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1. INTRODUCTION

One of the problems encountered in studies of solid
solutions is establishment of the relation between a
deviation of a solid solution from its ideal structure and
its physical properties.

The available scarce information on solid solutions
in the SnS–PbS system is fairly contradictory. This sys-
tem forms a limited number of solid solutions, because

SnS has an orthorhombic structure (space group –

 

Pbnm

 

), while PbS has an NaCl-type cubic structure.
The limiting solubility of SnS in PbS is ~10 mol %, and
that of PbS in SnS is about 50 mol % [1–3]. There is no
consensus on whether the Pb

 

0.5

 

Sn

 

0.5

 

S composition
(existing in nature in the mineral form of teallite [4]) in
this system is an individual phase or a SnS-based solid
solution. Some authors consider this composition to be

an individual phase crystallizing in space group  [2,

5, 6] or space groups  or  [2, 6]. Others believe
this material to be an SnS-based solid solution [1, 3, 7,
8]. To resolve this contradiction, coordinated studies of
the short- and long-range order in samples of this com-
position are needed.

Our interest in the SnS–PbS system is connected
with the off-centering of large-radius impurity ions,
which was revealed earlier in the Ge

 

1 – 

 

x

 

Pb

 

x

 

Te and Ge

 

1 –

 

x

 

Sn

 

x

 

Te semiconducting solid solutions [9]. The dis-
placement of Pb and Sn atoms in these compounds to
off-center positions was explained as being due to a
deformation of the spherically symmetric electron-den-
sity distribution of the two paired 

 

s

 

2

 

 electrons in these
atoms. Being energetically favorable, this deformation

D2h
16

D2h
16

D2h
13 C2v

7

 

produced chemical bonds of unequal length. In what
concerns Pb atoms, this came as a surprise, because the
6

 

s

 

2

 

 lone pair in compounds of divalent lead is typically
stereochemically inactive, as a result of which the local
Pb environment in crystals is usually symmetric (as in
PbS). It appeared, therefore, of interest to see whether
the local environment of Pb atoms in SnS is distorted
and whether it is associated with the stereochemical
activity of their 6

 

s

 

2

 

 electron pairs. In addressing this
problem, we chose EXAFS spectroscopy. This modern
x-ray method for investigating local structure is widely
used in studies of the structure of solid solutions.

2. EXPERIMENTAL TECHNIQUE

 

2.1. Samples

 

Samples of the Pb

 

x

 

Sn

 

x

 

 – 1

 

S solid solution with 

 

x

 

 =
0.1, 0.2, 0.35, 0.5, and 0.95 were prepared by synthesiz-
ing PbS and SnS and melting them in evacuated quartz
ampoules, with subsequent annealing of the alloys at
645

 

°

 

C for 70–96 h. The phase homogeneity of the sam-
ples was checked by x-ray diffraction. At 300 K, the
crystal structure of the samples with 

 

x

 

 

 

≤

 

 0.5 corre-
sponded to the orthorhombic phase and the structure of
the 

 

x

 

 = 0.95 sample was cubic. Immediately before
EXAFS spectral measurements, the alloys were ground
to powder, sieved, and deposited on adhesive tape. The
optimum absorber thickness for spectral measurements
was obtained by repeatedly folding the tape.

The EXAFS spectra were obtained at the Pb 

 

L

 

III

 

absorption edge (13.055 keV) at 80 K in transmission
geometry on station 7.1 at the Daresbury Laboratory
(Great Britain). The radiation was made monochro-
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Abstract

 

—The local lead-atom environment in the Pb

 

x

 

Sn

 

x

 

 – 1

 

S solid solutions with cubic and orthorhombic
structure was studied by EXAFS spectroscopy. The shortest Pb–S distance in samples with orthorhombic struc-
ture was found to be smaller by 

 

≈

 

0.2 Å than that in cubic-lattice samples, which is a sign of stereochemical
activity of the two paired 6

 

s

 

2

 

 electrons of a Pb atom. The metal atom arrangement reveals strong short-range
order, which results in the formation of –Pb–Sn–Pb–Sn–… zigzag chains aligned with the 

 

c

 

 axis (in the 

 

Pbnm

 

system) in orthorhombic samples. It was shown that the onset of such short-range order in Pb

 

0.5

 

Sn

 

0.5

 

S can ini-

tiate the formation of superstructures belonging to the  or  space groups. 
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matic by using a Si(111) double-crystal monochroma-
tor, and the intensity of the radiation incident on and
transmitted through a sample was measured with ion-
ization chambers. Two spectra were recorded for each
sample.

 

2.2. Processing Technique

 

The EXAFS function 

 

χ

 

(

 

k

 

) was extracted from 

 

µ

 

x

 

(

 

E

 

)
transmission spectra as was done in [10]. After subtrac-
tion of the background caused by the absorption of radi-
ation by atoms other than Pb, the monotonic part of
atomic absorption 

 

µ

 

x

 

0

 

(

 

E

 

) was isolated by spline fitting
and the dependence of 

 

χ

 

 = (

 

µ

 

x

 

 – 

 

µ

 

x

 

0

 

)/

 

µ

 

x

 

0

 

 on wave vec-

tor 

 

k

 

 =  was calculated. The photoelec-
tron energy 

 

E

 

0

 

 was reckoned from the inflection point
at the absorption edge. The jump at the absorption edge
varied from 0.10 to 1.5.

The information on the first three coordination
shells of interest to us here was extracted by taking
direct and inverse Fourier transforms of the 

 

χ

 

(

 

k

 

) curves
thus obtained using a modified Hanning window. The

2m E E0–( )/�

 

range of isolation in the 

 

R

 

 space was typically 1.2–
3.7 Å. The 

 

R

 

j

 

 distances, the coordination numbers 

 

N

 

j

 

and the Debye–Waller factor  for each of the three
coordination shells (

 

j

 

 = 1–3) were derived by minimiz-
ing the rms deviation between the experimental and cal-

culated 

 

k

 

2

 

χ

 

(

 

k

 

) curves. The parameters 

 

R

 

j

 

, 

 

N

 

j

 

, and , as
well as the origin displacement along the energy axis

 

dE

 

0

 

, were varied. To reduce the number of variable
parameters, the known relations between the coordina-
tion numbers in the SnS and NaCl structures were taken
into account. The number of variable parameters (eight)
was about two times smaller than that of independent
parameters (15 or 16) in the 2

 

∆

 

R

 

∆

 

k

 

/

 

π

 

 data. The errors
in determination of the parameters reported in the paper
were found from the covariance matrix and correspond
to a 95% confidence interval of their variation.

The dependences of the backscattering amplitude
and phase, of the central-atom phase, and of the photo-
electron mean free path on 

 

k

 

, which are necessary to
construct theoretical 

 

χ

 

(

 

k

 

) curves, were calculated using
the FEFF code [11].

3. EXPERIMENTAL RESULTS

Figure 1 shows typical 

 

k

 

2

 

χ

 

(

 

k

 

) relations obtained for
all Pb

 

x

 

Sn

 

x

 

 – 1

 

S samples. The curves for samples with
cubic (

 

x

 

 

 

≥

 

 0.95) and orthorhombic (

 

x

 

 

 

≤

 

 0.5) structure
differ qualitatively in pattern, which indicates different
characters of the local Pb environment in these sam-
ples. An analysis of the data reveals that lead atoms in
the 

 

x = 0.95 solid solution and PbS are surrounded by
six sulfur atoms located at the same distance (see table
and Fig. 2). The spectra obtained for samples with
orthorhombic structure are described well only by the
model according to which, in the first coordination
shell, three S atoms sit at one distance from the central
atom (R1) and the other three sit at another distance
(R2). Thus, the nearest neighbor environment of Pb in
SnS differs from that in PbS. As follows from the table,
as x increases from 0.1 to 0.5, distance R1remains
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Fig. 1. Typical Pb LIII EXAFS spectra of lead obtained for
PbxSnx – 1S samples (solid lines) and their theoretical
approximation (dashed lines).
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Fig. 2. Interatomic distances for the three nearest coordina-
tion shells of Pb atoms in the PbxSnx – 1S solid solution plot-
ted vs. composition parameter x.
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unchanged to within experimental error, whereas R2
decreases slightly. Note also the fairly large value of the
Debye–Waller factors for the longer Pb–S bond length.

In samples with orthorhombic structure, the metal
atoms (Pb, Sn) in the second coordination shell are
located at an average distance R3 ≈ 3.5Å, which grows
insignificantly with x. The Debye–Waller factors for

this shell  turn out to be even smaller than 
(see table); however, their values grow noticeably with
x.

As seen from the table, the Debye–Waller factors
are the largest for the longer Pb–S bond length and
depend only weakly on composition. To separate the
contributions from thermal motion and static lattice dis-
tortions to the Debye–Waller factors, we measured the
temperature dependences of EXAFS spectra for the
Pb0.8Sn0.2S sample within the temperature interval 80–
300 K. An analysis of the data obtained showed that the
temperature dependence of the Debye–Waller factor

 is stronger. One may thus conclude that the main

contribution to  is due not to static lattice distor-
tions but rather to thermal vibrations. This suggests that
the corresponding chemical bonding is weak.

Because solid solutions often exhibit short-range
order, we decided to check whether this order is
reflected in the metal atom arrangement in the second
coordination shell. To check this possibility, we com-
pared the experimental EXAFS spectra with the curves
calculated for various ratios of Pb and Sn concentra-
tions in the second coordination shell of lead under the

assumption that the values of R3 and  for atoms of
both types are equal. Figure 3 plots the sum of the
squares of deviations, Smin, for all the measured spectra
as a function of the local Sn atom concentration in the
second coordination shell of Pb atoms. We readily see
that the minimum in the curves for samples with x =
0.2, 0.35, and 0.5 lies at a local Sn concentration con-
siderably in excess of its average concentration in the

σ3
2( ) σ2

2( )

σ2
2( )

σ2
2( )

σ3
2( )

sample; the local concentration averaged over several
spectra for each of the samples studied is close to
100%. In our opinion, the short-range order in which Pb
atoms are surrounded predominantly by atoms of Sn
may be accounted for by the deformation interaction
between metal atoms, which precludes two large-radius
lead atoms from sitting close to one another.

4. DISCUSSION OF RESULTS

According to the neutron diffraction data available
for SnS [12], six S atoms in the first coordination shell
of tin lie at four different distances: 2.627 Å (one atom),
2.665 Å (two atoms), 3.290 Å (two atoms), and 3.388 Å
(one atom). The two shortest distances are so close to
each other that their separation in EXAFS spectra is
impossible. The same applies to the two longest dis-
tances. For this reason, the nearest environment of

Local Pb environment parameters for PbxSn1 – xS samples

Parameter
x

SnS*
0.1 0.2 0.35 0.5 0.95 1

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

, Å2 0.0066(13) 0.0053(10) 0.0087(6) 0.0079(6) 0.0095(11) 0.086(9) 0.0036(4)

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

, Å2 0.0174(35) 0.0120(26) 0.0178(14) 0.0187(16) 0.0064(7) 0.0066(6) 0.0059(8)

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

, Å2 0.0081(16) 0.0090(15) 0.0118(8) 0.0141(12) 0.0067(6)

Note: The EXAFS data for the local environment of an Sn atom in SnS were obtained at the Sn K edge.
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Fig. 3. Sum of the squares of deviations plotted vs. local Sn
concentration in the second coordination shell of Pb atoms.
Curves of one type belong to two spectra measured on sam-
ples of the same composition. Arrows identify the average
Sn concentration in a sample.
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metal atoms in EXAFS spectra should be represented
by three short and three long distances, each of them
being determined by the averaged length of the constit-
uent bonds. It is this that is observed experimentally.

As follows from a comparison of EXAFS data
obtained for the local environment of Pb impurity
atoms in SnS with those available for Sn atoms in pure
SnS (see table), the shorter Pb–S bond length turns out
to be ≈0.1 Å longer than the corresponding Sn–S bond
length in SnS and the longer Pb–S bond length is
shorter by ≈0.07 Å than the corresponding Sn–S dis-
tance in SnS.

Another result, which we believe to be most impor-
tant, is that the short Pb–S bond length in samples with
orthorhombic structure turned out to be noticeably
shorter (by ≈0.2 Å) than that in PbS (2.94 Å). The
decrease in this bond length and the splitting of the first
coordination shell into two components indicate that Pb
atoms in SnS occupy off-center positions. A compari-
son of our data with the results obtained in the study of
the Ge1 – xPbxTe solid solution [9] shows that, in both
systems, the Pb–chalcogen bond lengths become differ-
ent, with the decrease in the short bond length being
nearly equal in both systems (≈0.2 Å). Significantly,
the decrease in the Pb–chalcogen bond length is consid-
erably smaller than the difference between the ionic
radii of Pb2+ and Pb4+ (0.5 Å). This suggests that the
two paired 6s2 electrons are not involved in chemical
bonding, and we have here only a deformation in the
density distribution of these paired electrons, i.e., a
crossover to a stereochemically active state. In view of
the fact that Pb is observed in off-center positions in
SnS and GeTe, whereas introduction of Pb atoms into
cubic SnTe does not entail, as we have seen, any local
distortion of the symmetric environment, one can con-
clude that lead atoms become off-center only when they
enter lattices with symmetry lower than cubic. Thus,

the density distribution of the paired 6s2 electrons of a
Pb atom is mobile enough to be able to transfer from the
inactive (as in PbS, PbSe, PbTe) to an active state under
certain conditions. This feature of the paired lead elec-
trons could account for the structural instability and
phase transitions observed to occur in many lead com-
pounds.

Our results also permit certain conclusions as to the
structure of the solid solutions studied. According to
our data, all the bond lengths in the nearest neighbor
environment of Pb atoms in the PbxSnx – 1S solid solu-
tion vary monotonically with x. This suggests that the
Pb0.5Sn0.5S composition in the SnS–PbS system should
be considered to be an SnS-based solid solution.

Consider now the short-range order observed in this
system. The SnS structure is known to consist of dou-
ble-layer packets (Fig. 4a). The formation of a well-
defined short-range order, in which Pb atoms in one
double-layer packet are surrounded predominantly by
Sn atoms of the neighboring packet, suggests that under
certain conditions a superstructural metal-atom order-
ing observed in minerals (teallite) can set in Pb0.5Sn0.5S
crystals.

Assuming the local tin atom concentration in the
second coordination shell of lead atoms to be 100%, we
may expect that completely ordered zigzag chains
…−Pb–Sn-Pb–Sn–… aligned with the c axis (perpen-
dicular to the plane of Fig. 4a) will form in Pb0.5Sn0.5S
samples. However, even if atoms in one such chain are
fully ordered, three-dimensional long-range order
(superstructure) can form only in the case where the
atomic arrangements in neighboring chains are corre-
lated. We note that the formation of zigzag chains
destroys the inversion center in the crystal, which in the
SnS structure lies midway between the two nearest
neighbor tin atoms. This means that the space group of
the superstructure must be a subgroup of space group

 and contain point group C2v as a subgroup.
Restricting oneself to analysis of superstructures with-
out any change in unit-cell volume, two types of atomic
ordering in the superstructure can be conceived: (1) one
packet contains atoms of one species (space group

–P21nm, Fig. 4b), and (2) one packet contains

atoms of both species (space group –Pb21, Fig. 4c).
Superstructures of the first type allow (00l) superstruc-
ture reflections with odd l, while superstructures of the
second type allow (00l) and (l00) reflections with odd l.

Electron diffraction patterns of thin Pb0.5Sn0.5S films
grown on substrates of alkali halide crystals at 200°C

[8] exhibited reflections characteristic of a  super-
structure. In an attempt to reproduce this result, we
annealed a volume Pb0.5Sn0.5S sample at 240°C for a
month. X-ray studies of the annealed sample did not
reveal any superstructural reflections. In our opinion,
this may be due to the fact that the coupling energy of
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neighboring chains (in which the shortest interatomic
distance is ≈4.1 Å) is too low; therefore, annealing at
lower temperatures is required. Thus, well-defined
short-range order and the absence of long-range order
in our samples indicates that interlayer coupling
between metal atoms in the SnS-based solid solution
under study is stronger than the intralayer coupling.
This is in accord with the relative magnitude of the cor-
responding bond lengths (3.5, 4.1 Å).

Thus, the strong short-range order manifesting itself
in the distribution of metal atoms permits one to con-
sider the structure of the SnS–PbS solid solution to be
in the form of randomly arranged fragments of zigzag
chains aligned with the c axis of the structure. The
clearly pronounced anisotropy of the local structure
may account for the unusual physical properties of
these solid solutions.

The short-range order in the arrangement of metal
atoms is also directly reflected in the phase diagram of
the SnS–PbS system. As already mentioned, the extent
of the single-phase region in the phase diagram of the
solid solution on the SnS side is ≈50%. Our analysis
suggests that this concentration corresponds to the lim-
iting case where all metal atoms are ordered in zigzag
chains. At higher Pb atom concentrations, Pb–Pb pairs
should inevitably appear in the chains, whose forma-
tion is energetically unfavorable. It is this factor that
determines the boundary of existence of the solid solu-
tion in the system studied.
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