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Abstract—A new method is proposed that makes it possible to determine the parameters of the three-dimen-
sional (3D) multiwell potential of off-center atoms from extended X-ray absorption fine-structure (EXAFS)
data. The main features of this approach are the expansion of the 3D potential of a cluster in a power series of
an atomic displacement taking into account the restrictions imposed by the lattice-site symmetry and exact 3D
integration of the distribution function in calculations of EXAFS spectra. The parameters of the multiwell
potential for Ge atomsin the Sn; _,Ge, Te solid solution as functions of temperature and composition (77< T <
300K, x = 0.4) were obtained in the classical approximation. It is shown that the anharmonic part of the poten-
tial is highly anisotropic, and the type of ferroelectric phase transition in Sn, _,Ge,Te is intermediate between
the displacive and order—disorder transitions. © 2004 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Off-center impurities have long attracted the atten-
tion of researchers due to their unusual properties [1].
In particular, they may give rise to ferroelectric phase
transitionsin crystals (for example, impurities of Gein
SnTe, PbTe, and PbSe; Sin PbTe; and Li in KTaO,).
However, even data on the type of phase transitionsin
such crystals often turn out to be contradictory. For
example, in GeTe-SnTe solid solutions, the behavior of
the specific heat [2] and the moduli of elasticity [3] in
the vicinity of the Curie point T indicate that the phase
transitions in these compounds are similar to displacive
(in addition, a soft phonon mode is observed in GeTe
[4]), whereas the extended X-ray absorption fine-struc-
ture (EXAFS) studiesindicate clearly that Ge atomsare
off-center at temperatures both below and above T, [5].
The latter circumstance indicates the existence of a
multiwell potential and an order—disorder phase transi-
tion. These contradictions cannot be explained without
direct determination of the parameters of the multiwell
potential of an off-center impurity.

EXAFS spectroscopy isapowerful tool for studying
the potential of interatomicinteractionin crystals. Pres-
ently, to determine the parameters of anharmonic inter-
atomic potential from EXAFS data, the cumulant
expansion method is used [6, 7]. However, the practical
implementation of this approach encountersthe follow-
ing problems. First, the anharmonicity should not be
very strong to make it possible to restrict the expansion
in terms of the modulus of the wave vector k to a few
first terms. Second, the method cannot be applied in
practice to crystals in which the potential has several
minima. In addition, the cumulant expansion method
does not provide information on the anisotropy of

atomic motion. At the same time, the potential of off-
center impurities has several energetically equivalent
minima corresponding to the displacement of an atom
from a lattice site to a particular off-center position;
therefore, another approach should be developed to
solve the problem stated.

In this study, we propose a new method to solve the
problem of determining the parameters of the multiwell
potential of off-center impurities, which has no draw-
backs inherent in the cumulant expansion method. This
approach is used to study the shape of the potential well
of Ge atoms in the Sn; _,Ge Te solid solution under
conditions of varying temperature and Ge concentra-
tion.

DESCRIPTION OF THE APPROACH

In the EXAFS theory, the oscillating part of the
spectrum at the absorption K edge (the EXAFS func-
tion) has the following form in the single-scattering
approximation [8]:

2

x(k) = z Sflm%f(k, M) exp(2id,)
| D

xj‘p(r)esz(_ZH)\)exp(2ikr)dr o
‘ 0

Here, the summation is over all the nearest neighbors,

Sg is the factor taking into account many-€lectron
effects and inelastic scattering, f is the backscattering
function (including the amplitude and phase of scatter-
ing), 0, isthe phase of aphotoel ectron escaping from an
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absorbing atom, A isthe mean free path of a photoelec-
tron, kisthe modulus of the wave vector of a photoel ec-
tron, p(r) is the probability of finding the scattering
atom at the point r, and r = |r | is the distance between

the absorbing and scattering atoms. The functions S§ :

f, 8;, and A characterize the absorbing and scattering
atoms, and the distribution function p(r) containsinfor-
mation on the local structure and motion of atoms.

The potential-well parameters can be determined
from the EXAFS spectra because the function p(r) is
determined by the three-dimensional (3D) potential
V(r). The approach to processing the EXAFS spectra
proposed by us consists of the following stages. First,
we parametrize the 3D potential V(r) taking into
account the crystal symmetry. Then, we calculate the
normalized distribution function p(r) and substitute it
into Eq. (1) to calculate the theoretical EXAFS spec-
trum and compare it with the experimental spectrum.
Furthermore, varying the parameters of the potential
and repeating the procedure of calculation of the theo-
retical spectrum, we minimize the mean-square devia-
tion of the calculated EXAFS spectrum from the exper-
imental one and thus determine the shape of the poten-
tial well.

The crystals under study have a NaCl structure
above the phase-transition temperature. In this struc-
ture, each off-center Ge atom moves in an octahedron
formed by six Te atoms. Since, due to the presence of a
soft optical mode, the amplitude of optical vibrations of
ferroelectrically active atomsin ferroelectricsis always
much larger than the amplitude of relative vibrations of
atoms in the same sublattice (it is determined by the
energy of phonons at the edge of the Brillouin zone),
we can neglect the thermal motion of Te atomsin the
first-order approximation and consider only the motion
of aGe atom in arigid octahedron. In our experiments,
Ge and Te atoms are absorbing and scattering atoms,
respectively. Since we are interested in the motion of
Ge atoms, it will be more convenient to select a cluster
consisting of seven atoms (one Ge and six Te atoms)
and passto anew system of reference with the origin at
the center of symmetry of the octahedron. Taking into
account that p(r) isapair distribution function, we can
rewrite Eg. (1) inthe new system of reference and show
that the expression for x(k) remains the same with the
only exception: the vector r isnow the coordinate of the
Ge atom and p(r) is the probability of finding the Ge
atom at the point r. In the new system of reference, Te
atoms are located at the distance a,/2 from the origin of
coordinates along the 100 axes (a, is the lattice
parameter). This means that, for a Ge atom located at
the point r = (X, Y, 2), the contribution of the six Te
atomsto the EXAFSfunction (1) will be determined by
six 3D integrals, in which distancesr are calculated by
the formular? = (ay/2 — x)? + y? + 2.

In the microscopic model of ferroelectricity, the
effective potential V(r) (in which an atom moves) con-
sists of two terms. the loca anharmonic potentia
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Vioo(r) and the quantity V.; = (dE;), which describes
the interaction of the atom under consideration with all
the other atoms and the external field [9]. Let us expand
the potential V,.(r) inthe vicinity of the origin of coor-
dinates in terms of the powers of the atomic-displace-
ment components. For a site characterized by the point
symmetry group O, the expansion in powers up to the
fourth order has the form

Viee(r) = a + Br2 + yr4 + E')(xzy2 +X°7 + yzzz), @
2 = X2+y2+22,

wherea, 3, y, and d are some coefficients. Sincethedis-

tribution function does not depend on the choice of the

reference point on the energy scale, we assumethat a =

0. Then, expression (2) can be rewritten as follows:

Viee(r) = a(=2Rpynr* +1%) o
+ d(xzy2 +X7 + yzz2 - r4/3),
wherea =y + 8/3 > 0isthe parameter characterizing the

isotropic part of the fourth-order anharmonicity, Rrim =

—B/2(y + &/3) is the square of the distance correspond-
ing to the potential minimum, and d = & isthe parameter
describing the anisotropic part of the fourth-order
anharmonicity. It was shown in [5] that Ge atoms in
Sn, _,Ge Te are displaced to one of the eight equivalent
minima in the [1110directions; therefore, the sign of
the parameter d in formula (3) must be negative.

The experimental data considered here were
obtained for samples in the ferroelectric phase. There-
fore, when processing these data, it is necessary to take
into account the existence of a preferential direction
(the term V,,;) and the rhombohedral |attice distortion.
Let us estimate the effect of these factors and higher
order invariants on the results obtained. When the data
were processed using reasonable values of the molecu-
lar field E,;, agreement between the experimenta and
theoretical spectra was retained and the values of the
local-potential parameters changed only insignifi-
cantly. Thisis no surprise since the contributions of the
terms linear with respect to E,; to the EXAFS function
for the first coordination sphere compensate each other.
The data processing taking into account the known
experimental value of the rhombohedral lattice distor-
tion hardly affects the agreement between the experi-
mental and theoretical spectra and the values of the
local-potential parameters. Thus, in the first-order
approximation, we may neglect the molecular-field
effect and the rhombohedral lattice distortion in the
data analysis. Taking into account the sixth-order
invariants in expansion (2) showed that their effect (at
least, on the data obtained at low temperatures) is also
insignificant.

If the crystal temperature exceeds the Debye tem-
perature, the classical approximation is valid and the
probability of finding an atom at an arbitrary point of
the crystal is determined by the potential energy at this
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Fig. 1. Experimental (squares) and calculated (solid lines)
EXAFS spectra for a Sng 3Gey 7Te sample at T = (1) 80,
(2) 180, and (3) 275 K.

point: p(r) ~ exp(=V(r)/KT).! Since the EXAFS func-
tion (1) is calculated by exact 3D integration in our
approach, we can use potentials with an arbitrary
degree of anharmonicity, including multiwell poten-
tials. The selection of a cluster, which sets the mutual
positions of Te atoms, makes it possible to determine
also the anisotropy parameters of the atomic motion.

EXPERIMENTAL

The measurements were performed with polycrys-
talline samples of the Sn; _,Ge Te solid solution with
x=0.4, 0.7, and 1.0 obtained by alloying binary com-
pounds with subsequent homogenizing annealing at
620°C for 48 h.

Immediately before the measurements, each alloy
was grounded into powder, sieved, and deposited onto
the surface of a scotch tape.

EXAFS spectrain the vicinity of the Ge-K absorp-
tion edge (11.103 keV) were measured at station 7.1 of
the Daresbury synchrotron radiation source (energy of
electrons 2 GeV, current 240 mA) in the temperature
range 77-300 K. The radiation was monochromized by
a double-crystal Si(111) monochromator. The spectra
were recorded in transmission geometry; the intensities
of theincident and transmitted radiation were measured
using ionization chambers.

The EXAFS spectra obtained were processed con-
ventionally [8, 10]. The energy corresponding to the

L At low temperatures, the quantum character of excitations should
be taken into account and the relation between p(r) and V(r)
becomes more complex. In this study, we restrict ourselves to the
classical approximation. The quantum case will be considered in
afuture publication.
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inflection point at the absorption edge was taken as a
reference point. The jump at the absorption edge varied
from 0.19 to 0.5. The information on thefirst coordina-
tion sphere (the one we are interested in) was derived
from the experimental spectra x(k) by Fourier trans-
form and reverse Fourier transform using a modified
Hanning window [8]. The typical selection ranges in
the R- and k spaces were AR = 1.65-3.55 A and Ak =
2.8-12.7 A1, respectively. The further data processing
consisted in varying the potential parameters and deter-
mining the values at which the mean-square deviation
of the calculated spectrum kx (k) from the correspond-
ing part of the experimental spectrum isminimum. The
functionsf(k, 1), 3,(k), and A(k), which are necessary to
calculate theoretical spectra, were found using the
FEFF software [11].

Asiswell known, the number of fitting parameters
in analysis of EXAFS data should not exceed the num-
ber of independent parameters in the data analyzed
(Ning = (2ITHARAK) [8]. In our case, the number of vari-
able parameters is equal to six (the parameters a, d,

R,im , Sg , 8, and the correction dE, to the zero energy
inthe spectra[8]) at N, = 9-12. Interestingly, the num-
ber of variable parametersin our case isthe same asin
conventional analysis taking into account two coordi-
nation spheres.

RESULTS AND DISCUSSION

Typical EXAFS spectra obtained by the procedure
described above and their best theoretical approxima-
tions for a Sny ;Ge,,Te sample at three different tem-
peratures are shown in Fig. 1. The small discrepancy
between the spectrais due to the fact that the procedure
of selecting a signal from the first coordination sphere
does not completely suppress the contribution from the
second coordination sphere.

Figure 2 shows the constant-energy map calculated
on the basis of the derived parameters of the potential
for asamplewithx=0.7 at T=80K. It can be seen that
the equipotential lines are highly extended in (1110
directions and the potential energy increases most rap-
idly at displacement in CLOOCdirections.

The temperature dependences of the parameters a,
Riin. and [d] for all the Sn,_,Ge,Te samples investi-
gated are shown in Figs. 3-5. Comparison of Figs. 3
and 5 shows that the anharmonicity parameter d
exceeds a by about two orders of magnitude. Asfollows
from the angular dependence of the potential (3), the
minimum vaue (equal to a) of the factor at r* is
obtained for the motion of aGe atom in one of the (11107
directions. This factor is maximum (equal to a + [d}/3)
for motion in one of the [100[directions. Thisisno sur-
prise since the neighboring Te atoms are located in
[100directions (with respect to the average position of
the Ge atom); therefore, displacements of the latter in
these directions are accompanied by strong nonlinear
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Fig. 2. Constant-energy map for a Sng 3Geg 7Te sample at
80 K obtained by crossing the potential well with a (110)
plane.
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Fig. 4. Temperature dependence of the parameter ernm for

Sn; _Ge, Tesamples with x = 1.0 (m), 0.7 (o), and 0.4 (V).

repulsion. At the same time, pits of the close-packed
atomic plane are located in [111irections; hence, off-
center Ge atoms can easily displacein these directions.
Thus, the condition |d| > a and formula(3) suggest that
the sought potential is characterized by a strong anisot-

ropy.

An unexpected result obtained in this study is the
strong temperature dependences of the parameters a
and R;,,. It follows from Figs. 3 and 4 that, in the sam-
ples with x = 0.7, a decreases and R, increases with
increasing temperature; at the same time, the depth of

the potential well U,, = aRr‘:1in remains almost invari-
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Fig. 3. Temperature dependence of the parameter a for
Sn; _,Ge,Te sampleswith x = 1.0 (m), 0.7 (A), and 0.4 (V).
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Fig. 5. Temperature dependence of the parameter d for
Sn; _,Ge,Te sampleswith x = 1.0 (m), 0.7 (A), and 0.4 (V).

able. Presently, we cannot explain this behavior of the
potential parameters, although it is clear that one of the
reasons for the change in R,;, is the thermal expansion
of the crystal. Note that the significant temperature
changes in the parameters of the distribution function
established here do not suggest a significant change in
the average displacement of an atom from the lattice
site, which was determined by the formula 0 =

J':p(r)lrldr . The dependence i(T)Cobtained corre-

sponded to the change expected for the thermal expan-
sion of the lattice.
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As follows from Eq. (3), the depth of the potential
wellsisU,, = aanm . Estimation of U,, yields approxi-
mately 40, 30, and 20 meV for the samples with x = 1,
0.7, and 0.4, respectively. It is known from the micro-
scopic model of ferroelectric phase transitions that the
type of phase transition is determined by the dimen-
sionless parameter s = U, /KT, [9]. In our case, s is
approximately equal to 0.65 for all the samples studied.
This means that the type of phase transition in
Sn, _,Ge Teisintermediate between the displacive and
order—disorder phase transitions.

CONCLUSIONS

A new method is proposed, which makesit possible
to determine the parameters of the 3D multiwell poten-
tial of off-center atoms from EXAFS data. The main
features of this approach are the expansion of the 3D
potential in acluster in a series, taking into account the
restrictions imposed by the lattice-site symmetry and
exact 3D integration of the distribution function in cal-
culations of EXAFS spectra. Within this approach, the
temperature and composition dependences of the
parametersof the multiwell potential of the Geatom are
found inthe classical approximation for aseriesof sam-
ples of the Sn, _,Ge, Te solid solution (77 < T < 300 K,
x=0.4)

It is shown that the anharmonic part of the potential
is highly anisotropic and that the type of ferroelectric
phase transition in Sn, _,Ge, Te crystalsis intermediate
between the displacive and order—disorder phasetransi-
tions.
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