2 TEMPERATURE DEPENDENCE OF PHONON-INDUCED""*

Fussginger et al.” compared their experimental
value of Wy, 1.24X10" rad/sec, withthe observed
frequency of the infrared resonance absorption
0.97x10" rad/sec. This certainly is a logical
comparison since the modes of vibration contribut-
ing to the infrared resonance have large atomic
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displacement amplitudes in the vicinity of the im-
purity. Our calculation shows that a point-ion
model will not give an wg, in this general frequency
region. A calculation consistent with an extended-
ion model gives an w,, of 1.25x10" rad/sec, in
good agreement with the experimental value.
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The thermally activated processes occurring in the dark after room-temperature F-light
bleaching of x- or Y-irradiated NaCl have been investigated. It has been shown that, near
room temperature, the concentration of free-anion vacancies decays exponentially with time.
The kinetics of the process has been studied by putting the crystal in the dark for a variable
time after bleaching and then subjecting it to a short illumination or irradiation pulse which
detects the disappearance of the vacancies. It has been observed that the decay in vacancy
concentration is closely associated with a decrease in the F’-band intensity and withincreases
in the F- and M-band intensities. The experimental information has led to the conclusion that
vacancies become trapped at F’ centers according to a first-order reaction, giving rise to
F and M centers through the mechanisms F’+anion vacancy — 2F, and F’ +anion vacancy — M,
respectively. The activation energy for the trapping process has been found to be E=0.48
+0.06 eV. These phenomena also occur after an x or Y irradiation, and are shown to provide
a coherent picture of the previously reported anomalous coloring behavior appearing at the

start of a new irradiation period.
I. INTRODUCTION

It has been shown recently that a thermally acti-
vated process takes place in the dark after x or y
irradiation of NaCl.!™® This process is responsible
for the occurrence of anomalous regions of F color-
ing upon resumption of the irradiation.® It was at-
tributed to the elimination of anion vacancies which
remained free at the end of the prior irradiation.
The decay in vacancy concentration follows first-
order kinetics and was supposed to proceed via
trapping at some lattice defects. Although the ki-
netic parameters for the decay, preexponential fac-
tor and activation energy were determined, it was
not possible to elucidate the physical nature of the
process and identify the defects responsible for the
trapping of vacancies.

It is conceivable that the above process could also
take place after effective F-light bleaching of the
irradiated crystal with the advantage that the num-
ber of free-anion vacancies might be higher. More-
over, in this case, the kinetics of the various color
centers can be more conveniently investigated in
order to try to identify the physical nature of the
processes. It is worth noting that although a cer-
tain amount of information is available on the evo-
lution of a few color centers after bleaching and
irradiation in a variety of alkali halides*'* a com-
prehensive investigation of the simultaneous be-
havior of all prominent centers (F, F', M, and
V)** in the dark is lacking for NaCl.

The purpose of this paper is to show the existence
of a thermally activated process, after F-light
bleaching, whose kinetic behavior is similar to that
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observed after irradiation.?’® The concentration of
free-anion vacancies decays with dark time follow-
ing a first-order kinetics, whose rate coefficient
agrees with that found after x or y irradiation,

The disappearance of free-anion vacancies in the
dark has been detected through the initial F-center
growth on reirradiation, as in previous work,? and
through the change in F-center decay rate on sub-
sequent F-light illumination. This method permits
one todetermine changes in free-anion-vacancy con-
centration without lowering temperature to the re-
gion where the a band is thermally stable” and so
provides a very convenient tool to follow anion-va-
cancy processes at any temperature.

Furthermore, experiments now performed have
provided definite evidence that the removal of va-
cancies takes place via trapping at F' centers and
gives rise to F- and M-center formation through
the mechanisms F’ +V —~2F and F' + V~M, respec-
tively. The present data have yielded 0.48 eV as
the activation energy for the F'1V trapping pro-
cess. This value is close to that found by Pick!®
(0. 51 eV) for F' decay in NaCl and comparable to
reported activation energies for optically induced
F— M conversion in several alkali halides.'” How-
ever, it should be stressed that we are not dealing
here with processes occurring during irradiation
or illumination but only with those occurring after
the crystal is left in the dark.

Finally, as a consequence of this work, a more
definite physical interpretation is given of the anom-
alous F coloring appearing after interruption of
an x or y irradiation.

II. EXPERIMENTAL

NaCl samples were cleaved from single-crystal
blocks purchased from Harshaw Chemical Co.
Sample thickness varied from 1 to 10 mm, the
thicker crystals being used to enhance the changes
in F, F' and M bands after bleaching or irradia-
tion.

X irradiations were performed with a Siemens
x-ray machine operating at 120 kV, and 13 mA, and
with a 2-mm aluminum filter (dose rate ~ 300 R/
min), An hexagonal arrangement of Co® sources
immersed in a water pool was used for y irradia-
tions (dose rate ~ 30. 000 R/min). Absorption
spectra were recorded with a Perkin-Elmer model
350 spectrophotometer. For optical bleaching, the
irradiated crystal were illuminated with a 1000-W
quartz-iodide lamp through a 10-cm distilled-water
filter, to cut infrared radiation, and a CS4-71 Corn-
ing filter to select the F-band spectral range. Dur-
ing the dark time, samples were kept at a fixed
temperature +0. 5°C by using a Medingen NBE ul-
trathermostat. For low-temperature work, a small
cryostat which could be introduced in the spectro-
photometer compartment was used. In most cases,
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sample temperatures quoted in the text were pre-
viously ascertained by embedding an iron-constantan
thermocouple into a dummy sample. The photo-
conductivity during bleaching was measured with a
Cary 31 vibrating-reed electrometer.

III. KINETICS OF VACANCY TRAPPING

A. Scheme of Experiments

Figure 1 shows a scheme of the experiments per-
formed. First, samples are x or v irradiated up
to a given point in the initial stage. Then they are
illuminated with F light to cause a fast appreciable
decrease u, in the F-center absorption coefficient
and finally, after a certain time in the dark, they
are given a new short irradiation, case (a); or a
short light pulse, case (b). Essentially, the pur-
pose of the first F bleaching is to provide a high
concentration of free-anion vacancies at the start
of the interruption (dark time). On the other hand,
the change in F-center absorption coefficient u,,
induced by the final short irradiation or illumina-
tion, is used to yield information on the thermally
activated processes which have taken place during
the dark time.

In case (a), if the irradiation is short enough
compared to the half-life of the initial fast coloring,
free-anion vacancies will mostly be turned into F
centers and the increase in the absorption coeffi-
cient will be a measure of the vacancies which re-
main free at the start of the short irradiation.

In experiment (b), the efficiency of the F-center
bleaching will depend on the concentration of free-
anion vacancies which can act as traps for the pho-
toelectrons and rebuild the F centers. Therefore,
the F-center decrease induced by a short light pulse
can be used also as a measure of the number of free
vacancies existing at the end of the dark time.

——F-light bleaching

IRRADIATION DARK TIME IRRADIATION (A) OR F-ILLUMINATION (B)

FIG. 1. Scheme of the experiments performed to de-
tect and measure the trapping of free-anion vacancies
after F-light bleaching. This bleaching causes a decrease
Hq in the F-absorption coefficient. After a variable
dark time, an additional short illumination or irradia-
tion induces a new change iy in the absorption coefficient
which detects the trapped vacancies during that time.



2 ANION-VACANCY PROCESSES OCCURRING AFTER:- - -

These naive considerations are quantitatively
substantiated in the Appendix where a more thorough
justification of both experiments, (a)and (b), will be
given. It will be there shown, in terms of simple
but meaningful models for irradiation and bleaching,
that the change in the absorption coefficient ., in-
duced by the final short irradiation or light pulse,
is proportional to the decrease in free-vacancy con-
centration during the dark time.

It is to be expected that both experiments yield
the same information, which should also be inde~
pendent of such particulars as the energy of the
ionizing radiation and the lasting of the first bleach-
ing.

B. Experimental Results

Case (a)

NaCl samples were x irradiated at room tempera-
tureandatadose rate I ~ 300 R/min, then bleached,
and finally reirradiated, after a variable dark time
at 21°C. The relative increase in absorption coef-
ficient u, /i, as a function of dark time 7 is dis-
played in Fig. 2 for two different experiments. The
initial x-irradiation time, F-bleaching time, and
final short x-irradiation time were 15 and 20 min,
60 and 40 sec, and 2 and 4 min, respectively. In
both cases, the production of F centers decreases
with increasing 7 up to ~ 60 min, where a steady
level (u,/uy) . is reached. The differences Apu
=(uy /1y = (Uy /1y« relative to that steady level,
plotted in the upper half of Fig. 2, follow an approx-
imately exponential curve, whose half-life is ~ 14
min, It is clear that the dark-time behavior is in-
dependent of the initial x-ray dose, magnitude of
the first bleaching, and dose of the final short ir-
radiation. Completely similar results are found
using Co® y rays instead of x rays.

Case (b)

Samples were y irradiated for 10 min at room
temperature and at a dose rate I =~ 30, 000 R/min,
then bleached for 20 sec, and finally given a light
pulse of 10 sec after a variable dark time. For
this case, in order to obtain information on the
temperature dependence of the dark process, sev-
eral experiments were performed, keeping the sam-
ples at different constant temperatures while they
were in the dark. However, in all cases, the ini-
tial as well as the final illumination were performed
at room temperature. Figure 3 shows pu, /u1 as a
function of 7 for three temperatures: 19, 34, and
47°C. 1Inall cases, the efficiency for F-center
destruction by the final light pulse depends on 7.
This dependence becomes progressively more
abrupt on increasing temperature. A steady value
for p,/u, is always reached which is independent
of temperature. By plotting the differences relative
to that limiting value, Fig. 4, it can be concluded
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FIG. 2. Experimental data on the change i, in the F-
absorption coefficient (mnormalized by M), induced by a
short x irradiation, as a function of dark time. The re-
sults for two different experiments are shown. In the
upper half of the figure, the differences Ap with regard
to the limiting steady value are analyzed in a semilog plot
to check for an exponential dependence.

that the dependence on 7 is roughly exponential.
Also, the data are consistent with those obtained in
experiment (a), and, as in that case, are not de-
pendent on radiation dose, magnitude of the first
bleaching, or width of the final light pulse.

The results of both experiments, (a)and (b), sup-
port a first-order kinetics for the vacancy-trapping
process occurring during the dark time. This con-
clusion, as well as the half-life time for the decay,
agrees with the data obtained by Onaka et al.” by
measuring a-band heights at low temperature after
room-temperature F-light bleaching. Furthermore,
it is noteworthy that the present data are also con-
sistent with those obtained in a previous work??® for
the trapping of vacancies following the interruption
of an x or v irradiation. The decay was then found
to be exponential, and the half-life ~ 13 min at room
temperature (20°C). This concordance proves the
similarity of the processes occurring after irradia-
tion and F-light bleaching.

IV. EVOLUTION OF ABSORPTION SPECTRUM IN THE DARK
AFTER ROOM-TEMPERATURE F-LIGHT BLEACHING

After the room-temperature F-light illumination
of NaCl is discontinued, the following effects are
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& 19°C
TEMPERATURE {O 34 °C
o 47°C

DARK TIME Tt (minutes)

FIG. 3. Experimental data on the change u, in the
F-absorption coefficient (normalized by p ), induced by
a short F illumination, as a function of the dark time.
Results for three temperatures are shown.

observed: (i) The intensity of the M band experi-
ences a slight additional increase; (ii) the F-band
intensity also experiences an increase which is
more apparent than that of the M band; and (iii) the
spectral region between the F and M bands under-
goes an over-all marked decrease.

Figure 5 illustrates these effects for a NaCl crys-
tal which, after irradiation, has been bleached at
room temperature for 30 sec with F light and then
maintained for 1 h at 10°C. All spectra have been
taken at 135 °K. If the absorption measurements
are performed at (or near) room temperature, the

A 19 °C
0 34°C
0O 47 «C

TEMPERATURE

ap

005

L 1 1

0 10 20 30
DARK  TIME
FIG. 4. Analysis of the data in Fig. 3 to check for an
exponential dependence of the short-illumination-induced
change Ap in the F-absorption coefficient on the dark time.
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FIG. 5.

M-center increase is often masked by the overlap-
ping of the nearby spectral region. Furthermore,
for temperatures higher than ~ 20°C, M and F
thermal decay disturbs the kinetics of both bands
after bleaching.

Subtraction of adequately scaled spectra imme-
diately before and after F-light bleaching yields an
F' band similar to that reported by Pick.'® On the
other hand, after a long enough time in the dark,
the analysis of the spectrum yields essentially a
pure F band. At the low doses used in this work,
there is no indication of R bands.

The same effects listed above are observed when
the bleaching is performed at low temperature
(135°K) and then the crystal is warmed up to near
room temperature. They can also be produced by
illumination with light in the F'-band spectral re-
gion, At room temperature the F- and M -band
growth induced by F’ light (550 mu) is not very
much enhanced with regard to the purely thermal
behavior.

The kinetics of F’ decay during the dark time
has been investigated at various temperatures in
the vicinity of room temperature. Figure 6 shows
the experimental decay curves, corresponding to
the absorption coefficient at 540 mu, for three dif-
ferent temperatures. The curves are roughly ex-
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FIG. 6. Experimental decay curves in the dark for the
absorption coefficient at 540 mu (F’ band).

ponential and the decay rates are comparable to
those obtained for the trapping of vacancies, sug-
gesting a close correlation between both processes.

The evolution of the F and M bands after bleach-
ing has also been studied, but an adequate correc-
tion for the contribution of the F’ band is then es-
sential to yield quantitative results. On the other
hand, for temperatures higher than =~ 20°C, the
data are difficult to handle because of the increas-
ingly important contribution of F and M thermal
bleaching. Figure 7 shows the evolution of the F-,
F’-, and M-band intensities during the dark time
at 10°C, after correcting the height of each band
for the overlapping of nearby bands. For the half-
widths we adopted, respectively, Wy =0.48 eV, W
=2 eV, W, =0.2 eV, but the time dependence was
found to be quite insensitive to the less reliable of
them, namely, Wy . The three bands follow a
parallel time dependence, indicating a close inter-
relationship among the centers. The same behav-
ior is observed at other temperatures in the range
0-25°C.

V. ACTIVATION ENERGY

From the above data, the activation energy for
both F’ and free-vacancy decay in the dark can be
evaluated. In principle, the data for vacancy decay
are more reliable since the magnitude of the ob-
served effect is higher and the influence of the F-
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center thermal bleaching is not as disturbing as
for the F' decay experiment. Assuming a purely
first-order kinetics for the process, one can write

v=vge X7,
7 being the time in the dark and v, the vacancy con-
centration at 7=0. On the other hand, the decay
constant ¥ should be of the form

X =xoeT
where E is the activation energy and x , the preex-
ponential frequency factor.

Figure 8 shows the experimental y values as a
function of 1/27. Our data for F’ decay, handled
in the same way, are also included in the plot as
well as the old Pick’s values. It is very clear that
all points can be approximated by an unique straight
line. This result definitely proves that both pro-
cesses, F’ decay and vacancy trapping, represent
complementary aspects of the same phenomenon,
The best fit for the points in Fig. 8 corresponds to
an activation energy E=0.48+ 0. 06 eV, which is
close to, but somewhat lower than, that reported by
Pick (0.51 eV). The preexponential frequency fac-
tor comes out to be x o~ 10° sec™,

Although the vacancy behavior is qualitatively
similar after bleaching or irradiation, the present
values for E and y ( differ from those reported in a
previous paper® (E=0.39 eV and x = 10% sec™) by
analyzing postirradiation data. This should be at-
tributed to the relatively less accurate experimental
procedure in the latter case, and to the limited
temperature range in both cases so that a very pre-
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FIG. 7. Evolution of the three bands F, F’, and M, as
a function of the dark time at 10 °C.



4230 F.

©o Vacancy Trapping
& Thermal F' decay (present data)
Thermal F' decay (Pck's data as quoted by Markham)

°

DECAY CONSTANT X (minutes™")
=3
g
3

/KT (ev)”!

Semilog plot for the dependence of the decay
constant x on 1/ET.

FIG. 8.

cise value for the activation energy cannot be ob-
tained.

VI. PHYSICAL MECHANISMS
The experimental results of Secs. III-V point to

a F’ + V trapping mechanism, To account for the
increase in F- and M-center concentration, one

should propose that two different reactions!®!?
F' + V- 2F, (1a)
F'yVaM (1b)

are simultaneously operating after room-tempera-
ture F-light bleaching.

The parallel behavior of F, F’, and M bands af-
ter bleaching indicates that the rate of the reactions
F'+V~2F and F’+ V-~ M is essentially controlled
by the F’ decay process, as long as the activation
energy is too low in comparison to the value for the
migration of free-anion vacancies. Moreover, it
sounds reasonable that both reactions should pro-
ceed via a common intermediate center which very
rapidly decomposes into a pair of F centers or col-
lapses into an M center. The existence of this in-
termediate entity has been also postulated (and
named FZ) by Dudek and Grossweiner?® in order to
understand F-light bleaching behavior under short
repetitive light pulses.

In accordance with reactions (1a) and (1b), the
experimental changes Af, Af’, and Am in the con-
centration of the F, F’, and M centers after vari-
ous times in the dark at 10 °C (Fig. 7) roughly obey
a balance equation

Af'=3Af+Am,

ag it is shown in Fig. 9. This equation indicates
that reactions (1a) and (1b) account for the change
in concentration of the three centers without appre-
ciable electron or anion-vacancy losses.

The efficiency of channels (1a) and (1b) for F’ de-
cay is about the same niear room temperature.
However, at least the reaction F’ + V- M should be
a function of temperature since some experiments
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performed at low temperature have indicated that
the M-center formation is inhibited below ~ - 50 °C,
At these temperatures, a relatively fast F’ decay
(not consistent with the activation energy) is ob-
served, which leads exclusively to F-center pro-
duction,

An increase in the F band following room- and
liquid-nitrogen-temperature bleaching has been ob-
served by Platt and Markham* and Itoh and Suita,’
respectively, In both cases, an F’~ V tunneling
mechanism was proposed to be responsible for the
observed increase. Also, Onaka ef al.” have in-
voked reaction (1a) to account for a-band decay af-
ter bleaching. On the other hand, thermal increase
in M-center concentration after optical bleaching
has been recently observed by Schneider and Bailey!
in NaCl, although they did not establish any connec-
tion with F/ decay. In fact, our data onthe F/+V
- M process are at variance with the results by Ra-
bin® and Hirai and Scott'® on KC1 which had been x
irradiated, then bleached at low temperature, and
finally warmed up. In these experiments, the F’
decay and M growth do not occur in the same tem-
perature range, indicating that their evolution is
not correlated. It might be that in KCl, the ther-
mal energy required for mechanism (1b) is not
available at the temperature at which the F’ center
becomes unstable.

The data gathered in this work are insufficient to
determine the mechanism whereby the excess elec-
tron of the F’ center is transferred to the anion
vacancy. In most cases, F’ decay curves have
been ascribed to thermal ionization of the center
and therefore the activation energy corresponds to
the depth of the F’/ energy level. For this param-
eter the near room-temperature data by Pick,!®
Onaka et al.,” and ourselves yield values relatively
close to each other (around E=0.5 eV), but the
thermoluminescence experiment by Scaramelli®
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FIG. 9. Balance relationship between the decrease in

F’-center concentration and the increase in F- and M-
center concentrations during the dark time.
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presents a peak at 340 °K (67 °C) and yields E=0. 91
eV. The reason for this large discrepancy is not
clear, although it should be mentioned that F’-decay
rates are not consistent with a single activation
energy throughout the whole temperature range,
In view of the low value obtained in our experiment
for the preexponential frequency factor, it seems
plausible that Scaramelli’s value should correspond
to pure thermal ionization of the F’ center, whereas
our data (as well as Pick’s) might be affected by
some tunneling contribution.®

One might also consider that a Delbecq-type®
mechanism F+ V- M*" 4 M for vacancy trapping
should be operative after bleaching. The occurrence
of this (partly) thermally activated process has been
often invoked in previous work. However, it is not
consistent with our experiments since it should lead
to a decrease in F-center concentration which is
not observed, unless for temperatures slightly be-
low room temperature, where thermal bleaching is
negligible. On the other hand, the search for an
M* band'® has been fruitless. Moreover, one should
expect that the efficiency of M-center formation by
a short F-light flash after an interruption time was
augmented with regard to the prior rate if the Del-
becq mechanism was operative, The experimental
results on the influence of an interruption on M-
center formation rate by F light are shown in Fig.
10. At variance with those provisions, the rate de-
creases on increasing the dark time, On the con-
trary this result is consistent with mechanisms
(1a) and (1b).

To summarize the above discussion, it can be
stated that our data on the evolution of the F, F’,
and M bands after room-temperature F-light bleach-
ing are consistent with a F’ + V trapping process
leading either to F- or M -center formation,

22,23

VII. COLOR-CENTER BEHAVIOR AFTER X OR vy
IRRADIATION: ANOMALOUS COLORING

Qualitatively, the same evolution of the F-, F’-,
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FIG. 10. Experimental data on the effect of a variable
interruption on the M-center formation efficiency under
F illumination.
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and M-band intensities found after F-light bleaching
(Fig. 5) is observed after x or y irradiation, but
the effects are less apparent because of the smaller
magnitude of the F’ band.? It should be mentioned
that increases in the F- and M-band heights have
been very clearly exhibited during the interruption
of an irradiation sequence performed once the crys-
tal had been continuously irradiated up to a high
dose.?® Since the kinetics of vacancy trapping has
been also found to be analogous after irradiation or
bleaching, one should conclude that the mechanisms
F'+V~2F and F’'+V-~M are operating after irra-
diation.

Now, it is possible to get a new insight into the
question of the anomalous coloring behavior appear-
ing after an interruption of the irradiation. It
should be recalled®2® that, initially, the F-center
concentration decreases rapidly to a minimum and
then undergoes a slower growth to the preinterrup-
tion level. Simultaneously with this slow F-center
growth, the M band, which has been enhanced dur-
ing the dark time, decreases to its former level.
According to the scheme developed in this paper
these effects can be visualized in the following way.
During the interruption (dark time), the radiation-
induced electronic equilibrium among F centers,

F’ centers, and vacancies is disturbed because of
the removal of F’ centers and vacancies through the
mechanisms F’+ V- 2F and F'+V -~ M. The second
reaction causes a net decrease in the total number
of single-vacancy centers participating in the elec-
tron balance under irradiation. Consequently, an
initial decrease in F-center concentration, in favor
of F’ centers and free vacancies, is produced, ini-
tially, on resuming irradiation, However, a slower
radiation-induced M - F conversion superimposes
on that effect, and is responsible for the slow evo-
lution of the F and M bands to their preinterruption
levels,

The dominant processes at each stage of the ex-
periment are illustrated in Fig, 11, where thermal
bleaching of the F and M bands has been ignored.
Stage I corresponds to the dark time where the re-
actions F/+V - 2F and F’+ V-~ M are operating.
Stage II refers to the initial decrease in F-center
concentration occurring upon resumption of the ir-
radiation, when an 2F -~ F/ + V conversion is taking
place., In stage III the radiation-induced M - F re-
action has become dominant. After stage III, nor-
mal coloring behavior sets in.
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FIG. 11. Illustration showing the time dependence of
the F-, F’-, and M-center concentrations, during an
interruption of the irradiation and on subsequent reirradia-
tion., The dominant processes occurring at the various
stages of the experiment are indicated in the figure. Ther-
mal bleaching effects on the F and M bands have been

ignored.

APPENDIX

It will be shown here that (a) the increase in F
coloring induced by a short irradiation, as well as
(b) the change in F-decay rate induced by a short
light pulse, after a certain dark time, are both pro-
portional to the reduction in free-anion-vacancy
concentration during this time.

In the case of the short irradiation, the problem
can be dealt with in a rather simplified way. If we
restrict ourselves to electronic processes, the rate
equations should read

%— =av-B+n)f+of',

ar’_ ,

E -Uf—5f b (Al)
av _

t—i? = a’l)+ﬁf,

where a, B, 7, and § are adequate rate coefficients
which depend on the equilibrium free-electron den-
sity and f, f’, and v are, respectively, the F-cen-
ter, the F'-center, and the vacancy concentration at
time ¢{£. In fact, these equations are essentially the
same ones which have been previously used to ac-
count for the anomalous F-coloring behavior appear-
ing after an interruption of the irradiation, except
for the inclusion in (Al) of the F’-center concentra-
tion as a part of the balance processes.

Assuming that the electronic processes repre-
sented in Egqs. (Al) are very fast in comparison to
the rate for radiation-induced vacancy (or F-center)
production, any point on the F-coloring curve cor-
responds to an electronic equilibrium where all der-
ivatives are zero. Then it follows easily that at the
start of the interruption vy /fo=p/@. During the in-
terruption, a fraction of the free-anion vacancies is
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lost. On resuming the irradiation a new electronic
balance will take place among a lower concentration
of single-vacancy centers. Then, if the new irradi-
ation is short enough to avoid competing processes
contributing to the recovery of the F-center concen-
tration, a new equilibrium is reached where v,/f,
=p/a. It is reasonable to assume that the ratio B/«
should be independent of the free-electron density.
Also, since this density is controlled by ionization
of the perfect crystal and subsequent electron-hole
recombination, it is to be expected that it should not
be affected by the processes occurring during the
interruption. Then, one obtains immediately by
substraction

Av/Af =B/a=const ,

i.e., the change in F-center absorption coefficient
measures the change in vacancy concentration.

For case (b), where a light pulse is used to probe
the vacancy concentration, a more sophisticated
‘model should be used although the reasoning is es-
jsentially parallel to that for case (a). The rate
requations are

ﬂ :ﬁ —KFf—pZFf+KF'fl9

at Tg
ar*_ _exf L 1_>
< omyvskef=r*( 1=+ 1),

Lo % of ~Kpf, (42)

d *

Bl kpr - pEye e,
v _f

dt pZy v,

where f* and p represent the excited F center and
the free-electron concentration; 7Tz and 7; stand for
the radiative and thermal ionization lifetimes of the
excited F center, respectively; Z, and Zj are the
cross sections for electron trapping by a vacancy
and an F center, respectively (multiplied by the av-
erage thermal electron velocity); and K and K.
are the optically induced bleaching coefficients for
F and F' centers, respectively.

In those equations, electronic processes are con-
sidered exclusively. Other processes, which lead
to a net decrease in vacancy and electron concentra-
tion, are slower and can be considered as causing
a drift in the electronic equilibrium. Under this
approximation, one can assume that after an initial
transient, any point in the F-bleaching curve corre-
sponds to an equilibrium situation wherein all deriv-
atives in Eqs. (A2) are zero. In accordance with
photoconductivity measurements, the free-electron
density p is very small relative to F- and F’-center
concentrations (ps 10® cm™ in our experiments) and
therefore v=f’ throughout the bleaching process.
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In these conditions, one obtains after simple but
lengthy algebra

o/f =f'/f = (KpZpTr /Kpe Zy7)2
for any value of the illumination time after the ini-

tial transient. The situation is, therefore, similar
to that found under irradiation. During an interrup-
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tion, anion vacancies are lost by trapping, and con-
sequently, on resuming illumination, a new equilib-
rium is reached with the same value for the ratio
v/f but a lower concentration of vacancies (filled
or not). It follows immediately that Av~ Af, re-
lating the change in vacancy concentration during
the dark time to the fast decrease in F-center con-
centration upon resumption of the illumination.
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Infrared Study of the Lattice Vibrations in LiTaO3

A. S. Barker, Jr., A. A. Ballman, and J. A. Ditzenberger
Bell Telephone Laboratories, Muvray Hill, New Jersey 07974
(Received 25 May 1970)

Polarized infrared reflectivity measurements have been made on single-crystal LiTaOg in
the frequency range 20 —10 000 cm™! at 300 °K. Kramers-Kronig and classical-oscillator dis-
persion-theory analyses of these data have yielded values for the frequency, strength, and
linewidth of the infrared-active transverse optic modes and longitudinal optic modes. Analysis
of the far-infrared interference spectrum yields values of 41 and 40 for the ordinary and extra-
ordinary clamped dielectric constants, as well as values for their temperature dependence and
dispersion. A calculation is made of the spontaneous polarization in LiTaOj; and LiNbOjg using

the x~ray ion displacements.

I. INTRODUCTION

LiTaOj; is an optically uniaxial trigonal crystal
belonging to the point group 3m. It was found to be
ferroelectric by Matthias and Remeika' and to ex-

hibit large electrooptic effects by Lenzo et

al.? The ferroelectric transition temperature

is approximately 900 °K. With the production of
high-quality single crystals of LiTaO;,? there has
been increased interest in the material for use in



