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Aggregation kinetics of Eu?*-cation vacancy dipoles
in the alkali halides: Dimer versus trimer formation
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The aggregation of Eu?*-cation vacancy dipoles in Eu-doped NaCl, KCl, KBr, and RbBr single
crystals has been carefully studied by measuring the evolution of dipole concentration as a function
of the annealing time at 333, 343, 348, 353, 363, and 373 K using the electron-paramagnetic-
resonance technique. The experimentally determined data were analyzed in terms of both pure
second- and third-order kinetics equations with back reaction. In order to make the former, the for-
malism developed by Unger and Perlman was followed. In the other case, the data were analyzed in
terms of an analytical solution to the pure third-order kinetics equation with back reaction which is
presented in this paper for the first time. It is clearly shown that the experimental data can be fitted
with the same accuracy to both the dimerization and trimerization models. In order to get addition-
al information which could help to.make a decision between the dimerization and trimerization
models, a calculation of the activation energies for both processes was also performed in each of the
systems investigated. The values obtained for both processes are quite similar and in the range ex-
pected for impurity diffusion in the alkali halides. This result indicates that, even with this
knowledge, it is not possible to take any decision about the nature of the complex formed during the
initial stage of dipole aggregation. Taking into account all these results, we have also analyzed the
only possibility left to determine the order of the reaction involved, i.e., the concentration depen-
dence of the rate constant in the kinetics equation at the very initial stage of aggregation. To do
that, a large number of dipole-decay data points were measured at short annealing times after the
quenching treatment in order to get a good knowledge of the dipole-decay curve when only a small

amount of dipoles had been clustered to form aggregates into the alkali halide matrix. The analysis -

of the data taken at the earlier stage of aggregation, without assuming any reaction order a priori,
indicates unambiguously that this dependence is the one expected for a pure second-order kinetics
equation. This result indicates conclusively that dimers are really the complexes which are formed
during the very initial stage of the clustering process. With all the experimental evidence presented
in this paper, it appears that the long-existing controversy of dimer versus trimer formation in the
aggregation kinetics of doubly valent impurity ions in the alkali halides may be definitively solved.
It is also inferred that considerable caution must be exercised in using previous works in which di-
mers have been claimed to be the complexes formed during the initial stage of the aggregation pro-
cess just by fitting the experimentally determined data to only the pure second-order kinetics equa-
tion with back (dissociation) reaction.
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I. INTRODUCTION

It is well recognized that when an alkali halide crystal
doped with a low concentration of M?* impurities is
heated near the melting point and then quenched at room
temperature all the divalent ions present in the sample are
paired with cation vacancies forming the so-called I-V di-
poles. If after this process the crystal is then annealed at
a constant temperature, the initial concentration of di-
poles decreases with time. This phenomenon of dipole ag-
gregation has been the subject of a large number of inves-
tigations during the last two decades. In particular,
Dryden and co-workers!? were the first to analyze the ki-
netics of dipole aggregation of several divalent impurities
in NaCl and KCl using the dielectric absorption tech-
nique. These authors found that the dipole-decay curve
consisted, generally, of three well-defined stages. During
the first stage, dipole decay is fast up to a plateau (stage
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II) in which the decay is extremely slow in comparison
with that observed during stage I. On the other hand,
stage III is characterized by a further step decrease in the
concentration of the isolated dipoles. The part of the de-
cay curve at which the plateau occurs, as well as its
length, was found to be dependent both on the initial con-
centration and the annealing temperature. From the anal-
yses of the dipole-decay curves obtained at several tem-
peratures, Dryden and co-workers deduced that the initial
stage of the aggregation process was governed by a third-
order kinetics law and the activation energy for the pro-
cess was determined. This finding is equivalent to consid-
ering that the first aggregation product is a trimer formed
directly from three I- ¥ dipoles. This conclusion was very
surprising since pure third-order reactions are rare, even
in the gas phase, due to the low probability of three-body
encounters; in fact, the simultaneous encountering of
three complexes is surely less probable than that of only
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two. Since that time there have been some efforts made at
trying to find an alternative mechanism which will lead to
the experimentally determined third-order kinetics.
Among them, Crawford® proposed that the third-order ki-
netics law which govern the aggregation process could be
accounted for by a two-stage reaction: (a) the formation
of a loosely bound dimer, which then (b) captures a third
dipole to form a trimer. If the dimers are in equilibrium
with the isolated I-V dipoles, then the observed reaction
will be proportional to the third power of the dipole con-
centration.

During the last few years, however, Unger and Perl-
man*> have criticized the analyses performed by Dryden
and co-workers and have established, by analyzing the
original data of these authors as well as their own, that
the first stage of the aggregation process of MZ2*-
impurity vacancy dipoles in the alkali halides is consistent
with a pure second-order reaction when the dissociation
(back) term of dimers into dipoles is taken into considera-
tion in the kinetics equation. Unger and Perlman have
also emphasized that a common characteristic in all of the
work of Dryden and co-workers is the neglect of the re-
verse process in the theory of trimer formation. However,
according to Unger and Perlman the back term appears to
be quite important and misleading results could be ob-
tained if there is no strong physical basis which could jus-
tify neglect of it in the analysis of the experimentally
determined data.

Recent work performed by several authors, as well
as some reexaminations of the published data in terms of
the Unger-Perlman model, established that dimers are the
initial products in the aggregation process. However, evi-
dence has also been gathered to show that trimers are the
predominant clusters formed, as can be inferred from the
very recent work performed by McKeever and Lilley'®
dealing with the aggregation process of Mg?+-cation va-
cancy dipoles in LiF. Despite this, it appears that the
knowledge of the aggregation phenomena is still contrad-
ictory, chiefly with regard to the nature of the first aggre-
gation product, as can also be seen from some published
comments in this journal.!’"!? The reason for the latter is
probably the lack of sufficient dipole-decay data over a
wide temperature and impurity-concentration range. This
conclusion is based on the work performed by Dienes,!3
who analyzed an aggregation kinetics scheme composed
of bimolecular, trimolecular, and nucleation reactions
with back reactions included, and arrived at the con-
clusion that the kinetics of dipole aggregation is quite
dependent on the initial dipole supersaturation. In fact,
this author found that, at high supersaturation, third-
order kinetics dominate the initial dipole decay, while at
low supersaturation a bimolecular approach gives a good
fit to the rate of monomer decay. From these results,
Dienes suggested that it is quite necessary to have enough
dipole decay and equilibrium data at several temperatures
and especially over a wide range of initial impurity con-
centrations in order to firmly establish the consistency of
any proposed kinetics scheme. On the other hand, to our
knowledge, an analysis of the dipole-decay data in terms
of an analytical solution to the pure third-order equation
in which the back reaction has been taken into considera-
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tion has not yet been performed. Therefore, a meaningful
comparison between the fitting of the experimental data
to pure second- and third-order kinetics laws, both includ-
ing the dissociation term, is lacking. This comparison ap-
pears to be important if the nature of the initial aggrega-
tion product is to be definitively established.

The purpose of the present paper is mainly to gain
better insight into the controversy of dimer versus trimer
formation in the aggregation process of M?* impurities
in the alkali halides. To do this we have carefully mea-
sured the dipole-decay curves of Eu?*-cation vacancy di-
poles in four different alkali halides, i.e., NaCl, KCl, KBr,
and RbBr, at different annealing temperatures and for
several europium concentrations (i.e., from ~20 up to
~400 ppm).

The Eu?* ion was selected to obtain this information in
view of its paramagnetic nature, which allowed us to use
the EPR technique. With use of this technique several
advantages can be obtained with respect to those which
have been traditionally employed to monitor the cluster-
ing processes of doubly valent impurity ions in alkali
halides  (ionic thermocurrents and dielectric absorption).
In particular, one of the main advantages is that measure-
ments can be performed in shorter times, and therefore, a
much better knowledge of the dipole-decay curve, espe-
cially at the earlier stage, can be achieved. This last point
is quite important if the nature of the complex which is
formed at the very initial stage of the aggregation process
is to be established. On the other hand, we are reporting
for the first time an analytical solution of the pure third-
order kinetics equation with back reaction, which allowed
us to make a meaningful comparison between the fitting
of the experimentally determined data to the pure second-
and third-order kinetics laws.

The results obtained in this investigation indicate
unambiguously that dimers are really the complexes
which are formed during the very initial stage of the clus-
tering process. It appears that with all the experimental
evidence presented in this paper the controversy of dimer
versus trimer formation in the aggregation kinetics of
doubly valent impurity ions in the alkali halides could be
definitively solved.

II. EXPERIMENT

Four alkali halide single crystals, i.e., NaCl, KCl, KBr,
and RbBr, doped with Eu?* ions have been used in the
present investigation. They were grown by Guerrero at
the Institute of Physics, Universidad Nacional Auténoma
de Meéxico Crystal Growth Laboratory, following the
Czochralski method under a controlled atomosphere of
dry argon. Eu doping was achieved by adding to the melt
EuCl, which was obtained from EuCl;-6H,0 using stan-
dard reduction techniques.!* The impurity concentration
in the crystals was determined from the optical-absorption
spectrum of the freshly quenched samples following the
same procedure as one described elsewhere.”> To do this,
a Perkin Elmer model 330 double-beam recording spectro-
photometer was employed.

The as-grown crystals were always heated for ~1 h at
850 K and then fast-quenched in acetone. This thermal
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treatment has been reported by Taylor et al.!® to be the
more adequate one to prevent clustering during cooling.
However, in order to corroborate this last point, ionic
thermocurrent (ITC) measurements were performed im-
mediately after the quenching treatment using a
homemade cryostat evacuated to a pressure of at least
10~ Torr and a Keithley model 616 electrometer. From
the area under the observed ITC peak, assuming nearest-
neighbor reorientation,!” the concentration of Eu?*-cation
vacancy dipoles in the quenched samples was found to be
the same, within experimental error (+10%), as the total
concentration of Eu?* ijons as determined from the opti-
cal spectrum. This result indicated, therefore, that for the
range of impurity concentration employed in this work
(~20 up to ~440 ppm), all the Eu’* ions were forming
dipoles isolated in the matrix after the quenching treat-
ment. This determination is quite important in measure-
ments on clustering kinetics in order to ensure that all the
impurity ions are in the form of I-V dipoles isolated in
the matrix at the start of the aging process. Otherwise,
the annealing experiments may not be quite as simple to
interpret because at the beginning of an experiment some
clusters will be present.

The rate of disappearance of dipoles as a function of
the annealing time was monitored using the EPR tech-
nique. It is well known!® that the EPR spectrum of
Eu?*-doped alkali halides is the superposition of two
groups of seven fine-structure lines, each split into two
sextets arising from the hyperfine interaction with the two
europium isotopes. The spectrum has been ascribed to I-
V complexes in which the Eu?* ion is associated with a
nearest-cation vacancy along the [110] direction. It
should be emphasized that the EPR technique was em-
ployed since the signal intensity from isolated Eu’*-
cation vacancy dipoles can be reliably detected over a
broad temperature range and changes in the concentration
of the centers in question can be inferred from changes in
the signal intensity. In order to perform the measure-
ments a Varian E-4 spectrometer was employed, in view
of the fact that its working conditions can be fixed in a
quite fast and easy manner; these advantages over other
spectrometers are quite useful in order to perform the
measurements reported in this paper. After the quench-
ing treatment the sample was quickly dropped into a
quartz tube which was already located in the EPR cavity
and held at the temperature at which the dipole redistri-
bution kinetics were to be studied. Sample temperature
was held constant within +0.2 K in the EPR cavity by
employing a Hakee thermal bath which circulated either
oil or diesel fuel through the cavity at the desired tem-
perature. Only about 12 sec or less were spent to obtain
sample orientation and the final working conditions of the
spectrometer, after which measurements of the intensity
of dipole spectra were made. To do the latter, two experi-
mental procedures were followed. In the first, the lowest
hyperfine line of the lowest-field electronic transition,'®
|+2)— | %), when H|[[001], was recorded as a func-
tion of the annealing time every 10 sec, the time employed
to perform the recording being less 3 sec. .In the other
case, the pen of the recorder was fixed at the position of
maximum intensity of the EPR line after it was recorded

for the first time, and then its continuous decrease as a
function of the annealing time was obtained in an X-¢
recorder. The results obtained following both procedures
were quite similar and did not differ by more than ~5%.
With these experimental procedures, it was possible to
take a large number of experimental dipole-decay data
points, specifically at short annealing times after the
quenching treatment, and, therefore, very good knowledge
of the very initial stage of the dipole-decay curve was at-
tained. This last point was quite important in order to
determine the order of the kinetics equation involved dur-
ing the earlier stage of the aggregation process unambigu-
ously. In all systems investigated the dipole-decay curves
at each temperature were obtained at least three times and
the reproducibility of measurements was within +5%.

III. THEORY

A. Dimer formation

Taking into account that plateaus are really observed in
the dipole-decay curves and that encountering two isolat-
ed dipoles is more probable than simultaneously en-
countering three, Unger and Perlman*’ proposed the fol-
lowing rate equation for the reaction between dipoles and
dimers:

%:—C1n2+02p , (1)
where C, and C, are the rate constants, and »n and p are
the concentration of dipoles and dimers, respectively.
Equation (1) is only valid when (a) the formation and dis-
sociation of trimers are neglected, (b) the concentration of
trimers is negligible, and (c) the plateau region in the
dipole-decay curve is obtained for n/ng>> -;— Under
these circumstances, the solution to Eq. (1) is given by

In[(n—b)/(n—a)]=(a —b)C,t
+In[(ny—b)/(ny—a)], (2)
where
a=ng; and b= —nyn,/(ng—n,) .

ng and E are the equilibrium dipole concentration at the
plateau and the activation energy for the dimerization
process, respectively. It is observed from Eq. (2) that if
the dimerization process is the only one which occurs dur-
ing the aggregation process, then a plot of
In[(n—b)/(n—a)] versus the annealing time should be a
straight line.

B. Trimer formation

The rate equation for the reaction between trimers and
dipoles is given by

dn

dt

where Cs and Cg are the rate constants, and # and g are

the concentration of dipoles and trimers, respectively.
The first term in Eq. (3) corresponds to the formation of

:—C5n3+C6q > (3)
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'trimers from the simultaneous encounter of three dipoles
and is the one considered by earlier workers."?> The
second term takes into account the back reaction when tri-
mers dissociate. '

In the pure third-order kinetics equation given by (3), it
is assumed that the concentration of dimers is negligible.
Taking into account that, in this case, n + 39 =n,, Eq. (3)
can be rewritten in the following form:

ﬂ:—C5n3+C6(n0—n)/3 , (4)
; dt
which can then be integrated by factorization of the cubic
equation in n only if the following auxiliary conditions
are taken into consideration:

n(t=0)=ny, (5a)
and the equilibrium condition at the plateau,
Csn=Cqlnog—ny)/3, (5b)

where n, has the same meaning as before. Under these
conditions, the solution to Eq. (4) is given by

In(n —a)=—n2(3ny—2a)Cst /(ny—a)+In(ng—a) .
()

Reference to Eq. (6) shows that if the trimerization pro-
cess is the only one occurring during the initial aggrega-
tion process, then a plot of In(n —a) versus the annealing
time should be a straight line.

By now having analytical solutions to both the pure
second- and third-order kinetics equations with back reac-
tion, a meaningful comparison between the dimerization
and trimerization processes can be performed, and then a
more firm decision between the nature of the initial aggre-
gation complex can be advanced.

C. Concentration dependence of the rate constant
at the very initial stage of aggregation

A clustering process in which n (M?**-¥~) dipoles
combine to form an n-mer may be expressed by a kinetic
equation of the form

—d£=—K1X"+K2X,, , (7

dt
with the condition X +nX, =X,, where X is the concen-
tration of dipoles still isolated in the matrix at each time,
X, the concentration of n-mers, and X, the initial con-
centration of dipoles: If Eq. (7) is rewritten in terms of
the fraction of dipoles (p=X/X,) remaining after some
annealing time ¢, the following equation is obtained:

K
P gy R p). (8)
Reference to Eq. (8) shows that the rate constant for ag-
gregation is a function of the initial dipole concentration
Xo. This functional dependence can be easily obtained
under the condition in which the dissociation term
(K,/n)(1—p) in Eq. (8) may represent only a very small
contribution to the first term in the same equation, and,
therefore, can be neglected. It could be thought that this

can be done, in principle, if and  only if
Kp"X2 1'55(K,/n)(1—p). However, since the values
for K, and K, are not known a priori, it is necessary to
have another condition which may allow us to safely
neglect the back reaction in Eq. (8). The relationship be-
tween the rate constants K; and K, can be obtained from
the equilibrium condition in the plateau region of the
dipole-decay curve. In this case it is straightforward to
obtain

K,=nKp’X2~'/(1—p,) , )

where p; represents the equilibrium fraction of dipole
concentration at the plateau region. Substituting the
value given above for K, in Eq. (8),

d _ 1=

7151:_1(1,;"1’3 'y K prx® ‘Tl—_—lf— . (10)
s

Now, it is clear that the dissociation term in Eq. (10) can

be neglected if and only if the following condition is

obeyed:

n n

S SN < B (11)

1 4 1 —Ps
Therefore, if the dipole-decay curve is carefully measured
for some selected impurity concentration and annealing
temperature in such a way that the plateau region is
reached at a value of p, in the range 0.4—0.6, and the
analysis of the data is carried out for p values in the range
0.95—0.98, then the dissociation term in Eq. (10)
represents a contribution of, at most, 5% of the first term
(using either n =2 or 3), and can be safely neglected in the
analysis of the-experimentally determined data. In fact,
the experimental data cannot be obtained with a better
precision than this small contribution. Under these condi-
tions, the time,

1—n

=___':L_~__ 12
Ta—mkxi (12)

taken to reach a fractional dipole concentration in the
range of p values mentioned above will give information
about the order of the kinetics equation involved in the
very initial state of the clustering process. In particular, if
the reaction is of a pure second order, then 7 (0.95—0.98)
should be proportional to X !, whereas for a pure third-
order reaction it should be proportional to X 2.

IV. RESULTS AND DISCUSSIONS

Figure 1 shows, as an example, some of the dipole-
decay curves that were obtained in the systems investigat-
ed at some specific annealing temperatures. It is clear
from this figure that stages I and II are clearly observed
in the dipole-decay curves. It should be pointed out that
in our experiments the annealing time was not extended
up to stage III in the dipole-decay curve in view of the
fact that for the main purpose of this paper knowledge of
this region is unimportant.

On the other hand, it should be noted that as an impor-
tant difference with all similar previous works dealing
with the aggregation processes of M?* impurities in the
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FIG. 1. Dipole-decay curves for Eu**-cation vacancy dipoles
in NaCl (80 ppm), KCl (260 ppm), and KBr (180 ppm) at select-
ed temperatures.

alkali halides, in this investigation a large number of ex-
perimental data points were obtained during stage I of the
. dipole-decay curves, specifically at very short times, in or-
der to gain better knowledge of the dipole-decay process

involved during this stage. This fact allowed us to make a -

meaningful comparison between the fit of the data to pure
second- and third-order kinetics laws, both including the
back reaction.

Figures 2—5 show a plot of In[(n—b)/(n—a)] as a
function of annealing time at four different temperatures
in NaCl, KCl, KBr, and RbBr, respectively. It should be
mentioned that in europium-doped RbBr the dipole-decay
data at 343 K were not analyzed, and, therefore, are not
presented here, since the plateau region occurred at a
value of n/ny <+ where Eq. (2) is not valid. Reference
to these figures shows that in all the systems investigated
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FIG. 2. Fitting of pure second-order kinetics to the decay of
Eu’*-cation vacancy dipoles in NaCl (80 ppm) at 343, 353, 363,

and 373 K, according to Eq. (2).
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FIG. 3. Fitting of pure second-order kinetics to the decay of
Eu’*-cation vacancy dipoles in KCl (260 ppm) at 343, 353, 363,
and 373 K, according to Eq. (2).

the straight-line fits are all quite good up to the plateau
region, in agreement with Eq. (2). The correlation coeffi-
cient calculated from a least-squares fit of the straight
lines shown in the figures is 0.990 or better in all cases.
With only these results, it may be inferred that the aggre-
gation process of Eu?*-cation vacancy dipoles in NaCl,
KCIl, KBr, and RbBr follows initial pure second-order ki-
netics by considering dimer dissociation as well as forma-
tion in the dipole-decay theory.

On the other hand, the fit of the experimental data to
the pure third-order kinetics equation with back reaction,
according to our Eq. (6), is portrayed in Figs. 6—9 for
NaCl, KCl, KBr, and RbBr, respectively. The straight-
line fits in these figures are all quite as good as in those
cases in which the dimerization theory was considered ac-
cording to Eq. (2). Also, the values for the correlation
coefficients obtained from a least-squares method in each
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FIG. 4. Fitting of pure second-order kinetics to the decay of
Eu?*-cation vacancy dipoles in KBr (180 ppm) at 343, 353, 363,
and 373 K, according to Eq. (2).
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FIG. 5. Fitting of pure second-order kinetics to the decay of
Eu?*-cation vacancy dipoles in RbBr (170 ppm) at 353, 363, and
373 K, according to Eq. (2).

case were similar to those found for the straight lines
given in Figs. 2—S5.

These results indicate that in all the systems investigat-
ed the experimentally determined data can be fitted with
the same accuracy to both the pure second- and third-
order kinetics laws including the back reaction. This is
the first time in which this fact has been evidenced.
Therefore, the fit alone has, consequently, hardly any
physical meaning, and canno: be used to firmly deduce
the nature of the complex formed (dimer or trimer) during
the initial stage of the dipole aggregation process.

In order to gain additional information which could
help in making a decision between the dimerization and
trimerization models, a calculation of the activation ener-
gy (E) for both processes was also performed in each of
the systems investigated. To do that, from the slopes of
the straight lines, portrayed in Figs. 2—5, and 6—9, values
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FIG. 6. Fitting of pure third-order kinetics to the decay of
Eu’*-cation vacancy dipoles in NaCl (80 ppm) at 343, 353, 363,
and 373 K, according to Eq. (6).
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FIG. 7. Fitting of pure third-order kinetics to the decay of

Eu’*-cation vacancy dipoles in KCI (260 ppm) at 343, 353, 363,
and 373 K, according to Eq. (6).

for the constants C; and Cs in Egs. (2) and (6), respec-
tively, were obtained at the different annealing tempera-
tures for each host crystal. Then an Arrhenius plot of
InC, (InCs) versus 1/T was performed and the results are
given in Figs. 10 and 11 for the dimerization and trimeri-
zation processes, respectively. The values calculated for
E, from the slopes of the straight lines adjusted by the
least-squares method in these figures, and reported in
Table I for both processes, are nearly identical and are in
the range expected for impurity diffusion in the alkali
halides. Moreover, in both cases the activation energies
are, in general, larger than those previously reported!” for
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FIG. 8. Fitting of pure third-order kinetics to the decay of
Eu?*-cation vacancy dipoles in KBr (180 ppm) at 343, 353, 363,
and 373 K, according to Eq. (6).
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FIG. 9. Fitting of pure third-order kinetics to the decay of
Eu**-cation vacancy dipoles in RbBr (170 ppm) at 353, 363, and
373 K, according to Eq. (6).

Eu*-cation vacancy dipole rotation. This result is ex-
pected in view of the fact that the dipole diffusion process
necessary for producing the aggregation phenomenon also
requires impurity-vacancy interchange, which is a
higher-energy mechanism.

The results above indicate that even with the knowledge
of the activation energies for both the dimerization and
trimerization processes, it is not possible to take any de-
cision about the nature of the complex formed during the
initial stage of the dipole aggregation process. Therefore,
it appears that the only possibility left of finding the order
of the reaction is to determine the concentration depen-
dence of the rate constant in the kinetics equation at the
very initial stage of the aggregation process. It could be
possible that, with this information at hand, a clear dis-
tinction between the dimerization and trimerization

- - , .
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RbBr
O
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O
o
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FIG. 10. Arrhenius plot to determine the activation energy
for dimer formation in europium-doped NaCl, KCl, KBr, and
RbBr single crystals.
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FIG. 11. Arrhenius plot to determine the activation energy
for trimer formation in europium-doped NaCl, KCl, KBr, and
RbBr single crystals.

models can arise, and, therefore, the nature of the initial
aggregation product could be firmly established.
Considering the importance of this determination in or-
der to solve the controversy of dimer versus trimer forma-
tion, the concentration dependence of the rate constant for
Eu’*-cation vacancy dipole aggregation in NaCl and KBr
at the earlier stage of the clustering process also has been
carefully analyzed in the present investigation in the tem-
perature range 333—363 K and for a wide range of euro-
pium concentrations (i.e., from ~20 up to ~400 ppm).
The two crystals above were selected in view of the fact
that the europium precipitation processes occurring in
these two lattices are quite different. Therefore, it could
be suggested that the complex which is initially formed

10
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ANNEALING TIME
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FIG. 12. Decay of Eu?*-cation vacancy dipoles in NaCl and
KBr as a function of impurity concentration and annealing tem-
perature. The data shown were taken following the two experi-
mental procedures mentioned in the text.
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TABLE 1. Values of the activation energies for the dimerization (E4) and trimerization (E,) process-
es of Eu?*-cation vacancy dipoles in some alkali halide single crystals. Values for the reorientational
energy (E,) of the Eu®*-cation vacancy dipole in a nearest-neighbor position are also included for the
sake of comparison. The numbers in parentheses are the errors in the last significant figure.

NaCl KCl KBr RbBr Ref.
E; (eV) 0.64(5) 0.86(2) 0.78(2) 0.44(4) This work
E, (eV) 0.53(5) 0.72(2) 0.78(2) 0.40(4) This work
E, (V) 0.58(1) 0.66(2) 0.54(1) 0.39(2) Ref. 17

during the Eu-aggregation processes in NaCl may be of a
different nature than that in KBr.

Figure 12 shows some the experimentally determined
dipole-decay data for europium-doped NaCl and KBr as a
function of impurity concentration and sample tempera-
ture. It should be pointed out that the dipole decay por-
trayed in this figure mainly corresponds to short anneal-
ing times and for some of the highest concentrations em-
ployed. However, for both host crystals, annealing tem-
peratures, and Eu concentrations selected, the measure-
ments were carried out up to the plateau region in the
dipole-decay curve to be sure that the value of p; was in
the range 0.4—0.6, and that, therefore, the criteria men-
tioned above that neglected the dissociation term in the
kinetics equation (10) will be operative. The obtained
dipole-decay curves up to the plateau region in these cases
are quite similar to those given in Fig. 1, and they are
again not shown here for the sake of brevity.

From the dipole-decay data obtained, the time 7 taken
to reach a fractional dipole concentration of either 0.98 or
0.95 was determined as a function of Eu concentration at
a fixed annealing temperature for both host crystals.
Then, a plot of log 7 versus log X, was carried out in each
case; the results are portrayed in Figs. 13 and 14 for NaCl
and Figs. 15 and 16 for KBr. Maximum estimated uncer-
tainties are shown by the horizontal and vertical lines
through each point. In all cases, a least-squares fitting of
the experimentally determined data gave a slope of
—1.0+0.1 and a correlation coefficient of 0.995 or better.

In fact, the line drawn in Figs. 13—16 has a slope of —1.
From these results it can be established unambiguously
that the kinetics equation involved during the earlier stage
of the clustering process of Eu?*-cation vacancy dipoles
in these two systems is pure second order over a wide
range of impurity concentrations. Therefore, we may
conclude that dimers are the complexes which are defini-
tively formed during the very initial stage of aggregation.
It should be strongly emphasized that this conclusion
holds for both NaCl and KBr, even though the Eu-
precipitation processes occurring in these two lattices are
quite different.!?® In fact, in KBr the annealing of
quenched samples in the temperatures range 300—373 K
produces the nucleation of a second-phase precipitate
which appears to be related to the Suzuki phase of the
Eu?* ions in this lattice with the structure 6KBr:EuX,.
The aging at higher temperature (~473 K), however, pro-
duces the formation of at least one metastable precipitate,
from which grows the stable dihalide phase EuBr,, the
structure of the metastable precipitate being quite similar
to that of the stable dihalide phase. At variance with
these results, evidence supporting the nucleation of the
Suzuki phase in NaCl has not been found up to date even
after a wide variety of heat treatments. Rather, the an-
nealing of quenched samples in the temperature range
300—573 K produces only the formation of several meta-
stable precipitates in addition to the stable dihalide-phase
EuCl,. This difference in precipitation behavior could
suggest that the nature of the complex initially formed
during the Eu-aggregation process may be different in

2.8 11— — ——
32F ]
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T=348K F T=-348K 1

1.2+ L

1 1 1 1,[2 L L 1
20 22 24 14 16 18

Log X,

FIG. 13. Plot of logarithm of the time (in sec) taken to reach
a fractional dipole concentration of either 0.98 or 0.95 vs the
logarithm of europium concentration (in ppm) in NaCl for a
sample temperature of 348 K.
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FIG. 14. Same as in Fig. 2, but for a sample temperature of
333 K.
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FIG. 15. Plot of logarithm of the time (in sec) taken to reach
a fractional dipole concentration of either 0.98 or 0.95 vs the
logarithm of europium concentration (in ppm) in KBr for a
sample temperature of 348 K.

these two crystals. However, the results presented in this
paper clearly indicate that this is not the case, and that in
both cases dimers are the complexes formed during the
very initial stage of the clustering process. We expect that
this conclusion may be valid for other doubly valent im-
purity ions and host crystals. Unfortunately, the type of
measurements reported in this paper can only be per-
formed in crystals doped with paramagnetic impurities,
for which the EPR technique can be employed to monitor
dipole decay at the earlier stage of aggregation. This is
not the case for impurities such as Ca**t, Sr**, Cd?+,
Ba’t, etc., which have been traditionally employed to
study the aggregation kinetics of M2*-¥~ dipoles in the
alkali halides and for which other techniques such as ITC
are needed for this particular purpose. With the use of
these other techniques, however, it is extremely difficult
to obtain reasonably good knowledge of the very initial
stage of the aggregation process after the quenching treat-
ment, in view of the time taken to perform each measure-
ment.

Finally, we may conclude, in view of all the results
presented in this paper, that the establishment of the na-
ture of the complex formed during the initial stage of the
aggregation process of I-V dipoles in the alkali halides
just by fitting the experimentally determined data to only
one of Egs. (2) or (6) may be quite doubtful. Therefore,
considerable reserve must be applied toward all previous

T T T — - r - .

2.8’»  KBr:EW?*
T=363K

Qog X,

FIG. 16. Same as in Fig. 4, but for a sample temperature of
363 K.

works in which the dimerization process has been claimed
by following this procedure. On the other hand, it will be
interesting to reanalyze the reported data for the rate of
disappearance of dipoles in those cases in which dimers
have been, established to be the initial aggregation com-
plexes just by fitting the data to Eq. (2) in order to deter-
mine if the same data can be also fitted to our Eq. (6).
This has the disadvantage, however, of involving large er-
rors in view of the difficulty of reading data from pub-
lished papers. On the other hand, it is important to em-
phasize that this is the first time in which the aggregation
kinetics of doubly valent impurity ions in the alkali
halides has been analyzed at the very initial stage of the
clustering process. With the appropriate analysis of the
data obtained, the order of the kinetics equation involved
during this stage was unambiguously determined without
assuming any reaction order a priori. Moreover, taking
into account all the experimental evidence presented in
this paper showing conclusively that dimers are the com-
plexes which are really formed during the earlier stage of
aggregation, it appears that the long-existing controversy
of dimer versus trimer formation may be definitively
solved. This finding is in agreement with the physical ex-
pectation that a two-body simultaneous encounter is quite
more probable than that of a three-body one.
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