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The lone-pair antimony chalcogenides are investigated. A detailed qualitative classification of their
properties is worked out. We show that the 12'Sb Mdssbauer isomer shift increases with the covalent
character of bonds and with the distortion of the local antimony environment. This is quantitatively
explained by a tight-binding band-structure calculation. The lone-pair stereochemical activity also
weakens with the forbidden band gap while the conductivity and the metallic character of bonds

increase. © 1990 Academic Press, Inc.

Introduction

The search for new physical properties
and the possibility of continuously varying
already known properties led to the use of
materials with more complex structures.
For instance, the optical transmission of in-
formation—emission, transmission, detec-
tion signal processing—requires large varia-
tions in the electronic behavior of the
corresponding materials. This also happens
in  high-temperature  superconductors.
Thus, an important general question con-
cerns the nature and desired properties of
the materials that have to be prepared for
the technology of the future (I). For partial
answers, one must systematically relate the
electronic properties to the atomic struc-
ture. For this purpose one must find compu-
tational methods that permit the calculation
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of the band structure of complex materials
with low symmetry and a large number of
atoms per unit cell.

For such a general study, ‘‘lone-pair’’ ele-
ments represent quite an interesting family
since they participate in the formation of a
large number of atomic arrangements, re-
sulting in a variety of electrical and optical
properties (2-5). The existence of such di-
versity for a given family of compounds
(chalcogenides), with the same central ele-
ment (antimony), permits the determination
of the principal factors for each type of prop-
erty, as well as their connection with atomic
structure.

Our aim here is to determine the links
between the atomic structure and the elec-
tronic properties for lone-pair antimony
chalcogenides. We also show that these can
be summarized in terms of lone-pair effect.



PROPERTIES IN ANTIMONY CHALCOGENIDES

First (Section I), we present the relevant
properties of systems containing lone-pair
elements. Then (Section II) we detail the
possible ways of classifying the compounds
according to the nature of their bonds and
the experimental results. Among these the
Mossbauer parameters (the isomer shift &
and the quadrupolar splitting A), which pro-
vide information about the local electronic
distribution, are examined in detail. Qualita-
tive classifications are provided in Section
III to show the relationships existing be-
tween the nature of the chemical bonding,
the electronic properties, and the Moss-
bauer parameters. As the Mossbauer results
seem to be reflective of the other parame-
ters, we finally present a band structure and
an isomer shift calculation for five specific
systems (Section 1V) which further allows
the quantification of lone-pair behavior and
its link to the atomic structure.

I. Why Study Lone-Pair Elements?

The electronic structure of a ‘‘pair’’ ele-
ment like antimony ([Kr]: 4d'%5s%5p%) is a
dominant factor in the formation of the
many structural varieties in which it partici-
pates. In its lower oxidation state, Sb'l, it
exhibits two different types of limiting be-
havior:

(i) it donates its p electrons to elements
that have a higher electron affinity (halo-
gens), leading to compact ionic structures
with Sb3* cations and Cl~ anions. These
crystals have high symmetry and are mainly
based on local octahedral coordination (6,
7).

(ii) it shares its p electrons with elements
of comparable electronegativity such as S,
Se, Te. The bonds then have more or less
covalent character (S, Se) or even metallic
character (Te). The local atomic arrange-
ment can be strongly (8) or weakly (9) dis-
torted, as determined by a parameter called
“‘the stereochemical activity of the non-
bonded pair E.”
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The notion of ‘‘stereochemical activity”’
of the pair E is to be related to the loss
of sphericity of the 5s? electron distribution
around the Sb atom. Although this electron
pair does not participate in bonding, its
properties are connected to the local atomic
arrangement of Sb. Its stereochemical activ-
ity increases with the distortion of the local
environment. Many studies have been de-
voted to this idea with the aim of elaborating
general rules for the prediction of structural
types in such molecules and compounds.
Among these studies one can cite

—those of Gillespie and Nyholm (10) who
have developed the VSEPR (Valence Shell
Electron Pair Repulsion) theory which
allows the prediction of molecular geome-
tries from simple rules based on the piling up
of bonding and nonbonding electron pairs.

—those of Galy et al. (11) showing that
the volume occupied by a lone pair is
often similar to that of an anion such as
O*  or F-.

—those of Fourcade and Masherpa (12)
who have extended the VSEPR theory to
solid state by including the possibility of
“‘long’’ bonds. The length of these second-
ary bonds, already mentioned by Alcock
(13), is distinctly smaller than the sum of the
Van der Waals radii; these occur in steri-
cally significant directions.

The pair E is said to be very active when
the coordination polyedra are small and the
bonds are strongly covalent. This stereo-
chemical activity of E decreases when the
bonds are lengthened and the longer bonds
are shortened, leading to larger and more
symmetrical coordination shells (Fig. 1)

In practice, we have chosen to study here
the antimony chalcogenides, chalcogenoio-
dides in the systems Sb,X;-Sbl; (I4),
Sb,Se,—Sb,Te; (15), A,X-Sb,X; (16), and
SnX-Sbl; (/4) with A = Tl; X = §, Se, Te;
I = iodine. In the isolated phases of the
general formula Sb, X, A,Sb, X, Sb X I,
and Sn,Sb, X I; the change in nature of the
elements A and X as well as vartations in the
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F1G. 1. Evolution of the Sb environment for increasing (b to f) stereochemical activity of the
lone pair which is represented by the hatched orbital.

chemical composition defined by the values
of a, b, x, and i modify of the local coordina-
tion around the central Sb atom. The struc-
tural modifications then correspond to
changes in the nature of bonds from more
or less ionic to covalent or metallic. These
in turn correspond to substantial variations
in electron states of the valence and conduc-
tion bands which are reflected in the densi-
ties of states and the values of the forbidden
band gap.

II. Possible Classification of Chalcogenides

We have chosen to classify these materi-
als according to the nature of their bonds,
using the triangular diagram introduced in
Ref. (17) whose corners correspond to the
extreme situations: ionic—covalent—me-
tallic (Fig. 2). This diagram rationalizes the

R,V aX\

IONIC — > COVALENT

Rn/

A/

METALLIC

Fig. 2. Triangular diagram used to classify the mate-
rials according to the nature of their bond. Notations
are the same as in the text.

synthesis of various physicochemical pa-
rameters which characterize strong chemi-
cal bonds. Obviously, there is no precise
general definition of the nature of a bond but
one can use several empirical classifications
which have been quite helpful previously.
We do this first but, in a second step, we
also introduce experimental information rel-
evant to such a classification.

A. Empirical Rules

There exist several ionicity scales which
allow a satisfactory estimation of the iono-
covalent character of the bonds in terms of
the difference in electronegativity Ay [Pau-
ling (18), Phillips (19), Simmons and Bloch
(20)). However, this concept is incomplete
since a small difference in electronegativity
can correspond to the formation of metal-
lic or covalent bonds; in the latter case
the valence electrons are statistically in-
volved in bonding with several atoms (17,
21-23).

One way of estimating the metallic char-
acter of a bond has been introduced by
Mooser and Pearson (24) using the
parameter n which is defined as the average
principal quantum number of the atoms in-
volved in the bond. The metallic character
should increase with r since the overlap be-
tween atomic orbitals is more important.
However, this criterion is still unsatisfac-
tory since covalency is also related to strong
overlap.

More recently two parameters R, and R,
have been introduced by Chelikowsky and
Phillips (25) with the aim of estimating the
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TABLE I

THEORETICAL VALUES OF VALENCE
ORBITAL RADII IN ATOMIC UNITS (25)

r, rp
Sb 0.72 0.97
S 0.53 0.66
Se 0.59 0.76
Te 0.69 0.89

ionocovalent and covalometallic character.
These parameters result from theoretical
calculations (20, 26) of the “‘s’’ and “‘p”’
orbital radii (Table I); their physical mean-
ing as discussed by Porte (27) can be summa-
rized as follows:

RMB=R} —~RE=(2+rH) - CE+ 1D,

M

for a bond between atoms A and B, r, and ,
being the s and p atomic radii. According to
this definition R, increases with the size of
an atom and also is a measure of its ability
to capture available electrons. Thus R48 is
maximum when the bond is strongly ionic
and should characterize the ionocovalent
character of a bond. The second parameter
RA% is defined as

R =RA+RE=(2—-rH+(E-rd.
(2)

The parameters R2 and RZ measure the dif-
ference in s and p radii (related to the differ-
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ence in s and p atomic energies) and can
thus be used to characterize the degree of
s—p hybridization. When R#%is large (if A
and B are heavy atoms) s—p hybridization
is difficult and the bond will show metallic
instead of covalent character, the opposite
being true for small R45, Thus R48 can be
thought as a measure of the covalometallic
character (19). However, care must be taken
since this parameter does not take into ac-
count the possibility of having strong cova-
lent bonds between pure p states, as are
known to occur frequently.

B. Experimental Information for the Sb
Chalcogenides

Important basic information is derived
from X-ray diffraction on single crystals
which permits the determination of the
atomic positions. This provides all informa-
tion about bond lengths, angles, and local
atomic arrangements and determines the
stereochemical role of E.

Among other tools, Mossbauer spectros-
copy probes the local electronic environ-
ment of the central Sb atom. Such data can
be summarized in terms of two parameters:

—The isomer shift 8 which is a direct mea-
sure of the electron density of the Sb nu-
cleus. It can be written in the form

8 = a(N) [[¥,0)f - [¥, (O], (3

which is the product of a nuclear factor,
and an electronic factor that specifies the

‘ d10

..... Sb!"’ Sbrrrreeee Sb“’
covalent
Sbl, Sb,O; (CH3)Sb SbCls SbFs
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F1G. 3. Isomer shift scale with reference to InSb,

for 12!Sb, recorded for different compounds.
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difference in electron density at the Sb nu-
cleus between the absorbing nucleus and the
source. For Sb, a(N) is negative (27); an
increase in & corresponds to a decrease of
the s electron density at the Sb nucleus.
Thus, taking InSb as the source, values in
the range 8 < 0 or 8 > O respectively charac-
terize the tendencies for Sb to be in its III
or V oxidation state, as shown in Fig. 3.

—The quadrupolar interaction A which
can be expressed as

A-=eQV,, <1 + 4)
where eQ is the quadrupolar moment of the
nucleus (negative for ?!Sb), V, is the princi-
pal component of the electric field gradient
tensor, and 7 is the asymmetry parameter.
Thus A is an indicator of the asymmetry
of the electron distribution around the Sb
atom. For instance, for the compounds SbX;
(X = Cl, Br) (Fig. 4), Devort et al. (28) have
shown that

sz = (N) - No) <M>’ (5)
cosa — |

where N, and N, respectively measure the
electron populations along the Sb-X bond
and in the lone-pair direction. Thus A # 0
indicates an anisotropy of the electron dis-
tribution, A = 0 corresponding to the fully
isotropic case.

~le 3cosa
Vez~ ENo+ N (oSl o )

Vzz Ng > Ny

A>C

Vgz< O
No=Ny V20 AZ-D

(4
No< Ny Vz>0 A< O

F1G. 4. SbX; (X = Cl, Br) molecules diagram used to
realize the interpretation of the quadrupolar interaction
8).
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TABLE II
PARAMETERS FOR THE CHALCOGEN X—Sb BOND

Sb-S Sb-Se Sb-Te
Ay (I8) 0.6 0.5 0.2
n 4 4.5 s
RS¥X 0.5 0.34 0.11
RSXX 0.38 0.42 0.45

Note. Notations are the same as in the text.

Other experimental quantities, such as
the electrical conductivity o versus temper-
ature and the optical gap, E,, have been
recorded. They provide less direct informa-
tion on the chemical bonding. Nevertheless,
as will be shown below, they are related to
the metallic character of bonds.

1. Discussion of Experimental Results

We now discuss the experimental trends
in terms of the empirical parameters defined
in the previous section. Table II lists the
values of the different parameters Ay, n, R,
and R, versus the nature of the chalcogen
element bonded to Sb. The corresponding

. R%bx AX . of
o R%bx /_/...,-fﬂ 5
- /,../" -l‘
0.6
0.5
0.4 13
0.3 .
0.2 N
0.1 \\c:
S Se Te

F1G. 5. Plot of R, R, 7, and Ax versus the chalcogen
atom which is bonded to Sb atom.
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TABLE 111
MAIN PHYSICAL AND STRUCTURAL FEATURES
Average length (A) Maossbauer
oV K E,
Compound Sb local environment {Sb-X) (Sb-X) (Sb-1) {Sb-I) E(Sb) activity & (mm/sec) A Qcm) ! (eV)
Sbl 3+ 31 — — 2.87 3.32 1 -8.10 0 10-° 2.3
SnSbS;l; S+ S+6l+E 2.72 3.23 3.43 bA -6.25 +11.2 108 1.77
Sn,SbSe;l;  Se + Se + 61 +E 2.82 3.34 — 3.45 bA -6.11 + 86  6.1077 1.22
Sn;SbSe, g — 351 — 3.35 bA -642 + 99 61077 1.66
2.91 — 3.42
SbSI S+25+21+21+E 2.40 2.69 — 11 3.80 A -6.71 + 69 29.10°% 202
SbSel Se +2Se +2l + 21 + E  2.602.79 — 4 3.82 A -693 + 7.6 8.107% 1.63
Sb,S, 3S+3S+E 2.33 3.34 — — A -578 + 7.8 181078  1.63
Sb,Se, 3Se + 3Se + E 2.66 3.24 — A -6.55 + 68 31077 1.19
TISbS, 2S+25+S+E 2.442.77 3.70 — — vA -396 +155 59071 1.77
TlSbS, IS +35S+E 2.43 3.60 — — vA -2.95 4106 1.6.1077  1.80
SbTel Te -+ 2Te + 21(+E) 2.83 2.95 — 3.22 3.82 =1 -6.37 - 85 35107° 145
Sb,Te, 3Te + 3Te 2.98 3.17 — — 1 -6.74 - 42 3.8.10° 0.21
Sb,Te,Se 3Te + 3Se 2.97 3.03 — — i -7.27 -39 2310 =0
2.91 3.01 — — -7.33 - 3.9
Sb,TeSe, 3Te + 3Se i 8.9.107 =0
{35‘: + 3Se 2.88 2.98 — — -7.85 - 3.9

Note. The stereochemical activity of the lone pair is noted; I: inactive bA: a bit active A: active vA: very active.

trends are pictured in Fig. 5. One finds that
both Axg,_x and R3®X decrease with in-
creasing atomic number of the chalcogen X.
The ionicity thus decreases along the se-
quence S, Se, Te. On the other hand, both
quantities 7and R3>* show the opposite
trend. As seen in Section II this is probably
related to an increase in metallic character.

Experimental data concerning the sys-
tems under study are summarized in Table
II1. The evolution in structure is shown by
the large variety of possible local atomic
arrangements around Sb, as shown in Fig.
6. All these can be described on the basis of
an octahedron, which is undistorted for Sbl,
and Sb,Te, (Figs. 6a and 6¢), but is incom-
plete in the other cases. For instance, there
is one missing atom at one edge of the octa-
hedron for Sb,S; and SbTel (Fig. 6b), two
for TISbS, (Fig. 6¢), or three for T1,SbS,
(Fig. 6d). The stereochemical activity of the
pair E is said to increase with the distortion
of the octahedron. The manifestation of this
activity occurs along a direction which,
when associated with the normal bonding
directions, defines polyhedra that are natu-

rally described by the VSEPR theory
(10-12): e.g., pyramids with square bases
(Fig. 6b), bipyramids (Fig. 6¢), and trigonal
pyramids (Fig. 6d).

Information provided by Mossbauer
spectroscopy which are important in the
characterization of the activity of E can be
discussed in terms of three limiting cases:

-5 minimal, A = 0: the pair is inactive and
spherically symmetric around Sb. The “‘s”’
electron density at the Sb nucleus is maxi-
mal, the bonds are predominantly ionic in
character and the octahedra are weakly dis-
torted (Sbl,).

-§ intermediate, A < 0: this situation still
corresponds to weakly distorted octahedra.
Here the pair E remains inactive, but the
‘s> density decreases. One deals with a
partially delocalized pair; the loss of *‘s”
electrons might lead to anisotropy (since
N, < N,), such that A < 0. The bonds now
have metallic character (Sb,Te;).

—3& maximum, & > 0: this case occurs for
strongly distorted octahedra. The pair E is
said to be active, and the decrease in *‘s”’
electron density at the Sb nucleus is thought
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Q) (b) (c)

(e)
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FIG. 6. Idealized Sb environment based on a perfect octahedron with N missing atoms. (a) and

E@N=00ON=1,(c)N=2;(dN=3.

to be due to a localization of the pair away
from the nucleus. The fact that A is nearly
positive indicates strong anisotropy, in
agreement with the marked covalent charac-
ter. All intermediate cases between this ex-
treme situation and the two others are en-
countered (Figs. 6b, 6c, and 6d).

These trends in all electronic properties
can be illustrated by selecting five typical
cases (Fig. 7, Table III). Two extremes are,
as discussed before, Sbl; (weak conductiv-
ity, large gap, strong ionic character) and
Sb,Te, (high conductivity, zero gap, metal-
lic character). Three intermediate situa-
tions are illustrated by TISbS,, T1,SbS,,
and SbTel. These five examples will be dis-
cussed in detail in the next section with the
use of band-structure calculations.

To summarize and classify the experi-
mental results, with respect to the nature of
their bonds, use the ternary diagram

a
N aggg}(e; 32103 (Yflem?
<-51 \ \ h
A \ \ 3
o Ky
g _6/ \ \ SbTel g
Q
2 VNN
L 4 \ \ TI,5b5, IS
AN 3
| 5
s \ \rises, R
Sbls
258 3 35 10T

ionic-covalent-metallic (Fig. 8) whose
characteristics are as follows:

—Within a family, and going from top to
bottom, systems are classified as displaying
increasing metallic character with in
creasing n and R,.. The stereochemical ac-
tivity of E weakens while the conductivity
increases and the gap decreases. Only the
systems in which one constituent is tellu-
rium have a negative A, in agreement with
the fact that this element has a tendency to
form more metallic bonds than Se and S.

—In going from left to right one distin-
guishes between families. The presence of
iodine atoms generally has the effect of in-
creasing the ionic character of Sb—X bonds
while the presence of thallium increases the
covalent character. The isomer shift and the
stereochemical activity of the pair E also
increase with the covalent character.

—Sbl, represents an extreme situation: it

400

8bo 1200 ) (10°m)

FiG. 7. Experimental values recorded for the five selected compounds: (a) electrical conductivity
logarithm, versus the temperature inverse. (b) Optical transmission coefficient versus the wave

length.
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FiG. 8. Classification of iodides, chalcogenides and
chalcogenoiodides in the ternary diagram. Underlined
compounds have been selected for the calculation.

has the smallest §, zero A, and very small
conductivity. Moreover, iodine atoms in-
crease the ionic character. Thus, this com-
pound is located at the ‘‘ionic corner’” which

nda to
COITCSPOoNnas o an inactive pair E.

The ternary diagram of Fig. 8 is not com-
pletely coherent since the parameters 8, R,
Ax and n, R, o, E, are not perfectly cor-
related. But it has the advantage of sum-
marizing the general links between bond
character, electronic properties, and
the stereochemical activity of the pair E.
The Mossbauer parameters are helpful in
classifying such properties.

Although the arguments developed in this
section are very helpful for classification pur-
poses, they remain too qualitative. In partic-

PosSes, IOy IO galliald

ular itis absolutely necessary to quantlfy the
concept of stereochemical activity of the pair
E andtoshowhow itis manifestedin the elec-
tronic structure. Toward this end we have

performed a band-structure plus an isomer

shift calculation for the five compounds se-
lected earlier; these cover practically the en-
tire surface of the triangle.

IV. Band Structure and Isomer Shift
Calculation

The main problem with this family of ma-
terials is their complex atomic structure; the
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number of atoms per unit cell range from 6
to 24 for the five selected systems. For this
reason we have chosen to apply here an
empirical tight-binding approximation. This
has several advantages:

(i) it is by far the simplest approach, espe-
cially from the computational point of view.

(ii) it has enjoyed much success in the last
years at least for transition metals and tetra-
hedrally bonded semiconductors (29, 30).

(m\ it allows, in manv cases, the deriva-

\a2ij Ay GAIV saa AAAGRALY RIS, AT NIl

tion of very s1mp1e molecular models which
approximate the actual band-structure and
which lead to an understanding of the forma-
tion of compounds from the free atom

gtatae Hawaver ciich an annroach oa
states. OWEeVer, sucCn an approacn €an Gnly

describe the valence band and perhaps, the
lowest conduction band, correctly.

In this procedure one writes the wave
function of the system as a linear combina-
ll()ll OI leIIll(, Uf Dlldlb \LL«AU appromma—
tion). These are then restricted to a minimal
basis set built from orbitals belonging to the
outer valence shell of the atoms (here one
s’ and three ‘‘p’° states). These atomic
states are then assumed to be orthogonal
(neglect of interatomic overlaps). The prob-
lem then reduces to a diagonalization of the
Hamiltonian matrix in this atomic basis.
However, two difficulties still arise:

(i) the theory deals with an infinite system,

(ii) one must determine the Hamiltonian

matrix elements.

The first problem is solved by use of
Bloch’s theorem which exploits the transla-
tional periodicity of the crystal by perform-
ing a Fourier lattice sum for each orbital
over the unit cells.
72, the size of the matrix is reduced here to
4N x 4N, where N is the number of atoms
in the unit cell. The second difficulty is over-
come by adopting an ernpirical relation for
mairix elemenis beiween the atomic states
in real space. Such a law has been estab-
lished by Harrison (30) for tetrahedral semi-
conductors with the zinc blende structure.

However, that law was restricted to nearest

Than for each vactor
1n€n 10r Cadn VOELIOoI
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neighbor interactions, while in our systems
this concept must be generalized since we
enounter a distribution of short distances.
We have thus extended Harrison’s formula-
tion by writing the interatomic matrix ele-
ments between two atomic orbitals « and 8
as

Ho, = "—;Tﬁexp ~25 (% - 1), ©)

where the 7,4 are the same as in Ref. (31),
e.g.,

= —1.42
—0.63,

1.32 7,
=-222 9, =

Mss N

7’0’0’

and d is the shortest interatomic distance.
The extension of the empirical law lies in the
exponential term of Eq. (6), which allows
inclusion of further neighbors with R > d
(the argument used in the exponential has
been justified in Ref. (33)). However, we
need to define a cut-off distance R_ beyond
which the interactions are neglected; this is
taken to be

R.=14(r, + rp), ®)

where r, and rp are the atomic radii of atoms
A and B calculated in Ref. (34). The factor
1.4 has been empirically chosen to obtain
the best overall description for the five se-
lected compounds. Finally, for the diagonal
elements H,_,, we use the energies of the free
atoms calculated by Herman and Skillman
35).

We now compare the theoretical band
structure with experimental results. The
predicted and observed values of the energy
gap (in Tabie 1V) are in good agreement,
indicating that the lowest conduction bands
are correctly described. The comparison
with photoemission spectra shows that our
calculations also correctly predict the num-
ber and position of the main peaks of the
valence-density-of-states, as well as the va-
lence band width (Fig. 9).

We then calculated the Méssbauer isomer

OLIVIER-FOURCADE ET AL.

TABLE IV

PREDICTED GAP (E,, p) COMPARED
WITH THE EXPERIMENTAL ONE (E,,
¢) iN ELECTRONVOLTS

Compound E.,. p E, e
Sbl,; 2.40 2.30
Sb,Te, 0.14 0.21
SbTel 1.32 1.45
TISbS, 1.73 1.77
T1;SbS, 2.12 1.80

shift which provides, as indicated earlier,
experimental data on the stereochemical ac-
tivity of the 5s(Sb) lone pair. This is intended
to yield the order of magnitude of the ‘‘s”’
electron loss (i.e., 2 — Ns where Ns is the
number of 5s electron on Sb nucleus) and
delocalization. As shown by Eq. (3), this
quantity is essential in the determination of
5. We obtain (Fig. 10a) a linear correlation
between the measured 8 and the computed
values of 2 — Ns. The electronloss is always
very small (less than 0.1 electron). Numeri-
cal verifications are provided in Ref. (33) by
comparison of the experimental and calcu-
lated values of 8. Thus, the notion of strong
or weak 5s(Sb) character is not an absolute
one.

The main features of the band structures

SbgTegs

" SYNCHROTRON

Energy (ev)

F1G. 9. Example of comparison between the photo-
emission results (32) (dashed line) and the valence-band
density of states (solid line).
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Fi1G. 10. Mossbauer isomer shift § (a) vs 2 — Ns from tight-binding calculation; (b) vs N from

molecular model.

can be found from a molecular model which
also uses the tight-binding approximation.
The model is based on suitable changes in
the atomic orbital basis, such that the Ham-
iltonian matrix is dominated by some ele-
ments which correspond to the principal
chemical bonds, the others being neglected.
It describes the band structure as a set of
highly degenerate molecular levels. Consid-
ering the five selected antimony chalcogen-
ides, SbM,_, molecules are constructed in
the form of perfect octahedra (Fig. 6), where
N of the possible sites are taken to be vacant
(see Section III). A full explanation of each
model calculation is given in a more detailed
report (33) where we compare these to the
computed density of states. This compari-
son shows that the main features are prop-
erly reproduced by the molecular models.
Thus, these models correctly describe the
qualitative trends in the chemical bonding.

To lowest order, one can simplify the
level diagram model in the following man-
ner for a SbM¢_, molecule: The basis
functions are ®,, ®, (@ = x, y, z), the s
and p states on the Sb atom, and y;, x;,
the p states on M atoms. The p levels of
the Sb and M atoms are taken as degener-
ate while the s level of the Sb atom is lower

by about 10 eV, remaining uncoupied. For
p coupling, two situations can occur for a
given direction:

(i) the Sb atom has two neighbors. The ®_
state couples to the antisymmetric state
(x; — xy), giving rise to a o bonding state and
o* antibonding one. The symmetrical (x; +
X;) 2 state remains at the p energy.

(i) The Sb atom has only one neighbor.
The @, state couples to x;, giving rise again
to o and o * states, but with a smalier spiit-
ting. The level diagram is shown on Fig. 11.
At this stage, one must note that the o*

(a) (b) ©

F16G. 11. (a) Idealized octahedron around Sb atoms.
(b) Coupling between the Sb p orbital ¢, and the neigh-
boring p orbitals, for the symmetrical situation (upper)
and with one missing atom (lower). (c) Energy level
diagram in the molecular model with the number of
states per SbM,_ unit.
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states are empty, so that there are two Ss
electrons on the Sb atom (Ns = 2).

We explain the trends in §, in terms of a
loss of 5s5(Sb) electrons. This loss derives
from the coupling between the @, state and
the o* empty levels. One can easily demon-
strate that such coupling only exists in the
second case. Thus, the total reduction in Ns
(and then d) is proportional to the number
of units participating in this weak coupling
(i.e., to the number N of missing atoms in
the SbM,_ 5 unit). This is shown on Fig. 10b
where the plot of experimental values of §
versus N represents a straight line. The
other of magnitude of 2 — Ns is the same as
those obtained with the full calculation (33).
The spin-orbit coupling splits the bands
which have a ‘“‘p”’ character (¢ and o*
states) by a few tenths of an electron volt.
This will not significantly change the 2 —
Ns value because the loss involves second
order interactions between the o * states and
the @, levels (lying 10 eV lower). We believe
that the introduction of relativistic effects in
the band-structure calculation is not neces-
sary to explain the magnitude of the lone-
pair loss. The very important point is our
demonstration that, as shown in the previ-
ous classification (Section IV), the Moss-
bauer isomer shift is related to the local envi-
ronment of Sb atoms.

Conclusion

We have discussed the relations existing
between the atomic structure, the physical
properties (electrical conductivity o, optical
band gap E,), and the Mdssbauer parame-
ters for the lone-pair antimony chalcogen-
ides. A qualitative classification of these
systems has demonstrated the importance
of the lone-pair effect. Its activity weakens
with the gap while the conductivity in-
creases.The quadrupolar splitting becomes
negative when the metallic character in-
creases. The isomer shift increases with the
covalent character and with the distortion

OLIVIER-FOURCADE ET AL.

of the octahedral antimony environment.
Thus, tight-binding calculations can explain
the link between the lone-pair activity and
the local distortion. These calculations also
show that the lone-pair loss is always less
than 0.1 electron. In conclusion, the lone-
pair behavior as measured by Mossbauer
spectroscopy is an important element for
the understanding of the properties of these
chalcogenides.
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