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There has been considerable recent interest'
in polarizable dipole ion molecules in alkali
halides, particularly OH, NO, , and CN

However, the small ion Li in KCl has also
been found to behave as a highly polarizable
system by Sack and Moriarty, ' and by Lombar-
do and Pohl. ' Pohl suggested that the small
Li+ ion might not be stable at the lattice site
and Matthew showed this to be possible on the-
oretical grounds; Dienes et al. ' have supplied
further evidence to support this view that the
effective potential may have multiple well struc-
ture.

To interpret the many experiments on sym-
metry, thermal properties, optical properties,
and behavior of the Li+ impurity under applied
stress or electric fields, a usable theoretical
model is required. Such a model was developed

by Devonshire' for orientable molecular defects;
it is not applicable to the small point-ion defect.
In the important limit where the small ion ex-
periences almost a harmonic potential (weak

multiwell terms in the potential), the Devon-
shire model naturally yields the free-rotor
spectrum while, in fact, the three-dimension-
al harmonic oscillator (HO) spectrum is required;
this difference becomes particularly apparent
in the excited states where degeneracies of
rotor (librator) and oscillator differ. The pur-
pose of this Letter is to outline a theoretical
model applicable to Li+ and similar small point-
ion defect systems.

First we assume that the host ions around
a Li impurity relax to a position of octahedral

symmetry. Potentials with this symmetry may
have 6 wells along (100) (denoted XY,), 8 along
(111) (XY,), 12 along (110) (XY»). The model
potential is the appropriate three-dimension-
al multiwell analog of the one-dimensional dou-
ble-well harmonic oscillator. Octahedral sym-
metry restricts the form of the potential; in
XF, and XY, the most general potential has
constant-energy surfaces which are ellipsoids
of revolution with axes passing through the cen-
ter of symmetry. In general, the potential will
have four parameters: curvatures m~, ', m2',
m&us' (where m is the impurity mass) and the
distance r, of the minima from the lattice site.
When the wells are "deep" (i.e. , high barriers
between wells) the ground state of the system
XY„(n =6, 8, 12) is n-fold degenerate. For fi-
nite, but large, r, the levels are split by tun-

neling. In the other extreme of small r, and
small barriers, the simple spherical oscilla-
tor levels develop.

The high-barrier case was treated as follows.
The ground-state tunneling splittings were cal-
culated by a method analogous to the linear-
combination-of -atomic-orbitals approximation
using HO ground-state basis wave functions
localized in each well. The results depend upon
the several different barriers between differ-
ent wells, as well as on overlaps of the local-
ized basis states. The behavior may be illus-
trated by the XY, model. Figure 1(a) shows
the well locations and labeling of the localized
basis states for XY,. Group theory requires
that the ground-state multiplet splits into 4
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levels as tabulated in Table I. The overlap in-
tegrals S, S', S", and tunneling matrix elements
u, P, y have the correspondence S and n be-
tween adjacent corners, S' and P between op-
posite corners on the same face, S" and y be-
tween diagionally opposite corners through the
cube.

In this high-barrier limit, the integrals S
depend on the basis orbital parameters through
exp[ —m&ux'/5], where r is the distance between
well minima. Because of this strong dependence
on r, S»S'»S". Similarly, the relative mag-
nitudes of u, P, y depend not only on the over-
laps but also on the potential structure between
the wells. We have studied both anisotropic

FIG. 1. (a) Location of well minima and labeling of
the localized HO basis states for XY8. (b) Ground-
state tunnel splittings in high-barrier limit with e dom-
inant. Here Alg and A2u are singly degenerate; T lu
and T2 are triply degenerate. 5 = 2(e —2S+S),
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(u, c v, c ~,) and spherically shaped HO wells.
If the wells are not strongly anisotropic, o. is
dominant over P and y with two consequences:
First, the energy spectrum takes the particu-
lar form of equally spaced levels shown in Fig.
1(b); second, the orbitals have their maximum
amplitude along the cube edges of Fig. 1(a).
Thus the ion may be thought of semiclassical-
ly as shuttling around the surface of the cube,
rather than tunneling through the middle as
would be appropriate if y dominated. In this
sense the motion is quasirotational and the low-
est level structure coincidentally resembles
the Devonshire molecular-rotor model.

On the other hand, for small barriers and
small ~, the spherical HO limiting structure
may be obtained. It is instructive to classify
the symmetry representation in both this and
the high-barrier limit, and then to join the two
extremes in a compatible way using perturba-
tion and group theory. Thus we examined the
lower levels in some detail and the range of
behavior for (Xl', ) is illustrated in Fig. 2; de-
tails on this and other configurations will be
presented elsewhere.

We relate our model to experimental obser-
vations as follows. Inelastic experiments in
Li:KC1 by Byer and Sack7 support the (XF8)
configuration. This is not in conflict with the-

Table I. Energies of the ground-state tunnel split-
tings in XY8.

8 =(E +3Q +3P+q) j(1+3S+3S +S"),
Alg 0

E =(E +u p yl/(1+s s s-),T lu 0

Z =(E -~-P+q) j(1-S-S +S ),T2g 0

E = &E —3u + 3p—y)/0 —3S +3S'—S"),
A2u 0

where s = (a I b) = (b I c)= ~ ~, etc. ,

s' = (a I f) = (a I b) = ~ ~ ~,

s" = &a I g) = &b I b& = ~ ~ ~,

8 0
——(a I Hl a& = &b I Hl b) = ~ ~ ~,

u =(alHlb&=(bIHIc)= ~ ~ ~,

p =(algal c) =(b I Hl d& = ~ ~ ~,

y = (a I H I g) = &b I H I Iz) = ~ ~ ~,

and H is the multiwell Hamiltonian.
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FIG. 2. The energy-level structure compatible with
symmetry considerations is given for two extremes,
corresponding to the single three-dimensional well HO
on the extreme left, and to deep isolated XY8 wells on
the extreme right. When tunneling between deep wells
is introduced, the levels are modified and may be
classified according to symmetry types as shown by
the solid lines near the right-hand side of the figure;
the structure shown in Fig. 1(b) corresponds to the low-
est set of levels Alg, Tlu, T2g, A2u. In the other lim-
it, the introduction of a weak multiwell perturbation
splits the HO levels as shown near the left-hand side.
Between these limits the levels connect as indicated by
the dotted lines.
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oretical calculations~' of the potential; rela-
tive minima a.long (100) may accompany abso-
lute minima along (111). Dielectric experiments'
and thermal-conductivity experiments' establish
a set of excitations having energy of order 6
= 1 cm '. Optical-absorption experiments by
Nolt and Sievers" find a broad line at approx-
imately 40 cm ' in Li:KCl. We may fit these
and a number of other results by a "deep"-well
model, as indicated on the right-hand side of
Fig. 2. The eight-fold degenerate ground state
of the uncoupled deep-well system is split in-
to four levels equally spaced because o. domi-
nates; thus the Li+ shuttles around the cube
surface of Fig. 1, in a quasirotational motion.
Appropriate parameters for Li:KCl are h~ = 50
cm ', x, = 0.87 A, This leads to ground-state
splittings of the order of 5= 1 cm '; these are
presumed responsible for electrocaloric and
related effects.

On the other hand, it appears that the low-
barrier limit (r, small) applies to the Li:KBr
system. No electrocaloric effect has been ob-
served" for temperatures of a few degrees
Kelvin; thus, the ground state may be assumed
not to be a tunnel split-level system like Li:KCl.
The optical data" show a sharp resonant mode
at 17.8 cm ' for Li:KBr. Additional theoret-
ical studies which we have carried out on the
stress-induced splittings" of this absorption
line are in accord with the idea that in Li'.KBr
the system is described according to the left-
hand side of Fig. 2, the A1g-T1 spacing be-
ing hen'= 18 cm '. In this limit the defect has
essentially no rotational character in its spec-
trum of states.

The polarization and electrocaloric effect
for all temperatures and fields have been cal-
culated for Li:KCl from this model; those,
together with the stress-field splitting calcu-
lation in Li:KBr, will be presented elsewhere.

In closing, we comment on the ingredients
of a complete treatment of this problem. So
far we have envisaged the motion of a defect
only in a relaxed, but otherwise rigid, lattice. "
The more general treatment of the coupled dy-
namic lattice-defect system will lead not only
to line shifts and broadening in the weak-cou-

pling limit, but also perhaps to Jahn-Teller-
like dynamic states in the strong-coupling case.
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