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The local environment of tin atoms in Sn$8,(; ) (x=0-1) solid solutions has been studied bysn
Mossbauer spectroscopy. A linear increase of thedbauer isomer shiftas a function ok is observed. First,
we show that this result is in good agreement with a tight-binding evaluation of tlestdaer isomer shift
which takes into account the experimental values of the lattice parameters. Then, we propose a molecular
calculation which provides a rather simple explanation of the linear relationshipasfd x based on the
description of the local Sn environmef80163-18207)07336-0

INTRODUCTION ues of —0.66, —0.86, and 0.88 mm/&eference MgSn) for
SnS, SnSeS, and Sngaespectively, which suggest similar
The compounds of Sn§eS, ;) stoichiometry withx  environments of tin atoms in SnSeS and SnSderbert
=0-1 have a Cgrelated crystal structurelt consists of ot 4117 carried out a systematic study of the solid solution
two layers (.)f hex"’?go”a.' closed .packed chalcogenide an'°.”§n$gxsz(1,x) focused on the lattice dynamics of these ma-
with sandvylched tin cations, which are octahedrally Coord"éerials, in which an increase in the bauer isomer shi
nated by six nearest-neighbor chalcogen atoms. Each S or Sé .
atom is nested at the top of a triangle of Sn atoms. Adjacen"f’Ith -the selenium content was repgrted: The observgd cor-
X-SnX (X=S,S@ layers are bound by weak van der Waals "€lation betweerd andx was not strictly linear and no infor-
interactions. The different stacking sequence of these layef®ation was given on the lattice parameter variations with
along thec axis defines an extended polytypism in theseMossbauer studies of (Co@pSnS have shown a peak as-
solids. The most common polytype of @)Se, involves cribable to a partial reduction of tin atoms from (85) to
only one sandwich layer per unit cell and is commonly re-Sn(Il), maintaining the octahedral coordination. Recently,
ferred to as 1T. Mossbauer spectra of lithiated phases3nS revealed two
Because of the strong anisotropy of their physical propernew signals, which were interpreted in terms of a partial

ties, SnSgS;(1-» compounds have been extensively stud-reqyction from SAV) to Srll) and tetrahedral coordinated
ied, including ~synthesis conditiohs and optical Sn0).18

propertie 8 One interesting application concerns their ap- . . .
titude as host materials for intercalation reactions by both In this paper, a systematic study of the local environment

chemical (solvated® and unsolvated'? alkaline ions, ©°f tin atoms in SNSES,(;—x solid solutions is carried out
CoCp,, 1 aminest* etc) and electrochemical procedurgs by using x-ray Q|ffract|on and I\/B;sb.au.er spectros_copy data.
and Na(Refs. 12 and 18. 11°Sn Mossbauer spectroscopy is We focus our interest on the variations of the sébauer

a very efficient tool for probing the local environment of tin isomer shifts as a function ok. The variations of the Mss-
atoms in the as-prepared chalcogenides and their intercalkauer isomer shift with the electron charge density at the
tion products. Baggiet al® have reported isomer shift val- nucleus are evaluated from the numbers of tin valence elec-
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trons. First, the number of electrons are calculated from a 615
tight-binding calculation which takes into account the real T
and periodic structure of the materials. Then, a simple mo- 6.10L
lecular calculation based on the local environment of the tin 6056
atoms is proposed. Finally, the results and related to some <
parameters commonly used in solid state chemistry. o 600r
5951
EXPERIMENTAL 5901
SnSe,S;(1-x Samples were obtained by direct synthesis 00 02 04 06 08 10

from pure elements. Stoichiometric mixtures of tin metal 180
powder (99.5%, Stream Chemicals selenium powder -F
(99.7%, Stream ChemicaJsand sulfur powder(99.5%, i
Merck) were prepared in the<9x<1 range(step, AX=73) @ 3T5E
and placed inside a silica tube and vacuum sealed. The am- e i
poules were heated to 500 °C over a period of 2 h. This 3.70¢
temperature was maintained for 48 h and then allowed to .
cool to room temperature. The products were ground, 3651
vacuum sealed, and heated under the same conditions, and 00 02 04 06 08 10
this process was repeated a second time. The final products (SnSy) xinSnSe.. S (SnSe))
were crushed to reduce the particle size and stored under C2x>2(1%)

inert atmosphere in order to avoid oxidation reactions.
X-ray diffraction patterns were recorded at room tempera-
ture on a Siemens D500 diffractometer usingGuadiation
and a graphite monochromatot!°sn Massbauer spectra
were recorded at room temperature
acceleration mode on a ELSCINT-AME40 spectrometer
The y-ray source was Ba™SnQ,. The velocity scale was
calibrated with the magnetic sextet spectrum of a high purit)p
iron foil absorber. The source w&$Co(Rh). Recorded spec- J
tra were fitted to Lorentzian profiles by least square method
and the fit quality was controlled by the classigal and

from the center of the BaSnGspectrum also recorded at
room temperature.

RESULTS AND DISCUSSION

The x-ray diffraction patterns of all the stannic dichalco-
genide samples prepared by the procedure described above
were characteristic of a single phase product and were in-
dexed in the hexagonal systeR,3m1lspace group of poly-
type 1 T2 The unit cell parameters of SNR&,(1-x) are in
good agreement with previously reported dbfes expected,
they increase with the selenium contértg. 1) due to the
expansion required for locating the selenium atoms, which
are larger than sulfur atoms. The smooth variation of the unit
cell parameters with the composition is in agreement with
Vegard's law?® The lattice constard increases linearly with
X, in contrast with thec parameter which exhibits a weakly
nonlinear increase. Linear and quadratic regressionsafor
andc, respectively, give the following result: A):

a=3.644+0.16X, (1)

)

The c/a ratio is close to 1.633, the theoretical value for a
perfect hexagonal closed packed.

¢=5.901+0.34%— 0.106¢2.

FIG. 1. Evolution of the lattice constana and c of
SnSe,S,1-x) as a function of Se content.

in the constanty, . linewidthT, the quadrupole splitting being equal to 0.

The observed small values &f (0.83—1.01 mm/sare in

ood agreement with a statistical distribution of the chalco-
enide atoms on their crystallographic sites rather than a
mixture of sulfur and selenium rich domains. Small values of
I' also confirm the weak quadrupole hyperfine interactions
o N s ) *  due to an almost spherical charge distribution around tin at-
misfit test. The origin of the isomer shift was determinedq,yq anq the octahedral coordination not to be distorted. This

Arbitrary Units

-6 4 2 0 2 4 6

Isomer shift (mmy/s)

The '°Sn Missbauer spectra exhibit one peak and are FIG. 2. Mssbauer spectra of SnS8,(; y, recorded at room
fitted to one equivalent site, as shown in Fig. 2. Table ltemperaturgin circles and the proposed fittingfull line) to one
summarizes the experimental values of the isomer sldftd  site.
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TABLE I. Isomer shift(s) and full width at half maximum(I')

values obtained from the fitting of the Msbauer spectra of Fig. 2.

X in SNSe,S,1—5 & (mm/g AS(mm/g T (mm/g AT (mm/9 L5 Ny,
0.000 1.018 0.003 0.985 0.009 g

0.125 1.081  0.003 1.013 0.008 g 4r

0.250 1.111 0.004 0.933 0.012 o

0.375 1.148 0.004 0.962 0.013 o 13f

0.500 1.185 0.003 0.962 0.009 g N,

0.625 1.226 0.005 0.914 0.016 Z 12l

0.750 1.263 0.003 0.916 0.009

0.875 1.300 0.004 0.886 0.012

1.000 1.343 0.005 0.831 0.016 0 0 s o5 1o

xin SnSeZXSZ(l_X)

in turn, inhibits the Goldanski-Karyagin effect usually found

for other polycrystalline samplés:?° The evolution ofl” val- FIG. 4. Variations of the calculated numbers af(Bs) and

ues as a function of the compositiarshows a linear varia- 5p(Ns,) electrons of the Sn atoms in Sp$8,(; ) as a function

tion from about 1.01 mm/s at=0 to 0.85 mm/s ak=1. ofx.

This evolution is directly related to the decrease of the

amount of119Sn from Sn$to SnSe, since the used amount Wheree is the electronic charge, is the velocity of light,Z

of sample was a constant 6100 mg. Thus, the effective is the electron number, arill the effective nuclear radius of

thickness to the Mssbauer effect decrease from=0 tox  the Massbauer atonk, is the energy of the nuclear transi-

=1. tion, AR/R is the variation of the nuclear radiys,(0) and
Variations of the Masbauer isomer shif§ as a function pg(0) are the electron densities in atomic units at the nucleus

of x clearly show a linear increag€ig. 3). This results is of the absorber and source, respectively. This relation pre-

somewhat different of that of Herbet all” obtained at 78 dicts a linear correlation between the 8&bauer isomer shift

K. A shift in the 8 values is observed, due to a thermal effect.é and the electronic density at the nucleus of the absorbing

However, as shown in Fig. 3 the values &freported by material p,(0). Following the approach of Ruby and

Herber et al” exhibit a nonlinear variation withx. This ~ Shenoy®the electron density at the nuclep®) can be writ-

could be tentatively explained by the different synthesis conten as a linear function of the numbers of tin valence elec-

ditions, since their samples were annealed and some orderiitigpns. Values ofp(0) for different electronic configurations

of S and Se anions may be present. of the Sn-free atom have been calculated by Blland the
We now propose an analysis of the observed variations dinear expression op(0) is obtained by a linear regression

S with x from the well-known relation of the Mgsbauer from those values. This gives for the difference between the

isomer shift(in velocity unit9:23 electron densities at the nucleus of the absorber and source

materials

6= (4wZ€&CcR)/I5Eq (ARIR) [pa(0)—ps(0)], ) Pa(0) — ps(0)~40.7AN5s—4.5AN5, , 4

where ANss (ANsp) is the difference between the Sn
5s (5p) electron number in the absorbing and source mate-
rials. This relation clearly shows the dominant influence of
the Sn 5 electrons on the electron density at the tin nucleus
and thus, on the Mssbauer isomer shift.

1.35

130
@ We first evaluate the numbers of tin valence electrons by
E 125 a tight-binding calculatioff following a procedure similar to

= 12 that of Lefebvreet al?® Previous resulf§ obtained for nu-

£ merous tin compounds have provided a value AR/R

E 115 =1.3x10* in agreement with other previously published
g 110 values® The number of Sn §electronsNsg(Sn), and Sn B

electrons,Ns,(Sn), in SnSe,S, ;- were obtained within
the virtual crystal approximation considering an averaged
T value of the intra-atomic energies. Experimental values of
0.0 02 04 06 0.8 10 the cell parameterd-ig. 1) have been considered. The varia-
xinSnSezxsm_x) tions ofNs5(Sn) andNs,(Sn) as a function ok are shown in
Fig. 4. We have evaluated from relations(3) and(4) and
FIG. 3. Variations of the'1°Sn Mdssbauer isomer shift in for the calculated numbers of tin valence electrons. The val-
SNSe,Sy1-x compounds as a function ef Experimental values —ues ofé for SnG; and BaSn@are very close and the elec-
obtained in this workat room temperature, circlefom Ref. 10(at  tron density at the nucleus of the source matesigD) has
78 K, squares and calculated valuggriangle are shown. been calculated for SpOComparison between the experi-

1.05
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mental and calculated values &fshows good agreement tively. These small variations suggest a Taylor expansion of
(Fig. 3). The observed linear correlation between the calcu-y and N5 which, at the second order, leads to the simple
lated values ofs andx can be related to the expressiq8$  expression

and (4) and to the results of Fig. 4. It is worth noting that

variations ofé are mainly influenced by changes in the num- Ns¢(Sn)~1.38-0.11x+ 0.005¢2. ©)]

ber of Sn 5 electrons. Thus, the linear correlation betwéen

andx can be explained by the linear variations betwbkg This expression _shows that variations Ng.s are Iower_
andx. than 0.11 electron in excellent agreement with the previous

A molecular calculation based on the local environmenttight.'binding calcqlation although the absolute valud\_kgg
of the Sn atom has also been performed in order to derive is slightly overest|mate_d with the molecular calculation by
analytical expression af as a function ok. This calculation .07 electron. Expressio) also_shc_)ws that_ the SeCOf?d or-
is based on the following assumptiorg: the Sn 5 and 5 der term can be. neglected confirming the Ime_ar.relatlonsmp
orbitals and the S8 and Se 4 orbitals pointing toward the 2;;\:2; a(r;dx. ;Zﬁcgagleb;r;ilagﬁgrto skranaEII \f”?t'p 2‘; obf the
Sn atoms are considered, neglecting the effect of the anion (6)]9 r%vf the Sra bond | t% | VEL( b) g'v(m y
valence electrons because of their deep energetic levels afrfl: (6)] and of the Sm bond leng given by EQ.L0J.
(i) only the mainspe and ppe interactions are taken into Finally, it is interesting to relate the previous results with
account. A simple calculation on isolated An(A=S,S¢ the commonly used notions of covalent radius and electrone-

molecules is then possible considering a Hamiltonian matri>9at'v'ty' The increase ofNss from Sn3 to SnSg can be

; ; : ; lated to the increase of the $nbond length of about 0.11
10xX10 which can be analytically diagonalized because of& . .
the octahedral symmetry of the molecules. From the expres: [Eq. (7)] which can be compared to the difference between

sions of the molecular wave functions it is possible to eva|u-£‘)e2§“¥gf‘ average coxlalent rad||us 8“51)4 i&‘) andd Ee(tlr;l?d
ate the number of Snstand 5 electrons. As a first approxi- ) IS InCrease olNss can aiso be explainéd by the de-

mation, the influence of the (b electrons oné can be crease of the energy differengis—E,(A) of about 0.7 eV .
neglect,ed We obtain which can be correlated to the decrease of the Pauling

electronegativit§® difference for SpA from 0.7(Sn-S to 0.6
(Sn-Se. Considering a constant value fdrin the evaluation
Yy . Es(Sn—EyA) of Nsg, given by Eq.(5) leads to variations of about 0.07
6+ 42’ re 23 » ®  electron instead of 0.11 electron. Thus, the increasilQf
from SnS to SnSeg with x is mainly influenced by the de-
where Es(Sn)=—12.5 eV is the Sn & free-atom levef’  crease ofEg,— Ep(A). This provides a rather simple and
ConsideringE3,(S)=—10.27 eV andE,,(Se=-9.53 eV qualitative explanation of the linear relationship of tHéSn
(Ref. 27 the valencep level of the virtual anions is given by Méssbauer isomer shift in SNS&,(1-x as a function ok.

Nao(Sn)=1-

Ep(X)=(1—X)E3p(S) +XE4p(S®~—10.27+0.74 eV. CONCLUSION

©) We have measured thé°Sn Massbauer isomer shiftin
The hopping integraB (in eV) between Sn §and chalcogen SnSe,S;;-, ( X=0-1). The observed linear correlation
valencep orbitals is evaluated from the Harrison rdfes betweend andx is in good quantitative agreement with the
=10.82872, whered is the Sn-S distance. The Sn-S distanceresults of a tight-binding calculation and can be related to
d can be calculated from the interpolated values of the latticéinear variations of the number of Srs®lectronsNs¢(Sn)
parameters given by relatioiis) and(2), the chalcogen po- with x. Then, a simple molecular calculation has been used
sition being &, 2, z=1). Neglecting the term i3, we 0 derive an approximate analytical expressionNag(Sn)
obtain which is found to be linear witlk because of the close values
of the energy levels of the chalcogervalence electrons.
2 C2
d2=§ +1—2~6.603+6.650<—0.062<2. (7)
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