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Ab initio values for the polarizabilities of the F~, CI—,

H-, Li*, Nat, and K% ions have been

calculated, both for the isolated ions and in the crystalline environment appropriate to alkali halide
crystals. The in-crystal values agree well with those deduced from refractive-index data. They are
similar to the isolated ion values for the cations, but much smaller for the anions. The origins of
this anion effect are resolved by the separate consideration of the influence of the electrostatic crys-
tal field and of the overlap with the six nearest cation neighbors. The consequences of the effect on
the transferability of in-crystal polarizabilities between different substances are discussed.

I. INTRODUCTION

In a recent paper' we considered the relationship be-
tween the polarizability of an isolated fluoride ion and of
a fluoride ion in the crystalline environment appropriate
to lithium fluoride. In-crystal ionic polarizabilities are ob-
tained experimentally from the refractive index of the
crystal by way of the Clausius-Mossotti relationship. It
has been known for many years that for the alkali and
halide ions their values are reasonably transferable®> over
the range of alkali-halide crystals. Polarizabilities of iso-
lated ions have not been directly measured, but good esti-
mates have been obtained from ab initio calculations. For
anions these values are much larger than the correspond-
ing in-crystal values; in the case of the fluoride ion in LiF
they differ by a factor of 2.5.! For cations the effect of
the crystalline environment is much smaller; measured,
in-crystal polarizabilities’ agree with isolated-ion values
from ab initio calculations.*>

In a previous paper we resolved the effect of the crystal-
line environment into contributions from three physically
distinct sources.

(1) Crystal-field effects which result from the purely
Coulombic interactions of a lattice of point charges with
the electrons of the ion under consideration. As Hurst®
and Mahan’ have shown, the effect of the electrostatic po-
tential is to compress an anion and expand a cation and
hence to make an anion less polarizable and a cation more
so. In our calculations' the crystal-field effects are simu-
lated by placing the ion at the center of a cubic lattice of
bare point charges. For LiF the result was a reduction in
the F~ polarlzablhty from the isolated-ion value of 2.31
A% t0 1.33 A3 whereas the Li* value was very slightly
increased. The reduction in the correlation contribution
to the F~ polarizability was particularly marked, from
0.73 to 0.25 A,

(2) Overlap compression of the charge cloud of the ion
through its interaction with the charge clouds of its neigh-
bors. In orbital terms this effect results from the interac-
tion between the orbitals of the ion and the occupied orbi-
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tals of the neighbors. This feature may be exploited to iso-
late! the overlap compression of the anion polarizability
from the results of calculations on a cluster of ions in the
lattice. For LiF the result was a further decrease in the
F~ polarizability to 0.92 A3 (which agrees very well with
the experimental in-crystal value’). Again the effect on
the correlation contribution was large; it changed from
0.25 to 0.11 A%,

(3) Charge-transfer effects: In orbital terms these arise
from the delocalization of electrons from one ion into the
unoccupied orbitals of another. In an ab initio calculation
this physical effect may be masked by an artifact of the
calculations known as the basis-set superposition error
(BSSE).® For F~ in LiF we were able to establish that the
charge-transfer contributions to the in-crystal polarizabili-
ty were small.!

In this paper we shall apply these ideas to obtain in-
crystal polarizabilities for the H-, Cl—, Li*, Na™, and
K™ ions. In addition we shall investigate the transferabil-
ity of the in-crystal polarizability between different sub-
stances.

The ab initio methods and the basis sets used in the cal-
culations are described in Sec. II. In Sec. III we obtain
crystal-field polarizabilities for all the ions of interest as a
function of the lattice constant, and we find that the
cation polarizability is scarcely affected by the crystal en-
vironment. We then examine the effect of overlap
compression on the anion polarizability at the Hartree-
Fock level by performing calculations for F~, Cl~, and
H™ ions surrounded by Lit and Na™ neighbors. In Sec.
V we consider the effect of overlap compression on the
correlation contribution. From the results of this exten-
sive series of calculations we have noted an empirical rela-
tionship between environmental effects on the Hartree-
Fock and correlation contributions to the polarizability.
This relationship is discussed in Sec. VI; it enables us to
estimate correlation contributions for systems which are
too large for a direct calculation [for example, the
F~-(Na*t)¢ cluster]. By combining these results we are
able to give theoretical values for the selected ions in a
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FIG. 1. Model environments of an ion. CRYST refers to crystal, CLUS to cluster.

variety of crystalline environments; they are compared
with experimental results in Sec. VII.

II. METHODS

All calculations used the HONDO program® as extended
by Amos (Cambridge). The general method has been
described in Ref. 1. At the uncorrelated level, polarizabil-
ities were obtained by coupled Hartree-Fock (CHF)
theory, or equivalently by finite-field perturbation with
corrections for hyperpolarizability. Electron-correlation
effects were included by the Mgller-Plesset (MP) perturba-
tion theory taken to second order. Polarizabilities were
obtained by finite-field perturbation of the MP corrections
to the dipole moment. There are two ways of defining the
MP series for the dipole moment,!” either as the expecta-
tion value of the dipole operator or as the field derivative
of the energy. We denote the corresponding polarizabili-
ties as MPD and MPE, respectively.

Truncation of these series at second order is expected to
give a good account of the correlation correction to the
CHF polarizability for the halide ions. There is evidence
of mutual cancellation of third- and fourth-order MPE
corrections for isolated F~ (Ref. 11) and C1~.'% For the
H™ ion this cancellation does not occur, and we have ex-
tended the treatment of the correlation correction by tak-
ing the MPE series to fourth order and comparing it with
the results of full configuration-interaction (CI) calcula-
tions.

The anion basis sets were chosen to give a good free-ion
energy and polarizability at both CHF and MP levels.
For F~ we used basis II of Ref. 11, consisting of 66 con-
tracted Gaussian functions [12s8p5d]. For Cl~ we used
basis II of Ref. 12 minus the most diffuse s orbital, giving
76 contracted Gaussian-type orbital (GTO) functions
[13s11p5d]. For H™ an uncontracted, (12s10p2d) basis
was constructed by a geometric continuation of the (10s)
H-atom basis,!> adding 10 p functions with the same ex-
ponents as the most diffuse s functions, 2 extradiffuse p
functions (exponents 0.0070 and 0.0035) and 2 d func-
tions, one function optimizing the CHF polarizability of
the ion in the crystal field (exponent 0.516 666) and one
function the correlation contribution (exponent 0.172 222).

The cation basis sets were chosen as follows. A
(13s9p5d) basis for Nat was taken from Ref. 5. The

(14s9p5d) basis for K consisted of the (14s9p) atomic
basis'* with a set of d polarization functions with ex-
ponents (32£,9£,36,6,6/3) and §=0.48. The Lit
(13s6p5d) set was generated from the (13s) atomic
basis,'? and each p exponent is twice a diffuse s exponent
and each d exponent 3 times a diffuse s exponent. Some
smaller basis sets for Lit and Na™ were used in calcula-
tions on ion clusters and will be described later in this sec-
tion.

The aim of our calculation was to explore the effects of
various features of the crystal environment upon the ionic
polarizability. A series of model systems (shown in Fig. 1)
was used to resolve these effects. The first is the isolated
ion, denoted FREE. Second, the crystal field of a particu-
lar salt was simulated by placing the ion (nucleus, elec-
trons, and basis functions) at the center of a cubic lattice
of point charges with spacing equal to the experimental
lattice parameter. Fractional charges on the faces of the
cube were used to maintain zero overall charge. A cube
including 125 lattice sites was found to give adequately
converged results.! Calculations of this type are labeled
CRYST.

At the next level of sophistication (cluster, denoted by
CLUS) a central anion was surrounded by the six nearest
neighbors (nuclei, electrons, and basis functions) and the
rest of the finite lattice as point charges. Both (Lit)¢X ~
and (Nat)eX ~ clusters were treated in this way.

In order to keep the CLUS calculations to a manageable
size the neighbors of the central ion were represented in
smaller basis sets than above. We used projected basis
sets, as described in Ref. 1, which give an accurate repre-
sentation of the cationic charge density and hence of the
effect of nearest-neighbor overlap on the central anion.

For Li* contracted basis sets (10s5p)— [1s1p] and
(10s5p)— [1s] were constructed.! Their essential feature
is that the larger [1s1p] set has the same self-consistent-
field (SCF) energy and CHF polarizability as the uncon-
tracted (10s5p) set, whereas the smaller [1s] set has the
same energy but zero polarizability.

For Nat the basis set was restricted to (11s8p) by re-
moving diffuse functions from the full (13s9p5d) basis.
The SCF eigenvectors for Na*t in the CRYST model of
NaX were then used to construct a highly contracted
minimal basis (11s8p)— [2s1p] with an SCF energy only
0.0007 a.u. higher than for the full (13s9p5d) basis. The
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TABLE 1. Polarizability of F~ in various electrostatic envi-
ronments (in a.u.).

M-X
Mt CHF MPD MPE Distance

FREE 10.654 4,958 6.090

Cst 9.780 3.789 4.368 5.6824
Rb™* 9.489 3.484 3.968 5.3290
K+ 9.201 3.202 3.609 5.0512
Nat 8.291 2412 2.642 4.3785
Lit 7.300 1.715 1.835 3.7965

CHF polarizability is, of course, zero for the [2s1p] basis.

The advantage of “projected” basis sets of this type is
that they enable us to make a realistic calculation of
basis-set superposition effects (BSSE). In calculations on
a cluster it is important to eliminate spurious contribu-
tions to the polarizabilties from BSSE."” In the conven-
tional counterpoise treatment the polarizability of each
subsystem would be evaluated in the full supersystem
basis. This method effectively collapses the electrons and
nuclei of one subsystem, leaving its basis functions free
for occupation by the electrons of the other system. The
result is an overestimate of the contribution from orbitals
which, in the supersystem, are occupied. With the use of
the basis sets described above we can remove these orbitals
and perform the calculation of the polarizability of the
central ion in a basis extended only by the virtual orbitals
(if any) of the neighbors. This gives a much better esti-
malte of the superposition effects on the anion polarizabili-
ty.
yFor the effect of superposition on the polarizability of
the cage of six cations we use a more approximate treat-
ment. The total BSSE arising from anion basis functions
is approximately a sum of s, p, and d contributions. The
estimated error is found by removing the s (for H™) or s
and p (for F~ and CI™) contributions because these are ex-
pected to be dominated by the occupied anion orbitals. In
a case where the true superposition error is known, this es-
timate was found to be reliable.!

III. CRYSTAL-FIELD EFFECTS

In Tables I—IIT we give the results of a series of calcu-
lations on the effect of the electrostatic crystal field on the
polarizabilities of F~, Cl—, and H~. These calculations
are of the CRYST type, as described in Sec. I. Row one
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TABLE II. Polarizability of C1~ in various electrostatic envi-
ronments (in a.u.).

M-X
M+ CHF MPD MPE Distance
FREE 31.468 3.805 5.608
Rb* 28.162 2.416 3.332 6.2191
Kt 27.522 2.207 3.036 5.9451
Nat 26.655 1.661 2.300 5.2390
Lit 23.705 1.178 1.679 4.8566

of each table refers to the free ion. The lattice parameters
used in the calculations were taken from Refs. 3 and 16;
the salts considered all have the simple NaCl structure.
The first three columns give the polarizability at the CHF
level and the correlation corrections obtained from
second-order MP perturbation theory (MPD and MPE, as
defined in Sec. II). In Table III we also give the third-
and fourth-order correlation corrections to the polarizabil-
ity of H™, and the results of full CI CRYST calculations
which  should be compared with the totals
(MPE + MP3 + MP4).

As the strength of the crystal field increases (i.e., as the
lattice parameter decreases) the CHF polarizability is rap-
idly reduced. The corresponding decrease in the correla-
tion correction is even more marked. For the free F~ and
Cl~ ions there is evidence'"'? of cancellation of the
higher-order terms in the MP series; this indication of
rapid convergence is supported by the reasonable agree-
ment between MPE and MPD values for the free ions.
The agreement of MPE and MPD values improves in the
crystal field so that the second-order MP treatment should
give a good estimate of the full correlation correction in
the crystal.

For the H™ ion the correlation corrections are large and
the convergence of the MP expansion is poor, as shown by
the values of the third- and fourth-order terms and by the
poor agreement of MPD and MPE. This may be traced to
the fact that free H™ is unbound at the Hartree-Fock level
(cf. the “CHF” value for the polarizability is for a restrict-
ed Hartree-Fock calculation.!”) However, in the crystal-
line environment the hydride ion becomes bound at the
Hartree-Fock level, and we see a massive reduction in the
correlation contributions. The term-by-term convergence
of the MP expansion remains poor, and so in order to ar-
rive at a realistic estimate of the correlation correction we

TABLE III. Polarizability of H™ in various electrostatic environments (in a.u.).

MT CHF MPD MPE MP3 MP4 CI M-X distance
FREE 89.874 16.166 33.677 13.250 12.243 (113)*
Cs* 39.935 1.325 2.707 8.720 6.0282
Rb* 36.584 1.068 2.168 5.7070
K* 33.148 0.842 1.697 1.608 1.008 5.558 5.3857
Na* 24.961 0.443 0.863 0.872 0.536 4.6109
Lit 17.612 0.202 0.380 0.425 0.248 1.257 3.8362

*Estimate from restricted Hartree-Fock limit for free H™ is 93 a.u. (Refs. 4 and 17); exact (with correla-

tion), 206 a.u. (Refs. 4 and 18).
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TABLE 1V. Crystal-field effects on the polarizabilities of
cations (in a.u.).

CHF MPD MPE
Free Lit 0.1892 0.0022 0.0026
Lit in LiH 0.1892 0.0022 0.0026
Free Na* 0.9444 0.0562 0.0595
Na* in NaF 0.9447 0.0563 0.0597
Free K+ 5.3986 —0.0933 —0.0264
K* in KF 5.4038 —0.0921 —0.0260

have performed a full CI calculation with our basis for
H~ in the CRYST environments appropriate to LiH, KH,
and CsH. For the free ion a full CI polarizability is avail-
able.'®* The results of these calculations are given in
Table III. For the free ion the MPE series summed
through fourth order (59 a.u.) recovers only 52% of the
full correlation contribution to the polarizability (113
a.u.). In contrast, the corresponding values for the LiH
CRYST calculation are 1.05 and 1.26 a.u. (i.e., 84%). In

both free and all CRYST calculations, MPE is 30% of the -

total correlation correction (cf. Fig. 4).

In Table IV we give the results of our calculations on
the polarizabilities of the free Li*, Na*t, and K% ions and
on the CRYST polarizabilities of these ions. In all cases
the increase in the cation polarizability on entering the lat-
tice is less than 0.1%. Both the correlation correction and
its change in the crystal field are small. The negative sign
of MPE and MPD for K is perhaps surprising, but we
note that negative correlation polarizabilities have been
found for atoms on the left-hand side of the first!® and
second” rows of the Periodic Table: Reinsch and Meyer®®
interpret this as a predominance of angular over radial
correlation.

IV. OVERLAP COMPRESSION AT THE CHF
LEVEL

The crystal-field calculations have demonstrated the in-
sensitivity of the cation properties to environmental ef-
fects. The anion polarizabilities, on the other hand, are
seen to be highly sensitive to the presence of neighboring
ions, even as represented by point charges. In this section
we investigate the additional effects on the anion polariza-
bility due to the overlap of cation and anion charge distri-
butions. These effects may be isolated! from a calculation
of the polarizability of a cluster consisting of the anion of
interest surrounded by the six neighboring cations, the
whole being embedded in a lattice of point charges. The
polarizability of the cluster may be written

acLus=6acryst(M *)+acryst(X ") +appM*t | X7)
+appM* | M) +ant,

where acryst is the polarizability in the crystal field cal-
culated in Sec. III and app(4 /B) gives the total contri-
bution to the cluster polarizability of the dipole—induced-
dipole (DID) interactions between species 4 and B. aint
contains all the contributions to the cluster polarizability
including the anion-cation overlap compression (the term
of interest) but also possible cation-cation overlap and
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basis-set superposition terms.

The utility of the cluster calculations for the elucidation
of the anion overlap terms rests upon the fact that the
cation charge distribution is so insensitive to its environ-
ment. This means that the properties of the in-cluster
cation are very similar to those of the CRYST cation and
the distortion of these properties by overlap is small: oy
(where INT refers to term of interest) is then dominated
by the terms of interest and the basis-set superposition
terms. Pursuing the same reasoning we may represent the
lowest order, nonvanishing contribution to
apmp(M*/X7) (ie., the X "-M*-X~ term!) by

apip,epM T | X 7)=12[acryst(X 7]
X acryst(M T)R _680“9 .

For the Li* clusters we have performed a series of cal-
culations which use the [ 1s 1p] basis described in Sec. II to
separate the different contributions to apyy. We begin by
calculating the polarizability [a(6Li*)] of six LiT ions
with the central anion replaced by a point charge. In all
cases the polarizability of this cluster is just 6 times the
CRYST polarizability of a single Li* ion, showing that
the app(LiT/Li*) and the Lit-Li* contributions to ot
for the full Li§ X~ cluster are negligible. Since the X~
and [1s1p] Lit basis sets give a good description of the
polarizability of these ions we do not expect a large
enhancement of the anion polarizability by basis-set super-
position. This was checked by the methods described in
Sec. II. The X ~— M superposition errors (the arrow
denotes the flow of electrons from X ~ into the available
M ™ orbitals) were evaluated by our modified counterpoise
method' and found to be negligible. The M+ — X~ er-
rors were found from a conventional counterpoise calcula-
tion,!® so that the latter should be regarded as upper lim-
its. The net in-crystal anion polarizability at the CHF lev-
el is given by the last row in the table (i.e., the result of
subtracting rows 2—4 from row 1 in Tables VI—-VIII).

In dealing with the Li* clusters we are able to exploit
the fact that for this two-electron ion we can accurately
represent the ground-state and electric-field-perturbed
wave functions with the use of just two basis functions.
For the Na* clusters in a basis of tractable size it is only
possible to represent the ground-state wave function accu-
rately. Whilst this suffices for the description of the over-
lap compression term it leads to substantial M+ — X ~ su-
perposition errors in the polarizability. With a minimal
[2s1p] basis for the Na™ ions (see Sec. II) acrysr(Na™)
and the DID contributions to the cluster polarizability
vanish. Also the X ~— M superposition error obtained
by the modified counterpoise method is exactly zero.! To
estimate the remaining M *— X~ superposition error we

TABLE V. Correlation contributions to the cluster polariza-
bility of (Li*)s(X ™) (in a.u.).

X~ F~ Cl~ H~
MPD 0.762 0.333 0.074
MPE 0.852 0.634 0.124
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TABLE VI. Effect of nearest-neighbor overlap on the CHF
polarizability of F~ (in a.u.).
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TABLE VIII. Effect of nearest-neighbor overlap on the CHF
polarizability of H™ (in a.u.).

M+ Lit Na™*
M basis [1s1p] [2s1p]
QacLus 6.560 6.782
al(M*)s] 1.126 0
apip 0.040 0
BSSE M+ F~ <0.001 0.50
Net a(F™) 5.394 6.372

M+ Lit Na*t
M basis [1s1p] [2s1p]
acLus 11.426 15.584
a[(M )] 1.126 0
QpIDp 0.219 0
BSSE M+ H~ <0.001 0.50
Net a(H™) 10.081 15.084

take that part of the conventional counterpoise estimate
which arises from the virtual anion orbitals, as described
in Sec. II.

V. OVERLAP COMPRESSION
AND THE CORRELATION CORRECTION
IN LITHIUM SALTS

In Table V we show the MPE and MPD estimates of
the correlation polarizabilities of (Lit)¢(X ™) clusters.
The basis sets used were as in Sec. IV, except that in the
LiF and LiCl calculations the polarization functions on
the cation were omitted. With these basis sets the cation
contribution to the correlation correction to the cluster po-
- larizability is very small ( <0.005 a.u.). We may therefore
identify the numbers in Table V as correlation corrections
to the in-crystal polarizability of F~ and CI~ in their
lithium salts (given in the last rows of Tables VI and VII).

In the case of H™ we have shown that truncation of the
MP series at second order is inadequate. However we also
showed that for free and CRYST anions the second-order
MPE term was a constant 30% of the full correlation
correction. From the reduction of the CRYST values by
overlap (Table VIII) we infer that the full CI CRYST
correlation correction will be reduced by overlap compres-
sion to 0.4 a.u. This is the number which we shall com-
bine with the CHF polarizability for H™ in LiH from the
last row of Table VIIL.

VI. ENVIRONMENTAL SUPPRESSION
OF CORRELATION POLARIZABILITY

Our calculations have shown two effects of the crystal
environment on the polarizability of an anion. First, a,

TABLE VII. Effect of nearest-neighbor overlap on the CHF
polarizability of C1~ (in a.u.).

M+ Lit Nat
M basis [1s1p] [2s1p]
acLus 20.115 20.552
a[(M )] 1.126 0
apip 0.096 0
BSSE M*— CI™ <0.001 0.32
Net a(Cl™) 18.893 20.232

the total polarizability of the ion, is reduced from the
free-ion value. Second, A, the ratio of the correlation po-
larizability to the CHF polarizability, is reduced even
though the correlation energy is not sensitive to the envi-
ronment.!

We can use the results presented in Secs. III—V to fol-
low the suppression of the correlation polarizability
through a series of environments. In Figs. 2—4 acyr is
plotted against aypg and appp for each of the three
anions. The computed points may be joined by a smooth
curve which passes through the results of both CRYST
and CLUS calculations. The curves for different anions
are similar in shape. Figure 4 also shows the results of the
full CI calculations on H™ in the CRYST environment.
As we have already noted the MPE value is a constant
fraction of the full CI polarizability contribution so that
the CI and MPE curves have the same shape. As the
crystal field becomes stronger (i.e., as the lattice parameter
decreases) A declines smoothly and then overlap compres-
sion causes a steeper drop towards values characteristic of
the isoelectronic inert-gas atom.!

Apart from their intrinsic interest these curves are use-
ful in that they allow us to estimate the (small) correlation

FREE
10f CRYST Cs
CRYST Rb
- CRYST K
Qenr | CRYST Na
i CRYST Li
| CLUS Na
cLUS Li
5.
e *corr
(0] 2 3

FIG. 2. Variation of CHF and correlation polarizability of
F~ with environment. O is an MPD value, ® an MPE value.
Units given in a.u. Definitions of CRYST and CLUS as in
Fig. 1.
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FIG. 3. Variation of CHF and correlation polarizability of
Cl~ with environment. Symbols and units same as Fig. 2. Defi-
nitions of CRYST and CLUS as in Fig. 1.

polarizability for the NaX clusters, where only a SCF cal-
culation was feasible. Correlation corrections are read off
the curves at the computed values of acyr for NaX clus-
ters. Our final values for the correlation contributions to
the in-crystal polarizabilities of all three anions in their
lithium and sodium salts are collected in Table IX.

VII. COMPARISON WITH EXPERIMENT

As a result of our series of calculations we have arrived
at a set of ab initio in-crystal polarizabilities for three cat-

L FREE
|

80

Qchr |

-[CRYST Cs
—CRYST Rb
-CRYST K

—{CRYST Na

_lCRYST Li
; JcLus Na
¥ JeLus i
Neorr

1 | L !

0 10 20

FIG. 4. Variation of CHF and correlation polarizability of
H~ with environment. B is a full CI value, and other symbols
and units are the same as, Fig. 2. Definitions of CRYST and

CLUS as in Fig. 1.
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TABLE IX. Correlation contributions to the in-crystal polar-
izability of X~ in LiX and NaX (in a.u.). For F~ and Cl~ we
have taken the simple average of MPD and MPE. For H™ these
are the estimated full CI results.

X~ F~ Cl- H~
In LiX 0.79 0.48 0.4
In NaX 1.2 0.7 1.0

ions (Table X) and three anions (Table XI), and in Table
XII we compare these with “experimental” values which
were derived as we now describe. For the cations Li*

Na*, and K* we have found no significant difference be-
tween in-crystal and free-ion values. We can be confident
that the Li* and Na™ values are consistent with other ab
initio results. Our K™ value is larger than a previous ab
initio value of 0.789 A3 (Ref. 21) and agrees with the
empirical estimate of 0.79 A3}

The pair polarizabilities of alkali halides, as obtained
from refractive-index data, have been critically reviewed
by Wilson and Curtis.> By subtracting our cation polari-
zabilities for Lit and Na* from their recommended ex-
perimental values we obtain in-crystal polarizabilities for
the F~ and Cl™ ions in their lithium and sodium salts.
For the hydrides we have used the Clausius-Mossotti for-
mula on the refractive indices of LiH (Ref. 22) NaH (Ref.
23) to obtain in-crystal polarizabilities for H™ in LiH and
NaH. The NaH value refers to the sodium D wavelength
and would be expected to decrease on extrapolation to in-
finite wave length. As Table XII shows the ab initio
values are in good agreement with experiment for F~ and
Cl—, and less so for H™.

A calculation based on the refractive index of KH (Ref.
23) and our theoretical K* polarizability gives a value of
2.21 A? for the polarizability of H™ in KH. Our theoreti-
cal value for H™ in NaH is therefore clearly too high.
This may be due to the lack of next-nearest-neighbor over-
lap in our CLUS calculations. The very large radius of
H~ found in the CLUS calculations (see below) suggests
that these effects may be more important for H™ than for
F~ and Cl-. The experimental results for H~ do not
show the monotonic increase of a with lattice parameter
found for F~ and C1™.

We have found that an anion has a polarizability which
is strongly affected by its environment so that the simple
idea of a single in-crystal polarizability for each ion? is not
supported by our results. It is well known that the use of
constant in-crystal polarizabilities leads to serious incon-

TABLE X. Theoretical values for cation polarizabilities (in
a.u.).

Ion a
Lit 0.192
Nat 1.00
K+ 5.34
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TABLE XI. Theoretical values for in-crystal polarizabilities
of anions (in a.u.).

Anion Crystal a
F~ LiF 6.18
NaF 7.57
Cl- LiCl 19.4
NaCl 20.9
H~ LiH 10.5
NaH 16.1

sistencies in the empirical values, e.g., the “constant” po-
larizability of the oxide ion 0%~ deduced in Ref. 2 ranges
from 0.9 to 3.2 A3 depending on the crystal considered, in-
dicating a strong environmental effect.

Wilson and Curtis® proposed a relationship between the
in-crystal polarizability a of an anion in a salt and the lat-
tice constant R,,

logio=log;pa’— kR,

where a° is the polarizability of the free ion. The equa-
tion is based on the idea that the change in the ionic
volume from one substance to another may be related to
the change in ionic polarizability. It has been used to esti-
mate the polarxzabllltles of isolated ions by extrapolatmg a
plot of logo(a) vs R, 2 to infinite lattice constant,’ giving
results which although higher than earlier empirical esti-
mates are still well below the results of sophisticated ab
initio calculations on the free ions. For our own purposes
the Wilson and Curtis plot gives a way of representing our
data graphically to compare the sizes and transferability
of the different physical effects in the crystal. The use of
the relationship to extrapolate to the free-ion polarizabili-
ty is not supported by our calculations.

Flgures 5—7 show plots of logg(ct) vs R~ 2 for the three
anions we have studied. CRYST and CLUS polarizabili-
ties at CHF and correlated levels of theory are plotted.
The results for the free ions are given on the vertical axis
and the experimental in-crystal results (Table XII) are
represented by closed circles. The calculated points have
been joined by a solid line to aid the eye, and the line
through the two CLUS points has been extrapolated to
R, = oo with the dashed line.

TABLE XII In-crystal anion polarizabilities and comparison
with experiment (in Ad).

X~ MX Theoretical® Experimental®

F~ LiF 0.92 0.89
NaF 1.12 1.03

Cl- LiCl 2.87 2.88
NaCl 3.10 3.14

H~™ LiH 1.56 1.86
NaH 2.39 1.80

*Present work, Table XI.

bDerived (see text) from refractive-index data.
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FIG. 5. Variation of polarizability of F~ with lattice parame-
ter. Loga (a.u.) is plotted vs 10R ~2 a.u.”2 @ represents exper-
iment; O, correlated CLUS; X CHF CLUS; 0O, correlated

CRYST; A, CHF CRYST; &, correlated FREE; ® CHF
FREE.

The slopes of the CRYST and CLUS curves are very
similar, which might be taken to imply an electrostatic
origin for the effects which cause the in-crystal polariza-
bility of an anion to change between different substances.
However, if we perform a calculation on a cluster consist-
ing of an F~ ion surrounded by six Li* ions at the crystal
lattice spacing (i.e., remove all the point charges from a
CLUS calculation) then the polarizability of the cluster
changes by only 0.07% from the value for the same clus-
ter in the crystal. These observations can be rationalized
by considering all the environmental effects as a confine-
ment of the anion charge density to a region whose size

RbK  Na L
L

13 ) x

10R;2
1.2 . \ . )
0 2 4

FIG. 6. Variation of polarizability of Cl1~ with lattice param-
eter. Symbols and units same as Fig. 5.
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FIG. 7. Variation of polarizability of H™ with lattice param-
eter. Symbols and units same as Fig. 5.

varies with the lattice parameter. This simple physical
idea underlies the use of the “Watson sphere” to simulate
the confining effect of the crystalline environment.?*
Confinement of the charge density might be expected to
affect other properties of the ionic charge cloud; a mea-
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TABLE XIII. Environmental effects on the mean-square ra-
dius of an electron in an anion (in a.u.). Calculated at the SCF

level.

Environment H™ F~ Cl-
FREE X~ 9.37 1.60 2.14
CRYST CsX 7.16 1.58
RbX 6.90 1.57 2.10
KX 6.62 1.57 2.10
NaX 5.85 1.54 2.07
LiX 4.95 1.50 2.04
CLUS NaX 4.50 1.45 1.97
LiX 3.75 1.42 1.94

sure of the ‘“size” of the ion is the mean-square radius
(r?). In Table XIII we present values of (r?) for the
anions in a variety of crystalline environments. This
ground-state property is seen to be less sensitive to envi-
ronment than is the polarizability. Kirkwood?> proposed
a simple proportionality between a and the square of
(r?). Reinsch and Meyer20 found a modified form of the
relationship to hold for the first row atoms Li to Ne, pro-
vided a was divided by the number of valence electrons.
With the use of our data we find that the best straight-line
fit to a plot of In(a) vs In({r?)) gives a slope of ~2 for
H~ and ~6 for F~ and Cl~. For H™ the Kirkwood rela-
tionship works well, but for the heavier anions (r2) varies
more slowly than predicted. In (r2), for these ions, the
confinement by the crystal of the outer electrons (which
predominantly determine the polarizability) is masked by
the unchanging core. Thus the Kirkwood relationship
gives a qualitative description of environmental effects on
H~ for which there is no core.
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