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The polarization energies of AB compounds, with A a monovalent or divalent cation with an (ns)*-lone
pair and B an anion with a noble gas electronic configuration, have been calculated to investigate
whether the stereochemical activity of the (ns)%-ion can be understood in an ionic picture. Computa-
tions have been performed applying the computer program EWALD. Formal ionic charges and partly
estimated polarizabilities have been used. The polarization energy is shown to be predominantly due to
cation polarization and may constitute an appreciable fraction of the total lattice energy. Hence, it can
play a crucial role in the formation of structures, in which the (ns)%-ion is in a noncentrosymmetrical

environment.

1. Introduction

Ions with an (ns)? outer electronic
configuration are often stereochemically
active (/-4). Residing in an originally cen-
trosymmetrical environment, they tend to
distort this to become noncentrosymmetri-
cal. Examples of distorted structures are,
e.g., B-TII (5), a- and B-InCl (6), and B-TIF
(7). Further examples are presented in Sec-
tion 3.

Under the influence of the ‘‘ungerade’
deformations the spherical ‘s orbital, in
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which the “‘lone pair’’ is situated, is mixed
with an excited p orbital, giving an aspher-
ical hybrid. There exist several driving
forces for this type of lattice distortion with
accompanying electron redistribution. Two
covalent sources of deformation, both fa-
voring s—p mixing, are the repulsion be-
tween the electron pairs, lone pair, and
bonding pairs, in the valency shell of the
(ns)?-particle (8-10), and the strengthening
of covalent bonds by a larger overlap (/1).

We intend to study the stereochemical
activity from an ionic point of view, in
which the most important driving force is
due to electric polarization (/). Owing to an
‘‘ungerade’’ deformation an ion experi-
ences a non-zero electric field E, which
induces an electronic dipole moment
p = ¢E (a is the dipolar polarizability).
The energy of this dipole in the electric
field is —p + E = —aFE? The distortion is
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counteracted by mainly two energy
terms. First, the hybridization energy,
which is in the ionic picture approxi-
mately p?/2a = taE?, so that the net po-
larization energy is —3aFE? Second, the
elastic energy of the crystal, mainly con-
sisting of the change of the madelung en-
ergy caused by the deformation. Whether
distortion will take place or not depends
on the interplay of all energy terms. The
stereochemical activity of (ns)%-ions can
be explained by the small energy separa-
tion between the (ns)?-!S ground and
(ns)(np)-'P excited states, leading to a
small hybridization energy or a large po-
larizability. (ns)%-ions have a larger polar-
izability than ions of the same radius with
a noble gas configuration (/).

Theoretical calculations have been per-
formed mainly on free ABg-octahedra
(A = (ns)? — cation; B = anion) (I, 12),
like, e.g., XeF¢ molecules (/3-15). Most of
the calculations on free octahedra were
based on crystal field theory. Only a few
energy calculations on crystals with (ns)*
ions have been performed, e.g., on g-TIF
(7). Surprisingly, in this calculation the
polarization energy terms were omitted
completely.

Here we shall present the first energy
calculations on AB compounds with A an
(ns)?-cation, in which polarization energies
have been taken into account. In order to
investigate how the existence of distorted
AB compounds can be understood in an
ionic picture it will be shown that:

(1) the polarization energy certainly should
not be neglected in energy calculations,
as it is an appreciable energy term,
which might lead to an energy balance
favoring the distorted structure;

the polarization energy is rather due to
the cation than to the anion polariza-
tion.

To this purpose the polarization energies of
a number of distorted AB compounds have
been calculated in a semiquantitative way.
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The bonding is assumed to be purely ionic,
which undoubtedly applies more to III-VII
than to IV-VI compounds.

For the calculation of potentials and
fields in the lattice and of the madelung and
the polarization energy the computer pro-
gram EWALD was used (16, 17). This pro-
gram is based on the Ewald method in
which the various lattice sums, originally to
be performed in real space, are split up into
two faster converging parts. One summa-
tion is still performed in real, the other in
reciprocal space. The potentials and fields
due to the monopoles and induced dipoles
are calculated, whereas higher order multi-
poles are neglected. The electric fields are
solved in a self-consistent way. For a fur-
ther explanation of the program we refer to
the above references. The assumptions and
approximations of the calculations are sum-
marized in Section 2.1; in Section 2.2 the
choice of the polarizability values o is dis-
cussed. The results are presented in Section
3 and the discussion in Section 4.

2. The Calcﬁlational Procedure

2.1. The Model

In the ionic picture a crystal of ions is
represented by a lattice of point charges
(monopoles) and coinciding induced higher
order multipoles. Overlap between the
charge clouds is neglected. If, in addition,
the quadrupole moments and still higher
order moments are neglected, a system of
monopoles g; and induced dipoles u, at ion
sites i remains. The potential V, at sitei is a
sum of contribution V[, due to all mono-
poles at other sites, and V§, due to all
induced dipoles at other sites: V;, = V" +
V{. In the purely ionic picture g, is taken
equal to the formal charge g. The induced
dipole p, is assumed to be proportional to
the total electric field E, at site i: p; =
@, ' E,, in which @, is the dipolar polarizabil-
ity. In principle &, is a tensor, but here it
will be approximated by a scalar quantity.
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With the above approximations the total
field E, at site i is the sum of a ‘“‘monopole
field”” EP", due to all monopoles at other
sites, and a ‘‘dipole field”’ E{, due to all
induced dipoles at other sites: E;, = EI" +
E{. As E{ depends on the induced dipoles
and vice versa, E; has to be solved self-
consistently for all different ion sites.

The total energy is the sum of madelung
and polarization energy:

E = Eqpaq + Epq.

The term E,, now can be regarded as the
sum of a ‘“‘monopole’’ part ER,, i.e., the
polarization energy with neglect of dipole
fields, and a ‘‘dipole’’ part E4,,, the “‘extra’’
polarization energy resulting from the in-
clusion of dipolar fields:

E,, = E}, + EY,.
By definition:
Emad = %E«]iV‘i“,

where the summation runs over all ions,
and

Egy = —13,0,EF - EP
Ed) = —15,0,EP - E}

Ey = ~$5,0,EP - E,.
Hence

E = 3(q,V" - o E"-E).
E also can be expressed as
E =134V,
It should be remarked that the equation
2qV,=3{qV! — E} - E),

holding for the summation over all ions,
holds for neither the individual terms of the
summation nor the summations over the
anions or the cations only. The polarization
energy can be written as the sum of the
cation part:

Epol(cat) = _%EcacE::n ) Ec;
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and the anion part:
Epo(an) = _%EaaaE;n - E,,

in which the summations run over the cat-
ionsi = c and anions{ = a.

The main assumptions of the model will
be summarized now: (a) the multipole ex-
pansion of charge clouds and the neglect of
overlap; (b) the truncation of the multipole
expansion after the dipolar terms; (c) the
use of charges equal to the formal charges;
(d) the relation p = aE, with « a scalar
quantity; and () the choice of . In particu-
lar the neglect of overlap, and hence the
occurrence of covalent bonding and the
nonequality of real and formal charges due
to this bonding, can give rise to serious
errors. Fortunately, the effects of these
approximations are opposite: covalent
bonding will give an energy decrease. On
the other hand it leads to charges g = fq/,
which in absolute value are smaller than the
formal charges (ionicity f < 1). Hence, the
ionic contribution to the energy becomes
less negative resulting in an energy in-
crease.

The dependencies of the calculated en-
ergy terms on g are:

Enea ~ q; EQy, Egols Epol ~ g3,

s0, a deviation of f from unity especially
affects those polarization energy terms,
which are quadratic in g. Furthermore, the
deviation of f from 1 may be expected to
increase with increasing gf, as the bonds
become more covalent. Probably, cova-
lency (f < 1) will lead to only small errors in
the calculations of the energies of the ITI-
VII compounds and to considerable errors
for the IV-VI compounds.

Another important source of error is the
value of the polarizabilities. In the next
section it will be shown that polarizabilities
are difficult to obtain. Hence, any value
used in the present calculations must be
regarded as a rough approximation. In the
AB compounds with «(cat) the cation and
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ofan) the anion polarizability, the following
dependencies on the polarizabilities exist:

Vi, EM: none

V¢, E{: linear in a(cat) and o(an), and
higher order terms including
mixed terms

E...q: NONE

E% (cat): linear in a(cat); Efy (an): linear in

a(an)

Ed (cat): quadratic term in afcat), mixed
a(cat) aofan) bilinear term and
higher order terms

Eg (an): quadratic term in o(an), mixed
afcat) ofan) bilinear term and
higher order terms.

While an error in the polarizabilities affects
the monopole term of the polarization en-
ergy in a linear way, that in the dipole terms
is more serious. It will depend on the
relative magnitudes of ER; and Eg,, how
reliable the value of the calculated total E
will be.

2.2 Polarizability

The apparent polarizability « of an ion,
which is needed as an input parameter in
the present calculations, has been defined
as the proportionality factor between the
induced electronic dipole moment of this
ion and the total internal electric field at the
experimentally determined ion position
(Section 2.1; refs. 16, 17). However, exper-
imentally determined polarizabilities de-
pend on both the frequency of the electric
field-strength fluctuation and the spatial co-
ordination of the ions (cf. ref. /8). More-
over, they are determined at much lower
field-strengths than exist in chemical com-
pounds (/9). Therefore, it is not self-evi-
dent which experimental value would be
the most appropriate one. On the other
hand, the available data hardly offer a
choice. We have taken structure-averaged
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optical polarizabilities from Tessman et al.
(20), al¥8, as far as these are known (Table
I; 20, 21). For (ns)%*-ions it can be shown
that oIXS is suitable as an approximation for
the apparent polarizability (22). For lack of
better values ag® was also used for the
noble gas configuration anions. For the
chalcogenide ions the mean values in Table
I were taken.

The polarizabilities of In*, Sn?*, and
Ge?* are unknown, but we have used an
estimation (Table II) based on the approxi-
mate charge-invariance of the polarizability
in a series of isoelectronic (ns)? particles, as
was noticed by Jergenson (23, 24) in the
series of (6s)? particles Hg, T1+, Pb2* (@ = 5
for n = 6: cf. Table I). If an analogous
invariance forn = 5and n = 4 is assumed,
also charge-independent approximate o-
values can be found for the (5s)? series Cd,
In*, Sn?**, and the (4s)®> series Zn, Gat,
Ge?*, as the polarizabilities of Cd and Zn
are known (217) (Table II). The maximum of
a atn = 5is probably due to a minimum of
the energy of the excited (ns)(np)-1P excited
state in the chemical compounds (22), anal-
ogous to the experimentally found mini-
mum for the gaseous ions (25).

TABLE 1

POLARIZABILITY @

Polarizability e, of some ions and atoms with an
(ns)2-configuration®

n =

4 Zn: 6(21) Ga*: — Ge*: —

S Cd: 8221 Int: — Sn2t; —

6 Hg: 5.121) TI*: 5.2(20) Pb2+: 4.9(20)

Polarizability a,,; of some ions with a noble gas
configuration (ns)*np)®

n =

2 F: 0.64 02~: 0.5- 3.2 (mean: 1.9)
3 Cl—: 2.96 S%-: 4.8- 5.9 (mean: 5.4)
4 Br: 4.16 Se?: 6.0- 7.5 (mean: 6.8)
5 I-: 6.43 Te?: 8.3-10.2 (mean: 9.25)

@ In A3; references are in parentheses.
®From ref. (20).
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TABLE I

ESTIMATED POLARIZABILITIES
FOR ISOELECTRONIC (ns)?

PARTICLES
n o
4 6
5 8
6 5

3. Results

The present paper deals with the I1I-VII
compounds: a- and B-InCl (6); InBr, Inl,
and B-TII (5); B-TIF (7) and the IV-VI
compounds: a-GeTe (26); GeSe, GeS, SnS,
and SnSe (27); a-PbO, and g8-PbO (5). The
structural information can be found in the
above references. In this paper axes are
chosen according to the convention of the
International Tables (28). A change of the
coordinate system of the original authors is
straightforward.! The structure of a-InCl is
a complicated distortion of the rocksalt or
B1 structure (6, 29). 8-InCl, InBr, Inl, and
B-TII have the so-called B33 structure,
which can be derived from the B1 structure
(30, 29), but also from B2 (30). GeSe, GeS,
SnS, and SnSe have the B29 structure,
which has much in common with the B33
structure. The B-TIF and B-PbO structures
are very much alike and are also distorted
B1 structures. In fact, the derivation of g-
TIF, g-PbO, B33, and B29 from the Bl

1 Conversion of coordinate systems was as follows
(**or” means original):

B-TIF(7): Pmla — Pma2; a = a®; b = ¢; ¢ = b

a-GeTe(26): In the original paper the almost cubic
chemical cell of the Bl structure, with
Z = 4, was used (a” = 5.99% A; oor =
88.18°). We use the primitive cell with Z
= 1 (space group R3m;a = a° cos(}a®")
= 4307 A; a = 2 arc sin (hrgGo) =
57.94°).

SnS, SnSe, GeS, GeSe(27): Pbnm — Pnma;a = b,

b =c¢"; ¢ =q".

a-PbO(3): Origin was shifted from position 4m2 to

2/m in P*/nmn.

B-PbO(3). Pbma — Pbcm: + = ¢”; b = a"; ¢ = b,
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structure can go through one common in-
termediate step, the hypothetic ‘‘Bla”
structure (22, 29, 31). a-GeTe is a deforma-
tion of B1 and is isomorphous with grey As,
Sb, and Bi, if A and B are regarded as the
same particle in this AB compound (26).
Similarly, the B29 structure type resembles
that of black phosphorus (27). The struc-
ture of a-PbO (5) can be regarded as a
distortion of CsCl or B2.

The potentials and electric fields at the
1on sites, which have been calculated with
the EWALD program, are given in Tables
IIT (III-VII compounds) and IV (IV-VI
compounds). From these the madelung en-
ergy and the polarization energy terms Ef,
and EY,, together with their sum E,,, can
be calculated using the formulas of Section
2.1. The result is given in Table V. The
contributions to the polarization energies
from the anions and the cations are given in
Table VI.

Table III shows that inclusion of dipole
fields has important consequences. The
electric field strength has changed apprecia-
bly. For the cations the changes are both
positive and negative. The changes for the
anions always are positive and large: in
most cases E is even an order of magnitude
larger than E™. That the change is larger for
the anions can be explained by the large
dipole moments of the cations, which are
already large in the monopole approxima-
tion. Note that also the direction of the field
is influenced by the dipolar fields. Again the
change is largest for the anions: in most
cases the field direction is even reversed.
This is unfavorable for the polarization
energy, as can be expected from the for-
mula of E,,(an) (Section 2.1): a reversed
direction gives a positive energy contribu-
tion. Indeed E,,(an) is positive, though
small, in the II-VII compounds (Table
V1), while E ,(cat) is negative and larger in
magnitude. This is because both E™ and E
are large for the cations and their scalar
product is positive (Table III). The total
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TABLE III
CALCULATED POTENTIALS AND FIELDS: III-VII COMPOUNDS®

Compound Ion ym E™ E™ E™ E™ 1% E E* E} E¥
a-InCl In(l) —7.424 1.524 -0.046 0.782 1 -7.961 1.674 0.105 0.746 1
In(2) -7.554 2.295 1 —-0.587 -0.667 —8.437 1.7%4 1 —-0.468 —0.641
In(3) -7.790 1.700 -1 -1 -1 -8.032 2278 -1 -1 -1
In(4) -7.542 2382 1 1 1 -8.642 1.841 1 1 1
CI(1) 7.416 0.278 1 -0.540 —-0.342 8.377 1.373 -1 0.895 0.078
Cl(2) 7.492 0469 —-0.138 -0.482 -1 9.032 1.769 -1 -0.829 0.980
CI(3) 7.759 0.292 1 1 1 8.861 1.326 1 1 1
Cl(4) 7.491 0453 1 1 1 8.482 1.895 -1 -1 -1
B-InCl In -7.603 1740 O -1 0 —8.190 2.061 0 -1 0
Cl 7.504 0527 0 1 0 8.637 2528 0 -1 0
InBr In -7.498 1.861 0 -1 0 —8.880 3956 O -1 0
Br 7.334 0327 0 1 0 9.560 5.110 O -1 0
Inl In -6.834 1393 0 -1 0 —-7.485 2147 O -1 0
I 7.036 0487 O 1 0 7.678 1.699 0 -1 0
B-TiI T -6961 0817 0 -1 0 -7.091 1.001 0 -1 0
I 7.085 0.244 0 1 0 7.203 0441 O -1 0
B-TIF TI(1) -8.538 3.272 O 0.341 -1 —8.585 1.761 O 0.675 —1
T(2) -9.788 3.720 0 0.136 1 -10.083 3.092 O 0.255 1
F() 7726 1709 0 0.225 1 9.586 2.048 O 0.768 -1
F(2) 7.687 1117 O -0.270 -1 11.392 2624 O 0.070 1
2 See footnote a to Table IV.
TABLE IV
CALCULATED POTENTIALS AND FIELDS: IV-VI COMPOUNDS®
Compound Ion ym Em ET* E™ E™ 1% E E* EY¥ E%
a-GeTe Ge —16.872 0.679 -1 -1 -1 —15.925 4420 1 1 1
Te 16.872 0.679 -1 -1 -1 16.247 4343 1 1 1
GeSe Ge -—17.297 3.924 1 0 0.623 —32.647 27.132 0.624 0 |
Se 17.110  1.260  0.208 0 -1 31.483 33.271 0.355 0 -1
GeS Ge —18.115 4.572 1 0 0.657 —27.823 17.016 0.589 0 1
S 17.782  1.567 0.096 0 -1 28.778 21.567 0.342 0 -1
SnS Sn —-17.006 3.724 1 0 0.507 -23.946 17.069 0.461 0 1
S 16.750  0.906° —0.295 0 -1 26.589 21.246  0.347 0 -1
SnSe Sn  —-16.321 3.224 1 0 0 —29.226 31.840 0.489 0 1
Se 16.205 0.684 —0.152 0 -1 31.343  39.008 0.360 0 1
a-PbO Pb  —20.492 7.497 0 0 -1 -20.212 5526 0 0 -1
(0] 16.912  0.000 0 0 0 24.241 0.000 0 0 0
B-PbO Pb —-20.584 7.693 -1 -0.322 0 —20.552 14.602 0.013 -1 0
(0] 17.107  2.198 1 —0.339 0 25.017 21.745 0.512 -1 0

2 ““Jon’’ is the ion on which the potential (V) and electric field (E) is calculated. E* is the relative component
of E along the c-axis (@ = x, y, z), normalized to the largest value. Results of monopole calculations excluding
dipolar fields are labeled with the superscript m. V is in volts; E in volts/A. Convergence of lattice sums was
reached within 0.001%.
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polarization energy E,, (Table V) is always
negative for the I1I-VII compounds and is
of the order of some 10% of the madelung
energy, which is appreciable. The influence
of the dipole fields on the polarization en-
ergy cannot be neglected but is not extreme
for the III-VII compounds (Table V).

For the IV-VI compounds inclusion of
dipole fields has enormous effects. All field
strengths become much larger (Table 1V).
The change is largest for the anions
amounting to even an order of magnitude.
The scalar product of E™ and E is positive,
for both cations and anions. The only ex-
ception is a-GeTe, in which the field direc-
tion is reversed on both ions. Therefore,
E . (cat) and E,(an) (Table VI) and hence
their sum E,, (Table V) are negative, ex-
cept for a-GeTe.? The polarization energy
is very large and is also influenced very
much by the dipole fields. E,, is of the
order of half E .4 for the B33 compounds
and about one-fifth of E,.q for both
modifications of PbO.

4. Discussion

The question posed in this paper was to
show, in an ionic picture, whether the po-

¢ The method in which the linear equations u; =
ok, are solved self-consistently is equivalent to the
more fundamental method in which the total energy,
consisting of monopole—monopole, monopole—dipole,
dipole—dipole interaction and a harmonic self-energy
term u}/2a, per ion, is minimized with respect to the
variables u;, provided that such a minimum exists.
This implies that the quadratic part of the energy,
consisting of self-energies and bilinear dipole—dipole
terms, must be positive definite. For too large values
of «; this requirement is not satisfied and the system
described with only harmonic self-energies is unsta-
bie with all g, running to infinity. The extremum of
such a system, which is also found when solving the
self-consistency equations, is then not a minimum
but some saddle point in u-space. This sitvation is
met in a-GeTe, as a positive value of E,, cannot
correspond to an energy minimum. In order to stabi-
lize the system fourth order self-energy terms should
be taken into account, leading to a breakdown of the
linear relation between u; and E,.
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TABLE V
ENERGIES®
Compound Enaa ERy Edn Eoo
a-InCl -173.19 —-25.42 +3.52 -21.90
B-InCl —174.08 —20.05 +0.24 —-19.81
InBr -170.91 -22.53 ~19.04 —41.57
Inl —159.83 —13.65 -1.24 -14.89
BT —161.85 ~3.09 +0.24 —2.85
B-TIF —-194.38 -52.14 +18.11 -34.03
a-GeTe —-777.62 ~5.62 +41.84 +36.22
GeSe -792.90 —82.57 ~602.40 ~684.97
GeS —-827.24 -110.95 —366.17 ~-477.13
SnS —-777.90 -92.32 —-294.37 ~386.69
SnSe —749.56 —69.06 —578.11 ~647.17
a-PbO —861.98 —220.39 +57.96 —162.43
B-PbO —868.60 —239.41 +57.87 - 181.55
7 kcal/mole.

larization energy due to the distortion of
a high symmetry AB structure, as B1, can
be large enough to overcompensate any
energy increase brought about by such dis-
tortions, resulting in a total energy, that
favors the distorted structure. To answer
this question it would be necessary to cal-
culate both the polarization and the defor-
mation energy as a function of the distor-
tion and to minimize the total energy with
respect to the deformation parameter(s).
This is problematic, however, as (1) the
prototype phase is unknown for most com-
pounds, since it does not exist as a high
temperature modification, and (2) the calcu-
lations would involve accurate calculations
of, among other contributions, exchange
repulsion.

It should be noted that, even if this
procedure were possible, and the answer to
the question posed affirmative, it does not
mean that the bonding in the studied com-
pound is predominantly ionic. In general,
the energy is not very sensitive to the
nature of the bonding (32).

To get a first indication of the effects, the
polarization energy term together with the
madelung energy is calculated semiquanti-
tatively in the crystal structures found in
nature. The polarization energy, calculated
for an ionic model with formal charges and
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TABLE VI
CATION AND ANION CONTRIBUTION TO THE POLARIZATION ENERGY®

Compound Ef,(cat) ET(an) Ed;(cat) E}(an) E . fcat) E,q(2an)
a-InCl —25.08 -0.35 +2.55 +0.98 -22.53 +0.64
B-InCl -19.38 —0.66 -3.58 +3.82 -22.96 +3.16

InBr -22.15 —1.42 —24.95 +6.98 —47.10 +5.56
Inl —12.42 -1.22 -6.73 +5.48 —19.15 +4.26
B-TII -2.78 —-0.31 —-0.62 +0.87 —3.40 +0.56
B-TIF —~51.06 -1.07 +15.72 +2.38 ~35.34 +1.31
a-GeTe —2.21 —-3.41 +16.61 +25.23 +14.40 +21.82
GeSe ~-73.93 —-8.64 ~385.07 —-217.33 —459.00 —-225.97
GeS —100.35 —-10.61 ~234.79 - 131.38 —335.14 -141.99
SnS -88.78 -3.54 ~230.27 —64.10 -319.05 ~67.64
SnSe —66.52 -2.54 —452.99 —125.12 -519.51 —127.66
«-PbO —220.37 0 +57.94 0 —162.43 0
B-PbO —232.06 —-7.35 +102.63 —44.77 —129.43 -52.12

¢ The cation and anion contributions to the polarization energy terms ET, and ES, and their sum, E,, are
the summations, mentioned in Section 2.1, in which i runs only over the cations respective to the anions.

partly estimated polarizabilities, varies al-
ways between appreciable and large (Sec-
tion 3). Furthermore it is shown (Table VI)
that this polarization energy is for the larger
part due to polarization of (ns)?-cations.
As to the reliability of the calculated
energies it was remarked in Section 2.1 that
covalency effects (f < 1) will most affect

the results of the IV-VI compounds, in
particular the polarization energy terms.
The inaccuracy in « leads also to errors in
the polarization energies, especially in the
dipole term. As the latter is very large for
the IV-VI compounds (Table V and VI),
the calculated E,,; of IV-VI compounds
cannot be expected to be reliable: only the

TABLE VII
COMPARISON OF ENERGY WITH IDEALIZED B1 STRUCTURE®

Compound a, Eid.q AEaq AE AESS corr AE°®oT
a-InCl 6.1865 —187.46 +14.27 —7.63 +12.84 -14.20 -1.36
B-InCl 6.2634 —185.16 +11.08 -8.73 +9.97 —11.96 —-1.99

InBr 6.3972 —181.29 +10.38 —31.19 +9.34 -19.23 —9.89
Inl 6.6804 —173.60 +13.77 -1.12 +12.39 -8.56 +3.83
B-Til 6.7887 —-170.83 +8.98 +6.13 +8.08 —1.78 +6.30
B-TIF 5.5915 —207.41 +13.03 -21.00 +11.73 —25.85 —-14.12
a-GeTe 5.9945 —773.86 -3.76 +32.46 -3.38 +9.18 +5.80
GeSe 5.6796 —816.76 +23.86 —661.11 +21.47 —230.26 —208.79
GeS 5.4921 —844.65 +17.41 —-459.72 +15.67 —176.42 —160.75
SnS 5.7892 —801.30 +23.40 —363.29 +21.06 -143.70 —-122.64
SnSe 5.9700 -777.03 +27.47 —619.70 +24.72 —~214.87 —190.15
B-PbO 5.3850 -861.45 -7.15 —188.70 —6.44 - 126.29 —-132.73

2 Theenergies of Table VIare compared with those of undistorted B1 structures with cell axis agA), and madelung
energy Eld,q. The difference in madelung energy is AEpgq = Egaa — Eidao- AE = AEy4 + E,. The superscript corr
means thata correction for the exchange interaction is applied. This table shows the competition between the energy
decrease EXT and the energy increase AES due to distortion. All energies are in kcal/mole.
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order of magnitude may be correct. For the
III-VII compounds, on the other hand, E4;
is always smaller than ET, . Because of t}us
and because of the expected smaller cova-
lency, the calculated E,, may be a nice
approximation.

In these calculations the exchange repul-
sion between the ions has not been included
so far. The effect of this exchange repulsion
on the preceding results may be roughly
described. Suppose the exchange energy of
a crystal is represented by a Huggins—
Mayer type expression (33)

Bexp[ (rp ro)]’

in which r is some linear variable of the
system, e.g., a cell axis, and r, its equilib-
rium value; B and p are parameters. Usu-
ally p/ryis approximately 0.1 (34). The ma-
delung and polarization energy terms can
be written as:

Ayfr
A

Ed%, = A,/r" + (higher or-
der terms in r7!
which will be ne-
glected).

mad -

pol -

If the total energy is written as the sum of
the above terms, plus exchange energy, and
is minimized with respect to r, then in the
minimum:

E(r=ry) = (1 — p/ro)Ai/r,
+ (1 — 4p/ro)As/rs + (1 — Tp/ro)Aq/rl.

This means that the madelung energy is
compensated for some 10% by exchange
repulsion, the monopolar polarization en-
ergy for some 40%, and the dipolar polar-
ization energy for even 70%. Therefore, the
corrected values of these energy terms are
some 90, 60, and only 30%, respectively, of
the original values. Hence large errors in
E4, are suppressed appreciably.
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It would be interesting to show that the
cations in the compounds studied are at a
position of minimal energy by slightly vary-
ing the cations coordinates and calculating
the energy. However, such a calculation
would need a very refined expression for
the exchange repulsion between two ions,
which is dependent upon the polarization
state of the ions. Unfortunately such an
expression is not available.

For the same reason a minimization pro-
cedure of the total energy, as a function of
some distortion parameters, which are zero
in the undistorted phase, would be impos-
sible, moreover, as this prototype phase
does not occur in nature, as an alternative
modification of the compound (except a-T1I
with the B2 structure).

All compounds studied, except o-PbO,
can be considered as distorted B1 struc-
tures (31), while the B33 structure can also
be derived from B2 (30). It would be inter-
esting to compare the calculated energies
with the madelung energy of a hypothetical
B1 structure, with cell axis a,. Assuming
the totally symmetrical strain component in
a hypothetical phase transition between
this B1 modification and the actual struc-
ture equal to zero, the value of a, can be
calculated according to ref. (3/) (Table
VII) The madelung energy of the B1 phase,

i 4, and the energy comparison is given in
Table VII. It is found that AE 4 = Eaq
— Eid. 4, whichis the largest part of the distor-
tion energy, is positive, except for a-GeTe
and 8-Pb0O, and that AE = AE .4 + E q is
negative, except for g8-TlI and a-GeTe. If
the values of E .4, EW;, and E%, are cor-
rected for Born repulsion, in the above
approximation with p/r, = 0.1, then the
corrected values AEZ:, , ESOF, and AE°*™ can
be obtained (Table VII). For all compounds
AE®™ is negative, with the exception of
Inl, B-Tll, and o-GeTe, for which it
amounts to some + 5 kcal/mole.

It is shown in the present paper that
predominantly due to cation polarization
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the distortion leads to a substantial polar-
ization energy, which is either of the same
order of magnitude as the energy increase,
due to environmental distortion, or even
larger. If the energy balance is critical,
some tiny extra effects may be sufficient to
tip the balance toward distortion.

In conclusion this semiquantitative cal-
culation of polarization energies in AB com-
pounds with (ns)%-ions supports the as-
sumption that (ns)?-ions tend to distort their
originally centrosymmetrical environment
to become noncentrosymmetrical.
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