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The Aggregation of Divalent Impurities and their
Associated Cation Vacancies in Alkali Halides

J. S. DrYDEN

National Standards Laboratory, Australia

A detailed study of the aggregation of pairs consisting of cations and cation vacancies
has been made in NaCl containing Ca++ and in NaCl containing Mn++ by measuring

dielectric absorption.

Each of the pairs forms a dipole and the decay with time of

the dipole concentration at various temperatures, following heat treatment, has been

measured.

In NaCl:Mn++ the aggregation proceeds in a similar manner to that re-

ported previously in KCl: Ba++ and KCl: Sr++. In NaCl: Ca++ although the aggregation
proceeds in two stages, the manner in which the complexes grow during the second

stage is different.

1. Introduction

When a divalent cation is incorporated
substitutionally in an alkali halide lattice
(e.g. Sr** in KC1) a cation vacancy is created.
The impurity ions and vacancies are of op-
posite charge and can associate to form di-
poles. The number of the impurity ions
present at any time as dipoles can be ob-
tained from the intensity of the dielectric
absorption. It is found, in general, that by
heating a sample to 350-400°C and quenching
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Fig. 1. Decay in dipole concentration in KCI
containing 3.4x10-% mole fraction of Bat* in
free dipoles at the commencement of each ex-
periment.

to room temperature all the impurity ions
are present as dipoles. With annealing, the
intensity of the dielectric absorption de-
creases. Decay curves typical of KC1:Sr**
and KC1:Ba** are given in Fig. 1.

These curves consist of three parts; (i) an
initial decay which is third order in dipole
concentration i.e. dy/dt=—kx® where x=di-
pole concentration; (ii) a constant or nearly
constant region; and (iii) a further decay

which is again third order in dipole concen-
tration. It is concluded” that the initial
third order curve corresponds to the forma-
tion of trimers (or clusters of three dipoles),
that the plateau represents an equilibrium
between the dipoles and these trimers and
that the third part of the curve represents
the growth of these trimers into large ag-
gregates by the addition of further dipoles
in groups of two.

Although the third order nature of the
decay of dipole concentration was first ob-
served” in room temperature measurements
on NaCl:Ca'" this system was not studied
thoroughly at the time. The manner in
which divalent cations and cation vacancies-
are distributed in an alkali halide lattice is
relevant to many optical and other physical
properties of alkali halides. Because of the
large number of investigations which has
been made with NaCl containing Ca, either
deliberately or accidentally present in the
lattice, it was considered desirable to extend
the dielectric measurements on NaCl:Ca**.

The decay of dipole concentration in
NaCl: Mn"™" was measured in parallel with
paramagnetic resonance studies on the same
crystals.

2. Experimental

The method of growing the crystals, the
chemical analysis for impurity concentration
and a description of the electrical measure-
ments have been described"*.

The heating of the samples of NaCl:Mn**
at the commencement of each experiment
and the annealing had to be performed in a
vacuum, otherwise the samples developed a
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brown colour and the d.c. conductivity in-
creased, obscuring the dielectric absorption.

3. Results and Discussion

As with KC1:Sr*" and KC1:Ba'" the decay
curves, following an initial heating to 350-
400°C and quenching, were in three stages.
The detailed nature of the decay curves is
different in the two systems and it is there-
fore more convenient to discuss them sepa-
rately.

NaCl: Ca™™

Examples of the decay of dipole concen-
tration with time at different annealing
temperatures are given in Figs. 2 (a) and (b)
for two different concentrations. It will be
observed that the plateau in these curves is
long and in many instances the measure-
ments have to be continued for several
months before there is any indication of the
second stage of the aggregation. The decay
curves following the plateau are not third
order in dipole concentration but are of a
higher order. Another difference to the KC1
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Fig. 2. Decay in dipole concentration in NaCl:
Cat+. (a) crystal containing -2.2x10-* mole
fraction of Ca++. (b) crystal containing 3.6x
10-# mole fraction of Ca++.
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results and also to the NaCl:Mn'** observa-
tions is that the absorption curve does not
remain a Debye curve during the aggrega-
tion. A second absorption region is ap-
parent on the high frequency side even be-
fore the first stage equilibrium has been
reached. The departure becomes more pro-
minent during the second stage of the ag-
gregation (Fig. 3). At a few points on these
decay curves the area under the second ab-
sorption curve, expressed as a fraction of
the area under the initial Debye curve, is
given. If, as is unlikely to be the case, the
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Fig. 3. Dielectric absorption in NaCl containing
3.6x10—4 mole fraction of Ca++ (i) after
quenching from 350°C (ii) after 20 hours at
60°C (first stage equilibrium) and (iii) after 280
hours at 60°C (during the second stage of the
aggregation). Also shown are the curves (ii)
and (iii) after scaling up so that the maxima
correspond to the initial Debye curve.

dipole rotation responsible for this second
absorption was one between different posi-
tions of equal energy these numbers would
represent the fraction of dipoles contributing
to this second absorption. Because, as is
more likely, the alternative positions are
unequal in energy, the fraction of the dipoles
contributing to this absorption will be higher
than the numbers shown in Fig. 2.

The values p, (dipole concentration)/(dipole
concentration at £=0) at which the step in
the decay curves occurs are listed in Table I,
for samples taken from three crystals.

With the exception of 70°C, the quantity

2 8
—16—15-;— (where c¢=dipole concentration at the

—Fo
commencement of each experiment, express-
ed in mole fractions) is not a constant at
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Table I.
Initial Concentration
Temperature of Dipoles Do
9 x10-3 0.55
30°C 2.45x10—# 0.38
3.4 X104 0.34
9 x10-5 0.62
40°C 2.45x10—4 0.58
3.2 x10—* 0.46
9.5 x10-3 0.74
50°C 2.6 x10—+ 0.56
3.5 x10—4 0.53
8.5 x10-3 0.74
60°C 2.5 x10—+ 0.63
3.65x10—4 0.54
9 x10-% 0.93
70°C 2.45x10—4 0.75
2.95x10—+ 0.72

-each temperature as is the case for the
simple equilibrium between dipoles and tri-
mers found in KCI1:Sr*" and KC1:Ba™".

The only conclusion that it seems possible
to draw from these measurements is that at
the plateau in the decay curves there are
two types of clusters in equilibrium with
the dipoles, one type of cluster being a
trimer similar to those which occur in KC1
.and the other being responsible for the
second absorption. If the further aggrega-
tion occurs on the second type of cluster
this could explain the differences between
the rate of the second stage aggregation in
NaCl:Ca™ and the other systems investi-
gated. There are insufficient data available
to make any speculation on the nature of
the second type of cluster profitable.

From the initial third order curves, %, in
the expression dc/dt=—Fk,c* can be obtained
for each temperature. From an Arrhenius
plot an activation energy of 0.92eV and a
pre-exponential factor of 2x 10" sec™' can be
-obtained for k,. As discussed in an earlier
paper’ this activation energy should be the
-energy barrier opposing the diffusion of a
-Ca**-vacancy pair through the lattice. Al-
though 0.24eV higher than the activation
-energy for the rotation of this dipole
~0.68eV?), this value is in agreement with a
recent determination of 0.96 eV obtained”
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Fig. 4. Decay in dipole concentration in NaCl
containing 5x10-5 mole fraction of Mn++ in
free dipoles at the commencement of each ex-
periment.

from the measurement of the diffusion of
radioactive Ca through NaCl.

NaCl : Mn™™*

Two curves typical of the decay of dipole
concentration in NaCl: Mn** are given in
Fig. 4. In this system the two stages of
aggregation overlap to such an extent that
a definite plateau does not develop. The
general features (i) that this first stage
equilibrium occurs at an earlier part of the
decay curve with an increase in the anneal-
ing temperature and (ii) that the delay
between the first and second stages of
the aggregation also increases with anneal-
ing temperature are, however, apparent.

The mathematical expression for the
model"” proposed for the aggregation of di-

poles in KC1:Sr"" and KC1:Ba'" is
Q':—kxpa_kzpzu—g&‘*‘ks(l_p) (1)
provided that p>p,. In this expression the
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Fig. 5. The experimental results for the decay
in dipole concentration in NaCl: Mn++ at vari-
ous annealing temperatures plotted in relation
to a family of curves drawn as solutions to
Egs. (1), (2) and (3).
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first term denotes the probability per unit
time of three dipoles uniting to form a tri-
mer, the second term denotes the probability
of two dipoles adding on to an existing
trimer to form a complex containing 5
dipoles and the third term the probability of
a trimer dissociating into three free dipoles.
If k and k; are related by the following
expression

ks __ P

kl B 1"1'70
then at p=p, the first and last terms in Eq.
(1) are equal; this corresponds to the plateau
in the decay curve. When p<p, an equilib-
rium is maintained between the concentra-
tion of free dipoles and trimers and the
further decrease in dipole concentration oc-
curs by dipoles adding, in pairs, to com-
plexes containing either 3, 5, 7, 9 etc. dipoles.
If it be assumed that the total number of
complexes present decreases in proportion to
plpe from the number (1—py)/3 present at
p=p, then

dp _ gt

dt (3p0)

when p<p,.
The curves of p as a function of time

(2

3)
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plotted in Fig. 5 are solutions, obtained
graphically, of Egs. (1), (2) and (3) for
various values of p,, making the extra as-
sumption that &, =#k,. This latter assumption
implies that in this particular case the cross-
section* presented by trimers and higher
complexes as nuclei for the precipitation of
dipoles in pairs is the same as that presented
by free dipoles. In plotting the curves of
Fig. 5, k, has been kept constant.

Reference to Fig. 5 shows that the decay
of dipole concentration does conform to this
family of curves, provided that the time
scale is moved with temperature in such a
way as to be equivalent to %k, having an ac-
tivation energy of 0.64 eV**. The aggregation
of divalent impurity vacancy  pairs
in NaCl: Mn*" is therefore similar to that
in KC1: Sr** and KC1:Ba*".
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DISCUSSION

Kanzaki, H.: Do you have any free vacancies present just after quenching?
Dr. Ninomiya in our laboratory carried out experimental studies on annealing process

of quenched KC1-Ca crystals (T. Ninomiya: J. Phys. Soc. Japan 15 (1960) 1601).

Just

after quenching, the crystals contained free vacancies and impurity-vacancy com-

plexes.

During annealing at lower temperature, it was concluded that impurities

joined to form some larger aggregates based on the facts that numbers of both free
vacancies and complexes decreased during annealing.

Dryden, J.S.:
vacancy pairs.

There will of course be some dissociation of the impurity ion-
Our measurements show that there is only a small fraction disso-

ciated, what fraction is limited by the accuracy of our dielectric measurements and

of the chemical analysis, probably 2-5% depending on the particular crystals.

The

experiments you mention are consistent with our results.
Sosin, A.: The third order kinetics which are reported here are of concern to

me.

Are your data inconsistent with a model in which dimers are formed but with

low binding energy? In this case, the concentration of dimers would always be small
but these dimers would serve as suitable nuclei for trimers.

Dryden, J. S.:
sent.

The data are not inconsistent with there being a few dimers pre-
The binding energy would need to be low because it is difficult to conceive
any dimer arrangement in which the two dipoles are still active.

The agreement

* This term is meant to include geometrical factors 7.e. the number of ways of building on to an
existing aggregate or on to a dipole and the effects of stress fields around the dipoles and aggregates.
## This value is lower than reported previously!), when insufficient allowance was made for the over-
lapping of the two parts of the decay curves at the lower temperatures (i.e. lower values of po).
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between the initial dipole concentration and the concentration of divalent ions in-
dicated that there are very few inactive dipoles following the quenching from 400°C.

Iida, Y.: Is there any possibility that dipoles dissociate into single defects in-
stead of clustering and that you are observing the effects? Secondly, this effect is
essentially related to aging. Dislocations may play a very important role.

Dryden, J.S.: If the decay of dipole concentration was due to the dissociation
of the dipoles, then the dc conductivity would increase because of an increase in
vacancy concentration. This does not happen.

At one stage of the investigation we thought that the step in the decay curves
may occur because dipoles were trapped near dislocations. An etch pit count re-
vealed that the density of dislocations was too low by several orders of magnitude.
Also the variation of dislocation density between different crystals was inconsistent
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with the idea that dislocations have any part in the aggregation.

Nowick, A.S.:
stable?

Can you see any theoretical reason why dimers should be un-

Dryden, J.S.: No, other than the fact that if two dipoles are arranged so as to form
a square there is a region of the crystal where some ions have a large fraction of
their nearest neighbors as either defects or impurity ions.
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Carefully annealed LiF crystals do not show any dielectric relaxation phenomena

between 0°C and 100°C for frequencies between 102 and 105c/s.

After heating and

quenching, divalent impurities associated with Li vacancies give a Debye domain of

losses.

The effects on the dielectric properties of neutron irradiation at the reactor tem-
perature is a complete inhibition of divalent impurities and creation of dipolar defects
revealed by two domains of losses; the mobile part of the dipoles giving one of these

domains are Li vacancies.
are essentially different.

1. Non-Irradiated Samples

Carefully annealed LiF crystals do not show
any dielectric relaxation phenomena between
0°C and 100°C for frequencies between 100
and 10° ¢/s. However the content of divalent
impurities (mainly magnesium) is of the
order of 107* as given by optical spectro-
metry. Were those impurities normally dis-
tributed in the lattice, in substitution, they
would be accompanied by lithium ion vacan-

The point defects created by low temperature irradiation

cies for charge compensation and there would
therefore be dipolar complexes Mgt @
which would give rise to a measurable di-
electric relaxation effect such as has been
observed by Dryden and Rao'.

It must therefore be concluded that in
those well annealed crystals the divalent
impurities are inhibited and that no dipolar
complexes of the type Mg** E take place.

To remove this inhibition it is sufficient





