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ABSTRACT

Fluorine ions in NaBr have associated large dipole moments with low-lying energy

levels. It is well known that the dipoles were found to have equilibrium orientations in

the (110) direction. A one-dimensional, doubte-well harmonic oscillator potsntial model

is assumed for the relaxation rate calculation of this off-centre system. It is possible

by superimposing an asymmetric potential which localizes the particle in one potential

well and assuming that, the coupling between the particle and the lattice vibrations can

lead to the relaxation of the system. These preliminaries theoretical studies are used to

determine the height of the potential barrier between the two minima of the off-centre

potential in the one-dimensional case approximation.
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Introduction

Calculations of defect properties that recognise the discrete nature of the lattice must

make some assumptions about the crystal forces. It is possible to calculate defect

energies directly using the new Car-Parinello methods[l]. At present, such calculations

are prohibitively expensive in all but the simplest cases. Most calculations proceed

by way of potentials. There is no problem in principle in defining a potential; if an

energy surface exists, an algorithm that approximates it constitutes the potential (see

for review Ref.[2]).

The local geometry around an impurity in a crystal is, in general, little known.

Unfortunately, the small concentration of impurity in the samples precludes, in most

cases, the experimental determination of the impurity centre geometry using extended

X-ray absorption fine-structure (EXAFS) techniques. This is a serious limitation in the

study of the impurity centres because the equilibrium geometry of the atoms or ions

surrounding the impurity plays a fundamental role in many observable properties of the

centre.

In the previous works [3,4,5], we have performed a study of the off-center effect

on the diffusion coefficient. The main result is that the off-center position enhances

considerably the diffusion and we have shown that if the impurity is placed close to the

central site, the due diffusion coefficient is close to the one of the host ion self-diffusion.

However, our fast diffusion model is made to emphasize the connection between the

off-center position of the impurity and its diffusion coefficient more than to obtain a

exhaustive computation method as [1] or [2].

The aim of this paper is to study the NaBr:F~ off-centre system namely, its off-

centre equilibrium position, the localization of fluorine ion in one of the potential wells
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by making these non-equivalent and the coupling between the particle and the lattice

vibration. Also, on the base of this study we can determine the height of the barrier

between two wells of the off-centre potential.

The one-dimensional model of the off-center impurity tunneling

The ion is usually displaced in one of the symmetry directions. There can be several such

directions. The state of the ion is thus orientationally degenerate, and the ion becomes

capable of tunneling between several equilibrium positions of moving in a multiple-well

potential. This results in a tunnel splitting of the vibrational levels of the noncentra!

ion. The simplest example is tunnel splitting in a two-well potential. If the barrier

between the minima is infinity high, then each vibrational state in the well is doubly

degenerate. For a barrier of finite height, the tunneling splits the vibrational levels into

two tunnel levels [6],

It turns out that the static electric field influences the level position. By changing

the field intensity it is therefore possible to vary the distance between the tunnel levels.

An alternating electric field of resonant frequency, in turn, can cause transition

between levels (the "passage" through resonances is affected by a static electric field).

This phenomenon is called paraelectric resonance. Paraeteetric resonance as a method

for the investigation of defects with electric dipole moments was initially proposed in

[7]. The first paraelectric-resonance observation for non-central ions was made in [8].

The effects of externally applied electric field on the the energy levels, specific heat,

absorption spectrum and induced dipole moment of the impurity are studied in detail

in many papers (see for example the review [7]). In this section we present a one-

dimensional model of impurity tunneling between the equivalent minima of the off-center
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potential. This theory Is applicable if the potential barriers are large enough to justify

a tunneling approximation. The model potential in which the impurity is assumed to

move in the double well potential:

v l . _ j |mw 2 ( i + x0)
2, for x < 0

W ~ \ |mwa(a? - so)2, for x > 0 (1)

It is well known that for two equivalent wells, the particle can be described by sym-

metric and antisymmetric wave function. There is an energy difference AE between

symmetrical and the antisymmetrical state, and the particle cannot be localized in one

of the other well. It is "resonating" between the two wells with a frequency AE/h.

However, if the two wells are made non-equivalent, e.g. by raising one well by an energy

which is large compared to AE, then the resulting states are more or less localized in

one well [9]. Since AE is very small for the system considered in this paper, minute

perturbation of the wells are often sufficient to produce localization [10], Phonons can

induce transitions from the localized ground state in the other well.

The zeroth order approximation to the solution of the Schroedinger equation for

the double well problem is obtained by solving each potential well separately. Thus one

has for the ground states:

a 1/4 . a,
- exp[--(x +

(2)

with energy ta = \hj =

The overlap integrals Aij

= ^ 7 where a = J^^ and Vb = V(x = 0) = j

j ^ ViVjdx and the matrix elements H^ of the Hamilto-
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nian are approximately:

(3)

j*i, = i&j e «i [l - -?= vSro]; ̂  J
Z y 7T

The error introduced by these approximations is negligible for ax% > 4. Diagonalizing

the matrix Hi} — E\j, one obtains the wave functions:

* i = (2 - 2Aij

with energy eigen values:

(4)

None of these solutions describes a state localized in one of the potential wells.

The wave functions:

describe the particle as oscillating between the two potential wells with a frequency

Ea — E,

usually called tunneling frequency.

Localization may be achieved by making the two potential wells non-equivalent.

The simplest way is to superimpose an asymmetric potential V:

,,i /uo for a; < 0 ,..,
V ~ l 0 (OTX>Q C 6 )
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We assume uo << TIM so that the excited states need not be considered in the pertur-

bation calculation. The matrix Hij — l?Ay which has to be diagonalized, now becomes:

-E (uo/2 - E)e~al° \
H2°2 - E )

All terms are small comparatively to itfi = H%%, so that E in the off-diagonal elements

may be substituted by the approximate value Ajr.

The wave functions obtained are not orthogonal and only approximately normal-

ized. These correspond to a localized state for restrictive conditions only. The conditions

can still be satisfied for uo << Vo.

A coupling between the particle and the lattice vibration must now be introduced.

Consider the case where the asymmetric potential V is a linear function of the defor-

mation of the lattice. The elastic wave will give rise to an oscillating contribution to

V, which becomes:

+ for x < 0
for x > 0 (6)

where the summation extends over all vibration modes s of the crystal.

The off-diagonal matrix elements become;

" i j = — / Ua€
 aCO8V3t \T)

Oscillating terms appear also in the diagonal, but for uo < < u, they may be

neglected near the resonance, as was shown by Torrey [11].

Another possible coupling mechanism arises from the modulation of the distance

between the two wells:

.TO = XQ + y X,COSV,t {8}



If we consider the wells themselves to be rigid, a contribution results only to the off-

diagonal matrix elements:

f / ~ «««., J \ _ I
(9)

The displacement AR of any point R from its equilibrium position is given by [12]:

where aj and a+ are absorption and emission operators respectively of a phonon with

wave vector k, frequency v and polarization v. V is the volume and p the interatomic

spacing. The strain matrix can be written as:

,1
*„ = (9radARx)x = (10)

where c is the phase velocity. From expressions (7), (9) and (10) we see that the

transition matrix elements due to one phonon processes can be written as:

i

where Ga is a geometrical factor of the order of magnitude unity depending only on the

propagation direction and polarization of the wave and b is a coupling constant. For

the coupling mechanism described by (7) 6 is the proportionality factor between the

energy change u and the strain e. For the coupling expressed by (9) we must insert

The matrix element for one-phonon emission is:

, , , . \

and one-phonon absorption

hv>

where n, is the number of phonons in the mode s. The transition probabilities are given

by:

' l 2

where p{v) is the density of the phonon states.

A Boltzmann distribution between the localized states of the particle is established

in a characteristic time r (relaxation time) which is given by

7° = \Wemission i ''absorption)

Using for the phonons the density of states of a Debye solid and the Bose-Einstcin

statistics one obtains:

wo

where G\ is an average over all phonon modes.

For tio « kT the above expression reduces to:

(11)



Conclusions

The above equation makes connection between the transition probability, between the

non-equivalent welts of the off-centre potential and the chaxacteristic parameters of the

off-centre potential: frequency, well location and the height of the barrier between two

equivalent wells. So as we have shown, two wells are made non-equivalent by raising

one well with an energy which is large compared to AE (the energy difference between

symmetrical and antisymmetrical state) and thus the particle is more or less localized

in one well. Since AE is very small for the system considered in this paper, minute

perturbation of the wells (by applying an electric field for example) are often sufficient

to produce localization. Phonons can induce transitions from the localized ground state

in the other well.

An extensive study of the off-centre system NaBr : F~ was made by Rollefson in

[13]. With the aid of an electrical field of intensity E = O.lkV/cm, £||{111) he alters

the symmetry of the off-centre potential and in a temperature range Q.377K 4- 9.518/f

it is determined T using adequately dielectric relaxation techniques.

It is easy to see that by means of eq. (11) and using the experimental data of T [13] we

can determine with a good approximation the height of barrier between two equivalent

off-centre potential wells. A numerical computation gives for this Vo = (0.018±0.001)eV

for a dipole magnitude of XQ = 0.524A [13].

The potential barrier between two equivalent off-centre wells intervenes in many

studies about off-centre impurities and the value of Vo determined above was used

successfully in [5] to determine the fluorine ion diffusion by off-site diffusion mechanism.
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