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Electronic structure of tin monochalcogenides from SnO to SnTe
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The family of tin monochalcogenides (SnX, X5O, S, Se, or Te! is calculated in order to point out trends in
properties. Electronic structures are calculated from density functional theory pseudopotential and tight-
binding theories. Resulting densities of states present similar features. Calculated Sn(5s) populations and
charge-density contours are shown to be consistent with the presence of a lone pair. The lone pair is also
studied from Mo¨ssbauer spectroscopy, which points out the particular case of SnO.@S0163-1829~98!07427-X#
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Tin monochalcogenides constitute a family of compoun
that are written as SnX, X being a chalcogen~O, S, Se, or Te,
which are group-VI elements!. Generally, compounds be
longing to a given family present similar properties th
gradually change with increasing atomic number. As the b
example, one may consider III-V compounds. They have
same zinc-blende crystalline structure with tetrahedral e
ronment, the samesp3 hybridization, and the same kind o
semiconducting electronic structure. In this paper, we
interested in finding common trends and differences in e
tronic structure for the whole family of SnX crystals.

The electronic valence configuration is 4d105s25p2 for
tin atoms andns2np4 for chalcogens (n52, 3, 4, and 5 for
O, S, Se, and Te, respectively!. These atomic configuration
may change with the compound due to the crystalline en
ronment. This change is evaluated while taking bonds in
purely ionic limit, and assigning electrons to the most el
tronegative element of each bond, in order to obtain a
charge on atoms, which is generally called oxidation state
SnX, the chalcogen is always the most electronegative
ment and will thus ‘‘capture’’ two electrons from the ti
atom, giving rise to the electronic configurationsns2np6 for
X and 4d105s25p0 for Sn. Thus, the tin oxidation state is I
In this state, the two 5p electrons are considered to be e
gaged in bonds while the two 5s electrons constitute a lon
pair. As previously shown,1,2 this pair does not take part i
the bonding but it tends to expand as far as possible, dis
ing the atomic arrangement around tin atoms. This is cle
shown by 119Sn Mössbauer spectroscopy as the isomer s
parameter is characteristic of about 1.9 Sn(5s) electrons and
the quadrupolar splitting parameter corresponds to mor
less strongly distorted environment of tin atoms. From th
oxidation number considerations, one can expect that SX
compounds have similar electronic structures.

Nevertheless, their crystalline structure type are differe
SnTe is clearly three dimensional whereas SnO, SnS,
SnSe are more or less layered. Only the SnSe structure
be considered as an expansion of the SnS one~an increase of
the lattice parameters!. From x-ray photoelectron spectr
one can separate SnO, which spectra presents four p
from the three other compounds, which spectra present
three peaks, within the 10 upper eV of the valence band
PRB 580163-1829/98/58~4!/1896~11!/$15.00
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Our aim here is to study similarities and differences in t
electronic structures of the SnX compounds. To our knowl-
edge, there is no study through the whole family. When
calculation is available, there is always a lack of informati
about quantities in which we are interested~e.g., total and
partial densities of states, or electronic population!. So, as we
want to analyze the evolution through the family, we will u
the same formalism for the calculation of a given proper
even if there are some good calculations of the electro
structure for one compound or another. To perform t
analysis, it is interesting to use the tin lone pair as a driv
concept through three points of view:~i! Mössbauer spec
troscopy, ~ii ! theoretical electronic populations and part
density of states gotten from tight-binding calculations, a
~iii ! charge-density contours gotten from density-functio
theory. We will lay stress on the study of SnO because i
presently the purpose of a renewed interest, due to its ab
to be an excellent anode material5 and, up to now, there is no
electronic structure that agrees with the valence-band ph
emission spectrum and with the optical measurements.

In this paper, we first describe the crystalline structur
focusing on the tin neighborhood. Information on the calc
lation methods, tight-binding, and density-functional theo
are given in Sec. II. We use both of them to analyze the
monoxide ~SnO! electronic structure in Sec. III. The elec
tronic structure of the other three monochalcogenides
given in the following section. Finally, Sec. V is devoted
the analysis of the tin lone pair within the whole SnX family
from two points of view: calculated density contours a
electronic populations, and also119Sn Mössbauer spectros
copy.

I. CRYSTALLINE STRUCTURES

The structure of SnX compounds evolves from a three
dimensional one~SnTe! to a two-dimensional one~SnO!
with intermediate dimension for SnS and SnSe. This int
mediate behavior has been shown by an analysis of fo
constants from Raman and IR reflectivity measurements6 It
can also be understood if one considers that the atomic l
arrangement in SnS and SnSe are distorted structure
1896 © 1998 The American Physical Society
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TABLE I. Crystallographic data for SnX compounds.

SnO ~Ref. 7! SnS~Ref. 8! SnSe~Ref. 8! SnTe~Ref. 8!

Crystal system Tetragonal Orthorhombic Orthorhombic Cubic
Symmetry space group P4/nmm Pnma Pnma Fm3m
Lattice constants~Å! a53.8029 a511.200 a511.501 a56.312

b53.987 b54.153
c54.8382 c54.334 c54.445
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SnTe ~see further paragraphs!. The crystallographic param
eters of SnX are reported in Table I. Bonds are described
Table II which displays~1! interatomic distancesd, ~2! the
ratio R5d/(r i1r j ) wherer i is the Clementi radius of atom
i . It has been shown that the main features of a given m
rial can be recovered by considering only bonds for whichR
is less than 1.4.3,4 Let us now detail the main features fo
each crystal.

SnTe crystallizes in the cubic NaCl structure~Fig. 1!.
Thus it is a three-dimensional structure. It can be conside
as a close-packed arrangement of SnTe6 perfect octahedra
One can point out that, in SnTe, the distance between
atoms is actually greater than in the other tin monocha
genides~by an average of 0.9 Å!.

The two isomorphous SnS and SnSe compounds cry
lize in a structure similar to that of GeS~Fig. 2!. It may be
viewed as a distorted NaCl rocksalt structure in order to
tain layers made of double planes. Each plane consist
SnX zigzag chains. The gap between layers is about 1

TABLE II. Interatomic distances in SnX compounds.N is the
number of bonds from atomA1. Italic fonts stand for interlayer
bonds.

Compound A1-A2 d ~Å! N R

SnO Sn-O 2.23 4 1.15
Sn-Sn 3.54 4 1.22

3.68 4 1.27
O-O 2.69 4 2.80

4.84 1 5.04

SnS Sn-S 2.63 1 1.12
2.66 2 1.14
3.29 2 1.41
3.39 1 1.45

Sn-Sn 3.49 2 1.20
S-S 3.71 4 2.11

3.90 2 2.22

SnSe Sn-Se 2.74 1 1.10
2.79 2 1.13
3.34 2 1.35
3.47 1 1.40

Sn-Sn 3.55 2 1.22
Se-Se 3.89 4 1.89

3.94 2 1.91

SnTe Sn-Te 3.16 6 1.18
Sn-Sn 4.46 16 1.54
Te-Te 4.46 16 1.81
e-

d

n
-

al-

-
of
Å

~1.04 Å for SnS and 0.92 Å for SnSe!. The local-atomic
distribution around tin atoms is a chalcogen distorted oc
hedron withX-Sn-X angles slightly deviating from 90° an
with three short Sn-X bonds and three long ones. Such
local atomic structure is generally found in SnII chalco-
genides where the distortion is attributed to the stereoche
cal activity of the Sn(5s) lone pair. From Table II, one can
deduce that the layers are linked by one long Sn-X bond and
two Sn-Sn bonds.

Concerning SnO, we study here the litharge structure~iso-
structural with the tetragonal form of PbO!. Figure 3 shows
that the structure is~001! layered with a Sn-O-Sn sequenc
and a van der Waals gap between Sn layers~2.52 Å!. Oxy-
gen atoms are tetrahedrally bonded to Sn ones. The Sn a
are situated at the apex of regular square-based pyramids
are based on oxygen atoms with Sn-O distances equa
2.224 Å. This coordination is not usual for SnII atoms. Their
fourfold coordination is generally derived from the distortio
of an octahedral environment. In SnO, the O-Sn-O angle
of 117.3°. Let us here point out that, through the van d
Waals gap, the Sn-Sn distance in SnO is nearly the sam
those in SnS and SnSe, and the corresponding ratioR is less
than 1.4.

II. THEORETICAL METHODS

For this study, we have used two calculation metho
first-principles density-functional theory~DFT! pseudopo-

FIG. 1. SnTe atomic structure. Shaded balls stand for telluri
and bold ones stand for tin. Dotted lines correspond to bonds
bold ones represent the bonds from one tin atom.
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1898 PRB 58LEFEBVRE, SZYMANSKI, OLIVIER-FOURCADE, AND JUMAS
tential ~CASTEPcode! and empirical tight-binding. In the fur
ther paragraphs, we give brief outlines of both methods
present the advantages and drawbacks for our study.

A. First-principle technique

The first method is based on the DFT that determines
ground-state properties of an electron system by the kno
edge of its electron densityr(rW).9 It allows us to map the
many-electron problem on a set of one-electron equation10

Then, the total energyET(r) of the system is written as
functional ofr(rW).

In the equation that gives the functionalET(r) appears
the exchange and correlation energyExc , which is generally
not known. For purposes of practical calculations, an
proximation of this term has to be introduced. The traditio
one is referred to as the local-density approximation~LDA !.
It is based on the assumption that the relation betweenExc

and r(rW) is locally the same as for a free-electron gas
identical density, which is quite accurately known. But
regions of low electron density, the exchange correlation
underestimated. Corrections to the LDA have been de
oped to correct this deficit. In particular, we use the gradi
corrected LDA or generalized gradient approximati
~GGA!, which relates the exchange-correlation energy a
to the gradient of the electron density.11 For example, GGA
typically improves the underestimation of lattice paramet
in crystals. It is also well known that the reduction ofExc to
a simple local potential generally induces an underestima
of the energy gap. This deficiency may be corrected by
use of a ‘‘scissor’’ operator,12 which rigidly shifts the
conduction-band states to get the agreement with meas
values of the band gap.

The calculation of theET(r) functional also requires the
use of atomic potentials. These potentials must produce
atomic core states as well as the valence states, and
exhibit strong divergences. But, if one notices that the c
states are similar in crystals to what they are in free ato

FIG. 2. SnS or SnSe atomic structure. Shaded balls stand
sulfur or selenium and bold ones stand for tin. Dotted lines co
spond to bonds and bold ones represent the bonds from on
atom.
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one may replace potentials by pseudopotentials that are s
lar to potentials in the chemically important region beyo
the core radius. In conjunction with the use of pseudopot
tials, we use a plane-wave expansion for the wave funct
The pseudopotentials have been generated using the op
zation scheme of Linet al.13 in order to be transferrable
among a variety of chemical environments, and in order
be used with a relatively small basis set~small cutoff of the
plane-wave expansion!.

B. Empirical technique

Empirical theories are devoted to the simulation of tr
energy bands by means of a restricted number of parame
The tight-binding~TB! method can be understood as an a
proximate version of the linear combination of atomic orb
als ~LCAO! theory. As demonstrated by the perturbati
theory, the basis set consisting in free-atom states is a co
first-order basis. For practical applications the set is limi
to free-atom states up to the outer shell of free-atom~mini-
mal basis set!. This ensures a proper description of valen
and lowest conduction bands in crystals. Let us callf ia the
ath valence orbital belonging to atomi . In this basis, the
energy levelsE are the solutions of the secular equati
detuH2ESu50 whereH is the Hamiltonian matrix andS the
overlap matrix. The TB approximation consists of neglecti
the nondiagonalS elements. The solution of the problem
requires the knowledge of the Hamiltonian matrix elemen
which are

Hia,ia5^f iauHuf ia&, ~1!

the atomic energy in the solid and

Hia, j b5^f iauHuf j b&, ~2!

the hopping integrals. The Hamiltonian matrix is genera
truncated in space while limiting interatomic elements to fi

or
-
tin

FIG. 3. SnO atomic structure. Shaded balls stand for oxygen
bold ones stand for tin. Dotted lines correspond to bonds and b
ones represent the bonds from one tin atom.
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PRB 58 1899ELECTRONIC STRUCTURE OF TIN . . .
or second neighbors. We also make use of the two-ce
approximation,14 which allows us to express eachHia, j b in
terms of four independant nonvanishing terms:Hss( i , j ),
Hss( i , j ), Hss( i , j ), and Hpp( i , j ), where s and p corre-
spond top orbitals, respectively, along or normal to thei -j
bond. In order to limit the number of parameters, we use
semiempirical law:

Hab~ i , j !5hab

\2

m

1

D2expF22.5S d

D
21D G , ~3!

whered is the interactomic distance,D is the reference dis
tance depending on the concerned atomic types, andhab are
empirically determined coefficients. Their values are cho
to reproduce the relative strength of interactionab and are15

hss521.32, hss51.42, hss52.22, hpp520.63.
~4!

The law~3! has been successfully used to calculate the e
tronic structure of many tin compounds,2 chalcogenides,1,3

and oxides,4 and is thus particularly suited for this study.

C. Advantages and drawbacks

The main advantage of the DFT-GGA-pseudopoten
method is to be first principles. As the electronic dens
r(rW) is calculated, one can plot charge-density maps that
useful to study the Sn(5s) lone-pair location and its activity
on the tin environment. It is much more computer time co
suming than TB. However, its main drawback is that it do
not provide a clear understanding of bonding. This is not
case of tight binding where the importance of each bond
given by the value of eachHia, j b term. Another advantage o
the TB method is that the coefficients of LCAO express
of the crystal waves are known. Thus, one can easily de
the partial density of states~the projection of the density o
states on particular atomic states! and the partial electronic
population on atoms by integration of partial densities.

Taking these points into account, we adopt for this stu
the following approach. We begin to study SnO, for whi
we are particularly interested. We first calculate its electro
structure~band structure and density of states! with the ab
initio method. Then we fit the TB parameters~atomic ener-
gies and reference distancesD) on theab initio band struc-
ture. As we want to study the evolution through the fami
we transfer the analysis on the fitted SnO parameters to
three other compounds and then we are led to fit only ato
energies to get the agreement with x-ray photoemission s
troscopy~XPS!. Finally, the lone-pair study uses~i! the elec-
tronic population calculated with the TB electronic structu
and~ii ! the electronic density contours calculated with theab
initio method.

III. SnO ELECTRONIC STRUCTURE

Among numerous previous studies devoted to tin oxid
one can distinguish two types:~i! those dealing with SnOx
films as melting of SnO and SnO2, and the SnO→SnO2 oxi-
dation process, and~ii ! those studying SnO phase unstabil
with temperature and its dynamic properties. This mate
has recently presented a renewed interest for lithi
batteries.5 But most of these studies are purely experimen
er
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To our knowledge, there exist only a few theoretical stud
of the SnO electronic structure. Cluster-type calculatio
have been performed using a discrete variational met
@empirical in the molecular orbital model16 or ab initio LDA
~Ref. 17!#. As reported in Ref. 18, a TB calculation has be
performed, but results are unpublished. Anab initio LDA
has been realized19 using the full-potential linear muffin-tin
orbital ~FP-LMTO! method. As the aim of all these studie
was different from ours, there is always some missing inf
mation for our study~results do not include band structure
partial density of states or electronic population or contour
valence charge density!. Thus, we first calculate the elec
tronic structure~band structure or partial density of state!
with the ab initio method.

A. Ab initio electronic structure

For the DFT-pseudopotential calculation, the plane-wa
expansion energy cutoff~700 eV! and the Monkhorst-Pack
kW -point set20 are chosen to ensure the convergence of
total energy of the system to be better than 0.2 eV. T
equilibrium structure has been calculated by the minimi
tion of total energy with respect to both ionic coordinat
and the lattice vectors~i.e., the shape and size of the un
cell!. The comparison between calculated and experime
data is given in Table III. It is seen that the Sn-O distance
conserved within 1% of the experimental value, thea cell
parameter is less well described than in Ref. 19, but an e
smaller than 2% is also accurate for the structure. Since
van der Waals interaction~dipole-dipole interaction! is a
many-electron phenomenon, the error on the lattice cons
c is due to the approximated exchange-correlation functio
and cannot be here avoided.

From this minimum-energy structure, we have calcula
the band structure shown in Fig. 4~b!. It is in excellent agree-
ment with the previous one@Fig. 4~a!#.19 Band gaps for both
calculations are underestimated, which is typical for D
theory. But the application of a scissors operator~a 1.57-eV
rigid shift of the conduction bands! leads to an indirect gap
G-M of 0.2 eV, and a direct gap atM ~2.64 eV! in good
agreement with the experimental value from optical abso
tion ~2.5–3.0 eV!.21

We also calculate the density of states~DOS!. The main
features of the valence-band DOS are one peak at low e
gies@corresponding to O(2s) states as further shown by TB#
and four peaks at higher energies. The latter are show
Fig. 5, which also presents the x-ray photoemiss
spectrum16 and the previous FP-LMTO results. The distan
between peaks is reported in Table IV. Our DFT valen

TABLE III. Equilibrium structure parameters (a and c for the
cell dimension andd for the Sn-O distance! from experimental
results ~Ref. 7!, our ab initio calculation ~pseudopotential! and
those of Ref. 19~FP-LMTO!. Numbers in parentheses indicate th
error of theoretical results relative to experience.

Parameter Experimental Pseudopotential FP-LMTO

a ~Å! 3.803 3.730 (21.9%! 3.797 (20.6%!

c ~Å! 4.838 4.588 (25.2%! 4.651 (23.9%!

d ~Å! 2.224 2.204 (20.9%! 2.203 (20.9%!
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band is broader than the experimental photoemission s
trum by 0.5 eV. The height of peak I seems to be undere
mated but, as shown later by tight-binding calculations, t
can be corrected by photoemission cross section. The s
structure~between28 and 210 eV! above peak I is also
well reproduced.

B. Tight-binding electronic structure

As the XPS spectrum and our DFT density of states co
pare well, theab initio band structure is valid~after the ap-

FIG. 4. SnO band structure~a! from FP-LMTO ~Ref. 19!, ~b!
from our LDA calculation, and~c! from the TB fit. The origins of
energies are chosen differently on the three graphs, but the sc
the same.

FIG. 5. SnO densities of states~a! from FP-LMTO~Ref. 19!, ~b!
XPS spectrum,~c! from our LDA calculation, and~d! from the TB
fit. They are drawn on the same energy scale and the highest-en
peak of each one are aligned.
c-
ti-
s
rp

-

plication of the 1.57-eV scissors operator!. Thus, we now
have to fit TB parameters (m i) in order to correctly repro-
duce this band structure~energiesEkW ,n

DFT at pointkW and band
n). To measure the ‘‘distance’’ between both, we have
fined the following function:

x2~m1 , . . . ,m f !5
1

l kW l n
(
kW ,n

@EkW ,n
TB

~m1 , . . . ,m f !2EkW ,n
DFT

#2,

~5!

where l kW is the number ofkW points andl n is the number of
bands for which the energy valuesEkW ,n

TB(m1 , . . . ,m f) and

EkW ,n
DFT are compared. Thus, the functionx2(m1 , . . . ,m f) is a

measure of average square distance between tight-bin
and DFT-pseudopotential band structures, calculated ov
finite number ofkW points. ThekW points are chosen to b
high-symmetry points of the irreducible Brillouin zone. I
our calculations, the sum in Eq.~5! runs over all valence
bands and two lowest conduction bands. The best se
tight-binding parametersm1 , . . . ,m f can be found by mini-
mization ofx2(m1 , . . . ,m f). This has been done here by th
use of the steepest descent method. However, there m
exist some local minima of functionx2(m1 , . . . ,m f) and
initial values ofm i have to be carefully chosen. There a
two kind of m i : ~i! the atomic energies@Eq. ~1!#, which
initial values are taken from Herman and Skillman’s Hartre
Fock calculations22 and ~ii ! the reference distanceD, which
is taken as the sum of the concerned atomic radii,23 usually
close to the interatomic distance. In TB, we have also
decide which neighbors to take into account~first, second,
etc.!. For complex structure compounds1,2 we make use of a
cutoff parameter that is empirically defined to be 1.4 tim
the sum of atomic radii. Thus we have here to include in
calculation Sn-O, Sn-Sn intralayer and interlayer bondi
But, as the case of oxides is particular,4 we also include
intralayer O-O bonds.

With this first set of parameters (x50.51 eV!, the TB
model is unable to reproduce the shape of lowest conduc
bands and band-gap energy. If we impose the right value
direct band gap at pointM , the conduction and valenc
bands cross during minimization ofx2 and the material turns
into a metal. A great improvement is achieved by dist
guishing between the atomic orbitals energies forp states
Ex,y andEz . This second choice of parameters (x50.41 eV!
leads to values reported in Table V. It can reproduce
shape of both valence and conduction bands. The direct b
gap occurs for theG point and the band gap for theM point
is slightly bigger. DFT calculations show just the oppos
trend. But the overall description of the band structure
much better than for the first set of parameters. The imp

TABLE IV. Distance ~in electronvolts! between peaks in XPS
spectrum, our DFT and TB calculations of SnO densities of sta

XPS DFT TB

I-II 2.3 2.4 1.9
I-III 4.2 4.9 4.2
I-IV 6.7 7.2 6.7

is

rgy
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TABLE V. Tight-binding parameters. Numbers in parentheses give the differences between para
used in this work and the Hartree-Fock values. For SnO, theEpz value is 2.86 eV higher than the otherEp

energies.

SnX Sn X
Es ~eV! Ep ~eV! Radius~Å! Es ~eV! Ep ~eV! Radius~Å!

SnO 214.85 25.94 1.29 227.33 212.50 0.48
(22.35! ~0.0! (20.16! ~11.8! ~11.6! ~0.00!

SnS 214.00 25.94 1.29 219.80 29.27 0.88
(21.5! ~0.0! (20.16! ~11.0! ~11.0! ~0.00!

SnSe 213.6 25.94 1.29 219.32 28.33 1.03
(21.1! ~0.0! (20.16! ~11.0! ~10.8! ~0.00!

SnTe 213.20 25.94 1.29 217.51 28.50 1.23
(20.7! ~0.0! (20.16! (20.4! ~0.0! ~0.00!
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tant difference between Sn(5p) energies (Ez2Ex,y52.86
eV! seems to be related to some influence of interlayer
der Waals interactions.

The fitted tight-binding band structure is shown in F
4~c!. The width of the lowest band~below 220 eV on the
TB results! is larger than in other calculations. As it main
comes from O(2s) states, this may be due to an overestim
tion of the O(2s)-O(2s) interaction. It could be fitted, bu
this band is not useful for our study. The value of direct ba
gap at theM point is 2.9 eV and at theG point is 3.0 eV. The
value of the indirect band-gap is 0.2 eV. The band gap at
G point seems to be underestimated by 1.0 eV, which
mainly due to the shape of the conduction band, while
direct gap at theM point and the indirect band gap are co
rect. This description of the band structure is completely s
isfactory for our purposes. The corresponding DOS and p
tial DOS are shown in Figs. 5 and 6. The four peaks
fairly well reproduced and their spacings are in better agr
ment with experiment than those fromab initio calculations
~Table IV!. The partial densities indicate that these peaks
mainly derived from Sn(5s) and O(2p) states. The contri-
bution of Sn(5p) states is very small. Peculiarly, peaks I a
IV correspond, respectively, to the antibonding and bond
interaction between Sn(5s) and O(2p) states. As the photo
emission cross section of the Sn(5s) states is higher than th
others, these latter peak heights will be enhanced, leadin
a much better agreement between the TB density of st
and the XPS spectrum.

Let us here emphasize that this TB study allows us
point out that~i! the intralayer Sn-Sn bonding leads to t
indirect gap,~ii ! the interlayer Sn-Sn bonding leads to t
right value of band gap, to the right shape of the upper
lence bands, and to the sharp structure above peak I and~iii !
the intralayer O-O interactions have a strong influence on
position of peak II relative to peak I.

IV. SnX „X5S,Se,Te… ELECTRONIC STRUCTURE

We want here to analyze the evolution of the electro
structures of SnX (X5S,Se,Te) relative to the previou
study of SnO. We use an alternative approach for find
n
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tight-binding parameters. It consists of the transfer of res
obtained for SnO:~i! same Sn atomic radius,~ii ! Clementi
atomic radius23 for the chalcogen atom, and~iii ! same kind
of bonding taken into account. This last point corresponds
six Sn-X bonds and two Sn-Sn for SnS and SnSe. For Sn
the Sn-Sn distance is 1 Å greater and the correspondin
Sn-Sn interactions can be neglected. By the fitting of
remaining parameters, i.e., atomic energies, to reproduce
photoemission spectrum, we have obtained the param
values reported in Table V. One may observe the continu
increase in differences between Herman-Skillman and fi
values from SnTe to SnO.

The SnX XPS spectra are reported in Fig. 7. In each sp

FIG. 6. SnO partial densities of states from the TB fit. Notice
Sn(5p) that the full line corresponds topx,y and the dashed one t
pz .
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trum, four main peaks~labeled A, B, C, and D) can be
distinguished. The spacing between peaks and even
height of the peaks are similar. This can be related to
similar local environment of tin atom in the three compoun
~six chalcogen atoms! and to the same valence electron co
figuration for sulfur, selenium, and tellurium, consisting
two s and fourp valence electrons. The calculated total a
partial DOS are shown in Figs. 8, 9, and 10. The low
energy peakD is mainlyX(s) type, as for SnO. PeaksA and
C correspond, respectively, to antibonding and bonding
teractions between Sn(5s) andX(p) states. In this way, they
are similar in character to peaks labeled I and IV on the S
density. The main difference is in peakB, which comes from
interactions between Sn(5p) andX(p) states, with an impor-
tant Sn(5p) component, contrary to peaks II and III in SnO

As for SnO, the inclusion of Sn-Sn bonds influences
shape of the highest valence band and the lowest condu
one, which is essential for an accurate description of b

FIG. 8. SnS total and partial DOS from the TB fit.

FIG. 7. Experimental photoemission data for SnX (X5S,Se,Te!
compounds.~a! refers to data by Kemenyet al. ~Ref. 24!, ~b! to
spectra by Shalvoyet al. ~Ref. 25!, and~c! to data by Kemeny and
Cardona~Ref. 26!.
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gaps. There is a good agreement between experimenta
theoretical values~Table VI!. It can be noted that the direc
band-gap value decreases through the family of SnX com-
pounds but the behavior of the indirect one is varied.

V. Sn„5s… LONE PAIR

As emphasized in the Introduction, the tin oxidation sta
in monochalcogenide compounds is II. The SnII atoms are

FIG. 10. SnTe total and partial DOS from the TB fit.

FIG. 9. SnSe total and partial DOS from the TB fit.
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characterized by a lone pair 5s2 as their atomic configuration
is defined as 4d105s25p0. Let us first recall the stereochem
cal activity notion. As we are confident in our theoretic
electronic structures, we use them to study the Sn(5s) activ-
ity. In the last part, results are analyzed in correlation w
the experimental point of view through119Sn Mössbauer
spectra.

A. Stereochemical activity

In oxidation state II, the Sn(5s) electrons do not take par
in the bonding, but their properties~electronic behavior, spa
tial occupation! are directly correlated to the Sn coordinatio
and to the structural packing. Galyet al.29 define this lone
pair as an intermediate state between an inert sphe
s2-type orbital that is centered on the nucleus and a n
bonded hybridized-orbital lobe that is not spherical but loc
ized far from the atomic nucleus. Thus, the valence s
electronic pair repulsion30 theory takes this spatial effect int
account to predict local environment symmetries. This eff
is named the lone-pair ‘‘stereochemical activity.’’ In the SnX
family, the local environment of a tin atom is different
type, number, and arrangement of neighbors. One may
expect differences in the tin lone-pair activity on which w
now focus.

First, we have to make sure that there is a lone pair. T
is clear from Table VII where partial densities have be
integrated on the valence band. The Sn(5s) population is
always greater than 1.9 electron and really constitute a p2

It comes from a two-peak density of states (P1 andP2). In
all cases,P1 corresponds to bonding states andP2 to anti-
bonding ones. As both lie in the valence band, one consi
that these states do not directly participate to the bonding

TABLE VI. Tight-binding and experimental values of ban
gaps for SnX (X5S, Se, Te) compounds.

SnX Direct band gap Indirect band gap Referen

SnO TB 2.9 eV 0.2 eV this work
Expt. 3.0 eV Ref. 21

SnS TB 2.1 eV 1.5 eV this work
Expt. 1.41 eV Ref. 27

SnSe TB 1.3 eV 0.9 eV this work
Expt. 1.27 eV 0.89 eV Ref. 28

SnTe TB 1.1 eV this work
Expt.

TABLE VII. Tin electronic 5s (Ns) and 5p (Np) population
from tight-binding results.

Ns Np

SnO 1.9355 0.8901
SnS 1.9527 1.2796
SnSe 1.9400 1.5468
SnTe 1.9696 1.2806
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the two Sn(5s) electrons are lone. The distance betweenP1
and P2 is increased from SnTe to SnO. Considering the
density shapes and states compositions, the case of Sn
distinct from the other three compounds. For SnO,P1 and
P2 heights are similar. The related total density peaksC
and A) have nearly the same proportion of Sn(5s) and
O(2p) characters. For the other SnX compounds, peakC is
rather 30%Sn(5p)170%X(p). This indicates that the lone
pair in SnO may have a particular behavior.

Another way to study the stereochemical activity of t
Sn lone pair is to visualize the charge density around
atoms. This may easily be realized from the calculation
the electronic charge densityr(rW) ~Sec. II A! for each SnX
compound in the DFT formalism~Sec. II A!. They are
mapped in Figs. 11, 12, and 13. For SnO, a part of the e
tronic charge is concentrated near tin atoms. This may
interpreted to be the lone-pair density. Let us now consi
the vector joining a tin nucleus to the center~highest density!
of its associated lone pair. This vector is used in the el

FIG. 11. Charge-density map of SnO fromab initio results.

FIG. 12. Charge-density map of SnS fromab initio results. The
map is similar to SnSe.
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tronic lone pair localization~ELPL! model.31 The model
considers the crystal as ionic with spherical nonrecover
charge distribution and it approximates lone pairs to po
charges. This leads to electric dipolar momentumqzW for ion
possessing a lone pair with the lone-pair chargeq522ueu
andzW the above mentioned vector. Figure 11 shows that
vector is perpendicular to the layers, directed toward the
der Waals gap. Its modulus is 0.9 Å, in excellent agreem
with the one calculated by LeBellacet al.32 using the ELPL
model~0.903 Å!. A lone pair is also observed in the SnS a
SnSe case~Fig. 12!. One notices that theirzW vector is tilted
relatively to the normal to the layer. This tilt lowers th
dipole-dipole interaction that may be the origin of the inte
layer distance~from 2.52 Å for SnO to nearly 1 Å for SnS
and SnSe!. On the contrary, for SnTe~Fig. 13!, the electronic
charge is spherically centered on atoms, in agreement
their symmetrical environment.

B. Mössbauer results

The Mössbauer spectroscopy allows the study of solids
an atomic scale and is often used to study the oxidation s
and the lone-pair behavior. It can be defined as a reso
absorption spectroscopy of ag ray between a reference ma
terial ~source! and the measured compound~absorber!. The
change in transition energy is due to the electrostatic in
action of the nuclear charge distribution with the electro
distribution around probe atoms. Spectra are mainly cha
terized by two parameters: the isomer shift (d) and the qua-
drupolar splitting (DEQ). The first one corresponds to th
peak position on the spectrum. It may be written as

d5N@ uCa~0!u22uCs~0!u2#, ~6!

whereN is a nuclear prefactor anduC(0)u2 reflects the elec-
tronic density at the probe nucleus. As detailed further,
density can be considered as proportional to the Sn(5s) elec-
trons in the valence band. The second parameter corresp
to the peak splitting. This splitting is induced by the electr
field-gradient and thus to the local environment distortion
is given by

FIG. 13. Charge-density map of SnTe fromab initio results.
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3 D , h5
Vxx2Vyy

Vzz
, ~7!

whereQ is the nuclear quadrupole moment of the nucleus
the excited state,e is the charge of the electron, andVii are
the electric-field-gradient components in the system of
principal axis in which the tensor is diagonal. The analysis
DEQ leads to a picture of the symmetry of the electron d
tribution close to the nucleus.

We have recorded the119Sn Mössbauer spectra for th
monochalcogenides in the constant acceleration mode
ELSCINT-AME40 spectrometer using Ba119SnO3 as the
g-ray source. They are shown in Fig. 14 and the rela
parameters are reported in Table VIII. Their values are
good agreement with previous data.33 For Sn in the oxidation
state II, one generally expects values ofd to be greater than
3 mm/s. This is not the case for SnO, whered is at the SnII

limit, similar to theb-tin one. This would be due to a greate
covalency of bonding in SnO relative to those in other SII

chalcogenides. As expected, the symmetrical environmen
Sn in SnTe leads to an absence of quadrupolar splitting.DEQ
increases with the local tin distortion, with similar values f
SnSe and SnS.

FIG. 14. Mössbauer spectra of SnX compounds.

TABLE VIII. Mö ssbauer parameters of SnX (X5O,S,Se,Te)
compounds at 293 K.d is the isomer shift referred to BaSnO3, DEQ

is the quadrupolar splitting, andG the linewidth at half intensity.
All values are expressed in mm/s.

d DEQ G

SnO 2.672~3! 1.335~3! 1.008~4!

SnS 3.295~2! 0.906~2! 0.961~3!

SnSe 3.308~1! 0.788~1! 0.948~3!

SnTe 3.495~1! 1.074~4!
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Let us now try to relate tin populationsNs and isomer
shifts. The number of 5s electrons on the Sn nucleu
@ uC(0)u2 in Eq. ~6!# can be considered in first approximatio
to be Nsuf0(Sn)u2 where f0(Sn) is a Slater-type orbital
@ uf0(Sn)u2517.64 a.u.23 ~Ref. 34!#. Combining this ap-
proximation to the detailed expression of the nuclear pref
tor N, Eq. ~6! leads to~in SI units!:

d5S~Z!
1

5e0
Ze2Re f f

2 S DR

R D uf0~Sn!u2~Ns,a2Ns,s!, ~8!

whereS(Z550)52.31~Ref. 35! is a factor corresponding to
the relativistic effect.Re f f , the effective radius of the Sn
nucleus, is written as 1.2A1/3310215 m,36 whereA5118.69
is the mass number.DR/R51.3431024 ~Ref. 36! is a cali-
bration constant. From the Mo¨ssbauer transition, the conve
sion constant is 7.9731028 eV per mm/s. Thus, the numeri
cal expression ofd ~in mm/s! is

d52.9~Ns,a2Ns,s!. ~9!

We have reported in Fig. 15 the experimental values ofd vs
the theoretical Sn(5s) population. The slope of the draw
line is that of Eq.~9!. It is clear that SnTe, SnS, and SnSe a

FIG. 15. Experimental Mo¨ssbauer isomer-shift vs the theoretic
Sn(5s) population. The slope of the dashed line corresponds
those deduced from law~9!.
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correctly predicted. The point corresponding to SnO is out
the linear dependance. To mimic experimental results, t
Sn(5s) electronic population of SnO would be

Ns
exp5Ns

th~SnTe!2
dexp~SnTe!2dexp~SnO!

2.9
~10!

as deduced from Eq.~9!. The obtained value of 1.68 eV is
not coherent with the existence of a lone pair, which
known to occur~from oxidation state, density contour, or
ELPL results!. This may be due to the two-dimensiona
structure of SnO, the lone pairs occupying the van der Waa
gap and interacting together.

VI. CONCLUSION

We have studied the tin monochalcogenide (SnX) elec-
tronic structure from DFT-pseudopotential and tight-bindin
calculations. Results show that these compounds pres
similar features.

~1! Their density of states is composed of a peak at lo
energy (D) corresponding toX(s) states and a group of
peaks at higher energies. The bottom (C) and top (A) peaks
of this group are, respectively, due to bonding and antibon
ing Sn(5s)2X(p) states. The distanceA2C regularly in-
creases from SnO to SnTe.

~2! Their Sn(5s) electronic population is greater than 1.9
electron. This lone pair is characteristic of the oxidation sta
II, in agreement with Mo¨ssbauer spectra.

But there is a great difference in the lone-pair behavio
which separates the family in two groups: SnO on one sid
SnX (X5S, Se, Te! on the other side. This difference mainly
comes from the following.

~1! The difference in proportion of Sn(5s) relative to
X(5p) character in density of states peaksC andA. This is
related to the difference in behavior betweenpz and px,y
orbitals.

~2! The lone-pair stereochemical activity. In case of SnO
the lone pair points towards the interlayer space, creating
van der Waals gap. It is less active in SnS and SnTe, push
away tin neighbors, and thus only creating a distortion rel
tive to the NaCl structure.

In other words, SnO, which is strongly lamellar, stand
out against the other SnX compounds.
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