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Combined EXAFS and first-principles theory study of Pb12xGexTe
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The narrow band-gap semiconductor Pb12xGexTe has a low-temperature ferroelectric rhombohedral phase
whose average structure is a distorted rocksalt structure. We have measured the extended x-ray-absorption-
fine-structure~EXAFS! spectra of Pb12xGexTe with x'0.3 at the Ge and TeK edges and at the PbL III edge.
Guided by first-principles calculations, we create a model for the local structure as a distortion from the ideal
rocksalt structure. By corefining the spectra from these three edges, we demonstrate that the data are consistent
with our fitting model and we directly measure several secondary structural distortions predicted by the theory.
This work demonstrates a powerful approach to the determination of local structures in complex materials by
using first-principles calculations in conjunction with EXAFS measurements.@S0163-1829~99!13041-8#
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Ferroelectric solid solutions are of theoretical and exp
mental interest as well as of significant technological imp
tance. The macroscopic properties of ferroelectric solid so
tions are strongly dependent not only on the average cry
structure, but on the details of the short-range atomic
rangements. Recent advances both in extended x-
absorption-fine-structure~EXAFS! spectroscopy and in first
principles calculations allow highly detailed computati
and measurement of local structures in ferroelectric mat
als. Pb12xGexTe is a good prototype for these studies as
structure and physics of the ferroelectric phase are relati
simple and are known to be dominated by the off-cen
displacements of Ge ions with respect to their near-neigh
Te octahedra.1

In this work, we address this problem by combining r
cent advances in EXAFS spectroscopy with theoretical fi
principles local-density-functional theory~LDFT! calcula-
tions to determine the local structure of the ferroelec
narrow-gap semiconductor Pb12xGexTe. The average struc
ture of the paraelectric high-temperature phase
Pb12xGexTe is rocksalt as shown in Fig. 1. Forx.0.005, the
low-temperature phase is ferroelectric, with a rhombohed
unit cell only slightly distorted from cubic (a'90°). A class
of simple phenomenological models for the paraelect
ferroelectric transition in Pb12xGexTe is based on Ge off
center displacements.1 In these models, individual Ge ion
become more stable by moving from their nominal latt
positions in one of the eight cubiĉ111& directions. Below
the transition temperatureTc , there is long-range order in
the direction of off-center displacement of the Ge ions, r
sulting in a nonzero spontaneous polarization. AboveTc ,
there is no long-range order in the direction of the o
centering, and thus the material is paraelectric. Previ
EXAFS work1 revealed large displacements of the Ge io
both below and above the rhombohedral-to-cubic phase t
sition, supporting this phenomenological viewpoint.
PRB 600163-1829/99/60~21!/14632~11!/$15.00
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Pb12xGexTe is a solid solution in which the configuratio
of the Pb and Ge cations is disordered. Nonetheless,
formally possible to describe the ground-state ionic coor
nates for any arbitrary configuration via a cluster expansi
In a cluster expansion, the Cartesian coordinateui ,a for ion i
of speciesSi relative to its nominal rocksalt coordinateui ,a0
is expanded in terms of the cation configuration

ui ,a5ui ,a01uSi ,a1(
j

JSi ,a(r j 2r i )
s j

1(
j

(
k

KSi ,a(r j 2r i ,rk2r i )
s jsk1higher order terms,

~1!

where the indicesj and k run over all cations,uS,a is the
coordinate in thea Cartesian direction for speciesS in the
limit that all cations are Pb~i.e., with no Ge substitution!, J
andK are the linear and quadratic parameters in the clu
expansion, ands j is a coordinate describing the identity o
cation j. Since we are interested in Pb-rich Pb12xGexTe, we
chooses50 for Pb ands51 for Ge. In order to obtain a

FIG. 1. The cubic rocksalt structure forms the basis of the lo
structure of Pb12xGexTe. In the real material, the Ge ions random
populate the sites indicated by black circles. In the LDFT calcu
tions, these sites are populated by Ge ions in an ordered mann
shown in Ref. 4.
14 632 ©1999 The American Physical Society
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PRB 60 14 633COMBINED EXAFS AND FIRST-PRINCIPLES THEORY . . .
unique set of parameters, it is necessary to specify the or
tation of each configuration. We choose a convent
whereby the pseudocubic axes of a given configuration
viate from the Cartesian axes by a small irrotational str
and the orientation of its polarization vector is in the@111#
quadrant.

Our primary goal in this work is to provide a more d
tailed description of the local structure in the ferroelect
phase of Pb12xGexTe, based on Eq.~1!. We exploit advances
in theoretical and analytical tools developed in the ye
since the earlier EXAFS work to provide a more comple
picture of the local structure of this material, including se
ondary distortions not considered in earlier models. Our s
ondary goal is to demonstrate the value of combining fi
principles theory and EXAFS to study structural
complicated materials. The results of first-principles the
are of value to the EXAFS experimentalist by guiding t
analysis of the structurally complex material. In tur
EXAFS results are of value to the first-principles theorist
measuring the true local structure, without the approxim
tions involved in electronic structure calculations.

Equation ~1! has an infinite number of terms. Such a
expansion is useful in practice if only a finite, and prefera
small, number of the couplings are non-negligible. In Sec
we use physical arguments to truncate Eq.~1! to a small
number of terms, yielding a model for the local structure. W
then show how first-principles calculations can be used
determine the parameters for a given truncation and estim
how well the model captures the local distortions. In Sec
we present the details of our EXAFS measurements
Pb12xGexTe. In Sec. III we use the model suggested by
first-principles calculations to analyze our EXAFS data.
nally in Sec. IV we summarize the use of both first-princip
and EXAFS methods in describing the local structure
Pb12xGexTe.

I. FIRST PRINCIPLES THEORY OF Pb 12xGexTe

Bonding considerations in Pb12xGexTe help to reduce the
full cluster expansion of the ionic positions at low tempe
ture given in Eq.~1! to a form that is more tractable theo
retically and experimentally. The bonding in Pb12xGexTe is
largely the covalent bonding ofp orbitals of Pb, Ge, and Te.2

However, there is only one valence electron per bond. Th
is thus a tendency in each linear segment of three ions for
central ion to prefer an off-center position, forming a sh
bond on one side into which the electron from the long bo
on the other side is partially transferred.2,3 Since both the
equilibrium bond lengths and local charge transfer are ca
dependent, substitution of one cation species for ano
should most strongly affect the collinear Te coordinate of
neighboring Te ions and the collinear coordinates of the
ions beyond the neighboring Te ions as charge is transfe
to or from the central bonds. In terms of Eq.~1!, we truncate
to linear order and include only those cation neighbors
pected to strongly influence the ionic position. For Te io
only the terms for first-neighbor cations at distancea/2 are
kept. For Pb and Ge, only the terms for the cations at
tancea are kept. Finally, for each Cartesian component
ionic motion, only terms involving the neighbors in the co
responding direction are kept.
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Because Pb12xGexTe has rhombohedral symmetry at lo
temperatures, some of the parameters in Eq.~1! are related
by symmetry. Our orientation convention for polarization d
fines@111# as the rhombohedral axis; thus, for Cartesian
ordinatesa andb,

uS,a5uS,b ,

JS,a,dâ5JS,b,db̂ .

Nine independent terms remain:uPb,x , uGe,x , uTe,x , JPb,x,ax̂ ,
JPb,x,2ax̂ , JGe,x,ax̂ , JGe,x,2ax̂ , JTe,x,ax̂/2 , andJTe,x,2ax̂/2 . For
simplicity of notation, we rename these termsuGe,x
[G0 , JGe,x,ax̂[GR , JGe,x,2ax̂[GL , etc., where 0 indi-
cates the coordinate in the case of neighboring Pb cat
andL (R) indicates the effect of replacing the left~right! Pb
neighbor by Ge. By virtue of translational symmetry,P0 ,
G0, and T0 are not independent; we setP050 to obtain a
model with eight parameters. We call this the ‘‘eight-ter
model.’’ The effect of these eight parameters on the poss
linear chains of Pb, Ge, and Te atoms is shown in Table

Further approximations are possible. In pure PbTe,
ground state has the rocksalt structure. If one assumes
Pb ions in the solid solution remain in their rocksalt positio
as they do in pure PbTe, and likewise that Te maintains
rocksalt coordinate in a given direction when the correspo
ing neighbors in that direction are both Pb, thenPL50, PR
50, andT050. We call this simpler model the ‘‘five-term
model’’ and use the expressions in Table I with those th
parameters set to 0.

For any given truncation in the cluster expansion, theo
ical values for the parameters can be found by fitting a s
ficient set of structures to the model. Cockayne and R
have made local-density-functional theory studies4–6 of sev-

TABLE I. Local configurations and displacements from nomin
positions eight-term model for Pb12xGexTe. The configurations are
the four possible arrangements of ions along any Cartesian d
tions for each of the three central atoms. The displacements o
ions are given in terms of the parameters in Table II. The net ve
displacement of each ion is the superposition of the displacem
due to the linear configurations in each Cartesian direction.

Pb configuration Displacement

Pb–Te–Pb–Te–Pb 0
Pb–Te–Pb–Te–Ge PR

Ge–Te–Pb–Te–Pb PL

Ge–Te–Pb–Te–Ge PL1PR

Ge configuration Displacement
Pb–Te–Ge–Te–Pb G0

Pb–Te–Ge–Te–Ge G01GR

Ge–Te–Ge–Te–Pb G01GL

Ge–Te–Ge–Te–Ge G01GL1GR

Te configuration Displacement
Pb–Te–Pb T0

Pb–Te–Ge T01TR

Ge–Te–Pb T01TL

Ge–Te–Ge T01TL1TR
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eral ordered supercells of Pb12xGexTe atx50.25 in order to
study the effect of the local environment on structural, fer
electric, and piezoelectric properties. The calculations w
performed using pseudopotentials, a plane-wave basis se
the electronic wave functions, and conjugate gradients m
mization of the total energy. For each of three eight-at
supercells~cells cP8, tP8, and tI16 in Fig. 1 of Ref. 4!, a full
relaxation of ionic and cell parameters was performed, a
biasing the initial ionic positions by displacing the Ge io
0.25 Å in the@111# direction.4–6 The distortions of the re-
laxed cells from pseudocubic were small. We thus assu
~pseudo!cubic cells for all subsequent analysis. The origin
each cell was chosen so thatP0 was 0. After weighting the
results for each local environment by their relative frequ
cies in disordered Pb12xGexTe, a least-squares fit of the s
of all ionic displacements from the nominal ionic positio
was done for four models: the eight-term and five-term m
els described above, the Islam and Bunker1 model, in which
all of the Ge ions are displaced the same amount along
@111# direction, and the ‘‘null’’ model, where the ideal rock
salt structure was assumed. The results are shown in Tab

Table II shows how well the various models describe
theoretical local distortion in Pb0.75Ge0.25Te supercells, as
well as showing the dominant physics affecting this dist
tion. In the ‘‘null’’ model, where the ideal rocksalt structur
is assumed, the rms error in atomic positions is 0.137
The rms error for the Ge ions is 0.167 Å, supporting the
off-centering picture. The simplest model that captures
off-centering is the Islam and Bunker model, where all
ions are displaced the same amount from their nominal io
positions in the cubic@111# directions. In this model, the
theoretical rms error for the Ge positions is reduced by m
than 60%. However, the overall rms error only goes fro
0.137 Å to 0.126 Å. It is necessary to include addition
distortions in order to improve upon the Islam and Bunk
model. In fact, the theoretical rms Te displacement is as la
as that for Ge. The individual parameters with the larg

TABLE II. Theoretical distortion parameters in Pb12xGexTe for
various models. All values for the linear distortion parameters in
upper panel are given in Å. In the lower panel, the root-me
square errors of the least-squares fits to density-functional re
ations of three ordered supercells shown in Ref. 4 are given in
The root-mean-square errors are given for fits in three dimens
to the set of all ions in the crystal and for each individual spec

Model Eight-term Five-term Islam and Bunker Null

PL 0.030 0 0 0
PR 0.030 0 0 0
G0 0.060 0.060 0.089 0
GL 0.057 0.057 0 0
GR 0.057 0.057 0 0
T0 20.029 0 0 0
TL 20.164 20.187 0 0
TR 0.098 0.074 0 0

Durms 0.036 0.052 0.126 0.137
Durms(Pb) 0.024 0.048 0.048 0.048
Durms(Ge) 0.024 0.024 0.065 0.167
Durms(Te) 0.044 0.059 0.170 0.170
-
re
for
i-

r

e
f

-

-

he

II.
e

-

.
e
e

e
ic

e

l
r
e
t

magnitude in the eight-term model areTL and TR . Physi-
cally, this corresponds to local relaxation. Te relaxes tow
the neighboring Ge ion whenever there is a linear Ge-Te
segment. This relaxation is due to the small ionic radius
the Ge ion compared to the Pb ion. When the Ge ion is to
left ~right! of the Te, relaxation is toward the left~right! as
indicated by the negative~positive! value of TL (TR). The
asymmetry betweenTR and TL shows that in addition to
relaxation, Te ions have a small but important ‘‘recoil’’ i
the opposite direction to Ge displacement. This is a mani
tation of typical ferroelectric distortion where cations are d
placed from centrosymmetric positions in one direction a
anions in the opposite direction. Including the Te parame
greatly reduces the rms error of the model. Another imp
tant secondary distortion arises from theGL and GR terms.
With these terms in the model, the Ge ions are no longer
displaced off-center by the same amount. The positive va
of these parameters can be explained by the coupling of
off-centering to Te relaxation. When the cation neighbors
a given Ge ion beyond the Te neighbors are Pb, the
neighbors relax toward the Ge. This suppresses the tend
of the Ge to move off-center due to the additional sho
range Ge-Te repulsion. The set of ordered supercells stu
does not allowGL andGR ~or PL andPR) to be determined
independently, thus we set them to the same value in Ta
II. Finally, the differences between the five-term and eig
term models are relatively small. The five-term model co
tains the five terms of greatest magnitude from the eight-te
model, justifying the approximations made. In particular, t
results in Table II suggest that the local Pb distortion is sm
and not crucial to obtaining a good description for the lo
structure of Pb12xGexTe. The eight-term model still has
0.036 Å rms error for the ionic positions. In order to im
prove upon this model, higher-order and/or longer-ran
terms of Eq.~1! must be included.

In Secs. III B and III C, we present a detailed EXAF
study of Pb12xGexTe with x'0.3 based on the five-term
model.

II. EXPERIMENTAL DETAILS

Our Pb12xGexTe sample was prepared by solid solutio
of stoichiometric ratios of high purity, metallic Pb, Ge, an
Te at 1225 K followed by over 360 h of annealing at 825
The sintered pellets of Pb12xGexTe with x'0.3 were ground
with mortar and pestle and sieved to a size appropriate
our EXAFS measurements. The powdered material ha
lattice constant of 6.339~1! Å as determined by x-ray diffrac
tion at room temperature. This lattice constant is consis
with x50.27(1).7

Samples were prepared for measurement in the trans
sion EXAFS geometry8 for each of the three edges. For ea
sample, the material was uniformly dispersed within a qu
tity of graphite and cold pressed into a pellet for easy h
dling. The samples for the PbL III and TeK edges had edge
steps of;1, while the GeK edge sample had a step of; 1

4 .
The powders were sieved such that the average particle
in the measured sample was small compared to the abs
tion length. Preparing samples in this manner helps minim
distortions to the data due to sample nonuniformity9 and par-
ticle size effects.10
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The Te K edge EXAFS data were collected at the N
tional Synchrotron Light Source at beamlines X11a and
PbL III and GeK edge data were collected at X23a2. Both
these beamlines use bending magnets to generate pho
which are used unfocused and monochromated by t
crystal 311 silicon monochromators. For all measureme
the vertical dimension of the beam incident upon the sam
was defined by slits to be as large as possible without los
experimental resolution due to beam divergence. For th
measurements, the samples were mounted on the cold fi
of a Displex cryostat and data were collected at 40, 100, 1
and 200 K. These temperatures are all well below the fe
electric to paraelectric phase transition temperature
;350 K.7

III. DATA ANALYSIS

A. Data processing

Four or more scans were collected at each tempera
and each edge. Each scan was normalized using a stan
algorithm11 of pre-edge subtraction and edge-step normal
tion. Example spectra for each edge are shown in Fig. 2.
normalized spectra from each edge at the various temp
tures are then aligned in energy.

The fine structure oscillations are isolated using
AUTOBK ~Ref. 12! program. The background function is a
proximated using a spline with knots evenly spaced in p
toelectron wave number. The values of the spline at the k
energies are found by optimizingx̃(R), the Fourier trans-
form of the isolatedx(k) spectrum.x̃(R) is obtained by
isolatingx(E) according to

x~E!5
m~E!2m0~E!

Dm
, ~2!

wherem0(E) is the background spline andDm is the edge
step, which was set to 1 during the normalization step of
data processing. The abscissa is converted from energ
photoelectron wave numberk by the relation k
5\21A2m(E2E0). x(k) is then Fourier transformed ove
a specifiedk range to producex̃(R). The spline is adjusted
so that this experimentally derivedx̃(R) best matches the
x̃(R) obtained from a theoretical calculation using theFEFF6
~Ref. 13! program. The parameters used to determine
background splines are given in Table III and the splines
shown in Fig. 2. Thex(k) functions extracted from them(E)
usingAUTOBK are shown in Fig. 3.

The parameterRbkg in Table III determines the number o
spline knots used to approximate the background func
m0(E). The EXAFS measurement is treated at this stage
bandpass limited signal, thus the number of knots is de
mined by the Nyquist criterion.14 The bandwidth of the sig-
nal is determined by thek range of the background remov
shown in Table III and by theR range between 0 andRbkg .
Thus we presume that the signal belowRbkg is dominated by
the Fourier components ofm0(E) and has negligible loca
structural content. As discussed in Sec. III B, theFEFFIT ~Ref.
15! program is used to analyze thex(k) data.FEFFIT allows
the user to refine the background spline along with the st
tural parameters when analyzing thex(k) data. This allows
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evaluation of the correlations between the background sp
and the structural fitting parameters. The value ofRbkg is
chosen to provide the maximum number of spline kn
without introducing significant correlation between the v

FIG. 2. m(E) data~thick lines! at the Pb LIII , Ge K, and TeK
edges at 100 K. The insets show detail of the regions near
edges. The background functions~thin lines! were determined using
the AUTOBK program~Ref. 12! and the parameters in Table III.
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ues of the spline parameters and the structural param
measured in the fit.

B. Using first-principles theory to guide the fitting model

The first-principles theory indicates that the local stru
ture in Pb12xGexTe is highly disordered due, in large part,
the extreme size mismatch of the Pb and Ge anions. F
the earlier work of Islam and Bunker1 on Pb12xGexTe, we
know that the distribution of Te atoms in the first coordin
tion shell about the Ge anion is split into peaks separated
a large fraction of an angstrom. The presence of the var
secondary distortions discussed in Sec. I further adds to
disorder in the pair distribution functions.

A common approach to the analysis of EXAFS data
volves modeling pair distribution functions in terms of a c
mulant expansion. This approach is not promising for a m
terial as disordered as Pb12xGexTe. Modeling highly
disordered, split-peak pair distribution functions would r
quire an inordinate number of cumulant terms. Conseque
we sought a way of representing the pair distribution fu
tions in a manner which would more directly measure
distortions to the structure, which could be directly compa
with the first-principles theory, and which could be e
pressed in a small number of variable parameters.

TABLE III. Background removal parameters used inAUTOBK.
Thek range is the range over which a spline using Nknots knots was
optimized to approximate the background function. The numbe
knots is determined by 2RbkgDk/p11.

Element k range (Å21) Rbkg (Å) Nknots

Pb @1.00:16.10# 1.5 15
Ge @1.25:12.45# 1.7 13
Te @1.00:15.05# 2.0 19

FIG. 3. x(k) at 40 K as extracted from them(E) of the three
edges shown in Fig. 2 using theAUTOBK program~Ref. 12!. Each
spectrum is the average of four or more measurements. Eachx(k)
function is multiplied byk to emphasize the high-energy oscill
tions. The vertical lines indicate thek ranges over which the dat
were then Fourier transformed and analyzed. Deviations betw
successive scans are of similar size to the width of the lines, so e
bars are omitted in this figure.
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By iterating over all linear configurations described
Table I and over all three spatial directions, the pair dis
bution functions about each central atom can be describe
a set of histograms. Each bin in each histogram represen
single-scattering geometry characterized by an atomic s
cies found at some radial distance away from a central at
The height of the each bin represents the probability of fi
ing an atom at that distance. That height is determined o
from the symmetry of the rocksalt structure and the dop
fraction as the Pb and Ge ions are assumed to be compl
substitutionally disordered. Since the doping fraction is
known quantity, the heights of the bins are fixed values
the fits to the data. The location in radial distance of each
is determined by the values of the lattice constant and of
distortion parameters from Table II. The pseudocubic latt
constant is a known quantity, thus all of the radial distan
to all of the backscatterers considered in the fitting probl
are determined by fitting the five distortion parameters.
this way, very complicated radial distributions are mode
using only five structural parameters.

The radial distance to each binj in the histograms is de
termined by considering the effects of the distortion para
eters to second order. For bin distancesRj out to the third
coordination shell, we find a set of polynomials describi
the distancesRj of the form

Rj
2

a2
5N1gG0

j G01gGL

j GL1gGR

j GR1gTL

j TL1gTR

j TR

1gG00

j G0
21gGLL

j GL
21gGRR

j GR
21gTLL

j TL
21gGRR

j GR
2

1gG0GL

j G0GL1gG0GR

j G0GR1gG0TL

j G0TL

1gG0GR

j G0TR1gGLGR

j GLGR1gGLTL

j GLTL

1gGLTR

j GLTR1gGRTL

j GRTL1gGRTR

j GRTR

1gTLTR

j TLTR . ~3!

NP$1,2,3,4% is the index of the coordination shell anda is
the pseudocubic lattice constant. Theg j are the coefficients
of the distortion parameters. These are always integer
they are determined by the combinatorics of superposing
linear configurations in three dimensions. Each polynom
has associated with it a probability of occurrence depend
upon the crystal symmetry and the doping fraction, as sta
above. Summing the probabilities of all possible scatter
geometries~i.e., bins! in a shell yields the coordination o
that shell.

Considering single-scattering paths out to the third co
dination shell about Pb and Te and the second coordina
shell about Ge generates over 1000 bins with a precisio
distance of 1023 Å. Although tractable, this is a rather larg
number. Simply ignoring the second-order terms in Eq.~3!
significantly reduces the number of bins, but it also intr
duces a large systematic error to the determination of
tances. Although the second-order terms are small, their
contribution to the distortion model is to increase the d
tances between atoms. Thus neglecting the second-o
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terms biases all distances to smaller values, thus introdu
a systematic error to the measurement of the distortion
rameters.

Rather than explicitly considering all second-order ter
or simply neglecting them, we approximate their effect in
manner that reduces the number of bins in the histograms
do this, we treat all the first-order terms in Eq.~3! exactly
and statistically average the effect of the second-order te
by their probabilities of occurrence. This reduces the num
of bins to 201 while also greatly reducing the size of t
systematic error caused by simply neglecting those ter
The polynomials using the averaged second-order terms
of the same form as Eq.~3!, but the second-order coefficien
are replaced by noninteger, effective coefficientsḡ j . Using
the predicted values for the distortions parameters give
Table II in Eq.~3! yields the set of histograms shown in Fi
4.

In FEFFIT, the fitting model is expressed as a sum over
scattering geometriesj. Each individual scattering geometr
~also called a path! is described by an appropriate theoretic
fitting standard fromFEFF. The fitting standards are modifie
according the EXAFS equation8

x
F
~k!5Im(

j

NjS0
2F j~k!

2kRj
2

ei [2kRj 1F j (k)]e2(2k2s j
2). ~4!

This equation expresses the total calculatedx
F
(k) for a par-

ticular central atom as a sum over all scattering geomet
about that atom. The effective scattering amplitudesF j (k)
and phase shiftsF j (k) for each path are calculated16 using
FEFF. For each pathj, FEFFIT can modify the path distanc
Rj , the mean-square displacements j

2 aboutRj , and the am-
plitude NjS0

2 in some manner specified by the fitting mod
In our case, theRj of each path is calculated according to E

FIG. 4. The set of histograms given by Eq.~3! and the predicted
values for the distortion parameters from Table II. These are
histogram bins actually used in the fits to the EXAFS data a
include two coordination shells around the Ge atom and three
ordination shells around the Pb and Te atoms, although the th
shell Ge atoms are not included in the fits. Note that, since the
sublattice is undistorted in the five-term model, the second-s
Pb–Pb forms a single bin which is taller than the top panel.
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~3!, Nj is set to the probability of occurrence of the path, a
the passive electron reduction factorS0

2 is a variable in the
fit. Each bin in Fig. 4 represents a term in the summation.
paths are summed together and the sum is fitted to the m
suredx(k) by varying the five distortion parameters alon
with various other fitting parameters. The fitting is made u
ing a Levenberg-Marquardt algorithm.FEFFIT also allows a
shift E0 in the energy reference for each path which modifi
the effective photoelectron wave number by the relationk
5@2m(E2E0)#1/2/\2. All parameters used in the fits ar
explained in Table IV.

Because we measured data at all three edges, we are
to analyze these data together at each temperature. As
distortion parameters effect the radial distribution functio
about all three central atoms, simultaneously refining th
data sets provides a robust measurement of those param
The programFEFFIT ~Ref. 15! is used for the analysis pre
sented in this section.FEFFIT allows fitting of multiple data
sets and the construction of the complicated fitting mo
which uses Eq.~3! to express the path distances.

By fitting the three data sets simultaneously we not o
obtain a better measure of the five distortion parameters
if we had fit the data sets independently, we also significan
reduce the number of variables that must be determine
our fits, thus improving the statistical significance of the
sults. For example, thes2 for a given interatomic distance i
the same regardless of which atom is the central at
Therefore, the number ofs2 parameters varied in the fits i
reduced almost by a factor of 2 compared to the numbe
these parameters needed to fit the data from each edge
rately.

The use of five energy shift parameters in these fits me
discussion. To obtain physically reasonable results for c
tain fitting parameters, it may be necessary to correct er
in the calculation of the central and backscattering ph
shifts byFEFF. This may be done by adding an energy sh
for each atomic species.17 A naive application of this phase
correction scheme would result in the use of nine ene
parameters, i.e., one for each of the three species in eac
the three data sets. We found that the use of nine indep
dent energy parameters yielded no statistical improvem
over the energy correction model actually used in the an
sis reported in this paper. Each data set certainly requires
overall energy correction to align the data with the fittin
standard. This overall correction is applied to the Te ba
scatterer at each edge. Since the potentials and phase
of the fitting standards are calculated in similar manner18 for
each absorber, we assume that the differences in the en
corrections required for the Pb and Te atoms are the sam
each central atom. Thus the Pb backscatterers are en
corrected by the sum of the overall correction and a diff
ence parameterDE0(Pb). That parametrization of the P
phase correction is used for all three edges. Similarly, the
backscatterers are energy corrected using a param
DE0(Ge). This reduces the number of energy correction
rameters almost in half, from 9 to 5.

In total, we used 19 fitting parameters to fit the data fro
the three edges at each temperature. In any fitting algorit
it is essential not to overspecify the problem by attempting
fit more parameters than are allowed by the available data
common method of estimating the available information
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TABLE IV. A summary of the fitting parameters used in the fits to the three edges. In total, 19 parameters are determined from
data sets at each temperature. The parameters marked with a star (!) are analyzed for their temperature dependence. The parameters m
with a dagger (†) affect data from more than one edge. For theS0

2 and energy shift values the best-fit values are averages over temper
The results for the distortion parameters are shown in Fig. 6. For the mean-square displacements, the Einstein temperature corres
the temperature dependence of the parameter is reported. The Einstein temperatures for the second-shell paths containing Ge ar
as explained in the text.

Parameter Description Best-fit value

S0
2(Pb) Passive electron reduction factor for the Pb atom 0.83~3!

S0
2(Ge) Passive electron reduction factor for the Ge atom 0.87~8!

S0
2(Te) Passive electron reduction factor for the Te atom 1.10~6!

!† G0 Ge off-center displacement See Fig. 6
!† GL Additional Ge displacement due to a Ge on the left See Fig. 6
!† GR Additional Ge displacement due to a Ge on the right [GL

!† TL Te displacement due to a Ge on the left See Fig. 6
!† TR Te displacement due to a Ge on the right See Fig. 6

E0,Te(Pb) Energy shift of the Te backscatterer at the PbL III edge 23.14(14)eV
E0,Te(Ge) Energy shift of the Te backscatterer at the GeK edge 23.90(1.52) eV
E0,Te(Te) Energy shift of the Te backscatterer at the TeK edge 2.58~42! eV

† DE0(Pb) Energy shift of the Pb backscatterer relative to the Te for each edge 20.63(56) eV
† DE0(Ge) Energy shift of the Ge backscatterer relative to the Te for each edge 4.67~1.03! eV

!† s2(Pb,Te) Mean-square displacement between Pb and Te, 1st shell 122~9! K
!† s2(Ge,Te) Mean-square displacement between Ge and Te, 1st shell 225~80! K
! s2(Pb,Pb) Mean-square displacement between Pb and Pb, 2nd shell 57~3! K
! s2(Ge,Ge) Mean-square displacement between Ge and Ge, 2nd shell
! s2(Te,Te) Mean-square displacement between Te and Te, 2nd shell 112~14! K
!† s2(Pb,Ge) Mean-square displacement between Pb and Ge, 2nd shell
!† s2(Pb,Te) Mean-square displacement between Pb and Te, 3rd shell 71~23! K
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an EXAFS measurement is to treat the data as a band
limited signal and so to use the Nyquist criterion.14,19 Thus
the available information is related to the product of t
width in k space of the Fourier transform window applied
thex(k) data and the width inR space over which the data
fit. There is some ambiguity as to how the Nyquist criteri
should be applied to a multiple data set fit. Assuming
information content of the three data sets is the sum of t
bandwidths, there are about 57 independent measureme
our data at each temperature. A recent Bayesian treatme
EXAFS data20 demonstrates that the information content
the data is typically less than that predicted by the Nyqu
criterion by 2

3 or more. Even so, it is reasonable to expe
that we can measure 19 well chosen parameters. This is
firmed by our ability to measure physically reasonable val
with small uncertainties for our parameter set.

C. Results of the fits

An example of a fit obtained using the fitting model d
scribed in Sec. III B and fitting the three edges concurren
is shown in Fig. 5 for the data at 100 K. We obtain excelle
fits for all three edges. Repeating this analysis for the te
perature range 40–200 K, we can measure the tempera
dependence of the fitting parameters. As indicated in Ta
IV, the E0 and S0

2 parameters should be temperature ind
pendent. Indeed, these parameters are constant in tem
ture within the indicated error bars and are found to be
physically reasonable values, with the single exception of
the S0

2 value for the TeK edge. The energy shift paramete
ss
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are small corrections to calculation errors in the fitting sta
dards. TheS0

2 values for Pb and Ge are in agreement with t
theoretical values of 0.84 and 0.83, respectively, as ca
lated byFEFF. The S0

2 value for Te exceeds 1, which is no
physically reasonable. The cause of this unreasonable re
will be addressed below in the discussion of thes2 param-
eters.

The temperature dependences of the measured disto
parameters are shown in Fig. 6. In Sec. I, we state that
supercells used in the LDFT cannot independently determ
the parametersGL and GR . This was true of our analysis
also. When varied independently, these parameters w
equal within their error bars and varying them independen
did not result in a statistical improvement improvement
the fit. Thus we just showGL in Fig. 6. Recall that these
parameters describe atomic displacements along each C
sian direction. Also shown in Fig. 6 is the temperature d
pendence of the off-center displacement in three dimens
of the Ge atom as computed from structural parameters.

Figure 6 shows the temperature dependence of the s
tural parameters along with their values predicted by fir
principles theory. The theory predicts thatG0 , GL , andTR
are of roughly the same size in the five-term model. This
true of our measurements as well, although at low tempe
tures these terms are larger than predicted by about a fa
of 2. This trend may be explained in part by the use of
local-density approximation~LDA ! in the first-principles cal-
culations. The LDA predicts a pseudocubic lattice parame
for Pb12xGexTe that is smaller than the crystallographica
determined one.7 The first-principles calculations show tha
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the structural parameters are positively correlated to the
of the unit cell. It is thus unsurprising that the first-principl
predictions for these parameters are smaller than the va
measured by EXAFS. It is also possible that the local str
tures in the high-symmetry ordered supercells that we s
ied are unrepresentative of those in the disordered exp
mental system. Including additional supercell calculatio
and carefully accounting for strain effects21 due to the size
mismatch of Pb and Ge should lead to a theoretical mo

FIG. 5. Results of the corefinement of the Ge and TeK edges
and the PbL III edge EXAFS at 100 K. The data are shown as poi
and the best fits as lines. The upper sequence of panels show
magnitude of the complex Fourier transform ofx(k) and the bot-
tom sequence shows the real part. The vertical lines indicate
fitting ranges. The scale of the Pb and Ge data is shown on the
and the scale of the Te data is shown on the right.

FIG. 6. Temperature dependence of the distortion parame
These parameters are described in Table IV.G0 is the solid circles
~d!, GL is the squares~h!, TL is the asterisks~* !, andTR is the
diamonds~L!. For clarity, the squares and diamonds are displa
to the left and right. The triangles~m! represent the displacement
three dimensions of the Ge atom from its nominal lattice posit
averaged over the possible local environments in thex'0.3 mate-
rial. The points at 0 K represent the theoretical predictions for the
values from Table II.
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that extrapolates better to disordered configurations. For
above reasons, we believe that the experimental param
that we obtained describe the local structure in Pb12xGexTe
better than the theoretical ones. The measured value oTL
agrees very well with the predicted value.

The parametersG0 andTR show a weak temperature de
pendence consistent with becoming smaller with increas
temperature. Due to the attenuation ofG0, the displacement
of the Ge atom from its nominal lattice position, shown
the triangles (m) in Fig. 6, also attenuates. Simulations
the local distortions in a model for an ordered cub
Pb3GeTe4 supercell at finite temperatures~see Fig. 10 of
Ref. 5! show that, below the ferroelectric-paraelectric tran
tion temperature, the anharmonicity in the potential well
the Ge ion tends to lower the mean Ge displacement as
perature increases, in agreement with the experimenta
sults. In contrast, the largeTL parameter shows little tem
perature variation.

Most of the mean-square displacement parameterss2 dis-
played reasonable temperature dependence. They behav
single frequency oscillators8 and are well described by a
Einstein temperature. The Einstein temperatures22 describing
the temperature dependences of these parameters ar
ported in Table IV. The small values for the Einstein tem
peratures are consistent with a structure as open
Pb12xGexTe and which contains soft bonds between the
oms. We do not report Einstein temperatures for the seco
shell paths which include Ge. Because the Ge sublattice i
disordered and because Ge is the minority component,
contribution to the measured signal of second-shell pa
containing Ge is very small compared to the other contri
tions. Although included in the fits, these two mean-squ
displacement parameters were ill determined in our fits
reliable values for the Einstein temperatures cannot be
ported.

By reporting an Einstein temperature, we imply that t
behavior of thes2 parameters is that of a single-frequen
oscillator. In fact, all five of the parameters for which a
Einstein temperature is reported deviate from the behavio
a single-frequency oscillator in that, at low temperature, th
deviate from the values indicated by the zero-point motio
of the bond. At low temperature, four of thes2 parameters
go to a value that is larger than the zero-point value, wh
the s2 for the Te-Te second-shell paths goes to a mu
smaller value. This behavior can be understood in terms
the very strong correlation in an EXAFS fit between therm
and structural disorder. Finite temperature and structural
order both attenuate thex(k) signal by a term proportional to
k2. By measuring data at many temperatures, we can de
mine the thermal portion of thes2 parameters as characte
ized by the Einstein temperature. Any portion ofs2 in ex-
cess of this must be due to mistakes in the structural mo
used in the fit.

In our measurements, thes2 parameters involving Pb at
oms are consistently larger than the thermal disorder ass
ated with the Einstein temperatures. This suggests that
structural model used as in the fits contained too little dis
der for the lead sublattice. This missing structural disor
was accounted for in the fits by increasing thes2’s. Simi-
larly, the Te-Te second-shells2 was smaller than the therma
disorder associated with its Einstein temperature. This
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consistent with too much disorder on the Te sublattice in
model. The abnormally large value ofS0

2 for the Te atom is
likely due also to the excess Te sublattice disorder. Beca
s2 and S0

2 tend to be correlated in a fit to EXAFS data,
systematic error in the Te-Tes2 is correlated to a systemati
error in the determination ofS0

2 for the Te atom.
As explained in Sec. I, we assumed that the Pb subla

is undistorted and that all of the structural disorder is acco
modated by the Ge and Te sublattices. When this assump
is used to fit the distortion parameters to the LDFT str
tures, we find an excess of entropy in the Ge and Te sub
tices and no entropy in the Pb sublattice. Of all the assu
tions that entered our structural model, it seems that thi
the most severe. This interpretation can be tested by rem
ing the assumption of the undistorted lead sublattice and
casting the fitting model to include parameters describing
displacement of the Pb atom and the couplings of the m
tions of the Ge and Te atoms to the Pb displacement. Th
the topic of Sec. III D.

Using the measured values for the distortion parame
and the measured mean-square displacements, we can
struct pair distribution functions for each of the three cen
atoms. These functions are shown at 100 K in Fig. 7. Th
pair distributions clearly demonstrate the high degree of
order in the local structure in this material. In fact, we fi
that the first Te shell about the Ge central atom is split i
threepeaks and several of the other peaks in the distributi
are highly skewed. This supports the assertion made in
III B that the use of cumulants would be inappropriate
this system.

D. Consideration of Pb disorder

As stated above, the lack of disorder in the Pb sublattic
the most serious approximation in the five-term structu
model. To address the effect of lead disorder, we now c
sider the eight-term model of Sec. I. We constrainGR to be

FIG. 7. Radial distribution functions about the three central
oms. These functions are constructed using the histograms d
mined from the distortion parameters in Table IV broadened by
s2 values from the fits at 100 K.
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the same asGL as suggested by the results of Sec. III
Similarly, we constrainPR to be the same asPL , leaving us
with a six-term model.

Our six-term model is constructed in the same manne
the previous model. We write polynomials in the manner
Eq. ~3! to describe theRj ’s of the bins in the histograms. Th
new polynomials are of the same form as those in Eq.~3!,
but they have more terms. By considering Pb distortions,
hoped to address the problems in the measured thermal
order parameters. Unfortunately, this was not the case.

Our fits using the six-term model yielded no improveme
in goodness of fit over the earlier fits as measured by a
duced chi-square metric. Furthermore, the new paramete
showed very high correlations between the structural,s2,
andE0 parameters.

Because the statistical quality of the fits was not i
proved, we are forced to reject the six-term model. This
likely not due to a flaw in the model. The six-term mode
like the five-term model, is a simplification of the eight-ter
model which offers a good description of the LDFT structu
of Pb12xGexTe. We believe that the six-term model failed b
exceeding the measurable information content of the d
and by introducing excessive correlations among the par
eters.

In the original EXAFS work on Pb12xGexTe, Islam and
Bunker considered a structural model which, in the langu
of this paper, was a one-term model. It only considered
off-center displacement of the Ge atom in the@111# direc-
tion. The five-term model used throughout this paper
cludes Te relaxation, Te ‘‘recoil,’’ and the coupling of th
Ge displacement to Te relaxation. The six-term model
cludes Pb disordering and the displacement of the Te i
centered between two Pb ions as well. It is easy to specu
on models which use fewer assumptions and include m
parameters. At each stage of complexity, more of the und
lying physics of the material is considered. The trick, in th
work as in any EXAFS analysis problem, is to determine
level of complexity that can be supported by the availa
data.

From the LDFT results, there is no obvious cutoff
terms of the magnitudes of the parameters. While the par
eters considered in the five-term model are indeed the lar
of the eight parameters, the remaining parameters are
much smaller. In general terms, adding more parameters
proves the description of the structure at the expense of a
ing to the scale and complexity of the model and of mak
the model more prone to statistical instability.

We found a four-term model~i.e., the five-term model
with GL andGR constrained to be the same! to be the most
appropriate in this case. It measures the primary struct
features — the off-center displacement of the Ge atom
the relaxation of the Te atom — as well as some second
distortions and it yields a much more detailed description
the local structure in Pb12xGexTe than is possible using
simpler model.

IV. DISCUSSION

We have analyzed EXAFS data measured on all th
edges of Pb12xGexTe for the x'0.27 alloy and compared
this to the results of first-principles calculations on thex
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50.25 alloy. We find significant off-center displacement
the Ge atom, in agreement with earlier EXAFS results.1 The
Ge atom is displaced from its nominal lattice position in
^111& direction by about 0.25 Å, with increasing displac
ment as temperature is lowered.

We have significantly extended the earlier results by s
cessfully measuring various secondary distortions in the
terial. We find that the Te atom relaxes in the presence of
Ge substitution due to the much smaller size of the Ge an
compared to the Pb host and that this relaxation is about
same size as the Ge displacement. We are also able to
sure the magnitude of coupling between the Ge displacem
and Te relaxation. However, we are unable to determine
amount of disorder on the Pb sublattice. Still, we offer
description of the nature of the local distortions in ferroele
tric Pb12xGexTe which is much more detailed than was pr
viously available.

Pb12xGexTe possesses a complicated and highly dis
dered local structure. We wish to highlight several aspect
our analysis that allowed us to successfully resolve detail
this structure.

Measurement of multiple edges. We measured data at a
available edges in the material and simultaneously refi
these data in the fits. Thus we are able to significantly red
the number of parameters considered in the fits.

Use of a robust fitting model. We base our fitting mode
on the results of first-principles calculation. We are able
refine fitting parameters which are directly indicative of t
essential physics of the material. In Pb12xGexTe, the ferro-
electricity is a direct consequence of the local distortions
only of the Ge anion, but of all the atoms in the structu
Our fitting parameters directly measure the interactions
tween the atoms. Analyzing these data by use of cumu
expansions of the pair distribution functions is not approp
ate for such a complex structure.

Use of theoretical fitting standards. Our analysis of
Pb12xGexTe requires the use of theoretical fitting standar
The use of empirical fitting standards is precluded beyo
the first coordination shell due to the difficulties of separ
ing higher shells in the standard compounds~presumably
PbTe and GeTe!. We have no such problem usingFEFF. In
fact,FEFFallows us to tailor our fitting standards to the nee
of the fitting problem.

Using a cluster expansion to describe ground-state st
tures for arbitrary configurations of a solid solution is exa
in principle. By analogy with cluster expansions of total e
ergies for solid solutions,21 calculations for about 20 supe
cells are probably sufficient to determine a cluster expans
that contains all of the important physics, even the multibo
f
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terms that we have not considered here. The model wo
then be appropriate for describing any arbitrary configu
tion, even disordered ones. The parameters in the cluste
pansion for a given material lead to a compact and appro
ate description of local structure for fitting EXAFS data.

Nonetheless, as we show, EXAFS results are a us
complement to first-principles modeling. EXAFS gives t
true local structure, free of the approximations used in fir
principles electronic structure calculations. Furthermore,
parameters can be measured directly for a disordered sys
as opposed to the theoretical case, whereab initio calcula-
tions are constrained to relatively small periodic cells.
nally, EXAFS measurements show the temperature dep
dence of the local structure. First-principles effecti
Hamiltonians are a tool for investigating the temperatu
dependent behavior of complex systems. In the near fut
significant progress is likely in developing first-principles e
fective Hamiltonians for solid solutions. The temperatu
dependent description of local structure obtained fr
EXAFS experiments can provide important constraints a
tests for such models.

We find that combining first-principles calculation wit
EXAFS measurement is a powerful approach to understa
ing structurally complicated materials. It is well establish
that the nature of local structural distortions can have p
found influence on the macroscopic properties of a wide
riety of scientifically and technologically interesting mate
als, including relaxor ferroelectrics, high dielectr
ferroelectric, high-temperature superconductors, and ma
toresistive materials. Many of these advanced materials s
with Pb12xGexTe the feature of being composed of ma
elements which are suitable EXAFS probes. Consequen
the approach to measurement and analysis employed in
paper is extremely attractive for application to these mat
als. By measuring EXAFS data at all available edges a
fitting the data sets simultaneously using structural mod
inspired by first-principles results, we predict that highly d
tailed understandings of the local structures of many
vanced materials will be attainable.
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