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Spectral diffusion from stimulated spin echoes of phosphorescent Fzz+ centers in MgO
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Nonstationary spectral diffusion is observed for Fz + centers, in MgO, in the photoexcited 8~„
state by means of optically detected stimulated-echo-decay experiments. It is discussed that two dif-
ferent spectral diffusion processes can be probed for the photoexcited E2 +-center triplet spins. In
addition to the recently reported diffusion due to time-dependent A8-spin interactions, we report
here a slower spectral diffusion process that is attributed to a migration of optical SI„-'A~ transi-
tion energy or electron tunneling processes in the MgO host.

I. INTRODUCTION

Phase and energy relaxation of optically active ions or
defects in solids are studied to better understand the
mechanisms for radiative and radiationless transitions, en-

ergy transfer, or photoinduced charge transport. ' To el-
iminate the effects of inhomogeneous broadening, which
in the condensed. phase usually far exceeds the homogene-
ous linewidth, powerful pulse techniques have been
developed which allow us to examine directly in the time-
domain population relaxation ( T& type) and pure or phase
relaxation ( Tz type). In the particular case of photoexcit-
ed triplet states, considerable work has been done using
techniques for the optical detection of spin-coherent tran-
sients; for excellent reviews regarding recent studies on or-
ganic molecular crystals and systems of biophysical in-
terest see Refs. 2—4.

In recent years, triplet-spin coherence has also been ob-
served for photoexcited color centers in ionic solids. '
In the experiments, a coherent superposition state is creat-
ed by means of a high-power microwave pulse resonant
with one of the possible triplet-spin transitions; coherence
persists during the time the pulse-induced molecular mag-
netic moments oscillate in phase and are well defined.
Much attention was given to the problem of irreversible
relaxation of the coherent state, or equivalently, the mech-
anism responsible for homogeneous broadening.

It was shown, ' that the probed spins (called A spins)
exhibit dephasing because of magnetic dipolar contact
with fluctuating neighboring spins (referred to as 8 spins).
Under the influence of the 8 spins, A spins experience
local-field fluctuations which spread out the A-spin fre-
quencies (spectral diffusion). Concomitant with this spec-
tral diffusion, the A spins undergo in phase space
random-phase excursions which effect phase relaxation.

As detailed later, it is useful to distinguish between sta-
tionary and nonstationary spectral diffusion. Illustrative
manifestations of the latter have been measured in fluores-
cence or phosphorescence line-narrowing experiments '

and in stimulated —spin-echo —decay (SED) experiments. '

Typically, in these experiments one is able to directly
probe the redistribution with time of optical or microwave
excitations that results from energy transfer. On the other
hand, when steady-state conditions prevail and the spec-

tral distribution function is time independent, the tem-
poral effects in the frequency domain are said to be sta-
tionary.

In this paper we report on a nonstationary spectral-
diffusion process involving triplet-spin excitations of pho-
toexcited color centers. We focus on stimulated —spin-
echo decays as measured for Fz + centers in MgO in the
photoexcited B~„state."' In discussing the SED re-
sults, a comparison with our previous spin-dephasing
data is included. We will argue that, whereas the dephas-
ing occurs due to spin-spin interactions in the stationary
diffusion regime, the spectral changes responsible for the
SED originate in a different (nonstationary) spectral-
diffusion process. Most probably, for this (slower) process
transfer of the optical excitation energy of the 8&„state
or electron tunneling is involved.

The phase-relaxation dynamics for the Fz + (MgO)
system in the Bj„state was previously analyzed using a
memory-function formalism. To discuss the relationship
between the SED results of this work and the Hahn-echo
results obtained before, it was thought useful to briefly
reproduce the main features of the memory-function ap-
proach (Sec. II). In this section the conditions for measur-
ing a decay of the stimulated-echo signal are indicated
also. In Sec. III, the experimental part, we have included
for those not familiar with double-resonance spin-
coherence techniques, a brief overview of the experimental
methods used in this work. The results and their discus-
sion are presented in Secs. IV and V.

II. STATIONARY AND NONSTATIONARY
SPECTRAL DIFFUSION

Measurements of zero-field spin transitions involving
alkaline-earth —oxide F2 + centers io the 8&„state have
revealed linewidths of about 10 MHz full width at half
maximum. " Spin-echo —decay measurements under simi-
lar experimental circumstances, typically yield decay
times varying between 150 and 200 ps at liquid-helium
temperatures. Clearly, the magnetic resonance transitions
are inhomogeneously broadened. Most likely, the inho-
mogeneous spread in the resonance frequencies is caused
by the interaction of the photoexcited triplet spins with
randomly distributed static strain fields in the host crys-
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tal. In zero field the triplet-spin angular momentum is
quenched. This quenching is (partially) lifted upon the
application of either a static magnetic field or a resonant
microwave radiation field. It is due to this unquenching
that the S = 1 spins become affected by the randomly
fluctuating 8 spins.

In the echo experiments of interest here, the irreversible
decay of a (pseudo)magnetization component S, is fol-
lowed. S& comprIses the magnetic-moment contnbutIons
of a collection of inhomogeneously dispersed isochromats.
Actually, since in the echo pulse cycle inhomogeneous
broadening effects are eliminated, the fate of each indivi-

dual S&; is traced (S~; denotes the magnetization due to
the ith isochromat). In general, S&; is due to A spins with
identical microwave resonance frequencies 0;, i.e., these
A spins are subject to similar secular strain-induced shifts.
At the same time, these A spins may still be different in
that the spatial arrangement of the surrounding 8 spins
may show some variation. In the following, it is advanta-
geous to first consider the time evolution of the echo am-
plitude due to a subset (k) of identical triplet (A) spins for
which the resonance frequency Q; and the surrounding
8-spin configuration are similar. Then, it can be derived
that

In Eq. (1), S~;„(r) is the transition moment characteristic

of the subset k in isochromat i, viewed in a frame rotating
at frequency 0;; s(t) is a step function reflecting the
changes induced by the microwave pulses in the SED ex-
periment, i.e., s (r) = 1 for 0 & t &~, s (r) =0 for

&rt & (~+ T), and s (t)= —1 for t & (v +T), where r and
T specify the conditions of the SED experiment as ex-
plained in Sec. III. K&(t t') repres—ents the (i,j)th ele-

ment of the triplet-spin memory tensor, where it is noted
that the diagonal elements, according to the second
fluctuation-dissipation theorem, are related to the auto-
correlation function of the 8 spins.

Obviously, the dynamical details of the spectral-
diffusion process are contained in the time behavior of the

memory-function tensor K. For example, the off-
diagonal elements, IC,J. for i&j, are characteristic of cross
correlation between different isochromats, and thus are
the cause for nonstationary diffusional effects in the time
domain. On the other hand, when all nondiagonal cou-
plings (including those among the A and the 8 spins) are
omitted, one obtains the time behavior of the A-spin mag-
netization in the stationary diffusion regime. As a matter
of fact, in this stationary limit, and taking T =0, exact
solutions of Eq. (1) could be obtained assuming a monoex-
ponentially decaying memory function. %'e remark that
the stationary regime will prevail in two limiting cases.

In the first, the so-called slow-exchange limit, the
characteristic 8-spin relaxation rate R is small compared
to the AB interaction strength A. Here 6 denotes the
square root of the second moment of the A-spin resonance
due to the AB-dipolar interaction. For the slow-motion
limit it was calculated that a line splitting in the A-spin

spectrum results, the splitting being characteristic of b, .
Moreover, the split lines were shown to be broadened due
to the relatively slow 8-spin reorientations. Thus, in the
limit where b, /R »1, exchange effects are negligible and
the dephasing rate (as, e.g., measured in a Hahn-echo ex-
periment) of the A-spin subset k will be of the order of R.
This approach was taken when discussing the spin de-
phasing of photoexcited Fz + centers in CaO, although to
obtain the expression for the echo decay observable in this
case an additional averaging over all possible 8-spin con-
figurations, (S&; (2r))k, had to be performed. Now

when we allow for dynamical exchange between the inho-
mogeneously dispersed A-spin resonances due to 8-spin
flippings (but retain 6/R & 1), the nonstationary regime
applies. The additional phenomena that may arise when
performing a Hahn-echo experiment in this regime, were
extensively discussed in our previous paper. Independent
evidence for a nonstationary diffusion process is obtained
in a stimulated-echo (SE) experiment. When the SE am-
plitude decays on a time scale much shorter than that cor-
responding to the population relaxation of the resonantly
coupled spin levels, nonstationary spectral diffusion is
present. To describe the SED quantitatively, complete
knowledge of the A-spin memory-function tensor K(t) is
required. Most often, such detailed information is lack-
ing, although recently a spectral-diffusion model was
presented which basically includes the effects that derive

from the off-diagonal elements of K(t).'" For all practi-
cal purposes, the phenomenological approaches developed
a long time ago' ' are most useful. In these approaches
expressions were derived for the coherence decay when as-
suming a functional form for the diffusion kernel in a
number of cases; in the SED experiment the Fourier
transform of this diffusion kernel is measured.

Finally, we briefly consider the other limiting situation
for which the spectral distribution turns out to be station-
ary. As already discussed in detail elsewhere, for
5/R «1, the A8 coupling is averaged out (fast-exchange
limit) and the Hahn-echo decays with a rate on the order
of dP/R. The 8-spin motion is so rapid that one might
say that the 3 spins within the subset k, almost instan-
taneously after the first microwave (m/2) pulse, have
traversed all frequencies invoked by the A(ik) 8 interac-

V (

FIG ~ 1. Grating pattern as induced ln an inhoIIlogcneouslp
broadened A-spin resonance line using a m/2-~-m/2 microwave
pulse sequence.
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TABLE I. Main spectroscopic properties of the (two-electron) F22+ center in MgO.

Host

MgO

Absorption
(nm)

360

No-phonon
emission

from triplet
state
{nm)

419
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structure
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(MHz)
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E

i
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Orientation
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x
i /[001]

y ll[11o]
z/ /[110]
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of

radiation

&x 3'
X

rz

Lifetime
at

1.2 K

12.5 ms
27.5 ms
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tion. As a result, long before the time y (when the second
pulse in the SE pulse cycle is applied), a stationary spec-
tral distribution is reached. For our later discussion (cf.
Sec. V), it is important to note that the mere existence of a
stationary spectral distribution within the 3-spin ensem-
ble does not preclude the observation of a SE signal. The
grating pattern imposed upon the inhomogeneously
(strain-) broadened A-spin spectrum [as produced in the
SE experiment by the application of two subsequent n./2
pulses separated in time by y (see also Sec. III)] remains,
even though the motional narrowing limit may apply for
the AB-spin interactions. The 8-spin fluctuations, when
they give rise to the fast-exchange regime for the AB cou-
pling, can never lead to a decay of the SE signal, however.

III. EXPERIMENTAL

MgO are summarized in Table I.
To outline the meaning of the various pulse steps in the

spin-coherence experiments of this paper, the use of a
Feynman-Vernon-Hellwarth (FVH) picture is con-
venient. ' In the FVH model a "pseudo" magnetization
vector r is introduced in an abstract space with orthogo-
nal axes (e~,e2, e3) so that

r =(yl & y2& y3) =((ppy+pyp)y & (ppy pyp)y (ppp pyy))

where the latter denote elements of the density matrix p of
the triplet spins in the basis

~
a),

~
P),

~
y). Coherence

arises when the off-diagonal elements of p become
nonzero (ppy, py~0) or, equivalently, when r& or r2 are
nonzero. The behavior of r is visualized geometrically
from

A. Introduction

dl =Q)&r,
dt

(2)

As already noted, in a stimulated-echo (SE) experiment
a grating pattern is imposed upon an inhomogeneously
broadened 3-spin resonance line, and essentially one mea-
sures what is left of the grating after some time T (Ref.
10) (also see Fig. 1 and below). The grating pattern be-
comes (partly) erased due to nonstationary spectral dif-
fusion and/or population decay out of the resonant 3-
spin levels. A convenient way to distinguish between the
two possible contributions is to study the system by vary-
ing the periodicity of the grating. Certainly, one can not
expect that when population decay determines the SED
rate this rate will change when the grating periodicity is
changed. On the other hand, when spectral diffusion is
the determining factor for the SED rate, it is anticipated
that the observed SED rate will depend on the periodicity
of the frequency grating. The reason is that the diffusion
kernel associated with the spectral-diffusion process ex-
hibits a spectral dependence, i.e., the probability for a fre-
quency jump of hco in frequency space depends on b,ro it-
self.

In MgO, the F2 + center consists of two electrons
trapped at two neighboring oxygen anion vacancies, along
a [110]direction. The electronic structure of the defect is
analogous to that of the H2 molecule. Following optical
absorption at 360 nm, a singlet state that is derived from
the I s2p configuration is excited. Subsequent (spontane-
ous) intersystem crossing populates the phosphorescent
B&„ level for which the intrinsic magnetic and optical

properties have been studied in detail. "' Some of the
principle spectroscopic properties of the F2 + centers in

where Q is specified by

Q =(Q),Q2, Q3)

=((&py+ &yp), I(&py —&yp), (Ep Ey)), —

Vbeing the time-dependent interaction between the triplet
state and the microwave field of frequency co pumping the

~
P)~

~ y) transition. Noting the analogy between Eq.
(2) and Bloch's equation of motion in magnetic resonance,
one readily infers under what conditions the coherence
component r&, which is equivalent to the S~ magnetiza-
tion mentioned earlier, is created. For the F2 + center in
the phosphorescent 8&„state, the so-called "probe"-pulse
method was applied to obtain the desired SED behavior.
In particular, the microwaves [of frequency co =copy
=(Ep Ey)/fi] were p—ulsed in the sequence given by
n /2-y-m/2- T n/2 y m/2. The -mea-ni-ng of this sequence
follows from the FVH picture. The first n/2 pulse.
creates, for the F2 + triplet spins, a St magnetization
which rapidly decays into a disk of phase-dispersed iso-
chromats. At time r (which is shorter than the charac-
teristic phase memory time TM), the second ~/2 pulse
causes a tilt of all isochromat moments over 90'. A net
vertical magnetization results, the amplitude of which can
be regarded as the superposition of weighted contributions
of the individual isochromats. The weighting factor is
determined by the time lag between the first two m/2
pulses and gives rise to a grating of the 3-spin line, as il-
lustrated in Fig. 1. The residual grating after a time inter-
val T gives rise to a stimulated echo at the time 2~+T
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when a third Ir/2 pulse at r+T is applied. Finally, the
echo is probed optically by restoring the coherence corn-
ponent Si(2r+T) along the vertical axis in the FVH
frame by means of the final Ir/2 pulse. In this way, the
coherence is converted into an optically observable popu-
lation difference between the resonant r, and r„BI„sub-
levels.

As will be discussed in Sec. V, our SED results as a
function of w prove unequivocally that spectral diffusion
occurs in the nonstationary diffusion regime. It will be
shown that the A spins, due to this diffusion, undergo rel-
atively small frequency jumps (of the order of a few tens
of kHz). This result is in agreement with the outcome of
a number of additional spin-coherence experiments. In
these experiments the system is studied from a somewhat
different point of view, as indicated briefly now.

In an optically detected spin-locking experiment, a spin
coherence SI(I) is formed which is locked to the mi-
crowave III component by phase-shifting the III field
over 90' in the rotating frame. ' ' Of interest then is the
decay with time of the field-locked spin coherence. The
decay arises due to either a Ti-type relaxation process or
a spectral-diffusion process. In case of the latter, only fre-
quency pumps larger than the precessional frequency asso-
ciated with the locking field are effective. In a spin-
ordering experiIDent the spins also become locked, but in a
different fashion. Now, the spins are locked to their own
local strain field in the crystal (by means of the technique
of adiabatic demagnetization in the rotating frame ' ).
Decay of the spin-ordered state arises from TI relaxation
or spectral diffusion, as in the spin-locking experiment,
but now the diffusion process requires frequency jumps
larger than the typical local-field values.

B. Samples RQd iIlstrQICIltal

Single crystals of additively colored MgO were the
same as those used previously. "' The samples (cut from
a single boule) contained a total anion-vacancy concentra-
tion of the order of 10"/cmi. The crystal was mounted
inside a slow-wave helix 1IDIDciscd in a Hc bath. TcID-
peratures down to 1.2 K could be obtained by controlled
pumping of the helium. For measurements in the range
from 6 to 12 K, we used an Oxford Instruments He-flow
cryostat. Light from a 100-W high-pressure mercury
PEK lamp filtered by a water-cooled Schott UG-11 band
pass filter was shone through the quartz windows in thc
cryostat onto the MgO crystal. The phosphorescence em-

itted perpendicular to the excitation pathway-was focused
on the entrance slit of a Monospek-1000 grating mono-
chromator. For photodetection an RCA GaAs photomul-
tiplier tube was used. The detection wavelength was
c11oscll Rt tllc maximum of tllc p11olloI1-side bRIld of tllc
E~ +-center emission at 435 nm. '

Microwaves generated in a HP 86908 sweep oscillator
unit outfitted with a (2—4)-GHz backward wave oscillator
were amplified by a 20-W Varian Associates traveling-
wave tube (VZC-6961). The microwaves were coupled by
coaxial lines to a semirigid cable in the cryostat, which at
its cnd sUpportcd thc helix. MicI'owavc-pulse tI'ains werc
obtained by the appropriate switching of p-i-n diodes in

thc microwave ciI'CUit.

The pulse sequence for the p-i-n diodes was delivered
by a home-built pulse generator described in detail else-
where. The generator also provided the reference pulse
for the Princeton Applied Research lock-in amplifier.
The lock-in —amplifier output was fed into a Varian Asso-
ciate C-1024 CAT device for which the time base was
synchronized with the scanned decay-time interval. The
stimulated-echo-decay experiments were performed apply-
ing a m. /2-r-Ir/2- T Ir/2 -r Ir/-2 -pulse cycle at a repetition
rate of approximately 10 Hz, the microwave frequency be-
ing set resonant with the

I
D

I
-

I
E

I
transition at 2

GHz. Prior to the SED experiment, the ~/2-pulse dura-
tion was deter ned in a ~rans~ent ~utat~on experiment
which monitors the phosphorescence-intensity changes as
a function of the microwave-pulse length. '

In thc SED expef iIDent, changes in thc E2 -ccntcr
emission associated with a variation of T were detected
for a constant value of the parameter r. Spin-locking was
detected through the use of the probe-pulse method again.
Now, the microwave-pulse sequence is Ir/2-90'-rl-90'-
Ir/2, where rl denotes the lock time and a different nota-
tion is used for the pulse length (Ir/2) and phase shift
(90 ). Spin ordering was achieved by adiabatic demagneti-
zation in the rotating frame, i.e., by an initial (Ir/2, 0 )

pulse followed by a 90' phase-shifted locking which lasted
about 100 ps, after which the microwave power was gra-
dually reduced and the spin-ordered state was obtained.
DctcctloI1 of residual ol dcring Rftcl R tlIllc 1 0 was pcl'-

formed by applying a (Ir/2, 0')-r-(Ir, 0')-w'-(Ir/2, 90') cycle
which pioduccs a dcrivativclikc signal when r is
scanned. Via measurement of the signal amplitude as a
function of ro, the characteristic decay time of the ordered
signal was obtained. Finally, to measure the lifetimes of
thc individual Bi„sublcvels, wc Used the Imcrowavc-
induced delayed-phosphorescence (MIDP) technique first
introduced by Schmidt et al.l The method allows one to
determine the population decay rate of thermally isolated

T =120ps
Temp= 1.2 K

+

1
N

0 2 4 6 8
T(ms)

FIG. 2. Optically detected stimulated-echo decay as observed
for the I 22+ center in MIO in its photoexcited 'B~„state at 1.2
K usIng R m/2-w-m/2-T-m/2-w-m/2 pulse cycle (10 Hz) mth
v=2. 319 GHz Rnd &=120 ps. Drawn curve is monoexponen-
t,ial f1t vAth R chafacteAstlc decay time of 1.15 Is.
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stimulated-echo amplitude (after correcting for the population
decay out of the v„and ~, sublevels) as a function of the inverse
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transition of
the E2 + center in MgO in its photoexcited B&„state. Error
bars are representative of the variation in ksE as allowed for by
the noise in the SEB signal.

emissive and nonemissive substates. By mounting a
chopper in the exciting-light pathway, the B~„state was
populated by light pulses and allowed to decay completely
in the dark period. During the dark period, a microwave
pulse saturating one of the B~„-state spin transitions was
applied, and the phosphorescence transients brought about
by these pulses sampled by a Varian Associates CAT
averaging device. The average output was fed into a
HP98258 computer, and digitized for further analysis
and data processing.

IV. RESULTS

A. Optically detected stimulated-spin-echo decays

Stimulated-spin-echo decays were obtained for the
F2 + (MgO) centers in the B» state. As an example, in

0 10
I

15
(ms)

I

20

FIG. 5. Optically detected spin-locking decay at 2.319 GHz
and 1.4 K for the E2 + center in MgO in zero field. Brawn line
is monoexponential fit with ~dozy:20 ms.

Fig. 2 we present a SED obtained for the r,~~„zero-field
transition at 2.319 6Hz, for r= 120 ps. The drawn curve
is the best fit; the experimental decay is monoexponential
with a time constant of 1.15 ms. As discussed later, the
decay of the stimulated-echo signal as a function of T is
primarily due to nonstationary spectral diffusion. Sup-
port for this is obtained from another observation, namely
the variation of the SED rate when the periodicity (1/r)
in the grating of the inhomogeneously broadened optically
detected magnetic resonance (ODMR) line is changed.

Figure 3 presents a log-log plot of the rate constant ksE
as a function of r, where ksE is the rate constant after
correcting the SED for the population decay out of the r„
and r, sublevels. Error bars are representative of the devi-
ation in the decay rate constants allowed for by the noise
in the measured decays. Reproducibility of the data and
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FIG. 4. Rate constants as obtained for the optically detected
stimulated —spin-echo decay for the E2 + center in MgO at
2.319 GHz and 1.2 K as a function of the strength of a small
externally applied magnetic field along the molecular z axis.
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FIG. 6. Optically detected spin-echo decay in the ordered
B&„state of the MgO E2 + center as monitored for the
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transition at zero field, T= 1.4K. Drawn line is monoex-
ponential fit with ~dozy:16 ms.
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differences in the results among different samples (cut
from the same boule) were well within the indicated error
bars.

Previously, a drastic magnetic field effect on the
Hahn-echo signals of the photoexcited I'2 + center in
MgO was reported. Similarly, experiments in the pres-
ence of an externally applied magnetic field were per-
formed for the above-mentioned SED signals. Figure 4
presents the results for ksE as a function of H, as ob-
tained in a series of SED experiments for which the grat-
ing period was kept constant. Clearly, no magnetic-field-
induced effects on ksE are found.

C. Microwave-induced delayed phosphorescence

Finally, results concerning the 8&„-sublevel lifetimes
are presented. Figure 7 shows the microwave-induced de-
layed phosphorescence (MIDP) response when, after the
optical pulse, a series of microwave pulses resonant with
the

i
D

i

-
i
E

i
transition is applied at 1.2 K. From the

MIDP signal two decay constants can be discerned. Of
these, the fast component displays itself directly in the sa-
turation recovery curves. These are characteristic of the
radiative decay of the r„ level for which a lifetime of
(12.S+1.0) ms was found. The slow component is ob-
tained by plotting the discrete amplitudes h (t) (cf. Fig. 7)

(h

(g

h2

B. Spin locking and spin ordering

Representative decay signals for the spin-locked (SL)
and spin-ordered (SO) states as observed for the

i
D i-

i
E

i
transition within the 8|„state of the F2 + center

in MgO at 1.4 K are displayed in Figs. 5 and 6. The time
constants deduced from the curves are (20+4) ms for the
SL decay and (16+4) ms for the SO decay.

1000-

800-

m 600E

~~E
~ 400-

Q)
~ ~

30-
Q)

(0

Q

20-Q.

25-

"8 8

versus t. The plot yields the characteristic decay time of
the nonemissive r, level. This time was found as
(1.00+0.OS) s.

The MIDP experiments were performed for tempera-
tures ranging from 1.2 up to 12 K. The results are
presented in Fig. 8. For 1.2&T&4.2 K, the triplet-
sublevel lifetimes were temperature independent. At
higher temperatures, the lifetime of the r, substate
showed a slight decrease. Apparently, spin-lattice relaxa-
tion comes into play for this level, although this addition-
al relaxation still does not influence the r„and ~~-lev-el
lifetime. All in all, the MIDP experiments clearly show
that, up to 12 K, the population decay of the 8i„-state
sublevels is slower than the SED of Fig. 2.

V. DISCUSSION

0 2 4 6 8 10 12
Temperature (K)

FIG. 8. Temperature dependence of the lifetimes of the B&„
sublevels of the F2 + center in MgO as obtained from MIDP ex-
periments. 0—v.„,~—~~, and 8,—w, .

l

0.80.4
I I I I I

0 0.2 0.6 1.0
t(s)

FIG. 7. Microwave-induced delayed-phosphorescence tran-
sients as induced by pulsing the

i
D

i
-

~

E
i

transition at 2.319
GHz of the F2 + center in MgQ, at a time t after the optical ex-

citation pulse. The fast decay occurring after the {microwave)
saturation pulse (the inset presents the fast decay on an enlarged
scale) is representative of the radiative decay of the ~„ level.
The lifetime of the ~„ level is determined as 12.S ms. The slow

decay as expressed by h (t) is characteristic of the decay of the
nonemissive w, level. The latter has a lifetime of 1 s.

A. Three-pulse versus two-pulse echo decays

The fact that the characteristic stimulated-echo —decay
times are shorter than the 8»-sublevel lifetimes (cf.
Table I) rules out the possibility of population relaxation
as a mechanism for the stimulated-echo decay. Evidently,
the observed SED must be caused by spectral diffusion.
This is also concluded from the r dependence of ksE (cf.
Fig. 3). This effect demonstrates that more time is needed
to smooth out a grating containing less undulations, as ex-
pected for diffusion in the frequency domain.

For I"2 + centers in MgQ in the photoexcited Bi„
state, spectral diffusion has previously also been conclud-
ed from optically detected Hahn-echo decays. From a
study of the irreversible dephasing in the presence of an
externally applied magnetic field, the dominant influence
of spin-spin interactions among the probed Fz +-center
spins and fluctuatings nearby I = —,

'
spins of the 10%
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abundant Mg isotope could be shown. To explore the
possible connection between this dephasing mechanism
and the observed SED's, we first recall an important
feature of the Hahn-echo decays. The latter showed nu-
clear modulations when a small magnetic field (H, (15
G) was applied along the molecular z axis of the F2 +

center. It has been argued that a prerequisite for the ob-
servation of the Mg nuclear-spin-induced branching is
that the AB-coupling strength is sufficiently large not to
be averaged out by rapid 8-spin flippings. Experimental-
ly, the triplet- ( A-) spin magnetic moment could be affect-
ed by changing the magnitude of H, . In doing so, the AB
coupling is infiuenced as well. Upon reduction of H, to
values below a few gauss, the nuclear modulations on the
two-pulse echo decay had disappeared indicating that at
zero field the fast- or intermediate-motion limit is at-
tained. As discussed above in Sec. II, for the fast-motion
limit one cannot observe nonstationary diffusion phenom-
ena. It is evident therefore that the spectral diffusion
probed in the SED experiments cannot be accounted for
by the same dynamical interactions which give rise to ir-
reversible dephasing of the triplet spins.

The same conclusion is arrived at from SED experi-
ments in the presence of a magnetic field H, . Previously,
it was shown that a drastic decrease of the Bi„-state
phase memory time T~ is found when H, is increased.
The effect shows that dephasing is enhanced when a mag-
netic field is applied. The reason is, of course, the lifting
of the A-spin magnetic-moment quenching, and hence an
amplification of the AB-spin coupling. If the nonstation-
ary A-spin diffusion, as observed from the SED's, would
involve the same AB-spin —diffusion process, one would
anticipate that an increase of H, would also produce an
enhanced SED rate. However, the results of Fig. 4 show
that ksE is independent of the magnetic field strength,
and it is concluded again that, while the phase relaxation
of the F2 + centers in the 8&„state is governed by the
magnetic dipole-dipole interaction with neighboring Mg
spins, the SED does not originate in these spin-spin in-
teractions.

B. Spectral diffusion

Figure 3 reflects that when the grating period (1/r) in
the SED experiment is increased, the rate for establishing
the equilibrated pattern is decreased. The spreading out
of the excitations in frequency space as time progresses is
usually expressed by the diffusion kernel K(co/ co;, t). —
This kernel is defined as the frequency distribution func-
tion after time t, given that the system initially has a fre-
quency co;. As discussed by Mims, ' the SED function
D(r, T) is the Fourier transform of the diffusion kernel
K (cof cga T). Expressions for D (r, T) are therefore
readily obtained in the event of Gaussian or Lorentzian
diffusion. Assuming, e.g., a Gaussian kernel with a
mean-square linewidth proportional to the SE time T, one
derives

D(r, T) ~exp( 2k' /3 kHT)—;—

analogously, for a Lorentzian diffusion with a linewidth
proportional to T, one finds

D(r, T) a:exp( mH— m&—T) .

From an inspection of the log-log plot of Fig. 3, it is clear
that the nonstationary diffusion probed in this work is
predominantly of Lorentzian nature. The slope of 1.28 is
indicative of a slight deviation towards a more Gaussian-
shaped function. A Lorentzian kernel is expected when a
A-spin environment is nonuniform, and, due to this, some
A spins on the average experience larger frequency fluc-
tuations than others, thus giving rise to more pronounced
wings of the diffusion kernel than in the ordinary Gauss-
ian shape. For a small fraction of the A spins, the fre-
quency jumps may be so large that within the time ~ they
have dephased, and thus escape observation in the
stimulated-echo experiment. The latter effect will tend to
increase the Gaussian character of the diffusion, and thus
may be responsible for the slight deviation of the slope in
Fig. 3 from the value 1. At any rate, the predominantly
Lorentzian diffusion is evidence that the Fz + centers ex-
perience nonuniform time-dependent environments which,
as was seen earlier, cannot be caused by 8-spin fluctua-
tions.

As noted above, a substantial averaging out of the hy-
perfine coupling between the 5 =1 Fz +-center spina and
the I= —,

'
Mg spins takes place at zero field, T =1.2 K.

Under these circumstances it is meaningful to consider
the phase memory time TM (obtained from the two-pulse
echo decays) as representative of the inverse of the homo-
geneous linewidth. %'hen we now compare the homogene-
ous width obtained from the two-pulse echo decay, i.e.,
b,v = 1/(n. T2 )=2 kHz, with applied grating periods in the
SE experiments, i.e., values between 10 kHz and 1 MHz,
we readily see that the SE experiments yield information
regarding the filling in of holes wider than the homogene-
ous width but still only within the kHz range. The evolu-
tion of the diffusion kernel with time according to a
Lorentzian shape shows that small frequency steps are
more probable than large steps. This is the reason that
the time needed to diffuse over an interval as large as 1

MHz (i.e., v= 1 ps) is long compared to the time constant
for decay out of the 8» state to the ground state (cf.
Table I). This result is in agreement with the findings
from spin-locking (SL) and spin-ordering (SO) decay ex-
periments.

From a comparison of the SL and SO decay times with
the sublevel lifetimes given in Table I, it follows that the
SL and SO decays are almost completely due to the pro-
cess of radiative decay of the r„ level to the ground state.
By taking into account that the microwave H, field used
for spin locking is approximately 3 MHz (as determined
from a transient nutation experiment) and that the spin-
locked signal is sensitive to frequency jumps only larger
than yK|, it follows from the SL experiment that spin
fluctuations within the 3-spin ensemble do not surpass 3
MHz. Analogously, the SO experiment shows that spins
ordered in either the ~, or r„ level by their local field, do
not diffuse sufficiently far to disrupt the ordering in a no-
ticeable fashion during the triplet lieftime. Apparently,
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the diffusion in the kHz frequency range as detected by
the SED's is not resolved in the SL and SO decays, and
the application of the SE technique is essential for expos-
ing the small-step spin diffusion of the F2 + centers in

MgO.

C. Energy transfer or electron tunneling

Let us now turn to the mechanism for the nonstation-
ary spectral diffusion of the three-pulse echo experiments.
It was already noted that diffusion due to B-spin fluctua-
tions can be excluded. An alternative is to consider dif-
fusion through the inhomogeneous F2 +-center ODMR
line on account of a transfer of the optical excitation
among distinct F2 +-center sites in the host crystal. The
concentration of oxygen-vacancy centers, in the additively
colored MgO crystals, is estimated to be 10' cm .' On
the average, the separation between the defects is then ap-
proximately 10 A, which distance hardly seems to favor
effective energy transfer, even on the basis of dipole-
dipole interactions. On the other hand, if some defect
clustering in the crystal occurs, energy transfer is readily
conceivable. In additively colored CaO, the grouping of
defect centers has recently been shown to be sufficiently
close for electron tunneling to take place between Fz+
and photoexcited F centers. Similar processes have been
suggested in additively colored MgO. %'e propose that
the spectral diffusion observed here in the microwave re-
gion is produced by either the transfer of optical energy
among F2 + centers or electron tunneling involving F-
type defects. The predominantly Lorentzian character of
the diffusion process (see the discussion above) is further
support that randomly distributed F2 + centers are in-
volved.

We found no temperature effects on the SE-decay rates
below 4.2 K. Evidently, a resonant transfer process is im-

plied in the microwave region. This finding is compatible
with our earlier notion that the diffusion proceeds by a
random walk of small steps in frequency space. Of
course, more work is needed to further substantiate the
proposed mechanism of excitation (electron) transfer as
the cause for the observed spectral diffusion. Experi-
ments along these lines, using laser-selective excitation, is
in progress in this laboratory.

VI. CONCLUSION

The stimulated-echo —decay results presented in this
work clearly show that photoexcited Fq + centers in MgQ

exhibit the phenomenon of nonstationary spectral dif-
fusion through the inhomogeneously broadened

~

D ~-

~

E
~

transition within the Bi„state. The mechanism
underlying the spectral-diffusion process cannot be the
same as that which is applicable for the irreversible de-

phasing among the triplet spins for a simple reason. Ear-
lier work on the same system had shown that magnetic
dipole-dipole couplings to other (fluctuating) spins in the
lattice is almost averaged out in zero field mainly because
of the weak S=1 magnetic moment. Here, spectral
averaging means that the spin dipole-dipole interactions
do not contribute to the inhomogeneous broadening of the
triplet- ( A-) spin resonances, and hence it would be incon-
sistent to suggest at the same time that 8-spin flippings
induce diffusion through such an inhomogeneous contri-
bution to the spectrum. This conclusion could be con-
firmed experimentally in the presence of an applied mag-
netic field: whereas the Hahn-echo decays are extremely
sensitive to small fields, no field effects could be detected
on the SED's. Thus it appears that the F2 +-center spin
system presents a clear example of a situation that two-
pulse and three-pulse echo measurements on the same sys-
tem expose different kinds of spectral-diffusion processes.

Now that spin-spin couplings can be excluded in con-
sidering the inhomogeneous broadening of the Bi„-state
spin transitions, this broadening must be due solely to
crystal imperfections such as random strain fields, electric
fields, etc. The observation of spin diffusion then neces-
sarily must imply random time-dependent changes of
these local fields. In Sec. V we proposed a random migra-
tion of the optical excitation energy of the Bi„state
through the lattice, or, alternatively, an electron tunneling
process involving randomly distributed oxygen-vacancy
centers. As expected for diffusing spins experiencing
nonuniform surroundings, a predominantly Lorentzian
diffusion could be concluded from the behavior of ksE as
a function of the grating period (I/~). Finally, no tem-
perature effects up to 4.2 K were found for ksE. This
finding excludes the assistance of phonons in the excita-
tion (or electron) transfer process at liquid-helium tem-
peratures.
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