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The results of ab initio calculations of in-crystal ionic polarizabilitiespver a wide range of lattice parameters,

R, are presented for LiF, NaF, KF, LiCl, NaCl, KCI, LiBr, NaBr, KCI, and MgO. The derivatives of the
mean polarizability with respect to lattice parameters are compared with experimental values obtained from
the variation of the refractive index with pressure. The environmental effects on the polarizability of an
anion may be viewed as the consequence of imposition of a confining potential on its electron density whose
origin includes Coulombic interactions and the exclusion of these electrons from the region occupied by the
electron density of the first-neighbor shell of cations. This model suggests scaling relationships, between
values ofa(R) obtained at different levels of calculation and for a given anion with different cations, which
are shown to be semiquantitative. These findings lead to the proposal of a universal representation of the
polarizability of a given anion, which predicts the dependence on lattice parameter and crystal form and
transfers from one substance to another.

1. Introduction

Anions in crystals are known from calculation and experiment
to be different from their free counterparts: they are smaller,
less polarizable, and more strongly bound. The physical picture
underlying this effect is one in which the polarizability of a
compressible, negative ion is affected by the number and
distribution of its neighbors. The pseudopotential arising from
the neighbors constitutes a “box” confining the anionic electron
density, as discussed in detall in refs3. In-crystal anionic
polarizabilities are thus not constant but are, rather, functions
of the environment. It is possible to obtain calculated results
for ionic polarizabilities that are in excellent agreement with
experiment by taking a free ion and embedding it in a simulation

of the crystaline environment (with “real” nearest neighbors Figure 1. Origin of the spherical confining potential which acts on

and point charges f‘?r more d_'St_am_ |oﬁs)Such simulations the electrons around an anion in a cubic crystal. A cross section through
can be used to explain the variation in properties between free,ihe spherical potentialys, is shown: the dashed line shows the

surface, and in-crystal ions and between ions in different Coulombic (Madelung) contribution, associated with the point ionic
crystals>=8 Models incorporating these insights can be used charges. This is enhanced by the exclusion from the region occupied
to derive consistent empirical ionic polarizabilities and disper- by the electron density of the other ion.compresses the free anion
sion coefficients for predicting crystal refractive indexes and charge density (heavy line) to the in-crystal charge density (light line).
energies. calculations, we shall simulate the effect of a continuous
The purpose of the present investigation is to explore the isotropic expansion of the crystalline lattice. FBrin the
behavior of the mean polarizability for a series of anions and  vicinity of the equilibrium lattice spacingo(R) may be

cations over a wide range of lattice separatidhisSpecifically, compared with experimental data from the pressure dependence
we investigate the functional dependence on the crystalline of the refractive index. The broader objective of the work is to
environment of the properties of the halide iorm;,Xh MX (M establish the validity of the confining potential model illustrated
= Li, Na, and K; X=F, Cl, and Br) and of the & ion in in Figure 1. This model makes specific predictions about the

MgO. We have previously treated the polarizabilities of these form of the R-dependence of the anion polarizability. The
anions at the equilibrium crystal geometries and considered theirsimplest, one-electron model calculati#s suggest simple
variation with geometric distortion in several cages.Calcula- universal forms for this polarizability function, with sigmoid
tions with varying lattice parameters have been carried out or monotonically rising functions for systems that would be
around the equilibrium geometries of several polymorphs by respectively bound or unbound in free space. The model further
Pyper and Popelier fooe (0%~ in MgO)2 In the present indicates how the polarizabilities of a given anion in different
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materials should be related, since the size of the confining box of that response in the crystal. The cation basis sets are intended
should depend only on the lattice parameter and the radius ofto represent the electron distribution of the “hard” cation and
the cation electron density. Such predictions may be examined(by incorporating contractions @kfunctions in the case of Lt

with the calculated data. and contractions ofl-functions in the case of ¥ its polariz-

The model is suggestive of universal forms to represent the ability, both of which are insensitive to the crystalline environ-
dependence of the polarizability of an anion on interatomic ment.
separations. These provide a means of calculating the polar- Ab initio calculations of this kind produce dipole polariz-
izability in an arbitrary coordination environment and enable abilities,a®-VS, that are properties of the ion clusters as a whole.
the parametrization of interionic potential energy functibhs, This overall polarizability can be apportioned to the constituent
predicting light-scattering spectfanter alia. We will propose  ions by a method described previoudh® The polarizability
such functions in the present work and compare the predictionsmay be calculated for the empty cation “cage” alone, giving
with measured and calculated anion polarizabilities in different a“A®E, which may itself be subject to basis set superposition
crystalline environments. error (BSSE), for which correction procedures are availdble.

The paper is divided into three main sections. First, the The contribution of the central anioa, may then be calculated
calculations are described. Second, the calculated quantitiesdy subtraction as
will be compared directly with experiment. The third section
considers the construction of an appropriate moded{&) and a=a
its extension to include coordination number dependence.

In addition to studying the dependence of the dipolar
polarizability onR, we will also present a more limited study
of the dependence of the quadrupole polarizabityon lattice
parameters. Recent molecular dynamics studies have high-

light tentially significant role for the | |
ighted a potentially significant role for the induced quadrupoles || e 4 the dinole polarizability, to allow for the mutual

in determining both static crystalli#e® and dynamic proper- R . )
tiesi’18 These studies have been impeded by the relative _enhancement of polarizability that would exist even for point

scarcity of literature data fo€. An understanding oC(R) ,'(?].ns n pro;gmlty. Thle r?v;/ %Olirr']za?"meaf an.daf “?etd IP?
would be a first step in rectifying these omissions. is correction are calculated either for an ion in a point charge

lattice or by an iterative procedure based on the overall CLUS
value.
In the case of the [, KT, and Mg systems, the BSSE
Ab initio calculations were performed using the Cambridge contribution to the total CAGE quantities was estimated to be
Analytic Derivatives Package, CADPAE,and the Exeter small, due to low either intrinsic cation polarizability (for™Li
version of the SYSMO packagfeon ion clusters embedded in  and Mg*) or the nature of the cation basis set (in the case of
point charge lattice fragments for the systems listed earlier. K*), and was not explicitly considered. However, in the case
These follow closely our previous methodology, established in of NaX systems, BSSE is potentially more important, as the
equilibrium and distortion studies of LiF and other alkali halides. cation basis contains no polarization functions, and, where
Calculations were performed where possible at both the self- possible, an estimate was obtained by performing a counterpoise
consistent-field (SCRJ2° and the second-order correlated correction using either the full set of Yorbitals (which produces
Mgller—Plessett (MP2) levelr an upper bound) or the Xdf-orbital sets (which produces an
The techniques used to perform the analysis described aboveapproximate lower bound).
and to extract the required geometric derivatives are extensions A similar process was carried out to obtain the anion
of our earlier worR46 on the in-crystal properties of the F quadrupole polarizabilitiesC:
ion in distorted and undistorted LiF lattices. It was found there

CLUS _ CAGE _ _DID 2.1)

(08 o

A first-order dipole-induced dipole correction for the rocksalt
structure? oP'P,

o”P =120 ,0 *R® (2.2)

2. Ab Initio Calculations

that a useful way of extracting information on the environmental C = CCUS — CCAGE (2.3)
effects on the centralanion in LiF, for example, is to consider o ) )
a rocksalt (B1) [(F) (Li*)]®* cluster embedded in a$ 5 x In these cases, no dipeténduced dipole corrections were

5 cube of point charges, with scaled charges on the outer faced®duired since, in the basis sets used, the intrinsic quadrupole
chosen to ensure charge neutrality and to approximate the correcPolarizabilities of the cations are vanishingly small. In octa-
Madelung potentidt at the central anion site. These calcula- hedral symmetry, th€ tensor for the central anion has two
tions are of the type called CLUS in previous work and model independent componeritéthe trace

both short- and long-range environmental effects. To distinguish

between pure electrostatic and overlap effects, subsidiary C=écaﬂ’aﬂ=:—;(czzzz+ 2C,yx) (2.4)
calculations are performed on the simpler so-called CRYS
systems, where the anion is embedded in the bare point chargeanol the aniostropy
lattice and so has no extended charge clouds on its cationic '
neighbors. 3
To provide a good description of the ionic species in the AC_Esz,zz_ 2C,y xy (2.5)

crystalline environment, some attention must be paid to the
choice of basis set. For the anions, the sets used are as The interpretation of the ab initio polarizability calculations

follows: %~ (14s9p5d3ff? F~ (15510p5d3f)/[12s8p5d3f|CI~ rests on certain key assumptions. It is first assumed that the
(16s13p6d3f)/[13s11p5d3fland Br (16s12p6d2f)/[11s10p5d ). cations are “frozen”; that is, they undergo no relaxation as the
For the cations: Mg (10s8p)/[2s1pf? Li* (10s5p)/[1s1pf, lattice expand$:® This invariance is guaranteed in our

Na' (10s8p)/[2s1pf, and K" (14s9p2d)/[3s2pld]. The anion calculations by the choice of highly contracted cation basis sets.
basis sets are flexible and represent the electron distribution,All the space generated between cations by the expansion of
its response to the crystal and to external fields, and the variationthe lattice is, therefore, assumed to be available for expansion
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TABLE 1: Free lon (o.) and Equilibrium Lattice Parameter Dipole Polarizabilties (o) Calculated at SCF and MP2 Levels in
Both the CLUS and CRYS Environments

ate (a0°)
SCF MP2 e (20%)

system R (a0) CRYS CLUS CRYS CLUS SCF MP2

LiF 3.7965 75715 5.4139 9.7012 6.3486 10.6548 16.8384
NaF 4.3785 8.6020 5.976%5.0682 11.6594 7.20767.3113

KF 5.0512 9.5687 6.7045 13.7672

Licl 4.8566 24.9554 18.8784 27.5173 19.9838 31.4474 37.4183
NaCl 5.3290 26.9690 19.9126 30.2535 21.1580

KCI 5.9451 28.7588 32.8663

LiBr 5.1968 32.2016 26.4565 33.8170 27.3572 38.2862 41.7209
NaBr 5.6427 33.8369 27.80327.6068 35.7823 28.62328.8256

KBr 6.2361 35.3265 37.6449

MgO 3.9760 24.5440 11.1776 32.1198

2 All values are quoted iag®. The CLUS(MP2) calculations on NaX systems indicate the spread obtainable by using different estimates of BSSE
where possible (see text).

200 o , : TABLE 2: Experimental Polarizability Derivatives and
Refractive Indexe$
—Vim(de/ (do/
oo system n o(dn/dp) Ao dVp) drR) (ap?)  ref
LiF  1.389 0.124-0.130 3.423-3.490 25
0.65-0.715 3.213.53 34
0.366 3.374 27
2 0.40 3.28 30
£ 100 LiCl 1.670 0573 9.852 28
LiBr 1.794 0.653 13.305 28
Lil 1.972 0.828 18.667 28
NaF 1.323 0.124 3.59 26
5.0 - 0.488 2.584 27
0.33 3.492 30
NaCl 1.533 0.2550.280 6.73-7.21 25
0.74 7.617 31
0.0 . 0.85 6.986 30
oo 20 0.846 7.011 27
Rled NaBr 1.625 0.99  9.619 30
0.986 9.644 27
40.0 b i ' Nal 1.755 1.28 13.602 28
KF  1.364 0.509 4.315 28
KCl 1.483 0.68 8.447 31
0.84 7.095 30
300 | 0.93 6.335 27
KBr 1.546 1.08 8.083 31
1.01 8.676 30
1.098 7.931 27
& 20,0 Kl 1.637 1.40 10.412 31
= 1.28 11.436 30
. 1.443 10.045 27
¢ RbF 1.393 0.565 5.148 28
RbCl 1.483 1.031 5.996 27
100 | ] 1.01 6.190 31
1.05 5.821 30
RbBr 1.536 1.215 7.148 27
1.24 6.914 30
00,5 20 20 5o a0 00 Rbl  1.616 1.432 9.904 27
- - ? e - ‘ 131 10.113 30
MgO 1.367 1.23-1.28 11.43511.900 35

Figure 2. Representative ab initio SCF/MP2 dipole polarizabilities as a - : - :
a function ofR calculated in both the CRYS and CLUS environments The numbers are quoted in the dimensionless form used in the

S ; : particular experimental report, and then converted in column 6 to an
gc(g))'FDmcl:_ll'«":YaSn(i/l(Fk’g)('::m(’:\ll_aljzsl.(}l\(/l%/zl)o'T%EYasrg\,c\:,g )i:ai(t:::\tist-he equivalent derivative@/dR using lattice parameters as quoted in Table

location of the equilibrium lattice parameter and experimental anion
polarizability. 3. Ab Initio Results

Halides. The results in the form of the polarizability of the
of the anion, and all the variation in the total polarizability is ion at the equilibrium lattice parametard and as a free ion
attributable to anion polarizability functions,—(R). This is are given in Table 1. The values obliR, calculated by a
enforced by the decomposition recipe outlined above. The five-point central difference formula with step size 0.8§%will
validation of such a procedure arises from comparing CLUS be given later in Table 3.
and CRYS calculations. The relationship between these cal- Two representative sets of curve¢R) for the halides LiF
culations should, and does, give an indication of cation size. and NaCl are shown in Figure 2. They illustrate the general
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Figure 3. Three scaling procedures required to produce the “univeég&) curve. In panels a and b, the ab initio data from Figure 2 are divided
by the free ion polarizability (Table 1). In panels c and d, the CRYS curves are shiftedrabyndjy+ (0.9 and 1.2, for Li* and Na, respectively).

In panels e and f, the scaling procedure is finalized by shifting the SCF curvesRlon®.5, and 0.6y, respectively. The symbols used are as
in Figure 2, and the ordinaté, is the scaled polarizability as discussed in the text (section 3, Halides).

trends found for all the halide calculations. In all cases, the smaller basis, in which aftfunctions on Ct had been removed.
polarizability increases with interionic separation and is greater Numerical experiments with Clin LiCl show that thef-
in the point charge CRYS simulation than in the full CLUS functions affect the scaled polarizability derivatives by, at most,
calculation. This reflects the two-fold (electrostatic plus overlap) 2%, and so the values quoted for NaCl should be close
source of compression for the anion illustrated in Figure 1.  approximations to the full basis result.

For technical reasons (poor convergence of couterpoise Polarizability values from the correlated MP2 calculations
corrections), the CLUS (MP2) polarizability curve (Figure 2) are larger than the corresponding SCF values. The enhancement
and derivatives (Tables 1 and 2) presented for NaCl refer to a a(MP2) — o(SCF) increases witR, an indication of the large
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Figure 4. Three “universal"@(R) curves for F, CI~, and Br. Key:
o F;mCl; & Br. 10 .

contribution of radial correlation to the polarizability of the free
ion which is quenched as the separation is reddced.

The halide anions at all levels of calculation show a generally
sigmoid polarizability curve, as expected for bound systems:
at small distance, the compressive effect of the crystalline “box”
masks the detail of the particular intraionic potential; at
intermediate distances, there is a smooth, roughly linear increase
in polarizability; and at sufficiently large distance, the polar-
izability reaches the limiting value for the free syst&tl The
generic nature of this behavior is illustrated by the fact that the
curves for all the halide ions at each level of approximation
can be reduced to a “universal” form by first scaling with respect
to the free ion polarizability and then translating along the ‘ ‘ ‘
Separation axis. 0.0 2.0 4.0 6.0 8.0 10.0

The stages in this process are illustrated in Figure 3 for F
in LiF. Division by the respective values of the free ion 10
polarizability (Table 1) gives a set of four resolved curves c
converging to the same limit (Figure 3) and with an ordering
of the scaled polarizabilitiesit = o/o., where o is the 08 |
polarizability of the free anion calculated at the appropriate level

of theory and of simulation of the environmen&Say® >

Gyipy > Giscr > Gy - 08
The observations thétSay > > dSee° andagRy” > dgny. for

a given cation are consistent with the model of the environmental

effects illustrated in Figure 1. For a given interionic separation

R, the width of the “box” available for the electrons of the anion

is smaller for the CLUS calculation than for the CRYS, because

in the former the anion’s electrons are excluded from the region

of space occupied by the electrons of the first coordination shell

08 -

06

0.4 r

[&]

04 -

02 r

of cations. This model is suggestive of further scaling of the oo | ‘ ‘ ‘ ’
polarizability data, sincefise® calculated atR should be “o00 20 40 60 80 100

— ~ - R
similar to GSRY° at a separation smaller th@by dw+, where fa]

om* is a characteristic radius of the cationic charge density. The Figure 5. Quadrupole polarizabilityC(R), for F~ in LiF. (a) CRYS-
same should be true of the relationship betwéfi;®> and ~ (SCF) O) and CLUS(SCF)®), (b) scaling by the free ion value @,

~CLUS (c) shifting by dyi+.
MP2 -
Application of a positive translatioR — R + dy+ to the For fluorides, chlorides, and bromides, the values are found to

two CRYS curves results in a pair of near-coincident curves, be independent of the anion and ar8.%y, 1.2, and 1.3

one for the SCF and one for the MP2 levels of calculation for Li*, Nat, and K* cations in their salts, respectively. These
(Figure 3b). du+ is chosen to bring the CRYS and CLUS curves values are somewhat smaller than the usually quoted crystal
into exact coincidence at the equilibrium lattice parameter. From radii for these cations, but the trend is clearly correlated with
the discussion above, it would be anticipated that the same shiftion size.

would be required to bring the SCF and MP2 curves into A further simplification of the data can be achieved if SCF
coincidence, and this is found to be the case. Furthermore, theand MP2 curves are mapped onto one another by a second
values of the shift®y+ are expected to reflect the cation radii. translationR — R + §,R applied to the SCF data (Figure 3c).
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200.0

[ Figure 6 shows the two SCF dipole polarizability curves for
} 02 in MgO over the range where results were well converged.
[ The same general trends noted earlier for all the halides still
apply, but both curves are clearly diverging to a large, free ion
value. The more tightly confined CLUS ion presents a more
realistic picture here. It is worth stressing that the difficulties
in calculation are significant only at unphysically high anion
1000 | | cation separation and are not expected to degrade the results in
the region of near-equilibrium geometries.
Scaling is problematic here, as the free ion polarizability (and,
by implication, the value for any larg®) is undefined for the
50.0 . correlated anion and restricted to a finite value for the uncor-
related anion only by the symmetry and limited basis set.
However, one can still imagine translation by the cation radius
(CRYS— CLUS) in the same manner as for the alkali halides.
%0 20 20 60 80 10.0 Using this procedure, a value i+ of 0.9 au for M@" is found
Rl to bring the CRYS and CLUS curves into coincidence fat 0
R < 2R.. We do not have sufficient data to confirm, by
40 b ‘ ‘ ‘ M checking its invariance from one material to another, that this
parameter behaves as a cation property. However, the value is
very similar to that obtained for Lj in agreement with chemical
intuition for the radius of the Mgy ion.
As Figure 6b shows, the?D quadrupole polarizability is more
strongly divergent than the dipole polarizability and is more
sensitive to box size.

la

150.0

afa,]

g
=}
T

log( C [a,1)

4. Comparison with Experiment

An experimental quantity related ¢qR) is the dimensionless
density derivative of the refractive indeg(dn/dp).2>26 The
guantity available directly from our calculationsde/dR. The
Lorentz—Lorenz relationship for a system of MX stoichiometry
and cubic symmetry can be written

n
o

1.0 L L L
2.0 4.0 6.0 8.0 10.0 ( 2

R [a,] n® — 1) 4

ml > =3 0n =(a,+a) (4.2)

Figure 6. Dipole (a) and quadrupole (b) polarizabilities as a function n°+2

of Rfor 0%~ in MgO. Key: as for Figure 2; note the use of a logarithmic

scale in panel b. whereV, anday, are the volume and polarizability per formula
unit, respectively. Neglecting any pressure dependence of the

The practical attraction of this approach is clearly that, if the cation polarizability, we find

mapping is close, a sparse set of MP2 points could be used to

“improve” an SCF curve. The shifts,R are found to be da ( [ _6n dn 4.2)
relatively insensitive to cation (Oap for Li*™, compared with drR 2.71(n +2) (pd_p) )

0.63, for Nat), so that we can envisage unique polarizability
functions for a given anion encompassing changes of counterion,where @/dR = do,/dR and, by the frozen cation assumption,
level of correlation treatment, and sophistication of the crystal do,,/dR = da._/dR.
model. These “universal” curves for FCI~, and Br are The experimental derivatives are also often expressed in terms
shown in Figure 4. of another dimensionless property;Vinde./dVi, (see, for
Similar qualitative considerations apply to the quadrupole example, ref 29 and references therein), which is related to
polarizabilityC. As Figure 5 shows, the dependences.@ind (dn/dp) by
C onR have the same general sigmoid character(istmore
strongly affected by in-crystal compression for a given box size. dn de.,
This observation is in agreement with one-electron motféis. 2npd VmN (4.3)
It is interesting to note that the relatively simple CRY¥SCLUS "
scaling procedure adopted successfully for the dipole polariz-  additionally, measurements are reported in terms of the
ability curves is less successful fo(R). This may, again, be  ller parameterpo, defined as\o = (d In o/d In Vi), which
characteristic of the greater dependenceCobn the local may be rewritten for our MX systems a& = (R/3otm)(dot/
environment. Future work will focus more di dR). Hence, from eqgs 4.1 and 4.2, the relationship between
Oxides. Table 1 gives the dipole polarizability at the the experimental parameters is
equilibrium lattice parameter. The calculated dipole and quad-
rupole polarizabilities at the SCF level are shown in Figure 6. —1_ 6n dn (4.4)
The G ion is unbound when not stabilized by the Madelung (n*+ 2)(n* — 1) pdp '
potential of a crystal lattice. Calculation of its polarizability at
large lattice parameter, especially in the point charge only CRYS  Table 2 lists the data used to derive the experimental values
model, is, therefore, difficult and leads to numerical problems. of do/dR for the systems under study. These are then compared
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TABLE 3: Dipole Polarizability Derivatives, (d a/dR)/ag? 2

CRYS CLUS
system SCF MP2 SCF MP2 expt
LiF 1.91 (0.179) 3.39 (0.201) 2.29 (0.214) 3.22(0.191) 32563
LiCl 4.92 (0.156) 6.59 (0.176) 5.50 (0.175) 6.46 (0.172) 9.85
LiBr 4.34 (0.113) 5.15 (0.124) 7.25(0.189) 8.05 (0.193) 13.31
NaF 1.64 (0.154) 3.34(0.198) 2.12 (0.26@.18 (0.205) 3.14 (0.187)3.21 (0.191) 2.583.59
NacCl 3.62(0.115) 5.09 (0.136) 5.11 (0.16%).32 (0.169) 6.05 (0.163) 6.73.62
NaBr 3.08 (0.080) 3.76 (0.090) 6.16 (0.161.21 (0.162) 6.89 (0.165)6.94 (0.166) 9.629.64
KF 1.19 (0.111) 2.78 (0.165) 2.30 (0.217) 4.32
KCI 2.28 (0.073) 3.41 (0.091) 6.348.45
KBr 2.05 (0.053) 2.61 (0.062) 7.938.68
MgO 15.30 24.89 7.77 11.4351.900

2The numbers in parentheses are the (scaled) derivative$(do/dR)/ae~t, wherea.. is the polarizability of the free anion calculated at the
appropriate level of theory and of simulation of the environment. The CLUS(MP2) calculations on NaX systems indicate the spread obtainable by
using different estimates of BSSE where possible (see text).

; ‘ : ' ‘ than that obtained from experiment, which is again consistent
200 | . with the halide analysis above.

5. Constructing a Model

150 | Several attempts have been made in the literature to construct

models aimed at reproducing the volume dependence of the
dipole polarizability. Two examples are the model of Wilson
and Curtis$2 which uses, for the anion, a function of the form

o_
— = exp(-alR}) (5.1)
50 | o,
F and the Coker modé&f which uses
0.0 L L L
0.4 0.6 0.8 1.0 1.2 1.4 1.6

f . . . o_ -
o, (&) P (1+aR™) (5.2)

Figure 7. Ab initio SCF and MP2 dipole polarizability derivatives

(“”e§|_ Wki)tlh %m_?_ﬁls) compbared to ﬂ;]e experimental |V3|Ues (solid Iinesr,] wherea is a fitting parameter anglis an exponent fixed at 3 or

see Table 2). The error bars on the experimental data represent the, ; ; ;

range of values in Table 2. Keya, F~ (solid, MP2; dotted, SCF)D, 4. At;lfu?d:lm(?[r?tal prOblhemgwnhth:]h fu][lctlo_ns is that th(tayb?re

CI (solid, MP2; dotted, SCF)y, Br- (SCF only shown). unable to treat ions such a Ow ich as free ions are unstable
with respect to electron loss (i.@,, = ). Furthermore, we

) ) o ) ) are interested in constructing a model for the fluctuations in
in Table 3 with the calculated derivatives obtained at the various {pe polarizability in terms of a general set of ion coordinates,

levels of theory. It can be seen that the MP2 derivatives are 5nq. as a result. a more general expression is required.
generally in much better agreement with experiment than are  apother possible function (the light-scattering (LS) model),
the SCF derivatives for the same systems. In passing, we noteys ysed previously by Madden and co-workéris, based on
that the MP2 derivatives themselves are less sensitive 10 theyhe prude model for the polarizability, in which the response of
modeling of anior-cation interactions (CRYS or CLUS); this  the charge density to an applied field is modeled by that of a
is a natural consequence of the quenching of the anion harmonically bound charggwith force constank. The polar-
correlation in the crystal. In general, the MP2 values for the izability is then given by = g/k. In the LS model, the confin-
derivatives appear to beo smaller than those obtained fromnq effect of the ionic environment on the polarizability (Figure
experiment by around 10%. This may reflect the growth in 1yis regarded as acting through the force constant, which, for

importance of correlation as the anion is given more freedom. 4 general ionic configuration, contains a part that depends on
A perturbative treatment such as MP2 will become progressively e separation between the ion of interésand its neighbors.
less accurate at larg® and although it is adequate for

calculatipns ofa, this inz_;ldequacy may influenceiR)e. k=k,+ Za"i g Gl (5.3)
Experimental data exist for a wider range of systems than
we have been able to cover by ab initio calculation. Figure 7
places the calculated values into the more general context ofwherer; is the separation between ionandj, a; andc; are
the experimental data. The MP2 theoretical values are seen toparameters fitted to reproduce the dependence of the ab initio
be compatible with the experimental trends. Although the polarizability on the ionic environment, ang = 1/ow. In a
apparent agreement with the specific experimental values formore general context, where the polarizability tensor may
LiCl and LiBr (Table 3) is relatively poor, the data for these contain an anisotropic contributiok,would be replaced by a
systems (Table 2 from ref 28) are obtained via a slightly different full second rank tensor. The LS model can, in principle, fit
procedure and appear systematically high. both sigmoidal (finiteko) and divergentky = 0) polarizability
In addition, the agreement between the experiment@l (d curves, making it suitable for both bound and unbound anions.
dr) for the G~ ion in MgO and that calculated from CLUS- In keeping with the original LS model, we assume that only
(MP2) is also excellent, with the ab initio value slightly lower the nearest anionanion and catiofranion interactions are

=
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40.0 ; : , TABLE 4: LS Model Parameters Fitted to the CLUS(MP2)
a Data Using the Anion—Cation and Anion—Anion

Interactions?

system a; - (2% Ci-( ') a-(2°) c () k(a)
LiF 0.190 0.810 0.095 0.573 0.0595
NaF 0.235 0.810 0.095 0.573 0.0595
LiCl 0.060 0.700 0.030 0.495 0.0268
NaCl 0.074 0.700 0.030 0.495 0.0268
MgO 0.120 0.680 0.060 0.550 0.0

KF 0.363 0.810 0.095 0.573 0.0595
LiBr 0.090 0.850 0.045 0.601 0.0242

aThe values for both KF and LiBr are fitted to effective CLUS(MP2)
curves generated from the CRYS(MP2) as described in the text.

Representation with the LS Model. Figure 8 shows the fit
of the LS model to the ab initio CLUS(MP2) data for LiCl.
Equation 5.3 becomes, for the shortest-ranged catmion and
anion—anion interactions of the B1 structure,

kR =k, +6a,_e“"+12a _e V* R (54)

where both the anioncation @, -,c-) and anior-anion

(a- —,c- -) parameters are fitted. One can, of course, fit the ab
initio B1 data using only the aniefcation terms in this equation
while retaining the same quality of fit, since for a fixed structure
the anion-cation and aniofranion nearest neighbor distances
are related by a constant factor. However, additional ab initio
points are available from the work of Pyper and Popélieho
have calculated anion dipole polarizabilities for three cubic
crystal structures of LiCl and other systems. When these data
are incorporated, it is found that a single-exponential anion

50 s : : : . : cation model cannot reproduce the B3 (four-coordinate) and B2
3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 . .
R[a,] (eight-coordinate) data as closely as that for the B1 structure.
The model at this level is not flexible enough to be transfered
c ' ' ‘ : ' ' : ‘ to different coordination environments. The more flexible

function, including both the aniercation and anioranion
interactions, is able to reproduce the four-, six-, and eight-
coordinate values. The additional flexibility arises because of
the different weightings of the aniercation and aniorranion
functions in the different crystal structures (in terms of both
relative separations and coordination numbers).

Table 4 lists the full parameter sets derived from eq 5.3 by
fitting to the MP2 CLUS data in the rocksalt structure. The
fact that the polarizability data for a given anion have been
shown to scale for different cations encourages us to think that
the parameters for different cations would be related, and this
is borne out by the fit. In fact, the& parameters can be
considered to be cation-independent and the preexponential

00 ae 45 50 s0 70 85 99 o0 1o 2o factors simply related for a given anion. We found that the
R (a,] Na" salt preexponential factors are simply obtained from those
Figure 8. LS model fits to the ab initio MP2 data for (a) Cin LiCl, for the Li* salts by scaling in terms of the effective cation radii
(b) CI~ in NaCl, and (c) Br in LiBr. Key: O, current MP2 B1 ab obtained fromdy+ shifts described earlier, i.@natx~ = aii+x-
initio; x, Pyper and Popelier MP2 B1, B2, and B3 ab infieplid explcLitx-(dna" — OLit)]. For example, Figure 8b compares the
line, LS model fit to the B1 data; light dotted line, B3 LS model curve  gp jnitio NaCl data with the LS model scaled in this way. The
using anior-cation terms only; light gray dashes, B2 LS model fit 6|5 clearly transform well between systems, allowing the
using anior-cation terms only; corresponding black lines, fits using . . .
the full anion-cation and aniomanion terms. generation of new data sets without lengthy cqlc_ulatlon.
Predictions from the LS Model. To test the validity of these
significant in determining the polarizability of a central anion. scaling procedures, we consider the LiBr system, for which only
This assumption can be tested by reference to the coordinationCRYS data are available at the MP2 level. An estimate of the
number-dependent properties. CLUS(MP2) curve foiu(R) is obtained in Figure 8c by shifting

In another approach to the modelingoqR), Batana and co-  the CRYS(MP2) values in terms of the cation radius. Also
workers” have considered the experimental anion dipole polar- shown in the same figure are the three ab initio points from
izabilities in alkali halide crystals in terms of pressure-induced Pyper and Popeliércorresponding to the dipole polarizability
changes in the anion and cation radii. A detailed comparison of the bromide anion in the B1, B2, and B3 structures calculated
of this work with the currect model will appear elsewhéfe. at the equilibrium B1 anioncation separation. It is clear that

400 |
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' - - ab initio determined polarizabilities was found. For a given
anion, the parameters in the function for different cations were
simply related through the change in cation radibyg;. The
function is, therefore, able to predict the polarizability in
different substances and crystal structures.
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