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Abstract—The rearrangements of the local environment of zirconium and palladium atoms in the binary alloy
Zr7(Pd;, upon the transformation from the crystalline to the quasicrystalline and amorphous states were studied
by extended X-ray absorption fine structure (EXAFS) analysis. In the quasicrystalline phase, the icosahedral
environment was found to be formed only around the zirconium ions because of shifts of both the palladium
and zirconium atoms to the center of the cluster; in addition, the structure of the icosahedral clusters is distorted.
The transformation from the crystalline to the quasicrystalline phase is accompanied by the atomic rearrange-
ment in the immediate environment of palladium, thus resulting in the partial displacement of palladium by zir-
conium. In the amorphous phase, the icosahedral short-range order is not observed. A model for the description
of the structure of the quasicrystalline phase of Zr;,Pds is proposed.

PACS numbers: 61.10.Ht, 61.44.Br
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The quasicrystalline state was discovered more than
two decades ago [1]. The character of ordering in this
state is intermediate between that in the crystalline and
amorphous states. The properties of the quasicrystalline
state are not described in terms of classical crystallog-
raphy. Although translational symmetry is absent, the
long-range order in the spatial arrangement of atoms is
retained, and rotational symmetry elements of for-
bidden orders are present. In spite of the fact that all
components of quasicrystals, as a rule, are good met-
als [2], the specific resistance of quasicrystalline
phases is an order of magnitude higher than the resis-
tance of alloys in both the crystalline and amorphous
phases, and the electron state density at the Fermi
level has features of a pseudogap due, apparently, to
electron localization at stable icosahedral configura-
tions of atoms (clusters) [3]. The symmetry of clus-
ters, in particular, the pentagonal symmetry, substan-
tially differs from the crystal symmetry, a circum-
stance that is indicative of the formation of a new
short-range order [4].

Both multicomponent and binary alloys show the
ability to form quasicrystalline phases. The formation
of a quasicrystalline phase, which has been recently
observed in the binary systems Zr,,Pd;, and Zrg,Pt,,
[5], is of particular interest because these results refute
the earlier assumption that quasicrystallization can
occur only in multicomponent zirconium-based alloys
[6]. The Zr,,Pd;, alloy can exist in the crystalline, qua-
sicrystalline, and amorphous states without changes in
the stoichiometry, and, in addition, it exhibits supercon-
ducting properties in all three phases, thus allowing an

estimation of electron—phonon interactions [7]. At the
same time, an analysis of electron localization at small-
size clusters requires information on the local environ-
ment of atoms both in icosahedral clusters and between
these clusters. To examine the changes in the short-
range order resulted from crystal-quasicrystal-amor-
phous state phase transitions, in the present study we
performed an extended X-ray absorption fine structure
(EXAFS) analysis having high sensitivity to both the
local environment of atoms and the elemental composi-
tion.

The Zr,,Pdy, alloy was prepared at the Russian
Research Centre Kurchatov Institute according to a
known procedure [7] starting with electrolytically pure
zirconium (99.99%) and pure palladium (99.96%).
Polycrystalline samples of Zr,,Pd;, were grown in an
induction oven under argon. To prepare amorphous
samples, the starting elements were placed in a boron
nitride tube, melted in an induction oven under slight
argon pressure, and rapidly quenched from the liquid
state on the outer surface of a rotating copper cylinder.
The quenching rate was estimated at 10° K/s. The
resulting amorphous samples had a ribbon shape with a
length of 1.5-2 mm and a thickness of about 30 um.
Quasicrystalline samples were prepared by annealing
the amorphous ribbons under a stream of gaseous
helium in a quartz tube placed in a muffle oven. The
mode of the preparation of the most perfect icosahedral
sample was optimized by performing annealing at sev-
eral temperatures followed by rapid quenching. The
X-ray diffraction analysis showed that crystalline phase
has sp. gr. [4/mmm with the unit-cell parameters a =
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3.306 A and ¢ = 10.894 A. The quasicrystalline phase
was prepared at annealing temperatures of 740 and
760 K. The X-ray diffraction analysis revealed the pres-

ence of an icosahedral phase (sp. gr. m35) with the
hypercubic lattice parameter a = 7.624 A. At the
annealing temperature of 760 K, the quality of the
resulting quasicrystalline phase was higher; how-
ever, the crystalline phase was detected in samples as
the annealing temperature and time were further
increased. The crystal structure was completely
restored upon annealing at 873 K.

The EXAFS measurements were carried out above
the Zr- and Pd-K edges (17998 and 24350 eV, respec-
tively) at beamline Al at the Hamburg Synchrotron
Radiation Laboratory (HASYLAB, DESY) at 10, 77,
and 300 K. The use of a channel cut crystal monochro-
mator provided the energy resolution of about 2 eV at
the Zr-K edge and about 2.5 eV at the Pd-K edge. The
EXAFS spectra of single-crystalline samples with a
substantial thickness were measured according to the
fluorescence method. The EXAFS spectra of amor-
phous ribbons and quasicrystalline powders were mea-
sured in the transmission mode. The EXAFS spectra
were processed using the VIPER program package [8]
according to a standard procedure for the extraction and
Fourier analysis of the EXAFS function (k). The sim-
ulation of the spectra was carried out using the equation

|f(m Kl sin(2kR, + ¢,(k))
kR’

x(k) = =S5 3 N~
j J
X exp(—20jk2),

where the summation was performed over all coordina-
tion spheres of the adsorbing atom, N, is the coordina-
tion number, R; is the average radius of the jth coordi-

nation sphere, and Gf is the Debye—Waller factor (the
rms deviation of interatomic distances). The scaling

coefficient Sé accounts for the many-electron effects.
The back-scattering amplitudes f;(7, k) and phases @;(k)
were calculated using the FEFF-8.20 program [9] for
the structure of the Zr,Pd crystal analog. In calcula-
tions of the amplitudes and phases for icosahedral
samples, the atomic positions in the environment of
Zr were slightly corrected to the icosahedral sym-
metry.

Figures 1 and 2 show the experimental EXAFS
functions y(k)k* for a single crystal of Zr,,Pdy, mea-
sured at 7= 10 K above the Zr- and Pd-K edges, respec-
tively, and the results of direct and inverse Fourier
transforms along with the model EXAFS functions. For
measurements above the Zr-K edge, the direct Fourier
transform was performed in the range k = 3.5-14.5 A"
with the Kaiser-Bessel window function. The inverse
Fourier transform was taken in the range R =2.15-3.75 A
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Fig. 1. (a) Experimental EXAFS function )((k)k2 measured
above the Zr-K edge for the Zr,;(Pds, crystal at 7= 10 K,
(b) the Fourier-transform modulus of the EXAFS function

F Hx(k)kz], where the window for the inverse Fourier trans-
form for the extraction of the contribution of three nearest
coordination spheres of zirconium is shown by a rectangle,
and (c)the experimental (solid) and model (dashed)
EXAFS functions for three nearest spheres of the local envi-
ronment of zirconium.
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Fig. 2. (a) Experimental EXAFS function )((k)k2 measured
above the Pd-K edge for the Zr;oPds( crystal at 7= 10 K,
(b) the Fourier-transform modulus of the EXAFS function

F Hx(k)kz], where the window for the inverse Fourier trans-
form for the extraction of the contribution of three nearest
coordination spheres of palladium is shown by a rectangle,
and (c)the experimental (solid) and model (dashed)
EXAFS functions for three nearest spheres of the local envi-
ronment of palladium.
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with the use of the Hanning window function. For mea-
surements above the Pd-K edge, the direct Fourier
transform was performed in the range k =4.1-14.5 A‘
the inverse Fourier transform, in the range R = 1.9-4.1 A
The results of simulation of the EXAFS spectra are
summarized in Table 1. The EXAFS analysis
allowed us to refine the data on the crystal-prephase
structure of Zr,;,Pd;, and to establish that this struc-
ture is similar to that of the Zr,Pd crystal analog
(Table 1).

Figure 3a shows the moduli of the Fourier images of
the EXAFS functions measured above the Zr-K edge
for the quasicrystalline and amorphous phases of
Zr40Pd;, at T=10 K. The modulus of the Fourier image
of the EXAFS function for the quasicrystal substan-
tially differs from that of the amorphous sample, a
result that is indicative of the difference in the local
environment of zirconium in the quasicrystalline phase
and in the amorphous state. The further analysis
showed that these differences are due to the appearance
of icosahedral ordering around zirconium in the quasi-
crystalhne phase Then, we performed the inverse Fou-
rier transform in the range 1.8 < R < 3.8 A. The results
are presented as the experimental Fourier filtered
EXAFS in Fig. 3b. This figure also shows the results of
the simulation of the experimental EXAFS function for
the quasicrystal that were obtained with two models.
Model 1 includes the following three coordination
spheres: one sphere consisting of Pd atoms at a distance
of 2.70 A and two spheres formed by Zr atoms at dis-
tances of 2.95 and 3.18 A, respectively. Model 2
assumes the local ordering as the following two
spheres: a sphere consisting of Pd atoms at a distance of
270 A and a sphere formed by Zr atoms at a distance
of 3.18 A (Table 2). In the simulation, all three param-
eters (the coordination numbers, the interatomic dis-
tances, and the Debye—Waller factors) were varied.
As can be seen from Fig. 3b, both models adequately
describe the experimental EXAFS function. How-
ever, model 1 with the intermediate sphere of Zr
atoms provides an estimation of the coordination
numbers with smaller errors and gives a total coordi-
nation number of 11.5 corresponding to the icosahe-
dral environment of zirconium. In this case, the
structure of the icosahedral cluster is distorted. Thus,
most of the Pd and Zr atoms are at distances of 2.70
and 3.18 A, respectively, which is in good agreement
with the electron-diffraction data [11]. The interme-
diate coordination sphere consisting of two Zr atoms
is at a distance of 2.95 A. The observed distortion
can be attributed to the fact that not all zirconium
atoms are centers of icosahedral clusters in the qua-
sicrystalline structure and that the EXAFS data cor-
respond to the average contribution of the local envi-
ronment of Zr atoms occupying different crystallo-
graphic positions.

No icosahedral short-range order is observed in the
environment of Zr in the amorphous phase (the results
Vol. 52
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of its simulation are presented in Fig. 3¢ and Table 2).
The icosahedral short-range order in the amorphous
Zr5,Pds, alloys was observed earlier by electron diffrac-
tion using the sharply focused electron beam in the
nanometer region. EXAFS spectroscopy does not allow
the observation of such regions.

Figure 4a shows the moduli of the Fourier images of
the EXAFS functions measured above the Pd-K edge
for the quasicrystalline and amorphous phases of
Zr73Pds,. The Fourier transform was performed in the
range k=3.9-11.5 A-1. As can be seen from Fig. 4a, the
modulus of the Fourier image of the EXAFS function
for the quasicrystal differs only slightly from that of the
amorphous structure, thus indicating the absence of
local ordering about the palladium atoms in both
phases. Figures 4b and 4c present the results of the
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Table 1. Parameters for the nearest environment of the zir-
conium and palladium atoms in the crystal-prephase struc-
ture of Zr;(Pd,, (the X-ray diffraction data for the structure
of the Zr,Pd crystal analog [10] are given for comparison;
these data are marked with an asterisk)

Adsorp- | Atomic N R*. A R A o2, A2
tion edge| type

K-Zr Pd 4 2.887 2.86 | 0.0063

Zr(1) 4 3.118 3.10 | 0.0044

Zr(2) 4 3.309 3.29 | 0.0055

K-Pd Zr(1) 8 2.887 2.86 | 0.0039

Pd 4 3.309 3.29 | 0.0064

Z1(2) 2 3.754 4.04 | 0.0045

inverse Fourier transform and the model EXAFS func-
tions for the quasicrystalline and amorphous samples,
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Fig. 3. (a) Fourier-transform modulus of the EXAFS function F' T[x(k)kz] for the EXAFS spectra of the quasicrystalline (dashed
line) and amorphous (solid line) samples of Zr;(Pd;, measured above the Zr-K edge at T = 10 K, the window for the inverse Fourier
transform for the extraction of the contribution of the nearest local environment of zirconium is shown by a rectangle, (b) the exper-
imental (solid) and model (model 1, a dashed line; model 2, a dotted line) EXAFS functions for the icosahedral local environment
of zirconium in the quasicrystalline state, and (c) the experimental (solid) and model (dashed) EXAFS functions for the nearest envi-

ronment of zirconium in the amorphous state.
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respectively, obtained in the range R = 1.70-2.25 A.
The results of the simulation (Table 2) provide evidence
that the transformation from the amorphous to the qua-
sicrystalline state is accompanied by the displacement
of palladium atoms from the local environment of pal-
ladium.

A comparison of the parameters of the local envi-
ronment of zirconium and palladium atoms led to the
following conclusions about local atomic displace-
ments during the transformation from the crystalline
state to the quasicrystalline state (Tables 1 and 2):

(1) The main contribution to the formation of the
icosahedral cluster about zirconium atoms is associated
with displacements of palladium atoms (from 2.86 to
2.70 A) and the nearest zirconium spheres (from 3.10 to

FT[y(k)*k?], rel. units
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2.95 A and from 3.29 to 3.18 A) to the center of the
cluster.

(2) The local environment of palladium completely
loses the short-range order characteristic of the crystal
structure, thus resulting in the transformation into the
disordered (amorphous) state.

To summarize, the character of local atomic rear-
rangements in the Zr,,Pds, alloy that result from the
crystal—quasicrystal-amorphous state phase transitions
was determined by EXAFS spectroscopy. The interme-
diate sphere of Zr atoms in the icosahedral cluster hav-
ing a distorted shape, the absence of icosahedral order-
ing about palladium atoms in the quasicrystalline state,
and the displacement of Pd atoms from the local envi-
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Fig. 4 (a) Fourier transform modulus of the EXAFS function F' Hx(k)kz] for the EXAFS spectra of the quasicrystalline (dashed line)
and amorphous (solid line) samples of Zr;,Pd3, measured above the Pd-K edge at T = 10 K, the window for the inverse Fourier
transform for the extraction of the contribution of the nearest local environment of palladium is shown by a rectangle, (b) the exper-
imental (solid) and model (dashed) EXAFS functions for the local environment of palladium in the quasicrystalline state, and (c) the
experimental (solid) and model (dashed) EXAFS functions for the nearest environment of palladium in the amorphous state.
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Table 2. Parameters for the nearest environment of the zir-
conium and palladium atoms in the quasicrystalline and
amorphous states of Zr,,Pds,

Adsorption |Atomic N R A o2, A2
edge type
Quasicrystalline Zr;yPd5
K-Zr, model 1 | Pd 1.6+1.0 2.70 0.0071
Zr(1) | 235+1.0 295 0.0200
Zr(2) 74+1.0 3.18 0.0151
K-Zr, model 2 | Pd 1.1+£1.0 2.70 0.0059
Zr 64130 3.18 0.0147
K-Pd Zr 39+£1.0 2.72 0.0122
Amorphous phase of Zr;oPds,
K-Zr Pd 1.3£1.0 2.73 0.008
Zr 23+1.0 3.16 0.0124
K-Pd Zr 29+1.0 2.73 0.0077
Pd 23x1.0 2.83 0.0120

ronment of palladium upon the formation of the quasi-
crystalline order were found.
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