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We extend in this work the previously obtained results that the presence of sufficient amounts of sta-
tistically distributed OH defects in KC1 drastically quench the F-center luminescence, photoconduc-
tivity, and excited state (F*) lifetime ~(F ). The extension to three new host materials (KBr, RbC1,
RbBr} wi11 test whether the OH reorientation rate (~,„,) plays the decisive role in this strong OH di-

pole F -center interaction effect. While for the earlier studied host KC1 above 10 K, the OH reorien-
tation is extremely high [r,„',(OH ) ) 10'0 sec '], KBr, RbCl, and RbBr have at 10 K dipolar reorienta-
tion times long compared to the radiative F-center lifetime, ~„„(OH ) &&~(F ). Under temperature in-

crease, however, the OH dipolar reorientation rates speed up drastically, so that one reaches the oppo-
site condition ~„„(OH ) ((~(F }. We find indeed that in these materials, the F luminescence is nearly
fully eKcient and of long lifetime below 15 K but becomes quenched drastically and short in lifetime
when increasing the OH reorientation rate with the temperature. Quantitative analysis shows that the
OH reorientation time must be about four orders of magnitude shorter than the radiative F lifetime,
in order to fully quench the F luminescence. In contrast to these statistically distributed F-center and
OH defect systems, aggregated pairs of both defects [Ftt(OH ) defects] show in all hosts, nearly in-

dependent of temperature, very strong luminescence quenching. All these results are analyzed and dis-
cussed within dynamical OH reorientational models.

I. INTRODUCTION

In our previous work we have shown that the electron-
ic processes in the relaxed excited F-center (F*) state of
KC1 become drastically changed by the presence of high
(10 —10 ) concentrations of OH defects in the host.
All three measured characteristic F* quantities —the
luminescence, the photoionization (photoconductivity),
and the total time needed for one optical cycle —decrease
systematically and strongly with increasing OH doping.
In quenching (additively colored) crystals with statistical
F-center and OH distribution the observed behavior
could be fitted to a phenomenological model, involving
total luminescence and photoionization quenching for a
critical distance R, ( 5 lattice parameters (a ) between F
center and OH defects. In contrast to these drastic
effects on the relaxed excited F-center behavior by the
presence of OH defects within R, 5a the absorption
spectrum of the F center is (besides a very slight 2 —3 %
broadening efFect) not perturbed at all by the statistically
distributed OH defects.

Our quantitative interpretation in the previous paper'
for this drastically different perturbation of OH defects
on the F-center absorption and emission behavior was
based on the fact that the F-center wave functions are
rather compact during the absorption process, while the
relaxed excited F* state assumes a rather wide spatial ex-
tension, causing strong overlap and interaction with the

OH defect even five lattice parameters away. The main
basic question, however, still remains unanswered: why
and how does this perturbed relaxed excited F-center and
OH defect "interactive state" produce such a short life-
time and high efficiency for nonradiative deexcitation of
the excited F electron back into the Fground state?

An attractive and interesting speculation raised at the
end of paper' is the question whether the drastic OH
effect on the F nonradiative deexcitation is due to a static
or a dynamic (reorientational) effect of the large OH
electric dipole moment on the F center. One can assume
that if the positive end of the OH dipole is directed to-
wards the nearby F* center, the electric dipole field
works attractively on the excited F* state; in contrast to
this, the negative OH dipole and oriented towards the F
center should more repel the F* electron back towards
the vacancy. Rapid reorientation between these two di-
pole orientations can modulate the interacting excited F
state and cause its nonradiative deexcitation process.

The experiments in the first paper were performed
quantitatively only in KC1, in which OH dipoles
reorient extremely rapidly (r„„(10 ' sec at T) 10 K
where all experiments were performed). In order to test
this question about the significance of the OH reorienta-
tion for the F luminescence quenching, we extend these
measurements in this work to three Inore host materials
(KBr, RbC1, and RbBr), which —at least at low
temperature —are known to have much slower OH re-
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lower OH doping. We will include in this paper mea-
surements on the FH (OH ) defects in KBr, RbC1, and
RbBr—both on their absorption structure and their
emission properties. It is evident that for this closely as-
sociated F-center —OH pair, both the nature and wave
function of the excited FH electron, and the normal reori-
entation properties of isolated OH defects could be
drastically changed by the strong interaction of this de-
fected pair.

II. EXPERIMENTAL TECHNIQUES AND APPARATUS
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FIG. 1. Temperature dependence of F luminescence
efficiency in OH doped RbCl:OH {1.4X10, 1.9X10
and 3.2X10 mol fraction) and KBr:OH {1.6X10 ' and
4.3X10 ) in the quenched case (solid lines). The aggregated
case, FH(OH ) center, is represented by broken lines.

orientation rates so that at 10 K the OH reorientation
time is in fact longer than the normal excited F-center
luminescence lifetime. These experiments will yield
significant and clear answers to the above raised question.

Besides the study of statistically distributed (i.e., nonas-
sociated) F and OH defects, we have shown' that weak
F light irradiation in KC1:OH at —30'C leads to the
conversion of the normal F band into a strongly
broadened and red-shifted "perturbed F band, " which
can only have been formed by association of the F center
to an OH defect. Electron-nuclear double resonance ex-
periments have shown that in the FH (OH ) center in
KC1 the F center and OH molecule occupy (200) neigh-
boring positions. These "FH (OH )" defects in KC1
show —compared to the statistically distributed F and
OH defects —an even stronger "total" decrease of the F
luminescence and photoionization, even in crystals with

The single crystals of different OH dopings were
grown in the Utah Crystal Growth Laboratory. The ac-
tual OH content in the samples was determined by IR
or UV measurements of the vibrational or electronic
OH absorption, using the quantitative calibrations from
Ref. 4. Absorption measurements were performed in a
Cary-Varian model 17 DX spectrometer. Emission mea-
surements were performed using a tunable dye laser
pumped by Ar+ or Kr+ ion laser excitation, and a cooled
PbS detector with appropriate filter or a grating mono-
chromator for detection. Emission lifetimes were mea-
sured by the time dependence of the luminescence signals
excited by a pulsed excimer pumped dye laser system of
10 ns duration. The transient signals were detected by
using a photomultiplier tube of S1 type cathode and ana-
lyzed by using a type cathode and analyzed by using an
rapid oscilloscope.

III. EXPERIMENTAL RESULTS

We extended in this work the investigation of the
quenching effect on the F type emission from F centers in
the presence of high concentrations of the OH defect in
various alkali halides —i.e., KBr, RbC1, and RbBr. This
investigation was done always in additively colored crys-
tals, which at first have been freshly quenched from high
temperature and immediately cooled without light expo-
sure to low temperature. In the first type of system used
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FIG. 2. Temperature dependence of F
luminescence efficiency in OH doped
RbBr:OH (3.2 X 10 mol fraction) and
KCl:OH (2.3 X 10 mol fraction) in the
quenched case (solid lines). The aggregated
case, FH(OH ) center, is represented by bro-
ken lines.
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in our experiments we worked with crystals containing
statistically distributed F centers and OH defects —i.e.,
in the quenched stage. Figures 1 and 2 (solid lines) show
how the E luminescence of quenched F centers in KC1,
KBr, RbCl, and RbBr depends on OH doping and tem-
perature. Evidently, even in this only slightly reduced
"quenched" case, the presence of nonassociated F-OH
defects produces for both cases high F luminescence
efficiency at low temperature, but drastic reduction of
this efficiency under the increase of the temperature (to
about 10 quantum efficiency).
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FIG. 4. Absorption band of F centers in several OH doped

hosts (KC1, KBr, RbC1, and RbBr) measured at 10 K. The
solid line represents the absorption band of the nonaggregate
system. The dashed line represents the absorption of the
FH(OH ) center produced by appropriate optical aggregation.
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In all these and the following cases, the F luminescence
efficiencies were obtained by comparing the "perturbed"
E luminescence in doped crystals with the normal F
luminescence intensity from E centers in the pure host
lattice with the same E concentration and temperature.
The results shown in Fig. 2 for both hosts, KC1:OH and
RbBr:OH, are partially in contrast. While in
RbBr:OH the F luminescence intensity is slightly re-
duced to 70%, in KCl:OH it is only 8.5% when T~O
K. On the other hand, the F luminescence in RbBr:OH
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FIG. 3. The time dependence of the F luminescence signal
excited by a pulsed laser of 10 nsec of time duration and tuned
at the main F absorption band in pure and OH doped KBr and
RbC1 crystals at several temperatures for the nonaggregated
case.
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FIG. 5. Temperature dependence of peak position (a) and
half width (b) of F~(OH ) absorption in RbBr.
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FIG. 8. Observed correlation between the OH dipole reori-
entation time and the measured F luminescence efficiency with
the temperature for several hosts (RbBr, KBr, RbC1, and KCl).

these two types of defects, F and OH centers. This in-
teraction does not affect the F-center absorption but very
much affects the electronic process following the absorp-
tion in the F excited state. In this work we have extended
the investigation of this process to three different host
materials to check out the strength of the interaction un-
der the OH reorientation rate variation. Of course one
can modify this reorientation rate either by changing the
temperature or the host lattice —we did that by both
ways. Also here we have studied, for that implication,
only the most interesting and simple case of high OH
concentrations (in the range from 3 —5)X10 mol frac-
tion) where most of the F centers have an OH defect in-
side of the critical radius of 5a (a equals lattice parame-
ter), as was previously determined in KC1.

In this case, the main contribution for the F lumines-
cence quenching due to the OH dipole effects comes
from the temperature that is directly responsible for the
variation of the OH reorientation rate. Figure 8 de-
scribes the observed phenomenological correlation be-
tween the OH dipole reorientation time and the mea-
sured F luminescence efficiency with the temperature for
several hosts. It is very important to note that the F
luminescence is about 50% efficient (g~=0. 5) in RbBr,
KBr, and RbCl, when the OH reorientation rate has a
value around 2X10 sec ', which is about ten times the
F radiative transition rate in these hosts. Of course this
condition happens at different temperatures depending on
the host: T=15 K for RbC1, T=25 K for KBr, and
T=70 for RbBr.

The F luminescence efficiency drastically decreases to
8% (rlz=0. 08) by increasing the OH reorientation rate
up to 10' sec ', assuming the T dependence verified for
the OH reorientation rate at low temperature (2—12
K) is a good approximation for the high-temperature
range. This particular rate value achieved in KC1 at 10
K, and in KBr, and RbC1 around 80 K introduces a very
efficient nonradiative deexcitation process in the excited
F center leading to a very low F luminescence efficiency
(F1~=0.08).

In the following part of the discussion we will analyze
this strong temperature effect on the F luminescence
efficiency in a more quantitative way for the RbC1 host.
Using the experimental data of Fig. 1, it was possible to
obtain the luininescence efficiency (gF) of F centers for
the RbC1 crystal as a function of the OH concentration
at several fixed temperatures. These results are exhibited
in Fig. 9 where is shown not a lnrlF ccn(OH ) depen-
dence as was first determined in KC1,' but the following
relation:

lnqF cc [n(OH ) n'(OH —)],
where [n(OH ) —n (OH ) ] refers to the concentration
of those OH defects that really participate in the
quenching effect. The straight line behavior obtained for
RbC1 crystals have gF value equal to unity not when
n(OH ) approaches zero as was observed in KC1, but at
a sizable n '(OH ) value around 10 for the cases when
T & 120 K. gF has an exponential dependence on
n(OH ) as was first determined in KC1 using a statistical
model' to average the luminescence efficiency of F centers
in the presence of randomly distributed OH defects. In
the case of KC1, the best results were obtained by using a
step function for the F luminescence efficiency with a

1 2 3 4 5X'IQ

OH Concentration (mole fraction)

FIG. 9. Measured F luminescence efficiency ( gz ) in RbC1 as
function of OH concentration in the range of (1—6)X10
mol fraction, at several temperatures (10, 20, 60, 80, 100, and
120 K}. The solid lines represent the best fit obtained using Eq.
(2) from the step function model.
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critical distance (R, ). In that model, the total F lumines-
cence efficiency was given by 0.6

7 2x 1 0 (Cole Cole)

gF =exp Rcn(OH )

'gy =exp R, tn(OH ) n(O—H )]

where n(OH ) is the concentration (mol fraction} of
OH defects that really participate in the quenching
effect and R, is the critical distance in units of lattice pa-
rameter a.

In order to make Eq. (1) more general, we should have
in mind that the n(OH ) in Eq. (1) represents the concen-
tration of OH defects participation in the quenching
process of I luminescence. After measuring different
hosts than KC1, we realize that might not be true that all
the OH defects participate in the quenching of I'
centers at high OH doping level. There is always a par-
tial amount of nonparticipating OH defects related with
n (OH ). A more general expression for gz should be
given by the following equation:

0.4
O
5

j5 0.2

0.0
10" 10

~ ~

10
Frequency (Hz)

104 10'

FIG. 10. Dielectric loss c" versus frequency for RbBr crys-
tals doped with low (3.4 X 10 mol fraction) and high
(7.2X10 mol fraction) OH ions, measured at 4 K. The low
concentration crystal exhibits a pure paraelectric dipole
behavior (Debye model) (solid line). In the high concentration
case, the dipoles obey a Cole-Cole model (solid line), where acc
is 0.305.

By using Eq. (2) to fit the measured F luminescence
eKciency in RbC1 as a function of OH concentration,
using the data exhibited in Fig. 9, we got the n*( OH )

and R, values at different temperatures (see Table I).
These results show that n'(OH ) value approaches

10 in RbC1 when the temperature gets higher than 120
K. Only at such higher temperature the RbC1 system
works like the KC1 system where n (OH )=0. Another
important observation is that the critical radius of I-
OH interaction depends on the temperature and ap-
proaches a minimum value R,o=3.08(a ) when T +0 K. —

%'e know from earlier works that for high OH con-
centrations (= 10 ), the elastic and electric interaction
between the dipoles strongly "blocks" their reorienta-
tional motion. Even in a randomly distributed system
the number of blocked OH dipoles would increase at
higher concentrations due to the long distance of the
dipole-dipole interaction of OH defects, producing a
nonparticipating OH concentration, n*(OH ), that
must be subtracted from the total OH concentration.
Only that concentration difference is able to quench the
total E luminescence.

In order to show this concentration effect on the reori-

TABLE I. The critical radius values and n*(OH ) obtained
by using Eq. (2) for RbC1:OH . R, is given in unity of lattice
parameter.

entational motion (tunneling) of OH dipoles, we mea-
sured the dielectric losses (s") of two RbBr samples
doped with low (3.4X10 mol fraction) and high
(7.2X10 } OH concentrations and for KBr doped
with 2. 85 X 10 . RbBr and KBr hosts were chosen be-
cause their reorientation rates (at 4 K) meet the frequen-
cy range of the used equipment (10—10 Hz). The capaci-
tance and conductance of the samples were measured
with a General Radio Precision Capacitance Measure-
ment System type 1621 in the three terminal
configuration to shield the capacitance of the leads. The
system was operated in the 10—10 Hz range of frequen-
cies and at amplitudes in the 1.5-15 V voltage range.
Figures 10 and 11 show the dielectric losses (E") as func-
tion of the voltage frequency. The solid lines represent
the best fitting obtained using a Debye (for low RbBr

0.6

~~

Q 03
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40
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130

3.08
3.39
3.73
4.28
4.54
4.76
4.79

X*(OH )
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9.88 x 10-'
9.88 X 10
9.88 x 10-'
6.00x 10-'
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I

0.0
10 10 10 10' 10' 10

Frequency (Hz)

FIG. 11. Dielectric loss c" versus frequency for KBr doped
with 2.85X10 mol fraction of OH ions, measured at 4 K.
The solid line represents the best fitting using a Cole-Cole model
where acc is 0.3154.
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OH doping) and a Cole-Cole model for RbBr and KBr
with high OH dopings. It is seen that in the low OH
concentration crystal (3.4X10 mol fraction), the di-
poles reorient with a unique time constant (r„,) equal to
[1/(2',„)],where f,„corresponds to the frequency
peak of the dielectric loss curve obtained using the Debye
law. By increasing the OH concentration in the order
of 10 mol fraction, the dipole reorientation time has a
symmetric distribution centered at ~0 which is coincident
with the reorientation time obtained for low concentra-
tion (see Fig. 10). In that case of high OH concentra-
tion, the dielectric loss curves, measured for RbBr and
KBr (solid lines of Figs. 10 and 11), follow a Cole-Cole
~odel with ace equal to 0.3057 for RbBr and 0.3154 for
KBr. In that case the OH relaxation time distribution
is given by

1 sin(ace'ir )
G(s) =

2m cosh[(1 —ace)s ]—cos(ace'Ir)

where s =In(r„„/ro). This distribution is exhibited in
Fig. 12, from where it is seen as the same width for both
RbBr and KBr crystals.

The dielectric loss area A (E") is proportional to
(noHp /ICT), where noH is the concentration of OH di-

0
poles, p is the dipole strength (eA), K is the Boltzmann
constant, and T is the temperature. Theoretically one
must expect a ratio between the two dielectric loss areas,
[ A (E")H,GH/A (E")iow], equal to 21.3 which is the OH
concentration ratio between the two RbBr crystals used.
On the other hand, we found a small value equal to 11.5.
It means that only 54%%uo of available OH dipoles con-
tributes to the dielectric loss e" (the remaimng OH di-
poles were blocked by dipole-dipole interaction) in high
OH doped RbBr.

Concerning now the temperature effects on F lumines-
cence efficiency which shows a temperature-dependent
critical radius, the following microscopic assumption was
tentatively made to clarify the physical essence of this in-
teraction. Let us assume now that the total nonradiative
probability induced in the F excited state by the ac elec-

tric 6eld of the OH defect —situated at distance R from
the F center —can be divided in two parts due to the fol-
lowing distinct effects; i.e., P„,=P1f+Phf.

(i) A low frequency term (Pit) due to the induced nonra-
diative probability at lower temperatures when

reor Trad'
(ii) A high frequency term (Phf) due to the F-center

deexcitation induced by the temperature-dependent reori-
entation rate ( ~ T ) of the OH dipole when r„„((r„d.

In the case of high frequency, the attempt frequency
(preexponential factor) must be governed by a power law
(aT ) dependence since this determines the dipole reori-
entation rate of OH (Refs. 2 and 8) and consequently
the maximum position of the OH reorientation rate dis-
tribution, G(s), verified in the case of high OH concen-
trations ( ) 10 ).

The total probability of nonradiative F-center deexcita-
tion (P„,), induced by an OH defect, as a function of
distance R, should be given by

P„,=(fo+aT )expb AR

co
(3)

or

R, =Rco 1+

f0+a'T
ln

+rad

A
(4)

where R,o is the critical radius of the interaction at T=0
K. The a, b, and A parameters are obtained from the
best fit of the data. fo is the temperature-independent
preexponential factor obtained from the relation between
~„d and A. This relation is obtained by using the condi-
tion that P„,=r,,d' in Eq. (3) when R =R,o (at T=O K).
It implies that r,,d

=f0 exp( —A ).
The temperature-dependent critical radius was derived

from the present model using the true condition that
P„,=r,,d (or q„&=0.5) when R =R, at temperature
T)0 K, in Eq. (3). It gives the following expression:

—1 b AR,r,,d=(fo+aT )exp
R,o

0.30

RbBr: OH {7.2xl0 ) where R,o, A, a', and b are the parameters which can be
obtained from the best fit. Using the R, values from
Table I on Eq. (4), we got the values of these parameters
(shown in Table II), where a=a'exp(A). Note that

0.15

0.00
10 10 10 10

OH Reorientation Rate ( sec. )

10' 10
R.o fo

4.04 1.25X10' sec ' 20.39 1.63X10" sec ' K 3.0

TABLE II. Parameter values obtained from the best fit of
data using Eq. (4) from the present model where R, =R, ( T), for
RbC1 and KC1 systems. R,o is given in unity of lattice parame-
ter.

KC1:OH

FIG. 12. Relaxation time distribution of OH dipoles ob-
tained from the Cole-Cole model for RbBr doped with
7.2X10 OH mol fraction and KBr (2.85X10 ') at 4 K.
ace=0.3057 for RbBr and 0.3154 for KBr.

R,o fo
RbC1:OH

6338 sec ' K3.076 1.35 X 10' sec ' 9.0 4.0
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FIG. 13. Temperature behavior of the mean critical distance
{R,) of F-OH interaction in RbC1, and KC1 crystals for the
nonaggregated case. The solid lines represent the best fit ob-
tained using Eq. (4) from the present model. The parameter
values are listed in Table II.

f0
= 1.35 X 10' sec ' was obtained using f0

=r,,d'exp(A ), where r,,d=1.66X10 sec ' for RbC1.
The theoretical behavior of R„predicted by Eq. (4), gives
the solid line of Fig. 13 which is in good agreement with
the experimental values. This model explains well the
temperature behavior of the critical radius for the nonra-
diative induced F-center deexcitation.

Now substituting Eq. (4) in Eq. (2), one gets the tem-
perature dependence of the F-center luminescence
efficiency. Both the theoretical (solid lines) and experi-
mental data (ilF) agree very well for RbCl doped with
several OH concentrations at several temperatures, as
seen in Fig. 9. In all the calculations for the temperature
range up to 80 K, we used n*(OH )=9.88X10 mol
fraction. At temperatures higher than 80 K, n'(OH )

deviates from this constant value towards zero.
Also, we calculate the critical radius R, of F-OH in-

teraction in KC1 doped with 2.3X10 OH at several
temperatures, using the F luminescence eKciency
[qF(T)] data from Fig. 2. Using Eq. (2) one can obtain
the following expression for R, ( T ):

1/3—3 1ngF(T)
R, (T)=

16~6%

where EN= [n(OH ) n—'(OH )] with n (OH )=0.
The calculated R, values for the KC1 system are shown
in Fig. 13. Using Eq. (4) derived from the present model,
we obtained the solid line of Fig. 13 corresponding to the
best fit of R, data as a function of the temperature in
KCl. In Table II we show the 6tted parameters obtained
for both RbC1 and KC1 systems for comparison.

V. SUMMARY

In this paper we have proposed a microscopic proba-
bility for the nonradiative F-center deexcitation due to
the F-OH interaction which includes two effects from
the ac electric field of OH dipoles actuating in the
preexponential factor as an attempt frequency to the back
return of the excited F electron into the ground state.
This interaction produces two distinct terms for the non-
radiative probability: low and high frequency terms. Us-
ing the condition that both microscopic probabilities of
perturbed F center, the radiative (~,,d) and the nonradia-
tive (P„,), have identical values when R =R„we could
get a theoretical expression for the temperature depen-
dence of the critical radius of that interaction. Using
that law, the R, values were fitted to the model allowing
us to obtain the attempt frequency constants that turn
out to be proportional to T for RbC1:OH and propor-
tional to T for KC1:OH systems in the temperature
range investigated. These observations are in agreement
with what has been experimentally observed for the reori-
entation rate of isolated OH defects in RbC1 and Rbar
at 10 K. The theory of one- and two-phonon reorienta-
tion rates of paraelectric OH defects in alkali halide
crystals predicts also a T and T dependence at about
10 K.'

Considering this fact, one must conclude that the
temperature-dependent reorientation rate of the OH de-
fect produces an ac electric field which repels the F* elec-
tron back to the F ground state with a nonradiative prob-
ability strongly dependent on the temperature due to the
external dipole reorientational effects.
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