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Phase relaxation of photoexcited triplet spins in CaO

M. Glasbeek and R. Hond

{Received 19 November 1980)

Spin dephasing in the photoexcited 'B
I state of the F,'+ center in CaO is investigated using techniques for optical

detection of microwave-induced coherent transients. Measurements of the spin-echo decay were performed at
diAerent (low) temperatures and (low) magnetic field strengths. The spectral diffusion results give quantitative
support for a model in which the dephasing is due to random modulation of the dipolar coupling between the excited
S = 1 spins and F+-center spins of S = 1/2. A projection operator formalism is used to treat the dipolar-induced

dephasing. The theory also allows for the experimental determination of the F+-center spin-dephasing rate. It
appears that between 1 and 10 K the phenomenon of one-phonon assisted exchange narrowing occurs in the F+-
center spin ensemble;

I. INTRODUCTION

Since the early work of Mims et al. ,' there
have been numerous reports on the application of
electron-spin-echo techniques to the study of spin-
dephasing processes in magnetically dilute ionic
solids. In general. , spin-spin interactions are of
fundamental importance in the phase relaxation
mechanisms. They contribute to observed phen-
omena as spin diffusion, cross-relaxation, and
nuclear modulation effects. ' For ionic crystals
experimental efforts have, until recently, been
focused on systems involving electronic ground-
state spins only, thus leaving many important
questions regarding the spin coherence decay in
electronic excited states unexplored. Spin coher-
ence studies of excited states in molecular cry-
stals, on the other hand, have progressed rapidly
in recent years. Especially investigations on pho-
toexcited triplet states in organic crystals have
proved to be of great value for exposing many of
the details of intra- and intermolecular relaxation
processes. 4 This study was undertaken in an at-
tempt to obtain complementary information about
spin dephasing in excited ionic solids.

From an experimental point of view, an attrac-
tive feature of photoexcited triplet states is their
spin selective feeding and decay. As a conse-
quence, at zero field and under conditions of sup-
pressed spin-lattice relaxation, the spin align-
ment may become unusually large and therefore
be of considerable advantage in coherent micro-
wave spectroscopy. The detection sensitivity may
increase even more when the investigated system
allows for the use of optical methods for the de-
tection of microwave resonance phenomena. ' Dou-
ble-resonance techniques of this kind have recently
been shown to be of use in the study of photoex-
cited ionic solids. " In this paper we study one of
these systems in more detail, namely E,"centers

in their photoexcited 'B, state in CaO. In a pre-
liminary report, the major results have been
briefly discussed. ' Here we want to give a more
detailed account of the developed theory and the
exper-imental data obtained.

At the low temperatures of our experiments,
direct spin-phonon coupling does not contribute,
neither by T,- nor by T,-type mechanisms, to the
'B,-state spin dephasing (see below). Instead, the
triplet spin dephasing is determined by the pres-
ence of abundant E' centers in the lattice, with a
net spin of S=-'. These E' centers undergo ran-

2
dom spin flips which, by virtue of magnetic dipolar
interactions with the excited triplet spins, produce
a random modulation of the resonance frequencies
of the latter. However, the triplet spin angular
momentum when perturbed by a nonaxial symme-
tric crystal field becomes quenched in zero mag-
netic field, and hence it is anticipated that spectral
diffusion based on modulated magnetic dipolar
coupling is heavily reduced. Indeed, the phase
memory time of E,"centers in the '8, state at
zero field (T~=140 @sec) is at least 1 order of
magnitude longer than the electron-spin-dephasing
times ordinarily measured for Kramers spin
ensembles. Also, changes of the echo decay rate
as a function of an, applied external magnetic field
mill be of interest. Such effects have previously
not been considered although they are related to
those known in the field of nuclear magnetic res-
onance. '" Here the specific effects of a magnetic
field on the echo behavior of an electron-spin trip-
let will be treated in detail.

When the triplet spin coherence is determined
by the dynamics of fluctuating S= -' spins, one
usually distinguishes between T,—and T,-type
samples where reference is made to the dominant
dephasing mechanism in the S= —spin bath. It is
to be expected that at low temperatures and zero
magnetic field the T,-type processes are severely
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suppressed. The experimental procedures of this
work allow us to examine the role of pure dephas-
ing processes (i.e., of T, type) in the phase relax-
ation of the F'-center spin ensemble under such
conditions. %'e find as a main result, from tem-
perature- and magnetic-field-dependent measure-
ments, that in the region between 1 and 10 K, the
phenomenon of exchange narrowing takes place
within the E -center ensemble.

The paper is outlined as follows: In Sec. II the
theory is presented. For those readers not famili-
ar with the methods for optical detection of spin
coherence we briefly review the principles. Start-
ing from the Von Neumann-Liouville equation, the
equation of motion of the echo observable is de-
rived in a straightforward manner. An analytical
solution for its time evolution is obtained assuming
the validity of a statistical averaging procedure
and random modulation of the E'-center spin fre-
quencies. From the echo attenuation analysis a
number of experiments emerge. Details of the
experimental setup are given in Sec. III. The re-
sults associated with the experiments are pre-
sented and discussed in Sec. IV. This section also
contains the results from cross-relaxation and
spin-ordering experiments not dealt with before.
The data provide insight in the extent of thermal
isolation of the 'B,-state sublevels and their in-
volvement in energy-transfer processes.

II. THEORETICAL

A. Coherence formation

independent Hamiltonian [i.e., V(t) = 0 in Eq. (2.1}]
are labeled as n, p, and y with a level ordering
as in the inset of Fig. 1. By choosing the micro-
wave frequency ~= ~~„ far off resonance from the
n to P and the o. to y transition frequencies, we
obtain in the n, P, y basis

E. 0 0'
X= 0 E~ V~„ (2.2}

1' (f) = p8„+p„g ~ (2.3)

Here the density matrix elements are considered
in the interaction representation (as indicated by
the asterisk) and obtained from,

The zero-valued off-diagonal elements result from
rapid averaging out at frequencies far off reson-
ance. It is apparent that V causes a superposition
state, 1t=p

~
P)+q ~y). Coherence arises because

the off-diagonal elements of the density matrix
become nonzero: p~» p„~0, where p~„=pq*. Ex-
perimentally we obtain information about the spin
coherence from phosphorescence intensity changes
as induced by an applied microwave pulse se-
quence. For the probe techniques applied in this
work it can be derived' [see aiso the discussion
following Eq. (2.12)j that the optical intensity ef-
fects are described by the time behavior of a para-
meter, 1;*(t), which is expressed as

In an ensemble of two-level systems coherence
phenomena may be observed when the two states
P and y are strongly coupled by an intense reson-
ant radiation field and relaxation during excitation
can be neglected. For triplet spins the two-level
framework still holds as long as we consider the
situation that the difference in resonance frequen-
cies for the various possible transitions is very
high compared to the Rabi frequency. " Using this
approach we wish to find the operator associated
with the coherence observable for an ensemble of
identical triplet systems perturbed by a static
magnetic field. The spin Hamiltonian for each
triplet species is given as

R=-XS~ —YS~ —ZS2+gpqH S + V(t)=3co+ V(f),

(2.1)

where X, F, and Z denote the zero-field energies
in the spin sublevels, the magnetic field H, is ap-
plied along the molecular principle s axis, and

V(t) gives the time-dependent interaction between
the triplet state and the oscillating microwave
field. The stationary eigenfunctions of the time-
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FIG. 1. Optical pumping cycle for probing coherence
between the v» and v „spin levels of the E2' center B~
state in CaO. The triplet sublevel spacing is shown on
an enlarged scale. The inset depicts the level splittings
when a magnetic field is applied along the molecular g
axis; 9„ and $ are raising and lowering operators
for the transitions y g and g y, respectively.
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p*= UpU ',
where

U = exp(iK, t) .

(2.4}

(2.5)

Throughout this paper we work in units where h

=1. We now introduce the equivalent operator S,
for the coherence observable by writing

~,*=((S,*}),„=Tr(pS,*)= Tr(p*S,), (2.6)

S~+= U S~U. (2.7)

By equating (2.3) and (2.6) we obtain for the matrix
representation of S, in the n, P, y basis

000
$=00 1

0 1 0

(2 6)

Since the raising and lowering operators for the
spin transitions (cf. Fig. 1) are given by

000 0 0 0

S~, = 0 0 0, S„~= 0 0 1 (2.9)

.010. 000
etc, we also have

S~ = S~„+Sy~. (2.10)

n=(n„n„n, ) =((v,„+v„,), i(v,„-v„,), (z, -E„)).
(2.11b)

With neglect of relaxation the equation of motion
for the density matrix can be transformed into'

dr—=Oxf.
N

(2.12}

The result (2.10) will be of use in the formaltreat-
ment of the next section where the time develop-
ment of ((S,*})„under the influence of randomly
fluctuating perturbations is treated explicitly.
However, we first wish to briefly recall some of
the characteristics of coherence phenomena as
viewed in the Feynman, Vernon, and Hellwarth
(FVH) geometrical representation" in order to
facilitate visualization of the various experiments
of this work.

In the FVH model the precessional motion of a
"pseudo" magnetization vector r about a field 0
is considered. f and 0 are specified by their pro-
jections along three orthogonal axes (e„e„e,) in

abstract space as follows:

f'= (& & .& ) =((Py + Py8) i(Pwy Pyg) (Pgw P„)}
(2.11a)

The typical experiments of Sec. IV are the follow-
ing.

(i) OPtical detection of spin echo. Here the ap-
plied pulse cycle is w/2 7 -w -r -w/-2. From Eqs.
(2.11) and (2.12) the behavior of the vector r(t) can
now be constructed in the interaction representa-
tion. The first w/2 pulse causes a tilt of ~,* about
the e, axis over 90 into the e,-e, plane, whereby
the initially incoherent ensemble [P(0) = x,(0)] de-
velops into a coherent ensemble [r,*(t}&0]. In the
time interval from 0 to 7 a free-induction decay
occurs because not all of the spins have the same
resonance frequency (inhomogeneous broadening).
The n pulse restores the z,* component at 27
whereas the final w/2-probe pulse rotates r,*(2 T)

about e, until it is aligned along e, . In the
optical region this microwave pulse sequence is
accompanied by changes in the intensity of the
emission from the excited triplet state. These in-
tensity effects, however, can arise only because
of the difference in the emissive properties of the
P and y levels and the microwave-induced effects
on the population distribution among these levels
(i.e. , changes of the x, component). Changes in the

r,* and ~2 components, on the other hand, are not
directly reflected in the phosphorescence intensity.
For this reason the final w/2 pulse is applied,
which accomplishes a conversion of the coherence
component into the detectable z, component.

(ii) OPtical detection of sPin ordering. In this
experiment one wants to study the fate of a spin
ensemble of which the individual spins are aligned
in their own local field. The alignment (ordering)
is performed in the following way. ""A w/2

pulse rotates the. ~, component along e,. The re-
sultant x,* component is immediately spinlocked
to the microwave H, field by phase shifting the
latter over 90 . More precisely, the locking of
each spin packet is to its effective local field,
which j.s defined as the vector sum of H, and the
shift of the packet in the rotating frame, 4~,.; bco,.
is directed along e, [cf. Eq. (2.11b)]. By a gradual
reduction of H, to zero, the "pseudo" magnetiza-
tion of each spin adiabatically follows the reorien-
tation of the effective local field until it is aligned
aiong+e, (for bco&&0) or -e, (for Ate,.(0). The
ordered state decays"'" owing to spin-lattice re-
laxation, spin energy-transfer processes that in-
volve a limited local-field lifetime (e.g. cross-relax-
ation), etc. The residual ordering is measured in a
modified Hahn echo experiment for which the pulse
sequence is taken as (w/2, 0')-&-(w, 0 )-&'-(w/2, 90 ).
Reasoning as above, as a result of the first two

pulses, a transverse y, component is built up
with an amplitude that develops during the time
interval z' as the shape function of Fig. 11. A

plot of the peak to peak height versus the order-
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ing time 7'0 yields the characteristic spin-ordering
decay time.

8. Coherence decay

Several spin-dephasing theories have been ad-
vanced, "'""all of which treat so-called T, sam-
ples. The basic assumption is that random modu-
lation of the transition frequencies in the coherent
ensemble (consisting of A spine) arises because
of magnetic dipolar contact with 8 spins which in
turn undergo stochastic flipping due to spin-lattice
relaxation. Instead of applying the density-matrix
formalism as for T, samples, we prefer to pre-
sent the derivation in Liouville space because this
approach allows us to point out to what extent T,
and T2 samples can be treated on equal footing.

Here the specific situation is considered of the
A spins being in the excited triplet state, whereas
the J3 spins are S=-', spins in their electronic
ground state. The many-particle spin system is
chara, cterized by

The time development of the density matrix in
the A-spin interaction representation is given by

Q„=[* *]
where

(2.16)

U~ U-&+
&

U-& —U+AB U-&++B.&U
DD

for U= exp(iX,"t). Combining Eqs. (2.6) and (2.15)
yields

(2.16)

Tr(s [~s Ps])(
s(s+&

av

where

$~ = S~+S„~ .

(2.17)

(2.18)

Henceforth we will use the notation customary for
the operator representation in Liouville space."
%e write

(&if') = »(~'II),

X=XA+XAB+3:B
0 DD

where

(2.13)
A being the adjoint of A. Liouville operators op-
erate in a space spanned by Hilbert operators and
are written as

~A XSA 2 ySA 2 g SA 2+g ~ ~SA
A spina

(2.14a)

and

1 (- - Si(S„r„p)(S .r„))gAgBI B 3 I A B 2
+AB

(2.14b)

KB contains all the B-spin interactions except for
the coupling between A and 8 spins. Since X
comprises noncommutative terms, its spin oper-
ators are time dependent. They are considered
as being stochastically modulated and consequently
cause fluctuations in 3C DD.

6& = [6,&],

e- fetg &-$6tgei et

Thus Eq. (2.17) can be rewritten as~

~

~

s(s,*)
= f(s, ix*ip*).

av

With the introduction of the projection (super)op-
erator P, so that

ip)=I'ip)+(1-&) ip),

(2.19)

(2.20)

one obtains after some operator algebra, "the gen-
eralized equation of motion:

( ) =-t(S ~SS P(p")-i(S, ~tt*S(t, PH)-P)~Pr(P))- f St (S, ~K'(t)S(tt )('1 —P)tt"(t', )P'~(p (t')'I,
0

av (2.21)

where the propagator S(t, t') is

S(t, t')= r prp(-i f' Sr(t-P)tt"(r)tl
ti

(2.22)

and T is the Dyson time-ordering operator" which orders operators with greater time arguments to the
left-hand side. In the echo decay experiment we are interested in the time evolution of ((S, (t)}) . Projecav'
tion on a subspace defined by

I s,)(s, I

(S, IS,)

is therefore required. Immediately after the first w/2 pulse at t= 0 one has

ip'(0)) Is,).

(2.23)

(2.24)
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Substitution of Eqs. (2.23) and (2.24) into Eq. (2.21) leads to

(
t'g

dt'(S j&&'(t)S(t, t')(1 —I'}X'(t')I'
~
p*(t'))

at
(2.25)

In a Magnus expansion" the propagator S(t, t') is written as

S(t, t ) = T exp[-t(I -Z)Z(t- t )]=exp[-t(I -~)(X*+K+'»+X&'&+ )(t t )], (2.26)

where

R*=— X*. (7')d7', t, = t —t'. (2.27)
tc "O

X*'"' (the nth term in the Magnus iteration pro-
cedure) is here taken to be zero for n & 1 (i.e. , the
lowest Born approximation is applied). For t,» 7'„
7', being the characteristic correlation time of the
fluctuations that cause the time dependence of the
8 spine, X~ averages to zero and Eq. (2.25) be-
comes

where Z» is the direction cosine of r» with re-
spect to the z axis of the A spin fine-structure
tensor, z=gAH,'~E~ ', H,'=(8'„,+H', )'~', H„, being
the effective local field at A. -spin sites and, fin-
ally,

or in the n, P, y matrix representation,

1 0 0

)„=—f dl K(()((Si'(t 't))' (2.28)
S~= 0 -1 0

,0 0 0)

(2.32)

where the kernel

(S, i &(t)(I —P)X+(t ) l S,)
(S, I S,)

(2.29)

represents the memory function in lowest order.
E(t) may now be evaluated using Eqs. (2.16) and

(2.23}. Those terins in XBBB that do not commute
~ith K", are rapidly averaged out and thus need
not be considered in X*, only the secular part of
XABBB,XABBB(sec) is retained Also., we restrict our-
selves to nonresonant magnetic dipolar interac-
tions between A and 13 spine, i.e., we consider on-
ly [XO,XABBB(sec)]=0, but not the possibility of
[XO,XABBB]= —[XB,XABBB]=a (uoXABBB. The latter re-
lations are relevant to cross relaxation between A
and 8 spins. Special effects due to the resonant
coupling between A and 8 spins, as achieved for
certain values and orientations of the externally
applied magnetic field, have been observed in the
spin-echo decay behavior of the A spins and will
be discussed in a future publication. 23 As proved
in Appendix A, here XABBB(sec) simply becomes

~, Tr, [S„(t)S.,(t )] 1
(2.33)

where

1 38~ 8
AB gAgB PB + 3 (1 + &2)1/2+AB

ri„ is the number of A spins and Tr~ is the trace of
the unit operator in the subspace of a single 8 spin.
In the high-temperature approximation one has
X»kT, and the time autocorrelation function,
C B(t, t'), for the S,B operator in the canonical en-
semble of B spins can be written as

(t tr) Tr [ S (t)S (tr)] B[ gB( } sB( )]
rp

To calculate the memory function, K(t}, we as-
sume uncorrelated A and B spins for which the
many-particle spip eigenfunction is a simple prod-
uct of the individual A and B spin functions. %ith-
in this approach K(t) is readily calculated by sub-
stitution of Eq. (2.30) in Eq. (2.29). We find

X BB(sec)=gAgBiAB g, 2, &&
—

&- S~S B,
(2.30)

I

Therefore Eq. (2.28) becomes

(2.34)

(
—C (t, t')((S*(t )&}

~
'

(2.35)

At this point in the derivation one can distinguish
between T, and T, samples if the dominant mech-
anism (T, or T,}for the time development of
CB(t, t'} is known. As argued in Sec. IV, for our

I

system it is concluded that not only the A spins
lose coherence due to secular dipolar coupling
with stochastically varying 8 spins, but the same
is true for the B spins, i.e. , we classify the sys-
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tern as a T, sample. An explicit form for C~(t, t')
is difficult to assess without exact knowledge of
the origin and statistical behavior of the B-spin
resonance frequency modulations. For illustrative
pux'poses vie consMex' ln Appendix 8 the Rutocor-
relation function for the simplified case of ex-
change narrowing between just two B-spin aub-
groups having slightly different resonance frequen-
clea. In R more realistic model the pr04lem ls
complicated because of the continuous spread in
resonance frequencies and exchange scattering
rates. On the other hand, for the physically ap-
pealing situation where the &-spin frequency
distribution can be considered as Gaussian, it is
permissable to represent Co(t, t') by a single ex-
ponential decay provided ~„ the correlation time
of the B-spin fluctuations, is short compared to
the second moment of the spin-phonon interac-
tion. Hence assuming the applicability of the
,exchange narrowing limit we can write

C (t, t')=(S', (0)) exp(-R ~t t—')),

where (S',8(0)&= —', for S = -', & spins and A denotes
the B-spin dephRslng x'Rte. '

Now Co(t, t') has the functional form of a corre-
lation function in R Gauss-Markoff model. Note
that Markoffian modulation of the g-spin xeso-
nance frequency is not relevant when the g spina
dephase due to Heisenberg exchange interactions
since lt would leRd to Rn lnflnlte fourth moment
of the j9-spin spectral density. 2 However, for
the situation where spin-phonon coupling is re-
sponsible for dephasing, Markoffian modulation
of the &-spin resonances can not be excluded
Q PKSOXS

Oll the Rssllnlptloll tllRt tile decRy 1'Rte of (SI (t'))
is small compared to that for the B-spin autocor-
relation function in the interval 0& g' & 27', Eq.
(2.35) can be integrated to yield,

f 2&
@&a«s,"(s~&&&., sm(- g ""—' j s( s("(O~(('&~m( ((I( il& -=sm'-- Z "' —s(T&)

nx o o &3

wllel'8 8(t) is tile functloll illtl'odllced k&y KlRlldel'
and Anderson'6 which takes into account the phase
reversal at time & in the echo experiment, i.e.,
s(t) =+i for t & 1, and -l for t&1 and furthermore,

a(~) = 2fk-'{Z~ —[l —exp(-~~)] —' [l —e~(-Z~)]'] .

For dilgte samples in which the A and B spina
are distributed at random in the lattice, Eq. (2.36b)
can be further evaluated by invoking a well known
stRtlstlcRl RverRglng procedure

Rewriting Eq. (2.36b} yields
8 &V')/ng

&(S,*(27')»„oo
I

exp(- -', g„'8) . (2.3V)
A,

Both A and B spina may occupy any point in space,
thus a certain A-8 pair contributes on the average
to Eq. (2.3V}

(S„,&=~ — ' dV„, exp( —-' a„',) ~" '" (2.38)

I

k&ecRI188 tile A spill llRS R pl'obRk&llity de I&/V of be-
ing in a volume element dV„8. Evidently, (S„o&
is independent of which A spin we pick and hence,

(&s,(2~)&&„....&s.,&"~ = &s„,)" ", (2.39)

«s,*(2~))&„

i —— dV exp[- —, 8~8 fk(w)]
~o
n~

) nI&

dV{l - exp[- -,
' 8„'8 B(T)]] i

(2.40)

where do, the density of B spine, is equal to no/V.
Fol' 88 Rnd V Rpp1'oRchlIlg lllfillity ((Sl (2I )»ss be-

where n~ is the number of B spina involved in the
magnetic dipole-. dipole interaction with the A spina.
From Eqs. (2.38) and (2.39) we obtain

OO f'll

«s;(sr»&., axs{-sws, sr„, j( ss„~,', si~s„,((-~*s(-!4 s('&&&j.
I

we obtain the final result

(2.4l)

t dx[l —exp(-x')]=M&I

dco88 1 —3cos8 = 8 3 9,

&(s,*(2 )».,
8&3 g, , z,t, &&

dag~gI&tla( o)uo +(~) I.2'7 (1+8 )
(2.42)
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III. EXPERIMENTAL

Our experimental setup for measuring optically
detected magnetic resonance (ODMR) and spin
coherence transients has been described in a pre-
vious paper. ' Here we merely mention changes
and additional facilities.

Optical excitation of a yellow-colored single
crystal of CaO was by means of the 514-nm line
from a Coherent Radiation CR-5 Ar' ion laser.
To prevent unnecessary heating of the sample (this
being immersed in a He bath or mounted in a He-
flow cryostat), care was taken that the excitation
power did not exceed -25 mW. In experiments
where magnetic field effects on the total phosphor-
escence intensity were investigated, use was made
of superconducting Helmholtz coils which were
immersed in the He bath and fed by a regulated
power supply. Fields-up to -3 kG could then be
realized. By amplitude modulation of the applied
field (modulation amplitude was 5 6 at v-30 Hz)
and appropriate lock-in detection, the effects of
cross relaxation on the emitted light intensity in an
external field could be probed sensitively.

Optical detection of spin coherence transients
was essentially as before", only slight modifica-
tions were introduced in the modes for microwave
pulse generation and phase-sensitive lock-in de-
tection of the light changes. The block diagram of
Fig. 2 illustrates the components of the versatile
pulse generator we used for driving the p-i-n di-
odes in the microwave circuit. ' Prior to each
spin-echo or spin-ordering experiment, a transi-
ent nutation was performed in order to establish
the pulse width of a v/2 or v pulse. To this end
the p-i-n diodes were driven by pulses of 30-Hz
repetition frequency and of duration progressing
linearly with time. These pulses were obtained
from a monostable multivibrator which wa.s trig-
gered by the 30-Hz external reference of the
synthesizer and which released pulses of increas-
ing duration because it was swept by an analog
ramp (from 0 to 5 V at a rate of 0. 5 psec/V). The
light changes, induced synchronously with the res-
onant-microwave pulses, were phase-sensitive de-
tected and exhibited, as readily visualized within
the FVH model, oscillatory behavior. The first
extremum is observed when population inversion
occurs and determines the m-pulse duration time.

The echo-decay pulse sequence was obtained as
follows. The digital ramp of a Varian C-1024
time-averaging computer was used to sweep the
time separation between successive pulses from a
20-MHz clock oscillator. The resulting pulses
were fed into a programmable synthesizer which
consists of down counters and a series of mono-
stable multivibrators. Triggered at 30 Hz by an

PROGRAMMABLE
DIGITAL

RAMP
OSCILLATOR

L-J
20Mc]s

PROGRAMMABLE .. MODE
SYNTHESIZER SWITCH

TRIGGER

' FINAl

ANALOG ONE SHOT
RAMP(0-5y) 0.5PS/y rt

AND

TRANSIENT
NUTATION
PULSE

REPETITION FREQUENCY

REFERENCE LOCK- IN AMPLIFIER

ADD/SUBTRACT MODE

PROGRAMMABLE

PULSE

DISTRIBUTOR

P-I-N DIODE
DRIVERS

FIG. 2. Block scheme for the generation of the micro-
wave pulse sequences.

external oscillator, the counter selected a preset
number of pulses (n). In addition to these (n)
pulses, the counter released an envelope pulse
with overall width equal to the width of an (n)-pulse
sequence. The two edges of the envelope pulse
triggered Vr/2 pulses in one of the monostable mul-
tivibrators, whereas the n-pulse train triggered
n g pulses in another monostable multivibrator.
Finally, the pulses were combined in AND-OB
gates and distributed to the p-i-n diode driver of
a single microwave channel.

Especially for long times 27., one cannot use the
reference pulse of the lock-in amplifier as the ex-
ternal oscillator for the synthesizer because the
growing phase difference between the microwave-
induced nonequilibrium phosphorescence intensity
and the internal reference of the amplifier would
make lock-in detection meaningless. To circum-
vent this problem, the lock-in amplifier reference
was triggered synchronously with the final v/2
pulse of the synthesizer. Moreover, for long
pulse sequences 2v, population decay due to the
limited triplet lifetime (3 msec) will also contri-
bute to the echo decay. The measured echo-decay
signal was corrected for this effect by repeating
the experiment but now with the final rr/2-probe
pulse delayed by 1 p,sec. The echo decay obtained
in this way was subtracted from the previous one.
Eventually, signal averaging was performed by
accumulating alternately an "added" and "sub-
tracted" signal.

Spin ordering was obtained by an initial (v/2, 0')
microwave pulse followed by a 90' phase-shifted
spin-locking pulse which existed for about 100
p,sec, whereafter the microwave power was



PHASE RELAXATION OF PHOTOEXCITED TRIPLET SPINS IN. . . 4227

gradually reduced to zero (see inserts of Figs. 11
and 12). In these experiments the two phase-
shifted microwave channels were driven as fol-
lows. The 30-Hz external oscillator triggered
in the synthesizer two monostable, multivibrators,
one of which delivered the v/2 pulse whereas the
other produced a ~, = 100 p, sec pulse. The falling
edge of the latter was used to trigger yet another
monostable multivibrator. Depending on the type
of experiment (either detection of ordering, ef.
Fig. 11 or ordering decay, Fig. 12) the latter
multivibrator yielded a pulse of fixed duration or
a pulse of which the width could be swept contin-
uously. The trailing edge of this pulse triggered
an (RC) network connected to the p-i-n diode
driver of the 90' channel so that the driver was
loaded in about 100 csee. The e/2 pulse was
connected to the p-i-n diode driver of the 0' chan-
nel, whereas the 7, and HC pulses were connected
to the 90' channel. Finally, by means of a modi-
fied Hahn-echo experiment, using methods similar
to those described above, the ordering and its de-
cay could be detected.

IV. RESULTS AND DISCUSSION

A. Steady-state experiments

The magnetic and optical properties of the pho-
toexcited 'B, state of the F,' center in yellow-
colored CaO have been discussed recently. ' The
defect is characterized by two electrons trapped
at the sites of two neighboring oxygen anion vacan-
cies along a (110) direction of the fcc crystal. .
Figure 1 summarizes the main spectroscopic data.
On photoexcitation of the 8, level at liquid-helium
temperatures spin alignment is observed and
therefore spin-lattice relaxation can be ignored.
This and the selective radiative decay could be
employed when establishing the existence of spin-
spin interactions between F~' centers and abundant
F' centers (with S=-,'). The experiment is to
measure cross-relaxation (CR) effects on the
phosphorescence intensity for magnetic field
strengths where F", centers become resonant with
spin species of a different spin temperature.

Figure 3 shows the derivative of the intensity
changes of the no-phonon line corresponding with
the B,—'A transition at (683 nm) as a function of
H along the f010] crystal axis. Lines X and Y are
characterized by a o-polarized light increase and
a m-polarized light decrease, which shows that the
spin alignment among the P and y levels becomes
erased. The orientation dependence of the X peak
(ef. Fig. 4) is in agreement with a simulation for
CR between the '8, state and an S= —,

' species with
g=2. 000+0.001. F' centers are the most abun-
dant S=-', defects. Clearly the X peak can be as-

Q
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FIG. 3. Derivative of the variation in the phosphore-
scence intensity (detection wavelength 683 nm) as a
magnetic field H, along the [010]crystal axis, is
swept; 1' = 1.2 K. The sharp changes reflect cross
relaxation with E' centers.

signed to resonant coupling between F22' and F'
centers. Whereas the X peak in Fig. 3 involves
a single spin-flip transition in both spin species
(P- y in F,"centers vs --', -+-' in F'), the Y
peak is interpreted as a single spin flip in the F22'

center (P- y) and a simultaneous spin flip in boo
F ' centers. Multiple spin flips are higher-order
processes and their presence definitely reflects a
high F '-center concentration. This result, put in
a more quantitative basis in Sec. IV B, is of great
relevance to the observed exchange narrowing
phenomena discussed later.

B. Optically detected spin-echo decay

To observe spin coherence involving only the P—y transition of Fig. 1, a magnetic field along the
[010] crystallographic direction was applied of
large enough magnitude to resolve the transition in
normal ODMR. At lower fields where the micro-
wave responses of differently oriented F,' sites
overlap, the light changes associated with the P—y transition could be resolved by using a linear
polarizer in the detection pathway for filtering
L001] polarized emission. Spin-echo relaxation
curves were obtained by measuring the optical re-
sponse to a v/2-v-v-T-v/2 resonant microwave
pulsesequenceasafunctionof 2~. Illustrative re-
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FIG. 5. Optically detected spin-echo decay curves of
the Il2' center in Cao as monitored for the ( D E~ transi--
tion (at zero field) at 1.2 and 10 K, respectively.
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FIG. 4. {a) Directions of magnetic field, optical ex-
citation and detection with respect to the CaO crystal
main axes as used in the steady-state and spin-coher-
ence experiments. One of the six possible orientations
of the E~'-center molecular axes is also shown. (b)
Variation of the cross-relaxation peak (denoted as X in
Fig. 3) upon rotation of the crystal about the t001J
crystal axis (crosses denote experimental results).
Drawn curve is computed for the case of cross relaxa-
tion between the E~' center in its B~ state and an $ =2
spin species with g= 2.000 +0.001.

T-a (T g)-t ~ (2T )-t (4.2)

where T, is the spin-l. attice relaxation time asso-
ciated with population relaxation and T,* is the

cay curve attains a pronounced nonexponential.
shape. The plots of Fig. 8 express this in a more
quantitative way; as T is increased x increases
until at 10 K, x= —. Furthermore, T„, which to
a certain extent is still a measure for the phase
memory time, increases as T is increased, or in
other words, phase relaxation within the ensemble
of B, spins slows down as the temperature is
raised in the region from 1.2 to 10 K.

In considering the mechanism for dephasing we
first remark that in general

suits for various values of temperature (T) and
magnetic field strength (H, ) are present& in Figs.
5 and 6.

Phenomenologically, the echo decay curves could
be fitted to functions of the form,

E(27) ~ exp[(-2r/T„)*],

where E(2r) is the optically detected echo ampli-
tude measured as a function of ~, and T„ is some
characteristic decay time. The variation of T„
and x with H is shown in Fig. V. It is seen that
the phase relaxation appears almost exponential
in the presence of the magnetic field and also that
T„decreases by almost a factor of 4 when H is
increased from zero up to 60 G. From Fig. 5 it
is also noted that as T is increased, the echo de-

I-
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O
LU

400200100 300 500
2T{Psec)

FIG. 6. Optically detected spin-echo decay curves of
the E2' center in CaO as monitored for the p y transi-
tion at 0 and 50 6, respectively (T = 1.2 K).
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FIG. 7. Magnetic field dependence of the parameters
T~ and x as determined by fitting the monitored spin-
echo decay curves (for the 8 p transition at 1.2 K) to
the form exp f-(2g /T )"].

characteristic "pure" dephasing time. Remember
that T, and T,*, when determined by direct spin-
phonon coupling, ' wouM always show a decrease
on a temperature rise. Apparently the decrease
in Tz when T is increased from 10 K up to 15 K
(cf. Fig. 8) is due to the A-spin spin-lattice coup-
ling. However, experimentally a phonon-assisted
slowing down of T„ is observed upon warming
from 1.2 up to 10 K. Occurrence of this phen-
omenon eliminates direct spin-phonon coupling as
a (pure) dephasing mechanism; the result can only
be explained on the basis of exchange narrowing.
This conclusion is further substantiated in Sec.
IVC, where it is demonstrated that T, processes
do not take place during the '8, state lifetime on a
microsecond time scale. Thus it remains to es-
tablish (i) what transitions are involved in the ex-
change narrowing processes, (ii) how does the
coupling. to the phonon reservoir come into play,
and (iii) can we account for the observed effects of
T and H, in a more quantitative way.

One can conceive the lengthening of T„with T
to arise in a variety of ways. Firstly, the line
narrowing could result from the averaging out
of inhomogeneous broadening of only j,' triplet
spin transitions by either intra, - or intermolecular
dynamical exchange processes. For excited

10 120 2 4 6 8
&(K)

FIG. 8. Temperature dependence of the parameters
T~ and x obtained by fitting the experimental spin-
echo decay curves (at zero field) to the form
exp [- (27 /T )"].

molecular crystals, for instance, such exchange
phenomena were proved to be of significant im-
portance for spin dephasing. ~ Alternatively, the
E~' triplet spins could be magnetic dipolar cou-
pled to another spin ensemble, which in turn ex-
hibits motional averaging and which imposes a
random modulation on the dipolar interactions.
Again we use the argument of Sec. IVC where it is
proved that the individual '8, subl. evels persist for
at least milliseconds. Hence the 'B, state cannot
possibly be involved in rapid exchange processes,
and the former possibility can be dropped. Inde-
pendent proof for the latter (dipolar) coupling
mechanism is obtained from the analysis of the
drastic influence of H, on T„, as discussed now.

In the model the shortening of the echo decay
rate due to H, is represented by Eq. (2.42). To
determine whether this equation is followed the
observed echo amplitude decays were computer
fitted to the functional form, exp[-C(z)B(~)],
where B(7) is given by Eq. (2.36c). The proce-
dure yielded a set of two parameters, C(z) and 8,
as a function of the external variable H . Figure
9 plots the variation of C with H, as evaluated from
experiment. There is excellent agreement with
the behavior predicted by the model. Note also
the effect of H on R, the B-spin dephasing rate.
A best-fit simulation shows R ~H, .

A T, -type relaxation as the cause for B-spin de-
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phasing is highly unlikely since at the low temper-
atures of our experiments one would expect spin-
lattice relaxation to be controlled by direct (one-
phonon) processes leading to R ~ H' for S= -',

spins. 2' On the other hand, it is shown in Appen-
dix 8 for the special case that exchange is limited
to only two subgroups of B spins differing slightly
in resonance frequencies, that in the limit of rapid
exchange one has

FIG. 9. Magnetic field dependence of C(z) {full circles)
and g (open circles) at1.2 K, when the E2'-center spin-
echo decay curves are fitted to the form
exp [-C(z)p(7) ], where 9(z) is defined by Eq. {2.36c).
Drawn curves represent best fits, namely, C(z) ~ z/(1
+z ) and Rfx:H

20-
C ~40kHz

0, on the B-spin dephasing rate supports the idea
that B-spin dephasing arises due to modulated di-
polar interactions in the fast exchange limit. This
exchange mechanism, which characterizes the
system as a T, sample, is consistent with the an-
alysis of T„(A) as a function of temperature.

I et us first focus on Fig. 8, which illustrates
the slowing down of the A-spin dephasing as T is
increased. Consider now Eq. (2.42) in the foll.ow-
ing two extreme situations: (i) R7»1. In this
limit the time development of the A-spin echo is
approximated by E(27.) ~ exp[ —(2r/T~)'~ ']. From
the variation of the parameter x with T in Fig. 8
it is evident that this limiting case, which corres-
ponds to exchange narrowing of the A-B interac-
tion, is never attained. (ii) RT «1. Now Eq.
(2.42) reduces to E(2i) 0: expI-(2i/T„)'i'], i.e. ,
this functional form of the A.-spin echo decay is
representative of slow B-spin dephasing as com-
pared to (M,"~)' ', where M,"~ denotes the second
moment of the A spins due to magnetic dipolar
A-B interaction. Comparison with Fig. 8 shows
that the conditions of "sl.ow exchange" for the A-
B interactions are gradually approached upon
warming the crystal from 1 to 10 K. Apparently,
the slowing down of the A-spin dephasing is pro-
duced by a decrease in the B-spin dephasing rate
R. Such a decrease of R at increasing tempera-
ture reflects exchange narrowing within the 8-
spin ensemble, a phenomenon already arrived at

g2
(4.3)

18.

16-
where 5 is the resonance frequency difference be-
tween the subensembles and I' and y are explicitly
given by (see Appendix B)

't4-

(4.5)y= z P Tf&, f &T&zfl+ Tf~l~ )fl~+Tff 0

Here p labels the phonon states of density p and

T(&o) stands for the transitionoperator. "'" I" and

y denote the homogeneous width of ea,ch B-spin
packet and the exchange rate due to magnetic di-
polar interactions among B spins, respectively.
Since in the fraction on the right-hand side of Eq.
(4.3) only the numerator is magnetic-field depen-
dent (5~H,), it follows that the model predicts
R~ 0„ i.e. , the experimentally found effect of

)0-

4-

ii
i~ riiii

Il

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
T-~(K-~)

FIG. 10. Spin-dephasing rate (R) of the Cao I' ' centers
vs T between 1.2 and 10 K. Drawn curve is best fit
for Z =26.2T-'- l.l kHE.
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independently from observed magnetic field ef-
fects;

By fitting as before the measured echo decay to
the function exp[-CB(r)], but now for different
temperatures, we obtain the variation of R as
plotted in Fig. 10. It is seen that R appears in-
versely proportional to temperature. Such a be-
havior implies within the simple model of two
rapidly exchanging B-spin subgroups that Z' and/or
y are linear proportional to temperature. On a
series expansion of B-B dipole spin interactions
in phonon coordinates and application of conven-
tional phonon averaging and integration proce-
dures'o in Eqs. (4.4) and (4.5), one can readily
show that in the event of one-phonon assisted-ex-
change I' and y become linear proportional to
temperature. It is likewise to be expected that in
a more rigorous treatment where, in principle,
exchange is among transitions with a Gaussian
frequency distribution, that the effective rate for
one-phonon assisted exchange becomes inversely
proportional to temperature as well.

Finally, we. comment on the question of why ex-
change narrowing within the B-spin ensemble oc-
curs at all. The reason is the extremely small
inhomogeneous broadening the B-spin ensemble
would exhibit when this ensemMe is considered in
the limit that all dynamical processes are frozen
out. This is seen as follows. ' The numerical
analysis of the echo decay curves on the basis of
EtI. (2.42) yielded the B-spin density to be ds
=10"cm 3. As a result, the average dipolar
field experienced by each 8 spin is of the order of
-1 mG. In zero field this value would also be rep-
resentative of the inhomogeneous linewidth since
the contribution of strain broadening to the line-
width would be negligible. The latter is inferred
from the I ' center EPH linewidth in X band which
was determined as 0.2 6 at 4.2 K. Assuming the
high-fieM linewidth to be caused by an inhomogen-
eous spread (due to strain) in the B-spin g value,
one readily extrapolates a residual strain broad-
ening of -10 4 mG in the presence of the local di-
polar fiel.d. In summary, at zero field or low
fields, the inhomogeneous (static) broadening is
extremely narrow and therefore readily allows for
averaging out by dynamical exchange processes.

00 900

"/2 n "/2
1

0 0 90
I

— ', 2p,s-l-t'-

magnetization in the rotating frame (ADRF), while
detection of the phenomenon is done by applying a
(v/2, 0')-~-(v, 0')-v'-(v/2, 90') modified Hahn-echo
cycle. "

The building up of coherence along the e, axis
during the period 7' is representative of the or-
dering left at time 7"p after the ADHF sequence. A
typical profile, traced optically by the final
(w/2, 90')-probe pulse, is given for the v, ~, tran-
sition at 1.8VO GHz in Fig. 11. The signal was
obtained after spin-locking the system during 100
psec in a H, field of. 1.8 G; ADRF was completed
in 100 @sec, whereas the echo cycle (with ~=2
gsec) was started at 7o= 50 p.sec. Using the tech-
niques described in Sec. III, the variation of the
peak amplitude of the spin-ordered signal (the
maximum occurs for ~'=l. 8 @sec) could be
scanned as a function of ~, . Figure 12 shows the
optically detected ordering decay.

The transient decays exponentiall. y with a char-
acteristic time of T„~=3.0+ 0.3 msec at temper-
atures between 1.2 and 4.2 K. As a result, T„~
appears to be equal to the lifetime of the radiative
7. sublevel which was previously determirpd from

C. Spin ordering

In Sec. IV B it was argued from the x=~
power law for the echo decay that A-spin transi-
tions are not exchange narrowed. This conclusion
is confirmed by the determination of the lifetime
of the A-spin sublevels by means of spin ordering.
As discussed in Sec. IIA, the locking of the spin
to its own local fieM is achieved by adiabatic de-

0
Y'(p sec)

FIG. 11-. Optically detected spin-echo in the ordered
3B~ state of the CaOS'22' center as monitored for the
ID-EI transition at zero field, 2=1.2 K.
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FIG. 12. Optically detected spin-echo decay in the
ordered B~ state of the CaO E~' center as monitored
for the I D El trans-ition at zero field, 2' = l.2 K.

spin-locking experiments. ' Furthermore, after
nearly compLete decay of the r, level (at r, =10
msec) the intensity of the spin-ordered signal was
about one-half the initial value (at ro-0), whereas
the ordered signal could be fol.lowed for still much
longer v, values. These data confirm the previous
conclusions' that the nonradiative level, ~„., per-
sists much longer than 10 msec without contact
through spin-lattice relaxation to the 7 level.
Finally, the results prove unambiguously that
near-resonant exchange on a microsecond time
scale involving the '8, sublevels of the E.,' center
does not occur. Consequently, the observation of
the lengthening of the triplet spin-phase memory
time (see Sec. IV 8) must be attributed to a slow-
ing down of the dephasing of the B spins which act
as the stochastic perturbations for the A spins.

V. CONCLUSION

In this paper we studied the role of dynamical
spin-spin interactions in the spectral diffusion
process for E~' centers in their photoexeited 8,
state. It was demonstrated that dephasing within
the ensemble of excited triplet spins (called A
spine) results from dipolar coupling to fluctuating
S= z' spins of E' centers (which form the B spins).

The applied experimental techniques (optical de-
tection of spin coherence and spin ordering) al.—

lowed us to investigate the system in zero or 1ow

magnetic fields. Under these circumstances one
may reason that the A-8 dipolar coupling is sup-
pressed on account of the quenching of the triplet
spin magnetic moment in a low-symmetry crystal.
field. This effect was verified from the magnetic
field dependence of the A. -spin phase relaxation.
Furthermore, at low magnetic fields, one expects
a drastic reduction of T,-type relaxation of the B
spins and hence the B-spin precessional motion
to dephase predominantly by modulated spin-spin
interactions. Support for this hypothesis was ob-
tained from a detailed analysis of the A-spin echo
decay curve in the presence of a magnetic field.
We find R~H', which, as proved for a simplified
model, is characteristic of exchange narrowing
within the B-spin ensemble.

Coherence measurements as a function of tem-
perature give independent support for this explan-
ation. As the temperature is raised, a decrease
of the dephasing rate of the A spins was found.
Theoretical and experimental arguments show that
the phenomenon is related to a slowing down of the
B-spin dephasing (R ~ 2' ). The interpretation im-
plies the simultaneous effect of spin-spin interac-
tions and spin-phonon coupling of the 8 spins which
results in a one-phonon assisted rapid exchange
process.

To derive the secular Hamiltonian for dipolar interaction between A (S= 1) spin and B (S= —,') spins we

start with the Hamiltonian for the dipolar interaction between one A and B spin,

2

It„s= ", [S„„S„s(1-3X'„s)+S,„S„s(1—31"„s)+S,„S,s(1 —3Z'„s)-3(S,„S3s+S,„S,s)X„sY'„s
AB

'The spin operators for the A spin can be ex-
pressed in terms of the raising and lowering oper-
ators of the u, P, y basis as follows: Consider the
orthonormal set

(Al)

whe~e I+), I
—&, and I 0) are the ~n, = 1, -1, and

0 eigenfunctions of the S, operator. It is readily
shown that in the A, P, y matrix representation one
has

0

,a~+b~ ag+bg

6*

0
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S„= 1
" is 2

ag-bg

spectively (see also Fig. 13). By definition [cf.
Eg. (2.34)]

c,(f' f) = »[px(f')x'(i)],
b -a b~-ag 0

a~a~ —b b~ a~as-b~bg 0'
S,= aga„—b8b agag —bobg 0

where X equals the B-spin operator. Instead of con-
sidering Ce(t, f) directly we find it more conven-
ient to discuss its Fourier pair, I(ur). The spec-
tral density is given by

1
I(a&) =-

2m
«e *"'»[px(i)x']

Recalling the matrix representation for the raising
and lowering operators S ~, S~, etc. in the o., P, y
basis [see Eq. (2.9)], one obtains from comparison
with Eq. (A3)

S,= [(a„+b„)S y + (a*+bg)Sya
1

+ (a 8+ bs)S8&+ (a e+ be )S~8],

p+ OO

dr e'"' Tr[pXe 'f'Xt]
4 ao

1= ——Im Tr[pXG(&u)X~) .

In Eq. (82) use was made of the I.iouvillian I.,
which operates in Liouville space as'

(82)

S,= [(b„—a„)Say+ (ag —bg)Sya
1

i 2

+ (be ae)S—B~ + (a e —be )Sye],

(A4)
p(t) =e ' 'p(0), (83)

and the Green-function operator in Liouville space
defined by

S,= 2a~sa„Sa z+ 2a„*aeSBa + (a*„a„—b„*b„)S,, G(&u) = 1
(84)

where by definition in the +, P, y represeritation

1 0 0

S,= 0 -1 0

0 0 0

It follows that only

S,„=(a)a —blab )S,„
is commutative with X,", and therefore

2

'r AB

(A6)

(AV)

where it is assumed that II, is high enough so that
the B spin is also quantized along the A.-spin prin-
ciple molecular z axis. For a static magnetic
field, H„solution of the secular equations yields

To evaluate matrix elements of G(co) we follow
the procedure of Ref. 2V.- There it was argued
that f(&u) of Eq. (82) can be rewritten as

(85)

t=l +J,G t, (86)

in which L, denotes the Liouvillian representative

where the doubl. e angular brackets indicate repre-
sentation in Liouville space, p= p'p~ where p' and
p' denote the density operators for the B spin and
bath states, respectively, 1.0 is the Liouvillian for
the ensemble of isolated B spins and (i) is the
thermal average of the full transition superopera-
tor where the latter satisfies

Z
aaaa —baba =

( 2)i)2 ~
he A

1+z (AS)

in which z =g„(H'„, + H,')'~' ~E ~
'. As a result we

obtain
'2

b~e(sec) = g&g&p~ z
2 ly2 sASa'B(1 3+ AB) 'r ~~ 1+Z

(AS)

APPENDIX B

Here we derive that the correlation function
Ce(t', t) is a single exponential decay function for
the simplified case of phonon-assisted rapid ex-
change between two B-spin subgroups with closely
spaced spectral transitions i —f and i' —f', re-

B-spin) B-spin 2
FIG. 13. Illustration of the level scheme for one-

phonon assisted exchange between two nonresonant B
spin s.
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for the interactions of the B spins with themselves
and the phonon bath. For the case of interest here,
namely exchange between if and i'f' transitions,
the Liouville space is spanned by

B-spin ensemble: p' = p',.p', , . With these asser-
tions Eq. (85) is reduced to

(88)

(87)

where the Hilbert operators operate in the pro-
duct space formed by the eigenstates of the two
exchanging B spins (see also Fig. 12) and the
phonon state vectors.

F«»mplicity we take &fl)lit&=(f Iyli') =)tt
and also we assume that initially only the i and
i' states are occupied in the otherwise incoherent

where g„,„=«ah Iglcd», g=((u- I,,—&t&) ', and
the summation is over all possible (four) matrix
elements using the set of (87).

Consider now the matrix (g} in the (1, 2) basis
using the notation ll&) = lif)) and I2&) = Ii'f')):

~ (u —(u . ..—&t& «&,. Detl -'I
(d —Mt —&t) ~~ (89)

where Det lg '
l

stands for the determinant of the
g"' matrix. Introduce

fg}=
~0 —~22+ 2r22

~2i+2y. ~

&i2+2yi2

+0 Ox' +2r
Bet Ig-'I . (810)

As discussed in Refs. 2V and 29, I'» and y» can be expressed in terms of matrix elements of the transi-
tion operator in Hilbert space. . We obtain after an elaborate calculation in the limit that u = +& Mf,

p l&f 'f
I T(,) lkk't '&I'6(, — . ..+ )

p, p';kk'P'&f i' P

pt p';kk'p'& j j'p
p~l&ii'P

I
T(&u, ) lkk'p'&I'5(~, , -~„,, + &a~&)

(811)

where &u, =
&ut + &u, , + &u&, ur, = &u,. + (u, , + &~, and T(v)

equals the transition operator in Hilbert space
which satisfies

(~W V'4

t "0 if'p( t'D 'i'D t 'P, fi p)'' (814)

T= V+ VGDT ~ (812)

I'„=~ Q p, l&fi'P
I T(&,) lif'p'& I'6(&t; —4&~; + &„).

(813)

This expression is contained in the first summa-
tion on the right-hand side of Eq. (Bll) and re-
presents the broadening of the if transition due to
exchange between ll)) and I2)). Within the same
approximation r» can be calculated. The result
is r„=r„-=r.

Similarly, we find

Here V includes terms that represent the magnetic
dipolar interaction between the exchanging spins
as well as the spin-phonon coupling for each se-
parate B spin.

Under the assumption that all intrgmolecular
relaxation processes (of T, and T, type) can be
excluded we obtain for

Note that off-diagonal elements in (g}occur only
if the magnetic dipolar interaction simultaneously
effects exchange and anisotropy in the scattering
by the B spins. With the aforementioned assump-
tions and neglect of the exchange-induced shifts
in the resonance frequency, (g}can be written as

2 2y

c (t', t) ~ e p(x-R
I

t' —t
I ),

where the dephasing rate A is given by

R = 6'/(r+y) .

(816)

(817)

2y M —Q)0 —5+2r~

where 5=(&u&,. —~t, )/2. Assuming the limit of
rapid exchange, i.e. , y'= 1'» 5' one can finally
show that I(&u) approaches

6'/(F+ r)
((u —(u,)'+ [6'/(1 + y) j' '

Equivalently, the autocorrelation function which is
the Fourier transform of I(~) is obtained as
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