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The dynamics of the optical-pumping cycle of F centers in alkali halides are governed by
two prime factors: the large magnetic circular dichroism exhibited by the F band and a large
electron-spin memory over the entire cycle. A model of the pump cycle and associated rate
equations are given. The most general solutions are given, and important special cases are
treated in detail. A number of new experimental techniques are based on the special charac-
teristics of the rate-equation solutions. Among these are purely optical techniques for mea-
suring () the degree of spin memory in the entire pumping cycle and (ii) the spin-lattice re-
laxation rate in the relaxed-excited state (RES). But the most important new development
based on the rate-equation solutions is the optical-trigger detection of both electron-spin
resonance (ESR) and electron-nuclear—double-spin resonance of the RES. Results of these
experiments, including ESR g factors and hyperfine splittings for the RES are given and dis-
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cussed.

I. INTRODUCTION

The F -center absorption band in alkali halides
exhibits a large magnetic circular dichroism
(MCD), % which is paramagnetic in origin. Con-
sequently, one can produce large, inverted, elec-
tron-spin polarizations by pumping with intense
circularly polarized light.*®* The above facts have
been known for quite some time, but it was not
until recently that the dynamics of the optical-
pumping cycle have been truly understood. In
particular, the pump cycle exhibits a large elec-
tron-spin-memory effect, as first discovered by
Schmid and Zimmerman, * and later and indepen-
dently by ourselves.® This spin memory has had
rather profound consequences for the experimental
study of the relaxed-excited state (RES) of the F
center. In the first place, one can take advantage
of the spin memory to optically detect both elec-
tron spin resonance (ESR) and electron-nuclear—
double-spin resonance (ENDOR), as we have dem-
onstrated in a recent series of letters.*® Thus,
precise spectroscopic splitting factors (g factors)
are now known for the F-center RES in a number
of host lattices, and the ENDOR data promise to
yield detailed information about the spatial dis-
tribution of the RES wave function. Hence, the
long-standing question” of the “diffuse” vs “com-
pact” nature of the RES may be given a definitive
empirical answer in the near future. These res-
onance measurements are especially important
in view of the fact that dichroic effects in the F-
center luminescence are rather small, *1° and
hence mitigate against a precise moments analysis;
furthermore, the theoretical interpretation of such
an analysis is usually rather ambiguous, i.e.,
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it often depends strongly on the choice of a partic~
ular theoretical model. In the second place,
Porret and Liity have taken advantage of the spin
memory to demonstrate spin dependence of the
tunneling effect between excited F-center neigh-
bors.! Finally, Ruedin et al. of the Neuchatel
group have very recently demonstrated!? an al-
ternative optical detection technique for the ESR
of the F-center RES; their method is based on the
Porret-Liity effect.

After giving a brief phenomonological descrip-
tion of the MCD of the F absorption band (Sec. II),
in Sec. III we write down the complete rate equa-
tions that govern the dynamics of the F-center op-
tical-pumping cycle, and we display this solution
for a large number of important special cases, as
well as giving the most general solution. In Sec.
IV we show how one may take advantage of the elec-
tron-spin memory in order to detect ESR in the
RES, and we also give there the latest and best
results for g factors and ESR linewidths. In Sec.
V we give details of the extension of the ESR mea-
surements to include ENDOR, and finally, in Sec.
VI, we describe some recent and purely optical
measurements of the spin-lattice relaxation rate
in the RES. A theoretical model and complete
discussion of the spin-memory effect itself is given
in the paper that immediately follows this one.

II. MAGNETIC CIRCULAR DICHROISM OF
OPTICAL-ABSORPTION BAND

The MCD of the optical-absorption band is fun-
damental to all of the experiments described in
this paper. Therefore, in this section we give a
brief phenomenological description of the MCD
and of its measurement. This description will
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serve both to fix ideas and to introduce certain
important fundamental notation. A theoretical
analysis of the MCD is delayed until the following
paper.

The absorption is from a magnetic-doublet
ground state (25,,,) to a p-like band. The MCD is,
by definition, differential absorption of right- and
left-circularly polarized light into this band, where
the light is propagating along the direction of an
externally applied magnetic field H,. Thus we are
concerned here with the ¢* and o~ transitions of the
Zeeman effect. For transmitted and incident in-
tensities I* and I, respectively, of o* light, we
have the relation

I*:If,e'"(u*) , (1)

where 7 is the crystal thickness and ¥ is the ab-
sorption coefficient per unit length. We choose to
measure a MCD signal defined by

S=(I*~I)/(I*+I") . (2)

In practice, the dichroism signal is derived in
the following way. The polarization of the light
beam is modulated rapidly and symmetrically be-
tween o* and ¢~ before it impinges on the sample.
Thus, if the modulation is sinusoidal, the incident
intensities may be written as

I () =I[ £ (1 £ sinwt)] , (3)

where w is the modulation frequency. The output
of the photomultiplier then corresponds to the sum
of the transmitted intensities:

I(t)=3(I"+I") + 3(I*~I") sinwt . (4)

By means of a feedback loop® which operates on the
photomultiplier-tube supply voltage (and hence has
control of the multiplier gain), the photomultiplier
output corresponding to the first term in Eq. (4)
is held fixed at unity. The amplitude of the second
term is measured with the aid of a lock-in detector.
Thus, in effect, the output of the lock-in is just
the normalized signal defined by Eq. (2).

The ground-state electron-spin polarization P
is defined by

P=(n,-n)/(n,+n) , (5)

where n, and n_ are the populations of the M = +3
and M,= -} states, respectively. Note that by
definition, Eq. (5), P is negative for a thermal-
equilibrium population distribution. In terms of
its dependence on P, it is well known? that the
MCD signal S can be divided into two components:

S=S,(P)+S;(H,) , (6)

where S,, the paramagnetic contribution, is di-
rectly proportional to P; whereas S;, the diamag-
netic term, which arises from (unresolved) Zee-
man splittings in the excited state, is independent

of P, and is strictly proportional to H,. For
IP|Z1, S, 1is by far the larger term, and further-
more, this paramagnetic term is the one that is so
very useful in the optical-pumping experiments.

The above-mentioned division of the MCD signal
into two terms arises from the simple fact that the
absorption coefficient ¥(c*) may be written as a
simple sum: ¥(0*)=7,(0*) +74(c*), where the sub-
scripts p and d again refer to paramagnetic and
diamagnetic parts. To facilitate analysis of S, in
terms of ground-state populations, one may write
further

Y,(0%)= ¢* a(o*, +)+ 9" alo*, =) ,

where a(c*, +) and ¢* are the fractional absorption
coefficient and fractional population for the ground-
state sublevel M,=+3, and a(c*, ~) and ¢~ are the
corresponding quantities for M,=—3. From the
fact that the ground state is a Kramers doublet,

the absorption from that state must obey the sym-~
metry a(o*, +)=a(c", =)= a* and a(d*, =)= a(o", +)

= a". Under the assumption that I[y(c*) = ¥(07)]« 1,
it can be shown that

Sy(wy) =lyo(w;)fp(w)) P, ()]

where w; is the light frequency, v, is the absorp-
tion coefficient for Hy=0, and where f,, the di-
chroic fraction associated with S,, is defined as

a+_a_
fp=ar‘+-a—.' . (8)

According to Eq. (7), S,(w;) is a direct measure
of v,f, for a fixed temperature and fixed field H,,.
Figure 1 shows S(w;) for the F absorption band in
the three host lattices KC1, KBr, and KI, for T
=1.6 °K and for Hy~ 20 kOe. Note that there are
two points in the band, more or less symmetrically
spaced with respect to the band center, for which
S| is a maximum. For convenient future ref-
erence, we define fg to be the maximum absolute
value of f, for P=- 1 (corresponding to thermal
equilibrium at zero temperature). These very
broad maxima in |f,| begin just outside the |S|
maxima.

The experiments take advantage of the MCD in
two fundamental ways. First, a polarization-
modulated light beam, whose frequency corresponds
to one or the other of the dichroic peaks, provides
a convenient and sensitive way of monitoring P.
According to Eq. (7), the signal is linear in P,
and it can be calibrated by making reference to a
thermal-equilibrium polarization. Because of the
large oscillator strength of the F absorption band,
and because of the fact that fE is large, in practice
one can detect AP35 0.01% in a 1-mm-thick crystal
containing only 10! F centers/cm®. The MCD
monitor thus serves as a convenient and precise
way to measure the effects of optical pumping on
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FIG. 1. MCD signals S (smaller derivativelike curves)
for the F absorption band in the three host lattices KCl,
KBr, and KI, for T=1,6°K and H;~ 20 kOe. Calculated
Gaussians that approximate the direct absorption have
been included for comparison. The vertical scale gives
S as an absolute fraction, for crystals whose optical
depth (ygl) is of order unity at either of the peaks of | S| .
A, and A, refer to pump and monitor wavelengths used in
the experiments (see text).

the electron spins and as a very sensitive and con-
venient detector in all resonance experiments.
Second, but of equal importance, P can be
manipulated over a wide range, including large
inverted polarizations, by pumping with intense
o* or o” light. That is, if , and «_ stand for the
pump rates out of the M,=+% and M, = — % substates,
respectively, then for pumping at a dichroic peak,
the fractional differential pump rate will be

(. —u,)/ (. +u)=xfy , (9

the sign depending on choice of dichroic peak and
pump polarization. I there is some degree of
spin mixing on the return to the ground state, if
there is no significant degree of thermalization as
the system passes through intermediate states,

|o»

and if the pumping effect is fast enough to over-
whelm spin-lattice relaxation in the ground state,
then one obtains

Pfifg ) (10)

where P, is the value for a saturated pumping
effect. A careful examination of all aspects of
the optical-pumping cycle and its associated rate
equations is the subject of the next section.

III. DYNAMICS OF OPTICAL-PUMPING CYCLE
A. Description of Optical-Pumping Cycle

The optical -pumping cycle consists of four pro-
cesses: (i) absorption of a photon and excitation
into the absorption band; (ii) nonradiative decay
into the RES (relaxed-excited state); (iii) lumi-
nescence from the RES to the unrelaxed ground
state, and (iv) nonradiative decay back into the
normal (relaxed) ground state. These processes
are illustrated schematically in Fig. 2.

Although there exists a basis of at least eight
electronic states (2—2s and 6—2p) from which the
various sublevels of the RES may be formed, for
the purpose of describing the optical-pumping
cycle, one need be concerned only with the lowest-
lying magnetic doublet from which the luminescence
occurs. Furthermore, it is well known that the
luminescence from the RES occurs with essential-
ly 100% quantum efficiency, !* for T3 50 °K, and
for sufficiently low F-center concentrations. (If
the F -center concentration is high enough, say
10Y” /em® or greater, the tunneling processes de-
scribed by Porret and Lty will significantly re-
duce the quantum efficiency.) In this paper we

ABSORPTION BAND
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FIG. 2. Energy levels and transition rates for the
optical-pumping cycle of the F center. Magnetic sub-
levels of the ground state are at the lower left; magnetic
sublevels of the RES are at the upper right-hand side
(see text).
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will be concerned primarily with the system be-
havior at liquid-He temperatures, and for low F-
center concentrations. Therefore, our assump-
tion of 100% quantum efficiency will usually be a
good one.

The spin memory of the pumping cycle is best
described through introduction of the spin-mixing
parameter €, where € is defined to be that frac-

tion of spins that are flipped in a single pump cycle.

One may further analyze € according to the contri-
butions made to it by each of the above-mentioned
processes. Thus, let €, designate the degree of
spin mixing in the absorption-band states, €, the
contribution of the nonradiative decay into the
RES, €4 the degree of spin mixing in the RES, and
€, the contribution of the second nonradiative-de-
cay process. If none of the above processes re-
verse each other, then € should be related to its
components by the equation

(1-€)=(1-€)(1-€x)(1-€3)(1~¢,) , (11a)
or, since € is usually <1,
€T€ +E€+E3+E, . (11p)

At least €, ought to be very small relative to the
other contributions to €. That is, the second non-
radiative decay involves electronic states of zero
orbital momentum, with the consequence that there
is no effective spin-phonon coupling mechanism.
Furthermore, there is good reason to believe that
the magnetic sublevels of the RES have nearly pure
spin character, so that €; is also probably small
relative to the sum €;+€,. Therefore, in the fol-
lowing rate equations, € will be substituted for
the sum €, +€,, and €; and €, will be neglected
entirely. This substitution greatly simplifies the
form of the rate equations, without at the same
time seriously altering the nature of the solutions.
For example, the exact expression for the spin-
flipping rate due to optical pumping involves the
term € — 2(e; +€,)(€3+€,), whereas in the approxi-
mation we present here, the corresponding term
is just €. [See Eq. (15) in Sec. MIB]. Note that
the two terms are not sensibly different, even if
€5 +€,4 is not small relative to €;+€,, as long as
€ < 1. Thus, these approximations ought to be
nearly exact for KC1 and KBr, where € <5%. On
the other hand, for KI, where € = 24%, their effects
might be discernable in the most precise work.

B. Rate Equations

The rate equations that govern the dynamics of
optical pumping are as follows:

dn, ny 1 ( Ny + 7
Jp T T Ut T, ne=J7e8) o (12a)
dn. _ n! 1 N+,
R A e e N

. 775

CZ’, =(1-€)u,n, +€u_n_ - Zl;r’i
- TI,' (n,’— 7;’;:?‘; ), (12c)

dn. =(1—€)u_n_+€u,n+—-n—l‘—

dt T
——%—(n—%:%’%) , (12)

where 7, and n_ are the populations of the ground-
state sublevels M =+% and M,=~4, T, is the
ground-state spin-lattice relaxation time, and A
=gug Hy/kT, where g is the spectroscopic splitting
factor for the ground state, Uz the Bohr magneton,
k is Boltzmann’s constant, and T is the absolute
temperature; the corresponding quantities for the
RES are indicated by primes; », and »_ have the
same meaning as in Eq. (9), and 7 is the optical
decay time of the luminescence from the RES.
With the aid of the substitutions N=n,+n_,
n=n,-n., N'=ni+n’ andn’=n\-n’, Eqgs.
(12) can be put in a form more tractable of solu-
tion:

dN _ N n N’
—dT_—-Z——(u,+u_)+—2-(u_—u,,)+T , (13a)
dn _ (1 _uy- =L annt
dt_<2(u' u,) T, tanh2A>N
1 1 n'
‘('z'(“*+”')+ 7] >n+7 , (130)

I 40 - 20l s G- ) )

n’ 1 1
- () temana - () o

(13¢)

dN' dN

TR T (134)
The two nonradiative-decay processes are thought
to take place very rapidly (~ 10" sec); since this
time is very short relative to 7(7~ 10°® sec), it is
quite reasonable to neglect the time-average pop-
ulations in the two unrelaxed states. Furthermore,
for the usual pump sources (u,+u_)7< 107 or 1074
thus dN/dt can be essentially neglected. That is,
on a time-average basis, most of the F centers
are in the ground state. Finally, it should be
noticed that the rate equations take account of spin-
lattice relaxation in the RES as well as in the
ground state. On the other hand, there is con-
siderable evidence that the effects of spin-lattice
relaxation in the RES are negligible, at least for
very low temperature (T~ 1. 6 °K) and for modest
fields H,. Therefore, it is realistic and instructive
to examine the solutions in the simpler case where
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7/T{ =0, before looking at the most general solu-
tion.

C. Solution for Transient Behavior; Measurement
of € When T/T,f=0

In an experiment where a pump light is turned
on suddenly at time £=0, the ground-state polariza-
tion P behaves as follows:

P(t)=P;+(P; - Py)e ™ Tr | (14)

where P; and P; are the initial and final polariza-
tions, respectively, and where the rise time T,
is given by

1/7T,=1/Ty+€@,+u) . (15a)
For convenient future reference, we define
1/T,=€(w,+u.) . (15b)

The most reliable method for measuring € is
based upon Eq. (15a). That is, the exponential
rise of P can be monitored by a weak, modulated
light beam tuned to one dichroism peak [as in-
dicated by Eq. (7)], while the pump beam is tuned
to the other peak. Thus, T, can be measured di-
rectly and very conveniently. Since T, is already
known (furthermore, it is usually possible to have
1/T,>1/T,), and since u,+u_ can be calculated
from a measurement of the absolute pump-light
intensity, € can be inferred from Eq. (15a). The
best results to date of such measurements are as
follows: for KCl, €=0.01; for KBr, €=0.04, and
for KI, €=0.24. These measurements were made
at T=1.6°K and over a wide range of magnetic
field values and pump-light intensities; the re-
sults were always essentially independent of such
variations. Because of difficulties in the measure-
ment of the pump intensity, the € values quoted
above are not accurate to better than about + 25%.

D. Steady-State Solution for Pumping with Fixed
Polarization ( / T'1 =0)

The ground-state polarization is given by

P,—(T,/Tytanhia
1+7T,/T, ’

P= (16)
where the value for P, is given by Eq. (10) for
pumping with ¢* or ¢~ light, and where P,=0 for
pumping with linearly polarized light. Polariza-
tion in the RES, P’, is given by

- (1~-2¢)[~u,)+ @_+u,)tanhiA]
(y +u) + (. —u,) tanh3 A+ deu, u T,

Pl = [ (17)
Equation (17) has interesting behavior at two
limiting extremes. The first occurs for very weak
pumping with linearly polarized light, i.e., where
u.=u, and where 2¢uT;<< 1. Then one obtains sim-
ply P’= (1 - 2¢)P; that is, the ground-state polar-
jzation is transferred to the RES, diminished only

by the factor (1-2¢). The second case occurs
for strong pumping with light of any steady polar-
ization (¢%, 0" or linear). That is, when 2cuT,
>»>1, P'~(2uT,) '~ 0 as u—=."* Furthermore,
since N’~ Nut, the number of excess spins avail-
able to produce a standard ESR absorption, N'P’,
is only on the order of N7/eT,. Since 7~1 Usec
and T, is typically 10 to 100 sec, for liquid-helium
temperatures and for H; on the order of a few
kOe, it is easy to understand why direct ESR on
the RES is doomed to failure, when the pump has
only a steady (time-independent) polarization.

E. Steady-State Solution for Pumping with Modulated
Polarization ( 7/ T, =0)

When the (strong) pump light is modulated rapidly
and symmetrically between ¢* and ¢”, then there
exists the possibility of obtaining an alternating
P’ of large amplitude. This result is of funda-
mental importance to experiments where a large
value of P’ is needed in conjunction with intense
pumping, such as in the search for spin-dependent
dichroic effects in the luminescence. 1° It will be
assumed here that the polarization is sinusoidally
modulated, as in Eq. (3). Thus, u,+u_=U= con-
stant; u_ - u,=ugysinwé; uy/U=f. The most inter-
esting solution is obtained when both limiting con-
ditions 1/T,< 1/T,< w are satisfied; the result
is then simply

e (1=20)P,
P’z m—_r—)—z——(smwt-w-rcoswt) .

(18a)
According to Eq. (18a), for 1/T,<w<1/7, P’

will have essentially the full amplitude (1 - 2€) P,
and it will be in phase with the pump modulation.
Since 1/7, is rarely more than 1000/sec, and since
1/7~10%/sec, there clearly exists a wide range of
modulation frequencies for which one can obtain a
large amplitude of P’. Finally, in the limit w7>1,
P’ will diminish with increasing w as 1/w, and will
asymptotically approach a 7 phase lag with respect
to the pumping. Inthe meantime, for the same con-
ditions as above, that is, for 1/7T,<1/T,<w, P
will remain small:

P=P +Asinwi+Bcoswt (19)
where
5= (Te/Tl)tanhéA
1+T,/T, ’ (202)
where
(1-2¢)
-1\
A=3 +(w7.)2 UoT , (20b)
and where
Bo— —1 ko (20¢)
1+ (wT)? w :
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Note that P- 0 as T,/T,~0. A behaves as u,7,
and for the highest differential pump rates ob-
tained in practice, i.e., u,~10%/sec, uoT< 1073,
Also, for the high modulation frequencies used in
the experiments to be described, i.e., w~10%/sec,
and again for u,~10%/sec, |B|~€uy/w< 1073,
Finally, we wish to point out the following: Insome
of the experiments to be described later, the mod-
ulated pump beam also serves as the source for

a monitor of the MCD of the absorption band. In
such an experiment, intensity variations at the
detector due to the A and B terms of Eq. (19), will
occur only as even harmonics of the modulation
frequency, since products such as sin®wr are in-
volved. Thus, the output of the phase-sensitive
detector will measure only P.

F. Steady-State Solution for 7/T{# 0

Thus far we have treated only the case where
the effects of spin-lattice relaxation in the RES
are negligible, by setting 7/7 =0 in the equations.
Although this represents a very important approx-
imation, valid at sufficiently low temperature, it
is also important to consider the more general
case, where 7/T{# 0. For pumping with light of
fixed polarization, the steady-state solution for
the ground-state polarization P is

_P,-(T,/T,) tanh}A - [1/(7+ 2 T{)] tanh}A’

P= 1+7,/T,~[7/(r+2T{)[tanhiA’ ’
(21)
where T, is now given by
_L_ 1'+2€T1' U, +u.
T, 7+T}% 2 ’ (22)

and where the only approximation is that u, +u._
«<1/7, i.e., on a time-average basis most of the
F centers are in the ground state.

Note that in the limit 7/2¢ T{ > 1, 1/T,=5(u, +u.).
That is, a sufficiently fast rate 1/7 will eradi-
cate the spin memory, and hence, in general,
much faster pumping rates will be obtained for a
given light intensity. This condition may well be
fulfilled for temperature T~ 10-50 °K, since it
has recently been discovered that T is determined
by an Orbach process in that temperature range. 12
For example, in KI, T} is presumably on the
order of 3x10%sec at T=20°K. In the meantime,
it may be possible to fulfill simultaneously the
conditions tanh3A’< 1 and 1/T,<<u,+u_, even for
fields H, of several tens of kOe, and for some
temperatures in this same range, T~ 10-50 °K.
Thus, Egs. (21) and (22) contain a number of im-
portant and positive implications for the operation
of an optically pumped maser at temperatures above
the liquid-He range.

For saturated pumping with linearly polarized
light, i.e., for pumping such that 7,/T,;< 1 and

such that P,=0, Eq. (21) simplifies to

po [7/(1+2¢T{)]tanhzA’
1-[r/(r+2eT])]tanhia’

(23)

Expression (23) suggests an interesting way to
measure T, at least in the low-temperature re-
gion (T2 4 °K) where the direct process should be
dominant. That is, suppose the crystal is indeed
pumped with linearly polarized light of saturating
strength. Then the paramagnetic contribution to
the MCD signal S, will just be a measure of the
polarization given by expression (23). (The dia-
magnetic contribution to the MCD signal can al-
ways be subtracted out.) Thus, in effect, one can
have a measure of the parameter T/ZET'I, at least
as long as 7/2¢T{ is not too large relative to unity.
Since € and 7 are already known, T{ can then be
inferred. Such experiments have been performed,
and they will be described fully in Sec. VI of this
paper. They indicate that spin-lattice relaxation
in the RES does indeed have negligible effect on
the optical -pumping cycle, for temperatures on
the order of 2 °K or less, and at least for H, less
than 30 kOe.

IV. OPTICAL DETECTION OF ESR IN RELAXED-
EXCITED STATE

In this section we wish to show how one may
optically detect ESR in the relaxed-excited state
by taking proper advantage of the electron-spin
memory. The general scheme is as follows: By
subjecting the RES to a resonant microwave (ESR)
field H; while the F center is being pumped with
o or o~ light, the spin memory can be partially
erased, i.e., the resonance will increase the ef-
fective value of €. As a consequence, according
to Eq. (15b), the 7ate of pumping of the ground-
state polarization P is increased. Changes in P
thus induced by the resonance in the excited state
are measured (and hence the signal is detected) by
continuous monitoring of the MCD of the absorp-
tion band. Thus, the fundamental detector in these
experiments is the ground-state spin system itself.

There are two principal variations on the above
scheme. In the first experiments, P was the
product of dynamic equilibrium between unsaturated
optical pumping and ground-state spin-lattice re-
laxation. The principal advantage of this “dynamic
equilibrium method” is that it provides a most
dramatic proof that the resonance in question is
indeed that of the relaxed-excited state; otherwise,
this method is chiefly of historical interest. The
second method uses a pump beam of saturating
strength, whose polarization is rapidly and sym-
metrically modulated between ¢* and o™, It relies
on the ability of an H, field, resonant with the RES
and switched on and off synchronously with the
pump modulation, to “rectify” or unbalance the
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pumping effects of 0" and 0. For a number of
reasons, this “rectification method” provides
superior signal-to-noise ratio. Both methods will
be fully described in the following.

For either method, we are interested in the
change in the effective value of €, as produced by
the resonance in the RES. For the moment, let
us suppose that the resonance line in the RES is
homogeneously broadened. Then the effects of an
H, field in exact resonance with the RES can be
properly accounted for by adding a term (- 2wyn’)
to rate equation (13c), where wy=(v'H,)%7 is the
microwave-induced transition rate.?® (v’ is the
electronic gyromagnetic ratio appropriate to the
RES.) The solution to the rate equations then yield
the following modification of Eq. (15b):

1 € +WyT

T, T 142w, T (15¢)

(g +1.) = €qpelue, +u.) .
Note that €., =3 in the limit w,7> 1; this is a rea-
sonable result, since € =3 corresponds to the most
complete possible loss of information about the
original spin projection. If we define 0¢ by ¢
=€, —€, then from (15c) we have

- T
66—(1—2£)1+2on . (24)

Now, in fact, the ESR linewidth in the RES rep-
resents an extreme case of inhomogeneous broaden-
ing, just as it does in the ground state. Let the in-
homogeneous line be described by a shape factor
f(w’), where w’ designates the resonance frequency
of a given spin packet, and where

[Zflwde’=1 . (25)

Thus, for the inhomogeneous line, we are really

interested in the quantity
Be= [ Se(w-w)f(w)dw' , (26a)

where w is the actual microwave frequency. For
a spin packet of frequency w’, the transition rate
is

w=wy/[1+ 73w’ -w)?] . (27)
By substituting the w of Eq. (27) for w, in Eq. (24),

we obtain d¢(w - w’). Equation (26a) can then be
rewritten
TWwo(1 - 2¢€)

Ai:[w 27w0+1+75(wl_w)2 flwdw' |

and in the limit wy/7< (Aw)?, where Aw is the in-
homogeneous linewidth, Eq. (26b) becomes

_m(1l - 2)w
A€ = (T:m;]—)ﬂq-z— f(w) . (28)

For the linewidths and highest microwave rates
encountered in the experiments to be described,
(Aw)?310°w,y/7. Thus, the approximations leading

(26b)
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to Eq. (28) are well satisfied.
For the dynamic equilibrium method, the ef-
fects of a resonance can be calculated from

9P T
— adiat
AP = T, oc Ae (29)

where A€ is given by Eq. (28), and where the
partial derivatives are to be evaluated from Eqgs.
(16) and (15b), respectively. Also, when writing
the expression for AP in its final form, one may
substitute T,/€ for u,+u_, since Ae <<€, even for
the highest-practical microwave-induced rates w,.
Thus, AP is given by

T,/T grpHy \ 1(1 - 2€)w
AP=TTT, /T (P sttanhTopT )6(1+w0-r)f’02 fl@).
(30)

Figure 3 shows the apparatus used for the first
resonance experiments.® A 200-W mercury arc
lamp, appropriately filtered, provided a narrow
band of wavelengths at one dichroism peak of the
absorption band, while a low-intensity narrow band
of wavelengths at the other dichroism peak was
used for monitoring the MCD. The monitor beam
was polarization modulated at 17 kHz, as described
in Sec. I, and the pump beam was of a fixed cir-
cular polarization. Neutral-density filters in the
pump beam allowed control over T,. Since the
microwave-cavity configuration was a bit unusual,
it is detailed in Fig. 3(b). The microwave fre-
quencies used were in the neighborhood of 52 GHz;
thus both ground-state and excited-state resonances
(g~ 2) occurred for H, on the order of 20 kOe.
Sufficient microwave power was available at the
cavity to produce a field H;~ 1 Oe; thus wyT~ 100.
The samples were electrolytically colored to an
F-center concentration on the other of 10'®/cm?®.
After coloration, the samples were mounted into
the cavity with the aid of a safe light; from then
on they were kept in total darkness until they had
been cooled to liquid-He temperatures for the ex-
periment.

Figure 4 shows the behavior of the resonances
in KBr for various levels of optical-pumping
power. The difference between the line marked
P=0 and zero MCD signal is just the diamagnetic
signal S; referred to in Sec. II. By making ref-
erence to the thermal-equilibrium signal (obtained
with the optical pump turned off), a scale factor
for P vs S can be computed, and the grid network
P=-10%, etc, added. Note that although the
ground-state resonance always points toward P =0,
the excited-state resonance always points toward
P, even when P is inverted; this is in agreement
with Eq. (30), which predicts that the sign of AP
is independent of P for the RES resonance. Thus
the origin of the resonance in the RES is well es-
tablished, as it is very difficult to imagine any
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other resonance effect that would increase P when
P is inverted. As a further check, the excited-
state resonance signal AP, when plotted as a func-
tion of the parameter x/(1+x)% where x=T,/T,,
makes a good fit to a straight line, in conformity
with Eq. (30) (see Fig. 5).

The resonance signals in Fig. 4 become dis-~
torted as the optical-pumping power is increased,
due to a cross-relaxation effect. To understand
this effect, one must keep in mind that the MCD
signal is sampling the ground-state spin polariza-
tion P. There really are two ways by which a
microwave field resonant with the RES can affect
P: the first is the expected effect predicted by Eq.
(30); the second is that the F centers in the RES
constitute an “impurity” that can cross relax with
the ground state. Since the resonant microwaves
raise the RES spin system to a high temperature,
the effect of the cross relaxation is always to

reduce |P|. And since the cross relaxation is
strongly dependent on the frequency separation of
the interacting centers, the low-field side of the
RES resonance affects P more than the high-field
side. Thus the low-field side of the signal begins
to turn downward at sufficiently high pump levels,
while the high-field side continues to point upward.
Finally, since the concentration of the cross-re-
laxing “impurity” increases in direct proportion

to the optical-pumping power, while the positive
AP predicted by Eq. (30) goes to zero atthe highest
pump levels, the cross-relaxation effect eventually
becomes dominant. The effect is much more pro-
nounced in KCl, where the separation between
ground-state and RES g factors is much smaller;
there the excited-state resonance can be easily
and completely inverted at the highest pump levels.
In view of the rather high sensitivity of the ESR
line shape to the distorting effects of the cross re-
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laxation, it is vital to use as high a microwave
frequency, and as low an F-center concentration,
as possible. Thus, the fact that only low F-center
concentrations are required for optical detection
of resonance, has yielded yet another (even if
somewhat unexpected) advantage to that technique.

Although no careful quantitative check has yet
been made, the resonance signals seem to show
the dependence on € and ESR linewidth predicted
by Eq. (30). In this regard, the comparison of
KI to KBr is most dramatic: Whereas the signals
in KBr are rather large, as shown in Fig. 4, the
corresponding signals in KI are roughly an order
of magnitude smaller; this reflects the nearly five
times increase in €, as well as the approximately
twofold increase in resonance linewidth of KI with
respect to KBr.

In view of the small size of the ESR signals in
KI, and of the need for higher sensitivity if the op-
tical detection is to be used for the observation of
ENDOR in the RES, it would be highly desirable to
have a true lock-in detection on the ESR or ENDOR
itself. In the dynamic equilibrium method, with the

MCD SIGNAL, S

H, (kOe)

FIG. 4. MCDsignal vs Hyfor various optical-pump
powers, for detection of ESR by the dynamic-equilibrium
method. Light-pump-power attenuation indicated in dB.
Ground-state resonance is at the left-hand side. Dashed
vertical line shows center of the excited-state resonance;
cross relaxation distorts the line shape at high pump
powers (see text).
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FIG. 5. Excited-state-resonance signal AP, plotted
as a function of the parameter x/(1 +x)?, where x = Ty/T}.
Open circles are the experimental points; the number
beside them indicate the relative pump-power attenua-
tion in dB. The straight line represents the best fit.

optical-pumping intensity adjusted to give optimum
sensitivity, P can change at a rate no greater than
~2/T, in response to the application of H, fields
resonant with the RES. [According to Eq. (30),
optimum sensitivity occurs at T,/T;=1.] Since

T, is of the order of seconds, the resultant slow
“detector” response time mitigates against the
use of the desired lock-in detection.

The rectification method was invented to circum-
vent the above-mentioned limitation. It uses a very
intense optical-pumping beam to produce a de-
tector response time T, orders of magnitude faster
than 7, [see Eq. (15a)]. The method is best under-
stood through reference to Fig. 6. The intense
pump beam is switched rapidly and symmetrically
between ¢ and ¢~ polarization. (The actual light-
modulation frequencies used in the latest experi-
ments have been 50 and 9.1 kHz.) In the absence
of resonance effects in the RES, the resultant
ground-state polarization P will be essentially zero
[see Eqs. (19) and (20)]. But suppose microwaves
resonant with the RES are switched on and off syn-
chronously with the polarization, such that the H,
field coincides in time with, say, ¢*. Then the
pumping effect of ¢* on P will be greater than that
of ¢, and P will rise to a new equilibrium value
given by

A
pzp 2f

s o ’ (31)

where P, and Ac have been defined by Egs. (10)
and (28), respectively. P will reach essentially
the full value given by (31) in an interval just
several times T,. Then, by reversing the relative
phase of the light modulation and the H, switching,
the sign of P can be reversed. In this way, one
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FIG. 6. Relative time dependencies of the pump-light
polarization, microwave power, ground-state polariza-
tion P, and excited-state polarization P’, for detection
of ESR in the relaxed-excited state by the rectification
method (see text).

can generate, at the phase-switching frequency,

an ac voltage containing only the resonance signal.
Since rates 1/T,> 100/sec can be achieved in prac-
tice, the phase-switching or second lock-in fre-
quency can be on the order of 10 Hz.

Equation (31) was derived as follows: If one sets
P;=P and P;=P, in the time derivative of Eq. (14),
then the rates at time £=0 are

dP

el (Py—P)e +0€)u, +u.) , (32a)

for pumping with ¢*, and

g—f: (-Py-Ple(u,+u.) , (32b)
for pumping with ¢, assuming that H, is coin-
cident with ¢*. The rates given by Egs. (32a) and
(32b) must sum to zero if the time-average value
of P is to remain steady. Equation (31) then fol-
lows almost immediately.

The rectification method has the further advan-
tage that the signal will be highly insensitive to
changes in the crystal-lattice temperature. That
is, the spin polarizations in both the ground and
relaxed-excited states are determined almost en-
tirely by the fast optical-pumping and resonance
effects; hence, the relatively slow spin-lattice-
relaxation processes are almost completely over-
whelmed. This insensitivity to lattice tempera-
ture is especially important in the extension of the
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method to include ENDOR, since in the process of
generating large rf fields for the ENDOR, much
heat is dissipated in the immediate neighborhood
of the sample. The ENDOR will be fully described
in the next section.

The rectification method was given its first ex-
perimental test on the ESR in KBr and KI.® The
latest version of the apparatus used is shown in
Fig. 7. The H, field of ~ 22 kOe was supplied by
a split-coil superconducting magnet of modest
size. Both crystal and magnet shared the same
He bath at 1.6 °K. The crystal samples (1 mm?

X 0.6 mm thick, < 10!"F centers/cm?®) were mounted
inside a 4-mm-thickX 7-mm-diam microwave
cavity. The cavity operated in the TM;;,. It

had a pair of ~0.5-mm-diam holes on its axis

to allow for passage of light. Both crystal [100]
axis and the pump-light beam were parallel to

H,. A single He-Ne laser beam at 6328 A func-
tioned as both pump and MCD monitor. (Figure

1 shows how 6328 A relates to the absorption bands
in KBr and KI.) Actual pump power available at
the crystal was about 3 to 5 mW, focused onto a
spot of about 200-um diam. The polarization

was modulated at 9. 1 kHz by an oscillating + X
plate of fused silica before it impinged on the
sample. The transmitted light created an MCD
signal at the phototube as explained in Sec. II.
After processing by a lock-in detector at 9.1 kHz

KLYSTRON
51.1 GHz

9-kHz
SQ WAVES
TO REFLECTOR
SUPERCONDUCTING

MAGNET He | 16K

WAVEGUIDE —|

AT

2| % LASER
63284
PM [TUBE WV \STRESS-
M MOD+\/4
PLATE
LOCK=IN 0SC
TC=0.0lsec 9-kHz
[ Y
LOCK—IN osc PHASE
TC~4-30 sec| ~ | 10 Hz SHIFTER [~

|
< CHART RECORDER

FIG. 7. Block diagram of the apparatus used for de-
tection of ESR in the relaxed-excited state by the recti-
fication method. 7C is lock-in integration time constant
(see text).
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FIG. 8. ESR signal due to resonance in the RES in KI,
as obtained by the rectification method. v,, is the micro-
wave frequency.

(integration time 0. 01 sec), the MCD signal was
sent through a second lock-in at 10 Hz. A 9.1-
kHz reference voltage from the light modulator was
phase reversed at 10 Hz before it was made into

a square wave for turning the H, field on and off.

By applying the 9. 1-kHz square waves to the
klystron reflector, the microwave frequency v,
could be switched in and out of resonance with the
cavity (cavity @ ~5000). Hence, the H, field seen
by the sample was very effectively turned on and
off. Sufficient microwave power was available at
the cavity to allow H;~ 1 Oe. The ESR signal due
to the RES in KI is shown in Fig. 8. If represents
a vast improvement in signal-to-noise ratio over
that obtained for KI by the dynamic-equilibrium
method.

Table I summarizes the ESR data for the F-cen-
ter RES in KC1, KBr, and KI, as obtained in this
laboratory.® Linewidths and g factors for the
ground-state resonance are included for easy com-
parison; the numbers are from a review article
by Seidel and Wolf. ® The linewidths are always
given here as the full width at half-intensity points.
The RES g factors listed are isotropic within the
limits of experimental error, although the question
of isotropy has not yet been given a thorough
check; to date only the KCl1 g factor has been mea-
sured for the H, field along the (100], [110], and
[111] axes; the others have been measured only
for Hjparallel to [100]. However, there now
exists a new piece of evidence in favor of isotropy:
recently, the Nelchatel group!? have detected the
RES resonances at nearly one-order-of-magnitude
smaller field H,, and they obtain essentially the
same linewidths for KBr and KI as in our measure-

ments. Nevertheless, the orientation dependence
of the RES g factors and linewidths should be given
a very careful and thorough check at the highest
possible fields H,, where cross-relaxation effects
and problems of resolving the ground-state and
RES resonances are insignificant.

A complete theoretical analysis of the RES g
factor is beyond the scope of this paper, especial-
ly in view of the fact that no truly viable theory
of the RES exists to date. However, certain gen-
eral observations can be made. First, if it can
be assumed that the “spin-up” and “spin-down”
sublevels of the RES are time-reversal symmetric
with respect to each other, then the g factor is just
given by

g=2 (7:1 <Lz>+2<sz>) : (33)

where (L,) and (S,) refer to the “spin-up” state,
and where m/m* represents the ratio of ordinary
to effective electron mass. The ratio of m/m*
must be included, to account for the possibility
that the RES is spatially diffuse. That is, the
concept of effective mass would be meaningful for
a truly diffuse state, and in general, one would
have m/m*+ 1.

According to the ideas presented in the following
paper, on a time-average basis, even at T'=0,
the zero-point lattice vibrations produce rather
large noncubic fields at the F-center site. These
noncubic fields tend to quench the orbital momen-
tum of p states. I the energy splittings associated
with the noncubic field are characterized by a
parameter D, while the spin-orbit energy is char-
acterized by a parameter A, then in the limit 2
<D, the(L,) is of order \/D, while the degree of
spin mixing is only of order (A/D)2,

The analysis referred to above is based on the
adiabatic approximation, and it is valid primarily
for the calculation of optical-transition probabil-
ities into the absorption band; even then, the re-
quirements of the adiabatic approximation are not
always satisfied. Nevertheless, it is not unrea-
sonable to suppose that the (L,) and the degree of
spin mixing are related to each other in the RES
more or less as indicated above. If that is true,
then the degree of spin mixing in the RES, €, is
rather small (as we have already asserted in Sec.

TABLE I. Summary of ESR data.

Relaxed-excited state Ground state

AH, width at AH, width at
Host half-power half-power
crystal £ factor points (Oe) g factor points (Oe)
KCl 1.976 £ 0.001 55+ 2 1.995 55
KBr 1.862x0.002 270 = 10 1.982 146
KI 1.627 £ 0,002 575+ 20 1.964 263
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FIG. 9. (a) Schematic diagram of the arrangement for
producing large rf Hy fields at the sample. The genera-
tor and 50-% load are both outside the Dewar; the trans-
former is inside the Dewar, near the sample. The ar-
rangement has a bandpass in excess of 100 MHz (see
text). (b) Details of the microwave cavity. The rf trans-
former and induction loop are the same as those indicated
schematically, abovein (a).

), and the ¢(S,) can be set =3 for substitution into
Eq. (29). Thus the large shifts of g from g=2 must
be accounted for primarily by the term (m/m*)
(L,), and, unless m* is unusually small, a rather
large absolute value of (L,) itself is implied.

According to the above, the g shift should give
us information about the ratio A/D. Now, it is not
unreasonable to imagine that the effective value of
D would diminish rather rapidly as the mean radial
extent of the RES wave function were increased.

If the theoretical dependence of A on the radial ex-
tent of the RES were also known, it might be pos-
sible to speculate on the “diffuse” vs “compact”’
nature of the RES on the basis of the measured g
factors alone. At least the rapid increase in the
g shift with increasing halide weight is consistent
with the above ideas; it has been well established
that A in the absorption band increases rapidly as
one goes from KCl1 to KI.

However, the sign of the g shift presents a prob-
lem. That is, according to the wave functions
given in the following paper, a shift g-2<0 cor-
responds to A/m* >0 for the lowest-lying magnetic
doublet. Since A< 0 in the absorption band, one
must either invoke a negative m*, or else believe
that in the RES X has the opposite sign from its
value in the band.
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V. OPTICAL DETECTION OF ENDOR IN RELAXED-
EXCITED STATE

The optical-detection techniques of the previous
section can be extended to include ENDOR of the
RES. The extension is based on the following gen-
eral principles: As indicated previously, the micro-
wave H, field can be made strong enough to at
least partially saturate a single spin packet out of
the total ESR linewidth. Thus, nuclear-spin flips
due to an rf Hy, field will have the net effect of
bringing more spin packets into resonance with the
microwaves, and hence the microwave effect on
the optical pumping will be augmented. In prac-
tice, the actual size of the ENDOR effect is sur-
prisingly large; that is, the ENDOR signals are
often as strong as the ESR itself. Thus, when the
rectification method is employed for the detection
of ENDOR, obtaining a good signal-to-noise ratio
is no longer a problem.

The most difficult and fundamental problems
result from the short optical decay time 7 of the
RES. For the host lattices KC1, KBr, and KI, one
has 7=0.5,1.1, and 3 usec, respectively, at
liquid-He temperatures. " In the first place,
these short lifetimes limit the minimum-resolv-
able ENDOR frequency difference, Avy, to Avyy
~(m7)Y, or Apy;~0.4 MHz for 7~ 1 psec. Since
the most important ENDOR frequencies are spread
out over a region of several tens of MHz, the life-
time-limited resolution does not always pose as
serious a problem as might appear at first thought.
A somewhat greater practical difficulty arises from
the following: In order to bring the ENDOR signal
close to its saturated value, the condition

(Vo Hy7)?3 1 (34)

must be satisfied, where the gyromagnetic ratio

Y. refers to the nuclei interacting with the F cen-
ter, and where H;; is the amplitude of the rf ENDOR
field. Although 7, is really an effective value whose
size can be augmented by the hyperfine coupling
itself, ° nevertheless the required value of Hy,
computed from Eq. (34) is usually on the order of
100 Oe or more. Since vy; must be scanned over

a very wide frequency range, the generation of such
H,, fields poses a severe technological challenge.
We have been able to overcome this problem, pri-
marily by taking advantage of the very small sam-
ple size required for optical detection.

The arrangement for producing large rf Hy,
fields is shown schematically in Fig. 9(a). Cur-
rent from an rf power oscillator was sent through
a 50-8 coaxial cable to a 50-Q load located outside
the Dewar. On its way, the current passed through
the primary of a tightly coupled air-core current
transformer located near the sample. Thus mag-
nified 10 times, the current was sent through a
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single-turn wire loop which passed around the
sample inside the microwave cavity. Since the
loop enclosed less than 1-mm? area, a primary
current of 1 A was able to produce H,, fields at the
sample of about 100 Oe, as verified by direct mea-
surement of the voltage induced in a tiny pickup
loop of known dimensions. The same measure-
ments showed H,, to be a constant with respect to
V11, as long as the voltage at the 50-Q load was
held constant. The measurements were made over
the range 10< H,;<100 MHz. In the latest experi-
ments, the voltage at the 50-8 load was held pre-
cisely constant by a negative-feedback loop that
acted to control the oscillator output power. Finally,
it should be pointed out that the distributed capacity
between the rf-transformer primary and secondary
plays an important role; since the secondary acts
as a ground plane, the primary can be made to
look like a section of 50-Q transmission line. The
capacity was adjusted to the correct value by put-
ting polystyrene “@ dope” between the primary

and secondary, and by choosing the proper wire
gauge for the primary. By this means, the stand-
ing-wave ratio in the circuit of Fig. 9(a) was held
very close to unity, even for frequencies well in
excess of 100 MHz.

The modified microwave cavity is shown in Fig.
9(b). It is essentially the same as the cavity de-
scribed in Sec. IV for use with the detection of
ESR by the rectification method, except for the
addition here of the rf transformer, wound around
its outer perimeter, and the tiny rf induction loop
inside. Note that the induction loop is split in two,
in order to make that H,, field component which is
parallel to Hy as small as possible. This is to
avoid an annoying, more-or-less frequency-inde~
pendent background effect due to a sufficiently rapid
modulation of H, (vy;>1/7); such a modulation will
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also augment the number of spin packets affected
by the H, field. Note further that one of the cavity
faces is parted (to allow for insertion of samples)
at a radius where the surface currents are pre-
cisely circular; thus cavity @ is preserved with-
out the need for electrical conduction across the
parting circumference.

The size of the ENDOR signals ought to increase
monotonically with increasing depth of the hole
“burned” into the ESR line by the microwaves.
Furthermore, for an H, field of saturating strength,
the hole depth ought to be just equal to the mag-
nitude of P’ itself. Thus it is important to maxi-
mize the amplitude of P’, and to make the phase
shift between P’ and the light switching small
relative to 7. For that reason, in the latest EN-
DOR experiments, the light-modulation frequency
was lowered from 50 to 9.1 kHz. Equation (18a)
implies that the phase shift in question will be given
by

0 =tan }(w7) . (18b)

For KI, 7=3 usec and 9~45° when w/27=50
kHz, whereas it is reduced to the essentially neg-
ligible value of 6~10° when w/27=9.1 kHz.

Except for the addition of the rf gear described
above, the apparatus is essentially the same as
that illustrated in Fig. 7 and described in Sec. IV.
The only other change is that the square waves at
the light-modulation frequency are now used to
turn the rf power on and off, and the microwaves
are not modulated. In this way the modulation at
the 10-Hz phase-reversal frequency corresponds
to the ENDOR effect alone.

Figure 10 shows the best ENDOR spectrum ob-
tained to date for the F center in KI. H, was tuned
to the ESR line center of the RES (Hy=21.72 kOe).
At least 12 highly repeatable features are to be

(o]

FIG. 10. ENDOR spectrum of the
RES in KI. H;=21.72 kOe. Amplitude
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seen in the region 20 < yy; <35 MHz. No resolved
peaks have been seen for vy <20 MHz, and there is
essentially no response at all for v, 38 MHz,
save for a small frequency-independent background
effect. The latter is probably just due to the mod-
ulation of Hy by H,,, as described earlier. (In

our first report® on the ENDOR in the RES, we in-
dicated that there was some evidence for “signals”
in the neighborhood of 70 MHz; these have since
turned out to be an entirely spurious effect.) By
comparing the results of Fig. 10 with those of our
earlier work, taken at slightly higher field (H,

= 22. 45k0e), thefive or six highest-frequency ENDOR
lines are seen to shift toward higher frequency
with increasing H,, and by the proper amount for
I*¥" nuclei. Since the nuclear Zeeman frequency,
v,~ 19 MHz for I'?" and for H,~ 22 kOe, the ENDOR
lines in question must represent sum frequencies,
i.e., v{1= v+, Where vy, is the frequency asso-
ciated with the hyperfine-interaction energy. Thus
the vy, values for I'*” would appear to be spread
out more or less uniformly over the range 0< vy,
<15 MHz. This is somewhat in confrast to the
ground state in KI, where for iodine nuclei, vy,

~ 20 MHz for the closest shell, and where the fre-
quencies associated with all other shells are smal-
ler by an order of magnitude or more.? In fact,
for the ground state in KI, over 90% of the ESR
linewidth can be accounted for by the almost iso-
tropic interaction with the 12 nuclei of the closest
iodine shell.

V1. MEASUREMENT OF T’}

In Sec. IIIF of this paper, we briefly described
a purely optical technique for the measurement of
the spin-lattice relaxation time T in the RES. The
method is based on the fact that for truly saturated
pumping with linearly polarized light, the resultant
ground-state polarization P should differ from zero
only because of spin-lattice relaxation, while the
F centers are in the RES. Equation (23) gives an
expression for P under the above conditions. A
measurement of P by the MCD of the absorption
band should then give rather direct information
about T.

In practice, there are two problems: The first

is to separate out the usually rather small para-
magnetic signal S,, resulting from the P of Eq.
(23), from the diamagnetic term S,. This separa-
tion may be accomplished by taking advantage of
the different field dependencies of the two terms in
the MCD signal. That is, at sufficiently low tem-
perature, say T < 2K, 1/T} ought to result ex-
clusively from a direct process. Thus it will have
a field dependence® of the well-known form

1/T% = AH} cothia’ . (35)

By combining Eqs. (35) and (23), it can be seen
that S,, considered as a function of Hy, will have
zero slope at Hy=0. In the meantime, S; is di-
rectly proportional to H,. Thus the tangent to the
experimentally measured curve of S(H,) at Hy=0
ought to give S;(Hy). Of course, S, can also be de-
termined by measuring S(H,) at two different lattice
temperatures.

The second problem is that it is not always easy
to produce sufficiently saturated pumping, such
that the effects of ground-state relaxation are made
completely negligible relative to the contribution
of Eq. (23). To examine this point in greater de-
tail, let us consider the general result given by
Eq. (21) once again. If P,=0, and T,/T; and 1/
2¢ T are each small relative to unity, then Eq.

(21) may be written

P= - (T,/T,) tanhiA - [7/(7+2¢ T{)] tanh3a’ . (36)

Thus, to make the second term dominant, we re-
quire that (2 T,/7)(T}/T,)< 1, or equivalently,
we require that T{< (u7) Ty. Since it is difficult
in practice to make the fraction #7 much bigger
than about 103 or at most 10°%, the maximum 7T
that can be measured with this technique is on the
order of 10°%T,.

The apparatus used for the 7| measurements is
shown in Fig. 11. The beam of a 5-mW He-Ne
laser was focused onto the sample, such that the
diffraction-limited spot size was on the order of
50 um in diameter. Thus the pump intensity was
on the order of several hundred W/cm? The same
beam was also used to monitor the MCD, and there-
fore it was polarization modulated at 50 kHz. An
adjustable birefringence plate was used in addition

GLAN - ADJUSTABLE He

THOMPSON BIREFRINGENCE | 1.6 °k
LASER PRISM / _ PLﬂ'E/ /CRYSTAL l’/MASK FIG. 11. Block diagram of
6328 A | :‘0:>—<: the apparatus used for 7y mea-

| ‘ surements (see text).
—d —
t \a PHOTOTUBE
MODULATOR -

SUPERCONDUCTING

MAGNET
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FIG. 12. MCD signal as a function
of magnetic field for very fast pumping
with light whose polarization is linear
on a time-average basis. Presumably
the dashed line represents the dia~
magnetic signal S;. The difference
between the measured curve (solid
line) and the dashed line then rep-

— resents the ground-state polariza-
tion resulting from 1/7¢{ (see text).
Origin of the kink in the neighbor-
hood of Hy=0 is not known, but it
may be due to cross-relaxation
effects.

1
-0 o +l0
H, (kOe)

-20

to the modulator, to adjust the modulation to pre-
cise symmetry about linear polarization. As
pointed out in Sec. IIIE the lock-in detector is not
sensitive to the component of P oscillating at 50
kHz. Thus, for the purposes of this experiment,
the modulated beam is equivalent to a linearly
polarized one.

The results of a measurement at 7=1.6 °K on
the F center in KI are shown in Fig. 12. The ver-
tical scale was calibrated in terms of percent po-
larization by making reference to the signal pro-
duced by a thermal-equilibrium polarization.
Owing to the poor quality of the sample surfaces,
there was a rather strong halo of scattered light
surrounding the bright central spot on the sample.
Since this halo only weakly pumps those parts of the
crystal it passes through, it contains a large para-
magnetic signal. It should be possible to avoid the
effects of this halo on the signal by carefully
imaging the crystal sample onto the phototube sur-
face, and by masking off the image of the halo. Un-
fortunately, in the experiment whose resultis shown
in Fig. 12, the hole of the mask was too large.
Thus, most of the deviation of the curve of Fig. 11
from a straight line is probably due to terms like
the first of Eq. (36). Nevertheless, the experi-
ment does serve to put an upper bound on 1/7'§.
For example, at Hy=30kOe and at T=1. 6 °K, we
obtain 1/7'} < 1500/sec. Thus, even with this im-
perfect result, it can be seen easily that the ef-
fects on the optical pumping of spin-lattice relax-
ation in the RES are negligible at 1.6 °K.

An improved arrangement for these measure-
ments of T is in preparation. With it, it should
be possible to measure T over a wide range of
temperatures as well as field.

Note added in proof. Recently, Mollenauer and

T +20

+30

Baldacchini have calculated both the ESR line-
width AH and the ENDOR frequencies v, for the
RES in KI, on the assumption of a pure 2p wave
function of the form ¥=Ape™™ cosb, where p is the
radial distance measured in units of the lattice
spacing, and where the angle 6 is measured from
a [100] axis. They obtain an excellent fit to both
AH and the largest values of v, , for a value of
the parameter 7=0.33 (for 731, the calculated
AH increases as 7°/2; thus 7 is sharply defined by
AH as well as by the individual »,). Thus a very
diffuse wave function is implied, in good agree-
ment with the predictions of Fowler’s theory. %
Furthermore, essentially the same value of 7 cor-
rectly predicts the measured AH values for the
RES in KBr and KC1l. The question of admixture
of 2s into the RES wave function is also being con-
sidered, but preliminary results indicate that such
admixture will not radically alter the mean radial
extent of the wave function. Details of the calcu-
lation will be submitted for publication elsewhere.
Recent measurements of the angular dependence
of the ENDOR frequencies in KI are also con-
sistent with the above. That is, there are no mea-
surable shifts when the crystal axes are rotated
with respect to the magnetic field direction. It
should be remembered that the anisotropies in
the hyperfine interaction arise from ordinary
dipole-dipole terms, and that these become very
small for a highly diffuse electronic state.

Finally, rotation of the crystal axes with re-
spect to the magnetic field direction produces no
measurable change in either the g factor or AH
for the RES in KI. Thus the g factor is indeed
isotropic for the RES, and AH must be explained
entirely in terms of unresolved hyperfine split-
tings.
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A theoretical model of the F-center absorption band is described. From it are calculated
both the magnetic circular di’fphroism (MCD) and the spin mixing in the optical-pumping cycle.
Despite the fact that it is based on the sometimes doubtful adiabatic approximation, in general,
agreement with experiment is good. In particular, it shows that a moderately large MCD ef-
fect will be accompanied by a relatively small degree of spin mixing.

I. INTRODUCTION

In this paper two interrelated phenomena, as-
sociated with the optical pumping of F centers in
alkali halides, are investigated from a theoretical
point of view: the spin memory, and the magnetic
circular dichroism (MCD) of the absorption band.
These two phenomena have beendiscussed inlength
phenomenologically and experimentally in the
foregoing work,! henceforth referred to as I.

Therefore, we shall recapitulate here only those
facts and definitions that are required to make this
paper self-contained. For all details of experi-
mental observation and exploitation of these ef-
fects, the reader is referred to 1.

The MCD of the F absorption band in alkali
halides is rather large.?® That is, for right- or
left-circularly polarized light propagating along
the externally applied field H, (0* and o~ transi-
tions), the fraction f= (a* - a”)/(a*+ a-), where



