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ABSTRACT

The electronlc structures of clusters representing crystalline compounds
of Sn(II) and Sn(IV) were Investigated, employing the first-principles
Discrete Variational method and Local Density theory. Denslitles of states and
related parameters were obtalned and compared with experimental measurements
and with results from band structure calculations. Effects of cluster size
and of cluster truncated bonds are discussed. Electric fleld gradients at the
Sn nucleus were calculated; results are analysed in terms of charge

distribution and chemical bonding in the crystals.
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1 INTRODUCTION

The theoretical investigation of the origin and magnitude of electric
field gradients 1in solids requires the knowledge of their electronlc
structure, obtained with methods which are devoid of parameters. Two choices
are available, band-structure methods, which make use of the translational
symmetry of the crystal“). and cluster methods 2. In these last, the solid
is represented by a finite cluster of atoms and, although the accurate
description of the long-range interactions will depend on the number of atoms
included, 1is well suited when addressing hyperfine propertlies, which depend
largely on the electronic charge distribution around one particular atomic
probe.

We present the results of first-principles electronic structure
calculations for clusters representing Sn (II) compounds
(SnO(black), SnF2{B], SnS and SnSe) and Sn (IV) compounds (Snoz and SnF4).
These compounds have been 1investigated experimentally by Midssbauer

spectroscopy of 19, (3)

., and they have quadrupole splittings AEQ that cover a
(from 0.45 to 2.20mm/s). Since AEQ 1s a product of a

nuclear and an electronic term, the electric fleld gradient, we have

wide range of values'’

calculated this last for all the compounds and obtained information on how it
is related to their electronlic structure.

The cluster method emploved is adequate for the problem, malnly for two
reasons. First, electric fleld gradients depend mostly on the very local
environment around the Sn probe {as will become clear further on) and this is
well described with the clusters chosen, which are all centered around a Sn
nucleus, where the electric quadrupole interaction takes place. Another good
reason for employing a real-space cluster approach is the complexity of the
crystal structure of these sollds, which makes band-structure calculations
cumbersome or impossible to be undertaken without simplifications.

Although, as mentioned, a large number of MOssbauer data for 19%n is
available in the literature, the data are limited by the fact that Sn does not
have an intrinsic magnetic moment, which would cause a magnetic splitting of
the Mossbauer lines. Due to thls fact, the sign of AEQ has not been

determined, for most Sn sollds. Theoretically, Sn Mdssbauer
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hyperfine interactions have received considerably less attention than those of
S’Fe. In the years of great Mdssbauer spectroscopy development (‘60s),
theoretical models based on crystal field and ligand fleld theories were
avallable for Fe, as for other transition elements; however, no corresponding
theories existed for Sn. In more recent years, although much more
sofisticated and precise theoretical methods exist, the complexity of the
crystal structures of most Sn compounds has discouraged the theoreticlans;
consequently, only a few electronic structure calculations for Sn sollds have
been reported in the literature, and, to our knowledge, this is the first
calculaticon of electric field gradients in Sn crystalline compounds.
Although we had a great interest In electric fleld gradlents, these were
by no means the only focus of our calculatlons. In fact, the six compounds
considered include bonding between Sn and anions that may be considered to
vary between ionic and covalent, since Sn has both oxidation states +2 and +4,
and the anions cover a wide range of electronegativities; accordingly, thelr
electronic structures and charge distributions may be thus considered
interesting per se, tc help understand how chemical bonds occur in Sn solids.
Finally, we mention that, in the list of solids studled, three compounds
at least have known important applications. The Sn (IV) compound SnOz is a

large-gap semiconductor(", and has been wldely used as radloactive source in

Méssbauer experiments(ah technolegically, its importance derlves from the
fact that it may be used as a transparent electrode. SnD2 has also an
important application as "1norganic exchanger" 1in Inorganic Analytical
Chemistry. The Sn (II) compounds SnS and SnSe are also
semiconductorg. Recent technological applications of Sn and Pb chalcogenides
include the construction of lasers and detectors in the infrared region‘”

The self-consistent cluster calculations were performed employing the

Discrete Variatlional method(s’

and Local Density theorytsi, for clusters
representing the solids. The convergence of the results obtained with cluster
size was investligated by performing calculations, for each compound, for
clusters with different number of atoms. The clusters were embedded in the
charge density of many layers of external atoms; the potential thus generated

was made consistent with the cluster potential.
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In Section Il we give some details of the theoretlical method and 1n
Section III we describe the solids and the clusters chosen to represent them.
In Section IV we give results on charge distributions and densities of states,
making comparisons with related experimental results and band structure
calculations, when avallable. In Section V we show results for electric fleld

gradients and in Section VI we summarize our concluslions.

2 THEORETICAL METHOD

Electronic structure calculatlons were performed with the Discrete
Variational method (DVM)®

clusters of varying sizes representing each compound. A summary of the main

in the framework of Local Denslity theoryjs), for

features of the DVM method as employed here 1s given in what follows, as well
as particular detalls pertaining to the present calculaticns; more about the
theory may be found in the references given.

The purpose of the Discrete Variational method is to solve the set of

(7

one-electron Kohn-Sham equations of Local Density theory for the cluster

{in Hartree atomic units):

2> =
by, () = [—uzv2 V@D 4 ch(?}]wt(?) = c 9, () -

where ¢l(?) are cluster orbitals expanded as linear combinations of

symmetrized numerical atomic orbltals x; (LCAOQ):

2 _ >,

v, (7) = Z 2, (F)C, (2)
7}

The Coulomb potential Vc(?) includes both the nuclear attraction of the

electrons and electron-electron repulsion, and V;c(?) is a functional of the

electronic density p(?) expressed as

p(F) = ); n | )|* (3)
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where n is the occupation of orbital wl(?}. The potential V;c(?) considered
here was that derived by Hedin and Lundqvist{m. which takes into account
both exchange and correlation.

The hamiltonian and orbitals are defined numerically in a 3-dimenslonal
grid of points. Application of the Discrete Variatlonal method leads to the

secular equations, to be solved self-consistently:

((H] - [El{S])IC] =0 (8)

vwhere the matrix elements of the hamiltonian and overlap matrices ([H] and
[S8], respectively), calculated with the atomic basis functions, are summations
over the numerical grid, with weights defined as the volume per point. This
grid 1s chosen to be regular (and thus allowing a precise polinomial
numerlical integration](g) inside a sphere of radius equal to 2ao around the
central Sn atom, a region containing core orbitals which vary steeply with the
distance from the nucleus; outside this sphere and around the other atoms, a
pseusc-random diophantine point-generator is used to define the points. The
total number of polints for the self-consistent calculations was of the order
of 5,000 for the Sn sphere and 10,000 - 14,000 for the rest of the cluster’s
space,

To facilitate the calculation of the electron-electron repulsion

integral, a model potential 1is defined‘lo,

, by substituting the exact cluster
electronic charge density p{?) by a model charge density pi(?) which is a

superposition of spherical charge densitlies centered on each nucleus

I 1,9
p@) 2 p ) m] d, 0, (5)
nll
- The charge densities are not truncated (as in the muffin-tin scheme),
I 3y _ s ipd ~
being allowed to overlap. In Eq. (5), pm,‘(r)-E anttrq)leg(qu the

summation 1s over a previously defined set of atoms and the superscript I

represents a particular set. The coefficlents d:t are obtained variationally
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by a least-squares fit to the exact density p[?], with the condition

) dil I pic(?)dv =N (6)
nll

where N 1s the total number of electrons in the cluster. In all crystals, the
Sn atoms are all equivalent. However, since we focus primarlly on the central
Sn atom, for each cluster this atom was considered a set by itself 1mn Eq. (5),
and thus its contribution to the mode)] potentlial was allowed to be different
from that of all other Sn atoms, all kept in the same set. In SnS, all S
atoms are equivalent, and were thus kept In the same set; this 1s alsoc the
case for Se in SnSe and 0 in 5n0 and SnOz. There are two types of F atoms in
SnF2 and SnF‘, as will be discussed in the next section; accordingly, they
contributed differently to the model potential. This last Is made
self-consistent.

As mentioned before, several layers of external atoms were considered, on
which were placed charge densitles to simulate the external crystal(lix
These charge denslties were obtained from atomic numerical Jlocal density
calculations, and were truncated to take into account the Paull exclusion
principle. The potentlals of the remaining external charges were considered
with the use of the Ewald procedure(iz). Atomic basis functions in Eq. (2)
were also obtained with atomic calculations. A potential well with a depth
of -2.0 hartrees ls added to all atoms, during the atomlc self-consistent
calculations, to assure the convergence of the negatlve lons and to slightly
contract the Sn valence atomic functions, thus adapting them better to a
description of the crystal. The basis functions used were 4s, 4p, 4d, S5s and
Sp for the central Sn atom in all compounds and 58 and 5p for the other Sn
atoms. For S, the varlational orbltals were 3s and 3p and for Se, 4s and 4p.
All core orbitals not Iincluded in the variatlonal basls were kept "frozen"
after the first lteratlon in the self-consistent procedure for the cluster,
after having been crthogonalized to the valence basis functlons. For 0 and F,
all orbitals were kept in the variational space.

To start the self-consistent procedure, each atom was conslidered
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neutral, and, accordingly, there was no charge on the cluster. After the
first convergence was achieved, a Mulliken‘!® population analysis was
performed and charges determined on each type of atom (types defined in the
sense of Eq. (5)). Since the central Sn atom is best described, its charge 1s
used to determine the charge on the cluster for the next convergence. For
example, if the charge found for the central Sn was +1 1n [SnOBSnm}
(representing SnC), the Oxigens are assumed to have charge -1 and the charge
on the cluster 1s +5. For the next set of lterations, the total number of
electrons is adjusted to this charge; moreover, hew basls orbitals are
generated for the charges and configurations obtalned for the atoms in the
cluster, as well as new atomic charge densities for the external atoms,
obtained from the same configurations. This procedure is repeated until the
populations and charges on the cluster atoms are similar to those in the atoms
generating the basis, as well as for the external atoms that symulate the rest
of the crystal. This rather tedious and computer time-consuming scheme was
designed to achieve three purposes: {a) to consider a total charge in the
cluster consistent with atomic charges found with the calculations; (b} to
reduce basis-truncation effects, by using basls orbitals consistent with the
atomic configurations Iin the cluster; (¢) to reduce spurious cluster-size
effects In the simulation of the solid, by providing an embedding consistent
with the cluster.

A partlal local density of states D:t may be defined for each orbital

{n,) in atom q, by broadening the discrete levels € by Lorentziansu"
9,(E) = Z pi,  _9/R Q)
J +0°

where the sum covers all cluster orbitals, for which P:! . is the population

of orbital (nl) of atom ¢. Here the half-width o was taken as 0.035eV. The
total density of states is then:

D(E) = [ D:E(E) (8)
qnl
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3 DESCRIPTION OF THE CRYSTALS AND OF THE CLUSTERS

In Table I is given some information on the crystalline structure of the
compounds studied(lsyqzli, as well as on the clusters chosen to represent
them. The last column of thils Table gives the local point symmetry around the
central Sn atom, placed at the origlin; it may be seen that the complex crystal
structures displayed by these solids give rise to very low point symmetries
for the clusters. This feature makes the calculations mere cumbersome, and
places limits on the sizes of the clusters selected.

The first compound in the Table is Sn0O, which is tetragonal in 1ts most
as), a8 .,

Sn and all 0 atoms are equivalent. In Filgure (1} is represented a portion of

common variety (black Sn0) and has two molecules per unit cell

this solid, as well as two of the clusters consldered, the smallest and the
largest. The structure of SnO is made of layers, and each Sn atom 1s at the
vertix of a square pyramid whose base is formed by four oxygens. To form the
three clusters selected to represent this compound, we added to the first
cluster four oxigen atoms, and then four Sn atoms. SnFé crystallizes in three
distinct phases, «, B8 and y, with respectively monoclinic, orthorhombic and
tetragonal structures. We chose B-SnF2 since its value of AEQ is large, and
we were interested in a wide range of values for AEQ. The local environment
of a Sn atom and the smallest cluster consldered are depicted in Fig.

(2). The very distorted nature of the crystal“v)

glves rise to the lowest
peint symmetry for all clusters (Cil. All Sn atoms are equivalent and there
are two types of F atoms. Each unit cell contains four molecules.

The last two isomorphous stannous compounds, SnS and SnSe, crystallize in
a layered structure similar to that of black phosphorous, which may be viewed
%), (18 yp Fig. (3) are depicted

a portion of the crystal structure of black P, which the crystal structures of

as a distorted NaC! or rocksalt structure

these compounds resemble. In this figure is also shown the largest cluster
chosen to represent both SnS and SnSe. All Sn and all S (or Se)} atoms are
equivalent. SnS and SnSe form with GeS and GeSe a subset of lsomorphic
IV -~ VI semliconductors, which may be obtained also in amorphous phase. The

unit cells contain four molecules.
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Stannic oxide, Snoz, crystaliizes in a rutile-type structure, in which
each Sn atom 1s surrounded by six Oxigen first nelghbors, 1ln a distorted

18,419 1, Fig. (4) are depicted a portion of the

octahedric coordination
solid and the largest cluster chosen to represent it. The unit cell of this
crystal contalns two molecules; all Sn and all 0 atoms are equivalent.
Finally, both a portion of the SnF‘ crystal and the largest cluster
selected to represent it are shown in Fig. (5). The solid has a layered
structureus"‘m), in which each 5n atom is six-fold coordinated to F atoms
of two types, four equational in the x-y plane (Feq in Table I) and two axial
in the =z axis (l"‘x in Table 1). The distance Sn-Fu 1s shorter than
Sn-F,q. The Sn and Foq atoms form a layer, with the F'mc atoms forming layers
by themselves, above and below. _SnF‘ cristallizes 1in the tetragonal
structure, with two molecules per unit cell; all Sn atoms are equivalent and,

as described, there are two types of F atoms.

IV ELECTRONIC STRUCTURE AND CHARGE DISTRIBUTION

For each compound investlgated, we were interested in assessing the
effect of cluster size in the calculated electronic and hyperfine properties.
As an example, we may analyse the case of Sn0. As given in Table I, three
clusters of different sizes were considered. In Fig. (6) are shown the
one-electron energy levels scheme for the three clusters. It may be seen
from this figure that adding the four oxigen atoms on the topmost plane of the
smaller cluster (Fig. (1)) has a large effect, causing the energy levels to be
pushed down and the gap to widen; addition of the four outermost Sn atoms on
the xy plane to form the third cluster has a much smaller effect. This trend
was alsc observed when we analysed the charge distribution between the atoms:
the difference between the first and second clusters is much more pronounced
than between the second and third.

In filling the energy levels in Fig. {6) according to the "aufbau"
principle, as 1s coherent with Local Density theory, the number of electrons

considered for each cluster is determined by the charge calculated as
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described in Sectlon II. If the cluster 1ls not stoichiometric, i.e., if the
proportion of Sn and anion atoms is not the same as in the solid, there will
be a small excess of electrons (when the number of Sn atoms surpasses the
stoichiometric proportion) or a small depletion (when the number of anion
atoms is In excess). For example, for [SnDBSnlzl, representing Sn0D, with
charge +7.32, there will be an excess of 2.68 electrons in orbitals 16e
(degenerate). However, we are trying to describe the infinite solid, and so
in all cases after the final convergence is achieved we define the Fermi
level as it would be in the stoichiometric case, that is, the last occupied
level of the anion p valence band (15a1 for [SnOGSnizl). Since these
"artificially occupied” or "artificially depleted” levels do not contribute to
the hyperfine Iinteractions at the central Sn atom, this constitutes no
problem.

In Table II are displayed the Mulliken‘'®

charges and populations for
the Sn compounds, obtained for the largest clusters. It may be observed that
the <central Sn atom (Snc) and the other Sn atoms In the clusters have
similar charges, which is an indicatlon that our cluster description of the
solids lIs reasonably accurate. The central Sn atom in all cases 1s better
described, since all its bonding capacity is fulfilled; the peripheral Sn
atoms (Snp) have some of their bonds truncated. This may be the reason for
the fact that the more external Sn atoms have systematically larger positive
charges than Snc. since they are more similar to the free lons sn** and
sn**.

compared to Snc. of the more external Sn atoms of the Sn (II) compounds, which

Also related to thls feature is the smaller Ss - 5p hybridization, as

have configurations more simllar to the free ion Sszspo.

Charges on the central Sn atom for the stannous compounds are related
closely to the electronegativities of the anions. In fact, the larger
positive charges pertain to the Sn atom in Sn0 and San; accordingly, the
electronegativities of O and F have the large values 3.5 and 4.0,
respectively. The electronegativities of S and Se are lower and very similar
(2.5 and 2.4 respectively). Large positive Sn charges correspond to smaller
5s and Sp populations; in particular, in the four stannous compounds, San has

a much smaller degree of 5s - Sp hybridization than the others.
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For the two stannic compounds, SnO2 and SnF4, the Mulliken analysis gives
similar charges, Iindicating similar degrees of ionicity 1in the bends. In
SnF4, the charge on F;x is slightly less negative than on Faq.

For all cases studied, the charges found on Sn are qulte far from the
formal charges +2 and +4,

A common characteristlc of all Sn (II) compounds 1s the presence of a
“lone pair” of electrons, which are accomodated 1n a vold space in the
crystal, where a bond with an anion is missing (see Figs.(1) - {3)). In a
Molecular Orbital (or “cluster orbital") plcture such as the present cne, this
“lone palir* on the central Sn atom 1s described mainly by one (or more)
cluster orbitals with significantly higher SnGSS and 5p contributions. In
Table III are given the compositions of the "lone pair" orbltals of all four
stannous compounds. It may be seen that in San the "lone-palr" orbital has
considerably more 5s character, relative to Sp, than in the other compounds;
in this compound, this orbital has alsoc a much higher total 5s + Sp character,
signifying a stronger localization of the "lcne-pair" on the Sn atom. In the
other stannous compounds, the 5s and 5p populations have small contributions
from many valence orbitals and the "lone-pair" is thus more delocalized.

In Fig, (7) are given total and partial Density of States (DOS) diagrams
for Sn0D, obtalned for the largest cluster ([SnoaSnw]]. In these and other
diagrams, the Sn 5s and 5p DOS were descrlbed as an average over Snc and Snp,
independently of the actual Snc/5n$ propertion in the cluster. From this
diagram we may analyze the electronic structure of this compound. The narrow
band at lower energies 1s the 0(2s); there 1s a very small Sn(4d)
participation in this band, but the 4d levels are almost entirely all located
at about 3eV lower energles, forming a very narrow band, not shown Iin the
figure. The valence band of SnO is dominated by 0(2p)} levels; however, there
is a conslderable mixture with Sn(5s) and, to a lesser extent, Sn(Sp). This
mixture evidences the covalent nature of the Sn - O bond. The conduction band
unoccupied levels are predominantly Sn(5p).

In Fig. (8) we show the local DOS for Sn{5s) and Sn(Sp) orbiltals,
discriminated for the central Sn atom (Snc] and the peripheral Snp. In the
actual crystal, all Sn atoms are equivalent; the inequivalence found for the
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Snc and Snb DOS is a result of representing the solid by a finite cluster of
atoms. As mentloned earlier, results for the central Sn atom are more
meaningful, since it is better described. In general, thls cluster effect
affects mostly the empty conduction band levels; for this reason, we shall not
make a quantitative analysis of optical properties of the compounds. Fer Sn0,
however, the existence of an energy gap of roughly 2eV is clearly seen in
Figs. (7) and (8), which could place this compound in the cathegory of a
semiconductor. Regrettably, we could not find any experimental reports in
the literature on the optical or transpert properties of SnO.

In Fig. (8) may be also seen the peak near the Ferml energy which
describes mostly the Sn 58 - S5p hybrldization at the central Sn atom. This
corresponds to a "lone-pair” orbital (15a1, given in Table III), and it may be
observed that the areas are roughly in the same proportion as the relative
58 - 5p populatlons,

In Fig, (9) we present DOS diagrams for the largest cluster ([SDF;:F4])
representing San. The lowest energy band differs markedly from that of SnQ,
in that is shows a large mixture of Sn{4d) an F(2s) orbitals. This results in
a widening of the band and, of course, in an enhanced DOS. We could not find
any report of photoelectron spectroscopy measurements for thls compound; It
would be very interesting If such experiments were performed, to test our
prediction. We must keep in mind, however, that energy eigenvalues of Local
Density theory (see Eq. (1)) are only approximatly comparable to lonlzation
energies, since Koopmans' theorem does not hold, as 1t does in Hartree-Fock
theory. For more preclise results, a "transition state” calculation for each
energy level has to be performed‘zn.

The valence band of San is predominantly F(2p); same Sn{5s) mixture 1is
present, but these orbitals contribute mostly at higher energies, near the
Fermi 1level, whereas the F(2p) levels are concentrated at lower
energies. This points to a small mixture between the Sn and F orbitals, and
thus to a pronounced lonic nature of this compound. There are two types of F
atoms In San; one of them has a wider 2p band. The conduction band is
constituded almost entirely of Sn(5p) levels. The separation between the
Sn(5s) and Sn(5p) levels is consistent with the much smaller degree of
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hybridization found by population analysis 1in this compound (Table II), as
compared to the others. In Fig. (10) are shown DOS diagrams separatly for Snc
and Snp; the separation of Sn(5s) and Sn(Sp) levels 1s seen clearly. The peak
near the Fermi energy corresponding to the "lone-pair" orbital on
Snc is seen In Fig. (10), and it 1is predominantly ©Sn{(5s). A gap of
roughly 3.5 eV is found for San.

The DOS diagrams of the last two Sn{(II} compounds SnS and SnSe,
represented by the largest clusters {[SnS7Sn8] and [SnSe7Sn8], respectively]),
are depicted in Figs. (11) to (14). These two compounds present similar
electronic structures. The lowest energy bands 1n Fig. (11) (SnS) and Fig.
(12) (SnSe) are constituted solely of S(3s) or Se{ds) levels, with practically
no mixture with Sn(4d). The valence band in both cases presents a large
mixture between S{3p) or Se{4p} and Sn orbitals and it 1s separated in two
groups of levels, the first with predominantly mixture with Sn(5s) and the
second, at higher energies, with Sn(Sp}. In Figs. (13) and (14) are given
separatly the Sn(5s) and Sn(5p) contributions for central and peripheral
atoms. In these diagrams, we can see the peaks related to the "lone-pair*
orbitals (Table III) near the Fermi energy. The empty conduction levels are
predominatly Sn(5p).

Since these two compounds show a marked degree of mixture between Sn and
anion valence orbitals, they form pronouncedly covalent bonds. Photoemisslon
spectra are available¥* ' and are shown in Figs. {11) and {12) for
comparison. It may be seen that the general features of the spectra are
reproduced by the calculations, in particular the separation of the valence p
band in two groups of levels, as described above. The nature of the
experimental peaks may thus be understcod. The high density of levels around
the Fermi energy and our poor description of the empty conduction band does
not allow any estimate of the gaps, except to say that they are small (<leV in
both cases}. In fact, experimental measurements for these two typical
semiconductors of type IV - VI are avalilable giving gaps of ~ 1.1eV for
SnS and ~ 0.9 for SnSe '’ (¥ 24

The DOS diagrams of the two Sn(IV)} compounds studied, SnO2 and SnF‘, are
given in Figs. (15) to (18). These results are for the largest clusters
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([Sn0105n1°] and [SnFnSn‘]). The lowest energy band of S‘:»rle{'.'i2 is predominantly
0(2s); however, it does show a small Sn(4d) participation, as seen in Fig.
{15). The valence band is almost entirely constituted of 0{2p) levels, with
very small admixture of Sn(5s) and (5p); in spite of its ionic nature, SnD2
is classifled as a wlde-gap semiconductor, with measured gap of 3.6eV{‘).

The DOS diagram of SnF; depicted 1in Fig. (16) shows that the lower energy
band has considerable Sn(4d) and F(2s) mixture. Again, 1t would be very
interesting if photoemission spectra were obtained, to verify our predictions.
Since there are two types of F atoms in the crystal, there are two F{2s)
sub-bands. This fact, plus the mixture with Sn(4d), widens the F(2s) band.
The valence band of SnF‘ is formed almost entirely of F(2p); again, the two
types of F contribute with two different sub-bands. The band constituted of
the 2p levels of the equatorial F atoms is considerably wider; this may be
understood by examining Fig. (5), where the structure of this sclid is
depicted. In fact, the equatorial F atoms are placed In layers in which each
F is bonded to two Sn atoms; in constrast, the axial F atoms are more isclated
and, accordingly, form a narrower 2p band.

The separated Snc and th 5s and Sp local DOS are shown in Fig. (17) for
SnO2 and Fig. (18) for SnF‘. For these two ionic compounds, the artificial
difference between the central Sn and peripheral Sn atom bands 1s more
proncunced than for the Sn (II) compounds. This fact may be understood by
examining Figs. (4) and (5) where the clusters representing these sollds are
depicted. Due to the nature of the crystal structures, the more external Sn
atoms in the clusters chosen are quite isolated.

As was described, for all compounds investigated, mixtures between the
anion valence s corbitals and Sn(4d) were found for San, Sn]"‘I and, to a much
lesser extent, for SnOz. This mixture is very small in SnO and unexistant in
SnS and SnSe. To understand better these dlfferences, we performed Local
Density self-consistent calculations for Sn, 0,F,S and Se atoms. The valence
s energy levels of F,0,S5 and Se are shown, together with the Sn(4d) level, In
Fig. (19). In this figure, we observe that the F(2s) level 1s nearest in
energy to the Sn(4d), followed by 0(2s), whereas the S(3s) and Se(4s) levels
are at much higher energles.



CBPF-NF-019/91

In Table IV we have collected some parameters related to the energy

levels distributions in the Sn compounds. For comparison, we have included in

this Table some experimental data found in the literature(zz)'(zm, as well as

results from reported band structure calculatlons(zs)'(ao).

The anion s valence band is narrow in all caseg, belng somewhat wider
for San and Sn]"‘l due to the existence of two different types of F atoms in
both cases, as well as mixture with Sn(4d). The calculated values of this
width A: for SnS and SnSe are smaller than those reported in the 1literature
derived from photoemission spectra(zz’.; however, at least part of this
discrepancy may be ascrlbed to the strong dependency of the resolution of the
experimental peak on the photon energy. Band structure calculations with a
parametrized Tight-Binding method‘zs)_ also give smaller values for ﬁ:. in
agreement with ours.

The values of the width A: of the anlon p valence band are similar in all
compounds; the larger values of A: pertain to SnF2 and SnF‘, in which there
are two types of F atoms, broadening this band. The calculated values of AP

v
may be compared to values taken from photoelectron spectroscopy for Sns(zz),

SnSetzz, and SnOz(ZS); these last are somewhat wider.
We only found reported band structure calculations for the

(a1 employed a

semiconductors SnS, SnSe and SnOz. Parke and Srivastava
(32)

semi-empirical pseudopotential method to study SnS; Car et al
investigated SnSe with a similar method. Robertson(zsl
Tight-Binding parametrized method to calculate the band structure of SnS and

SnSe and obtalned DOS dliagrams similar to curs, although he assumed the FCC

employed a

structure for these compounds.

Arlinghaus performed band structure calculations for SnO2 employing the
APW method(z”, with the "muffin tin" approximation for the potential in the
solid. This calculation was the only one found by us in which the Sn{4d)}

(33)

orbital was considered. Jacquemin and Bordure employed the KKR (Green's

Functicn) method to SnOz, also within the "muffin tin"
approxXimation. Robertson(zm also studied thls compound with a parametrized
Tight-Binding method; finally, Svane and Antoncik‘?® studied Sn0, with the

LMTO {(Linear Muffin-Tin Orbitals) method 1n a scalar-relativistic approach.
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Another LMTO calculation‘™®

valence band width.

In Table IV we collect results for n: obtained with band
calculations. We may observe that the Tight-Binding method gives values of n:
which are larger than those obtalned by us. For SnOz, the APW and LMTO
methods glve smaller values of h: than the Tight-Binding method; the wvalue
obtained by Svane and Antoncik with the LMTO method for this parameter
coincides with that obtained with the present calculatlon.

The values of b: for Sn{fJ2 obtained with the different band-structure

for SnO2 gave a quite different result for the

calculations differ among themselves quite noticeably. The experimental value
from photoemission spectroscopy indicates the larger value of ﬁ: as more
correct; however, as pointed out by Svane and Antoncik, one must have caution
when considering band widths derived from these photoemission experiments, due

to certain experimental difficulties.

¥ ELECTRIC FIELD GRADIENTS

The electiric fleld gradient traceless tensor of components V}t, in the

system of principal axis, in which it ls dlagenal, is completly deflned by one

of its components V;z and the so-called assymetry parameter 7n defined asta):

p == (9)
The components are labeled according to the convention
Ivzzl = |v;y| = Iv;xl (10)

This linits the values of n to the range 0 = 5 =5 1,
For the 23.8 keV transition of ''°
is given by

Sn, the Mdssbauer quadrupcle splitting
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e sz Q - 172
Am=—7~[1+;| (11)

where Q is the quadrupole moment of the nucleus In the exclted state and e
the charge of the electron.

The term "electric field gradient”" is used when referring to the largest
component sz. In our Local Density cluster calculations, the components of
the electric field gradient tensor, prior to diagonalization, are given by {in
atomic units):

_ _ > - 2] .. 5 of _ 2 5
Ve = I P(r)[ijxt 8,4 ]/r dv + Z z: [3xqjxqe szrq]/rq

2 s
+ ; Kp[sxp]xpe ajzrp]/rp (12)

In Eq. (12), the first term is the electronic contribution, with p(?]
given by Eq. (3); the second term is the point charge contribution of the
nuclel of the cluster atoms around the central 5n atom where the electric
field gradient 1s calculated, with Z:t the nuclear charge minus the frozen
core electrons. The third term represents the point charge contribution of
the shells of neighbors external to the cluster present in the embedding, with
charges Kp defined by the Mulliken population analysis for the corresponding
atoms in the cluster.

The tensor with components Vjt ls diagonalized to obtain the principal
components and their direction. The principal components are then renamed
according to the convention expressed in Eq. (10), independently of the
cluster coordinate system.

The dlagonal components of the V tensor at the central Sn atom in the
principal axis sytem were obtained for all the clusters representing each Sn
compound, as glven in Table I. Both the values of the principal components

and the directions tend to become stable as the cluster size is increased,
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indlcating in all cases that the clusters are large enough to ensure
reasonable convergence of thls property with respect to the number of
atoms. Thls result asserts that cluster calculations are an adequate tool to
calculate electric gquadrupcle Iinteractions in 1lonic and covalent solid Sn
compounds, and is an indication of the short-range nature of such
interactions. Cautions systematic Investigations of cluster slze effects
such as the present ones are, however, necessary, since results for small
clusters may be completely misleading. For example, calculations for the
smaller cluster representing SnS, Ehﬁ%Snzl. gave a value for V;z which has
the wrong sign and direction, when compared to the larger clusters [SnSTSnsl
and [SnS7Sn8]. The cluster [Sn06] representing SnO2 gives a value of V;z wlth
opposite sign to those found for the larger clusters [SnOssnzl and
[SnOmSnm], for which similar values of sz were obtained. This shows the
importance of the contribution of the two Sn atoms in the z axls, above and
below the xy plane, which were added to [Sn06] to form the second cluster
[Sn065n2] (see Fig. (4)).

In Table V are given the principal components and corresponding
directions of the electric fleld gradient tensor at Sn; for the Ilargest
clusters representing each compound. Sn0O and SnF; have fourfold axial
symmetry around the Sn atonm; accordingly, Vxx and V;y are degenerate on the
Xy plane. The negligibly small difference found between V;x and V}, for SnF‘
is due to numerical errors. It is seen in thls Table that values of V;z are
large and negative for all compounds except SnDz, which has a small positive
sz in the x direction (see Fig. (4)). SnoO, Sn0, and SnF,  have axial symmetry
around Sn, and s0 non-diagonal components of Vl] are zero and the cluster and
principal coordinate systems coincide.

It was verified in all cases that the contrlbution of the shlelded nuclel
to sz (second term of Eq. (12)) and external charges contribution {(third term
of Eq. (12)) are very small; this shows that sz in these compounds are mainly
determined by distertions of the electronic charge around the Sn atom, the
effect of distant charges being much less Important.

In Table VI we analyse the electronic contributicens (first term in Eq.

(12)) to the largest diagonal component of the tensor Vij, prior to
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diagonalization, l.e., in the cluster coordinate system. For the compounds
with axial symmetry around Sn (SnO, SnO2 and SnF‘), these coincide with the
electronic sz, since the axial symmetry determines that off-dliagonal
components be zero. This analyslis may be performed by considering individual
cluster orbitals in the definition of p(?) {(Eq. (3)). In the first column of
Table VI are given the shallow core contributions (cluster orbitals containing
Snc(4s), (4p) and (4d)); it may be verified that they are small compared to
the total. The valence contribution has been decomposed in contributlons from
cluster orbitals contalining pr. 5py and 5pz orbitals on the central Sn atom,
in the LCAO basis; this decomposition 1s possible due to the symmetry
properties of the cluster orbiltals.

In SnO0 and SnF‘. the contribution of the orbitals containing sz
dominates, and so they determine the sign and direction of Vmi On the
other hand, in SnOz the largest (negative) contribution to sz comes from the
orbitals containing 5px; however, the cluster orbitals contalning 5py and 5pz
give positive contributlons which, added together, surpass the pr. and so
determine the poslitlve sign of V;z, which is on the x axls. For SnS and
SnSe, the direction of sz i1s on the xy plane, and contributions of the
orbitals containing 5px are Spy are dominant. No such analysis was posslble
for San due to the very low point symmetry.

In the last columns of Table VI are given the contributions of the "lone
palr” cluster orbitals {see Table III), for the Sn(II) compounds. As seen in
Table III, these orbitals contain Snc(sz] in Sn0 and Snc (pr + SpyJ in SnS
and SnSe. It may be verified that these orbltals are cruclal in determining
both the sign and directlion of the electric field gradients.

In order to establish the valldity of the frozen deep core approximation
in the calculation of V;z, we performed one test calculation for [SnS758]
representing SnS, in which all orbitals on the central Sn orbital were
included in the varliational space. It was verified that the deep core
(Sn(is,2s,2p,3s,3p,3d)) contribution to V;z was negligeable, evidencing the
almost spherical distribution of these electrons.

Finally, 1in Table VII are displayed the values of AEQ, calculated
according to Eq. {(11), and compared to the experimental values measured by
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(3),(34-436) " The value of the nuclear quadrupole

37 (Q = - 0.109b).
We may verify from Table VII that the agreement between theoretical and
experimental values of AEQ 1s quite good for San, Sn.O2 and SnF;. For the

Miéssbauer spectroscopy

moment adopted here was that derived by Haas et al.

other compounds the discrepancy is larger; however, results may be considered
sti1ll fairly good, given the complexity of the crystals and of the property
investigated. Since the agreement is best for the most lonic compounds, we
believe the discrepancy found for SnO, SnS and SnSe (which have more covalent,
and thus more directional, bonds) most probably stems from the overlapping
spherical approximation for the model density (Eq. {5)), since this would be

worse for the more covalent bonds. The DV method allows for higher multipeolar
(10)
u r
calculation may enhance the cluster-size effects. It must be mentloned also

expanslions of the model p however, more f{reedom for Py In a cluster
that some uncertainty should be allowed in the experimentally-derived value of
Q adopted here.

For all compounds calculated, AEQ is positive, except for
SnOa. Unfortunatly, in the experiments reported the sign of thls quantity was
not measured for any compound; it would be very desirable if such measurements
were performed, to test our predictlons.

The Mdssbauer Isomer Shifts of these Sn compounds were also Investigated
with the present calculations; results will be reported elsewhere®® .

Preliminary results for electric field gradient calculations of these 5Sn
compounds, using a somewhat different model potentlal, have been published

elsewhere(ag).

VI CONCLUSIONS

The electronic structure cluster calculations for Sn lonic and covalent
compounds with complex crystal structures gave valuable 1insight into thelr
electronlic properties.

The charge distributions and DOS dliagrams show that, of the Sn{II)
compounds investigated, SnF2 is more lonic than Sn0O, SnS and SnSe. For these
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last three, considerable mixture between Sn and anion valence orbitals
occur. The Sn(4d) orbitals combine with F(2s) to form a dense band at lower
energies in San and SnF4. This prediction could be tested iIf photcemission
measurements were performed in this energy region.

Calculations of electric field gradients give interesting information on
the origin of this quantity. Contributions of the charges outside the
clusters are seen to be quite small, evidencing the local nature of Mossbauer
quadrupole splittings. The importance of the "lone pair" electrons for the
field gradients in Sn(II) compounds was assessed, Quantitative agreement with
experimental values of AEQ is very good far SnFé, SnOz and SnF4. Predictions
for the signs of AEQ iIn all compounds were made, calling for experimental

verificatlion.
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TABLE CAPTIONS

Table 1

Structural information on Sn(II) and Sn(IV} solids, clusters for which
calculations were performed and symmetry group around central Sn atom. (a)
See ref. (15). {(b) See ref. (16). (c) From ref. (17). (d} From ref.
(18). {(e) From ref. (19). (f) From ref. (20). Feq and an stand for
equatorial and axial F atoms, respectively (see Fig. (5)).

Table II

Charges and Mulliken populations 1In clusters representing 5Sn
compounds. Snb is central Sn atom, Snb is peripheral Sn atom. F1l1 and F2 are
the two types of F atoms in SnFa, Feq and F;x are equatorial and axlal F atoms
in SnF‘.

Table III
Population analysis of “lone pair" cluster orbitals of Sn(II) compounds.

Table IV

Energy distribution parameters {in eV) of Sn(II) and Sn(IV) compounds,
for the largest clusters. Ef = Ferml energy, ﬂ: is width of valence s band,
ﬁ: is width of valence p band. (a) From ref. (22}. (b) From ref. (25). (c)
From ref. (26). (d) From ref. (27). (e) From ref. (28). (f) From ref. (29).
(g) From ref. (30). TB = Tight Binding, APW = Augmented Plane Wave,
IMTO = Linear Muffin Tin Orbitals.

Table V

Principal components of the electric field gradient tensor around the
central Sn atom and its directions in the coordinate systems of the clusters
(see Figs. (1}-(5)).

Table VI
Analysis of the electronic contribution to the largest dlagonal component
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of the electric fleld gradient tensor prler te dlagonalizatlon. For clusters
with axial symmetry (SnO, SnO2 and SnF‘), this colncides exactly with the
electronic V;z. For largest clusters.

Table VII
Electric field gradient V around Sn, assymetry parameter n and
quadrupole splittings AEQ of fﬁ%ﬁL (a) From ref. (3). (b) From ref.

{34). (c) From ref. {35). {d) From ref. (36}.

FIGURE CAPTIONS

Flgure 1

a) Representation of portion of SnO(black) crystal, and of unit
containing a2 Sn atom with "lone pair" electrons and four Oxigen nearest
neighbors.

b) Smallest and largest clusters chesen to represent SnO.

Figure 2

a) Closest F nelighbors environment surrounding Sn atom in San(B). Dots
represent "lone pair" electrons. F1 and F2 are the two types of F atoms in
SnF, crystal. Sn-nearest neighbor distances are also given (in R).

b) Smallest cluster selected to¢ represent San. The largest cluster is

not shown due to the complexity of the low-symmetry structure.

Flgure 3
a) Representation of the layered structure of black Phosphorous, to which
the structures of SnS and SnSe are similar.

b) Largest cluster selected to represent isomerphous SnS and SnSe.

Figure 4
a) Unit cell and representation of portlen of SnO2 crystal.

b} Largest cluster consldered to represent SnDz.
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Figure 5
a) View of portion of layered SnF‘ crystal.
b) Top view of same.

c¢) Largest cluster selected to represent SnF‘.

Flgure 6

Cne-electron energy levels of clusters representing SnO. Alsoc shown are
atomic levels of 5Sn and 0, obtalned with atomic Local Density calculatlons.
Numbering of levels of smallest cluster [SnO‘Snsl is higher since, for this
calculation, the 4s, 4p and 4d orbitals of peripheral Sn atoms were not

frozen.

Figure 7
Total density of states (a) and partial densities of states of SnO,
obtained for the cluster [SnoaSnm].

Figure 8
Partial DOS of central Sn (Snc] and peripheral Sn (Snp] atoms of the
cluster [SnOsSnlz] representing SnoO.

Flgure 9
Total (a) and partial DOS of SnF, obtained for the cluster [SnFuSn‘].
Fl and F2 are the two types of Fluorine atoms in the crystal.

Figure 10
Partial DOS of central Sn {Snc) and peripheral Sn (Snp)_ atoms of the
cluster [SnFuSn‘]. representing SnI-‘z.

Figure 11
a) Photoelectron spectrum (from refs. (4) and (22)) of SmS. Total (b)
and partial DOS of SnS, obtained for the cluster [SnS_’Snal.
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Flgure 12
a) Photoelectron spectrum (from refs. {4) and (22)) of SnSe. Total (b)
and partial DOS of SnSe, cbtained for the cluster [SnSe7Sns].

Figure 13
Partial DOS of central Sn (Snc] and peripheral Sn {Snp] atoms of the
cluster [SnS7SnB]. representing SnS.

Figure 14
Partial DOS of central Sn (Snb) and peripheral Sn (Sm¥) atoms of the
cluster [SnSeTSnal, representing SnSe.

Flgure 15
Total (a) and partial DOS of SnDz, obtained for the cluster [Snoiasnlol.

Figure 16
Total (a) and partilal DOS of SnF;, obtained for the cluster
[SnF_Sn 1. F and F are equatorial and axial Fluorine atoms,
22 4 eq ax
respectively.
Figure 17

Partial DOS of central Sn (Snb) and peripheral Sn (Snp] atoms of the
cluster [Sn01°Snl°], representing SnOz.

Figure 18
Partial DOS of central Sn (Snc] and peripheral Sn (Snp) atoms of the
cluster [Snfézsn‘], representing SoF .

Figure 19
Atomic energy levels of Sn, S, Se, 0 and F, obtalned with atomic Local

Density calculations.
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TABLE I
Compound Crystal Lattlice Sn-X Clusters Local
Structure *’ Parameters() nearest-neighbor Symmetry
distances(X)
SnO(black) ™ tetragonal a = 3.80 a(0) 2.22 [Sno0,Sn, ] C,,
c = 4.84 [Sn0_Sn_]
[SnoeSnjzl
SnF2(35°’ orthorhombic a=4.98 1(F) 1.89 [SnF_] €,
b=5.14 1(F) 2.26 [SnF, Sn ]
c = 8.48 1(F) 2.40
1(F) 2.41
1(F) 2.49
sns'?’ orthorhombic a=4.33 1(S) 2.62 [SnS, Sn,_] C
b= 11.18 2(S) 2.68 [snS_sn ]
c = 3.98 2(S) 3.27 [SnS?Sns]
1(S) 3.39
snse {4} orthorhombic a=4.46 1(Se) 2.77 (SnSe_Sn_] C,
b= 11.57 2(Se) 2.82
c = 4.19 2(Se) 3.35
1(Se) 3.47
sno ' *) tetragonal a=4.74 2(0) 2.06  [SnO,] D,,
c = 3.19 4(0) 2.05 (SnO Sn ]
Xz 6 2
[SnO Sn
10 10
i) -
SnF‘ tetragonal a=4.04 4(F“) 2.02 [SnFsl I.’l"h
c=7.93 2(F ) 1.88 [SnF. Sn ]
ax 14 4

[Sanzsn‘]
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TABLE IV
Sn0 SnF,  SnS SnSe Sno, SnF,
E, -10.4 -6.2 -9.2 -8.2 -17.5 -8.3
A: 2.1 3.9 2.0 ~2.0 2.3 3.0
A: 6.4 7.4 6.3 6.0 6.6 7.7
A' - _ ~4(a1 -5(.) - -
(experimental)
AP - - ‘-10(.) ..9('). ‘_glb) -
(experimental)
Iy - - 2.0m 2.0 -1.a0apw) @
(band calculation) (FCC) (FCC) .-2-0('1'3}“) -
~3.0(LMTO) ¥
Iy - - .8.5(m8)'® -g.5(B}*® 4.g8(aPW)'¥
{(band calculation) (FCC) (FCC) -IO{TB)(.) -
6.6(LMTO) !

~8.5(LMTO) 9
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TABLE V
Compound Cluster xx yy rz
(a~%) (a~3) (a~%)
v} 0 1]
SnO [SnoaSnla] +1.97 +1.97 -3.95
(1.0,0.0,0.0) (0.0,1.0,0.0) - (0.0,0.0,1.0)
SnF [SnFllsn‘] +1.85 +2.09 -3.94
(0.70,-0.63,0.32) (-0.28,-0.66,-0.69} (0.65,0.40,-0.64)
SnS [SnS?Snsl +1.37 +1.42 -2.79
(0.92,-0.40,0.0) (0.0,0.0,1.0) (0.40,0.92,0.0)
SnSe [SnSe_?Sns] +1.06 +1.11 -2.17
(0.0,0.0,1.0) {(0.93,-0.37,0.0) (0.37,0.93,0.0)
Sno2 [5n0105n101 -0.26 -0.31 +0.57
(0.0,1.0,0.0) (0.0,0.0,1.0) (1.0,0.0,0.0)
San [Sanzsn‘l +1.17 +1.19 T -2.37
(1.0,0.0,0.0) (0.0,1.0,0.0) (0.0,0.0,1.0)
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TABLE VII
N T
[+]
Sn0  [SnO_Sn ] -3.95 0.0 +2.62 1.45%
SoF_  [SoF, Sn, ] -3.94 0.059 +2.62 2.20'*’
SnS  [SnS_Sn_] -2.79 0.018 +1.85 0.86 %
SnSe [SnSe_Sn ] -2.17 0.021 +1.44 0.75™
SnO, [Sn0105n10] +0.57 0.091 -0.379 0.45'
SoF -2.37 0.0 +1.57 1.66'

[Sanzsn‘]
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