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Abstract—The formation of the icosahedral phase in an Al;(Cu,,Fe,, quasicrystal and the structural transi-
tion from the crystal praphase to the quasicrystalline phase are simulated and studied by means of X-ray
absorption near edge structure spectroscopy. Al—Cu—Fe samples are fabricated by means of powder metal-
lurgy. The o phase of the praphase crystal forms following exposure at 500°C for 20 min; the quasicrystalline
phase forms after exposure at 800°C for 2 h. The model of the structural transition from the crystal to quasi-
crystal is a diffusion displacement of aluminum atoms around iron atoms with the formation of an icosahe-
dron with the iron atom at the center. The immediate environment of copper atoms consists mainly of alu-
minum and copper atoms, and no iron atoms are observed.
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INTRODUCTION

Quasicrystals are a new separate class of materials
that, in contrast to traditional crystal structures, have
no translation symmetry [1]. The icosahedral quasipe-
riodic structure was first encountered in rapidly
quenched AlggMn,, alloy in 1984 by D. Shechtman
et al. using transmission electron spectroscopy [2]. In
2009, the authors of [3] observed natural quasicrystal-
line minerals for the first time. Despite having no
translation symmetry, quasicrystals are characterized
by long-range order, as is confirmed by sharp maxima
in their diffraction patterns [4]. Quasicrystals are nei-
ther ordinary metals, insulators, nor semiconductors
[5]. In contrast to insulators, they have a nonzero elec-
tron density of states at the Fermi level that is even
lower than in typical metals. Among the characteristic
features of a quasicrystal’s electronic spectrum are a
pseudogap in the electron density of states at the Fermi
level and the fine peak structure reflected in the phys-
ical properties of these materials. The optical proper-
ties of quasicrystals differ from those of metals and
semiconductors. Their icosahedral phase stabiliza-
tions according to the Hume—Rothery mechanism are
related to the intense absorption band in the visible
spectral range that is caused by excitations through the
pseudogap in the excitation spectrum. The resistivity
of quasicrystals is lower than that of insulators and
doped semiconductors, but higher than that of metals
and corresponding periodic crystal structures. Quasic-
rystals exhibit a variety of magnetic properties, ranging
from diamagnetism to spin glass-type freezing of mag-
netic moments and ferromagnetic ordering. The ther-
mal conductivity of solids and quasicrystals over a
wide range of temperatures is determined by the lattice
and electron contribution. The temperature depen-
dence of the lattice conductivity of icosahedral quasi-
crystals differs from that of periodic crystals and amor-

phous materials. As was recently shown, quasicrystals
exhibit the extraordinary characteristics of a fermion
subsystem [6, 7]. This unique set of physical properties
and the fundamentally new type of ordering in these
new condensed materials have evoked great interest in
them. Studies of the formation of quasicrystals as nan-
ocluster agglomerates [8, 9] could be useful in devel-
oping new techniques for synthesizing nanostructured
materials. Quasicrystal- and polymer-based compos-
ites have even greater potential [10].

Although the local atomic and electronic structures
of quasicrystals can be studied using different tech-
niques, there are no universal methods for accurately
determining the parameters of the 3D distribution of
atoms inside materials with no translation periodicity
of their atomic arrangement. The modern level of syn-
chrotron X-ray methods allows us to use high-resolu-
tion selective X-ray absorption spectroscopy to study
small regions inside a substance. Extended X-ray
absorption fine structure (EXAFS) spectroscopy has
been used for some time in investigations of the radial
atomic distribution in quasicrystals [11—16]. However,
X-ray absorption near edge structure (XANES) spec-
troscopy, which yields 3D structural information on
both radial and angular atomic distributions, has been
used without an adequate ab initio theoretical analysis.
Current advances in the theoretical analysis of experi-
mental data allow us to develop a technique for study-
ing the nanosized 3D geometry of quasicrystals. It was
recently shown that XANES spectroscopy is quite sen-
sitive to local variations in nanoscale structure [17].
However, since information on a fine X-ray absorption
structure can be obtained only through extremely
complex resource-intensive computations, research-
ers have so far mainly chosen one of the proposed
structural models and not determined real parameters
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Generalized data on the simulation of the crystal—quasicrystal structural transition using the Fitit2.0 program

Parameters

Iron’s environment

Copper’s environment

Coordination number
Cluster radius for spectrum calculations

Atomic displacements in the immediate environ-
ment

With atoms in the 1st coordination sphere

No less than 7.5 A (124 atoms)

9—12 11, as in the crystal
No less than 8.1 A(150 atoms)

Axial No.

Only Al Al, Cu

(atomic coordinates) for the structure of nanosized
objects [18, 19].

In this work, we attempt to determine the features
of the local atomic structure near iron and copper
atoms in an Al,Cu,Fe praphase crystal and an
Al CuyFe,, quasicrystal by means of XANES spectra
analysis and computer simulation.

EXPERIMENTAL

Praphase crystal and icosahedral quasicrystal sam-
ples in the Al,,Cu,,Fe,, system were fabricated by pow-
der metallurgy. Aluminum, copper, and iron powders
were mixed manually in isopropyl alcohol in the
required proportion in an alumina mortar for an hour.
The initial mixture was dried in flowing air and pressed
at a pressure of 500 kg/cm? using the technique
described in [20]. Synthesis was performed in a vac-
uum furnace. The w-phase (praphase crystal) respon-
sible for the subsequent formation of single-phase
quasicrystalline Al,,Cu,,Fe,, powder was found in our
Al—Cu—Fe alloys annealed at a temperature of 550°C
for 20 min. Annealing at 800°C for 2 h led to the
almost complete transformation of the Al—Cu—Fe
alloy into a quasicrystalline phase with an icosahedral
structure, as was confirmed by X-ray analysis.

X-ray diffraction patterns were obtained on a
DRON-3M diffractometer (CukK, radiation) at
Southern Federal University using the 6—26 scanning
mode in the angle range of 22° <20 < 82° with a pitch
of 0.02° and exposures of 8 s at each point. The X-ray
tube voltage was U = 35 kV and the current was / =
22 mA. X-ray diffraction patterns were processed
using the Powder Cell 2.4 software. Our investigations
showed that the structure of the Al;,Cu,yFe,, praphase
crystal corresponded to that of the analog Al,Cu,Fe
(P4/mnc sp. gr.) crystal [21].

Fe and Cu K-edge XANES spectra of the investi-
gated samples were measured on an R-XAS Looper
laboratory spectrometer at Southern Federal Univer-
sity’s Scientific and Educational Center for the Nano-
sized Structure of Matter. The Fe and Cu K edges in
the Al,,Cu,.Fe,, praphase crystal and quasicrystal were
measured using a Ge(220) monochromator crystal in
the transmission mode with an Ar-300 /, detector and
an SC-70 scintillation detector. The X-ray tube voltage
was U = 25 kV and the current was / = 70 mA. As a
rule, the spectral quality acceptable for further quanti-
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tative analysis was obtained by averaging 4—6 indepen-
dent scans for each sample. Processing the absorption
spectra required determining the background func-
tion, subtracting the background from the data, deter-
mining the averaged spectra, and normalization.

The geometry of the compounds and the crystal—
quasicrystal structural transition in them were simu-
lated using the ADF program complex [22]. In simu-
lations, the absorption spectra were calculated from
the obtained atomic coordinates using the full poten-
tial finite-element method (FDMNES program com-
plex) [23]. The structural parameters of the immediate
environment were refined via multidimensional spec-
tral interpolation using the Fitlt program complex
[24]. All computations were performed using the high-
performance computer cluster at Southern Federal
University.

RESULTS AND DISCUSSION

The Al,Cu,Fe crystal analogous to the Al,,Cu,Fe,
praphase crystal has lattice parameters a = 6.33 A and
c=14.81 A and the P4/mnc (no. 128) symmetry group.
The Al;,Cu,yFe,, praphase crystal unit cell thus con-
sists of 40 atoms (Fig. 1) in the five different positions
corresponding to the three nonequivalent positions of
aluminum atoms and the positions of copper and iron
atoms (see table).

In the praphase crystal structure, the iron atom has
the coordination number 9 and is surrounded only by
aluminum atoms; the copper atom has the coordina-
tion number 11 and is surrounded by three copper
atoms and eight aluminum atoms. The interatomic
distances are 2.48 A for Fe—Al, 2.53 A for Cu—Cu,
2.56 A for Cu—Al, and 2.86 A for Al—Al. The
Al,Cu,Fe praphase crystal fragment composed of sev-
eral unit cells (~300 atoms) is a layered structure in
which copper layers alternate with Al—Fe layers; the
distance between the coplger layers is ~7.5 A and the
Fe—Cu distance is ~4.19 A.

Figure 2 presents the experimental Fe and Cu K-edge
XANES spectra of the Al,,Cu,yFe,, praphase crystal
and quasicrystal, along with theoretical spectra calcu-
lated by the full potential finite-element method using
the FDMNES program complex. Figure 2 shows the
dependence of the absorption spectra on the radius of
the cluster for which the spectra were calculated.
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Atomic positions and coordinates in the Al;Cu,Fe unit cell
a=6.33A,c=14.81A, PA/mnc symmetry group [no. 128].

Atoms Positions X Y VA
Al(1) 4(e) 0.0 0.0 0.134
Al(2) 8(g) 0.165 0.665 0.250
Al(3) 16(7) 0.198 0.420 0.100
Cu 8(h) 0.278 0.088 0.0
Fe 4(e) 0.0 0.0 0.2992

Bond lengths: Fe—Al: 2.48 A; Cu—Cu: 2.53 A; Cu—Al: 2.56 A; Al-Al: 2.56 A

Fig. 1. Unit cell of the Al;Cu,Fe crystal, layered crystal structure, and atomic positions in the crystal unit cell.

All the features of the fine structure of the experi-
mental Fe and Cu K-edge XANES spectra of the crys-
tal are reproduced in the theoretical spectra. Since the
Fe K-edge spectra of the crystal fragment no more
than 7.5 A in size taken from the central absorbing iron
atom are similar, it is sufficient to use the radius of the
cluster from the central absorbing iron atom of 7.5 A
(124 atoms for the crystal structure) in our calcula-
tions. In calculating the Cu K-edge spectra, it is suffi-
cient to use a cluster radius of no more than 8.1 A
(150 atoms). These were the cluster sizes used in our
calculations.

The crystal—quasicrystal structural transition was
studied by means of Fitlt2.0 multidimensional spec-
tral interpolation by fitting the theoretical spectra to
the experimental spectra with variations in the lengths
and angles of interatomic bonds in the Al,,Cu,,Fe,.
We investigated the effect of displacements of atoms
located in different coordination spheres. The shape of
the EXAFS spectra changes significantly, due to the
displacements of atoms located in the immediate envi-
ronment of the absorbing atom in the first coordina-
tion sphere. The effect atomic displacements in the
second and subsequent coordination spheres have on
the shape of the spectra is negligible.

To simulate the crystal—quasicrystal structural
transition, we investigated different models of atomic
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displacements in the first coordination spheres and
chose iron and copper environmental parameters pl,
p2, p3, p4, and pS, which can be refined through
XANES analysis. The parameters were changed
within physically valid limits.

We used the following crystal structure parameters
in simulating the Fe K-edge XANES spectra of the
quasicrystal (Fig. 3a): pl is an increase of 10% in the
distance between the Al atom and the central Fe atom;
p2 is a 10% reduction in the distance between the Al
atom and the central Fe atom; p3 is the different axial
rotations of Al atoms around the a, b, and ¢ axes; and
p4 denotes different 10% displacements of the Fe atom
from the central position in the cluster along the a, b,
and c axes.

We used the following parameters in simulating the
Cu K-edge XANES spectra (Fig. 3b): pl is a 10%
increase in the distance between the Al atom and the
central Cu atom; p2 is a by 10% reduction in the dis-
tance between the Al atom and the central Cu atom;
p3 denotes the different 10% displacements of neigh-
boring Cu atoms along the a, b, and ¢ axes; p4 is the
different axial rotations of Al atoms around the a, b,
and c axes; and p5 is the displacement of Al atoms rel-
ative to the copper plane.

We then investigated the dependence of the shape
of the FeK-edge XANES spectrum of the crystal on
Vol. 79
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Fig. 2. Cluster radius dependence of the shape of the (a) Fe
and (b) Cu K-edge XANES spectra of the Al—Cu—Fe crys-
tal and quasicrystal.

atomic displacements in the first coordination sphere
(extension, compression, and axial displacements).
We considered both single and group atomic motions
(Fig. 4), the growth of the iron coordination number
(Fig. 5), and the presence of copper and iron atoms in
the iron’s immediate environment (Fig. 6).

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES. PHYSICS

POLOZHENTSEV et al.

Fig. 3. First coordination sphere of (a) iron and (b) copper
atoms and structural parameters that can be refined using
the XANES spectroscopy data.

We investigated the variation in the shape of the
Fe K-edge XANES spectrum of the crystal with the
iron coordination number growing from 9 to 12 atoms
upon the axial displacement of atoms in the immedi-
ate environment of the iron atom, where there is
enough room for a larger number of atoms than in the
immediate environment in the crystal (9 atoms). The
number of atoms was thus raised from 9 to 12. The
Al—Al, Al-Fe, and Al—Cu bonds in this case remain
unstrained. We subsequently raised the number of
atoms in the immediate environment and calculated
the absorption spectrum of the central absorbing atom
(Fig. 5). As the iron coordination number grew from 9
to 12 atoms and the atoms in the iron’s immediate
environment were displaced axially, the theoretical
absorption spectra did not appreciably change their
shape.

We studied the dependence of the shape of the
Fe K-edge XANES spectrum of the crystal in the pres-
ence of copper and iron atoms in the iron’s immediate
environment (Fig. 6). The aluminum atoms in the first
coordination sphere were replaced by iron and/or
copper atoms and the absorption spectra were calcu-
lated with regard to these incorporated atoms. The
shape of the spectrum of the central iron atom
Vol. 79
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Fig. 4. Refining the parameters of the local atomic struc-
ture of an Al;Cu,Fe crystal via Fitlt2.0 multidimensional
spectral interpolation: p0 is the structure corresponding to
the crystal; pl is a 10% increase in the distance from the Al
atom to the central Fe atom; p2 is a 10% reduction in the
distance from the Al atom to the central Fe atom; p3 is the
different axial rotations of Al atoms around the a, b, and
caxes; p4 denotes different 10% displacements of the
Fe atom from the central position along the a, b, and
c axes.

changed only slightly, while the shape of the spectrum
of the incorporated iron and copper atoms changed
strongly. Either the number of such atoms in the struc-
ture was very small or their environment was analo-
gous to that of the central iron atom.

We studied the dependence of the shape of the
Cu K-edge XANES spectrum of the crystal on atomic
displacements in the first coordination sphere (exten-
sion, compression, and axial displacements of atoms;
both single and group atomic motions were investi-
gated) (Fig. 7).

The displacements of aluminum atoms (growth
and reduction in the Fe—Al bond length) in the iron’s
immediate environment thus cannot exceed 2% of the
initial length upon a crystal—quasicrystal structural
transition. At the same time, large axial displacements
can occur; the distance to the central atom remains
invariable. The iron coordination number can grow
from 9 to 12 aluminum atoms. The presence of iron

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES. PHYSICS
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Fig. 5. Shape of the Fe K-edge XANES spectrum upon
varying the iron coordination number from 9 to 12 atoms.

and/or copper atoms in the iron’s immediate environ-
ment is unlikely. Generalized data on simulations of
the crystal—quasicrystal structural transition are given
in the table.

Upon a crystal—quasicrystal transition, minor
structural variations should occur in the immediate
environment of copper atoms and the local atomic
structure near copper atoms in the quasicrystal struc-
ture resembles the crystal structure; i.e., any distortion
of crystal symmetry and/or atomic displacements in
the immediate environment significantly change the
absorption spectrum. This is not confirmed by a com-
parison of the experimental crystal and quasicrystal

Absorption, rel. units
2.0 -

Experiment
Crystal
= = = =Quasicrystal

1.6

Theory

1st coordination sphere
atoms
d 8 Al atoms

atormrand 8 Al atoms

1.2

2 Cu atoms and 7 Al atoms

0.8

Spectrum of Fe in the

04 Ist coordination sphere
0 L ] ! ] ! 1 ! 1
7120 7160 7200 7240 7280
Energy, eV

Fig. 6. Fe K-edge XANES spectrum of the crystal with iron
and copper atoms in the first coordination sphere.
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Fig. 7. Refining the parameters of the local atomic struc-
ture of an Al;Cu,Fe crystal via Fitlt2.0 multidimensional
spectral interpolation: p0 is the structure corresponding to
the crystal; pl is a 10%increase in the distance from the
Al atom to the central Cu atom; p2 is a 10% reduction in
the distance from the Al atom to the central Cu atom;
p3 denotes the different 10% displacements of neighboring
Cu atoms along the a, b, and c axes by 10%; p4 is the dif-
ferent axial rotations of Al atoms around the a, b, and
c axes; and p5 is the displacement of Al atoms relative to
the copper plane.

spectra. The presence of iron atoms in the copper
immediate environment is unlikely.

Based on our analysis of the structural parameters
and their effect on the spectrum shape, we propose a
model for the structural transition from a crystal to a
quasicrystal. In this model, the quasicrystal icosahe-
dral symmetry forms around iron atoms, producing an
icosahedron consisting of 12 aluminum atoms. The
iron coordination number grows from 9 to 12 atoms.
The immediate environment of copper atoms changes
insignificantly and the formation of the icosahedral
surrounding in the iron local surrounding alters the
copper’s immediate environment. Copper atoms are
not displaced from the plane and aluminum atoms
neither distort nor penetrate it.
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CONCLUSIONS

The formation of the quasicrystal icosahedral
structure from the Al,,CuyyFe,, praphase crystal fabri-
cated by powder metallurgy was simulated. Using
XANES spectroscopy data, the possibility of forming
the icosahedral environment of an iron atom using
only aluminum atoms was studied. In this case, copper
atoms retain their symmetry analogous to that of a
praphase crystal. The dependence of the shape of the
Fe and Cu K-edge XANES spectra of the crystal on
atomic displacements (extension, compression, and
axial displacements) in the first coordination sphere
was investigated. Both single and group atomic
motions, the growth of the iron coordination number,
and the presence of copper and iron atoms in the
iron’s immediate environment were considered. Our
model of the structural transition from a crystal to a
quasicrystal is thus a diffusion displacement of alumi-
num atoms around an iron atom, followed by the for-
mation of an icosahedron with the iron atom at the
center. The immediate environment of copper atoms
consists mainly of aluminum and copper atoms; iron
atoms are not found in the copper’s immediate envi-
ronment.
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