulus of the Fourier transform of the EXAFS function of
the quasicrystal is more characteristic of amorphous
systems (Fig. 4b). The shape and position of the peak
|F(R)| that corresponds to the nearest coordination
sphere change, and the coordination spheres next to the
nearest one (at distances of ~2.9 and ~4.5 Å) almost do
not manifest themselves. This pattern indicates both
rearrangement of atoms in the nearest sphere and the
absence of particular ordering in the atomic arrange-
ment beyond the nearest coordination sphere of iron in
the quasicrystal.

Obviously, such significant changes cannot be
described within the crystalline approximation, as in
the analysis of the local environment of copper. As was
shown in [10, 11], simulation of the experimental K-Fe
EXAFS function gives the best results when the first
coordination sphere around iron is an icosahedron. In
contrast to the results of [7, 8], where the icosahedral
environment was used also, it was demonstrated that
the nearest sphere, along with aluminum atoms,
includes copper atoms, which occupy positions of some
aluminum atoms in the prephase crystal (table). As was
noted above, in the nearest environment of copper in
the quasicrystal, iron atoms with the coordination num-
ber N ~ 0.5 are found to be in the position of some alu-
minum atoms.

A similar result was recently obtained in [12] in
the investigation of the EXAFS spectra of the
α-Al55Si7Cu25.5Fe12.5 approximant. As can be seen in
Fig. 5a, which was taken from [12], simulation of the
first coordination sphere of iron requires the pres-
ence of heavy copper atoms along with light alumi-
num atoms. Otherwise, the model EXAFS function
cannot be satisfactorily fitted to the experimental
one. Concerning the nearest environment of copper
(Fig. 5b), it contains both aluminum atoms and cop-
per and iron atoms, as in the case of the Al65Cu22Fe13
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Fig. 4. (a) Experimental EXAFS function χ(k)k2, measured
at T = 20 K above the Fe K-absorption edge and (b) the
modulus of the Fourier transform |F(R)| of the EXAFS func-
tion of the prephase crystal ω2213 and the i2213 quasicrys-
tal.
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quasicrystal (table). It can be seen in the figures
reported that the contributions of light aluminum
atoms and heavy copper and iron atoms to the

EXAFS function corresponding to the first coordina-
tion sphere are in antiphase owing to the different
photoelectron backscattering phase shifts.

Parameters of the nearest environment of copper and iron in the crystalline and quasicrystalline Al65Cu22Fe13 at T = 20 K
(asterisks indicate the X-ray diffraction data of [9] for the analog Al7Cu2Fe crystal)

K edge
Crystal Quasicrystal

type of atom N R*, Å R, Å type of atom N R, Å

Cu Al(1) 2 2.506 2.46 Al 2 2.47

Al(2) 2 2.516 2.53 Al 2 2.52

Cu(3) 2 2.610 2.59 Cu 2 2.64

Al(4) 2 2.620 2.59 Al(Fe) 2 2.59

Al(5) 2 2.710 2.69 Al 2 2.68

Cu(6) 1 3.023 3.02 Cu 1 2.83

Fe Al 1 2.447 2.33 Al 9 2.52

Al 4 2.475 2.45 Cu 3 2.59

Al 4 2.478 2.64
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Fig. 5. Moduli of the Fourier transforms |F(R)| of the EXAFS functions and the results of the inverse Fourier transformation corre-
sponding to the first coordination sphere of the approximant of α-Al55Si7Cu25.5Fe12.5 for (a) Fe K- and (b) Cu K-absorption edges
[12]. The vertical lines indicate the antiphase contributions of (a) Al and Cu and (b) Al and Cu(Fe).



1012

CRYSTALLOGRAPHY REPORTS      Vol. 52      No. 6      2007

MENUSHENKOV, RAKSHUN

As a result of the joint EXAFS analysis of the fea-
tures of the local environments of copper and iron, we
proposed the following mechanism of local structural
ordering of the quasicrystalline Al65Cu22Fe13 phase.
Upon transition from a crystal to a quasicrystal, the dis-
tance between the central copper atom and the copper
atoms located in positions 3 slightly increases, whereas
the increase in the distance to the copper atoms in posi-
tions 6 is much larger (Fig. 6a, table). With conserva-
tion (on the whole) of the symmetry of the local struc-
ture around copper atoms, the described change in the
distances may be caused by the rotation of squares
composed of copper atoms (with a simultaneous
increase in the square side) toward the nearest alumi-
num atoms. Since the Cu–Al distance almost does not
change upon the transition to the quasicrystalline
phase, the aluminum atoms around copper shift, fol-
lowing copper atoms, with respect to iron to form an
icosahedral cluster of pentagonal symmetry with an
iron atom at the center (Figs. 6b, 6c).

The results of the investigation of the shape of the
Cu and Fe K-absorption edges (the XANES spectra in
Figs. 7a and 7b) are in favor of the mechanism pro-
posed. It can be seen in Fig. 7a that the structure of the
absorption edge of copper changes insignificantly upon
the transition from crystal to quasicrystal. The largest
changes are related to the increase in the amplitude of
peak B and the decrease in the amplitude of the main
peak C. Conservation of the energy positions of the
main features of the spectra indicates similarity of the
symmetry of the nearest environment of copper atoms
in the crystal and quasicrystal.

The changes in the shape of the absorption edge of
iron are more dramatic: along with the significant
growth in the amplitude of peak B, energy shifts of
peaks A, C, and D are observed, which are indicative of
changes in the symmetry of the local environment of
iron. Simulation of the XANES spectra was performed
using the FEFF program [6], which is based on the ab
initio calculation of absorption spectra. The problem of
exact description of the shape of the absorption edge is
beyond the scope of this study; we only tried to imple-
ment the possibility of choosing a local environment
model that would most adequately describe the energy
positions of the main spectral features at reasonable
cluster sizes. In analysis of the shape of the Cu
K-absorption edge of the quasicrystal, using different
forms of clusters [13], the model with the first coordi-
nation sphere around copper atoms in the form of a
dodecahedron was found to be the most adequate. The
optimal simulation results are shown in Fig. 7a by a
dotted line for a 5.23-Å cluster, which contains
57 atoms. An increase in the cluster size leads only to
an increase in the time of count and does not signifi-
cantly improve the simulation quality; this result is an
additional confirmation of symmetry conservation and
a high degree of ordering of the local environment of
copper in the quasicrystal. The existence of several
nonequivalent iron positions in the quasicrystal [14]
hinders unambiguous simulation of the shape of the Fe
K-absorption edge. The best model is the icosahedral
one; the local character of ordering of the nearest envi-
ronment of iron is confirmed by the fact that satisfac-
tory results (Fig. 7b) are obtained only when suffi-
ciently small (4.61 Å) 43-atom clusters are used. An
increase in the cluster size led to deterioration of the
simulation results, a fact indicating symmetry violation
and confirming the conclusion of the EXAFS analysis
about structural disorder beyond icosahedral clusters of
the environment of iron.

Thus, joint analysis of the EXAFS and XANES
spectra above the Cu and Fe K-absorption edges allows
establishment of some characteristic features of
changes in the local structure upon transition from the
crystalline to the quasicrystalline state, which are sche-
matically shown in Fig. 6.

In accordance with the results of the EXAFS analy-
sis, rotation of copper squares causes rearrangement of
aluminum atoms, which leads to the formation of icosa-
hedral clusters around iron atoms. These changes are
described in the form of phases (a) and (b) in Fig. 6. The
top part of the icosahedral cluster surrounding an iron
atom is shown in Fig. 6c, and Fig. 6d demonstrates the
resulting cluster in the form of a dodecahedron around
copper atoms, according to the XANES data. The posi-
tions of vertices 7 are close to Al positions in the crys-
tal, and one of the sites in the plane saturated with cop-
per is vacant. The vacancy is located at distances of
~2.5 and 4.0 Å from the nearest copper atoms. The
presence of a vacancy in the nearest environment of
copper in the quasicrystal is in complete correspon-
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Fig. 6. Schematic diagram of the rearrangement of the local
structure upon formation of a quasicrystal: (a) rotation of
the copper subsystem (view along the c axis); (b) displace-
ments of aluminum atoms, leading to the formation of an
icosahedral cluster around iron atoms; (c) the top part of the
icosahedron around iron; and (d) formation of a dodecahe-
dron around copper. The asterisk indicates a vacancy in the
environment of copper.



CRYSTALLOGRAPHY REPORTS      Vol. 52      No. 6      2007

EXAFS SPECTROSCOPY OF QUASICRYSTALS 1013

dence with the results of the quasi-elastic neutron scat-
tering study, which revealed fast (τ ~ 160 ps) local
jumps of copper atoms at distances of ~2.5 and ~4.0 Å
[15]. In the case under consideration, local jumps of
iron atoms are much slower: τ ~ 160 ps.

CONCLUSIONS

Thus, we have shown the main advantages of X-ray
absorption spectroscopy for studying the local struc-
tural features of quasicrystals. On the basis of the
observation of the local rearrangement of atoms upon

the formation of an icosahedral structure in Al–Fe–Cu
ternary alloys and by using a combination of EXAFS and
XANES spectroscopy, we have proposed a model for the
mechanism of structural crystal–quasicrystal transition. In
summary, it should be noted that the mechanism consid-
ered here is in agreement with the conclusions about the
important role of copper in the formation of electronic
states on the Fermi surface in quasicrystalline Al–Cu–Fe
[16]. On the basis of the X-ray photoemission study, it was
shown in [16] that the Cu 3d states shift the densities of the
Al 3p and Fe 3d states to higher and lower binding ener-
gies, respectively, thus facilitating the Fe3d-Al3p hybrid-
ization and total decrease in the density of states with the
formation of a pseudogap on the Fermi surface.
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