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Nonequilibrium spin polarization of F centers in KBr and KI
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It has been known that, under the saturated optical pumping of an F center in the presence of an
applied magnetic field (H), the nonequilibrium spin polarization (NESP) increases in the relaxed ex-
cited state (RES) of the F center. The NESP is relevant to a spin-lattice relaxation time 7'} in the
spin system in the RES. Under conditions in which the circular polarization of the pumping light is
modulated between right and left circular polarization with an angular frequency w, we postulate
that the NESP oscillates sinusoidally with @ and gives rise to the magnetic circular dichroism in the
absorption, ycplw), and the magnetic circular polarization in the emission, A,(w), where 7 shows
the polarization of the analyzer, either circular or linear. Theoretical forms of both quantities have
been derived from the first-order approximation to successive solutions of rate equations. A,(w) for
KBr and KI have been measured at 2 K as a function of H below 40 kOe and as a function of pump-
ing photon energy. Our present data for A,(w) and &ycp(w), observed by Baldacchini e al. [Phys.
Rev. B 19, 1283 (1979)], are both explained in the same theoretical framework by introducing a
common empirical form of H dependence of (T{)~!, which is presented as proportional to H®,
where a is a negative constant. This implies that the spin-lattice relaxation is caused by the ex-
change effects between two F centers in the RES. We have optically detected the electron-spin reso-
nance (ODESR) of F centers in the RES from the changes observed in A,(w) by the resonant mi-
crowave at 50 GHz. The ODESR has been accounted for within the same theoretical framework.
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I. INTRODUCTION

For almost the past two decades the spin dynamics of
the optically excited (or pumped) F centers in alkali
halides under the application of a static magnetic field H
has been studied. The most remarkable magnetic effects
observed in the optical-pumping cycle (OPC) are the
magnetic circular dichroism (MCD) in the optical absorp-
tion' % and the magnetic circular polarization (MCP) in
the emission.®"!¢ Both effects have been measured by
pumping with F-band light with left- and right-circular
polarization components (o, and o_), or a linearly po-
larized light (7). Under the steady-pumping condition,
where the polarization of pumping light is fixed at 7 or
o, the MCD and MCP observed have been well ana-
lyzed and interpreted.l_11 However, under the
modulated-pumping condition, when the circular polar-
ization of pumping light is periodically alternated be-
tween o, and o _ with an angular frequency o, the com-
plete physical pictures of MCD and MCP observed have
not yet been completely clarified. We denote both quan-
tities as Sycp(@) and A, (w), where the subscript 7 refers
to the characteristic polarization (=0 ,, o _, or 7) of the
analyzer, which is arranged to select the polarization in
the emission. In particular, the observed quantity defined
by

Afw)=3[4A, (0)+A, (@)] (1)
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shows a large nonlinear dependence on H. Baldacchini
et al. called it an anomalous effect.” Actually, they ex-
plained it by proposing, intuitively, an analytical form
[see Eq. (17) in Ref. 7]. Therein, they concluded that it is
not a quantity of true fundamental interest. Alternative-
ly, in a previous work!® we tentatively showed a different
way of analyzing A_(w). In the present work we show
details of our argument. Hereupon, on the basis of the
same theoretical framework, we derive a theoretical form
to analyze the experimental data of &ycp(®), which had
been observed by Baldacchini et al.'> They have left the
task of exploring their data taken at a lower magnetic
field range (below 40 kOe) for a future analysis.

Now, for the purpose of giving consistent analytical
forms to explain both §ycpl@) and A, (@), we examine
the time factors spent while an electron completes the
OPC in the F center. Immediately after the electron is
excited optically from the ground state (GS) to the
Franck-Condon state (FCS), it dissipates its excess energy
nonradiatively from the FCS to the relaxed excited state
(RES) within a fraction of a picosecond.!” Then, it re-
turns to the GS by emitting luminescence, and terminates
the OPC. The radiative lifetime 7, of the RES has been
determined to be a few microseconds or less.!® This life-
time would be the shortest time limit in the argument of
the magneto-optical effects modulated with . In the
presence of a field H, the thermalizations in the Kramers
sublevels in the GS and RES are characterized by the
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spin-lattice relaxation times T, and T}, respectively. In
a moderate magnetic field range, the relation
7,<T} <T, holds.’ In addition to these factors, a spin
flipping occurs during the OPC because of the spin-orbit
interaction in the optically excited states.3”>1®!® This
spin-flipping process causes the change of the spin polar-
ization in both the GS and RES.37>!%16 A npet spin-
flipping rate was expressed by €,U, where ¢, is a total
spin-memory loss parameter and U is a net pumping
rate.'*1”  With reference to ¢, U and T, the optical
pumping conditions are divided into two cases: the weak
pumping for ¢, UT; <1 and the saturated pumping for
g, UT, > 1.%1271% In the former case, the spin system can
be treated as if it was in thermal equilibrium. The experi-
mental data obtained under this condition have been well
analyzed.® However, in the latter case the spin system
should be treated as if it was in a nonequilibrium state, in
which case the spin polarization should be considered a
dynamical quantity. We refer to this case as the none-
quilibrium spin polarization (NESP). A major part of the
present work is devoted to determining how the NESP
contributes to the magneto-optical effects, particularly in
the determination of A,(®) and &y cpl@).

Under a combined case of the steady- and saturated-
pumping (SSP) conditions pumped with a -polarized
light, the NESP in the GS has insufficient time to build
up before the NESP in the RES is raised. The theoretical
forms of the NESP in the GS and RES under the SSP
conditions were derived from a zeroth-order solution to

the rate equations that govern the OPC. Both forms are-

approximately equivalent to each other, as will be shown
in Egs. (9) and (18), and depend on T} but not on T),.
This fact clearly shows that the as-described NESP in the
RES could solely exert an influence on the magneto-
optical effects in the OPC. On the other hand, the form
of spin polarization in the RES derived under the SSP
conditions pumped with o .- or o _-polarization light is
different from that in the GS, due to a predominantly
large 1gontribution from the paramagnetic term includ-
ed.””

As a next step, let us discuss the magneto-optical
effects observed in another combined condition, the
modulated- and saturated-pumping (MSP) condition. In
this case, the zeroth-order solutions of NESP to the rate
equations for the GS and RES have already been derived
in Ref. 14: this will be shown in Egs. (17). Both forms
are composed of a sum of wt-independent and wt-
dependent terms. We denote the approximate form of
the former term as P,,, as will be shown in Eq. (18). The
latter term is observable by means of lock-in detection
operated at w. However, we found that the form of
A (@) in Eq. (1) derived in the zeroth-order approxima-
tion cannot account for the anomalous effect observed.
We suggest that promotion to a higher-order approxima-
tion would give a proper solution to the difficulty. After
a calculation in a specific condition T ! <g, U <w <7, !,
we will show that the first-order approximation gives rise
to partly a new term of the NESP, which has an ampli-
tude PP, oscillating with . Here, P, is a dichroic

s§T ms s

differential absorption that will be defined in Eq. (3).>!°
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This means that, as a result of the first-order approxima-
tion, the time-independent P, could oscillate. Finally,
we confirm that P, will contribute essentially to the
anomalous effect in Eq. (1).

Based on this scheme, we also derived an analytical
form of &ycplw) in MSP conditions: this form is
different from that derived in Refs. 1-5. It is worth not-
icing that both quantities A,(w) and $ycp(e) include a
common parameter of T}. Thus, from the curve-fitting
analysis of the H dependence of both &y cp(w) and A, (w)
using the above-derived theoretical forms, we may empir-
ically determine the H dependence of T}, T} (H). In
other words, with a common form of T7(H), the
Smcpl®) and A, (w) observed under the MSP conditions
are explained consistently in the same theoretical frame-
work.

The present paper consists of the following three sec-
tions. In Sec. II, we summarize several difficult problems
and unresolved data arising from the previous studies of
$mcp(@) and A, (@) observed under the MSP conditions.
To resolve these difficulties, we formulate a series of rate
equations that is improved particularly in that it includes
an imbalance parameter €; of the o, and o_ polariza-
tion of pumping light. Section III is devoted to deriving
the theoretical expressions of A,(w) and $ycp(@) by us-
ing the first-order approximated solution to the rate equa-
tions in Sec. II. In Secs. IV A and IV B, we analyze our
experimental data on the H dependence of A _(w) ob-
served in KI and KBr at a fixed photon energy, Eph, as
well as the E; dependence of A,(®) at a fixed H, using
the theoretical forms derived in Sec. III. The same
curve-fitting analysis of &ycp(w) observed in Ref. 12 has
been carried out. As a result, a consistent explanation of
both quantities is .achieved by introducing a common and
empirical parameter of the T} (H) in the H range below
40 kOe: [T¥(H)] ! decreases with increasing H. In Sec.
IV C, through comparison with the dependence of T, in
the GS observed for the densely colored KCl, we suggest
that the T} (H) in the low-field range is caused by the ex-
change effect between the exchange pair of F centers in
the RES. In Sec. IV D, we develop a new optical detec-
tion method of the electron-spin resonance (ESR) for the
GS and RES at 2 K. We have observed them from the
variation of A,(w) induced by the resonant microwave of
50 GHz at H~20 kOe. The ESR signals can be ex-
plained consistently within the present theoretical frame-
work.

II. PROBLEMS ARISING FROM THE PREVIOUS
INTERPRETATION OF MCD AND MCP
UNDER THE MODULATED AND SATURATED
PUMPING CONDITIONS

A. Spin systems in the optical-pumping cycle

We summarize fundamentally important quantities to
describe the OPC of the F center under the application of
H. the model proposed is schematically illustrated in
Fig. 1. The Kramers sublevels in the GS and RES are
specified by the spin-quantum numbers of m; and M,,
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FIG. 1. Optical-pumping cycle of an F center in the presence
of magnetic field. The spin-split Kramers doublets in the
ground and relaxed excited states (GS and RES) are specified by
the spin quantum numbers of m; and M,. The optical-pumping
rates from the m; levels in the GS to the Franck-Condon state
(FCS) are denoted uy reflecting m;==1. The e+ and ¢,
are the spin-mixing parameters at the FCS and the nonradi-
ative transition processes, respectively. A4+ =(1—ei)urny
+e FUuxnx.

which are +1.%® The populations of sublevels are denot-
ed n, and n%: here, the subscripts show corresponding
spin quantum numbers. The polarizations of the spin
systems in the GS and RES, P and P*, respectively, are
defined in general by

P=n/N (2a)
and

P*=n*/N*. (2b)
Here,

n=n,—n_ and N=n +n_ (2¢)
and

n*=n% —n* and N*=n% +n* . (2d)

When the spin systems are thermalized at a certain
temperature 7, both P and P* represent the equili-
brium values, which are —tanh(gugH /2kT) and
—tanh(g*ugH /2kT), respectively, where g and g* are
the g factors in the GS and RES, up is the Bohr magne-
ton, and k is the Boltzmann constant. They are denoted
(P) and (P*), respectively. However, as was described
in Sec. I, the spin systems are not always thermalized. In
this case, the NESP should be determined from the solu-
tion of rate equations, as will be given in Sec. III A.

In the optical-absorption process, it is well established
that the spin-orbit interaction in the FCS could give rise
to the difference in the optical-pumping rates, u ., as
well as the difference in the spin-memory loss parameters,
€.. Both depend on the signatures * of quantum number
in the initial Kramers sublevels in the GS.37>10:19
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For convenience, Mollenauer and Pan® introduced a
dichroic differential absorption P,, defined by

P=(u_—u,)/U, (3)

where U is the total pumping rate given by a sum of u
and u _. They had measured P, for KCl, KBr, and KI as
a function of Eph.3 Instead of €, Winnacker et al. intro-
duced an anisotropic spin-mixing parameter and an iso-
tropic one, 8¢ and g, defined as de=c_—e, and
go=(e_+¢€,)/2, respectively.*> In Ref. 19 we have cal-
culated both parameters as a function of E;, by extend-
ing the Mauser et al. method.* The total spin-memory
loss parameter in the OPC is given by g, =1[1
—(1—2¢5)(1—2¢,,)],'*!° where ¢,, is a parameter which
expresses a spin-memory loss occurring in the nonradia-
tive process from the FCS to the RES.>!'*1° Thus, the
net spin-flipping rate in one OPC can be represented by
g, U, as was discussed in Sec. 1.

B. MCD of absorption

Mollenauer and Pan® have derived the form of MCD in
the optical absorption under the modulated pumping
condition. It is given by

QSDMCD(Q))E(I+ —I_ )/(I+ +I_)=H/H4+PSP N (4)

where I, and I_ are the intensities of transmitted light
with o, and o_ polarization, respectively, through a
crystal, 1/H, is the diamagnetic coefficient,>2%2! and P is
the NESP in the GS defined in Eq. (2a).

Mollenauer and Pan® and Baldacchini et al.'? derived
an expression of P, when pumped with a light of 7 polar-
ization, under the simplified condition that U <<7, '. It
is given by

P={(T,/T\){P)+[L/+L)KXP*)}/(1+T,/T,),
(5)
with

T, '=e,U(1+L)/(1+2¢,L) (6)

and
L=r1/(2T7T). (7

In Ref. 12, €, was replaced by «.
In the extreme case when L <<1, Eq. (6) is reduced to
T, '=¢g,U. Equation (5) is simplified as follows:

p
Poeax=(P)/(1+¢,UT,) . (8)

P e could be reduced to (P ) when g, UT; <<1 under a
very-weak-pumping condition. In this case, the second
term of &ycplw) in Eq. (4) is determined by
P s = {P),? because a majority of the F electrons are
thermalized in the GS.'?

In another extreme case of the saturated-pumping con-

dition with m-polarized light, Eq. (5) is reduced to
P, =[L/(1+L)]{P*), )

because T, is approximately reduced to zero. According
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to Ref. 12, an expression for the spin polarization in the
RES, P¢,, which was derived under the SSP conditions
pumped with m-polarized light, was found to coincide
with Eq. (9). In the present work, as will be shown in Eq.
(18), we show that the same relation holds approximately
even under the MSP conditions within a specific  range
ofe,U<w<7/ L

Baldacchini et al.'? measured $ycp(w) for F center in
KI and KBr under the MSP conditions and analyzed it
by using Egs. (4) and (9). From the analysis, they have
determined the following empirical form of T} (H) in the
range of magnetic field between 40 and 80 kOe:?*?

[TH(H)] '=(A*H3+B*H%)coth(g*uzH /2kT) , (10)

where A* and B* are fitting parameters: these are listed
in Table I. Later, they confirmed that the H dependence
of the diamagnetic component of the MCP observed un-
der the SSP conditions, A;(0) could be also analyzed by
using Eq. (10) in the H range above 40 kOe.'""!> Howev-
er, it is unfortunate that they did not analyze the H
dependence of both &ycplw) and A,(0) below about 40
kOe. This will be done in Sec. IV B.

C. MCP of emission

The MCP of the F center was first observed in KF by
Fontana and Fitchen in 1969.% The preliminary analysis
of the MCP was done by Mollenauer and Pan in 1972.3
Thereafter, the study was succeeded by Baldacchini,
Grassano, and Tanga’ in Italy. Independent of these
schools, we carried out studies on MCP since 1974 at
Osaka in Japan.’ ™10

Baldacchini et al. proposed intuitively that the form of
the expression of A () in Eq. (1) is similar to that of
Smep(w) in Eq. (4), and performed their analysis using
Eq. (8) for P. As a result, they concluded that the A (o)
is not a quantity of fundamental interest,’ because it does
not include any important quantities. We consider this
adoption of P, in Eq. (8) unreasonable, because the
pumping condition described in Ref. 7 would correspond
to a saturated-pumping condition. We suspect that, in-
stead of Eq. (8), they should have adopted P, in Eq. (9)
for Pin Eq. (4).

In Ref. 7, A (w) was observed when pumped with a
single laser line of either a He-Ne or Art-ion laser. On
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the other hand, we have measured A _(w) as a function of
H by pumping the F center with various laser lines from
a dye laser pumped with an Art-ion laser. The results
are shown in Figs. 2 and 3 for KBr and KI, respectively.
They show that the H dependence of A (w) is quite
relevant to the pumping wavelengths. Moreover, the in-
version of the sign is observed for the first time. These
characteristics cannot be accounted for simply by adopt-
ing the idea mentioned in the preceding paragraph.” One
of the main purposes of this work is to account for these
observations using a rational analytical form of A (), as
will be derived in Eq. (28).

D. Improved rate equations of F center in OPC

Solutions of the rate equations of the OPC have been
proposed by many authors®>~>7~ ' in an effort to explain
the dynamical magneto-optical effects of the F center.
The zeroth-order approximation was quite sufficient to
perform the analysis of the experimental data obtained
under the SSP conditions. However, the form of the
solutions in the zeroth-order approximation could not ac-
count for the anomalous effect observed under the MSP
conditions. To obtain suitable analytical forms, we pro-
pose a way to promote the zeroth-order approximation to
a first-order approximation. This promotion is physically
equivalent to include properly the saturated-pumping
condition in which N and N* in Egs. (2¢) and (2d) could
depend on time as well as on w, while the total number of
N, is kept constant. It is written as

N,=N(a,t)+N*(w,1) . an

Notice that in the zeroth-order approximation both N
and N* are assumed to be independent of time and w.

Finally, we should mention that we are occasionally
faced with an unavoidable difficulty, which is caused by
our experimental setup. There is an imbalance of the o
and o _ components of the incident pumping light, whose
intensities are denoted I, and I, respectively. The im-
balance parameter could be represented by an imbalance
parameter €;, which is defined by

e =T\ =TI )/ +1"). (12)

TABLE 1. Fitting parameters 4*, B*, C*, and a to Eq. (31) are obtained at 2 K. g* values are
from Ref. 31. Fitting parameters 4* and B* to Eq. (10) determined by Baldacchini et al. at 1.85 K are

also listed from Ref. 12.

T A* B* c*
Crystals (K) (1071 Qe 3s7 1) (102! Qe 57 1) (107 Oe~ %7 1) a g*
KBr 2 1.5 2.6 0.50 —0.613 1.873
1.85 1.2 1.0 a a 1.873
KI 2 8.5 15.5 1.13 —0.738  1.686
1.85 5.7 6.0 a a 1.686

*Undetermined.
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FIG. 2. The magnetic field dependence of A (w) for the F
center in KBr is plotted when the pumping photon wavelengths
are varied at 2 K. Solid lines are experimental data, and dotted
lines are the theoretical plot of Eq. (28) using TT (H) in Eq. (31).
Fitting parameters are listed in Table I.

Taking into account g;, the quantities P, and 8¢ are
modified in the following way:
P,—e;P +(1—¢;)P cos(wt) , (13a)
and

8e—g;8e+(1—¢;)d¢ cos(wt) . (13b)

10

103 A (w)

-10

0 20 40
H (kOe)

FIG. 3. The magnetic field dependence of A (w) for the F
center in KI is plotted when the pumping photon wavelengths
are varied at 2 K. Solid lines are experimental data, and dotted
lines are the theoretical plot of Eq. (28) using T'{ (H) in Eq. (31).
Fitting parameters are listed in Table I
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Thus, regarding Fig. 1 and including Egs. (13), the rate
equations of N, N*, n, and n* in Egs. (2¢) and (2d) are
written as follows:

dN/dt= —(U/2)N+(1/7,)N*
+(U /2)[&, P, +(1—g;)P,cos(wt)]n , (14a)
dN* /dt =—dN /dt , (14b)
dn/dt = {(U/2)[e;P,+(1—g;)P,cos(wt)]+{P)/T|}N
—(U/2+1/T)n+(1/7,)n*, (14¢)
and
dn*/dt = (U/2)(1—2¢,)[ex+(1—g; )k cos(wt)IN
+({(P*)/TT)N*+(U/2)(1—2¢,)n

—(1/7,+1/TY)n*, (14d)

with k=8e—(1—2¢y)P,. Hereupon, we assume that the
term containing (8¢)P; in Eq. (14d) is negligibly small,
since the amounts of both 8¢ and P, are less than unity.!’
We call Egs. (14) the improved rate equations, due pri-
marily to the inclusion of €; terms.>”> The value of ¢,
can be determined from the computer-aided best-fit
analysis of experimental data so that, by not including ¢,
terms, we may obtain genuine magneto-optical effects.
The procedure will be shown in Sec. IV A.

It is worth mentioning that Baldacchini et al. have
pointed out that, in their measurement of Ad(O),ll the
effect of the imbalance of the pumping light is caused by
the induced birefringence of a cooled window of the opti-
cal cryostat. They intended to prevent the imbalance
effect by adjusting a birefringent plate manually in their
measurement of &y,cp(w). 12

III. THEORY

A. First-order approximated solutions of rate equations

Taking into account Eq. (11), the NESP in Egs. (2a)
and (2b) are expressed as

P(w,t)=n(w,t)/N(w,t) ,

P*(w,t)=n*(w,t)/N*(w,t) .

(15)

Let us calculate Egs. (15) by solving Eqgs. (14). In the
zeroth-order approximation, N and N *, which are denot-
ed N, and N§, can be easily derived from Egs. (11) and
(14a) by assuming that n and n* are negligibly small in
comparison with N and N*. They are represented as fol-
lows:

No=(1+7,U/2)"'N,,

N§=[1+2/(r,IN]'N, .
Equations (16) are also equal to the solutions of Eqs. (14)
in the steady-state condition. The zeroth-order approxi-
mated forms of » and n*, which are denoted n, and n¢,
are derived by inserting Egs. (16) into Egs. (14c) and

(14d). This had been already done in Refs. 14 and 15.
The zeroth-order approximated forms of Egs. (15), which

(16)
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are denoted Py(w,t) and P§(w,t), are rewritten as fol-
lows;

Pol@,t)=P,, +|P,,()|cos(ewt +¢) ,
P (w,t)=P} +|P}(w)|cos(wt +7) ,

(17a)
(17b)

where ¢ and y are the phase factors, and the exact forms
of P, P}, |P,(w)|, and |P}(w)| are summarized in the
Appendix. The approximate forms of the last two quan-
tities were already derived in Ref. 14 under the condi-
tions that e, U<w<7,! and T, and T} are infinite.
They are expressed as (7,U/2)|P,| and (1—2¢,)|k|, re-
spectively. A comparison of these forms with those de-
rived by other authors is given in the Appendix.

As will be shown in the Appendix, within a specific @
range defined as T; ! <e,U<w<7, ' and T,>>T¥, P,
and P, are approximated into the same forms derived
under the MSP conditions. From now on, we derive
theoretical forms solely in this specific @ range unless
otherwise stated. Hereafter, we denote both quantities as
P,, and P,.. They are of equal amounts and are ex-
pressed as

P, =Py =[L/(1+L)]{P*) . (18)

Here, the factor L/(1+L) in Eq. (18) reveals the
efficiency of thermal spin flipping at the RES. Notice
that Eq. (18) is of exactly the same form as Eq. (9), which
was derived in the saturated-pumping condition. Equa-
tion (18) implies that, because of a much larger value of
T, compared with those of (¢,U)~! and T}, the spin sys-
tem cannot be thermalized in the GS before it attains the
NESP in the RES while pumping with U. Once the
NESP in the RES was established, it could apparently
circulate in the OPC with pumping rate U. As a result,
we propose that, in the case of modulation pumping, the
NESP could give rise to the Sycpl®,?) and A, (o,1),
which are sinusoidally oscillating with . We suggest
that these theoretical forms, which are valid in the MSP
conditions, can be derived by promoting the successive
approximation by one rank.

With a usual mathematical procedure, the first-order
approximated solution of N, which is denoted N, is de-
rived by substituting ny(w,?)=NyP,(w,t) into n in Eq.
(14a). Since the MCP can be measured by means of a
lock-in detector operated at o, the oscillating term of 2w
and transient attenuation terms in the solution of rate
equations are unnecessary to represent here. After a tedi-
ous calculation omitting unimportant terms,?

N(w,t)=Ny{ 1+(7,U /2)|P,[ P, +€;P(0=0, t =0)]|
Xcos(wt +¢)} , (19)

where

P(0=0, t =0)=(1—2¢,)8e/[2¢,(1+L)]+P,
=P*(0=0,t=0)/(1+L)+P, . 20

Here, P(w=0, t =0) and P*(w=0, t =0) are the spin
polarization in the GS and RES, respectively, under the
SSP conditions. In a previous work,!® we directly derived
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Eq. (20). Similarly, from Eq. (19), using the relation of
Eq. (11) and N§ =(7,U /2)N, that was derived from Egs.
(16), N} (w,t) is calculated as follows:

N¥(o,0)=N&{1— |P,[P,,+&;P(0=0,=0)]|
Xcos(wt +¢)} . (21)

Two sorts of second terms in Egs. (19) and (21) are newly
derived as a result of the first-order approximation under
the MSP conditions. They show that the N, and N}
have terms which could vary sinusoidally with angular
frequency w. This fact really reveals the physical mean-
ing of time-dependent N (w,t) and N*(w,t) in Eq. (11). It
is clear that their sum exactly satisfies Eq. (11).

Thereafter, we evaluate the contribution from the
higher-order solutions of Egs. (14). The value of the
first-order approximated forms of #» and n* calculated by
using N, and N} are about 10 3n, and 107 3n}. Next,
using n~ng+n,; and n*~nd +nf, the orders of the
second-order approximated terms of N and N* are es-
timated to be about 103 times smaller than N, and N¥.
Therefore, we may neglect these contributions in the ex-
planation of the observed $ycp(@) and A, (w).

Finally, let us study the phase factors ¥ and ¢ in Egs.
(17). They depend on E ;, and are expressed by

y =~180°¢* +tan" (—1,0) (22)
and
¢=~180°¢'+tan"(—1,0) . (23)

Here, £* and &' depend on E,,. Namely, when E,
exceeds the peak energy (E,) of the F band, {* becomes
1. However, when E; <E,, {* becomes 0. A similar
but inverse relation holds for §’, such as being O when
E,>E,, and 1 when E_;, <E,. Thus, we find that the
shift in the phase angle between ¥ and ¢ is approximately
180°. This approximate phase relation can be used in the
proceeding subsections to explain the inversion of sign of
A (w,t) observed in Figs. 2 and 3.

B. Calculations of A,(®) and Sycp(@)

Let us derive a theoretical expression for A,(w). The
observed value of A,(w) is related actually to the intensi-
ty of F emission, L, after passing through an analyzer
fixed at 1 polarization.

Now, the emission intensity with o polarization emit-
ted from the Kramers sublevels of M; =+1 and —1 in
the RES are written as f+ (+)and I f+ (—), respectively
(see Fig. 1). By setting the corresponding populations in
each level as n% (w,), a total intensity I, , is given by

L, =I7 (+n%(e0,)+IF (—)n*(w,1)

=LY (H)+IE (—)IN*@,1)
+[IE (+)=1 (—)In*(w,0]} . (24)

Substituting Eqgs. (15), (17), and (21) into Eq. (24), and us-
ing the experimental condition that [J er (+)

—_gJH (_ * H H (__
I; ( )]Pms<<[I,,+(+)+Ia+( )], we find
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L, =3NSUIZ (H)+IF ()]

I7 (+)—18 (—)
+ + +
15’+(+)+1§’+(~)

The third term in Eq. (25) is a specific term obtained in
the first-order approximation, because two other terms in
Eq. (25) are the same as those derived in the zeroth-order
approximation.'* On the other hand, Aa+(a),t) has been

experimentally determined as (1/a, )XV, /Vg4.), where a,
is the instrumental constant of a stress optical modulator,
and Vg, and V. are the dc and ac components, respec-
tively, of the emission intensity passed through the o
polarizer.”'* The first term in Eq. (25) corresponds to
V4, and the other two terms correspond to V,., which
oscillates with . Thus, Aa+(co,t) is represented as

17 (+)=1f (—)
P} +
I§+(+)+I{f+(——) I ms(w)lcos(wt v)

A, (o,t)=
+

— |P,[P,,; +€;P(00=0, t =0)]|
Xcos(wt +¢) . (26)

In Ref. 14, we showed that the ratio [If+(+)
—I¥ (I/IT (+)+IT (—)] of the first term in Eq.
(26) was reduced to F, +GH, where F, and G are propor-
tionality constants defined therein. Furthermore, we es-
timated that the value of GH in the present H range is
negligibly small compared to that of F,, so that the GH
term can be neglected.??

In the same manner used to derive Eq. (26), we have
also calculated the forms of A, (w,t?) and A (@,t). The

calculation is not given here because of limited space.?
With the phase relations obtained in Egs. (22) and (23),
these formulas are generalized as follows:

A (0, )=EA,(0,1)+A(o,1)
={&F,|Py (o) +|P[P, +e,P(0=0,t=0)]|}
Xcos(wt +7y) . (27)

Here, £&==1 correspond to polarizations 7=o0,, and
£=0 to n=w. We should emphasize that the second
term in Eq. (27) is a new term derived from the present
first-order approximation. This shows that the NESP,
which is raised dynamically in the RES even under the
SSP conditions, could cause the  component of the MCP
to oscillate sinusoidally with @ in the MSP conditions,
while the NESP can circulate in the OPC with frequency
€,U. Furthermore, we point out that the amplitude of
the second term is larger than that of the first term,
reflecting the fact that [Pj|>>|F,|, even if [P,]
<|PX(w)|. For example, the orders of magnitude of
these quantities were estimated as |P,,|=7.5X1072,
|P* (0=27X20.8 kHz) | ~0.2,' |P,| ~8.5X 10723 and
|F,|~4.5X1073' at 632.8 nm and 20 kOe in KBr.
This evidence supports the idea that our theoretical form

NORIO AKIYAMA AND HIROSHI OHKURA

18

|Ps(@)|cos(wt +y)—| P[P, +e,P(0=0, t =0)]|cos(wt +¢) | . (25)

f

is suitable to account for A,(w). The form is also advan-
tageous in the estimation of the optical detection of ESR,
which will be described in Sec. IV D. Finally, we should
mention that y in Eq. (27) is the same phase angle defined
as —fin Eq. (1) in Ref. 15. Because ¥ depends on Eph,14
it causes the change of the sign of A,,(w,t) when E,
varies. This change is experimentally observed, as shown
in Figs. 2 and 3.

When we measured A,(w,?) using a lock-in amplifier
operated at o, the amplitude given in Eq. (27) could be
detected. We denote them as A,(w). Referring to Eq.
(27), the anomalous effect of A (w) defined in Eq. (1) is
naturally deduced to be

A(@)=P,[P,, +eP(0=0,t=0)] . (28)

Notice that the imbalance parameter g; in Eq. (12) plays
an important role in evaluating A (w), because the values
of £;P(w=0, t =0) for a certain crystal show the same
amount as P,,.. In Ref. 14, we defined the paramagnetic
component A,(w) by %[A“(w)—Aa_(w)]. The expres-

sion for A,(w) calculated from Egs. (27) and (28) agrees
completely with that derived in Ref. 14, because the
first-order forms are canceled automatically. This verifies
the validity of the previous works on A,(w) by Baldac-
chini et al.”'3 and by us.!4161°

Finally, on the basis of the same theoretical scheme, we
derived an expression for ycpl(w) in Eq. (4) for the ab-
sorption. Using the g; term in Eq. (12) and Egs.
(19)-(22), S\mceplw) is derived as follows, since P,,(w)~0
in Egs. (17):

Smep(@)=xao] — PyPps +(7,U /2)A (0)]+CH /H,
(29)

where x is the thickness of the crystal, a, is the absorp-
tion coefficient (xa;<<1) at @ =0, and ¢ takes the same
sign as P, which depends on E;. It should be worth
noticing that Eq. (29) shows the same form as Eq. (4), ex-
cluding the second term in Eq. (29), in which ¢, is includ-
ed. However, as mentioned in Sec. II B, the quantity P in
Eq. (4) should be definitely represented by P,,;.

In conclusion, we emphasize that both forms of
Smeplw) in Eq. (29) and A () in Eq. (28) are correlated
to each other by a common factor P, in Eq. (18), which
is a function of T'{ (H).

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Anomalous effect

We have measured the anomalous effect of the F
centers in KBr and KI, A (w), at 2 K as a function of H
up to about 40 kOe with a fixed photon energy E ;. 15,16
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The circular polarization of the laser light from a tunable
dye laser (Spectra-Physics 375) pumped with an Ar*-ion
laser (Spectra-Physics 165-09) was periodically alternated
between o, and o_ with an angular frequency of w
(~27X20 kHz) by means of a stress optical modulator.
Here, the A (w) is obtained as the emission intensity
detected after passing through an analyzer with linear po-
larization. The experimental data of A () for KBr and
KI are plotted in Figs. 2 and 3 with solid lines as a func-
tion of H, at a fixed wavelength or Eph that can be varied.
As shown in both figures, the observed H dependence of
A () including its signature depends substantially on
E,n. It is found that the H dependence of A (w) at the
pumping wavelength near a He-Ne laser line in Figs. 2
and 3 reproduces the result by Baldachini et al., except
for the signature.’

Let us first determine the parameters ¢; and T§ (H)
empirically, and then analyze A _(®). The A_(w) ob-
served in KBr and KI at a fixed magnetic field are also
plotted in Figs. 4 and 5 as a function of E;,. The solid
lines are the best fit of Eq. (28) by choosing suitable
values of €; and T'{. These values are tabulated in Table
IT in a case when H is fixed at 18 kOe for KBr and at 3
kOe for KI. The same sort of fitting procedure is carried
out to determine the values of €; and T’} for several cases
with varied H. With these values, the average value of
€;, as well as the H dependence of T'| (H), are determined
below 40 kOe. Note that the term including €; gives a
considerably large contribution in KI, particularly in the
region of both tails of the F absorption band. However,
its contribution for KBr is small over the whole F absorp-
tion band. The values thus obtained for T} (H) at 2 K

620 600 580
T T

=1.85Us
T '=1.25x10%s-!

""*..F band

103 A (w)

2.0 2.1
Eph(eV)

FIG. 4. A (w) for the F center in KBr is plotted as a function
of pumping photon energies, E;,, at H =18 kOe and 2 K. Open
circles are experimental points. The solid and dotted-dashed
lines are theoretical plots of Eq. (28) with €,=0.020 and O, re-
spectively. Dotted line is the F absorption band.
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FIG. 5. A (w) for the F center in KI is plotted as a function
of E,;, at H=3 kOe and 4.2 K. Open circles are experimental
points. Solid and dotted-dashed lines are theoretical plots of
Eq. (28) with £;,=0.016 and O, respectively. Dotted line is the F
absorption band.

are plotted with open circles and open triangles for KBr
and open diamonds for KI in Fig. 6 as a function of H.
Here, the experimental form of T} (H) at the range below
about 40 kOe is given by

[TYH)] '=C*H*, (30)

where a and C* are fitting parameters. They are tabulat-
ed in Table I. To the best of our knowledge, Eq. (30) is
the first empirical form of T} (H) determined at a mag-
netic field range below about 40 kOe.

Now, by combining Egs. (10) and (30), we propose a
new composed form of T{(H) that is valid over the
whole range of the magnetic field. It is shown as

[T¥(H)] '=C*H®+ (A*H*+B*H")
Xcoth(g*ugH /2kT) .  (31)

TABLE II. Fitting parameters 77 ! and ¢; with Eq. (28) to
experimental data which are shown in open circles in Figs. 4
and 5.

H T i T
(kOe) (K) (us) (10* s71) €;
KBr 18 2 1.85 1.25 0.020
KI 3 4.2 2.5 5.6 0.016

2Taken from Ref. 18.
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FIG. 6. Inverse of the spin-lattice relaxation time in the RES,
[T¥(H)]! in Eq. (31), of F centers in KBr and KI is plotted
with solid lines as a function of magnetic field at 2 K. The
several symbols represent experimentally obtained points (see
the text): the best-fit parameters are summarized in Table I to-
gether with data in Ref. 12.

In Fig. 6, the experimental data of T} (H) obtained at a
higher-magnetic-field range by Baldacchini et al.'? are
shown by crosses for KBr and inverted open triangles for
KI. The solid lines in Fig. 6 are the best-fit curves of Eq.
(31). The fitting parameters of 4*, B*, C*, and a are
listed in Table I, in which the values of 4* and B* ob-
tained in Refs. 11 and 12 are also listed. Baldacchini
et al.'? pointed out that the second term in Eq. (31) is
due to the phonon modulation of hyperfine interaction
between the F electron and surrounding nuclei,>!? and
the third term is due to the orbital-lattice interaction,?
respectively. - Reflecting the fact that the value of T'f of
the RES is several orders of magnitude smaller than T,
of the GS, both 4* and B* are likewise larger than A
and B values of the GS reported in Ref. 12. Ham sug-
gested that the larger values of 4* and B* are caused by
the dynamical vibronic effect in the Jahn-Teller system.?*

Finally, theoretical curves of Eq. (28) are plotted with
dotted lines in Figs. 2 and 3 for KBr and KI, respectively,
by using appropriate parameter values of g, €,, P*(0=0,
t=0),'* and T%(H) determined above. The agreement
of the theoretical plots and the experimental points in-
cluding signatures is fairly close. This reveals that the
anomalous effect of A (w) is completely interpreted in the
present scheme in terms of Eq. (28) with the form of
Tt (H)in Eq. (31).

B. Analysis of MCD(w)

In 1979, Baldacchini et al. measured the H dependence
of £ymcpl@) under the MSP conditions over the magnetic
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field range between 0 and 80 kOe when irradiated with a
He-Ne laser.!? The data for KBr and KI at 1.85 K are
plotted in Figs. 7 and 8 with open circles. They analyzed
the data using Eq. (4) according to their argument, and
determined the experimental form of Eq. (10) for T} (H)
in the higher-magnetic-field range above 40 kOe. Howev-
er, they have not accomplished the analysis of the data
taken at a lower-magnetic-field range below 40 kOe.?’

In the present work, with Eq. (29) derived, we analyzed
their data of &ycplw) over the whole magnetic field
range. Here, x o, was taken as order unity. Theoretical
curves of Eq. (29) for yycplw) are plotted with solid lines
in Figs. 7 and 8 as a function of H by adopting several
known parameter values of P,,> H;,%%?! T¥(H), and our
observed plot of A _(w). These values adopted are tabu-
lated in Table III. The agreement between the theoreti-
cal and experimental curves is satisfactory. From both
figures, it is shown that the contribution of A (w) is not
sizable in the range of H below 40 kOe. This means that
Smceplw) is partly free from the imbalance of circular po-
larization for pumping.

It is astonishing to see that both &ycpl@) and A (),
which have been observed in different countries with
different apparatus, are described in terms of a common
and equivalent form of 7§ (H) in Eq. (31). In particular,
for KBr, both values of a and C* in Table III are the
same as those given in Table I. This means that the F
concentration in KBr adopted in both schools happened
to be almost the same amount. As for KI, the values of
C* in both tables coincides with each other, while the
value of a in Table III is a little larger than that in Table
I. This may occur if the F concentration in our school is
slightly larger than that in the Italian school. In order to

102 [MCD )]
N

0 50 100
H (kOe)

FIG. 7. The magnetic circular dichroism of F absorption un-
der the MSP conditions for KBr is plotted as a function of mag-
netic field. Open circles are the experimental data by Baldac-
chini et al. in Ref. 12. The thick solid line is the theoretical plot
of Eq. (29), when xa,=1. Its three components are plotted with
a dotted-dashed line for |P,P,,|, a thin solid line for H /H,, and
a dotted line for |(7,U/2)A (w)|, respectively. The important
parameters are listed in the figure.
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FIG. 8. The magnetic circular dichroism of F absorption un-
der the MSP conditions for KI is plotted as a function of mag-
netic field. Open circles are the experimental data by Baldac-
chini et al. in Ref. 12. The thick solid line is the theoretical plot
of Eq. (29), when xa,=1. Its three components are plotted with
a dotted-dashed line for |P,P,,|, a thin solid line for H /H,, and
a dotted line for |(7,U/2)A ()], respectively. The important
parameters are listed in the figure.

check this possibility, simultaneous measurement of
SMmepl@w) and A (w) using the same specimen is
scheduled.

C. Mechanism of T'{ (H) in lower-magnetic-field range

Because of the lack of a theoretical form to reproduce
exactly the empirical form of Eq. (30), it would be hard to
describe its mechanism of T} (H). However, we may
point out that its characteristics below about 40 kOe in
Fig. 6 are very similar to the experimental curve of
T,(H) for GS, which had been measured for the densely
colored KCl by Feldman et al.?®?" They proposed that
it was caused by the exchange interaction between two
neighboring F centers in the GS.

On the basis of the idea of Feldman et al.,?%?" Glin-
chuk, Grachev, and Deigen?® derived a theoretical form
of T'|(H) for the spin-split sublevels in the GS [Eq. (32) in
Ref. 28]. Although the form they derived is not the same
as Eq. (31), we have found a close curve fitting of our data
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"in Fig. 6 with their theoretical form by choosing two pa-

rameters of ¥ and j2, where ¥ is a factor proportional to
a fraction of exchange pairs to total F concentration, and
J=Jo/g*up, where J is an exchange coupling constant.
The y and the exchange angular frequency wy,=J, /% are
1.54 and 1.86X 10! s~! for KBr, and 2.0 and 1.05X 10!
s~! for KI, where g*=1.873 and 1.686 for KBr and
KI,%! respectively. Showerer and Wolf had estimated w,
for the exchange pair of F centers in the GS for KCL.?
We calculated w,=7.80X 10° s~ ! from their scheme and
the value of j2 for an F-center concentration
Np=3X 10'* cm™3 in Ref. 28. However, it would be
hard to draw physically important quantities from the
comparison of two w, without knowledge of the exact
wave functions in the RES. We have yet to point out a
possible mechanism to account for [T} (H)] ™!, that is,
the exchange effect.

Furthermore, from Eq. (30), we may predict that
[TF(H)]"! shows minimum value at a specific magnetic
field, H,: this is shown in Fig. 6. Nearly the same
characteristics were observed in the H dependence of T,
for the GS [T,(H)] ™!, as shown in Ref. 3. We point out,
particularly, that H, in [T,(H)]™' for Np=3Xx10'
cm™? is nearly equal to that of [T¥(H)]™! for
Np=3X10" cm™3. This implies that hundreds of
times-larger concentrations of F centers in the GS should
be necessary to exert the same amount of exchange effect
as that in the RES. This implication shows qualitatively
that the orbital wave function of the RES is spread more
than that of F centers in the GS. However, again we are
faced with the same difficulty as mentioned in the preced-
ing paragraph. Namely, no further argument could be
progressed without knowing the physical meaning of the
parameters of @ and C* as well as these values for the
GS. A detailed analysis of the exchange effect is left as a
future problem.

D. Optical detection of ESR of F centers

So far, the optical detection of ESR (ODESR) for GS
and RES of the F centers had been successfully per-
formed by two different ways. The first was to detect the
induced change of the MCD caused by the resonant mi-
crowave for the electron-spin systems.>3%3! The second
was to monitor the change of the luminescence intensity
of the F center caused by the resonant microwave transi-
tion.’>33 The method was based on the Porret and Liity

TABLE III. Fitting parameters of Eq. (29) to the H dependence of &ycp(w) observed in Ref. 12. The fitting parameter values of

TY " 'in Eq. (31) are also listed.

Tt
P H,* Ue A* B* c*
(10° Oe) (10° s7Y) (1071 Qe 3s7") (1072 Qe s !) (10" Oe~ s~ 1) a
KBr —0.085 17.0 1.0 1.5 2.6 0.50 —0.613
KI 0.40 5.28 2.7 5.7 3.0 1.13 —0.85

2Taken from Ref. 3.
®Taken from Ref. 21.
“Estimated approximately.
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effect.>*

In our laboratory, we proposed an entirely different
method from the above two methods. The working prin-
ciple is to monitor the induced change of the MCP of the
F-center emission caused by the ESR transition in the
Kramers doublet of either GS or RES. This idea was first
tested for the paramagnetic component of the MCP ob-
served under the SSP conditions.?>3¢

In this subsection, we describe a method of measuring
the ODESR by controlling the changes in the NESP term
in A,(w) with resonant microwaves. One of the typical
ODESR traces observed for KBr is shown in Fig. 9, when
sending microwaves at 50 GHz: The two dips found in
A,(®) at about 20-kOe range are the ODESR signals of
GS and RES, respectively, counting from low to high
magnetic fields. The order estimate of A,(w) from the
contribution to the ODESR in the first term in Eq. (27)
shows a negligibly small contribution in comparison with
that of the second term. This clearly shows that the in-
duced change of the NESP in the MSP conditions mostly
dominates the signal of the ODESR. The values of the g
factor and half-width of the RES and GS determined for
KBr, KI, and RbCl are listed in Table IV. These values
almost agree with those determined already by other au-
thors using different methods:>323%3¢ they are also sum-
marized in Table IV. This agreement shows that the
values determined by our method would be reasonable
and convincing in comparison with the other two
methods.

A theoretical form of the ODESR signal intensity,
8(A,(w; Wor W*)) for the GS or RES, can be deduced as
the difference between A, (o;W or W?*) and
An(w; W =W*=0), where W and W?* are the ESR tran-

KBr

FIG. 9. The magnetic field dependences of A,(w), where
M=o, o_, and 7, are plotted with solid lines for KBr, when
pumped with wavelength of 610 nm at 2 K. Two dips observed
in each line at around 18 kOe are ESR lines corresponding to
GS and RES with a microwave at 50 GHz.
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sition probabilities between Kramers sublevels in the GS
and RES, respectively. Here, the An(w; Wor W*) is de-
rived by solving the rate equations (14), in which the ESR
transition terms including W or W* are added in. As
was argued in the preceding paragraph, only the A (w; W
or W*) term is necessary for estimating the intensity of
the ODESR. After a tedious calculation using the addi-
tional assumptions that (W and W*)<U<r, !,
1>>2¢,L, and A (w;0)>>¢, P2, the approximate forms of
the ODESR intensities for the RES and GS are shown as
follows:?3

(A, (w; W)

==[W,/0+L+W,)]A(0; W=W*=0), (32a)
and
8(A (3 W)
~—2[W,/(1+L +2W,)]A (0; W=W*=0) ,
(32b)

where W,=7,W*/e, and W,=W /e U, respectively.
Equations (32) are calculated solely for the homogeneous-
ly broadened line.

The peak intensity of the ODESR signal for the GS
and RES is plotted in Fig. 10 as a function of laser power,
and in Fig. 11 as a function of microwave power. Both
characteristics show quite the same tendency as those ob-
served under the SSP conditions.?® Figure 10 shows that
the ODESR intensity of the RES is nearly independent of
U. This fact is endorsed by Eq. (32a), which is clearly in-
dependent of U. This is caused by the fact that the NESP
in the RES is independent of U under the MSP condi-
tions. The solid lines in Fig. 10 are theoretical plots of
Eqgs. (32a) and (32b). Furthermore, the characteristics in
Fig. 11 are also explained by adopting Egs. (32). The
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FIG. 10. ESR intensity of GS and RES in KBr at 2 K plotted
as a function of pumping laser power at 620 nm, which is pro-
portional to the net pumping rate U. Solid lines are theoretical
plots of Egs. (32) calculated for the homogeneously broadened
line.
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TABLE IV. Values of g factor and ODESR half-width for the relaxed excited state (RES) and
ground state (GS) of F centers in KBr, KI, and RbCl. Results by other authors are summarized.

RES
Half-width Half-width
Crystal g* (Oe) g (Oe) References
KBr 1.868 223 1.984 125 This work and 36
1.862 270 1.982 146 3
1.873 234 1.984 147 31
1.873 256 1.984 147 32
1.87 260 1.98 150 35
KI 1.687 588 1.964 258 This work and 36
1.627 575 1.964 263 3
1.686 541 1.964 265 31
1.630 570 1.964 265 32
RbCl 1.937 178 1.980 499 This work and 36
1.930 188 1.980 522 31
1.85 300 1.98 430 35
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solid lines in the figure are theoretical plots of Egs. (32).

Finally, it should be worth noticing that the sensitivity
of the present method is approximately more than ten
times as large as that of the SSP conditions, possibly be-
cause of the adoption of the modulation method for opti-
cal measurement [see Eq. (27)]. For example, the
ODESR can be observed in the MSP conditions even in
the range where E ;, is larger than E,. On the contrary,
under the SSP conditions, no ODESR was observed in
this range. Therefore, we recommend the application of
this method widely for the ODESR of the defects in
solids.

ESR SIGNAL INTENSITY (norm.)

Eph = 620 nm
o Gs )
A RES ]
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FIG. 11. ESR intensity of GS and RES in KBr at 2 K plotted
as a function of microwave power applied, when pumped with
wavelength of 620-nm laser light. Solid lines are theoretical
plots of Egs. (32) calculated for the homogeneously broadened
line.

V. CONCLUSION

We have studied dynamical magneto-optical effects of
the F center observed under the modulated- and
saturated-pumping (MSP) conditions, when the circular
polarization of intense pumping laser light is periodically
alternated between right and left (o, and o _) with angu-
lar frequency w. Under the MSP conditions, we propose
that the nonequilibrium spin polarization (NESP), which
could be built up in the relaxed excited state (RES), P,
in Eq. (18), can vary sinusoidally with o in an optical-
pumping cycle (OPC). This proposal is formulated in the
first-order approximation to the rate equations governing
the OPC, in which the imbalance parameter of o and
o _ components of pumping light intensity is included.
This oscillating NESP gives rise to the magnetic circular
dichroism [&ycp(@)] in the absorption and the magnetic
circular polarization [A,(w)] in the emission, where 7
represents the polarization of the analyzer (o, o_, and
linear 7) through which the 7 components of polariza-
tion of A, (w) are detected distinctly. These quantities
have been observed through a lock-in amplifier operated
at .

Based on the theoretical scheme mentioned above, we
have derived the theoretical expressions for the analysis
of &ycpl@) and A,(w) which are observed in the MSP
conditions. The result is that the A (w) in Eq. (1), which
had been called the anomalous effect, is a net emission in-
tensity sinusoidally oscillating with o, while the electron
is performing the OPC with a pumping rate U. We have
shown that both &ycplw) and A,(w) are commonly
represented in terms of the spin-lattice relaxation time

1 in the Kramers sublevels in the RES.

We have measured A,(w) of F centers in KBr and KI
at 2 K as a function of magnetic field H up to 40 kOe, as
well as of the pumping photon energy E ;. These experi-
mental data observed and the H dependence of Sjcplw),
which had been measured by Baldacchini et al.,!? are an-
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alyzed using the present theoretical expressions in Egs.
(27) and (29). The curve fitting was performed by adopt-
ing fitting parameters of €; and an empirical form of the
H dependence of T, Tt (H). [T} (H)] ! is represented
as being proportional to H“ below 40 kOe, where « is a
negative constant. We propose that the T} (H) is caused
by the exchange interaction between neighboring F
centers in the RES. With this information, the anoma-
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dependent of 7, and is principally dependent on the
NESP. The ODESR signal intensity and its sign for both
GS and RES depend on the laser power as well as mi-
crowave power. The dependences are explained semi-
quantitatively by using forms derived on the basis of the
present scheme.
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APPENDIX: STRICT SOLUTION OF EQS. (17)

The exact forms of four terms in Egs. (17), when £; =0, have been solved in Ref. 14. They are shown as follows.
P, is the same form as P in Eq. (5),

|P,,(0)|={(e,U /7, [(1+L)P,+P*(0)]>*+(U /2)*P}w*}'* /[ A (0)]'/?, (A1)
PY=pP, +2¢,[(P*)—(1+LXP))/[(1+T,/T,1+2¢,L)], (A2)
and
[PX ()| =(1—2&,))(1 /7, ){[(8eU /24K /T P+ 0?1} /[ 4 (w)]'?, (A3)
with
(A4)

A(@)=(U/2+1/1,+1/T,+1/T} Yo*+{(e,U/7,)[1+L +(T,/T,)(1+2¢,L)]—?}? .

P,, and P,; are the NESP in the GS and RES. Their approximate forms are derived under the MSP conditions in the
o range covering £, U <o <7, !. We denote their approximate forms as P,,; and P} ;. P, is found to be approximately
equal to P, ;. The characteristic relation is shown in Eq. (18).

These equations can be reduced to the equations that have been previously derived by several authors. For instance,
under the limiting conditions when ¢,=0, ¢,=¢g, T;—w, Tf—>w, U<<7, !, and using relations
(U — 1,0 =ejU?+ 120, P(w; 86=0, P;#0), and P*(w; 8¢ =0, P,70), Eqgs. (A1) and (A3) are reduced to P(1) [Eq.
(10a) in Ref. 13] and Pp( 1) [Eq. (11a) in Ref. 13], respectively. Moreover, P (w; 6670, P,=0) and P*(w; 870, P,=0)
are reduced to P(2) [Eq. (10b) in Ref. 13] and P,(2) [Eq. (11b) in Ref. 13], respectively.

On the other hand, if adopting €,=0 and gy,=¢, =g, when P70, 6¢=0, and L,=r,/(2¢,T7 ), together with
TI9=(£U)_ 1 Eq. (17a), which consists of sum of Egs. (5) and (A1), is derived as follows.

Py(0=0, t =0;8e =0, P,70)

=[(14Ly)P,+Lo{P*) +(T9/T )(1+28,Lo){P)]/[1+Lo+(T,/T)(1+2e0Lo)+LoP(P*)]. (AS)

Equation (A5) is equivalent to the polarization in the GS [Eq. (21) in Ref. 3]. Thus, Eq. (21) in Ref. 3 should be read as
Eq. (AS).
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