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Interpretation of the 119Sn Mössbauer isomer shifts in complex tin chalcogenides

P. E. Lippens*
Laboratoire des Agre´gats Moléculaires et Mate´riaux Inorganiques, CNRS ESA 5072, Universite´ Montpellier II,

Place Euge`ne Bataillon, F-34095 Montpellier Ce´dex 05, France
~Received 25 February 1999!

The main observed trends in the variations of the119Sn Mössbauer isomer shiftd for tin chalcogenides are
interpreted in terms of the valence electronic populations, and are related to changes in the Sn local environ-
ment. First, the values of the valence electron charge density at the nucleusrv(0) have been evaluated from a
tight-binding calculation for a number of binary compounds in order to check the accuracy of the theoretical
approach. A linear correlation between the experimental values ofd and the calculated values ofrv(0) is
obtained, providing a mean square radius of the nucleus in the Mo¨ssbauer transitionD^r 2& in correct agreement
with the previously published values. The same approach is applied to tin chalcogenides with complex struc-
tures, and a correct linear correlation betweenrv(0) andd is obtained. Different series of chalcogenides have
been distinguished considering the Sn oxidation state, the type of chalcogen, and the Sn site symmetry. These
series correspond to different ranges of experimental values ford which have been correlated to the calculated
values ofrv(0) and the Sn valence electron populations. Finally, a molecular model is proposed which gives
simple analytical expressions of the numbers of Sn 5s and Sn 5p electrons as a function of the Sn site
symmetry, the type of chalcogen, and the tin-chalcogen interatomic distance. This model provides a rather
simple interpretation of the changes in the values ofd for the different series of chalcogenides.
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I. INTRODUCTION

Mössbauer spectroscopy is a widely used technique
the analysis of the local electronic structure or chemi
bonding in solids.1–3 This technique is based on the recoile
emission and resonant absorption ofg rays by nucleus. The
influence of the local electronic structure is due to inter
tions between the nuclear charge distribution and the ex
nuclear electric and magnetic fields. The Mo¨ssbauer isome
shift d arises from the electrostatic interaction betwe
nuclear and electron charge distributions due to the finite
of the nucleus. The expression ofd is a function of both the
changes in the nuclear radius due to the nuclear transiti
D^r 2&, and the electron density at the nucleusr~0!.2 Varia-
tions of the electron density at the nucleus can be relate
changes in the local electronic structure which are stron
dependent on the local environment~nearest neighbors!.
Thus variations of the Mo¨ssbauer isomer shift for a series
materials with the same Mo¨ssbauer element provide valuab
information on changes in the chemical bonding.

Tin chalcogenides SnX2 and SnX, whereX5S, Se, and
Te have been particularly studied for their electron
properties.4–6 However, there is also a large number of te
nary materials containing a third element generally part
pating in ionic bonds. In this paper the local electronic str
ture of Sn atoms is investigated for tin chalcogenides w
very different Sn local environments considering the la
amount of experimental values for the119Sn Mössbauer iso-
mer shift. The aim of this paper is to explain the observ
main trends in the variations ofd from changes in the calcu
lated Sn electronic populations, and to relate them to the
local environments. The present interpretation is based
the evaluation of the numbers of Sn valence electrons
the electron density at the nucleus considering the exp
PRB 600163-1829/99/60~7!/4576~11!/$15.00
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mentally determined crystal structures.
The electron density at the Sn nucleusr~0! has been pre-

viously calculated for tin binary compounds from differe
theoretical methods.7–11 The correlation between the exper
mental values ofd and the calculated values ofr~0! allows
one to evaluate the difference in the mean-square nuc
radiusD^r 2&, which provides a calibration of the Mo¨ssbauer
experiments. At the present time this is the best way of
taining the nuclear factor, which cannot be accurately eva
ated by nuclear models. The most recent theoretical inve
gations were based on periodic and molecular calculation
r~0!. Svane and Antoncik7 used a linear-muffin-tin-orbita
method in the atomic-sphere approximation~ASA! for a cal-
culation of both the electronic structure andr~0! for a-Sn,
b-Sn, SnO2, SnMg2, SnSb, and SnTe. Their results give
consistent explanation of the experimental data andD^r 2&
55.631023 fm2. More recently Svaneet al.8 carried out a
full potential linear-muffin-tin-orbital calculation which
mainly differs from the ASA method by a more refined d
scription of the atomic potentials. Considering a large se
Sn compounds covering a wide range of values ford, the
authors obtained a very good correlation between the exp
mental values ofd and the calculated values ofr~0! which
givesD^r 2&57.231023 fm2. Two recent molecular calcula
tions of r~0! based on clusters representing the solids h
been proposed. Based on the self-consistent chargeXa
method, Grodzickiet al.9 obtainedD^r 2&56.831023 fm2,
considering very different tin environments. Terra a
Guenzburger10 used a discrete variational method for SnX4
halides, withX5F, Cl, I, and Br, and they foundD^r 2&
59.231023 fm2. In a more recent paper,11 these authors
considered an improved model of the potential and a se
of tin compounds covering a wider range of values ford.
They found a value ofD^r 2&56.631023 fm2 which is close
4576 ©1999 The American Physical Society
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to that obtained by Svaneet al.8 Based on these recent an
reliable calculations, the value ofD^r 2& is expected to be
found between about 6 and 731023 fm2.

The aim of this work is to provide a rather simple inte
pretation of the observed main trends in the variations od
for binary and ternary tin chalcogenides based on a se
empirical calculation ofr~0!. An analytical expression o
r~0! as a function of the numbers of tin valence electrons
first derived from the interpolation to the values ofr~0! ob-
tained for different electron configurations on a Sn free
by a relativistic calculation. The numbers of Sn valence el
trons are evaluated for tin chalcogenides from a tight-bind
method following the Slater-Koster scheme.12 This method is
used here because of the complexity of the crystalline st
tures, which makes a systematic use of first-principles ca
lations difficult. In addition, such an approach provides
correct description of the electronic structure of comp
chalcogenides.13–16 The interpretation of the Mo¨ssbauer iso-
mer shifts is carried out along three steps. First, the vale
electron density at the nucleus is evaluated for a large se
tin binary compounds in order to test the accuracy of
present tight-binding scheme. The values ofr~0! andD^r 2&
obtained by the present approach are compared with pr
ously published values. Thenr~0! is evaluated for tin chal-
cogenides providing an interpretation of the variations of
experimental values ofd in terms of the changes in the S
valence electron populations. This allows us to distingu
different series of chalcogenides considering the values od.
Finally, analytical expressions of the numbers of Sn vale
electrons are obtained by a molecular model from the s
plification of the periodic tight-binding calculation in th
case of highly symmetrical Sn environments. This allows
to interpret the observed main trends in the variations ofd as
a function of several parameters describing the Sn local
vironment: the Sn site symmetry, the type of chalcogen ne
est neighbors, and the interatomic distances.

The theoretical method used to evaluate the electron d
sity at the nucleus is described in Sec. II. Section III co
cerns the tight-binding results obtained for tin binary a
ternary chalcogenides. The molecular model is develope
Sec. IV, and the conclusions are summarized in Sec. V.

II. THEORETICAL METHOD

The Mössbauer isomer shift~in mm/s! is related to the
electronic density at the nucleus~in a0

23, wherea0 is the
Bohr radius! by the relation17

d5a@ra~0!2rs~0!#, ~1!

where ra(0) and rs(0) are the electron densities at th
nucleus of the absorber and source, respectively. The iso
shift calibration constanta is a linear function of the chang
in the mean-square radius of the nucleus in the Mo¨ssbauer
transitionD^r 2&:

a5bD^r 2&, ~2!

where b depends only on the characteristics of the Mo¨ss-
bauer isotope and the transition energy, and is equa
12.7a0

3 mm s21 fm22 for 119Sn.18 Although D^r 2& should be
evaluated from nuclear calculations, the most accurate va
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have been obtained by a comparison between the experim
tal values of the isomer shift and the calculated values
r~0! which are expected to be linearly correlated, as sho
by Eqs.~1! and~2!. The most recent published values7–11 for
119Sn are found around 731023 fm2. In this paper the value
of D^r 2& will be determined considering a large number
tin binary compounds with very different chemical bonding
and compared to the previously published values in orde
check the accuracy of the present theoretical approach.

The electron density at the119Sn nucleusr~0! arises from
contributions of the core electronsrc(0) and the valence
electronsrv(0). In this work, the core electron density at th
nucleus is assumed to be constant for the different mate
~the frozen-core approximation!. The validity of this ap-
proximation for an analysis of the variations of the Sn Mo¨ss-
bauer isomer shift has been previously discussed.7 It was
shown that for most of the tin chalcogenides, variations
rc(0) are negligible compared to those ofrv(0). The va-
lence electron density at the nucleus has been evaluate
two steps. First, an analytical expression ofrv(0) as a func-
tion of the numbers of Sn 5s (Ns) and Sn 5p (Np) valence
electrons has been derived from interpolation to the ca
lated values for different electron configurations of the
free ion. Then the values ofrv(0) for solids have been
evaluated from this expression and the numbers of tin
lence electrons obtained by tight-binding calculations.

Following the approach of Ruby and Shenoy,19 the elec-
tron densityrv(0) is assumed to be a nonlinear function
both Ns andNp , and has been fitted to the values ofrv(0)
calculated by Ellis19 for Sn free ions:

rv~0!50.76153.80Ns20.94Np25.00Ns
222.80NsNp .

~3!

The numbers of Sn valence electrons have been evalu
from a tight-binding calculation following the Slater-Koste
formulation.12 This approach is mainly justified here by th
complexity of the crystal structures, and because it produ
correct trends in the electronic structure of compl
chalcogenides.13–16 By the Slater-Koster method, the one
electron Schro¨dinger equation is solved considering a min
mal orbital basis set formed here by thes and p valence
orbitals of the atoms in the unit cell. The elements of t
tight-binding Hamiltonian matrix are expressed in terms
one- and two-center integrals which are considered to be
intra-atomic and interatomic tight-binding parameters,
spectively. The intra-atomic terms are the free-atom ene
levels calculated by Herman and Skillman20 and reported by
Harrison.21 The interatomic terms are evaluated from t
Robertson scaling law13,15 and the Harrison parameters.22

The number of tin valence electrons of typei ( i 5s,p) is
defined by

Ni52(
n,k

z^w i ucn,k& z2, ~4!

where w i is the atomic orbital, andCn,k the Bloch wave
function for the bandn and the wave vectork. The sum runs
over the valence bands forn and a grid of points in the firs
Brillouin zone fork.
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TABLE I. Experimental data for the binary tin compounds: structural information; Sn oxidation st
average values of the119Sn Mössbauer isomer shiftd relative to BaSnO3, with source and absorber a
ambient and nitrogen temperatures, respectively, except* absorber at ambient temperature. Calculated v
ues of the numbers of Sn 5s electrons,Ns(Sn), and Sn 5p electrons,Np(Sn), and the electron density at the
nucleusrv(0). For mixed valency compounds the Sn~IV ! and Sn~II ! atoms are labeled 1 and 2, respective

Compound Space group
Oxidation
state of Sn d ~mm/s! Ns(Sn) Np(Sn) rv(0) (a0

23)

SnF4 I4/mmma IV 20.4p 0.63 1.06 29.8
Sn2F6 (1) Fm3̄mb IV 20.4* q 0.71 1.30 32.5

Sn3F8 (1) P21 /nc IV 20.35* r 0.67 1.19 31.2
SnO2 P42 /mnmd IV 0.0p 0.77 1.23 35.5
SnBr4 P21 /ce IV 1.1p 1.08 1.30 47.8
Sn2S3 (1) Pnmaf IV 1.15s 1.20 1.41 52.2
SnS2 P3̄m1

g IV 1.3p 1.20 1.41 52.0

SnI4 Pa3h IV 1.5p 1.31 1.30 56.5
SnSe2 P3̄m1

g IV 1.5p 1.31 1.51 55.9

SnMg2 Fm3̄mg 0 1.8p 1.69 3.62 56.8

aSn Fd3mg 0 2.1p 1.66 2.34 63.1
bSn I41 /amdg 0 2.6p 1.75 2.25 66.4
SnP Fm3̄mi 0 2.7p 1.67 1.58 67.7

SnAs Fm3̄mg 0 2.7p 1.71 1.71 68.5

SnSb Fm3̄mg 0 2.8p 1.79 1.86 69.9

Sn4P3 R3̄mj 0 2.9p 1.86 1.48 74.4

Sn4As3 R3̄mj 0 2.9p 1.87 1.56 74.4

SnO P4/nmmk II 2.7p 1.88 1.00 78.0
SnSe Pnmal II 3.4p 1.95 1.17 79.2
SnS Pnmal II 3.4p 1.95 1.07 79.7
SnTe Fm3̄mg II 3.5p 1.96 1.30 78.6

Sn2S3 (2) Pnmaf II 3.5s 1.94 1.06 79.5
SnF2 C2/cm II 3.6p 1.92 0.71 81.1
Sn3F8 (2) P21 /nc II 3.8* r 1.94 0.54 82.8
SnI2 C2/mn II 3.9p 1.99 0.90 82.1
SnCl2 Pnmao II 4.1p 1.98 0.54 84.1
Sn2F6 (2) Fm3̄mb II 4.1* q 1.96 0.53 83.5

aReference 24.
bReference 25.
cReference 26.
dReference 27.
eReference 28.
fReference 29.
gReference 30.
hReference 31.
iReference 32.
jReference 33.

kReference 34.
lReference 35.
mReference 36.
nReference 37.
oReference 38.
pReference 23.
qRefs. 39 and 40.
rAverage values of Refs. 26 and 40.
sAverage values of Refs. 41 and 42.
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III. RESULTS

A. Tin binary compounds

The aim of this part is to assess the accuracy of the tig
binding calculation ofrv(0) for the analysis of the119Sn
Mössbauer isomer shifts considering a series of tin bin
compounds. The structural information used in the tig
binding calculations, the tin oxidation states, the experim
tal values ofd, and the calculated values ofNs , Np, and
rv(0) are reported in Table I. The values ofd relative to
BaSnO3 for most of the materials concern measureme
t-

y
-
-

s

with source and absorbing materials at ambient and nitro
temperatures, respectively. There is now a large amoun
experimental values of the119Sn Mössbauer isomer shift in
the literature.23 However, some differences can be found f
a given compound which are probably due to the experim
tal accuracy or the purity of the materials. Thus average v
ues of d are reported in Table I for most of the materia
which should be correct within about 0.1 mm/s. The valu
of d are found between20.4 and 4.1 mm/s, and cover near
the whole range of119Sn Mössbauer isomer shifts. From th
chemist’s point of view it is of interest to determine th
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formal oxidation state of tin. This can be easily obtain
from Mössbauer measurements, and Table I shows tha
values of d are lower than about 2 mm/s for the Sn~IV !
compounds, are found between about 1.8 and 3 mm/s fo
Sn~0! compounds, and are greater than about 2.7 mm/s
the Sn~II ! compounds. It is worth noticing that Sn2S3, Sn2F6,
and Sn3F8 are mixed valency compounds containing bo
Sn~IV ! and Sn~II ! oxidation states, as shown experimenta
by the existence of two very different values ford. In prin-
ciple, the three oxidation states Sn~IV !, Sn~0!, and Sn~II !
should be related to the three sets of values (Ns ,Np)
5(0,0), ~1,3!, and~2,0!, respectively. This definition of the
formal oxidation state corresponds to a full transfer of el
trons. Table I shows that the three tin oxidation states can
correlated to the numbers of Sn 5s electrons: 0.6–1.3 for
Sn~IV !, 1.6–1.8 for Sn~0!, and 1.8–2 for Sn~II !. The values
of Ns for the Sn~IV ! and Sn~0! compounds strongly differ
from the expected formal values. This may be related to
covalency of the bonds involving the Sn atoms which
duces the electronic transfer from the tin atoms to their ne
est neighbors. The numbers of Sn 5p electrons in the Sn~IV !
compounds are found between 1 and 1.5. These values
close to the number of Sn 5s electrons, except for the mos
ionic compounds such as tin fluorides and SnO2. For the
Sn~II ! compounds, the number of Sn 5p electrons is lower
than the number of Sn 5s electrons, which is close to 2. Thi
reflects the electronic transfer of the Sn 5p electrons toward
the chalcogen nearest neighbors. Finally, similar values
the numbers of Sn 5s and Sn 5p electrons are found for the
Sn~0! compounds except foraSn and SnMg2. For the two
latter materials the number of Sn 5p electrons is greater tha
the number of Sn 5s electrons due to thesp3 hybridization
of the Sn valence orbitals.

The experimental values ofd are plotted against the ca
culated values ofrv(0) in Fig. 1. A quasilinear correlation i
observed, except for SnO, which shows a large depar
from the expected value. In the latter case the present ti
binding approach fails in a determination of the electro

FIG. 1. Experimental values of the119Sn Mössbauer isomer shif
d against calculated values of the electron density at the nuc
rv(0) for binary tin compounds.
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populations, and a more refined model is required. The sl
of the line obtained by a linear regression to the results gi
the value of the nuclear radius changêDr 2&
56.431023 fm2, which is in correct agreement with th
most recent published values found around 731023 fm2. It
is difficult to compare the values of the electron density
the nucleus obtained by different calculations because of
observed large differences between the values of the t
electron densityr~0! for a given compound. For example, th
orders of magnitude are of about 186 000a0

23 for the present
work, 183 000a0

23 for the works of Svane and Antoncik7 and
Svaneet al.,8 and 190 000a0

23 for the work of Grodzicki
et al.9 However, it is possible to compare the variations
r~0! due to changes in the valence electronic populati
considering a uniform shift of each set of calculated valu
The energy shift was evaluated by a least-mean-square fi
each set of published values to the tight-binding results,
similar trends in the variations ofr~0! are obtained by the
different calculations. The most severe discrepancies oc
for some ionic compounds such as SnF4, SnO2, and SnO, but
a correct agreement is obtained for the tin chalcogenide
present interest. More accurate values ofrv(0) for the ionic
compounds could in principle be obtained by adjusting
tight-binding parameters. However, such an approach is
expected to improve the results for tin chalcogenides not
ably, justifying the present evaluation ofrv(0) from a uni-
versal set of tight-binding parameters.

As noticed above, the tin oxidation state can be correla
to the number of Sn 5s electrons. These electrons strong
inluencerv(0), which explains the correlation between th
Sn Mössbauer isomer shift and the Sn oxidation state. T
variations ofd as a function ofNs are shown in Fig. 2, and
clearly exhibit a linear trend. The main deviations to th
tendency occur for SnMg2, aSn, SnI2, SnCl2, Sn3F8, and
Sn2F6 ~Fig. 2!. The calculated values ofNs for SnMg2 and
aSn are greater than those expected by the linear correla
whereas for the four other materials the calculated value
Ns are lower than those expected. This can be explained
the so-called screening effect of the Sn 5p electrons upon
rv(0), which unlike the Sn 5s electrons tend to decrease th
electron density at the nucleus. This can be seen from
~3!, which shows thatrv(0) strongly increases withNs and
slightly decreases withNp . For most of the compounds con
sidered in this paper, the number of Sn 5p electrons is found
to be between 1.1 and 1.8. ForaSn and SnMg2, Np is greater
than 2.3, and tends to decreaserv(0). For SnI2, SnF2,
Sn3F8, and Sn2F6, Np is lower than 1 and tends to increas
rv(0). This explains the improvement in the linearity o
d-r~0! ~Fig. 1! by comparison with that ofd-Ns ~Fig. 2! for
these compounds.

In summary, the value of̂Dr 2& and the variations of
rv(0) calculated for a series of tin binary compounds are
correct agreement with previously published results, es
cially for tin chalcogenides. This shows that the tight-bindi
method correctly predicts the variations ofrv(0) for inter-
preting the Sn Mo¨ssbauer isomer shifts.

B. Tin chalcogenides

This section is devoted to the interpretation of the119Sn
Mössbauer isomer shift for binary and ternary chalcogenid

us
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4580 PRB 60P. E. LIPPENS
In addition to the tin and chalcogen atoms found in bina
chalcogenides, the ternary compounds studied in this w
also include atoms with onlys valence electrons~Na, Ba! or
with s andp valence electrons~Ge, In, Sb, Tl, and Pb!. The
ternary compounds are listed in Table II, with the structu
data used in tight-binding calculations, the Sn local envir
ments, the Sn oxidation states, the experimental values o
Mössbauer isomer shift, and the calculated values ofNs ,
Np , and rv(0). The values of d are relative to BaSnO3.
Except for SnBi2Te4, the measurements were perform
with source and absorbing materials at ambient and nitro
temperatures, respectively. Unlike the tin binary compou
there are less data for ternary chalcogenides and the va
reported in Table II are not averaged over different publish
values. Most of the tin ternary compounds have a comp
structure due to their low symmetry and the large numbe
atoms per unit cell. The Sn atoms are always bonded
chalcogen nearest neighbors which form in most ca
slightly distorted tetrahedra or octahedra. Informations
binary tin chalcogenides are reported in Table I except
the Sn local structures which are described now. In
Sn~IV ! compounds SnS2 and SnSe2, the tin atoms are octa
hedrally surrounded by S~2.56 Å! and Se~2.68 Å! atoms,
respectively. The tin environments in the Sn~II ! binary com-
pounds are trigonal pyramids for SnS~2.65 Å! and SnSe~2.8
Å! considering only the nearest neighbors and very distor
octahedra when including the second-nearest neighb
SnTe has a rocksalt NaCl structure, and the Sn atoms
octahedrally surrounded by six Te atoms~3.15 Å!. In Sn2S3
there are two crystallographic sites with different oxidati
states Sn~IV ! and Sn~II !. The Sn~IV ! atoms are surrounde
by six S atoms forming a slightly distorded octahedron~2.55
Å!, and the Sn~II ! atoms are bonded to three nearest nei
bors ~2.7 Å!. The values of the Mo¨ssbauer isomer shift fo
both the binary and ternary compounds span the two ran
of values 1–2 and 3.2–3.8 mm/s, which may be related
the two oxidation states Sn~IV ! and Sn~II !, respectively

FIG. 2. Experimental values of the119Sn Mössbauer isomer shif
d against the calculated values of the Sn 5s number of electrons
Ns(Sn) for binary tin compounds.
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~Tables I and II!. Different series of Sn~IV ! compounds can
be distinguished from the type of anion and the Sn site sy
metry. They correspond to different ranges of values fod
which are found between about 1.1 and 1.4 mm/s for
sulfides, 1.5 and 1.7 mm/s for the selenides, and aroun
mm/s for the tellurides. For the Sn~IV ! sulfides with tetrahe-
dral and octahedral tin environments, the values ofd are
found within the same range, and it is rather difficult to d
tinguish these two types of Sn sites from the only values
d. For the Sn~IV ! selenides the difference between the valu
of d for the Sn octahedral sites~'1.5 mm/s! and the Sn
tetrahedral sites~'1.7 mm/s! is more significant. Finally, it
seems difficult to establish some main trends in the va
tions of d for Sn~II ! chalcogenides, and no attempt to inte
pret the variations ofd within this range of values is made i
this paper.

The experimental values ofd for both the binary and ter-
nary chalcogenides are plotted against the calculated va
of rv(0) in Fig. 3, as well as the straight line obtaine
in Sec. III A from the correlation betweend and rv(0) for
tin binary compounds. Figure 3 shows that the variations
d as a function ofrv(0) are consistent with those of the ti
binary compounds. Inspection of Tables I and II sho
that the increase ofd from 1–2 mm/s for the Sn~IV ! chalco-
genides to 3.2–3.8 mm/s for the Sn~II ! chalcogenides may
be mainly related to the increase in the number of Sns
electrons from 1.2–1.6 to 1.9–2. The number of Snp
electrons does not vary noticeably~'1.3–1.6!, except for
some Sn~II ! compounds, but this has only a minor effect o
rv(0). The observed increase ofd for the sequence o
Sn~IV ! chalcogenides: sulfides (d'1.2 mm/s) –selenides (d
'1.6 mm/s) –tellurides (d'2 mm/s) may be correlated t
the increase ofrv(0) from about 52a0

23 to 57a0
23, which is

mainly due to the increase ofNs from about 1.2~sulfides! to
1.3 ~selenides! and 1.5~tellurides!. Differences between the
values ofd for Sn~IV ! sulfides with octahedral and tetrah
dral Sn local environments are rather small. For the
lenides, the increase is more significant: from 1.5 mm/s
SnSe2 to about 1.7 mm/s for Tl4SnSe4 and Tl2SnSe3, and
may be correlated to the increase of bothrv(0) and Ns .
Finally, the variations ofd are fairly well reproduced by the
calculated values ofrv(0) for the Sn~II ! compounds. Al-
though the observed main trends in the variations ofd may
be correlated to those ofrv(0), Fig. 3 clearly shows that the
present tight-binding approach cannot provide a reliable
terpretation of some small variations ofd as observed for
some Sn~IV ! sulfides or Sn~II ! compounds.

In summary, variations of the119Sn Mössbauer isomer
shift for tin chalcogenides are consistent with changes in
calculated electron density at the nucleus which are ma
due to the Sn 5s electrons. The main trends in the variatio
of d are correlated to the changes in the tin oxidation st
and for the Sn~IV ! compounds to the type of chalcogen~S,
Se, Te! and the Sn site symmetry. The results are summ
rized in Table III, with the values ofd, Ns , Np , rv(0) and
the tin-chalcogen interatomic distanced all averaged over
the different compounds with the same Sn environment.

IV. MOLECULAR MODEL

A. Description of the model

In Sec. III the variations of the Mo¨ssbauer isomer shift o
tin chalcogenides have been explained from changes in
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TABLE II. Experimental data for ternary tin compounds: space group; Sn site symmetry~the distorted
and undistorted forms are not distinguished! @o, octahedron;t, tetrahedron;b, trigonal bipyramid;d, trigonal
dodecahedron; tp, bicapped trigonal prism; sp, square-based pyramid; and average interatomic dis
parentheses~in Å!#: Sn oxidation state;119Sn Moössbauer isomer shiftd relative to BaSnO3, with source and
absorber at ambient and nitrogen temperatures, respectively, except* absorber at ambient temperatur
Calculated values of the numbers of Sn 5s electrons,Ns(Sn), and Sn 5p electrons,Np(Sn), and electron
density at the nucleusrv(0). For mixed valency compounds the Sn~IV ! and Sn~II ! atoms are labeled 1 an
2, respectively.

Compound Space group
Sn local
structure

Oxidation
state of Sn d ~mm/s! Ns(Sn) Np(Sn) rv(0) (a0

23)

1 Sn5Sb2S9 (1) Pbcaa o ~2.58! IV 1.10t 1.21 1.40 52.6
2 PbSnS3 Pnmab o ~2.56! IV 1.13u 1.19 1.43 52.6
3 Ba2SnS4b Pna21

c t ~2.37! IV 1.19u 1.17 1.49 50.7
4 In2Sn3S7 (1) P21 /md o ~2.62! IV 1.19d 1.24 1.30 53.9
5 Tl4Sn5S12 P1̄e t1o ~2.52! IV 1.22v 1.21 1.42 52.3

6 Na4SnS4 P4̄21cf t ~2.39! IV 1.23u 1.18 1.46 51.1

7 Na4Sn3S8 C2/cg t1b ~2.46! IV 1.25u 1.18 1.44 51.2
8 Ba2SnS4a P21 /ch t ~2.40! IV 1.27u 1.19 1.47 51.3
9 Tl2Sn2S5 C2/ci b ~2.50! IV 1.28v 1.22 1.42 52.8

10 Na6Sn2S7 C2/cj t ~2.38! IV 1.28u 1.17 1.46 50.8
11 Ba3Sn2S7 P21 /cj t ~2.39! IV 1.29u 1.18 1.47 51.0
12 Tl4SnS4 P21 /ck t ~2.39! IV 1.35v 1.24 1.44 53.5
13 Tl2SnS3 C2/ml t ~2.40! IV 1.41v 1.23 1.44 53.1
14 Tl2SnSe3 Pnmam t ~2.55! IV 1.65w 1.34 1.49 56.8
15 Tl4SnSe4 P21 /cn t ~2.53! IV 1.67w 1.34 1.52 56.8
16 Tl2SnTe5 I4/mcmo t ~2.79! IV 2.04x 1.53 1.63 62.8
17 Tl2SnTe3 Pnmap t ~2.78! IV 2.04x 1.55 1.60 63.5
18 SnBi2Te4 R3̄mq o ~3.14! II 3.3* y 1.96 1.36 78.2

19 SnSb2Te4 R3̄mq o ~3.09! II 3.37z 1.94 1.43 77.3

20 Sn5Sb2S9 (2) Pbcaa d ~3.09! II 3.39t 1.93 1.11 78.8
21 Tl4SnTe3 I4/mcmr o ~3.28! II 3.47x 1.97 1.16 80.0
22 GeSnS3 P21 /cs sp ~2.86! II 3.50aa 1.95 0.98 80.5
23 In2Sn3S7 (2) P21 /md tp ~3.09! II 3.82d 1.94 0.92 80.4

aReference 43.
bReference 44.
cReference 45.
dReference 42.
eReference 46.
fReference 47.
gReference 48.
hReference 49.
iReference 50.
jReference 51.
kReference 52.
lReference 53.
mReference 54.
nReference 55.

oReference 56.
pReference 57.
qReference 58.
rReference 59.
sReference 60.
tReference 41.
uReference 61.
vReference 62.
wReference 63.
xReference 64.
yReference 65.
zReference 66.

aa Reference 67.
t

nv
in
fo
al-

om-

ic
he

be-
II

of
number of tin valence electrons. The aim of this section is
derive simple analytical expressions ofNs and Np as func-
tions of a small set of parameters describing the local e
ronment of the tin atoms. These expressions are obta
from a molecular description of the tin chalcogenides
highly symmetrical Sn sites. For simplicity, the the tin ch
cogenides of the present work will be denoted byClSnmXP ,
whereC is the cation for the ternary compounds:C5Na, Ba,
Ge, In, Sb, Tl, Pb, and Bi (l 50 for the binary compounds!
o

i-
ed
r

andX5S, Se, and Te. Let us recall that the Sn andC atoms
are surrounded by chalcogen nearest neighbors in all c
pounds.

The molecular model is obtained from the period
method of Sec. III considering three main assumptions. T
first approximation consists in neglecting the interactions
tween theC andX atoms. The periodic calculation of Sec. I
gives positive charges for theC atoms in agreement with
their cationic character. In order to evaluate the influence
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theC-X bonds on the tin electronic populations, calculatio
were also performed without theC-X bonds. For example
theC charges are equal to11 for C5Na, In, and Tl, and13
for C5Sb and Bi~perfect cations!. This can be related to th
atomic energy levels of thes, Es(C), andp, Ep(C), valence
electrons of the cations which are in the valence and cond
tion bands, respectively, except for Na and Ba which h
only s valence electrons. In the latter caseEs(C) is in the
conduction band. The tin valence electron populations ev
ated by the two approaches~with and withoutC-X bonds!
only show small differences providing the same trends in
variations ofrv(0). This means that the ternary compoun
behave as a covalent tin-chalcogen network with a nega
charge and isolated cations. The two other approximati
allow one to transform the tin chalcogen network into sim
molecular units. First, only the 5s(Sn)p(X)s and
5p(Sn)p(X)s two-center interactions are considered. Int
actions with the chalcogens valence orbitals are neglecte
because of their deep atomic energy levels compared to t
of Sn.20,21 Thus, the S 3s, Se 4s, and Te 5s states are as
sumed to be corelike states. Theppp interactions between
thep valence orbitals of Sn andX are not taken into accoun
since they are smaller than thepps interactions. The las
approximation consists in a simplification of the local stru
ture. In most of the materials considered in this work t
chalcogen coordination number is lower or equal to 3, a
the Sn-X-Sn bond angles are close to 90°. By consider
the value of 90°, it is possible to form three orthogonal co
binations ofp-type valence orbitals for the chalcogens. Sin
there are only interactions between the Sn valence orb
and combinations ofp orbitals pointing toward the Sn atom
the tin-chalcogen network behaves as a set of noninterac
SnSn units where the Sn coordination numbern is fixed by
the Sn local environment. In this work, only perfect tetrah
dral (n54) and octahedral (n56) Sn environments are con

FIG. 3. Experimental values of the119Sn Mössbauer isomer shif
d against calculated values of the electron density at the nuc
rv(0) for tin chalcogenides. The numbering refers to the tern
chalcogenides given in Table II. The straight line is the linear c
relation betweend andrv(0) obtained for binary tin compounds.
s
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sidered, since they concern most of the ternary chalcogen
and provide simple analytical expressions of the electro
populations.

B. Molecular electronic structures

By the model described in Sec. IV A, it can be shown th
the molecular electronic structure of theClSnmXp com-
pounds is formed by the energy levels of the SnXn mol-
ecules, the atomic energy levels of thes valence electrons o
the chalcogen,Es(X), and those of the valence electrons
the cation,Es(C) andEp(C). In addition, for chalcogen co
ordination lower than 3 there is also a nonbonding state
Ep(X). The orbital basis set of the SnXn molecule is formed
by the Sn 5s and Sn 5p orbitals, and by combinations o
chalcogenp valence orbitals pointing toward the Sn atom
For tetrahedral and octahedral Sn environments the Ha
tonian matrix can be block diagonalized, leading to sim
analytical expressions of the molecular energy levels
wave functions. For SnX4 the diagonalization of the 838
Hamiltonian matrix gives a pair of bonding/antibondin
s-like states~interactions between Sn 5s and S 3p orbitals!
and a pair of bonding/antibonding threefold-degenera
p-like states~interactions between Sn 5p and S 3p orbitals!.
For SnX6 , the Hamiltonian is a 10310 matrix, and the en-
ergy spectrum is formed by a pair of bonding/antibondi
s-like states, a pair of bonding/antibonding threefol
degeneratedp-like states, and a twofold-degenerated no
bondingp state atEp(X). For both the SnX4 and SnX6 mol-
ecules the bonding and antibonding molecular levels of
i-like states (i 5s,p) can be written

Eb,i5Ep~X!1b i@g i2~11g i
2!1/2#, ~5!

Ea,i5Ep~X!1b i@g i1~11g i
2!1/2#, ~6!

where b and a denote the bonding and antibonding stat
respectively,g i andb i can be written in terms of the tight
binding parameters as

g i5
Ei~Sn!2Ep~X!

2b i
, ~7!

bs5A6sps for the s-like states of SnX6 , ~8!

bp5&pps for the p-like states of SnX6 , ~9!

bs5bp5
sps1)pps

2
for SnX4 . ~10!

As in Sec. III the atomic energies calculated by Herman a
Skillman20 and reported by Harrison21 have been used for th
intra-atomic parameters. For interactions between nea
neighbors, ad22 scaling law,21 whered is the interatomic
distance, gives values of the two-center terms close to th
obtained by the Robertson’s rule used in Sec. III. Thus
sps and pps interactions have been related to the inte
atomic distance by this more simpled22 scaling law. The
main features of the electronic structures such as the p
tions of the peaks in the density of states may be qua
tively obtained from the analysis of the molecular leve
Such an approach is used here to characterize the oxida
states of tin. The following inequalities hold for all the cha
cogenides considered in this work:

us
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Es~X!,Eb,s,Eb,p,Ep~X!,Ea,s,Ea,p . ~11!

The number of Sn 5s valence electrons is given by the o
cupancies of the twos-like statesEb,s andEa,s , and depends
on the position of the Fermi levelEF obtained from the
number of valence electrons in the unit cell. IfEF is greater
than Ea,s , the two statesEb,s and Ea,s are occupied and
Ns(Sn)52. This corresponds to the Sn~II ! oxidation state. If
EF is lower thanEa,s , the number of Sn 5s electrons is
lower than 2 and is given by the occupancy ofEb,s . This
corresponds to the Sn~IV ! oxidation state. The number of S
5p electrons is given by the occupancy of theEb,p state,
since Ea,p is always greater thanEF . Let us consider for
examples SnS2, Tl4SnS4, and Tl4SnTe3. SnS2 is formed by
edge sharing SnS6 octahedra, and the S atoms are bonded
three Sn atoms. Thus the molecular electronic structur
formed by the bonding and antibonding levels of the Sn6
octahedron given by Eqs.~5!–~6!, and the atomic levels
E3s(S) andE3p(S). The highest occupied molecular level
obtained from the number of valence electrons~16 per unit
cell! at E3p(S), in agreement with the expected Sn~IV ! oxi-
dation state. Since Tl4SnS4 may be viewed as consisting o
isolated SnS4 tetrahedra, the molecular electronic structure
formed by the bonding and antibonding states of these m
ecules and the atomic levels of the valence electrons of S
Tl. The Fermi level is also found atE3p(S) by considering
the degeneracy of the levels and the number of valence e
trons~40 per unit cell!. Thus the Sn oxidation state is IV. B
assuming for simplicity that Tl4SnTe3 is formed by isolated
SnTe6 octahedra, a molecular electronic structure similar
that of Tl4SnS4 is obtained: the same ordering of the molec
lar levels as given by Eq.~11!, but not the same energ
values. However, the degeneracy of the levels is modi
due to the changes in the Sn site symmetry and in the n
ber and the coordination of chalcogens. As a conseque
the Fermi level is now found atEa,s , and the Sn oxidation
state is II. Thus this simple molecular picture allows to
distinguish the Sn~IV ! and Sn~II ! oxidation states of the two
main families of tin chalcogenides observed by Mo¨ssbauer
spectroscopy.

C. Tin electron populations

A more quantitative interpretation of the variations ofd
for the Sn~IV ! compounds requires the calculation of t
numbers of Sn 5s and Sn 5p electrons. According to the
molecular model the number of Sn valence electrons of t
i ( i 5s,p) is given by

Ni52 (
l ,El<EF

z^w i uc l& z2, ~12!

whereEl and c l are the molecular energy levels and wa
functions, respectively, of the SnXn molecule, andw i is the
tin atomic orbital of typei. As discussed above, the numb
of Sn 5s electrons is related to the occupancies of theEb,s
and Ea,s states. For Sn~II ! compounds, these two levels a
occupied andNs52, whereas the Sn~IV ! compounds only
the Eb,s state is occupied. Since theEa,p state is always
empty, the number of Sn 5p electrons for both the Sn~IV !
o
is

s
l-
nd

c-

o
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d
-

ce
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e

and Sn~II ! chalcogenides is given by the occupancy of t
Eb,p state. The numbers of Sn~IV ! 5s and Sn 5p electrons
can be written as

Ns512as , ~13!

Np53~12ap!, ~14!

with

a i5
g i

A11g i
2

, ~15!

wherei 5s, p, andg i is given by Eq.~7!. The terma i can be
viewed as a polarity coefficient similar to that defined
Harrison forsp3 compounds.21

Analytical expressions ofNs andNp can be obtained from
Eqs.~7!–~10! and~13!–~15! as a function of the intra-atomic
energiesEs(Sn), Ep(Sn), andEp(X), the Sn site symmetry
and the Sn-X average bond length. These expressions can
simplified because of the rather small variations ofgs be-
tween about20.8 and20.3, and those ofgp around 0.5,
which allows a linearization ofa i defined by Eq.~15!. Con-
sidering for simplicity SnS4 as a reference molecule, th
numbers of Sn valence electrons are written in terms
DE5Ep(X)-E3p(S), where E3p(S)5210.27 eV andDd
5d(Sn-X)-d(Sn-S) with d(Sn-S)52.4 Å. For SnX4 , this
gives

Ns51.30510.230Dd10.124DE10.103DE Dd,
~16!

Np51.41620.952Dd10.264DE10.220DE Dd,
~17!

and, for SnX6 ,

Ns51.23610.185Dd10.100DE10.083DE Dd,
~18!

Np51.61320.909Dd10.252DE10.210DE Dd.
~19!

Equations~16! and ~18! show that the numbers of Sn 5s
electrons for SnX4 and SnX6 increase with the atomic energ
Ep(X) and the distanced(Sn-X). This can be related to the
decrease of thes-like bonding stateEb,s relative to the Sn 5s
state:Es(Sn)-Eb,s as the energy differenceEp(X)-Es(Sn)
and/or the distanced(Sn-X) increase. The numbers of Sn 5p
electrons given by Eqs.~17! and ~19! increase withEp(X).
SinceDEp,2 eV, the second term~in Dd! on the right-hand
side of Eqs.~17! and ~19! is greater that the last term~in
DE Dd!, and the decrease ofDd tends to increaseNp . The
increase ofNp can be related to the increase ofEb,p relative
to the Sn 5p state: Ep(Sn)-Eb,p due to the increase o
Ep(Sn)-Ep(X) and/or the decrease ofd(Sn-X). Thus the
increase ofEp(X) tends to increase bothNs and Np ,
whereas the increase ofd(Sn-X) yields the increase ofNs
and the decrease ofNp .

The electron density at the Sn nucleus is related to
numbers of Sn valence electrons by Eq.~3!. However, a
linear expression ofrv(0) as a function ofNs andNp gives
for the Sn~IV ! chalcogenides results which are close to tho
obtained by Eq.~3!, and is therefore used here for simplicit
A linear interpolation ofrv(0) to the values obtained for th
Sn free ions by Ellis19 gives
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TABLE III. Typical data for Sn~IV ! chalcogenides with tetrahedral SnX4 and octahedral SnX6 environ-
ments, whereX5S, Se, and Te, and for Sn~II ! chalcogenides. The values of the Sn-X bond lengthd, the
119Sn Mössbauer isomer shift relative to BaSnO3, d, the calculated numbers of tin valence electronsNs(Sn)
andNp(Sn), and the calculated electron density at the nucleusrv(0) have been averaged over the differe
chalcogenide compounds given in Tables I and II.

Sn~IV !S4 Sn~IV !S6 Sn~IV !Se4 Sn~IV !Se6 Sn~IV !Te4 Sn~II !

d ~Å! 2.4 2.6 2.55 2.7 2.8
d ~mm/s! 1.3 1.2 1.7 1.5 2.0 3.2-3.8
Ns(Sn) 1.2 1.2 1.35 1.3 1.55 1.9-2
Np(Sn) 1.4 1.4 1.5 1.5 1.6 0.9-1.5
rv(0) (a0

23) 52 52 57 56 63 77-81
e

d
Th
ne

th

o

ce

n
o

tin

as

m-
se

ri-

in-

r

-
o-

for

hly
rest

n
n
ried

rge

re-
racy

een
f
in-
rv~0!56.6139.6N5s23.7N5p . ~20!

Putting expressions~16! and ~17! into Eq. ~20! gives, for
SnX4 ,

rv~0!553112.6Dd13.9 DE13.3 DE Dd. ~21!

In the same way Eqs.~18!–~20! give, for SnX6 ,

rv~0!549.6110.7Dd13 DE12.5DE Dd. ~22!

Equations~21! and~22! show that the electron density at th
nucleusrv(0) increases with the Sn-X interatomic distance
and the atomic energy levelEp(X). This can be correlated to
the increase of the number of Sn 5s electrons withDE and
Dd. The values ofNs , Np , andrv(0) have been evaluate
considering the average distances reported in Table III.
values are given in Table IV, and are close to those obtai
by the periodic tight-binding method~Table III!. This vali-
dates the molecular calculation which therefore provides
correct trends in the variations ofrv(0) as a function of the
type of chalcogen and the Sn site symmetry. It is thus p
sible to relate the variations of the Mo¨ssbauer isomer shift to
the Sn local environment from this model.

Experimentally,d is found to increase for a given SnX4 or
SnX6 environment for the sequenceX5S, Se, and Te. This
result has been correlated to the increase ofNs and rv(0)
obtained by both the periodic calculation~Table III! and the
molecular model~Table IV!. The energy of the chalcogenp
valence electrons and the size of the anion both increase
the sequence S-Se-Te leading in the latter case to the
crease of the Sn-X interatomic distance. As a consequen
DE andDd increase, which explains the increase ofNs and
rv(0). Since the variations are lower than about 1.7 eV a
0.4 Å for DE andDd, respectively, they both contribute t
the variations ofrv(0), and theobserved increase ofd is due
to the changes in both the type of chalcogen and the
chalcogen distance. As shown by Eqs.~17! and ~19! the in-
crease ofNp for the sequence S-Se-Te is due to the incre
e
d

e

s-

for
in-

d

-

e

of DE, which is, however, partially canceled by that ofDd.
This gives small variations forNp which have a minor effect
on rv(0).

Tables III and IV show that changes in the Sn site sy
metry from SnX4 to SnX6 may be correlated to the decrea
of d andrv(0). From SnX4 to SnX6 , the value ofDE does
not change,Dd increases by about 0.2 Å, and all the nume
cal coefficients of the right-hand side of Eqs.~21! and ~22!
decrease. The latter effect is more important than the
crease ofDd, and explains the decrease ofrv(0). As shown
by comparison of Eqs.~16! and~18!, this is also observed fo
Ns , which is the leading term inrv(0). It can bereadily
shown from Eqs.~8!–~10! that the decrease of the coeffi
cients is mainly due to the decrease of the effective tw
center interactions from SnX6 to SnX4 . Although the Sn-X
interactionssps and pps are stronger in SnX4 than in
SnX6 , the effective interactionb i , which also depends on
the number of chalcogens in the molecule, is greater
SnX6 than for SnX4 . Thus the observed decrease ofd from
tetrahedral to octahedral Sn environments may be roug
related to the increase of the number of chalcogen nea
neighbors.

V. CONCLUSIONS

The observed main trends in the variations of the119Sn
Mössbauer isomer shiftd for tin chalcogenides have bee
explained from a tight-binding calculation of the electro
density at the nucleus. The interpretation has been car
out along the following three steps. First the values ofrv(0)
have been evaluated by a tight-binding calculation for a la
number of tin binary compounds. The variations ofrv(0)
have been favorably compared to previously published
sults, which may be considered as a good test of the accu
of the present approach. Second, the values ofrv(0) have
been evaluated for ternary tin chalcogenides and have b
correlated to the variations of the experimental values od.
Different families of tin chalcogenides have been dist
TABLE IV. Values of the numbers of tin valence electronsNs(Sn) andNp(Sn) and of the electron
density at the nucleusrv(0) obtained from the molecular calculation.

SnS4 SnS6 SnSe4 SnSe6 SnTe4

Ns(Sn) 1.30 1.27 1.44 1.38 1.67
Np(Sn) 1.42 1.43 1.49 1.57 1.63
rv(0) (a0

23) 53.0 51.7 58.1 55.6 66.8
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guished considering the Sn oxidation state, the Sn site s
metry, and the type of chalcogen. The observed main tre
in the variations ofd have been explained from changes
the calculated number of tin valence electrons. Finally
molecular model has been proposed in order to relate
changes in the electronic populations to the Sn local envi
ments. For Sn~IV ! chalcogenides, analytical expressions
rv(0) have been derived as a function of the Sn site sym
try, the type of chalcogen and the tin-chalcogen bond len
providing a simple explanation of the experimental va
tions of d.
-
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