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The dielectric behavior of typical ionic crystals, viz. alkali halides under hydrostatic pressure has been
studied employing the shell model and the exchange-charge-polarization model originally formulated by Dick
and Overhauser. It is observed that the simple shell model is not capable of explaining the dielectric
properties of alkali halides. The effect of the exchange-charge polarization has been incorporated into the
shell model, and the exchange-charge shell model thus developed is employed to evaluate the strain
derivatives of dielectric constants. The volume dependence of the efFective-charge parameter has been
discussed within the framework of various dielectric models. The calculations presented in this paper reveal
the necessity of considering the effect of exchange-charge polarization. A comparison of theoretical and
experimental values of the strain derivatives of the Szigeti effective-charge parameters has been presented.

I. INTRODUCTION

The shell model for ions in alkali halides was
originally formulated by Dick and Overhauser'
(DQ) to explain the dielectric behavior and was
later suitably reformulated by Woods et al. ' to
study the lattice dynamics of ionic crystals. More
recently various modifications have been incorpor-
ated into the original shell model. ' ' These modi-
fied versions of the shell model have been widely
used to study the dielectric, elastic, thermal,
optical, and lattice-dynamical properties, not only
of highly ionic insulating crystals, but also of
partially covalent tetrahedrally coordinated semi-
conducting crystals. "

In the shel. l model, the ions are considered as
being composed of cores and shells. The outer
electrons far from the nucleus are loosely bound
electrons. These electrons form the shell, as
they are more profoundly affected by the appli-
cation of an electric field. The core consists of
the nucleus plus tightly bound inner electrons.
The shell in its original formulation is considered
to be spherical, massless, and isotropically
coupled with the core. Thus, only the two param-
eters representing the shell charge and the spring
constant coupling the shell and the core are suf-
ficient to describe the shell model. The charge
on the core can be predicted from the condition
that the shell charge plus the core charge is equal
to the ionic charge. In the present paper, we make
a comprehensive investigation of the dielectric
behavior of the NaC1-structure alkali halides. Al-
though the shell model was initially motivated to
explain the dielectric properties of alkali hal-
ides,"at first, the dielectric data, 'particularly on
the pressure dependence of dielectric constants,
were scanty. Reliable experimental data on the
dielectric behavior of alkali halides have recently

been reported in the literature. '" It is therefore
desirable to re-examine the suitability of the exist-
ing dielectric models in the light of recent and de-
tailed experimental data. Studies on the pressure
dependence of dielectric constants will, of course,
provide a crucial test of any theoretical model
since the strain. derivative of the dielectric con-
stant is more sensitive to the details of the model
than the dielectric constant itself. The plan of the
paper is as follows. In Sec. II, we present the
formulation of the shell model and derive the ex-
pressions for the volume dependence of the di-
electric constants. Numerical results based on
the shell model are also compared with experi-
mental data in Sec. II. It is revealed by this com-
parison that the simple shell model does not yield
agreement with experiment. In Sec. III we have
incorporated the effect of the exchange-charge
polarization within the framework of the shell
model and then the dielectric constants have been
calculated. The dielectric behavior of crystals
under hydrostatic pressure, on the basis of the
exchange-charge shell model, is investigated in
Sec. IV. In Sec. IV, we will also discuss the varia-
tion of the effective-charge parameter with chang-
ing volume. General conclusions are summar ized
in Sec. V.

II. SHELI MODEL ANALYSIS

Havinga' has derived the expressions for the di-
electric constants from the equations of motion of
shells and cores of the ions. Following the formu-
lation presented by him, we can write

e, —1 SV (n, +Z) e' (n —Z)'e Z'e
Eo+ 2 4m' 0 k, k
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1 3V (n. e)' (n e)'
=Q~= + +

q„+ 2 4g " k, k

(n. e/k, n e/k )'
(A-i+ k i+k-&) (2)

(e*/e —1)= (n, /k, —n /k )/(Z/A+Z/k, +Z/k ),
(3)

where the suffixes + and —stand for cations and
anions, respectively. n and k are the shell-model
parameters representing, respectively, the shell
charge and the spring constant coupling the shell of
the ionwith its core. Z is the valence of ions and is
equal to 1 for alka, li and halogen. ions. A. is the
short-range force constant between the shells of
the nearest-neighbor ions. V is the volume per
ion pair. g, and &„ are, respectively, the low-
frequency or static dielectric constant and high-
frequency or electronic dielectric constant. Sim-
ilarly, a, and a„are the static and the electronic
polarizabilities, respectively. e*/e is the ef-
fective- charge parameter introduced by Szigeti. "
For analyzing the dielectric behavior of crystals
under hydrostatic pressure, one can find the ex-
pressions for the strain derivatives of &„&„,
and e*/e by differentiating Eqs. (1)-(3) with re-
spect to V. Thus we obtain

9V 1 d&, &, —1 3 dn,
4n (a, +2)' dV &,+2 4v dV

1 de* (n, /k, —n /k )
e dV (A '+k, '+k ') A' dV

'

In deriving Eqs. (4)-(6), it has been assumed
that the shell-model parameters n and k do not
vary with change in volume. An argument in sup-
port of this assumption can. be made on the basis
of the fact that n and k are determined from the
free-ion polarizabilities' and thus are expected
to remain constant under the effect of pressure. '

We have evaluated the dielectric constants and
their strain derivatives employing the shell-model
equation derived above. Values of the shell-model
parameters n and k for alkali and halogen ions
were reported by Do. In estimating n and k, Do
made an inadvertent error which was later recti-
fied by Dick,"who has listed the correct values
for these parameters. Values of the force constant
A and its volume derivative can be calculated from
the Born-Mayer theory of ionic crystals' a,c-
cording to which

A=2I'Q" (R)+ (2/R)P'(R)],

where Q'(R) and Q"(R) are, respectively, the
first and second derivatives of the short-range re-
pulsive potential $(R) with respect to interionic
separation R. Using the exponential law

9V 1 dq„, &„—1 3
4~ (c„+2)' dV a„+2 4m

e' dA

A.' d V
(4) p(R) = Bexp(-R/p),

we find that

dA 1 dA
6R2 dR

d „o(n, /ke, -n e/k ) 1 dA

dV (A '+k.'+k ')~ A' dV
(2/R +2/R —1/ ).

3R 2p
p+ — p .

TABLE I. Values of input parameters (in cgs units).

Crystal

LiF
LiC1
LiBr
NaF
NaC1
NaBr
NaI
KF
KCI
KBr
KI
HbF
HbC1
H,bBr
RbI

1.12
1.12
1.12
2.40
2.40
2.40
2.40
4.35
4.35
4.35
4.35
4.95
4.95
4.95
4.95

2.40
4.35
4.95
2.40
4.35
4.95
5.65
2.40
4.35
4.95
5.65
2.40
4.35
4.95
5.65

10 7k,

1.00
1.00
1.00
0.74
Q.74
0.74
0.74
0.53
0.53
0.53
0.53
0.29
0.29
0.29
0.29

0.13
0.12
0.12
0.13
0.12
0.12
0.10
0.13
0.12
0.12
0.10
0.13
0.12
0.12
0.10

10 4A

S.18
4.62
3.93
6.46
4.01
3.55
2.94
4.84
3 27
2.95
2.46
4.47
3.08
2.66
2.33

10»—dA
dV

-1.09
-0.34
-0.24
-0.66
-0.25
-0.20
-0.13
-0.37
-0.16
-0.13
-0.09
-0.30
-0.14
-0.11
-0.08
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A and dA/d V can be calculated from Eqs. (7) snd
(8) taking the Born repulsive parameters B and p
from Tosi. ' Values of input parameters n, A, A,
and dA/dV are listed in Table I. Calculated values
of c„of„e„,a„, and e*/e for 16 alkali halides from
the shell-model equations (1)-(3) are given in
Table II and are compared with experimental val-
ues. In Table III we have reported the values of
V(dc, /dV). and V(de /dV) calculated from Eqs. (4)
and (5), respectively. From Tables II and 111we
observe thai the results obtained on the basis of the
shell-model analysis show remarkable devia-
tions from the experimental values. This clearly
demonstrates the inadequacy of the simple shell
model. We seek an explanation for this discrep-

ancy in terms of the exchange-charge polariza-
tion.

IH. EFFECT OF EXCHANGE-CHARGE POLARIZATION

In crystals-, the ionic overlap causes the charge
redistribution in the overlap region. As a result
of this charge redistribution, the exchange charges
are created between ionic sites. The dipole mo-
ment associated with these exchange charges is
known as the exchange- charge polarization. The
effect of the exchange-charge polarization on the
dielectric properties has been worked out by DQ.
The inclusion of exchange-charge polarization in
the shell model formalism modifies the Eqs. (1)-
(3) as follows':

&,-1 3V, 1 1 1 n, e —D n e+D (n, e —D)2 (n e+D)'=no= e+D ' —+ —+ —+2 e+D + ' +—

e„—1 3 (n, e —D)' (n e+D)' n, e —D n e+D ~ 1 1 1

(9)

(10)

e* g) 1 ne —D
+ +

e e e k,

where D is the exchange-charge polarization pa.-
rameter defined as

D = [(r, —r.)(R —4p)/pXe jBexp(—R/p) (12)

where B, p, and X are constants. Equation (12)
was derived by DQ making use of the theory of
overlap integrals" in their phenomenological
scheme of exchange- charge polarizations. The
evaluation of D sensitively depends upon the ionic
radii and overlap parameter A. which are not ac-
curately known. In particular the factor (r, —r ),
which arises from the assumption concerning the
location of the exchange charges, is quite un-
certain. Forexample in NaCl, r, -r =-0.83 A
if one uses Eachariasen's radii following the sug-
gestion of DQ, whereas the corresponding value
from the recent sets of ionic radii" is -0.23 A.
Thus the choice of ionic radii can drastically alter
the magnitudes of D. In order to avoid the un-
certainty, we have evaluated D from Eq. (11) taking
experimental values of e~/e reported by Lowndes
and Martin. ' This method for determining D has

I

earlier been suggested by Dick. '7 'Values of D/e
thus calculated are included in. Table II. We now
estimate qo, n„e„, and n„ from Eqs. (9) and (10)
and report in Table II. It is observed from
Table II that the dielectric constants obtained from
the exchange-charge shell model are closer to the
experimental values than the corresponding values
obtained from the simple shell model. The im-
provement is remarkable, particularly for static
dielectric constant &0 and static polarizability 0.0.

IV. STRAIN DERIVATIVES OF DIELECTRIC CONSTANTS

AND EFFECTIVE-CHARGE PARAMETER

When the crystal is subjected to hydrostatic
pressure, the interionic separation or the volume
of the crystal is changed. Within the framework
of the exchange-charge shell model, the expres-
sions for the strain derivatives of the dielectric
constants and the effective charge parameter can
be obtained by differentiating Eqs. (9)-(ll) with re-
spect to V. Thus we find

9V 1 dk, e, —1 3 dn, e+D dD dA

9& 1 dg„g„-1 3 da„2 dD, i dA

4 (~„2)' dV e„2 4 dV A dV ~A dV

and

(13)

(14)

—+ ——+ —+— + — e*-e —D (15)
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It should be noted that Eqs. (13)-(15)reduce to
(4)-(6), respectively, if the effect of exchange-
charge polarization is neglected, i.e. , D=dD/dV
=0. It can be seen from Table III that the strain
derivatives of the dielectric constants obtained
from Eqs. (4) and (5), which take dD/dV=O, are
not in agreement with the corresponding experi-
mental values. The values of dD/dV which are
obtained from Eqs. (1.3) and (14) using experimen-
tal values of V(de, /dV) and V(d&„/dV) are given
in Table IV. It is found that dD/dV obtained from
Eqs. (13) and (14) are different. This implies that
the variation in the exchange- charge polarization
under the effect of pressure is not the same for
the static and the electronic dielectric constants.
In fact the values of dD/d V obtained in the afore-
mentioned way are empirical as they are deter-
mined, thus making the theory compatible with
experiment. The theoretical values of dD/dV, on
the other hand, can be estimated from Eq. (12). We
make a plausible assumption that the ionic radii,
under compressive stress, change such that
(r, —r ) is not altered. In that case Eq. (12) yields

Cb r l 4 Cb O CQ CD 00 O 'rV O t 0 N Ot M «D M ~ 00 LQ M 0 Cjl CD «D M LQ 00
CO «D t- 0 LQ 00 Cb W «D CD 0

dD D(5p —R)
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Values of dD/d V corresponding to Eq. (16) have
been compared with the empirical values in Table
IV.

An analysis of the variation of the Szigeti ef-
fective-charge parameter under hydrostatic pres-
sure can be performed within the framework of
the exchange-charge shell model. %e have cal-
culated (V/e*)(de*/dV) for alkali halides from Eq.
(15) using D/e from Table II and various sets of
dD/dV given in Table IV. The values of (V/e~)
x (de*/dV) listed in second and third columns of
Table 7 are those which reproduce the experi-
mental data on V(dq, /dV) and V(de„/dV) respec-
tively. In column 4 of Table V, we have reported
(V/e~)(de*/d V) derived from the theory of exchange-
charge model [Eq. (16)]. Values of (V/e*)(de*/dV)
calculated from the shell-model theory (Eq. 6),
neglecting the effect of the exchange-charge
polarization, are given in column 5 of Table V.

An alternative theoretical approach which has
been often. used by earlier investigators' ' for
evaluating (V/e*) (de*/dV) is that based on the de-
formation dipole model (DDM) of Hardy" and
Mitskevitch. ' Following DDM, one can express
the deviation of effective charge from its nominal
value as

e*—e = 2m'(R) + 4m(R)/R,

where m(R) is the deformation dipole moment due
to an ion pair and m (R) is its derivative with re-
spect to ionic separation B. It has been sug
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TABLE IH. Values of the strain derivatives of dielectric constants.

Crystal

Calculated from
shell model

Rq. (4)l
Experimental

values

Calculated
froxn the shell
model tEq. (5)l

Experimental
values

LiF
Licl
LiBr
NaF
NaC1
NaBr
NaI
KF
KCI
KBr
KI
RbF
RbC1
RbBr
Rbr

84.70
170.81
198.73
31.34
43.09
42.65
56.81
25.80
26.41
25.69
32.96
45.68
30.49
32.86
32.78

30.00'
30 36c
40.37 0

12.70
14 50
15.90
16.55c

2 75c
9.11'
8.92
8.16'

14.46
7.79'
7.46c
6 94c

-1.40
-3.84
-4.60
-0.87
-2.30
-2.75
-3.84
-0.95
-1.74
-2.02
-2.66
-1.66
-2.17
-2.36
-2.89

-0.37
~ ~ ~

~ ~ ~

-0.74'
~ e ~

-0.68"
-1.08"
-1.40

0 ~ 0

-1.01d

-1.24
-1.41

~J. Fontanella, C. Andeen, and D. Schuele, Phys. Rev. B 6, 582 (1972).
b J.A. Van Vechten, Phys. Rev. 182, 891 (1969).
'R. P. Lowndes and D. H. Martin, Proc. R. Soc. A 316, 351 (1970).
R. Srinivasan and K. Srinivasan, Phys. Status Solidi B 57, 757 (1973).

gested" 20 that m(R) varies exponentially with R
in the following manner

theory we have'

~„=1+ [(8'~, )'/E,'] G (22)
m(R) = m, exp(-R/p) .

Equations (1V) and (18) yield

e* dV 3 p 8 —2p e*

(18)

(19)

with

6=1-9+38',
a,nd

Values of (V/e") (de*/d V) estimated from Eq. (19)
are reported in column 6 of Table V.

Recently Lawaetz" has investigated a correlation
between Szigeti effective-charge parameter e*/e
and the electronegativity difference. According to
this correlation one can write to a good approxi-
mation

E2 E2+ Q2 (24)

Crystal

Empirical values
deduced from

Zq. (13) Zq. {14)

Theoretical values
obtained from

Eq. (16)

TABLE IV. Values of the strain derivatives of the ex-
change charge polarization parameter dD/dV (10 cgs).

e +/e = C/K~~, (20)

where |." is the electronegativity parameter. " The
plasma energy S&~ is defined in terms of the plas-
ma frequency ~2~= 4mNe'/m and it is a measure of
the total oscillator strength of the N electrons per
mit volume. Differentiation of Eq. (20) with re-
spect to V yields

dV
=

3
—* dB

=
3 C dB

+05. (21)

The strain derivatives of the electronegativity
parameter i.e. , R/C (dC/dR) can be evaluated from
the Phillips-Van Vechten (PVV) theory of the elec-
tronic dielectric constant. " According to PVV

LiF
LiCl
LiBr
NaF
Nacl
NaBr
NaI
KF
KC1
KBr
KI
RbF
RbCl
RbBr
RbI

0.039
0.003
0.032
0.023
0.022
0.031
0.021

-0.004
0.005
0.012
0.006
0.007
0.004
0.003
0.004

0.22

0.14

0.15
0.11
0.08

0.16
0.13
0.10

0.032
0.021
0.029
0.035
0.029
0.032
0.036
0.023
0.026
0,.029
0.026
0.021
0.027
0.027
0.026
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TABLE V. Values of the strain derivatives of the Szigeti effective-charge parameter V/e {de*/dV) . . (a) Derived
from the empirical values of da/dV given in column 2 of Table IV. (b) Derived from the empirical values of dD/dV
given in column 3 of Table IV.

Empirical values
a b

Exchange-
charge
model

Shell
model

Deformation
dipole model

Lawaetz
ionicity model

Experimental
values

LiF
LiC1
LiBr
NaF
NaC1
NaBr
NaI
KF
KCl
KBr
KI

- RbF
RbC1
RbBr
RbI

0.48
0.49
0.87
0.40
0.70
0.95
1.01
0.10
0.40
0.62 '

0.65
0.07
0.21
0.30
0.48

1.20

2.06

2.75
2.54
2.52

3.06
2.97
2.98

0.45
0.66
0.83
0.47
0.79
0.96
1.11
0.34
0.73
0.93
1.14
0.21
0.68
0.81
1.07

0.31
0.44
0.44
0.24
0.40
0.42
0.52
0.14
0.29
0.32
0.41
0.01
0.19
0.21
0.32

0.56
0.79
1.04
0.50
0.96
1.07
1.3.9
0.36
0.82
1.09
1.29
0.26
0.81
0.96
1.27

0.25

~ ~ 0

0.32

0.31
0.42
0.46

0.46
0.49
0,47

0.55

0.63

0.52
1.03
0.99

~ ~ ~
I

0.47
0.42
0.87

where B=E,/4Ez, E~ being the Fermi energy E.
is the energy gap behveen bonding and antibonding
states. G is always approximately 1 because ~B

~

is much sma, lier than 1. Making the assumption
that t" remains constant under changing volume,
we find"

dV 3 &„dR

(25)

It has been suggested by Van Vechten" that one
can take dD/dR = 0 for alkali halides. Values of
(R/C) (dC/dR) can be estimated from Eq. (25) using
data on (de„/dV), E„, C, and E,. As the experi-
mental data on (d&„/dV) exist for eight alkali hal-
ides (Table III), we can evaluate (R/C) (dC/dR) for
these crystals only. Using (R/C) (dC/dR) thus
evaluated, we have calculated (V/e*) (de*/d V) from
Eq. (21) (listed in coiumn 6 of Table V).

The foregoing analyses and the results obtained
there from present an interesting comparison of
the strain derivatives of the Szigeti effective-
charge parameter obtained from various dielec-
tric models. The theories employed and extended
in the present study were, at the time of their
inception, motivated to study the dielectric be-
havior of crystals under no external pressure. It
is to be emphasized that the Szigeti effective-

charge parameter has been an important and use-
ful quantity in explaining the structural and dielec-
tric properties of ionic crystals. " One should, of
course, remember that the values of de*/dV are
much more affected by the short-range forces than
the effective- charge parameter itself. This im-
plies the sensitivity of the results to the model
adapted.

Now we proceed to determine V/e* (de*/dV)
directly from exper imental data. Following
Szigeti, "we have

2
= (9p,u'To/4wNe')((qo —q„)/(g„+ 2)'],

(26)

d* d„1
e" dV

' To dV a+2 2(a, —a)

2 (e, —c )(dv) (27)

where

where p, is the reduced mass per ion pair, &To the
transverse-optical mode frequency of lattice vi-
brations, and N is the number of ion pairs per
unit volume. The experimental data on &0, &„,
and ~To for alkali halides have been reported by
I,owndes and Martin. ' values of the Szigeti ef-
fective-charge parameter e*/e derived from Eq.
(26) using experimental data are given in Table
II. These values of e*/e are supposed to be ac-
curate within +I /z. By differentiating Eq. (26) with
respect to volume we find
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co dV
(28)

is known as the transverse-optical mode Qriineisen
parameter. The experimental values of y» have
recently been published by Lowndes and Rastogi. "
We can make an estimate of (V/e*) (de*/dV) from
Eq. (27) using experimental data for e„e„,de, /
dV, d&„/dV, and y~o. Values of (V/e*) (de*/dV)
for eight alkali halides obtained from Eq. (27) are
given in the last column of Table V and are re-
ferred to as experimental.

V. CONCLUSIONS AND SUMMARY

Thus, we have made a comprehensive study of
the dielectric behavior of rocksalt-structure alkali
halides in the light of recent experimental data
on dielectric constants and their strain deriva-
tives. It has been found that the simple shell model
is not adequate to describe the dielectric proper-
ties, particularly the static dielectric behavior of
alkali halides, This situation has revealed the
necessity of adopting a more sophisticated polari-
zation mechanism. Following Dick and Over-
hauser, ' we have incorporated the effect of the ex-
change-charge polarizations in the shell-model.
formulation. The exchange-charge shell model thus
developed has been employed to calculate the static
and the electronic dielectric constants. The in-
clusion of the exchange-charge polarization in the
theory of the shell model brings the calculated val-
ues of the dielectric constants in closer agreement
with experiment.

It has also been evident from the analysis of the
dielectric behavior under hydrostatic pressure that
the simple shell model is not capable of explaining
the strain dependence of electronic and static di-
electric constants. The exchange- charge shell
model has, therefore, been adapted to analyse the
strain derivatives of dielectric constants. It is

found that the volume derivative of the exchange-
charge polarization dD/dV necessary to account
for the strain derivative of the electronic di-
electric constant is substantially higher than.
dD/dV corresponding to the strain derivative
of the static dielectric constant. This prediction
deserves further attention. A theoretical analysis
of dD/dV has also been made by extending the
model of QO.

In our opinion, the most important contribution
of the present work is the evaluation of the strain
derivatives of the Szigeti effective-charge param-
eter (V/e*) (de*/dV), employing the various di-
electric models, viz. the shell model, the ex-
change- charge polarization model, the deforma-
tion. dipole model, and the Phillips-Lawaetz ionicity
model. A comparison of various sets of (V/e*)
x(de*/d V), along with experimental values, is pre-
sented in Table 7. The extent to which the values
of (V/e*) (de*/dV), obtained from different models,
agree with each other and with experimental val-
ues, is remarkable, particularly in. view of quite
different origins of the models adopted for evalua-
ting (V/e*) (de*/dV). The common feature of the
results obtained from different models is, how-
ever, that (V/e*) (de*/dV) is positive without any
exception. This implies, as expected, that the
decrease in the crystal volume due to the effect
of pressure increases the overlap and distortion
of ions, thereby causing the decrease in the ef-
fective charge parameter e*/e.
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