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Electronic structure of tin monochalcogenides from SnO to SnTe
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The family of tin monochalcogenides (8nX=0, S, Se, or Teis 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. Calculates) opbilations and
charge-density contours are shown to be consistent with the presence of a lone pair. The lone pair is also
studied from M@sbauer spectroscopy, which points out the particular case of[SOD63-18208)07427-X|

Tin monochalcogenides constitute a family of compounds Our aim here is to study similarities and differences in the
that are written as S X being a chalcogefO, S, Se, or Te, electronic structures of the Encompounds. To our knowl-
which are group-VI elemenks Generally, compounds be- edge, there is no study through the whole family. When a
longing to a given family present similar properties thatcalculation is available, there is always a lack of information
gradually change with increasing atomic number. As the besabout quantities in which we are interestexg., total and
example, one may consider IlI-V compounds. They have th@artial densities of states, or electronic populati®o, as we
same zinc-blende crystalline structure with tetrahedral enviwant to analyze the evolution through the family, we will use
ronment, the samep® hybridization, and the same kind of the same formalism for the calculation of a given property,
semiconducting electronic structure. In this paper, we areven if there are some good calculations of the electronic
interested in finding common trends and differences in elecstructure for one compound or another. To perform this
tronic structure for the whole family of Shcrystals. analysis, it is interesting to use the tin lone pair as a driving

The electronic valence configuration isi#5s?5p? for ~ concept through three points of vieWi) Mossbauer spec-
tin atoms anchs’np* for chalcogensif=2, 3, 4, and 5 for  troscopy, (i) theoretical electronic populations and partial
O, S, Se, and Te, respectivilfThese atomic configurations density of states gotten from tight-binding calculations, and
may change with the compound due to the crystalline envi{iii) charge-density contours gotten from density-functional
ronment. This change is evaluated while taking bonds in théheory. We will lay stress on the study of SnO because it is
purely ionic limit, and assigning electrons to the most elecpresently the purpose of a renewed interest, due to its ability
tronegative element of each bond, in order to obtain a neto be an excellent anode matetiahd, up to now, there is no
charge on atoms, which is generally called oxidation state. li¢lectronic structure that agrees with the valence-band photo-
SnX, the chalcogen is always the most electronegative eleemission spectrum and with the optical measurements.
ment and will thus “capture” two electrons from the tin  In this paper, we first describe the crystalline structures,
atom, giving rise to the electronic configuratioms’np® for ~ focusing on the tin neighborhood. Information on the calcu-
X and 4d'%s?5p° for Sn. Thus, the tin oxidation state is II. lation methods, tight-binding, and density-functional theory
In this state, the two B electrons are considered to be en-are given in Sec. Il. We use both of them to analyze the tin
gaged in bonds while the twosSelectrons constitute a lone monoxide (SnO electronic structure in Sec. Ill. The elec-
pair. As previously showh? this pair does not take part in tronic structure of the other three monochalcogenides is
the bonding but it tends to expand as far as possible, distorgiven in the following section. Finally, Sec. V is devoted to
ing the atomic arrangement around tin atoms. This is clearlyhe analysis of the tin lone pair within the wholeXSfamily
shown by *'%Sn Massbauer spectroscopy as the isomer shifffom two points of view: calculated density contours and
parameter is characteristic of about 1.9 Ss)(Blectrons and  electronic populations, and alsd°sn Massbauer spectros-
the quadrupolar splitting parameter corresponds to more dtOPY.
less strongly distorted environment of tin atoms. From these
oxidation number considerations, one can expect that Sn
compounds have similar electronic structures. I. CRYSTALLINE STRUCTURES

Nevertheless, their crystalline structure type are different.

SnTe is clearly three dimensional whereas SnO, SnS, and The structure of SX compounds evolves from a three-
SnSe are more or less layered. Only the SnSe structure majjmensional ong(SnTe to a two-dimensional onéSnO

be considered as an expansion of the SnS(anencrease of with intermediate dimension for SnS and SnSe. This inter-
the lattice parametexsFrom x-ray photoelectron spectra, mediate behavior has been shown by an analysis of force
one can separate SnO, which spectra presents four peaksnstants from Raman and IR reflectivity measurem@tits.
from the three other compounds, which spectra present onlgan also be understood if one considers that the atomic local
three peaks, within the 10 upper eV of the valence band. arrangement in SnS and SnSe are distorted structures of
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TABLE I. Crystallographic data for Sicompounds.

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 F8m
Lattice constant$A) a=3.8029 a=11.200 a=11.501 a=6.312
b=3.987 b=4.153
c=4.8382 c=4.334 c=4.445

SnTe(see further paragraphsThe crystallographic param- (1.04 A for SnS and 0.92 A for Sn$eThe local-atomic
eters of SiX are reported in Table I. Bonds are described indistribution around tin atoms is a chalcogen distorted octa-
Table 1l which displayg1) interatomic distanced, (2) the  hedron withX-Sn-X angles slightly deviating from 90° and
ratio R=d/(r;+r;) wherer; is the Clementi radius of atom With three short Six bonds and three long ones. Such a
i. It has been shown that the main features of a given matdocal atomic structure is generally found in 'Sehalco-
rial can be recovered by considering only bonds for wich genides where the distortion is attributed to the stereochemi-

is less than 1.2% Let us now detail the main features for cal activity of the Sn(S) lone pair. From Table II, one can
each crystal. deduce that the layers are linked by one longXSbend and

SnTe crystallizes in the cubic NaCl structueig. 2). WO Sn-Sn bonds. . .
Thus it is a three-dimensional structure. It can be considered, ONceming SnO, we study here the litharge structise

) structural with the tetragonal form of PhQFigure 3 shows
as a close-packed arrangement of Sperfect octahedra. that the structure 6001 layered with a Sn-O-Sn sequence

One can point out that, in SnTe, the distance between SQnd a van der Waals gap between Sn lay@rs2 A). Oxy-
ator_ns Is actually greater than in the other tin monochalcogen atoms are tetrahedrally bonded to Sn ones. The Sn atoms
genides(by an average of 0.9)A re situated at the apex of regular square-based pyramids that
_ The two isomorphous SnS and SnSe compounds crystalie pased on oxygen atoms with Sn-O distances equal to
lize in a structure similar to that of Geig. 2). It may be 5 554 A This coordination is not usual for 'Satoms. Their
viewed as a distorted NaCl rocksalt structure in order to 0bs,, 019 coordination is generally derived from the distortion
tain layers made of double planes. Each plane consists géf an octahedral environment. In SnO, the O-Sn-O angle is
SrX zigzag chains. The gap between layers is about 1 Ay 117 3¢ et us here point out that, through the van der
Waals gap, the Sn-Sn distance in SnO is nearly the same as

TABLE IlI. Interatomic dlstances_ln ShcompoundsN is the those in SnS and SnSe, and the corresponding Ratioless
number of bonds from atomAl. ltalic fonts stand for interlayer than 1.4

bonds.
Il. THEORETICAL METHODS
Compound Al1-A2 dA) N R
sno SO 23 4 115 ; For_thi_slstuc(ijy, we P;ave_useld Lwo calculation rgethods:
shsn 354 4 129 irst-principles density-functional theoryDFT) pseudopo
3.68 4 1.27 O
0-0 2.69 4 280 o _____ 7]
4.84 1 5.04 Y - Ve Bk ":.'7?
- ]--a- '
SnS Sn-S 2.63 1 1.12 n 1==-
2.66 2 1.14 :
3.29 2 1.41 1
3.39 1 1.45 :
Sn-Sn 3.49 2 1.20 '
S-S 3.71 4 211 :
3.90 2 2.22 1 -
o--
SnSe Sn-Se 2.74 1 1.10 '
2.79 2 1.13 !
3.34 2 1.35 1
3.47 1 1.40 :
Sn-Sn 3.55 2 1.22 :
Se-Se 3.89 4 1.89 :
3.94 2 1.91 O%=meee o __
SnTe Sn-Te 3.16 6 1.18
Sn-Sn 4.46 16 1.54 FIG. 1. SnTe atomic structure. Shaded balls stand for tellurium
Te-Te 4.46 16 1.81 and bold ones stand for tin. Dotted lines correspond to bonds and

bold ones represent the bonds from one tin atom.
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FIG. 2. SnS or SnSe atomic structure. Shaded balls stand for ‘, o S

sulfur or selenium and bold ones stand for tin. Dotted lines corre- “’

spond to bonds and bold ones represent the bonds from one tin

atom. FIG. 3. SnO atomic structure. Shaded balls stand for oxygen and
bold ones stand for tin. Dotted lines correspond to bonds and bold

tential (casTEPcode and empirical tight-binding. In the fur- ©nes represent the bonds from one tin atom.

ther paragraphs, we give brief outlines of both methods and

present the advantages and drawbacks for our study. one may rep_Iace_potentiaIs by pseqdopotentials Fhat are simi-
lar to potentials in the chemically important region beyond

the core radius. In conjunction with the use of pseudopoten-
A. First-principle technique tials, we use a plane-wave expansion for the wave function.
The first method is based on the DFT that determines thdhe pseudopotentials have been generated using the optimi-
ground-state properties of an electron system by the knowRation scheme of Liret al™® in order to be transferrable
edge of its electron density(F).g It allows us to map the among a variety of chemical environments, and in order to

many-electron problem on a set of one-electron equaﬁ‘bns.be used with a relatively small basis gsmall cutoff of the
Then, the total energf+(p) of the system is written as a Plane-wave expansion

functional of p(r).

In the equation that gives the functiongk(p) appears
the exchange and correlation enekgy., which is generally Empirical theories are devoted to the simulation of true
not known. For purposes of practical calculations, an apenergy bands by means of a restricted number of parameters.
proximation of this term has to be introduced. The traditionalThe tight-binding(TB) method can be understood as an ap-
one is referred to as the local-density approximatioDA ). proximate version of the linear combination of atomic orbit-

It is based on the assumption that the relation betwegn als (LCAO) theory. As demonstrated by the perturbation

and p(F) is locally the same as for a free-electron gas oftheory, the basis set consisting in free-atom states is a correct
identical density, which is quite accurately known. But in first-order basis. For practical applications the set is limited
regions of low electron density, the exchange correlation i$0 free-atom states up to the outer shell of free-atamni-
underestimated. Corrections to the LDA have been develMal basis s¢t This ensures a proper description of valence
oped to correct this deficit. In particular, we use the gradiengind lowest conduction bands in crystals. Let us ¢gl] the
corrected LDA or genera"zed gradient approximationa’th valence orbital belonging to atom In this basis, the
(GGA), which relates the exchange-correlation energy als@nergy levelsE are the solutions of the secular equation
to the gradient of the electron denstfyFor example, GGA defH—ES =0 whereH is the Hamiltonian matrix an8 the
typically improves the underestimation of lattice parametergverlap matrix. The TB approximation consists of neglecting
in crystals. It is also well known that the reductiontf, to ~ the nondiagonalS elements. The solution of the problem
a simple local potential generally induces an underestimatiofequires the knowledge of the Hamiltonian matrix elements,
of the energy gap. This deficiency may be corrected by thavhich are

use of a “scissor’ operatol® which rigidly shifts the

conduction-band states to get the agreement with measured Hizia=(dialHlbia), 1
values of the band gap.

The calculation of thée(p) functional also requires the
use c_Jf atomic potentials. These potentials must produce the Hia,jﬁ:<¢ia|H|¢jﬂ>' )
atomic core states as well as the valence states, and thus
exhibit strong divergences. But, if one notices that the cor¢he hopping integrals. The Hamiltonian matrix is generally
states are similar in crystals to what they are in free atomgyuncated in space while limiting interatomic elements to first

B. Empirical technique

the atomic energy in the solid and



PRB 58 ELECTRONIC STRUCTURE OF TIN ... 1899

or second neighbors. We also make use of the two-center TABLE lll. Equilibrium structure parametersa(andc for the

. . 4 . . . . _ . .
approximationt* which allows us to express eath,, i in cell dimension andd for the Sn-O distangefrom experimental
terms of four independant nonvanishing terns(i,j), results (Ref. 7, our ab initio calculation (pseudopotential and
He,(i,j), Hyu(i,j), andH__(i,j), whereo and m corre- those of Ref. 19FP-LMTO). Numbers in parentheses indicate the

spond top orbitals, respectively, along or normal to the error of theoretical results relative to experience.
bond. In order to limit the number of parameters, we use the

semiempirical law: Parameter Experimental  Pseudopotential FP-LMTO
52 1 d aA) 3.803 3.730 £1.9% 3.797 (—0.6%
Hop(i.j)= %B__Zex%_z_g(__j_”' ©)) c(A) 4.838 4588 -5.29% 4.651 (—3.9%
m A A d A) 2.224 2204 £0.99% 2.203 (—0.9%

whered is the interactomic distancé, is the reference dis-

tance depending on the concerned atomic typesgpcare . . .
empirically determined coefficients. Their values are choser] © 0Ur knowledge, there exist only a few theoretical studies

to reproduce the relative strength of interactiof and aré® of the SnO electronic structure. Cluster-type calculations
have been performed using a discrete variational method

[empirical in the molecular orbital modélor ab initio LDA
(Ref. 17]. As reported in Ref. 18, a TB calculation has been
(Eerformed, but results are unpublished. Ab initio LDA

as been realizéd using the full-potential linear muffin-tin
orbital (FP-LMTO) method. As the aim of all these studies
was different from ours, there is always some missing infor-
mation for our studyresults do not include band structure or
partial density of states or electronic population or contour of

The main advantage of the DFT-GGA-pseudopotentiavalence charge densjtyThus, we first calculate the elec-
method is to be first principles. As the electronic densitytronic structure(band structure or partial density of states

p(r) is calculated, one can plot charge-density maps that ar@ith the ab initio method.
useful to study the Sn{ lone-pair location and its activity
on the tin environment. It is much more computer time con-
suming than TB. However, its main drawback is that it does . .
not provide a clear understanding of bonding. This is not the " ©F the DFT-pseudopotential calculation, the plane-wave
case of tight binding where the importance of each bond i&xpgnsmn (()anergy cutoff700 eV) and the Monkhorst-Pack
given by the value of eadH; , ; ; term. Another advantage of k-point set® are chosen to ensure the convergence of the
the TB method is that the coefficients of LCAO expressiontotal energy of the system to be better than 0.2 eV. The
of the crystal waves are known. Thus, one can easily deriv&quilibrium structure has been calculated by the minimiza-
the partial density of statehe projection of the density of tion of total energy with respect to both ionic coordinates
states on particular atomic statemd the partial electronic and the lattice vector§i.e., the shape and size of the unit
population on atoms by integration of partial densities. ~ Cell. The comparison between calculated and experimental
Taking these points into account, we adopt for this studydata is glven_ln_TabIe IIl. 1t is seen .that the Sn-O distance is
the following approach. We begin to study SnO, for whichconserved within 1% of the experimental value, theell
we are particularly interested. We first calculate its electronig®@rameter is less well described than in Ref. 19, but an error
structure(band structure and density of stategth the ab smaller than 2% is also accurate for the structure. Since the
initio method. Then we fit the TB parametdetomic ener- vVan der Waals interactioridipole-dipole interactionis a
gies and reference distanca3 on theab initio band struc- many-electron phenomenon, the error on the lattice constant
ture. As we want to study the evolution through the family, € is due to the approximated exchange-correlation functional
we transfer the analysis on the fitted SnO parameters to th@nd cannot be here avoided.
three other compounds and then we are led to fit only atomic From this minimum-energy structure, we have calculated
energies to get the agreement with x-ray photoemission spe#€ band structure shown in Fighj. It is in excellent agree-
troscopy(XPS). Finally, the lone-pair study usés the elec- ment with the previous onfFig. 4@)].*° Band gaps for both
tronic population calculated with the TB electronic structurecalculations are underestimated, which is typical for DFT

nss= —1.32, 7s,=1.42, 7,,=2.22, n,,=-0.63.
(4

The law(3) has been successfully used to calculate the ele
tronic structure of many tin compounéishalcogenided?
and oxide$, and is thus particularly suited for this study.

C. Advantages and drawbacks

A. Ab initio electronic structure

and(ii) the electronic density contours calculated with dle
initio method.

Ill. SnO ELECTRONIC STRUCTURE

theory. But the application of a scissors operdtod.57-eV
rigid shift of the conduction bangideads to an indirect gap
I'-M of 0.2 eV, and a direct gap &l (2.64 eV} in good
agreement with the experimental value from optical absorp-
tion (2.5-3.0 eV.?*

Among numerous previous studies devoted to tin oxides, We also calculate the density of sta{@0S). The main

one can distinguish two types) those dealing with SnQ
films as melting of SNO and SpQand the SnG-SnO, oxi-

features of the valence-band DOS are one peak at low ener-
gies|[corresponding to O(® states as further shown by TB

dation process, an(i) those studying SnO phase unstability and four peaks at higher energies. The latter are shown in
with temperature and its dynamic properties. This materiaFig. 5, which also presents the x-ray photoemission
has recently presented a renewed interest for lithiunspectrum® and the previous FP-LMTO results. The distance
batteries’ But most of these studies are purely experimentalbetween peaks is reported in Table IV. Our DFT valence
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T TABLE IV. Distance (in electronvolt$ between peaks in XPS
K spectrum, our DFT and TB calculations of SnO densities of states.
" N XPS DFT B
S ﬂz N
2 P
> NN I-11 2.3 2.4 1.9
5o
e N I-111 4.2 4.9 4.2
& 2&& %a IV 6.7 7.2 6.7
PN RVZND N
-101 L .
-20 plication of the 1.57-eV scissors opergtorhus, we now
_20_>-—-<:>"‘ have to fit TB parametersu() in order to correctly repro-
duce this band structur(energlef‘ T at pointIZ and band

rx M(a)l“z RA T'X M(b{Z RAa I'X M(C)FZ RA n). To measure the “distance” between both, we have de-

fined the following function:
FIG. 4. SnO band structur@ from FP-LMTO (Ref. 19, (b)
from our LDA calculation, andc) from the TB fit. The origins of
energies are chosen differently on the three graphs, but the scale isy?(uq, . .. uf)=— 2 [Ek n(,U«l, k) EEET]Z
the same. Il kon
)
band is broader than the experimental photoemission spec-
trum by 0.5 eV. The height of peak | seems to be underestiVherelx is the number ok points andl is the number of

mated but, as shown later by tight-binding calculations, thiands for which the energy valuﬁ ®(&1. ... ) and
can be corrected by photoemission cross section. The shar;'gfi are compared. Thus, the functig (i, . . . ,u¢) is @
structure(between—8 and —10 eV) above peak | is also measure of average square distance between tight-binding
well reproduced. and DFT-pseudopotential band structures, calculated over a
finite number ofk points. Thek points are chosen to be
B. Tight-binding electronic structure high-symmetry points of the irreducible Brillouin zone. In

our calculations, the sum in E@5) runs over all valence
bands and two lowest conduction bands. The best set of
tight-binding parameterg.q, ... ,u; can be found by mini-
mization of xy?(u1, . . . ,us). This has been done here by the
use of the steepest descent method. However, there might
exist some local minima of functio?(uq, ...,us) and
initial values of u; have to be carefully chosen. There are
two kind of u;: (i) the atomic energie$Eg. (1)], which
(a) initial values are taken from Herman and Skillman’s Hartree-
Fock calculation® and (ii) the reference distanc®, which
is taken as the sum of the concerned atomic rAdiisually
close to the interatomic distance. In TB, we have also to
decide which neighbors to take into accoufitst, second,
etc). For complex structure compourtdsve make use of a
(b) cutoff parameter that is empirically defined to be 1.4 times
the sum of atomic radii. Thus we have here to include in the
calculation Sn-O, Sn-Sn intralayer and interlayer bonding.
But, as the case of oxides is particutawe also include
intralayer O-O bonds.

\ With this first set of parametersy&0.51 eV}, the TB
(c)

As the XPS spectrum and our DFT density of states com;
pare well, theab initio band structure is validafter the ap-

oI 1

model is unable to reproduce the shape of lowest conduction
bands and band-gap energy. If we impose the right value of

K direct band gap at poinM, the conduction and valence
(d)

i i%

bands cross during minimization gf and the material turns

into a metal. A great improvement is achieved by distin-

guishing between the atomic orbitals energies fostates

s 2 70 -{—3= Ex,y andg,. This second choice of parametefs<0.41 eV
Energy (eV) leads to values reported in Table_V. It can reproduce the

shape of both valence and conduction bands. The direct band

FIG. 5. SnO densities of statés from FP-LMTO(Ref. 19, (b) ~ gap occurs for thé" point and the band gap for thé point
XPS spectrum(c) from our LDA calculation, andd) from the TB  is slightly bigger. DFT calculations show just the opposite
fit. They are drawn on the same energy scale and the highest-enertfiend. But the overall description of the band structure is
peak of each one are aligned. much better than for the first set of parameters. The impor-
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TABLE V. Tight-binding parameters. Numbers in parentheses give the differences between parameters
used in this work and the Hartree-Fock values. For SnOFEthevalue is 2.86 eV higher than the othigg

energies.
SnX Sn X
E, (eV) E, (eV) Radius(A) E, (eV) E, (eV) Radius(A)
SnO —14.85 —5.94 1.29 —27.33 —-12.50 0.48
(—2.39 (0.0 (-0.16 (+1.8 (+1.6) (0.00
SnS —14.00 —-5.94 1.29 —-19.80 —-9.27 0.88
(—1.5 (0.0 (—0.16 (+1.0 (+1.0 (0.00
SnSe —13.6 —-5.94 1.29 —19.32 —-8.33 1.03
(—1.) (0.0 (—0.16 (+1.0 (+0.9) (0.00
SnTe —-13.20 —-5.94 1.29 —-17.51 —-8.50 1.23
(-0.7) (0.0 (-0.16 (-0.4) (0.0 (0.00

tant difference between Sngp energies E,—E,,=2.86 tight-binding parameters. It consists of the transfer of results
eV) seems to be related to some influence of interlayer va@btained for SnO(i) same Sn atomic radiusii) Clementi
der Waals interactions. atomic radiué® for the chalcogen atom, ar(di) same kind

The fitted tight-binding band structure is shown in Fig. of bonding taken into account. This last point corresponds to
4(c). The width of the lowest bantbelow —20 eV on the Six SnX bonds and two Sn-Sn for SnS and SnSe. For SnTe,
TB results is larger than in other calculations. As it mainly the Sn-Sn distancesil A greater and the corresponding
comes from O(8) states, this may be due to an overestima-Sn-Sn interactions can be neglected. By the fitting of the
tion of the O()-O(2s) interaction. It could be fitted, but remaining parameters, i.e., atomic energies, to reproduce the
this band is not useful for our study. The value of direct bandPhotoemission spectrum, we have obtained the parameter
gap at theM point is 2.9 eV and at thE pointis 3.0 eV. The Values reported in Table V. One may observe the continuous
value of the indirect band-gap is 0.2 eV. The band gap at théicrease in differences between Herman-Skillman and fitted
' point seems to be underestimated by 1.0 eV, which igalues from SnTe to SnO.
mainly due to the shape of the conduction band, while the The SiX XPS spectra are reported in Fig. 7. In each spec-
direct gap at thévl point and the indirect band gap are cor-

rect. This description of the band structure is completely sat- T ®7 sno

isfactory for our purposes. The corresponding DOS and par- & 7 BZB

tial DOS are shown in Figs. 5 and 6. The four peaks are % 1D C 1A

fairly well reproduced and their spacings are in better agree- e —/\

ment with experiment than those froai initio calculations Q o . . : : : :

(Table IV). The partial densities indicate that these peaks are
mainly derived from Sn(8) and O(2) states. The contri-
bution of Sn(%) states is very small. Peculiarly, peaks | and
IV correspond, respectively, to the antibonding and bonding
interaction between Sngy and O(2) states. As the photo-
emission cross section of the Sisj5states is higher than the
others, these latter peak heights will be enhanced, leading to
a much better agreement between the TB density of states
and the XPS spectrum.

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

PDOS (eV!' atom™)

IV. SnX (X=S,Se, T¢ ELECTRONIC STRUCTURE Energy(eV)

We want here to analyze the evolution of the electronic FIG. 6. SnO partial densities of states from the TB fit. Notice for

structures of SK (X=S,Se,Te) relative to the previous Sn(5p) that the full line corresponds to, , and the dashed one to
study of SnO. We use an alternative approach for finding, .
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SnS SnSe SnTe
A
D /\}'i N i
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A TSR D S D
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!
1
0

Binding Energy (eV)

FIG. 7. Experimental photoemission data foXS{X=S,Se,Te
compounds(a) refers to data by Kemengt al. (Ref. 24, (b) to
spectra by Shalvogt al. (Ref. 25, and(c) to data by Kemeny and
Cardona(Ref. 26.

trum, four main peakglabeled A, B, C, and D) can be
distinguished. The spacing between peaks and even the
height of the peaks are similar. This can be related to the
similar local environment of tin atom in the three compounds
(six chalcogen atomsand to the same valence electron con-
figuration for sulfur, selenium, and tellurium, consisting of
two s and fourp valence electrons. The calculated total and
partial DOS are shown in Figs. 8, 9, and 10. The lowest
energy pealD is mainly X(s) type, as for SnO. Pealés and

C correspond, respectively, to antibonding and bonding in-
teractions between SngpandX(p) states. In this way, they
are similar in character to peaks labeled | and IV on the Sn

10+

'.: 1 SnSe B
8 D %
— 5_
E ] /\ §
1)
o]
(@) 1 1 1 1 1 1
2 -
Sn(5s)
1 4
P1
| /A N S
— 0_
T 24
5 | Sn(5p)
[
T 17
R
w
Q T T T T T 1
o
o -
Se(4p)
=
-
0 1 1 T T T 1
-30 -20 -10 0
Energy(eV)

FIG. 9. SnSe total and partial DOS from the TB fit.

aps. There is a good agreement between experimental and
eoretical valuegTable VI). It can be noted that the direct

.density.' The main difference is in peBk which comes from band-gap value decreases through the family ok $om-
interactions between Snpj andX(p) states, with animpor-  hounds but the behavior of the indirect one is varied.

tant Sn(%) component, contrary to peaks Il and Il in SnO.
As for SnO, the inclusion of Sn-Sn bonds influences the

shape of the highest valence band and the lowest conduction

one, which is essential for an accurate description of banﬁjn

10+
= 0 SnS B
R D A
— 54
E i C
[95)
(@)
0 T T T T T —1
Sn(5s)
" P
1
- P2
. 0__|_%_£L4_—'_|
T 29
£ "] sneo)
cu
- 14
>
3 _
» ‘/\'\
Q T T T T T =
[a)
o -
1 stp)
1_ /‘A
0 1 ) ) ) /I\\‘I
-30 -20 -10 0
Energy(eV)

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

V. Sn(5s) LONE PAIR

As emphasized in the Introduction, the tin oxidation state

monochalcogenide compounds is Il. The''Sitoms are
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FIG. 10. SnTe total and partial DOS from the TB fit.
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TABLE VI. Tight-binding and experimental values of band
gaps for SX (X=S, Se, Te) compounds.

SnX Direct band gap Indirect band gap Reference
SnO B 29eV 0.2 eV this work
Expt. 3.0eV Ref. 21
SnS B 2.1eV 15eV this work van der Waals
Expt. 1.41 eV Ref. 27 gap
SnSe B 1.3 eV 0.9 eV this work
Expt. 1.27 eV 0.89 eV Ref. 28
SnTe B l1leVv this work
Expt.

characterized by a lone pais5as their atomic configuration
is defined as d'%s?5p°. Let us first recall the stereochemi-

cal activity notion. As we are confident in our theoretical ,
electronic structures, we use them to study the Spégtiv- e twWo Sn(S) electrons are lone. The distance betwédn
ity. In the last part, results are analyzed in correlation withand P2 is increased from SnTe to SnO. Considering these

the experimental point of view through'%sn Mcssbauer density shapes and states compositions, the case of SnO is
spectra. distinct from the other three compounds. For SiQ, and
P2 heights are similar. The related total density peaks (
_ o and A) have nearly the same proportion of Sgj5and
A. Stereochemical activity O(2p) characters. For the other $rcompounds, peak is

In oxidation state Il, the Sn(@ electrons do not take part rather 30%Sn(p) +70%X(p). This indicates that the lone
in the bonding, but their propertigslectronic behavior, spa- pair in SnO may have a particular behavior.
tial occupation are directly correlated to the Sn coordination ~ Another way to study the stereochemical activity of the
and to the structural packing. Gast al® define this lone Sn lone pair is to visualize the charge density around tin
pair as an intermediate state between an inert spheric&toms. This may easily be realized from the calculation of
s?-type orbital that is centered on the nucleus and a nonthe electronic charge densip(r) (Sec. Il A) for each S
bonded hybridized-orbital lobe that is not spherical but local-compound in the DFT formalism{Sec. Il A). They are
ized far from the atomic nucleus. Thus, the valence shelmapped in Figs. 11, 12, and 13. For SnO, a part of the elec-
electronic pair repulsiofi theory takes this spatial effect into tronic charge is concentrated near tin atoms. This may be
account to predict local environment symmetries. This effecinterpreted to be the lone-pair density. Let us now consider
is named the lone-pair “stereochemical activity.” In theXSn the vector joining a tin nucleus to the centkighest density
family, the local environment of a tin atom is different in of its associated lone pair. This vector is used in the elec-
type, number, and arrangement of neighbors. One may thus
expect differences in the tin lone-pair activity on which we
now focus.

First, we have to make sure that there is a lone pair. This
is clear from Table VII where partial densities have been
integrated on the valence band. The S)(population is
always greater than 1.9 electron and really constitute apair.
It comes from a two-peak density of statddl(andP2). In
all casesP1 corresponds to bonding states dp@l to anti-
bonding ones. As both lie in the valence band, one considers
that these states do not directly participate to the bonding and

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

layer

TABLE VII. Tin electronic 5s (Ng) and 5 (Np) population interlayer
from tight-binding results.
Ng Np
SnO 1.9355 0.8901
SnS 1.9527 1.2796
SnSe 1.9400 1.5468
SnTe 1.9696 1.2806 FIG. 12. Charge-density map of SnS frah initio results. The

map is similar to SnSe.
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FIG. 13. Charge-density map of SnTe frah initio results.

095 SnTe

tronic lone pair localization(ELPL) model®** The model
considers the crystal as ionic with spherical nonrecovering

charge distribution and it approximates lone pairs to point

0.90 -

1
charges. This leads to electric dipolar momenigénfor ion 6 4 -2 0 2 4 6

possessing a lone pair with the lone-pair chagge— 2|e| velocity (mm/s)

and/ the above mentioned vector. Figure 11 shows that the

. . . FIG. 14. Massbauer spectra of Sncompounds.
vector is perpendicular to the layers, directed toward the van
der Waals gap. Its modulus is 0.9 A, |r132exc_ellent agreement _eQV, 7> V= Vyy
with the one calculated by LeBellaat al>- using the ELPL AEqg= 5 1+ 3 Ty (7
7z

model(0.903 A). A lone pair is also observed in the SnS and

SnSe caséFig. 12. One notices that thei} vector is tilted  WhereQ is the nuclear quadrupole moment of the nucleus in
relatively to the normal to the layer. This tilt lowers the the excited stateg is the charge of the electron, ahtj are

dipole-dipole interaction that may be the origin of the inter-the electric-field-gradient components in the system of the
layer distancefrom 2.52 A for SnO to neayl1 A for SnS  principal axis in which the tensor is diagonal. The analysis of
and SnSg On the contrary, for SnTerig. 13, the electronic AEq leads to a picture of the symmetry of the electron dis-

charge is spherically centered on atoms, in agreement withibution close to the nucleus.
their symmetrical environment. We have recorded thé'®sn Massbauer spectra for the

monochalcogenides in the constant acceleration mode on a
ELSCINT-AME40 spectrometer using B&Sn0, as the
y-ray source. They are shown in Fig. 14 and the related

The Mossbauer spectroscopy allows the study of solids oParameters are reported in Table VIII. Their values are in
an atomic scale and is often used to study the oxidation sta@ood agreement with previous daferor Sn in the oxidation
and the lone-pair behavior. It can be defined as a resonaftate Il, one generally expects valuesdofo be greater than
absorption spectroscopy ofjaray between a reference ma- 3 mm/s. This is not the case for SnO, wherés at the Sh
terial (source and the measured compoutabsorber. The  limit, similar to the -tin one. This would be due to a greater
change in transition energy is due to the electrostatic intercovalency of bonding in SnO relative to those in othef Sn
action of the nuclear charge distribution with the electronicchalcogenides. As expected, the symmetrical environment of
distribution around probe atoms. Spectra are mainly charadSh in SnTe leads to an absence of quadrupolar splitfifg,
terized by two parameters: the isomer shif) @nd the qua- increases with the local tin distortion, with similar values for
drupolar splitting AEg). The first one corresponds to the SnSe and SnS.
peak position on the spectrum. It may be written as

B. Mossbauer results

TABLE VIIl. Mo'ssbauer parameters of 6 X=0,S,Se,Te)
compounds at 293 K is the isomer shift referred to BaSpQAEq
is the quadrupolar splitting, and the linewidth at half intensity.
All values are expressed in mm/s.

5:-/\/[|\I’a(0)|2_|q’s(0)|2]1 (6)

whereN is a nuclear prefactor arj’ (0)|? reflects the elec-

tronic density at the probe nucleus. As detailed further, this 0 AEo r

density can be considered as proportional to the Snélec-  SnO 2.67.) 1.3353) 1.0084)
trons in the valence band. The second parameter correspongss 3.29®) 0.9062) 0.9613)
to the peak splitting. This splitting is induced by the electric-snse 3.308) 0.7881) 0.9483)
field-gradient and thus to the local environment distortion. ItsnTe 3.4981) 1.0744)

is given by
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3.4 — 777717 correctly predicted. The point corresponding to SnO is out of
B - the linear dependance. To mimic experimental results, the
@ a3 _—==""snTe Sn(5s) electronic population of SnO would be
g sns__---""
E N o i 8¥A(SnTe — 6¥A(SNO)
w ® Snse Ng*P= Ntsh(SnTe) - i ° i (10)
® 32} i 29
c
2 = g as deduced from Ed9). The obtained value of 1.68 eV is
§ 30l i not coherent with the existence of a lone pair, which is
X known to occur(from oxidation state, density contour, or
B ] ELPL result3. This may be due to the two-dimensional
281} - structure of SnO, the lone pairs occupying the van der Waals
| sSnO i gap and interacting together.
u
192 163 104 1.95 196 197 1.98 VI. CONCLUSION
NS

We have studied the tin monochalcogenide Xprlec-

FIG. 15. Experimental Mssbauer isomer-shift vs the theoretical tronic structure from DFT-pseudopotential and tight-binding
Sn(5s) population. The slope of the dashed line corresponds tdcalculations. Results show that these compounds present
those deduced from lay®). similar features.

(1) Their density of states is composed of a peak at low

Let us now try to relate tin populationd and isomer energy Q) corresponding taX(s) states and a group of
shifts. The number of & electrons on the Sn nucleus peaks at higher energies. The botto8) (and top @) peaks
[|¥(0)|2 in Eq.(6)] can be considered in first approximation of this group are, respectively, due to bonding and antibond-
to be Ng ¢o(Sn)|? where ¢o(Sn) is a Slater-type orbital ing Sn(5)—X(p) states. The distancA—C regularly in-
[|$o(SN)|?°=17.64 a.u.® (Ref. 34]. Combining this ap- creases from SnO to SnTe.
proximation to the detailed expression of the nuclear prefac- (2) Their Sn(5%) electronic population is greater than 1.9
tor NV, Eq. (6) leads to(in SI units: electron. This lone pair is characteristic of the oxidation state
II, in agreement with Mesbauer spectra.

But there is a great difference in the lone-pair behavior,
which separates the family in two groups: SnO on one side,
SnX (X=S, Se, Teon the other side. This difference mainly
comes from the following.

(1) The difference in proportion of Sné} relative to
X(5p) character in density of states pedksandA. This is
related to the difference in behavior betwegp and p, ,
orbitals.

(2) The lone-pair stereochemical activity. In case of SnO,
the lone pair points towards the interlayer space, creating a

5=2.9N, .~ N, o) ©) van der Waals gap. It is less active in SnS and SnTe, pushing
hTsa Tissh away tin neighbors, and thus only creating a distortion rela-
We have reported in Fig. 15 the experimental values g6  tive to the NaCl structure.
the theoretical Sn(§ population. The slope of the drawn In other words, SnO, which is strongly lamellar, stands
line is that of Eq(9). It is clear that SnTe, SnS, and SnSe areout against the other Sncompounds.

1 - AR )
5=S(Z)5—Eoze Retf| 5 |[#o(SMI*(Nsa=Ns), (8)

whereS(Z=50)=2.31(Ref. 35 is a factor corresponding to
the relativistic effect.R.¢s, the effective radius of the Sn
nucleus, is written as 143x 10~ °> m % whereA=118.69
is the mass numbeAR/R=1.34x10"* (Ref. 36 is a cali-
bration constant. From the febauer transition, the conver-
sion constant is 7.9710° 8 eV per mm/s. Thus, the numeri-
cal expression ob (in mm/9 is
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