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Interpretation of the !°Sn Mossbauer isomer shifts in complex tin chalcogenides

P. E. Lippen$
Laboratoire des Agrgats Moleulaires et Mateiaux Inorganiques, CNRS ESA 5072, Univerditentpellier 11,
Place Eugee Bataillon, F-34095 Montpellier @ex 05, France
(Received 25 February 1999

The main observed trends in the variations of tH&n Mcssbauer isomer shiff for tin chalcogenides are
interpreted in terms of the valence electronic populations, and are related to changes in the Sn local environ-
ment. First, the values of the valence electron charge density at the npg({@)shave been evaluated from a
tight-binding calculation for a number of binary compounds in order to check the accuracy of the theoretical
approach. A linear correlation between the experimental value$ afd the calculated values of,(0) is
obtained, providing a mean square radius of the nucleus in thesbaaier transition(r?) in correct agreement
with the previously published values. The same approach is applied to tin chalcogenides with complex struc-
tures, and a correct linear correlation betwge(0) andd is obtained. Different series of chalcogenides have
been distinguished considering the Sn oxidation state, the type of chalcogen, and the Sn site symmetry. These
series correspond to different ranges of experimental valued$vidiich have been correlated to the calculated
values ofp,(0) and the Sn valence electron populations. Finally, a molecular model is proposed which gives
simple analytical expressions of the numbers of Snabd Sn P electrons as a function of the Sn site
symmetry, the type of chalcogen, and the tin-chalcogen interatomic distance. This model provides a rather
simple interpretation of the changes in the values &r the different series of chalcogenides.
[S0163-182609)04628-1

[. INTRODUCTION mentally determined crystal structures.
The electron density at the Sn nuclex8) has been pre-

Mossbauer spectroscopy is a widely used technique foviously calculated for tin binary compounds from different
the analysis of the local electronic structure or chemicatheoretical methodS:™ The correlation between the experi-
bonding in solids:~3 This technique is based on the recoilessmental values ob and the calculated values pf0) allows
emission and resonant absorptionjofays by nucleus. The one to evaluate the difference in the mean-square nuclear
influence of the local electronic structure is due to interac+adiusA(r?), which provides a calibration of the fdsbauer
tions between the nuclear charge distribution and the extreexperiments. At the present time this is the best way of ob-
nuclear electric and magnetic fields. The $dbauer isomer taining the nuclear factor, which cannot be accurately evalu-
shift & arises from the electrostatic interaction betweenated by nuclear models. The most recent theoretical investi-
nuclear and electron charge distributions due to the finite sizgations were based on periodic and molecular calculations of
of the nucleus. The expression &fs a function of both the p(0). Svane and Antoncikused a linear-muffin-tin-orbital
changes in the nuclear radius due to the nuclear transitiong)ethod in the atomic-sphere approximati&®A) for a cal-
A(r?), and the electron density at the nuclex).? Varia-  culation of both the electronic structure ap(D) for a-Sn,
tions of the electron density at the nucleus can be related t6-Sn, SnQ, SnMg, SnSb, and SnTe. Their results give a
changes in the local electronic structure which are stronglgonsistent explanation of the experimental data Ard”)
dependent on the local environme(itearest neighboys =5.6x10 3fm? More recently Svanet al® carried out a
Thus variations of the Mesbauer isomer shift for a series of full potential linear-muffin-tin-orbital calculation which
materials with the same Msbauer element provide valuable mainly differs from the ASA method by a more refined de-
information on changes in the chemical bonding. scription of the atomic potentials. Considering a large set of

Tin chalcogenides Sfy and SiX, whereX=S, Se, and Sn compounds covering a wide range of values dothe
Te have been particularly studied for their electronicauthors obtained a very good correlation between the experi-
propertiest—® However, there is also a large number of ter-mental values of5 and the calculated values pf0) which
nary materials containing a third element generally partici-givesA(r?)=7.2x10"3fm? Two recent molecular calcula-
pating in ionic bonds. In this paper the local electronic strucdions of p(0) based on clusters representing the solids have
ture of Sn atoms is investigated for tin chalcogenides withoeen proposed. Based on the self-consistent chxge
very different Sn local environments considering the largemethod, Grodzickiet al’ obtained A(r?)=6.8x 103 fm?,
amount of experimental values for th€Sn Mossbauer iso- considering very different tin environments. Terra and
mer shift. The aim of this paper is to explain the observedGuenzburgef used a discrete variational method for’X§n
main trends in the variations @from changes in the calcu- halides, withX=F, CI, I, and Br, and they founa(r?)
lated Sn electronic populations, and to relate them to the Sr9.2x10 3fm? In a more recent papét,these authors
local environments. The present interpretation is based ooonsidered an improved model of the potential and a series
the evaluation of the numbers of Sn valence electrons andf tin compounds covering a wider range of values &r
the electron density at the nucleus considering the experiFhey found a value oA(r2)=6.6x 103 fm? which is close
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to that obtained by Svanet al® Based on these recent and have been obtained by a comparison between the experimen-
reliable calculations, the value @¥(r?) is expected to be tal values of the isomer shift and the calculated values of
found between about 6 and<710™ 3 fm?. p(0) which are expected to be linearly correlated, as shown
The aim of this work is to provide a rather simple inter- by Egs.(1) and(2). The most recent published valdes for
pretation of the observed main trends in the variation$ of 11°Sn are found around>¥10 3fm?2. In this paper the value
for binary and ternary tin chalcogenides based on a semif A(r?) will be determined considering a large number of
empirical calculation ofp(0). An analytical expression of tin binary compounds with very different chemical bondings,
p(0) as a function of the numbers of tin valence electrons isand compared to the previously published values in order to
first derived from the interpolation to the valuesgd) ob-  check the accuracy of the present theoretical approach.
tained for different electron configurations on a Sn free ion The electron density at the°Sn nucleus(0) arises from
by a relativistic calculation. The numbers of Sn valence eleceontributions of the core electrong,(0) and the valence
trons are evaluated for tin chalcogenides from a tight-bindingelectronsp, (0). In this work, the core electron density at the
method following the Slater-Koster scheffé his method is  nucleus is assumed to be constant for the different materials
used here because of the complexity of the crystalline struothe frozen-core approximatipnThe validity of this ap-
tures, which makes a systematic use of first-principles calcuproximation for an analysis of the variations of the Snd#o
lations difficult. In addition, such an approach provides abauer isomer shift has been previously discusstidwas
correct description of the electronic structure of complexshown that for most of the tin chalcogenides, variations of
chalcogenide$®*® The interpretation of the Mgsbauer iso- p.(0) are negligible compared to those @f(0). The va-
mer shifts is carried out along three steps. First, the valenckence electron density at the nucleus has been evaluated in
electron density at the nucleus is evaluated for a large set aivo steps. First, an analytical expressiorpgf0) as a func-
tin binary compounds in order to test the accuracy of theion of the numbers of Sn(N,) and Sn $ (N,) valence
present tight-binding scheme. The valuesptd) andA(r?)  electrons has been derived from interpolation to the calcu-
obtained by the present approach are compared with previated values for different electron configurations of the Sn
ously published values. Thes(0) is evaluated for tin chal- free ion. Then the values gf,(0) for solids have been
cogenides providing an interpretation of the variations of thesvaluated from this expression and the numbers of tin va-
experimental values of in terms of the changes in the Sn lence electrons obtained by tight-binding calculations.
valence electron populations. This allows us to distinguish Following the approach of Ruby and Sheridyhe elec-
different series of chalcogenides considering the values of tron densityp, (0) is assumed to be a nonlinear function of
Finally, analytical expressions of the numbers of Sn valenc@oth N andN,,, and has been fitted to the valuespf{0)
electrons are obtained by a molecular model from the simealculated by Elli§’ for Sn free ions:
plification of the periodic tight-binding calculation in the
case of highly symmetrical Sn environments. This allows us
to interpret the observed main trends in the variationg a$
a function of several parameters describing the Sn local en-

V|ronm_ent: the Sn site s.ymmetry,'the'type of chalcogen near.i_he numbers of Sn valence electrons have been evaluated
est neighbors, and the interatomic distances.

. from a tight-binding calculation following the Slater-Koster
The theoretical method used to evaluate the electron der?- T ) A
. : : : . ormulation:“ This approach is mainly justified here by the
sity at the nucleus is described in Sec. Il. Section |l oM omplexity of the crystal structures, and because it produces
cerns the tight-binding results obtained for tin binary and plextty Y ' P

. . .correct trends in the electronic structure of complex
ternary chalcogenides. The molecular model is developed iri

. o chalcogenide$®~1¢ By the Slater-Koster method, the one-
Sec. IV, and the conclusions are summarized in Sec. V. o S o o
electron Schrdinger equation is solved considering a mini-

mal orbital basis set formed here by teeand p valence
Il. THEORETICAL METHOD orbitals of the atoms in the unit cell. The elements of the
The Mdsshauer isomer shifin mm/9 is related to the tight-binding Hamilto_nian matrix are express_ed in terms of
electronic density at the nucleum a53, wherea, is the one- and tyvo-centgr mtegra]s V\.’h'Ch are considered to be the
Bohr radius by the relatioh’ intra-atomic anq interatomic tight-binding parameters, re-
spectively. The intra-atomic terms are rﬁtge free-atom energy
_ _ levels calculated by Herman and Skillmtaand reported by
0=alpa(0)=p0)], @) Harrison?? The interatomic terms are evaluated from the
where p,(0) and p4(0) are the electron densities at the Robertson scaling lat#'> and the Harrison parametérs.
nucleus of the absorber and source, respectively. The isomdhe number of tin valence electrons of type(i =s,p) is
shift calibration constank is a linear function of the change defined by
in the mean-square radius of the nucleus in thesshauer
transitionA(r?):

py(0)=0.76+53.8MN;— 0.9, — 5.00N2— 2.80NN,,.
(©)]

Ni=22 Keil éni)l, (4)
a=BA(r?), 2 nk

where 8 depends only on the characteristics of theslo where ¢; is the atomic orbital, andV',, , the Bloch wave
bauer isotope and the transition energy, and is equal téunction for the bandh and the wave vectds. The sum runs
12.7a3mms *fm~2 for 11%n 8 Although A(r?) should be over the valence bands forand a grid of points in the first
evaluated from nuclear calculations, the most accurate valuerillouin zone fork.



4578 P. E. LIPPENS PRB 60

TABLE I. Experimental data for the binary tin compounds: structural information; Sn oxidation states;
average values of thé'®Sn Mossbauer isomer shiff relative to BaSng with source and absorber at
ambient and nitrogen temperatures, respectively, extegttsorber at ambient temperature. Calculated val-
ues of the numbers of Srs®lectronsNg(Sn), and Sn p electrons,N,(Sn), and the electron density at the
nucleusp, (0). For nmixed valency compounds the @) and Srfll) atoms are labeled 1 and 2, respectively.

Oxidation

Compound Space group state of Sn § (mm/9 Ng(Sn) Np(Sn) p.(0) (a5®)
Snk l4/mmnf \Y —0.4° 0.63 1.06 29.8
SnFg (1) Emam® \Y —0.4x1 0.71 1.30 325
SnyFg (1) P2,/n° \Y, -0.38"" 0.67 1.19 31.2
Sno, P4,/mnnf \Y 0.0° 0.77 1.23 355
SnBry P2,/c® \Y 1.1°P 1.08 1.30 47.8
SnS; (1) Pnmd \Y 1.15° 1.20 1.41 52.2
SnS pgmlg v 1.3° 1.20 1.41 52.0
Snl, Pa3" v 1.5° 1.31 1.30 56.5
SnSe Pam, 9 \Y 1.5 1.31 1.51 55.9
SnMg, Frmamd 0 1.8 1.69 3.62 56.8
aSn Fd3m? 0 2. 1.66 2.34 63.1
BSn 14, /amd® 0 2.8 1.75 2.25 66.4
SnP Emam 0 2.7 1.67 1.58 67.7
SnAs Fman? 0 2.7 1.71 1.71 68.5
SnSh Fmam?d 0 2.8 1.79 1.86 69.9
SnyP; R3m 0 2.9 1.86 1.48 74.4
SnAs, R3N 0 2.9 1.87 1.56 74.4
SnoO P4/nmnf I 2.7° 1.88 1.00 78.0
SnSe Pnmd I 3.4P 1.95 1.17 79.2
snS Pnmd I 3.4P 1.95 1.07 79.7
SnTe Frmamd I 3.5° 1.96 1.30 78.6
SnS; (2) Pnmd I 35° 1.94 1.06 79.5
Snk, c2/c™ 1l 3.6° 1.92 0.71 81.1
SnFs (2) P2,/n° I 3.8*" 1.94 0.54 82.8
Snb, c2/mn" Il 3.9° 1.99 0.90 82.1
SnCh Pnmé Il 4.1° 1.98 0.54 84.1
SnFs (2) Emam® I 4.1*4 1.96 0.53 83.5

%Reference 24. kReference 34.

bReference 25. 'Reference 35.

‘Reference 26. "Reference 36.

dReference 27. "Reference 37.

®Reference 28. °Reference 38.

fReference 29. PReference 23.

9Reference 30. 9Refs. 39 and 40.

_hReference 31. "Average values of Refs. 26 and 40.

'Reference 32. SAverage values of Refs. 41 and 42.

JReference 33.

ll. RESULTS with source and absorbing materials at ambient and nitrogen

temperatures, respectively. There is now a large amount of
experimental values of th&%n Massbauer isomer shift in
The aim of this part is to assess the accuracy of the tightthe literaturé®® However, some differences can be found for
binding calculation ofp,(0) for the analysis of thé'®Sn  a given compound which are probably due to the experimen-
Mossbauer isomer shifts considering a series of tin binaryal accuracy or the purity of the materials. Thus average val-
compounds. The structural information used in the tight-ues of § are reported in Table | for most of the materials
binding calculations, the tin oxidation states, the experimenwhich should be correct within about 0.1 mm/s. The values
tal values ofs, and the calculated values &fs, Ny, and  of sare found betweer0.4 and 4.1 mm/s, and cover nearly
p,(0) are reported in Table I. The values éfrelative to  the whole range of'°Sn Massbauer isomer shifts. From the
BasSnQ for most of the materials concern measurementchemist's point of view it is of interest to determine the

A. Tin binary compounds
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T T T e, populations, and a more refined model is required. The slope
4l o 2] of the line obtained by a linear regression to the results gives
Sn5.2) the value of the nuclear radius changéAr?)
s =6.4x10 3fm?, which is in correct agreement with the
3t SnAs, most recent published values found around 03 fm?. It
P, is difficult to compare the values of the electron density at
the nucleus obtained by different calculations because of the
Z 2 SnMg, 1 observed large differences between the values of the total
é SnSe, electron density(0) for a given compound. For example, the
P $ns, orders of magnitude are of about 186 g8 for the present

.Y o— Sn,5,(1)

work, 183 00@y, ? for the works of Svane and Antondiknd
Svaneet al,® and 190008, ° for the work of Grodzicki
et al® However, it is possible to compare the variations of
Sn,F,(1) p(0) due to changes in the valence electronic populations
SF(1) considering a uniform shift of each set of calculated values.

e The energy shift was evaluated by a least-mean-square fit of
30 40 50 60 70 80 90 100 each set of published values to the tight-binding results, and
0.(0) (a0-3) similar trends in the variations qf(0) are obtained by the

different calculations. The most severe discrepancies occur
FIG. 1. Experimental values of tHé°Sn Massbauer isomer shift  for some ionic compounds such as $h&nQ,, and SnO, but

8 against calculated values of the electron density at the nucleua correct agreement is obtained for the tin chalcogenides of
py(0) for binary tin compounds. present interest. More accurate valuep@f0) for the ionic

compounds could in principle be obtained by adjusting the
formal 9xidation state of tin. This can be easily obtainedtight-binding parameters. However, such an approach is not
from Mossbauer measurements, and Table | shows that théxpected to improve the results for tin chalcogenides notice-
values of § are lower than about 2 mm/s for the (Bh) ably, justifying the present evaluation prl(o) from a uni-
compounds, are found between about 1.8 and 3 mm/s for thgarsal set of tight-binding parameters.
Sn(0) compounds, and are greater than about 2.7 mm/s for As noticed above, the tin oxidation state can be correlated
the Srill) compounds. It is worth noticing that §, SnFs,  to the number of Sn § electrons. These electrons strongly
and SpFg are mixed valency compounds containing bothinjuencep, (0), which explains the correlation between the
SnlV) and Sifll) oxidation states, as shown experimentally Sn Mgssbauer isomer shift and the Sn oxidation state. The
by the existence of two very different values férin prin-  yariations ofs as a function ofNg are shown in Fig. 2, and
ciple, the three oxidation states (B#), Sn(0), and Siill)  clearly exhibit a linear trend. The main deviations to this
should be related to the three sets of valuég,Np) tendency occur for SnMg aSn, Snj, SnCh, SnsFg, and
=(0,0), (1,3), and(2,0), respectively. This definition of the snF, (Fig. 2). The calculated values i for SnMg, and
formal oxidation state corresponds to a full transfer of elec-,gn are greater than those expected by the linear correlation,
trons. Table | shows that the three tin oxidation states can bhereas for the four other materials the calculated values of
correlated to the numbers of Sns ®lectrons: 0.6—1.3 for N, are lower than those expected. This can be explained by
SnlV), 1.6-1.8 for St0), and 1.8-2 for Sil). The values  the so-called screening effect of the Sp Blectrons upon
of N for the SrilV) and Sit0) compounds strongly differ , (0), which unlike the Sn § electrons tend to decrease the
from the expected formal values. This may be related to th@jectron density at the nucleus. This can be seen from Eq.
covalency of the bonds involving the Sn atoms which re-(3) which shows thap,(0) strongly increases with and
duces the electronic transfer from the tin atoms to their nears|ightly decreases with, . For most of the compounds con-
est neighbors. The numbers of Sp Blectrons in the SV)  sjdered in this paper, the number of Sp 8lectrons is found
compounds are found between 1 and 1.5. These values a§§pe petween 1.1 and 1.8. FeBn and SnMg N, is greater
close to the number of SnsZelectrons, except for the most than 2.3 and tends to decreapg(0). For Snh, Snk,
ionic compounds such as tin fluorides and §nQor the SnyFg, and SaFg, N, is lower than 1 and tends to increase
Snlll) compounds, the number of Srp%lectrons is lower , (o). This explains the improvement in the linearity of
than the number of Snsbelectrons, which is close to 2. This 8-p(0) (Fig. 1) by comparison with that o8-N; (Fig. 2) for
reflects the electronic transfer of the Sp 8lectrons toward  these compounds.
the chalcogen nearest neighbors. Finally, similar values of | symmary, the value ofAr?) and the variations of
the numbers of Sn$and Sn  electrons are found for the |, (0) calculated for a series of tin binary compounds are in
Sn(0) compounds except forSn and SnMg For the two  correct agreement with previously published results, espe-
latter materials the number of Sip%®lectrons is greater than cia|ly for tin chalcogenides. This shows that the tight-binding
the number of Sn § electrons due to thep® hybridization  method correctly predicts the variations @f(0) for inter-

of the Sn valence orbitals. _ preting the Sn Mesbauer isomer shits.
The experimental values af are plotted against the cal-

culated values 0p,(0) in Fig. 1. A quasilinear correlation is
observed, except for SnO, which shows a large departure
from the expected value. In the latter case the present tight- This section is devoted to the interpretation of tHeésn
binding approach fails in a determination of the electronicMossbauer isomer shift for binary and ternary chalcogenides.

B. Tin chalcogenides
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In addition to the tin and chalcogen atoms found in binary(Tables | and I). Different series of S{V) compounds can
chalcogenides, the ternary compounds studied in this worke distinguished from the type of anion and the Sn site sym-
also include atoms with onlgvalence electronéNa, B or ~ metry. They correspond to different ranges of values dor
with s andp valence electronéGe, In, Sb, Tl, and Pb The Whiph are found between about 1.1 and_ 1.4 mm/s for the
ternary compounds are listed in Table 11, with the structuraSulfides, 1.5 and 1.7 mm/s for the selenides, and around 2
data used in tight-binding calculations, the Sn local environ/NNV/s for the tellurides. For the 8W) sulfides with tetrahe-
ments, the Sn oxidation states, the experimental values of tH#@! and octahedral tin environments, the valuesscdre

Mossbauer isomer shift, and the calculated value\gf ound within the same range, and it is rather difficult to dis-
N, and p,(0). The values of & are relative to BaSng tinguish these two types of Sn sites from the only values of

Except for SnBiTe, the measurements were performed 6. For the SAIV) selenides the difference between the values

. . . . X of & for the Sn octahedral siteg~1.5 mm/$ and the Sn
with source and absorbing materials at ambient and nitrogefy anedral site¢~1.7 mm/3 is more significant. Finally, it

temperatures, respectively. Unlike the tin binary compoundgeems gificult to establish some main trends in the varia-
there are less data for ternary chalcogenld.es and the .valu%ns of 8 for Sn(ll) chalcogenides, and no attempt to inter-
reported in Table Il are not averaged over different publishedhret the variations o8 within this range of values is made in
values. Most of the tin ternary compounds have a complexhis paper.

structure due to their low symmetry and the large number of The experimental values d@ffor both the binary and ter-
atoms per unit cell. The Sn atoms are always bonded t@ary chalcogenides are plotted against the calculated values
chalcogen nearest neighbors which form in most casesf p,(0) in Fig. 3, as well as the straight line obtained
slightly distorted tetrahedra or octahedra. Informations orin Sec. lll A from the correlation betweefi and p,(0) for
binary tin chalcogenides are reported in Table | except fotin binary compounds. Figure 3 shows that the variations of
the Sn local structures which are described now. In theSas a function o, (0) are consistent with those of the tin
Sn(IV) compounds SnSand SnSg the tin atoms are octa- binary compounds. Inspection of Tables | and Il shows
hedrally surrounded by 8.56 A) and Se(2.68 A) atoms, that the increase of from 1-2 mm/s for the SitV) chalco-
respectively. The tin environments in the(8hbinary com-  genides to 3.2-3.8 mm/s for the @n chalcogenides may
pounds are trigonal pyramids for SK&65 A) and SnS¢2.8  be mainly related to the increase in the number of 3n 5
A) considering only the nearest neighbors and very distordeglectrons from 1.2-1.6 to 1.9-2. The number of Sp 5
octahedra when including the second-nearest neighbor§lectrons does not vary noticeably-1.3-1.6, except for
SnTe has a rocksalt NaCl structure, and trjg\a) Sn atoms ar??(‘)‘;’ S'(I'ikl1)e Cgbmsg?\?enddsihsruetz;?es Qgsfc?rnlt);]: r;‘ég%reﬁfggct)?”
octahedrally surrounded by six Te atoi3s15 A). In Sn,S;  PviY)- ) ; X

there are two crystallographic sites with different oxidationSTY) chalcogenlc_ies: sulfidess-1.2 mmys) —selenidess(
states SAV) and Sill). The SrilV) atoms are surrounded ~1.§ mm/s) -tellurides §~2 mmis) 7r3pay beigorrelgteq to
by six S atoms forming a slightly distorded octahed(@rss ~ the increase op,(0) from about 52, ° to 57a, °, which is

A), and the Sfil) atoms are bonded to three nearest neighMainly due to the increase &f; from about 1.2sulfides to
bc)Jrs 2.7 A). Tﬂhé values of the Mssbauer isomer shift fo? 1.3 (selenidesand 1.5(tellurides. Differences between the

both the binary and ternary compounds span the two rangey lues of § for Sr(I_V) sulfides with octahedral and tetrahe-
ral Sn local environments are rather small. For the se-

of values 1._2 :_:md 3.2-3.8 mm/s, which may be re_Iated t(Penides, the increase is more significant: from 1.5 mm/s for
the two oxidation states 8V) and Sill), respectively SnSe to about 1.7 mm/s for EBnSq and ThSnSe, and
may be correlated to the increase of beif(0) and N;.
Finally, the variations o are fairly well reproduced by the

i calculated values op,(0) for the Sill) compounds. Al-
though the observed main trends in the variations ofiay

SnS be correlated to those @f,(0), Fig. 3 clearly shows that the

] present tight-binding approach cannot provide a reliable in-
& terpretation of some small variations éfas observed for

i some SAV) sulfides or Sfll) compounds.

] In summary, variations of thé®*Sn Massbauer isomer
shift for tin chalcogenides are consistent with changes in the
calculated electron density at the nucleus which are mainly
due to the Sn § electrons. The main trends in the variations
of § are correlated to the changes in the tin oxidation state
and for the S{V) compounds to the type of chalcogés,

] Se, Te and the Sn site symmetry. The results are summa-
Sn,F(1) rized in Table Ill, with the values o6, Ng, N, p,(0) and

T
SnCl,

o

T
Sn,F(2)
Snl,

& (mm/s)

$n,8(1)

Sn,F(1) the tin-chalcogen interatomic distandeall averaged over
1 \ . \ the different compounds with the same Sn environment.
0.5 1.0 1.5 2.0
N(Sn) IV. MOLECULAR MODEL

FIG. 2. Experimental values of tHé°Sn Mossbauer isomer shift A. Description of the model

& against the calculated values of the S& fumber of electrons In Sec. Ill the variations of the Mgsbauer isomer shift of
Ng(Sn) for binary tin compounds. tin chalcogenides have been explained from changes in the
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TABLE Il. Experimental data for ternary tin compounds: space group; Sn site symiitie¢rylistorted
and undistorted forms are not distinguishgal octahedront, tetrahedronb, trigonal bipyramidd, trigonal
dodecahedron; tp, bicapped trigonal prism; sp, square-based pyramid; and average interatomic distance in
parentheseén A)J: Sn oxidation statet!®sn Mossbauer isomer shift relative to BaSng@ with source and
absorber at ambient and nitrogen temperatures, respectively, ekcaipsorber at ambient temperature.
Calculated values of the numbers of Snhélectrons,Ng(Sn), and Snp electrons,Ny(Sn), and electron
density at the nucleus, (0). For mixed valency compounds the @) and Srfll) atoms are labeled 1 and
2, respectively.

Snlocal  Oxidation
Compound  Space group structure state of Sn 6 (mm/9 Ng(Sn) Ny(Sn) p,(0) (ag3)

1 SnShS, (1)  Pbcd 0 (2.58 \Y 1.10 121  1.40 52.6
2 PbSng Pnmd 0(2.56 v 1.134 1.19 1.43 52.6
3 BaSnSpg Pna2,° t (2.37) \Y 1.19" 117 1.49 50.7
4 1SS, (1)  P2,/md 0(2.62 \Y; 1.19° 1.24 1.30 53.9
5 TSNSy pP1¢ t+0 (2.52 \Y 1.22" 121 142 52.3
6 Na,SnS pZlef t(2.39 v 1.234 1.18 1.46 51.1
7 NaSnS C2/c9  t+b (2.46 \Y 1.25" 118  1.44 51.2
8 BaSnSa P2, /ch t (2.40 \Y; 1.27 1.19 1.47 51.3
9 TLSN,S; ca/ic! b (2.50 \Y; 1.28" 1.22 1.42 52.8
10  NaSnS; c2/c) t(2.39 \Y; 1.28 1.17 1.46 50.8
11 BaSnS, P2,/c t(2.39 \Y 1.29" 1.18  1.47 51.0
12 TI,SNS, P2, /ck t(2.39 \Y 1.35" 124  1.44 53.5
13 TLSNS c2/m' t (2.40 \Y] 1.41Y 1.23 1.44 53.1
14 TLSNnSe Pnmd" t (2.55 v 1.65% 1.34 1.49 56.8
15 T,SnSe P2,/c" t (2.53 v 167" 1.34 1.52 56.8
16 TLSnTeg 14/menf t(2.79 v 2.04 1.53 1.63 62.8
17 TLSNTg Pnméd t(2.78 \Y] 2.04 1.55 1.60 63.5
18 SnBjTe, R3nd 0(3.19 Il 3.3%Y 1.96 1.36 78.2
19  SnShTe, R 0 (3.09 I 3.37 1.94 143 77.3
20 SnShS, (2)  Pbca d (3.09 I 3.39 1.93 111 78.8
21 T,SnTe I 4/mcnd 0(3.28 Il 3.47" 1.97 1.16 80.0
22 GeSng P2,/c® sp (2.86 1] 3.50%2 1.95 0.98 80.5
23 InSnS; (2)  P2,/md tp (3.09 I 3.8 1.94 092 80.4
3Reference 43. °Reference 56.
bReference 44. PReference 57.
‘Reference 45. 9Reference 58.
dReference 42. 'Reference 59.
®Reference 46. SReference 60.
Reference 47. 'Reference 41.
9Reference 48. YReference 61.
_hReference 49. YReference 62.
'Reference 50. “Reference 63.
IReference 51. *Reference 64.
KReference 52. YReference 65.
'Reference 53. “Reference 66.
"Reference 54. aaReference 67.

"Reference 55.

number of tin valence electrons. The aim of this section is tasndX=S, Se, and Te. Let us recall that the Sn &hdtoms
derive simple analytical expressions Wf and N, as func-  are surrounded by chalcogen nearest neighbors in all com-
tions of a small set of parameters describing the local envipounds.

ronment of the tin atoms. These expressions are obtained The molecular model is obtained from the periodic
from a molecular description of the tin chalcogenides formethod of Sec. Il considering three main assumptions. The
highly symmetrical Sn sites. For simplicity, the the tin chal-first approximation consists in neglecting the interactions be-
cogenides of the present work will be denoted@$n, Xp, tween theC andX atoms. The periodic calculation of Sec. IlI
whereC is the cation for the ternary compoun@s=Na, Ba, gives positive charges for th€ atoms in agreement with
Ge, In, Sb, TI, Pb, and Bil&0 for the binary compoundgls their cationic character. In order to evaluate the influence of
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4.0 —— — T T sidered, since they concern most of the ternary chalcogenides

- 2o and provide simple analytical expressions of the electronic
r Sn(II) chalcogenides Sn,S,

2 populations.

B. Molecular electronic structures

] By the model described in Sec. IV A, it can be shown that
the molecular electronic structure of tHe Sn,X, com-
pounds is formed by the energy levels of theXgmmol-
ecules, the atomic energy levels of thealence electrons of
the chalcogenEg(X), and those of the valence electrons of
] the cation,E¢(C) andE,(C). In addition, for chalcogen co-
ordination lower than 3 there is also a nonbonding state at
Ep(X). The orbital basis set of the 8p molecule is formed
] by the Sn 5 and Sn % orbitals, and by combinations of
chalcogenp valence orbitals pointing toward the Sn atom.
For tetrahedral and octahedral Sn environments the Hamil-
tonian matrix can be block diagonalized, leading to simple
e 50 60 7'0 20 analytical expressions of the molecular energy levels and
0.0) @) wave fun_cuons. Eor 9(14 the dla_gonallzatlon of thg 88.
v . Hamiltonian matrix gives a pair of bonding/antibonding
FIG. 3. Experimental values of tHé°Sn Mossbauer isomer shift slike states(interactions between Srs@nd S P orbitals
6 against calculated values of the electron density at the nucleuand a pair of bonding/antibonding threefold-degenerated
pv(0) for tin chalcogenides. The numbering refers to the temary, e siates(interactions between Srp&nd S P orbitals.
chaI(_:ogenldes given in Table II. _The stralght Ilng is the linear cor-FOr SrX, the Hamiltonian is a 18 10 matrix, and the en-
relation betweers andp, (0) obtained for binary tin compounds. . . . . .
ergy spectrum is formed by a pair of bonding/antibonding
slike states, a pair of bonding/antibonding threefold-
the C-X bonds on the tin electronic populations, calculationsdegenerateg-like states, and a twofold-degenerated non-
were also performed without thé-X bonds. For example, bondingp state atE,(X). For both the SK, and SiXg mol-
the C charges are equal to1 for C=Na, In, and Tl, and+3  ecules the bonding and antibonding molecular levels of the
for C=Sb and Bi(perfect cations This can be related to the j-like states {=s,p) can be written
atomic energy levels of thg E¢(C), andp, E,(C), valence

3 (mm/s)

electrons of the cations which are in the valence and conduc- Epi=Ep(X)+Bil i~ (1+ %), %)
tion bands, respectively, except for Na and Ba which have - 21
only s valence electrons. In the latter cag(C) is in the Eai=Ep(X)+Bilyi+ (1+ )", (6)

conduction band. The tin valence electron populations evaluyhere b and a denote the bonding and antibonding states,
ated by the two approachéwith and withoutC-X bondg  respectively,y; and 8; can be written in terms of the tight-
only show small differences providing the same trends in thevinding parameters as

variations ofp,(0). This means that the ternary compounds

behave as a covalent tin-chalcogen network with a negative _ Ei(Sn —Ep(X) @
charge and isolated cations. The two other approximations Y 28, '

allow one to transform the tin chalcogen network into simple

molecular units. First, only the sSn)p(X)o and Bs=\6spo for the s-like states of SKs,  (8)

5p(Sn)p(X) o two-center interactions are considered. Inter-
actions with the chalcoges valence orbitals are neglected
because of their deep atomic energy levels compared to those
of Sn?®# Thus, the S 8, Se &, and Te 5 states are as- ﬁszﬁpzw
sumed to be corelike states. Th@s interactions between 2

the p valence orbitals of Sn ang are not taken into account As in Sec. Ill the atomic energies calculated by Herman and
since they are smaller than tipgpo interactions. The last  Skillmarf® and reported by Harriséhhave been used for the
approximation consists in a simplification of the local struc-intra-atomic parameters. For interactions between nearest
ture. In most of the materials considered in this work theneighbors, ad~2 scaling law?! whered is the interatomic
chalcogen coordination number is lower or equal to 3, andlistance, gives values of the two-center terms close to those
the SnX-Sn bond angles are close to 90°. By consideringobtained by the Robertson’s rule used in Sec. Ill. Thus the
the value of 90°, it is possible to form three orthogonal com-spo and ppo interactions have been related to the inter-
binations ofp-type valence orbitals for the chalcogens. Sinceatomic distance by this more simpte ? scaling law. The
there are only interactions between the Sn valence orbitalsain features of the electronic structures such as the posi-
and combinations ob orbitals pointing toward the Sn atom, tions of the peaks in the density of states may be qualita-
the tin-chalcogen network behaves as a set of noninteractingvely obtained from the analysis of the molecular levels.
Sn§, units where the Sn coordination numbers fixed by ~ Such an approach is used here to characterize the oxidation
the Sn local environment. In this work, only perfect tetrahe-states of tin. The following inequalities hold for all the chal-
dral (n=4) and octahedralf=6) Sn environments are con- cogenides considered in this work:

Bp=V2ppo for the p-like states of SKg,  (9)

for SnX,. (10
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Es(X)<Ep s<Ep p<Ep(X)<Eas<Eap- (11
The number of Sn & valence electrons is given by the oc-
cupancies of the twe-like statest,, s andE, ¢, and depends
on the position of the Fermi leveE: obtained from the
number of valence electrons in the unit cellHf is greater
than E, 5, the two statesE,  and E, ¢ are occupied and
Ng(Sn)=2. This corresponds to the 8h oxidation state. If
Er is lower thanE, s, the number of Sn $§ electrons is
lower than 2 and is given by the occupancyyfs. This
corresponds to the $iV) oxidation state. The number of Sn
5p electrons is given by the occupancy of thg , state,
since E, , is always greater thakg. Let us consider for
examples Sng T1,SnS, and TLSnTe. SnS is formed by
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and Srill) chalcogenides is given by the occupancy of the
Ep,p State. The numbers of 8N) 5s and Sn $ electrons
can be written as

Ne=1—as, (13
No=3(1—-a,), (14)

with
Yi (15)

ai:—/—1+y?,

wherei=s, p, andvy, is given by Eq(7). The termg; can be
viewed as a polarity coefficient similar to that defined by
Harrison forsp® compoundg?

Analytical expressions dfls andN, can be obtained from

edge sharing Spctahedra, and the S atoms are bonded t%qs.(?)—(lO) and(13)—(15) as a function of the intra-atomic
three Sn atoms. Thus the molecular electronic structure 'énergiesEs(Sn) Eo(Sn), andE,(X), the Sn site symmetry

formed by the bonding and antibonding levels of the $&nS
octahedron given by Eqg5)—(6), and the atomic levels
E3s(S) andEzp(S). The highest occupied molecular level is
obtained from the number of valence electr¢h6 per unit
cell) at E5,(S), in agreement with the expected (8h) oxi-
dation state. Since J$nS may be viewed as consisting of

isolated Snptetrahedra, the molecular electronic structure isy g g

and the SnX average bond length. These expressions can be
simplified because of the rather small variationsyqfbe-
tween about-0.8 and—-0.3, and those ofy, around 0.5,
which allows a linearization of; defined by Eq(15). Con-
sidering for simplicity Sng as a reference molecule, the
numbers of Sn valence electrons are written in terms of
p(X)-E3p(S), where E5,(S)=—10.27eV andAd

formed by the bonding and antibonding states of these mol- d(Sn-X)-d(Sn-S) withd(Sn-S)=2.4A. For Si,, this
ecules and the atomic levels of the valence electrons of S ar}ﬂ\/es T 4

TI. The Fermi level is also found d;,(S) by considering

the degeneracy of the levels and the number of valence elec-

trons (40 per unit cell. Thus the Sn oxidation state is IV. By
assuming for simplicity that 786nTe is formed by isolated

SnTe octahedra, a molecular electronic structure similar to

Ng=1.305+0.230Ad+0.124AE+0.103AE Ad,
(16)

Np=1.416-0.952Ad+0.264AE+0.220AE Ad,
(17)

that of T,SnS, is obtained: the same ordering of the molecu-
lar levels as given by Eq(11), but not the same energy and, for SiXg,

values. However, th_e degeneracy of the levels i_s modified N =1.236+0.185Ad +0.100AE + 0.083AE Ad,
due to the changes in the Sn site symmetry and in the num-
ber and the coordination of chalcogens. As a consequence
the Fermi level is now found &, s, and the Sn oxidation
state is Il. Thus this simple molecular picture allows to us
distinguish the S{V) and Sill) oxidation states of the two
main families of tin chalcogenides observed by sdbauer
spectroscopy.

(18)

Np=1.613-0.909Ad+0.250E+0.210AE Ad.
(19)

Equations(16) and (18) show that the numbers of Sns5
electrons for SK, and SiXg increase with the atomic energy
Ep(X) and the distancd(Sn-X). This can be related to the
decrease of the-like bonding staté, ¢ relative to the Sn §
state:Eg(Sn)-Ep s as the energy differenc,(X)-Eg(Sn)
and/or the distancé(Sn-X) increase. The numbers of Sp5
electrons given by Eqg17) and (19) increase withE,(X).
SinceAE,<2 eV, the second terifin Ad) on the right-hand

ide of Egs.(17) and (19) is greater that the last teritin

E Ad), and the decrease dfd tends to increashl,. The
increase oN, can be related to the increasetf , relative
to the Sn P state: Ey(Sn)-E,, due to the increase of
Ep(Sn)E,(X) and/or the decrease af(Sn-X). Thus the
increase ofE,(X) tends to increase bottNg and N,
whereas the increase d{Sn-X) yields the increase dfl
whereE,; and ¢, are the molecular energy levels and waveand the decrease f,.
functions, respectively, of the SR molecule, andp; is the The electron density at the Sn nucleus is related to the
tin atomic orbital of typd. As discussed above, the number numbers of Sn valence electrons by E8). However, a
of Sn Ss electrons is related to the occupancies of e, linear expression of,(0) as a function oNg andN,, gives
andE, s states. For Sitl) compounds, these two levels are for the SrflV) chalcogenides results which are close to those
occupied and\Ng=2, whereas the $i/) compounds only obtained by Eq(3), and is therefore used here for simplicity.
the Ey, s state is occupied. Since the, , state is always A linear interpolation of, (0) to the values obtained for the
empty, the number of Snibelectrons for both the $IV) Sn free ions by Elli¥ gives

C. Tin electron populations

A more quantitative interpretation of the variations ®f
for the SrilV) compounds requires the calculation of the
numbers of Sn § and Sn  electrons. According to the
molecular model the number of Sn valence electrons of typ
i (i=s,p) is given by

(@il )P,

E|=Ep

Ni = 2| (12)
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TABLE lll. Typical data for SiilV) chalcogenides with tetrahedral $pand octahedral Sty environ-
ments, whereX=S, Se, and Te, and for 8h) chalcogenides. The values of the Snbond lengthd, the
1195 Messhauer isomer shift relative to BaSp@, the calculated numbers of tin valence electrbigSn)
andNy(Sn), and the calculated electron density at the nugig(8) have been averaged over the different
chalcogenide compounds given in Tables | and II.

Sn(Vv)S, Sn(IV)Sg Sn(1V)Se Sn(V)Se SnIV)Te, S(D)
d(A) 2.4 2.6 2.55 2.7 2.8
5 (mm/s 1.3 1.2 1.7 1.5 2.0 3.2-3.8
Ng(Sn) 1.2 1.2 1.35 1.3 1.55 1.9-2
Np(Sn) 1.4 1.4 15 1.5 1.6 0.9-1.5
pV(O) (ag®) 52 52 57 56 63 77-81
py(0)=6.6+39.0MN5s— 3. M5, . (20) of AE, which is, however, partially canceled by thatod.

This gives small variations fad, which have a minor effect

Putting expression$l6) and (17) into Eq. (20) gives, for gn p,(0).

SXy, Tables Ill and IV show that changes in the Sn site sym-
_ metry from SiX, to SnXg may be correlated to the decrease
py(0)=53+12.6Ad+3.9AE+33AE Ad.  (2D) of §andp,(0). From SiX, to SrXg, the value ofAE does
In the same way Eq€18)—(20) give, for SrXg, not changeAd increases by about 0.2 A, and all the numeri-
cal coefficients of the right-hand side of Eq21) and (22)
py(0)=49.6+10.7Ad+3 AE+2.5AE Ad. (22)  decrease. The latter effect is more important than the in-

crease ofAd, and explains the decreasemf(0). Asshown
Equationg(21) and(22) show that the electron density at the by comparison of Eq€16) and(18), this is also observed for
nucleusp, (0) increases with the SK-interatomic distance Ns, Which is the leading term ip,(0). It can bereadily
and the atomic energy level,(X). This can be correlated to shown from Eqs(8)—(10) that the decrease of the coeffi-
the increase of the number of Si Blectrons WIthAE and  cients is mainly due to the decrease of the effective two-
Ad. The values oNg, N,,, andp,(0) have been evaluated center interactions from 3 to SnX,. Although the SnX
considering the average distances reported in Table Ill. Thiteractionsspo and ppo are stronger in S¥y than in
values are given in Table IV, and are close to those obtaine8Xs, the effective interactiorg;, which also depends on
by the periodic tight-binding methoTable I1). This vali- the number of chalcogens in the molecule, is greater for
dates the molecular calculation which therefore provides th&nXs than for SiX,. Thus the observed decreasedfrom
correct trends in the variations pf,(0) as a function of the tetrahedral to octahedral Sn environments may be roughly
type of chalcogen and the Sn site symmetry. It is thus postelated to the increase of the number of chalcogen nearest
sible to relate the variations of the Msbauer isomer shift to neighbors.
the Sn local environment from this model.

Experimentally,s is found to increase for a given por
SnXg environment for the sequenee=S, Se, and Te. This
result has been correlated to the increaséNgfand p, (0)
obtained by both the periodic calculatighable Ill) and the
molecular mode(Table 1V). The energy of the chalcogen

V. CONCLUSIONS

The observed main trends in the variations of t&sn
Mossbauer isomer shifé for tin chalcogenides have been
explained from a tight-binding calculation of the electron

valence electrons and the size of the anion both increase falensity at the nucleus. The interpretation has been carried
the sequence S-Se-Te leading in the latter case to the imut along the following three steps. First the valuep i)
crease of the Six interatomic distance. As a consequencehave been evaluated by a tight-binding calculation for a large
AE andAd increase, which explains the increaseNafand  number of tin binary compounds. The variations Qf{0)
py(0). Since the variations are lower than about 1.7 eV anchave been favorably compared to previously published re-
0.4 A for AE and Ad, respectively, they both contribute to sults, which may be considered as a good test of the accuracy
the variations op, (0), and theobserved increase dfis due  of the present approach. Second, the valuep,§0) have

to the changes in both the type of chalcogen and the tinbeen evaluated for ternary tin chalcogenides and have been
chalcogen distance. As shown by E@k7) and (19) the in-  correlated to the variations of the experimental value®.of
crease oN, for the sequence S-Se-Te is due to the increas®ifferent families of tin chalcogenides have been distin-

TABLE IV. Values of the numbers of tin valence electroNg(Sn) andNy(Sn) and of the electron
density at the nucleus, (0) obtained from the molecular calculation.

Sn§ Sng SnSe SnSe SnTe
N¢(Sn) 1.30 1.27 1.44 1.38 1.67
Np(Sn) 1.42 1.43 1.49 1.57 1.63
p.(0) (a5®) 53.0 51.7 58.1 55.6 66.8
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