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The nature of the pressure-induced off- to on-center transition of a substitutional Li impurity in KC1 is
examined. Dielectric-response and far-infrared absorption measurements are interpreted by means of a simple
two-parameter barrier model and found to be consistent. The experimental results provide evidence for a rather
sharp on- to off-center transition as the hydrostatic pressure is increased. In contrast, recent shell-model
calculations yield a gradual decrease of the off-center displacement with pressure. Thus, static ionic potentials
do not provide an accurate description of the strain dependence of the local environment of small substitutional
impurities in alkali halides.

I. INTRODUCTION

The properties of substitutional impurities in
alkali halides have been extensively studied. "
The experimental results provide a wealth of de-
tail concerning the local environment of the im-
purity in its host lattice which is a challenge for
theory to explain. The most energetically favor-
able location for an impurity can be either on-
center or, for an impurity of sufficiently small
size, a number of equivalent off-center sites.
Thus, the behavior of an impurity has been clas-
sified as: (1) strongly off center (thermally acti-
vated reorientation among equivalent sites), (2)
quantum-mechanical tunneling between sites, (3)
anharmonic on center, or (4) harmonic on cen-
ter. '

Hydrostatic pressure is a unique parameter be-
cause it can be used to study transitions between
these regions of behavior. Kahan et al. 4 studied
the pressure dependence of the lattice resonant
modes in KCl: Li' by far-ir spectroscopy and in-
terpreted their data as evidence for an off- to on-
center transition. The present authors' have an-
alyzed the data of Kahan et al. ' in terms of a sim-
ple two-parameter barrier model and found that
the off-center displacement of the impurity, de-
fined as the distance of the potential-energy min-
ima from the original cation site, undergoes an
abrupt collapse as the pressure is increased. Re-
cently, Holland and Luty' performed dielectric-
response measurements on KC1: Li' under hydro-

static pressure and also found evidence for the
off- to on-center transition.

The pressure tuning of an off-center impurity
into an on-center configuration presents perhaps
the most stringent test to theoretical models of
the interionic forces in alkali halides. The shell-
model calculations of Catlow et aE. ' are the most
sophisticated application to date of static ionic
potentials to the off- to on-center transition.

The purpose of this comment is to examine the
recent experimental and theoretical work on
KC1: Li' for consistency in order to gain insight
into the nature of the off- to on-center transition.
Section II is a brief review of the two-parameter
barrier model and the fits to the data of Kahan
et al. ' In Sec. III, we compare Holland and Luty's'
results with our fits to the barrier model and find
them consistent. In Sec. IV, we examine the re-
sults of Catlow et al. ' and conclude that static ionic
potentials do not provide a sufficiently accurate
description of the local environment of Li in KCl
to predict the transition. Section V summarizes
our conclusions.

II. SIMPLE BARRIER MODEI.

In the absence of hydrostatic pressure, the po-
tential energy for a substitutional Li' ion in KCl
has equivalent minima in each of the eight [ill]
directions. " The simplest potential function with
this property is the separable potential:

V(x, y, z) = v(x) + v(j) + v(z),
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where the one-dimensional potential v(x) is a sym-
metric double well. We form the Hamiltonian
matrix for the one-dimensional problem using a
set of harmonic oscillator functions as a basis
and numerically diagonalize the matrix to com-
pute the energy eigenvalues and eigenvectors. For
each value of the pressure, a search program
varies the parameters of v(x) to find the best fit
to the far-infrared absorption frequencies rnea-
sured by Kahan et al. ' Perhaps the simplest
choice for v(x) that can describe both off- and on-
center configurations is

v($) = '@P(-v.5'+ v.$'); $ = (~P/@)'~'x, (2)

where —,'AP is the ground-state energy of the basis
harmonic oscillator, g is the displacement in di-
mensionless units, ~ is the mass of the Li' ion,
and v, and v4 are variable parameters. For com-
parison, we also performed fits with a harmonic
oscillator perturbed by a Gaussian barrier:

for KC1.

III. DIEI.ECTRIC RESPONSE

In this section we compare the far-infrared
data, as interpreted by the two-parameter bar-
rier model, with the dielectric-response mea-
surements of Holland and Lutys'" on KC1:Li'.

Holland and Luty' found that ev, the dipolar (i.e. ,
impurity) contribution to the dielectric function,
is consistent with a two-level model. In the low-
field limit (P)E«ks&, the polarizability of a two-
level system is given by"

2(p)'
o.v = tanh

)

where & is the splitting between the lowest two
levels in K and (p) is the dipole moment. Holland
and Luty' use the Clausius-Mossotti relation to
obtain the approximation

v(x) =Ax'+ Bexp(-Cx'), A, B, C& 0. (3)
fv —(E'p+ 2) 9 TIN(xv ~ (6)

The value of A. was chosen as the harmonic part
of the potential for KBr: Li' at zero strain, ' while
B and C were variable parameters. For further
details, see Ref. 5.

Kahan et al. observed four distinct absorption
frequencies throughout most of their range of pres-
sure. The fits of the two-parameter barrier model
to the data were inadequate at the highest pres-
sures, for which the Li' ion is expected to behave
most nearly as a particle in a harmonic well. In-
deed, the barrier potentials are nearly harmonic,
but the splitting in the excited-state band observed
experimentally (two lines are observed) indicates
the presence of additional anharmonicity in the
true potential. The lowest-order term consistent
with cubic symmetry that we have ignored is of
the form x'y2+x z'+y z'. As a crude estimate we

calculated in first-order perturbation theory that
the two T,„multiplets of the tenfold degenerate
n= 3 level of the three-dimensiona1 harmonic os-
cillator are split by roughly a factor of 2.5 times
the shift in energy of the n= 1 T,„ triplet induced

by this cubic anharmonicity. In addition, an an-
harmonic terzn of this type should improve the
fit to the isotope effect at high pressures. '

The important results of the barrier-model fits
to the data of Kahan et a/. ' for our purposes are:
(1) The barrier height V, decreases linearly with
lattice strain and (2) the off-center displacement
x is weakly strain dependent for low pressures,
but collapses abruptly to zero at the pressure for
which the barrier disappears. The relationship
between lattice strain, dr/r in per-cent, and

pressure, in kbars, according to Kahan, "is

dr/r ('%%uo) =-0.163P—0.0023P' (4)

2 ~ XnmXmn -sn p ~ r (6)

where

xnan n x x m x dx

is the dipole matrix element connecting states
m and n of the one-dimensional double well, E„
is the energy of the nth level, and Z is the par-
tition function:

g-Qe sn/&sr

%e have assumed that the applied electric field
E is in the x direction. The calculation reduces
to a one-dimensional problem because the poten-
tial is separable and we let E lie along a sym-
metry axis. Note that Eq. (8) reduces to Eq. (5)
if we retain only the lowest two levels of the dou-
ble well potential.

Figure 1 shows the pressure dependence of the

where q~ is the dielectric constant of thepurealkali
halide crystal and N is the density of impurities.
Equations (6) and (6) can be combined to yield the
expression for the pressure dependence of the
dipolar contribution to the dielectric function:

eD(P) nv(P) (P)(P)l ' /6(0) tanh[&(P)/2T]
e (0) n (0) (p) (0)j (D(P) tanh[&(0)/2T]

(7)

where P is the pressure. Equation (7) was used
to extract (p)(P) and &(P) from the data.

In the two-parameter barrier model, the polar-
izability of the substitutional impurity is
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FIG. 1. Pressure dependence of the dipolar contribu-
tion to the dielectric function of KCl: Li for two values
of the temperature. The solid (dashed) line represents
the'fit of the quartic-harmonic potential to the far-in-
frared data for T =4 K (2 K). The solid (open) circles
were obtained from dielectric data (Ref. 3) for T =4 K
(2 K).

reduced dielectric function en(P)/eo(0) for two
values of the temperature. The circles represent
the dielectric data, which are taken from Holland
and Luty's' Fig. 19. The lines represent the fits
for the quartic-plus-harmonic barrier potential
[Eq. (2)I to the far-infrared data. The far-in-
frared and dielectric data are consistent within
the barrier model.

Figure 2 displays the strain dependence of the
normalized dipole moment, taken from Fig. 20
of Holland and Luty, ' and the strain dependence
of the off-center displacement for the fits of the
barrier potentials to the far-infrared data. The
dipole moment rolls over at about the same strain
that the off-center displacement collapses. The
sharpness of the collapse of the dipole moment is
unclear because of the large error bars indicated
by Holland and Luty' for the data points taken at
the highest pressures and owing to possible strain
dependence of the effective charge which must
be divided out of the dipole moment to obtain an
off-center displacement. However, there is no

. inconsistency between the far-infrared data and the
dielectric data revealed by this comparison. Hol-
land and Luty' present more convincing data for
an abrupt off- to on-center transition from di-
electric and ultraviolet absorption measurements
on RbBr: Ag', RbCl: Ag', and NaBr: Cu'.

In Fig. 2 we also show the strain dependence of
the position of the maximum of the probability
density for the ground-state wave function of
KC1: 'Li' along the [111) direction for the fits of
the data of Kahan et al. ' to the quartic-harmonic

I.O

FIG. 2. Strain dependence of the off-center displace-
ment of Li' in KCl. The dotted (solid) line represents
the fits of the quartic-plus-harmonic (Gaussian barrier)
potential to the far-infrared data. The dashed line is the
displacement of maximum probability density along the
f111] direction for the ground-state wave function ob-
tained by fitting the quartic-harmonic potential to the far-
infrared data. The open circles show the strain depen-
dence of the dipole moment, normalized to i A at zero
strain for convenience, obtained from dielectric-re-
sponse measurements (Ref. 3). The squares (diamonds)
represent the results of shell-model calculations using
Catlow et al. (Ref. 6) potential I (II). The triangles are
the results of polarizable point ion calculations by Quig-
ley and Das (Ref. 17). The experimental results imply
an abrupt off- to on-center transition, whereas the static
ionic-potential calculations predict a gradual decrease of
off-center displacement with increasing strain.
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FIG. 3. Strain dependence of the probability density
in the [&11) direction for the ground state obtained

by fitting the quartic-plus-harmonic potential to the far-
infrared data.
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potential. The probability density is given by I

400&

where Q,(x) is the ground-state wave function of
the one-dimensional quartic-harmonic potential
and t'= x'+ y'+ z'. Figure 3 shows explicitly the
strain dependence of the probability density. At
low pressures, the Li' ion is off center and I(I'
possesses a pocket in each of the [111]directions.
As the pressure is increased, the peak of I/I'
moves gradually towards the center of the cavity
and probability density begins to accumulate at
the center. A further increase in pressure in-
duces the maximum of I pl' to move rapidly on
center. The Li' is quite delocalized at the pres-
sure for which (g I' first peaks on center, but
as the pressure is further increased, the ion be-
comes strongly localized on center. The on-center
peak is much larger than the off-center peak be-
cause it is formed by the coalescence of all eight
off-center pockets of probability density. Thus,
this plot of the strain dependence of I g I' indicates
a rather gradual transition from off- to on-center
for a Li' impurity treated quantum mechanically
in the simple barrier model. This result is in
contrast to the sharp transition we obtained for the
off-center displacement (Fig. 2) in this model.
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FIG. 4. Strain dependence of the central barrier
height. The solid (dashed) line represents the fit of the
quartic-plus-harmonic (Gaussian barrier) potential to
the far-infrared data. The triangles {circles) were ob-
tained by shell-model calculations of Catlow et al. (Ref.
6) for their potential I (II).

IV. STATIC IONIC POTENTIALS

There have been a number of attempts to cal-
culate the properties of substitutional ions in
alkali halides, particularly Li' in KC1, using static
ionic model potentials. "'" In general, the small
substitutional ion is placed at some location along
a symmetry direction in the cavity formed by the
removal of a host ion. Then the surrounding ions,
and perhaps the substituent ion itself, are per-
mitted to relax and the configuration of minimum
energy is computed.

The recent work of Catlow et gl.' has been es-
pecially successful when compared with the ex-
perimental evidence for off- or on-center con-
figurations and the direction of off-center dis-
placements of substitutional cations in alkali hal-
ides. In fact, their only serious disagreement
with experiment, RbC1: Li', was resolved by re-
cent experiments of Thormer and Luty. " The
improvement of the Catlow et a/. ' results over
previous work is largely due to the replacement
of the polarizable point ion model by the shell
model. "

Catlow et pl. ' simulated the effects of hydro-
static pressure on the local environment of a Li'
impurity in KCl by varying the lattice constant.
They found that the barrier heights in the [100],
[110], and [111]directions follow the ratio 1:2: 3

quite closely. Since a 1:2: 3 ratio of barrier
heights is a consequence of the assumption that the
potential is separable [Eq. (1)], this result lends
further support to the applicability of the two-
parameter barrier model to off-center KCl: Li'.
Figure 4 shows the strain dependence of the cen-
tral barrier height obtained by Catlow et al.' for
their potentials I and II in comparison with the
results of the barrier model fits to the far-in-
frared data. In all cases, the barrier height de-
pends linearly on strain for low strains, but there
is some rounding at higher strains, especially
for the Catlow et gl. ' potential I.

Figure 2 shows the available results on the
strain dependence of the off-center displacement
in KCl: Li'. In addition to the shell-model re-
sults, ' we have included the results of polarizable
point ion calculations by Quigley and Das" for
completeness. The off-center displacement grad-
ually decreases to zero for the static ionic cal-
culations in contrast to the two-parameter-bar-
rier fits to far-infrared data and the roll-off in
the dipole moment observed by Holland and Luty. '
The extreme delicacy of the balance of forces in
this problem requires significant (and perhaps
inordinately difficult) improvements to the ionic
potentials to obtain results which would permit a
reasonable estimate of the tunneling splitting as
well as the excited-state levels of an off-center



4078 R. P. DEVATY AND A. J. SIEVERS

system. We took the Catlow et al. values for the
barrier height and off-center displacernent for
both their potentials I and II and estimated that
the tunneling splitting at zero pressure should be
17.7 cm ' and 66.7 cm ', respectively, using the
quartic-plus-harmonic potential. The exper i-
mental value" for the tunneling splitting in
KCl:'Li' is 0.82 cm '. The large discrepancy
clearly demonstrates the sensitivity of the spec-
troscopic information to the local environment of
the impurity. In addition, there may be some
physics underlying the abrupt off- to on-center
transition which cannot be explained with any rea-
sonable choice of static ionic potentials. For ex-
ample, the transition could be related to the de-
fect-phonon interaction and the "small polaron"
self-trappin. g effect ig

V. CONCLUSION

We have examined the strain dependence of the
off-center displacement of a Li' substitutional

I

impurity in KC1 by analyzing the available ex-
perimental data within a simple two-parameter
barrier model and comparing the results with
sophisticated shell-model calculations. We con-
clude that the far-infrared and dielectric data are
consistent within the barrier model and suggest
a rather abrupt off- to on-center transition. The
transition cannot be explained by calculations
based on static ionic potentials which successfullv
predict the configuration of the impurity at zero
pressure. Thus, further work is necessary to de-
termine whether modifications of the ionic models
or a completely new process is required to explain
the data.
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