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Studies of ferroelectric phase transitions (FPT s) induced by off-center ions in highly polarizable sys-
tems are important for understanding cooperative phenomena in electric dipole systems. Using the x-

ray-absorption fine-structure technique, we have investigated the local structure of disordered
PbS„Tel (x =0.10, 0.18, and 0.30) alloys at temperatures ranging from 10 to 300 K. The sulfur ions
are found to be off center in both the high- and low-temperature phases for all three samples. The corre-
sponding displacement of the ions off site center depends strongly on sulfur concentration. We also find

strong evidence that the Pb sublattice and Te sublattice shift relative to one another below the transition
temperature. Our results suggest that the PbS Tel „alloys may undergo a complex phase transition
similar to that in Ge„Pbi „Te: a coupled orientational order-disorder and displacive FPT, where the
long-range ordering of dipoles created by off-center sulfur ions may induce the bulk displacive FPT.

I. INTRODUCTION

Ferroelectric phase transitions (FPT's) induced by the
off-center ions have long been interesting because of their
relation to cooperative phenomena in general. ' The sys-
tem containing permanent electric dipoles created by off-
center ions do not necessarily undergo an FPT at low
temperature: These systems often become electric-dipole
glasses such as in the KC1:Li+ system. ' A particularly
interesting case of off-center ions concerns transitions in
highly polarizable (i.e., anomalously large dielectric con-
stant) systems such as narrow-gap IV-VI semiconductors
and KTa03.Li, Na, Nb systems. It has recently been
shown that in the Pb& „Ge„Tealloy system an order-
disorder FPT, corresponding to the ordering of the off-
center Ge ions, and displacive FPT corresponding to a
relative translation of the sublattices, can interact, e.g.,
an order-disorder transition can induce a displacive tran-
sition. The magnitude of the displacement of off-center
ions is important in the physics of these materials. The
larger the displacement, i.e., the larger the magnitude of
the dipole moment, the stronger its effect on the phase-
transition-related properties. Both direct electromagnet-
ic interaction and indirect interaction via transverse opti-
cal phonons may cause an order-disorder transition that
in turn may induce the displacive transition. We do not
understand in detail the driving mechanism of this type
of phase transition because of the lack of experimental

studies in the field.
PbS T, „ ternary alloys provide a good system for

study of this subject. These materials are IV-VI narrow-
gap semiconductors with direct gaps in the infrared
domain; also, the host PbTe has an anomalous large stat-
ic dielectric constant (-400 at room temperature). Re-
cent experimental studies of the dielectric and pho-
toelectric properties indicate that there is a second-order
phase transition in the PbS„Te, system. It is not obvi-
ous that this should be so: These materials are different
from the previously studied IV-VI cation-substituted
solid solutions in which at least one of the end-member
binary components is ferroelectric. The PbS„Te& sys-
tem is an anion-substituted ternary system and both PbTe
and PbS are paraelectric at all temperatures.

The PbS„Te& alloy system has several interesting
anomalous experimental results. First, although PbTe it-
self is not ferroelectric, the addition of only 2% of S to
PbTe induces the phase transition and, for higher concen-
trations, T, is a strongly nonlinear function of x. Second,
the electrical resistivity for small-x samples exhibits a
logarithmic increase with a decrease of temperature
below T, (similar to the Kondo effect). Third, an
enhancement of resistivity two orders of magnitude
higher than in Pb& Sn Te is seen at T, . Finally,
changes in the symmetry of the Fermi surface have been
observed for low-concentration S samples. These
anomalies are obviously due to the replacement of Te by
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S. As in the Ge Pb, Te system, the PbS Te, alloys
have a large atomic-size mismatch between the substitu-
tional S atom and host Te atom: The ionic radii of S
and Te are 1.90 A and 2.22 A, respectively. Since the
S is about 0.32 A smaller than Te and the polariza-
bility of S is about half that of Te (S: 5.0, Te
10.0), ' it is very likely that S is displaced from the nor-
mal Te site, forming a permanent dipole. The
PbS„Te, alloys have the NaC1 structure at room tem-
perature, but there is no direct experimental determina-
tion of the low-temperature structure. X-ray diffraction
reveals the auerage structure, but has difficulty determin-
ing local structure in disordered systems.

X-ray absorption fine-structure spectroscopy (XAFS) is
a powerful technique for determining the local structure
for disordered alloys. " With the use of XAFS, it is possi-
ble to determine near-neighbor bond lengths, types of
neighbors, and information about the vibrational ampli-
tudes of atoms, all about the "average" absorption ions.
In this paper, we report our XAFS results on the disor-
dered PbS, Te, „alloy system.

II. EXPERIMENT

Three polycrystalline PbS, Te, samples having
x =0.10, 0.18, and 0.30, and two standard PbTe and PbS
samples were prepared by quenching a stoichiometric
melt of Pb, S, and Te with purity 99.9999+ % in sealed
quartz ampoules at 3X10 Torr. The inner surfaces of
the ampoules were pyrolized with carbon to avoid reac-
tion of lead with silica. ' The alloys were then annealed
at temperatures chosen from their phase diagrams for
example, three PbS Te, ingots were annealed at 830'C
for 24 —48 h and then quenched in ice water. The powder
samples were obtained by grinding the ingot samples us-

ing ceramic tools and passing through a 400 mesh sieve.
The sample quality and lattice parameters were deter-
mined from x-ray diffraction; these measurements showed
all samples were single phase with the NaC1 structure at
room temperature. The lattice parameters of PbTe and
PbS are 6.463 A and 5.936 A, respectively. The lattice
parameters of the PbS, Te, sample follow Vegard's
law, meaning that within the experimental errors, the lat-
tice parameter of the ternary alloy of concentration x can
be linearly interpolated from the lattice constants of
PbTe and PbS.

XAFS measurement of the S E edge would provide the
most direct information about the local atomic structure
around the S ions. Unfortunately this edge is inaccessible
on the beamline used for this study. The same informa-
tion may still be obtained through the measurements of
the Pb L edges, however, although this requires slightly
more complex analysis. We have performed XAFS mea-
surements of the Pb L», edge of PbS Te, samples
(x =0.10, 0.18, and 0.30) and two standard samples, PbS
and PbTe, at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory using the X-
23A2 beamline at electron beam energy of 2.5 GeV and a
maximum stored current 220 mA. This beamline utilizes
a fixed-exit monochromator using for these measure-
ments two fiat Si (2:2:0) crystals. Higher harmonics were

rejected by a grazing-incidence mirror. The powder sam-

ples were brushed on adhesive tape for transmission mea-
surements, typically 4—6 layers of tape were used for
these measurements. The incident and transmitted pho-
ton intensities were independently monitored by two Nz-

filled ion chambers of length 12.7 cm and 35.4 cm, re-

spectively. For selected alloys two samples with different
thickness were measured at room temperature to check
for "thickness effects" that can result from sample inho-
mogeneity. The XAFS data used in this paper were col-
lected at 5 —8 different temperatures ranging from T =10
K to 300 K on all samples including the two standards.
The edge steps ranged from 0.5 to 0.9. The low tempera-
tures were achieved by using an Air Products Displex
closed-cycle refrigerator with a temperature accuracy of
+0. 1 K.

III. DATA ANALYSIS AND RESULTS

Under the single-scattering, small-atom, and small-
disorder approximations, the XAFS may be described by
the following formula

N,
(k) = g S F;, (k)e

1J jJ

Xsinj2kR, , +5, (k)j,
where parameters with "ij" subscripts should be inter-
preted as corresponding to the jth-type atomic species in
the ith coordination shell, and k is the photoelectron
wavenumber, +2mEIA . Here, R is the distance be-
tween the absorbing atom and the backscattering atom, X
is the coordination number, F is the magnitude of the
backscattering amplitude, S is the contribution from
many-body and inelastic effects, 5(k) is the phase shift
due to the interatomic potential, and cr is the XAFS
Debye-Wailer (DW) factor, which is related to the mean-
square variation in interatomic distance. There are two
contributions to the DW factor: The thermal vibration
o.,h and structural distortion o, The thermal contribu-
tion o.,h rises with increasing temperature while the "stat-
ic" contribution o.„varies with temperature only if there
is a structural phase change. By comparing our XAFS
data to that from appropriate standards or theoretical
calculations we may determine the structural parameters
X, R, and o. .

The XAFS data were analyzed using a modified ver-
sion of the University of Washington-Naval Research
Labs (UW-NRL) package following the recommenda-
tions of the International Committee on XAFS Standards
and Criteria. ' The XAFS data corresponding to the Pb
I.», edge were obtained by (a) subtracting the preedge
linear background and then (b) normalizing to the experi-
mental edge step for the particular scan. The XAFS os-
cillations, y(x), were then obtained by subtracting a
smooth atomic background from normalized absorption
data. The k -weighted g data of PbSp &pTep 9p,

PbSp )qTepqq, PbSp3pTep7p PbTe, and PbS at 30 K are
shown in Fig. 1. The corresponding Fourier transforms

0 0

over a k range 2.8 A —12 A are shown in Fig. 2. The
double-peak feature in the 1.8 —3.5 A range in Fig. 2(d) is
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TABLE I. The NN Pb-Te and Pb-S bond lengths of
PbS Tel alloys obtained from this study.

PbS Tel T (K)
0

R pb-Te
0

Rpb» (A)
0

Rpb sp {A)

x =0.10

x =0, 18

x =0.30

10
30
50
80

110
150

10
30
50

100
160
300

30
70

130
200
300

3.205+0.010
3.205+0.010
3.206+0.010
3.207+0.010
3.210+0.010
3.210+0.010
3.190+0.010
3.190+0.010
3.191+0.010
3.194+0.010
3.203+0.010
3.225+0.010
3.189+0.010
3.190+0.010
3.199+0.010
3.214+0.010
3.220+0.010

2.95+0.02
2.95+0.02
2.96+0.02
2.98+0.02
2.96+0.02
2.96+0.02

2.94+0.02
2.94+0.02
2.94+0.02
2.96+0.02
2.94+0.02
2.96+0.02

2.92+0.02
2.91+0.02
2.94+0.02
2.91+0.02
2.92+0.02

3.22+0.02
3.22+0.02
3.23+0.02
3.25+0.02
3.22+0.02
3.24+0.02

3.20+0.03
3.20+0.03
3.20+0.03
3.20+0.03
3.21+0.03
3.22+0.03

3.10+0.03
3.08+0.03
3.12+0.03
3 ~ 11+0.03
3.13+0.03

3.3

3.2
II- .

t

0
0. 18+0.03 A, respectively. Table I summarizes the NN
bond length information obtained from the Pb l.», -edge
XAFS in this study. The bond lengths as a function of
composition x at 30 K are shown in Fig. 4. Since
PbS, Tel, alloys in the high-temperature phase have the
cubic NaC1 structure, we expect only one Pb-S NN bond
length if the S occupies the Te sites. Our results can be
explained if the S ions are off center toward one of the
eight equivalent (111) directions. Viewing the results
from S sites and using twice the average Pb-S bond
lengths as the size of the local unit cell, we find that S
ions are displaced 0.23+0.03 A, 0.22+0.03 A, and

0. 16+0.03 A, with respect to x =0.10, 0.18, and 0.30,
from the cell centers in both the low- and high-
temperature phase. These findings suggest that the off-
center S ions may undergo an order-disorder transition
as observed in Pb& Ge Te alloys.

Although the Pb-Te NN bond lengths of PbS Te&

are essentially independent of temperature, the tempera-
ture dependence of the XAFS DW factors can provide
useful information. To isolate the structural contribution
from the thermal portion, we measured pure PbTe at the
same temperatures as the alloy. The value of the NN
DW factor was then subtracted from that of Pb-Te or
PbS Te, „. This difference in DW factors between the
alloy and PbTe has three contributions: (1) For small x,
the alloy has a small intrinsic DW factor due to alloy dis-
order. This would contribute a temperature-independent
term to the DW factor difference. (2) The vibrational
density of states of the alloy are slightly different from
pure PbTe, and therefore the DW factor may have a
slightly different temperature dependence. This would
add a slowly varying contribution that would increase in
magnitude at higher temperatures. This is also a small
effect for low-concentration alloys. (3) The alloy can un-

dergo a structural phase change that is absent in PbTe.
This contribution would contribute either a step (for a
first-order transition) or a "kink" (for a second-order
transition) to the T-dependent DW factor difference. Our
results show the relative DW factor 60.
[=cr,ii,~(T) —opbT, (T)j to increase with decreasing tern

perature below certain critical temperatures for all three
alloys. These results are shown in Fig. 5. Our results can
be explained if we assume that the alloys are also under-
going a displacive ferroelectric phase transition from the
high-temperature NaC1 structure to a low temperature
trigonal phase as observed in other IV-VI semiconduc-
tors, such as Pb, ,Sn, Te and Pb& Ge„Te. '" In this

type of phase transition one of the four ( 111) axes in the
cubic phase becomes the c axis of the trigonal phase and
the Pb sublattice shifts in relation to the Te sublattice
along this c axis, causing the splitting of the Pb-Te NN
bond length, which is proportional to the magnitude of
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the shift. The magnitude of the shift increases with de-
creasing temperature. Although the amount of splitting
is too small to be directly resolvable in the XAFS, its
effect will appear through a change in cr, . By operation-
ally defining the Curie temperature as the crossing point
of two linear least-squares-fitted lines at the low-

temperature phase and high-temperature phase, we found

T, =80+10 K, 120+10 K, and 110+10 K for x =0.10,
0.18, and 0.30, respectively. The nonzero o., of the first

shell Pb—Te bonds in the cubic phase, which we believe
are caused by the introduction of the S ions, corresponds
to the normal alloy distortion for ternary compounds.
From the above discussion, the behavior of o., as a func-

tion of temperature suggests that the anion sublattice
shifts relative to the cation sublattice below the transition
temperature in these three PbS Tej samples, which is

characteristic of a displacive FPT.

IV. DISCUSSION

The finding that S ions are off center is consistent
with other experimental results described in Sec. I. The
off-center nature can be understood based on knowledge
about the off-center-ion systems. ' ' In Ref. 16 the au-
thors calculated the total energy of alkali halide crystals
containing small impurity ions, for example, the KC1:Li+
system, where the Li+ ion was allowed to rest at different
positions inside the cubic cell. The authors found that
the system has minimum energy when small impurity
ions assume off-center positions along the (111) direc-
tion. Similar calculations were done for KTa03.Li+, and
Li+ was again found to be off center. ' Their work sug-

gests that an off-center site is favored when (1) a large
ionic size difference causes a decrease in repulsive force
because of reduced ionic overlap, and (2) a large
difference between the polarizability of an impurity ion
and that of the lattice it replaces results in a decrease in

polarization energy. ' This is based on the fact that the
polarization force tends to drive the impurity ion towards
the neighbor ions while the repulsive force tends to keep
the impurity ion in the lattice site. The balance point of
these two forces is the actual position of the impurity ion,
which is away from the lattice site under these condi-
tions. The replacement of Te by S in PbS„Te&
satisfies these conditions and thus our experimental re-
sults agree with the above general concept.

A more important phenomena is the FPT of the
PbS Te& system involving off-center ions. The
discovery that the S ions are off center at all ternpera-
tures, and that there are relative shifts between the Pb
and Te sublattices, along with measurements of the tran-
sition temperature as a function of S concentration, en-
ables us to move forward toward understanding the phys-
ics behind the FPT and characterize the FPT of this sys-
tem. It is obvious that one cannot treat PbS Te& al-

loys by simply interpolating the phonon behavior be-
tween two end-point materials as a standard displacive
transition, as neither PbS nor PbTe are ferroelectric. The
FPT also cannot be explained by a simple order-disorder
FPT. In this mechanism, the off-center S ions are ran-
domly oriented in the different ( 111) directions in the

high-temperature phase. These off-center ions form local
electric dipoles which undergo an orientational order-
disorder transition. This mechanism alone is in contrad-
iction with the observation of the relative shifting be-
tween the cation and anion sublattices. To explain our
results and relate them with other groups' results, we sug-

gest that this system involve an effective double phase

transition: an order-disorder FPT due to the alignment
of the off-center S ions along one of the ( 111) directions,
and a bulk displacive FPT along the same (111) direc-
tion, as was suggested to explain the anomalous proper-
ties of Ge„Pb, ,Te alloys. ' ' The cooperative behav-

ior of the off-center ions and the possibility of long-range
ordering of dipoles due to off-center ions in highly polar-
izable dielectric crystals have been investigated both ex-
perimentally and theoretically. ' ' ' After studying
the direct dipole-dipole interaction and the (dipole-
polarized-lattice)-dipole interaction, Vugmeister and
Ghnchuk concluded that long-range ferroelectric order-
ing is possible in highly polarizable crystals when the sep-
aration between the individual dipole has the same order
of the spatial polarization correlation length r, . This is

because the fluctuation in the potential due to
configuration fluctuation of the dipoles is greatly reduced
at the individual dipole sites in a highly polarizable host.
This fluctuation is what prevents the long-range ordering
in a weakly polarizable crystal. The ordering of these di-

poles will also further destabilize the host crystal, driving
the bulk displacive transition. The transition tempera-
ture will depend on the size and density of the dipole mo-
ment and the static dielectric constant of the host crystal.

In the mean-field approximation, the ferroelectric
phase-transition temperature for a highly polarizable
crystal with an off-center ion density n is given by follow-

ing the equation:

4&d n
B c

where d * is the effective dipole moment. Here
d' =yepd /3 for highly polarizable crystal, d =Zeu is the
intrinsic dipole moment due to off-center displacement u

from the local cell center with effective charge Z, and y is
the Lorentz correction factor, which for pure ionic and
cubic crystals is unity. Also n =4x la for the fcc struc-
ture, where a is the lattice parameter. The static dielec-
tric constant (ep) of the host crystal is usually a function
of temperature. In our case, although PbTe stays
paraelectric down to 0 K, it still exhibits soft phonon be-
havior and ep can be approximated by the Curie-gneiss
law: ep(T)=C j(T—Tp) with C=1.4X10 and

Tp = 77 ~ 5 K. The description for T, can be then
rewritten as

2 2 2 1/2
1 z 64m.(yZ) e Cu x

27kBa

From this expression, we can see that T, is a function of
x and u, the latter showing strong x dependence from our
XAFS study. The transition temperatures T,'(x), calcu-
lated from the above formula using our experimental
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PbS„Te)

x =0.10
x =0.18
x =0.30

u (A)

0.23+0.03
0.22+0.03
0.16+0.03

d* (eA)
(at 300 K)

3.7
3.5
2.6

T, (K) T,' (K)

80+10
120+10
110+10

83
118
110

TABLE II. Experimental displacements (u) of S ions from
the cel1 center, the effective dipole moments d*, transition tem-
peratures (T, ) determined from experiment, and the transition
temperatures ( T,') calculated from theory (see text) for
PbS„Te& alloys. Notice the enhancement of d* compared to

0
d (=Zeu -0. 1 e A in our case), which is due to the effect of the
high polarizability of PbTe.

compression or stretching with lattice constant change. "
The implication is that the local alloy structure is quite
distorted, with variations in bond angle from site to site.
Similar behavior exists in PbS„Te& alloys (see Fig. 4),
but with smaller lattice relaxation and the additional
splitting of distances due to off-center site occupation.
What is interesting about our NN bond length results is
that the slopes of Pb-Te and the short Pb—S bonds are
similar to that of other alloys, but the long Pb—S bond
depends more strongly on S composition because of the
strong dependence of u on x. As discussed earlier, we
speculate that the long and short bond length would con-
verge to a single distance (thus u =0) appropriate to PbS
for large-S composition.

value of u(x) for x =0.10, 0.18, and 0.30 and taking
yZ=0. 13 (note: yZ acts as an adjustable parameter
here), are well matched with our experimental T, (x).
Table II summarizes our results for T„T,', u, and d*,
where d* would be also deduced from other experimental
techniques, for example, dielectric and EPR measure-
ments. The small yZ would be explained by the fact
that, although lead chalcogenides crystallize in the NaC1
structure, they have relatively small ionicity compared to
alkali halide crystals; this leads to an effective charge of
PbTe of only about 0.5, one-fourth the valence of 2.
Also PbTe exhibits soft phonon behavior along the ( 111 )
direction, which may be caused by the nonlinear anionic
polarization of Te, combined with small ionicity,
leading to a small Lorentz correction factor (y ( 1).'

It is important to notice that the nonlinear behavior of
u (x) decreases rapidly as x increases. We expect that it
will drop to zero at a certain composition x, of S. We ex-
pect no FPT will occur when x )x„ for PbS Te, „al-
loys. We find that x, is about 0.45 from the extrapolation
of the experimental u (x) to zero.

It is useful to contrast the PbS„Te& system with oth-
er disordered alloys. Although lattice constants deduced
from x-ray-diffraction measurements often interpolate
linearly between end-point components, a number of
XAFS experiments have shown that local bond lengths
stay close to their "natural" value, with only a slight

V. SUMMARY

We have made direct measurements of local structure
in disordered PbS„Te, „(x=0. 10, 0.18, and 0.30) alloys
at temperatures ranging from 10 to 300 K. The sulfur
ions are found to be off center in both the high- and the
low-temperature phases for all three samples and this dis-
placement is strongly dependent on S concentration. We
also find a relative shift between the Pb sublattice and Te
sublattice below T„showing the displacive character of
the transition. Our results imply that the PbS Te, al-

loys may undergo a double phase transition, where the
long-range ordering of dipoles created by off-center ions
may induce displacive transition.
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