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The spin-lattice relaxation at 13.6 MHz of F nuclei in p-irradiated LiF is investigated at
300, 77, and 4.2-1.7'K. The crystals used have optically determined F-center concentra-
tions of 7.0&10, 2.0&&10, and 3.5&10 cm 3. The relaxation in the temperature range
4.2-1.7'K is found to be characterized by a spin-diffusion regime intermediate to the slow-
and rapid-diffusion cases. At 300 'K, the nuclear spin-lattice relaxation is found to be pre-
dominantly controlled by F-center spin-lattice relaxation. However, for the F-center concen-
trations used here, temperature-independent F-center spin-spin relaxation is found to control
the nuclear spin-lattice relaxation below 10 K. The variation of the F'~ dynamic polarization
as a function of microwave power at 1.7 'K is investigated for microwave magnetic field ampli-
tudes up to 2. 6 G. For this range of fields, the dynamic polarization process also is charac-
terized by an intermediate spin-diffusion regime. Existing theory yields an expression giving
the variation of the dynamic polarization time with microwave power, which is used to estimate
the correlation time of the F-center-nucleus dipole-dipole interaction at 1.7 K. Estimates
are also obtained for the F-center spin-lattice relaxation time at 300 'K.

INTRODUCTION

Bloembergen' has shown that nuclear magnetic
spin-lattice relaxation in insulating crystalline
solids at low temperatures can be caused by short-
range direct magnetic dipolar interactions between
the nuclei and paramagnetic impurity ions in low
concentrations augmented by a nuclear spin-diffu-
sion process. Nuclear spin diffusion has been ex-
haustively investigated~ ' and the current state of
the theory is such that it gives acceptable agree-

ment with experiment. In addition to producing
nuclear spin-lattice relaxation, the paramagnetic
ion-nuclear dipolar interactions cause a mixing of
the zero-order magnetic energy states which allows
simultaneous nucleus-ion spin transitions, for-
bidden in zero order, to be induced by application
of microwave radiation. Stimulation of the for-
bidden transitions results in a change in the nuclear
magnetic polarization, which may be maintained at
a steady-state value significantly different from the
thermal equilibrium value. The process of produc-



16 K. M. VALENTINE AND A. W. NOLLE

ing nuclear polarizations different from the ther-
mal equilibrium polarization by microwave stimula-
tion of the forbidden transitions is referred to as
dynamic polarization. The particular type of
dynamic polarization to be dealt with in this paper
is sometimes called the solid-state effect. '

The direct ion-nuclear dipolar interactions that
produce dynamic polarization through the solid-
state effect are of very short range and spin diffu-
sion provides the mechanism whereby their effects
are propagated throughout the bulk of the crystal.
Jeffries' and Khutsishvili' have solved the spin-
diffusion equation for the solid-state effect and have
obtained an expression for a polarization time T~,
which characterizes the growth of the dynamic
polarization as a function of paramagnetic ion con-
centration, nuclear spin-diffusion coefficient, the
interaction correlation time, and the applied micro-
wave power.

Since both nuclear spin-lattice relaxation and

nuclear dynamic polarization caused by the solid-
state effect arise from dipolar interactions between
nuclei and the paramagnetic ions, nuclear spin-
lattice relaxation time T„and T~ measurements,
coupled with theoretical expressions for T, and T~
provide an indirect method of observing the mag-
netic behavior of the paramagnetic ion system. In
particular, T, measurements can be used to deter-
mine the temperature dependence of the ion-nuclear
interaction correlation time and if the ion concen-
tration is accurately known, the value of the cor-
relation time may be deduced. The theoretical ex-
pression for the variation of T~ with microwave
power gives a result from which the value of the
correlation time may be obtained without knowing
the exact ion concentration or how the ions are
distributed in the crystal, if T, is known.

For several reasons, LiF containing E centers
is an excellent system for an investigation of nu-
clear spin-lattice relaxation in solids caused by
paramagnetic impurities in low concentrations.
First, high-purity single crystals with low back-
ground relaxation rates are available and E centers
may be easily produced in them by y irradiation at
room temperature. Color centers in LiF are stable
under the conditions of ordinary room lighting and
temperature and no special handling or storage
procedure is necessary. Further, relative F-center
concentrations can be determined easily and ac-
curately by optical absorption measurements.

Josephson and Strandberg' showed that F centers
in LiF are effective in controlling nuclear spin-
lattice relaxation at 300'K. One purpose of the
present work is to extend the study of nuclear spin-
lattice relaxation for F'9 in the LiF E-center sys-
tem to liquid-helium temperatures. This indicates
the character of the nuclear spin-diffusion process
(i.e. , slow or rapid diffusion). From this the tem-

perature dependence of the E-center correlation
time may be estimated. Early steady-state dy-
namic polarization experiments on the LiF F-center
system' suggested that the system would be a good
one to use for dynamic polarization rate studies.
E-center clustering, the details of which are un-
known, renders a large portion of the F centers
ineffective in controlling nuclear spin-lattice relax-
ation, but this difficulty may be surmounted by T~
versus microwave power measurements. The sec-
ond purpose of the work to be reported here is to
study the dynamics of the F'9 dynamic polarization
at 1.7 K by a series of T~ versus microwave power
measurements and to relate the results to available
theories. From these measurements, a value for
the E-center correlation time is deduced. It will
be shown that at low temperatures this correlation
time is largely controlled by the spin-spin interac-
tions of the E centers for concentrations giving a
nuclear T, of the order of minutes or less.

Of other reports on dynamic polarization rates
in solids, " '3 only one by Karra, Clarkson, and
Sato' studied the variation of the dynamic polariza-
tion rate with microwave power. The system they
studied was the protons in CuK3SO4 ~ 6H~O diluted
with ZnK~SO4 6HzO. Even though their paramag-
netic ion concentrations were at least two orders
of magnitude larger than any value of Xo in the pres-
ent experiment, they found that temperature-de-
pendent paramagnetic spin-lattice relaxation con-
trolled the nuclear spin-lattice relaxation. Fur-
ther, T was on the order of microseconds. Since
the copper ion is much more complex than an E
center and since the water molecules are not dis-
tributed on a simple lattice, the rather different
behavior of the CuK3804 6H~O system as compared
to the LiF F-center system should not seem unrea-
sonable.

THEORETICAL BACKGROUND

In the absence of diffusion, nuclei at a distance
r from a paramagnetic impurity have a relaxation
time given (after an angular averaging) by Cr ',
where the function C is proportional to the intensity
at the nuclear Larmor angular frequency „of the
spectrum of the field-direction component of the
impurity magnetization. If this spectrum has a
correlation time 7', C contains the factor
r/(1+ ~„r ), which reduces to (~„r) ' for &„v'» 1 as
is the case here.

Approximate treatments of spin diffusion have
been worked out by using a spin-diffusion coefficient
D independent of r (and in most discussions, in-
dependent of direction) outside a sphere of radius
x= b, but zero inside that sphere because of the
detuning of the nuclei from each other by the strong
field gradient near the impurity. In this case, a
quasi-steady-state solution of the spin-diffusion
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problem can be obtained ' ' for the neighboring
nuclei around an isolated impurity and interpreted
in terms of the relaxation of the observed bulk mag-
netization of a sample with N para, magnetic centers
per unit volume. The nuclear spin-lattice relaxa-
tion time T, is given by"

where 6 -=p~/2b2 and p= (C/D)'~' is the character-
istic diffusion radius outside of which spin diffusion

is the major relaxation mechanism. For the case
„&»1, T, increases monotonically with ~. The

limiting case of rapid diffusion~ ' (D so large with

respect to C that the value of D is unimportant) cor-
responds to ~«1, while the case of slow diffusion '
(relaxation limited primarily by the value of D} cor-

responds to 6»1. The quantity in square brackets
in Eq. (1) approaches 6(b/P)3 for 6 «1 and ap-
proaches I'(-,')/I'(-, } for 6» 1.

The dependence of D, b, and P on the nuclear
linewidth 4H results in a variation of T, with crys-
tal orientation. ' We find from Eq. (1) that for
the case of slow diffusion the value of T, increases
with a crystal reorientation that increases 4H, and

that the reverse occurs in the ease of rapid diffu-
sion. For ~ =0. 6, T, is insensitive to crystal re-
orientation.

In the present experiments, microwave power
can be applied to the sample with magnetic field
amplitude H„of the proper orientation and fre-
quency to produce electron spin resonance (ESR)
somewhere in the broad, inhomogeneously broadened
E-center ESR line. For the electron spin subpopu-
lations (packets') at resonance, sufficiently large
H, results in saturation, characterized by reduced
electron polarization (increased electron spin tem-
perature), by a transition rate much greater than
the thermal value for transitions having ~M~=+1,
&MI= 0, and by increased rate of packet shifting,
representing the flips of nuclei adjacent to the E
center in response to the reduced correlation time
of the z component of electron magnetization. For
certain spin packets not at resonance, the micro-
wave signal results in forbidden transitions having
4M ~ = + 1, 4MI = + 1. These also contribute to
packet shifting. The mixing of states required to
make these transitions occur is produced by oper-
ators of the form S,(I,o ff,) which occur in the
dipole-dipole interaction between the electron and
a nuc1eus, but do not occur in interactions of the
form I S. The forbidden transitions produce nu-
clear polarization, "but in opposite senses, so
that a net change in nuclear polarization is obtained
only when the microwave signal is applied away
from the center of an inhomogeneously broadened
electron resonance. ' The theory of nuclear

relaxation by spin diffusion, leading to Eq. (1), is
easily modified~' to include the effects of the for-
bidden transitions since these involve r just as
does thermally induced relaxation. In order to
combine both causes of relaxation in a single relax-
ation rate T~', where T~ will be called the polariza-
tion time, it is necessary to replace C by C+ 2I
where I." is the average induced transition prob-
ability for the two forbidden transitions, propor-
tional to microwave power. We find it convenient
to express the polarization time as

1

+Dye-1 (.) ~i4( ) (2)F(f) &~)4(%

where & -=p~/2b~ and p'= (C/D)[1+ 2(I' /C)]. In ihe

limit of zero microwave power, &-& and P- P.
From (1) and (2) we have

Tp 2I' Iw ~4(6) 3/4(6)
f~i4(6) f3i4(6)

'

As shown in the Appendix, the ratio 2I' /C is pro-
portional to f~ times the microwave power, where

f is the fraction of the paramagnetic centers affected
by microwave pumping. Therefore, in principle
Eq. (3) allows fr to be evaluated from the experi-
mental dependence of T~/T, on microwave power,
even when the concentration of paramagnetic centers
is not known.

EXPERIMENTAL

All Tj measurements were made by a direct-re-
covery method similar to that used by Josephson
and Strandberg. Dyna, mic polarization growth
curves were made with a double-resonance cavity
similar to one described by Doyle. " The cavity
was in direct contact with a pumped liquid-helium
bath at l. 7 'K. Microwave power (9. 28 GHz) was
supplied to the cavity through a "Strandlabs"' spec-
trometer which used the sample cavity as the auto-
matic frequency control circuits (AFC) reference
cavity.

A Robinson' oscillator was used to monitor the
growth of the nuclear polarization. The external
magnetic field Ho was 3400 G (F" resonant fre-
quency =13.6 MHz). For this value of Ho and a
microwave frequency of 9.28 GHz, the steady-state
value of induced enhancement was 3.

Microwave power was applied to the sample con-
tinuously during the course of the dynamic polariza-
tion time measurement operations. By means of
an auxiliary set of coils, Ho could be shifted between
3400 and 3500 G. At HO=3500 G, the center of the
E-center resonance was so disposed to the micro-
wave frequency (9.28 GHz) that very little induced
enhancement of nuclear polarization resulted. After
a suitable length of time, during which the nuclear
polarization had decayed to a value very nearly
equal to the thermal equilibrium value, Ho was
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FIG. 1. Variation of the F' spin-lattice relaxation
time T& with the optically determined relative &-center
concentration No.

shifted back to 3400 6 and the growth of the nuclear
polarization recorded.

The samples were made from Harshaw" vacuum
ultraviolet grade LiF crystals and were irradiated
by the Physics Department of the M. D. Anderson
Hospital. " Initially, three crystals were irradiated
with Co y rays with an average intensity of
73 000 rad/min over the volumes of the crystals.
The irradiation times were 80, 800, and 8000 sec.
The E-center densities were such that plots of the
E-center optical absorption could be used to deter-
mine the F-center densities using Smakula's for-
mula. ' Two other crystals were irradiated using

an annular Cs' ~ source with an intensity of 7300
rad/min. The irradiation times of these crystals
were 7000 and 17 000 min and the F-center concen-
trations were so large that optical absorption plots
could not be used to calculate them. Co and Cs' ~

y rays have been found~p to impart equal amounts
of energy for equal doses to LiF and it was assumed
that they are equivalent E-center producers. From
this we were able to estimate the E-center concen-
tration in the last two samples by extrapolating the
calculated E-center concentration versus dose
curve to include the doses that they received. The
two most heavily irradiated crystals were reddish
brown in color while the other crystals were light
green in color immediately after irradiation. Within
a day, this green color disappeared, leaving the
crystal yellow in color. LiF color centers have
been found to be stable at room temperature and
ordinary lighting, so no special handling or stor-
age was used.

RESULTS

Nuclear Spin-Lattice Relaxation

The unirradiated crystals had T, &3000 sec at
300'K. A series of T, measurements at various
temperatures for different values of the optically
determined E-center concentration Np was made
to determine the nature of the spin-diffusion pro-
cess in the crystals. As shown in Fig. 1, at
300 K, T, is proportional to Np' over the range
1.7 && 10" to 3. 5 && 10"cm ', as predicted by Eq. (1)
for the case where the correlation time to the elec-
tron-nuclear interaction is concentration indepen-
dent.

Since E centers are known to aggregate in loose
clusters ' where they are not magnetically isolated
from each other, the relationship T2 ~Np appears
fortuitous. ESR measurements on the crystals at
3QQ K show that the relative E-center concentra-
tions are consistent with the various values of Np

but that the effective E-center concentration is one
order of magnitude smaller than Np. This suggests
that as the radiation dose received by the crystals
increases the number of E-center clusters per
unit volume increases. This sort of behavior has
been observed~2 for neutron-irradiated LiF.

Josephson and Strandberg found that T, was in-
dependent of Np for Np& 5&10' cm and attributed
this to E-center clustering. Their unirradiated crys-
tals had a T, -100 sec, which indicated a relatively
high paramagnetic impurity background concentra-
tion. It is possible that in their crystals the F
centers tended to cluster in the vicinity of the im-
purities in such a way that number of clusters per
unit volume reached a saturation value and further
irradiation simply caused the local density of the
cluster to increase.

Figure 2 shows T, vs T for samples of three dif-
ferent E-center concentrations in the range 1.7-
4. 2'K, together with values at 77 and 300'K for
these and a more dilute sample. To interpret these
results, we consider that the correlation time 7'

for the interaction between the F center and a nu-
cleus may be affected by both the spin-lattice re-
laxation time ~s, of the E centers and their spin-
spin correlation time ass, giving

-2 -2 «2SS+ S1

where ass is temperature independent and &» or-
dinarily decreases with increasing temperature.
At sufficiently high temperature, for a given E-
center concentration, we expect the effect of &» to
be dominant. Then, if there are no paramagnetic
cross- relaxation processes making 7s, concentration
dependent, we expect T, to vary as the reciprocal
of E-center concentration. The 300 K result in
Fig. 1 shows this behavior, where the optically
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FIG. 2. Variation of the F&& spin-lattice relaxation
time T& with the temperature T. Np=(l) 3.5x10 8 cm
(2) 2.0x10' cm, (3) 7.0x10 ' cm 3, (4) 1.7x10'7 cm

measured concentration is used. Moreover, the
ratio T, (300'K)/T, (77 'K) is practically the same
for the two lowest concentrations in Fig. 2, samples
3 and 4, as would be the case if T, is responding
to the temperature dependence of a concentration
independent 7'$f For the most concentrated sam-
ple, however (sample 1}, T, changes relatively
little between 300 and 4. 2 K, suggesting that except
near 300'K the effect of ~» is not dominant for this
sample. Therefore, at much lower temperatures
the variation of Ty occurs under conditions of nearly
constant ~; that is, ~ =&$$, and the residual varia-
tion of T& with temperature occurs through changes
in the barrier radius. ' This conclusion must apply
to all samples studied below 4. 2'K, since they
show closely similar behavior (approximately
T, ~ T "). That we have v =r, z at low temperature
is further confirmed in Fig. 1 by the change in con-
centration dependence from Tg ~Np at 300 'K to
Ty ~ Np

' at 4. 2 'K, for ~ $$ is concentration de-
pendent, whereas ideally ~$, is not.

The results do not correspond to either of the
limiting cases, &»1 or 6«1. In Fig. 2, sample
2, T, is practically the same within experimental
error for the [100] and [110]orientations at 1.7 'K,
but at higher temperatures the [110] result is
significantly smaller. Taking into account the dis-
cussion in the previous section, we then estimate
6 = 0. 6 at 1.7 'K for the sample having N, = 2. 0
&10' cm . This value proves satisfactory for
explaining the dynamic polarization results.

Dynamic Polarization

The dynamic polarization time T~, as measured
at 1.7 K, is shown by the points in Fig. 3 for
microwave power values in the range 10-200 m%.

300

Ioo—

H, II [IIOj

T= I.7 K

IO
IO

( ill I
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FIG. 3. Variation of the F dynamic polarization time
T& with microwave power &. Np=(1) 3.5x10 cm, (2)
2.0 x10 cm, (3) 7.0x10 cm . The curves were ob-
tained from Eq. (3).

The curves are obtained by multiplying T, at l. 7 'K

(Fig. 2) by T~/T~ calculated from Eq. (3). In the
preceding section, ~ at 1.7 'K for sample 2 was
found to be 0. 6. In evaluating 21'm/C (Appendix),
the value of fr = 0. 9 psec was found to give the best
fit to the data for sample 2 in Fig. 3. Values of
~ for samples 1 and 3 were obtained by assuming
that v ~Np', which is ideally true for the spin-spin
interaction of the electrons, and is approximately
true in the present case as is shown in the discus-
sion of Fig. 1. On this assumption, neglecting the
variation' of b with &, & varies as Np' . The values
of ~ at 1.7 K for samples 1 and 3 are 0. 79 and

0. 36, respectively. The values of f7 which then
give the best fits to the data and are used in calcu-
lating the remaining curves of Fig. 3 are 0. 6 p, sec
for sample 1 and 2. 14 p.sec for sample 3. Alter-
nately, assuming that fr varies as N, ' and then
computing values of & using 5~v' ' in conjunction
with values of f7 and & obtained for sample 2 gave
somewhat poorer fits to the data. than did the pre-
ceding process of analysis. The two slightly dif-
ferent approaches to analyzing the data are the only
alternatives available in the absence of precise
information on F-center concentration and distri-
bution and accurate values of ~.

The minimum value of f(= 0. 023) found in the
Appendix can now be used to give an estimate of 7

at 1.7'K. For example, sample 1 has f7 =0.6
p,sec, which gives 7 =26 p.sec. ~ for each sample
has a constant value below 4. 2 'K determined by
the electron spin-spin interaction. For sample 1,
T, is practically constant from 4. 2 to 77 'K, indi-
cating that w also is nearly constant in this temper-
ature range, as is 5(=1}. On this basis, 7' at
300 K can be estimated. For sample 1, the ratio
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The spin-lattice relaxation of the F' nuclei in
irradiated LiF in the temperature range below
10'K falls in the spin-diffusion regime intermediate
to the slow- and rapid-spin-diffusion cases. This
is also true for the dynamic polarization process
for the range of microwave power explored. With
increasing temperature, the slow-diffusion regime
is approached and is substantially reached at
300 'K.

To obtain nuclear spin-lattice relaxation times
on the order of 10 min or less at 4. 2 K, optically
determined E-center concentrations greater than
Np=4 &10" cm ' are required. For such concentra-
tions, the correlation time of dipolar interactions
between F centers and the F'9 nuclei is equal to the
temperature-independent spin-spin correlation
time of the F centers and is given approximately by

7'» = const &Np
-1 (5)

The variation of the dynamic polarization time
with microwave power has been explored at 1.7 'K
and is adequately described by a suitable adaptation
of the theory developed by Jeffries' and Khuts-
ishvili. Comparison of this theory with experi-
ment yields a value of ~, the correlation time of the
dipolar interactions between the E centers and the
F'9 nuclei from which the constant of proportional-
ity in Eq. (5) was found to be -8 &&10" sec cm '.
This evaluation is significant only within a. factor
of perhaps 2, because the theoretical functions in
the expression for the polarization time as a func-
tion of microwave power [Eq. (3)] are not highly sen-
sitive to 7. Also, the value given for ~ is obtained

T, (77 K)/T, (300 K) is 1.8. From Eq. (1), the
ratio r(77'K}/7 (300 K) lies between 1.8 (5»1}and

(1.8)' (5« I). According to this estimate, r~, =10 '
sec at 300 K for all the samples.

This result differs appreciably from 7 $&
——7 &10 '

sec which is deduced from room-temperature F'
relaxation measurements on irradiated LiF crys-
tals by Josephson and Strandberg. We suggest that
this smaller value of r is rel. ated to cross relaxa-
tion between F centers and the impurities respon-
sible for the appreciable nuclear relaxation rate in
their unirradiated crystals.

Other evidence suggests that one should obtain
rather more than 10 ' sec for 7 $ f at 300'K. Micro-
wave measurements of F-center relaxation in~'

KCl extrapolate to 7»=3&10 ' sec at 300 K. A
rapid passage experiment 4 with LiF E centers gave
~=10 sec, al, though this result is not reducible
in a simple way to 7$,. Saturation effects observed
in the ESR measurements made to check F-center
concentrations of the present samples indicate that
7'» -10 sec if one were to assume a packet width
of 1G.
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APPENDIX: EVALUATION OF 2I n7, /C

In Eq. (3), 2rm/C is used for the more exact
expression

(Ar, +@r )/c, (Al)

where the f 's are the fractions of the electrons af-
fected by the microwave radiation as will be ex-
plained later. The microwave induced direct tran-
sition rates for the forbidden simultaneous nucleus-
electron spin flips are given by I;r ." The I,
used here are slightly different from those in Ref.
8 and are given by

r, = -,' ,vy', H( G, H- )HC .r (A2)

In Eq. (A2), y, is the absolute value of the E-center
electron gyromagnetic ratio, H, is the amplitude
of the microwave field, and G(H —Ho} is the enve-
lope of the F-center resonance and is taken to be
a Gaussian line' 'a' with a second moment of (80)
6 . H, are given by

H, = (~,+ ~„)/y, =H, +y„H, /y, , (A3)

where ~, is the resonant angular frequency of the
microwave cavity and the applied magnetic field
Hp is chosen to produce the desired enhancement
condition.

Since H, is not constant over the volume of the
sample, H, is replaced by (H, ), the average of
H, over the sample volume. The presence of the
rf coil in the cavity used for the dynamic polariza-
tion experiments made exact calculation of (H, ) as

on the assumption that the fraction of electron spins
affected by the microwaves is determined by the
ar ea under the inhomogeneously broadened ESR curve
of the E centers actually swept by the modulation
field of the experiment. The value obtained for w

varies inversely with the value of this fraction.
At 300 K, the spin-lattice relaxation of' the F"

nuclei is controlled by the spin-lattice relaxation
time of the E centers, which is found to be on the
order of 10 sec from the nuclear relaxation data.
Further, at 300 'K, T, ~Np ', but the values of Np

are one order of magnitude too large to be com-
patible with the corresponding measured values of
T, if & -10 ' sec. This is a result of F-center
clustering. ESR measurements at 300'K indicate
that the relative effective E-center concentrations
are consistent with the optically determined values
of Np but that the effective F-center concentrations
are at least one order of magnitude smaller than the
corresponding values of Xp.
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a function of microwave power P difficult, so an
estimate was made by comparing ESR signal am-
plitudes made with a cavity of simple internal
geometry with those made with the cavity containing
the rf coil. In the absence of saturation, the ESR
signal amplitude is proportional to (H, ) which can
be calculated as a function of P in the simple cavity.
For the cavity and rf coil arrangement used in the
experiments, (H, ) = 32P, with (H f) in G and P
in W.

From Eq. (A3), since y, »y„, H, =H =H, =~,/y„
and G(H, —H, ) are replaced by G(H, —H,). H, was
chosen to be H, + 100= 3400 G. It is assumed that
the fraction of the electron spins affected by the
microwaves is given by (neglecting any contribution7
from the microwave H, )

f, =f =f= f ' G(H —Ho) dH,
He -H~

2I' /C = v y (H 1 )G (H —Ho) f7 (A4)

In the experiments, H, —HO=100 G, H = 5 G, and

y, =1.76&10' G ' sec '. For HO=3400 G, these
values give G(H, —Ho) = 0. 23 G ' and f= 0. 023. With
these Eq. (A4) gives

2I' /C= 4. 1 &&10 fPT . 5)

Considering the uncertainties in the effective I'-
center concentration and the possibility of spin dif-
fusion in the F-center electron system, the value
of f given by Eq. (A4) must be regarded as a min-
imum estimate of the electrons affected by the
microwave s.

where H is the amplitude of the sinusoidal modula-
tion sweep field. Thus Eq. (Al) is replaced by
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