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The local environment of the Pb atom in PbxSn1�xS solid solution
was studied by EXAFS technique. The shortest Pb–S bond length
in orthorhombic samples was found to be by�0.2Å shorter than in
cubic PbS. This indicates that the 6s2 lone pair of Pb is stereochem-
ically active in the SnS host. Strong correlations found in the distri-
bution of metal atoms in the second shell show that the orthorhom-
bic samples can be considered as solid solutions with unexpectedly
strong short-range order. One can expect that the short-range order
in PbSnS2 may result in formation of superstructures with space
groupsC7

2v or C2
2v.

1. Introduction
Semiconductor solid solutions with a layered structure have at-
tracted considerable attention due to their possible application in
optoelectronics.

First investigations of the PbS–SnS system (Morozovet al.,
1963; Kuznetsovet al., 1964; von Krebset al., 1964) have estab-
lished a rather complex constitution of its phase diagram resulting
from different crystal structures of SnS and PbS. SnS has an or-
thorhombic structure (space groupD16

2h) and consists of double lay-
ers weakly bound to each other while PbS has a cubic NaCl struc-
ture (space groupO5

h). The solubility of SnS in PbS is limited by
�10 mol.% while that of PbS in SnS is about 50 mol.%. Despite
many experiments done on the system, there is still a divergence
of opinions concerning the structure of the PbSnS2 composition in
this system. Some authors believe that this composition is an indi-
vidual phase and has the same space group as SnS (Kuznetsovet
al., 1964; Baaket al., 1966; Bigvavaet al., 1974) or a different (D13

2h

or C7
2v) space group (Kuznetsovet al., 1964; Bigvavaet al., 1974).

Other authors believe that this composition belongs to SnS-based
solid solution (Morozovet al., 1963; von Krebset al., 1964; Laty-
pov et al., 1976; Nurievet al., 1986). So, one of the purposes of
our investigation was to study the local structure of Pb in PbSnS2

samples in order to clarify this discrepancy.
Another cause of our interest to the PbS–SnS system is asso-

ciated with the off-centering of large (Pb, Sn) impurity atoms in
GeTe recently observed by Lebedevet al. (1997). This effect was
explained by the participation of thes2 lone pair of impurity in
chemical bonding. This was very unexpected for the Pb as in com-
pounds of divalent lead its 6s2 lone pair is usually inactive, and the
local environment of Pb is symmetric (like in PbS). So, the other
purpose of our work was to study if the 6s2 lone pair of Pb becomes
stereochemically active when entering SnS.

2. Sample preparation and data analysis
Samples of PbxSn1�xS solid solutions (x = 0.1, 0.2, 0.35, 0.5,
0.95) were prepared by alloying PbS and SnS in evacuated silica
ampoules and were annealed at 645ÆC for 70–96 h. X-ray studies

confirmed the homogeneity of the samples and showed that they
had the orthorhombic structure atx � 0:5 and the cubic structure
atx� 0:95. Before EXAFS measurements the samples were pow-
dered, sieved and the powder was rubbed into the surface of adhe-
sive tape. The optimal thickness of absorbing layer was obtained
by folding the tape.

EXAFS experiments were carried out on station 7.1 of the
Daresbury SRS at an electron beam energy of 2 GeV and a max-
imum stored current of 230 mA in transmission mode. The beam
was monochromatized using two Si(111) crystal monochromator;
the intensities of incident and transmitted beams were registered
using ion chambers. Measurement were made at 80 K at the Pb
LIII edge (13.055 keV). For each sample two independent measure-
ments were made.

The extraction of EXAFS�(k) function from the absorption
spectra�x(E) were made as in the previous work (Lebedevet al.,
1997). After removal the pre-edge background, splines were used
to extract the smooth atomic part of absorption,�x0(E), and then
the dependence� = (�x � �x0)=�x0 was calculated as a func-
tion of the photoelectron wave vectork =

p
2m(E � E0)=h̄. The

energy origin,E0, was taken as the energy corresponding to the in-
flection point on the absorption edge. The edge steps varied from
0.1 to 1.5.

Direct and inverse Fourier transforms with modified Hanning
windows were used to extract the information about three near-
est shells from the�(k) curves. Typical range of extraction inR-
space was 1.2–3.7̊A. The distancesRj , coordination numbersNj ,
and Debye-Waller factors�2

j for each of three shells (j = 1–3)
were obtained by minimizing the root-mean-square deviation be-
tween the experimental and calculatedk2

�(k) curves. Along with
the structural parameters, the energy origin correctiondE0 was
varied simultaneously. To decrease the number of fitting parame-
ters, known relations between the coordination numbers for known
structures were taken into account. The number of fitting param-
eters (8) was about half of the number of independent data points
(2∆R∆k=� = 15–16). The accuracy in the parameters determina-
tion was estimated from the covariance matrix and corresponded to
a 95% confidence level interval.

The backscattering amplitude and phase as well as the central-
atom phase shift and the mean free path of a photoelectron, which
were necessary to calculate theoretical�(k) curves, were calcu-
lated using FEFF software (Mustre de Leonet al., 1991).

3. Results

Typicalk2
�(k) curves for PbxSn1�xS samples are presented in Fig-

ure 1. It is seen that the curves for cubic (x� 0:95) and orthorhom-
bic (x � 0:5) samples differ qualitatively, thus indicating different
local environment of Pb atoms in them. The data analysis revealed
that in PbS and Pb0:95Sn0:05S the Pb is surrounded by 6 S atoms
at equal distanceR1 (see Table 1). For orthorhombic samples the
spectra can be described well only in the model, in which the first
shell of Pb consists of two subshells: 3 S atoms at one distanceR1

and 3 other S atoms at another distanceR2 (see Table 1). When
increasingx from 0.1 to 0.5 the distanceR1 remains unchanged
within the experimental error, and the distanceR2 decreases a little
(see Table 1 and Figure 2). An attention should be paid on high
enough values of Debye-Waller (DW) factor for the longer Pb–S
bond (�2

2).
The metal (Pb, Sn) atoms in the second shell in orthorhombic

samples are at a mean distance ofR3 � 3:5 Å. DW factors for this
shell (�2

3) increase appreciably with increasingx.
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Figure 1
Experimentalk2

�(k) spectra obtained at the PbLIII edge for PbxSn1�xS
samples (solid lines) and their best theoretical approximation (dashed
lines).

Figure 2
The composition dependence of interatomic distances to three nearest
shells about the Pb atom in PbxSn1�xS.

As follows from Table 1, in orthorhombic samples the highest
values of Debye-Waller factor are those for the longer Pb–S bond,
and they do not depend much on composition. The study of the
temperature dependence of DW factors in Pb0:8Sn0:2S in the 77–
300 K temperature range showed that the variation of�

2
2 with tem-

perature was the largest. So, we conclude that high DW factor and
its strong temperature dependence for the longer Pb–S bond indi-
cate the weakness of this bond.

As the individual properties of Sn and Pb atoms are different,
we could not exclude the existence of the short-range order in the
distribution of metal atoms. To check this possibility we compared
experimental EXAFS spectra with theoretical ones calculated for
different local concentrations of Sn atoms in the second shell of
Pb assuming that the distances and DW factors for Pb and Sn are

equal. As follows from Figure 3, for the samples withx = 0.2,
0.35, and 0.5 the deviation between experimental and calculated
curves is minimal when the short-range order is taken into account,
and the local Sn concentration in the second shell of Pb is close
to 100%. The appearance of such a short-range order, where Pb
atoms are predominantly surrounded by Sn, can be explained by
the deformation interaction of the metal atoms, due to which the
neighborhood of two large Pb atoms is energetically unfavorable.

Figure 3
The sum of the squares of the residuals as a function of local concentra-
tion of Sn atoms in the second shell of Pb. Different curves correspond
to different spectra obtained for the same sample.

4. Discussion
According to the structural data obtained from the neutron diffrac-
tion (Chattopadyayet al., 1986), six S atoms in the first shell of Sn
in SnS are located at four different distances (1 atom at 2.627Å,
2 atoms at 2.665̊A, 2 atoms at 3.290̊A, and 1 atom at 3.388̊A).
Two shortest distances are so close that EXAFS analysis cannot re-
solve them. The same is true for two longest distances. Therefore,
the nearest environment of the metal atom in the structure is pre-
sented in EXAFS spectra by one short and one long averaged dis-
tances. The shorter Pb–S bond length obtained from EXAFS data
for orthorhombic samples of PbxSn1�xS appeared to be by�0.1Å
longer than the corresponding averaged Sn–S bond length in SnS,
and the longer Pb–S bond length was by�0.08 Å less than the
corresponding averaged Sn–S bond length in SnS.

The most important fact in these data is that the shorter Pb–S
bond in orthorhombic samples is notably (by�0.2Å) less than the
Pb–S bond in cubic PbS. It is interesting to note that the contraction
of the Pb–S bond length in orthorhombic SnS compared to cubic
PbS is close to that observed for the Pb–Te bond in rhombohedral
GeTe compared to cubic PbTe (Lebedevet al., 1997). In the same
time, no distortion of the Pb environment was observed by us in
cubic SnTe doped with Pb. So, we can see that the local distortion
of the Pb environment occurs only when impurity Pb atom enters
the host, the symmetry of which is lower than cubic. We attribute
the observed distortion in PbxSn1�xS to the activation of the 6s2

lone pair of Pb. We think that this lone pair, which is inactive in
lead chalcogenides, remains quite movable and can easily trans-
form into an active state under some circumstances. This peculiar-
ity of the lone pair can be the cause of structural instability and
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phase transitions, which are characteristic for many compounds of
divalent Pb.

Our results showing that all distances in the local environment of
Pb in orthorhombic samples of PbxSn1�xS change monotonously
with x and there is a strong correlation in the distribution of metal
atoms give evidence that the composition PbSnS2 in the PbS–SnS
system should be treated as a solid solution with unexpectedly
strong short-range order.

The existence of the short-range order, for which Pb atoms in
one double layer have as neighbors Sn atoms in the adjacent double
layer (see Figure 4(a)), enables to suppose that in proper conditions
a superstructure ordering of the metal atoms can occur in PbSnS2.
We guess that such an ordering can be found in geological samples
of teallite.

Assuming that the local concentration of Sn in the second shell
of Pb is exactly 100%, one can expect the appearance of a com-
pletely ordered arrangement of the metal atoms in adjacent dou-
ble layers of PbSnS2. This ordering will be manifested as zigzag
chains ...–Pb–Sn–Pb–Sn–... going along thec axis (perpendicular
to the plane of Figure 4(a)). However, even if the atoms in one
chain are completely ordered, the 3-dimensional long-range order
can occur only if the arrangement of the atoms in adjacent chains
is correlated.

It should be noted that the appearance of zigzag chains results
in disappearance of the inversion center in a crystal. This means
that the space group of a superstructure should be a subgroup of
D16

2h and should belong to theC2v point group. If we restrict our
consideration by superstructures that do not change the unit cell
volume, there are two possible ways to order the metal atoms in
the superstructure: one, for which the double layer contains two
like atoms (space groupC7

2v — P21nm, see Figure 4(b)), and the
other, for which every double layer contains both types of metal
atoms (space groupC2

2v — Pb21m, see Figure 4(c)). In the former
superstructure the (00l ) reflections with oddl are allowed, and in
the latter superstructure the (00l ) and (l00) reflections with oddl
are allowed.

A few extra reflections characteristic for theC2
2v superstructure

were observed by electron diffraction on thin films of PbSnS2 evap-
orated onto the alkali halide substrates at 200ÆC (Latypovet al.,
1976). To reproduce this result, we annealed the sample of PbSnS2

at 240ÆC for one month. Unfortunately, the x-ray study of annealed
sample did not found any indication of superstructure reflections.
We think that the energy of interaction of chains, the closest dis-
tance between which is�4.1 Å, is too low, and the sample needs
to be annealed at lower temperature. Therefore, the peculiarity of
the PbS–SnS system is that theinterlayer interaction of the metal
atoms is much stronger than theintralayer interaction; this is possi-
bly due to different interatomic distances between the metal atoms
in the same and adjacent layers (3.5 and 4.1Å).

Figure 4
Projection of the SnS structure on theab-plane (a) and two possible ar-
rangements of the metal atoms in PbSnS2 corresponding toC7

2v (b) and
C2

2v (c) superstructures.

The existence of the short-range order manifests itself in the
constitution of the phase diagram of PbS–SnS system. It was al-
ready mentioned that the single-phase region of the SnS-based
solid solution spreads up tox � 0:5. According to our data, this
composition corresponds to the limiting case, for which the metal
atoms are completely ordered in zigzag chains. At higherx the Pb–
Pb pairs, the existence of which is energetically unfavorable, would
inevitably appear in the chains. So, this simple energy considera-
tion can explain why the compositionx = 0:5 is the solubility limit
of PbS in SnS.
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Table 1
Parameters of the local structure of Pb atoms in PbxSn1�xS.

x 0.1 0.2 0.35 0.5 0.95 1 SnSy

R1 2.750(8) 2.745(8) 2.752(4) 2.752(4) 2.954(8) 2.942(6) 2.660(3)
�

2
1 0.0066(13) 0.0053(10) 0.0087(6) 0.0079(6) 0.0095(11) 0.0086(9) 0.0036(4)

R2 3.246(16) 3.243(16) 3.233(7) 3.232(8) 4.175(7) 4.184(6) 3.301(8)
�

2
2 0.0174(35) 0.0120(26) 0.0178(14) 0.0187(16) 0.0064(7) 0.0066(6) 0.0059(8)

R3 3.534(13) 3.500(15) 3.522(7) 3.535(10) 3.481(7)
�

2
3 0.0081(16) 0.0090(15) 0.0118(8) 0.0141(12) 0.0067(6)

y EXAFS data for the local environment of tin in SnS were obtained at the SnK edge.
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