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Temperature dependence of Frenkel-pair production from F-aggregate center destruction*
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Measurements of the radiation destruction of F-aggregate centers between 70 and 250 K have yielded values

for the primary-Frenkel-pair production efficiencies in NaCl, RbC1, KBr, and KI as a function of
temperature. The so far unexplained increase in production efficiency with temperature originally

demonstrated for KCl has also been observed in these materials, and has been found to be only a slight

function of the species of cation, but a strong function of anion species making up the alkali halides. The

apparent agreement between the activation energy obtained for KBr in these measurements and pulsed

radiolysis measurements is discussed, and a problem concerning previously proposed explanations is indicated.

In addition, the very strong temperature dependence previously observed in KI and attributed to the

disappearance of luminescence has been observed and correlated with the thermal quenching of the 3.31-eU

component of the fundamental luminescence.

I. INTRODUCTION

Although there now is general agreement con-
cerning the basic mechanism of defect production
by radiolysis in alkali halides, ~' some aspects of
the processes involved are still not understood. In
particular, the temperature dependence of defect
production includes an increase of production ef-
ficiency with temperature, which for' KCl has
been shown to be more than a factor of 20 over the
temperature range 100-250 K. Explanations in
terms of dissappearance of luminescence or onset
of defect mobility do not satisfactorily account for
these results, and it has been suggested by one in-
vestigator' that the attractive potential between
vacancy-interstitial pairs gives rise to this tem-
perature dependence, and by others that it is due

to motion of H centers in the excited state, imme-
diately after the production event.

An increase of stable E-center production with

temperature has been observed in a number of
alkali halides between liquid-nitrogen (LNT) and
dry-ice temperature. However, it has been
difficult to separate behavior due to the primary-
Frenkel-defect production mechanism from that
due to secondary reactions involving mobile de-
fects. Two techniques, used only recently, permit
the observation of the primary-Frenkel-pair pro-
duction efficiency. In one, short pulses of elec-
trons or y rays make possible the measurement of
the E-center concentration soon enough after defect
production to preclude some secondary reactions.
This technique has been applied to KBr. In the
other, F-aggregate center destruction by radiation-
produced interstitials is observed, and from the
destruction rates, Frenkel-pair production effi-
ciencies can be computed. This latter technique
has previously been applied to KCl. ' lt also has
been used in this work to measure the Frenkel-
pair production efficiencies as a function of tem-

perature in NaCl, BbCl, KBr, and KI. These re-
sults, along with earlier ones for KCl, make it
possible to see how the increase of production ef-
ficiency with temperature depends upon cation and
anion species.

II. EXPERIMENTAL TECHNIQUES AND TREATMENT OF
DATA

A detailed description of the experiment has been
given previously. ' E and E-aggregate centers are
first introduced into the alkali halide at room tem-
perature by irradiating thin samples (-0.05 cm)
with 2-MeV electrons. This ensures a fairly uni-
form deposition of energy and results in a defect
distribution that is uniform to better than 90%.
Then the E-aggregate centers are annihilated by
irradiating at a variety of temperatures between
70 and 250 K, Within that temperature range only
interstitials are mobile, so that no new F-aggre-
gate centers are formed by vacancy motion, and

the E-aggregate center destruction rate dN„/dt can
be described by the rate equation

dt
= —n E p~N~ PcN; +P~N~+P~Np

where the subscripts A, i, and E refer to E-aggre-
gate centers (chiefly Ez and a few EB centers), in-
terstitial traps (impurities, interstitial cluster,
etc. ), and E centers, respectively; and where i is
the rate of energy introduced by the radiation in

eV/sec; n is the Frenkel-pair production efficiency
in defects/eV; p is the trapping (or recombination)
probability of interstitials with species A, p, or E;
and N is the number of centers per unit volume. In
all of these experiments the most numerous defects
present are E centers, so that the sum and aggre-
gate center terms in the denominator can be con-
sidered small in relation to p&NF. This makes it
possible to write the approximate expression

1516



TE MPE RAT URE DE PENDENCE OF F RENKE L -PAIR 151 l

017
E
O

5

W

CL

~IO

5 5
LIJ

2

~ I035

~ct 5

I j
I I I l

I I I

flm= KI (INITIAL

L
PORTION OF CURVE)

NaCI

- KBr

~'~RbCI

7=80 K

IO 20 30 40 50 60 70 (XtO )

Kit/(Np'I (MeV)
I I F i

FIG. l. Radiation destruction of aggregate centers at
80 K in a number of alkali halides. Nz is a measure of
aggregate-center density, and is plotted vs the sum of
the dose of each irradiation divided by the average F-cen-
ter concentration during that irradiation. For KI and
NaCl for which the E-center concentration varied only
slightly, Nz is plotted vs 4t/N& (see text).

N„p~ Edt

&N&(t = o) pz o Ni

in which only the term np„/p~ is not a measured
quantity. The trapping and recombination proba-
bilities p„and p& contain the diffusion coefficient
for interstitials and the interaction radius for in-
terstitials with aggregate and F centers, respec-
tively. The former cancels in the ratio and the
latter may be estimated from the relative size of
aggregate and F centers. We have assumed P„/Pz
= 2 in previous work' and'will do likewise here,
even though a smaller value (between 1 and 2) may
be more reasonable.

For most of the samples Nr varied less than 10%
during experimental runs, so that plotts of lnN& vs
it/8„coul'd be used to yield values of np Jp~ from
the slope. However, for BbCl and KBr the E-center
concentrations grew significantly during the aggre-
gate center decay experiments, so that plots of
lnN„vs g& it&/(Z~)&, had to be used ~o I.n using
this expression the sum was taken over the approxi-
mately seven separate irradiations that made up an
experimental run and (N~)& was the average of the
measured values before and after the jth irradia-
tion. More accurate graphical integrations indi-
cated that errors due to these procedures were
only (2-3)% and were negligible compared to the
imprecision of determining absorption band heights.
This imprecision was as much as 25% at times,
particularly during the last few measurements of
some of the runs, for which the optical density at
the peak of the E-aggregate bands had decreased to
values less than 0. 03.

Uncertainty in temperature also contributed to
the scatter of data. Even though a platinum re-
sistance thermometer made it easy to measure the
temperature of the sample holder to better than —,

'

K, impinging radiation caused the sample to become
warmer than the sample block, and moreover
caused a slow saturating temperature rise which
varied from run to run. Qn the basis of these ob-
servations it would appear that the temperatures
were uncertain to +3 K.

Figure I is a plot of typical data. It depicts the
radiation caused E-aggregate center decrease in
four alkali halides at 80 K. The abcissa scale is
g~ &f&/(N~)& for HbC1 and KBr, as discussed above,
and simply et/N~ for NaCl and KI. It may be noted
that the F-center concentration appears in this ex-
pression, and that therefore the constant used to
compute N& from the measured optical densities
can contribufe to a systematic error. Table I
gives oscillator strengths, halfwidths, and refrac-
tive indices used in the Smakula equation to relate
N& to absorption coefficient n = 2. 3032/5 (where A
is the absorbance at the F-band peak and 6 is the
sample thickness). Oscillator strengths are diffi-
cult to measure and may be accurate to no better
than 25%. This is particularly true for KI, for
which the only measured value~~ appears to be
anomalously low.

In Table I are also shown the constants used to
estimate Na and N3 from the heights of the M and
B~ bands of the E& and E3 centers, respectively.
Since aggregate band oscillator strengths have in
general not been determined, these constants were
estimated as described in the appendix of Ref. 5.
Fortunately the value of these constants is of only
small importance, since in plots similar to those
shown in Fig. 1 it is the log~~ of N„ that is plotted
on the ordinate; and errors in the constants used
to calculate Nz and N, will partially cancel when the
slope of such a curve is determined. Although, as
shown earlier, ' it makes only a small difference in
the values of the slopes whether Nz or (N~+3N~) is
taken as a measure of the aggrega~ecenterMensity,
we have chosen the latter for consistency with the
earlier work' and because, as discussed in that
work, it appeared to be somewhat more justified.

III. RESULTS

The slopes of curves such as those depicted in
Fig. 1 (with the assumption that pgpz = 2) have
been used to calculate values of c. ~ (energy neces-
sary to produce a Frenkel yair). These are shown
as logfQa vs T" in Figs. 2 and 3. Figure 2 is a
comparison of chlorides having different cations;
data for KCl have previously been published'; the
curves are included for comparison; KCl data
points have been omitted for clarity. Figure 3 is
a comparison of potassium salts of different halides.
The KCl curves are also included there. The most
noteworthy result demonstrated by these data is
that the cation appears to have little effect on the
magnitude of the temperature dependence (activa-
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TABLE I: Constants used to calculate defect densities from absorption spectra.

F band F2-center band F3-center band

Compound

Nacl
RbCl
KCl

KI

Oscillator
strength(fz)
(assuming

Gaussian band)

p. 54
0.54'

0.56
0.54
Q. 43

Ref.

e, f
assumed

g, h
1

. 3

Half-
width

0.27
Q. 19
P. 198
Q. 21
p. 21

Refractive
index (n)

l. 56
l.49
1.494
l. 56
l.68

N/o,
(cm )

3.5x 10~5

2. 5x lp"
2.5x ].0~5

2.7x 1p'5

3.3 x 10"

Half-
width '

0.085
0.065
0.07
0.065
0.08

1.6x 10~5

1.3x 1P
2. 0 x lp"
1.2x lp"
2. Ox 10~5

I-Ialf-
width""

0.10
0.065
0.06
0.09
0.08

N/e
(cm )

2.1x lp"
1,4x 10~~

1.4x lp"
1.9x lp
2.2x 1Q

'Reported values for NaCl vary between 0.28 and 0.41; for KBr between 0.19 and 0.30; for KI between 0.19 and 0.26;
see W. D. Compton and: H. Rabin, in Solid State Physics edited by F. Seitz and D. Turbull (Academic, New York,
1964), Vol. 16, p. 126.

Estimated from spectra.
Halfwidths (5'~g2) measured at liquid-nitrogen temperature.
Calculated from formula; N=0. 87x 10~~ [n/(n +2) ](W~y2e/f~). See, for example, D. L. Dexter, Solid State Physics

edited by F. Seitz and D. Turnbull (Academic: New York, 1958), Vol. 6, pp. 355-395.
H. Pick, Ann. Phys. (Leipz. ) 31, 365 (1935).
R. H. Silsbee, Phys. Rev. 103, 1675 (1956).

~E. Sonder, Phys. Rev. 125, 1203 (1962).
"F. G. Kleinschrod, Ann. Phys. (Leipz. ) 27, 97 (1936).
%. T. Doyle, Phys. Rev. 111, 1072 (1958).

~The only measured value for the F-band oscillator strength in KI appears to be anomalously low: f~(KI) = 0.31 (Ref. 10)
as compared to f~- 0.5 for other halides. Consequently, a value of 0.43+0.12 was chosen.

tion energy), whereas the temperature dependence
becomes progressively smaller as one goes from
smaller to larger anions. Tab)e II is a summary
of the slopes of the linear portions of the curves of
Figs. 2 and 3, given as activation energies.

The data for KI in Fig, 3 are limited to tempera-
tures above 110 K in order to prevent confusion.
The whole curve for KI is given in Fig. 4, where
it is evident that another, very steep, decrease in
production efficiency occurs as the temperature is
lowered from 100 to 70 K. This latter decrease,
which goes over almost three orders of magnitude,
as compared to the approximately 1—,

' orders or
less indicated in Figs. 2 and 3, has a slope that
corresponds to an activation energy of 0. 15 eV.
Pooley and Konitzer et al. 6 have suggested that the
large temperature dependence of color-center pro-
duction efficiency observed in iodides is related to
a thermal quenching of the fundamental lumines-
cence. The present data make it possible to con-
firm this. In the inset of Fig. 4 the ratio of Frenk-
el-pair production as obtained from the solid curve
of Fig. 4 to that predicted by extrapolating to lower
temperatures along the straight dashed line of Fig.
4 is drawn, as is the ratio of the luminescence in-
tensity emitted at 3.31 eV to that emitted in the
3.31 eV band at low temperature. The latter data
were obtained from the work of Ikezawa and
Kojima. There is some uncertainty in the exact
shape of the curve of Fig. 4 between the data points
at 1000/T = 9 and 11-,' (and therefore in the "defect
production" curve of the inset}. Also there is some

uncertainty in the "luminescence" curve of the in;
set due to difficulty in reading intensity values from
the published figure. ' Nevertheless, it is clear
that the two curves drawn in the inset are comple-
mentary, As drawn, their sum varies between 1.1
and 1.2. It is also possible to compare the activa-
tion energy derived from the slope of Fig. 4 with
the published activation energy for thermal quench-
ing of luminescence. The former is 0. 15, eV; the
latter is 0, 132 eV. ~ Agreement between these two
values is better than it first appears when it is
realized that the value derived from the low-tem-
perature portion of Fig. 4 should be interpreted as
the sum of the activation energies of two processes.
These are the thermal quenching of luminescence
with an activation energy of 0. 132 eV, and the un-
known process that is the main subject of this

TABLE II: Activation energies for temperature de-
pendence of Frenkel-pair-production process.

Material

NaC1
RbC1
KC1
KBr
KI

Activation
energy

(eV)

0.07'
0.065
0.07'
0.03'
0. 015
0.15'

Temperature
range

(K)

130-220
150-220
140-250
80-200

110-170
80-100

'Slope of log~o production rate vs 1/T multiplied by 1.98
x lQ eV K" .
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FIG. 3. Reciprocal of Frenkel-pair-production effi-
ciency for potassium halides vs reciprocal temperature.
Heavy solid lines are drawn for linear portions of curves.
A curve for KCl is included for comparison.
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FIG. 2. Reciprocal of Frenkel-pair-production effi-
ciency for chlorides with different cations vs reciprocal
temperature. The best estimates for straight lines
through the linear portion of the .experimental points are
shown as heavy solid lines and are compared with a curve
for KC1, published previously (Ref. 5).
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FIG. 4. Temperature dependence of reciprocal Fren-
kel-pair-production efficiency for KI, showing both the
slow increase in production efficiency between 110 and
170 K and the rapid rise between 80 and 100 K. In the
inset, labeled fraction and plotted on the same reciprocal-
temperature scale, are the fraction of the maximum
luminescence intensity, observable at a given tempera-
ture, (labeled luminescence) and the ratio of the produc-
tion efficiency (so labeled) depicted by the solid curve
below it to that of the dashed straight-line extrapolation
of the higher-temperature linear portion of the solid
curve.
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The experiments described here show that the in-
crease in defect production'efficiency with tem-
perature, originally discussed for KCl is not unique
to that material. Moreover, the analysis used,
both here and earlier, ' suggests that the effect is
not related to secondary processes involving diffu-
sion and recombination of defects. Thus, this tem-
perature dependence must be due to a step in the
following chain of events that make up the primary
production mechanism: (a) initial excitation or
ionization of the halide; (1) transfer of excitation
energy to a collision sequence (first part of the
Pooley-Hersch mechanism); (c) separation of de-

work, for which the high-temperature-portion of
Fig. 4 has yielded an activation energy of 0. 01& eV.

IV. DISCUSSION
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fects via a collision sequence and stabilization
(second part of the Pooley-Hersch mechanism). It
appears unlikely that (a) is temperature dependent.
It will be shown in Sec, IVA that the temperature
dependence that is due to (b) appears to be limited
to a narrow temperature range in iodides and is
not the effect we are chiefly concerned with here.
Thus it appears probable that the temperature de-
pendence documented here is connected with the
interstitial-vacancy separation process (c). In
Secs. IVB and IVC, two suggestions made pre-
viously are described, and in Sec. IVD one reason
is given for not taking the details of these sugges-
tions too seriously.

A. Correlation of temperature dependence of fundamental
luminescence and defect production

As discussed in connection with Fig. 4 the cor-
relation existing between the temperature depen-
dence of defect production and thermal quenching
of luminescence in KI canbe demonstrated. Ikezawa
Rnd Kojima 3 have also published data on the tem-
perature dependence of luminescence intensity for
Rll of the othex' matex'1Rls discussed here Rnd lt cRQ

be clearly stated that for these no correlation
exists between the luminescence data and the tem-
perature dependence of defect production. A simi-
lar result has recently been obtained for NaCl by
Karasawa and Hirai. ~3 It thus appears that these
more recent data are not in complete agreement
with the conclusions of Hughes et gl, ~ These
authors found, on the basis of a survey that in-
cluded data only for a few temperatures (including
the liquid-nitrogen and dry-ice points but no tem-
perature inbetween), that an increase in defect
production efficiency and a decrease in lumines-
cence intensity occurred in many alkali halides as
the temperature was raised. From that they con-
cluded that the increased production efficiency with

temperature was in general due to the thermal
quenching of luminescence. It is now clear that
more detailed data, as for example those repro-
duced here in Fig. 4, are necessary to demonstrate
correlation, and that the conclusion reached by
Hughes et eE. may apply only to iodides, and that
even for these an additional temperature dependent
process may be observed.

8. Excited-state diffusion model

Saidoh et a/. ' have measured the temperature
dependence of the x'elative production of free and

impurity trapped interstitials by measuring the
ultraviolet light absorption in the H-band region
200 nsec after an irradiation pulse in KBr. They
have interpreted their results in terms of R tem-
perature -dependent interaction volume e between
the impurity ions, and the replacement collision
chain that is a part of the defect production process

5= 8(la+le 8 ),

where s is the cross-sectional Rica of interaction
of a collision sequence and Eo and El 8 ~~~~ are, re-
spectively, temperature-independent and -depen-
dent path lengths of the collision sequence. For
KBr they found the temperature dependence to be
described by an activation energy, E=0.025 eV
over the temperature range 78-200 K. Since this
activation energy is far smaller than that of ther-
mal H-center annihilation (0. 09 eV) they suggested
that the length of the collision sequence depends
upon diffusion of an H center in an excited state.

It should be pointed out that the primaxy produc-
tion process defined by this experiment includes
everything taking place in less than 200 nsec,
whereas anything happening thereafter is considered
a secondaxy reaction. This 200-nsec time is as
valid a way of defining primary and secondary pro-
cesses as any other. However, some care is nec-
essary in comparing different experiments where
the definitions may be different, as we shall see
below.

C. Vacancy-interstitial interaction model

An attractive potential between an interstitial
and vacancy has been suggested as the cause of the
increasing defect production efficiency with in-
creasing temperature in KCl. '" On the basis of
this model it is thought that a distribution of va-
cancy-interstitial separation distances results
from the production process, and that those pairs
that axe close together and tightly bound will re-
combine whereas those farther apart will have a
highex probability of separation by diffusion of the
interstitial. The temperature dependence then
stems from the fact that the ratio of probability of
separation to recombination, P,/P„depends upon
the difference in heights of the separation and re-
combination barriers, i. e. , P,/P„~ exp[- (E, E„)/—
kT]. The over-all effect of this is an exponential
temperature dependence, the activation energy pa-
rameter of which is related to the interaction po-
tential between vacancies and interstitials.

It ls lIQportRnt to keep ln mind thRt the primary
process" as defined by the aggregate center de-
struction experiments is not necessarily the same
Rs thRt defined fox the pulsed radiolysis measure-
ments. As can be seen from Eq. (I), any tempera-
ture dependence cannot come from the temperature
dependence of free diffusion of interstitials since
the interstitial diffusion coefficient of necessity
cancels in the ratio p„/pz. In other words, the
"primary process" as defined by the aggx'egate-
center destruction experiments consists of every-
thing that happens during the time the members of
a newly created interstitial-vacancy pair are within
each others field, but does not include any free dif-
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fusion of interstitials, irrespective of whether
these are in an excited or ground state. Any free
diffusion is considered a secondary process whose
temperature dependence is not observed.

D. Results for KBr

The results presented here for KBr and those of
Saidoh et al. yield approximately the same tem-
perature dependence (activation energy). Aggre-
gate center destruction experiments performed by
Guillot and co-workers' are in even closer agree-
ment with the results from pulsed radiolysis ex-
periments. If indeed we assume that the two dif-
ferent types of measurements reflect the same tem-
perature-dependent limiting step in the production
process, we are led to some real difficulties with
respect to the models discussed above. In particu-
lar, on the basis of these models, the aggregate
center destruction experiments should reflect no
free diffusion, whereas the pulsed radiolysis ex-
periments should reflect interstitial diffusion in the
excited state plus any vacancy interstitial interac-
tion if present. It is difficult, in the absence of
any information of tim of propogation of the colli-
sion sequence, lifetime of the K-center excited
state, range of vacancy interstitial interaction po-
tential, etc. , to decide if either or both of the
above ideas are realistic or not. Perhaps it would
be helpful to check first whether the agreement in
activation energy observed for KBr is fortuitous,
or if, in fact, the two types of experiments dis-
cussed here yield similar activation energies for
other alkali halides.

V. SUMMARY

(a) Measurements of aggregate center destruc-
tion have yielded values for the primary production
efficiency and its temperature dependence (activa-
tion-energy of the rate limiting process) for a
number of alkali halides.

(b) The activation energy is only slightly depen-
dent on the cation species in the series NaC1, KCl,
RbCl, but depends strongly on the anion species in
the series KCl, KBr, KI.

(c) In KI, but not in the other compounds dis-
cussed here, an additional temperature dependence
is observed. This dependence can be correlated
with thermal quenching of the fundamental lumines-
cence. The two temperature dependences in KI can
be resolved.

(d) The activation energy derived from aggregate
center destruction in KBr is in reasonable agree-
ment with that observed in the same compound by
pulsed radiolysis. It is difficult to reconcile that
agreement with the two suggestions made previous-
ly to account for the observed temperature depen-
dence.
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