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In yellow-colored CaO crystals a sharp zero-phonon line emission at 682.8 nm is observed.
From optically-detected-magnetic-resonance experiments conducted at I.3 K and at low- and
high-magnetic-field strengths, it is concluded that the emission is due to a photo-excited triplet
state of an orthorhombic I center. Optical polarization, spin alignment, and spin coherence de-
cay phenomena wet'e studied, the latter by means of techniques for the optical detection of spin
echoes and spin locking, in order to determine the radiative and nonradiative properties of the
triplet sublevels. The triplet state is associated with a 1s2p excited state of two electrons cap-
tured in two nearest-neighbor oxygen-anion vacancies (an F22+ center) with possibly a Ca2+ va-

cancy nearby for charge compensation (i.e., an F22+- V~ center). The observed linear di-

chroism in the excitation microwave double-resonance spectra is considered in connection with
the mechanism for the triplet-state production. It is discussed briefly why the lowest (1s) tri-
plet state, which is predicted in the M-center model, could not be observed.

I. INTRODUCTION

The existence of exchange-coupled F-center pairs
(M centers) in a number of different ioiuc crystals
has aroused a great deal of experimental and theoret-
ical interest. ' Without exception, the M-type center
has a singlet ground state and a low-lying triplet state
(the energy separation being smaller than 0.7 eV), as
expected for the analog of the hydrogen molecule in
a crystal. Especially observations involving this first
excited triplet state (such a optically induced spin
alignment3 4 and magnetic fieM e6'ects on the triplet
lifetime5), have contributed in elucidating dominant
processes in the optical pumping cycle.

In this paper evidence is presented for a new F+-
center pair in CaQ that is remarkable because it
possesses an excited triplet state which decays almost
completely by phosphorescence. in the optical region.
It will be shown that the system is conveniently stu-
died by means of optically detected magnetic reso-
nance (ODMR) at either zero or high magnetic fields
because of its favorable characteristics with respect to
its fine-structure splittings, the (non-) radiative pro-
perties of the triplet sublevels, etc. The experimental
data allow for a model of a nearest-neighbor pair of
F+ centers, lying along a (110) direction, in which
the second excited state in the triplet ladder is respon-
sible for the observed phosphorescence. Section II
summarizes the experimental procedure. In Sec. III
we present experimental results characteristic for the
optical and magnetic properties of the emissive triplet
state. It turns out that the M center provides an ex-

cement example for the illustration of the feasibility
of zero-field spin-coherence experiments on excited
states in ionic solids. Finally, in Sec. IV the results
are related to a model that correctly predicts the opti-
cal polarization and sign of the microwave-induced
light changes under the condition of thermal isolation
between the sublevels of the phosphorescent state.

II. EXPERIMENTAL

Yellow-colored CaO crystals were purchased from
Spicer Ltd. The CaO crystal was mounted inside a
slow-wave helix immersed in a He bath pumped
down to 1.2 K. Optical excitation was by light from a
100-W high-pressure mercury PEK lamp filtered by
an aqueous NiSO4 solution or from a 500-W Xe Phi-
lips lamp in line with a Zeiss M20 grating monochro-
mator. The phosphorescence emitted perpendicular
to the exciting light was focused onto the entrance
slit of. a Hilger and Watts Monospek 1000 grating
monochromator. For the photodetection an EMI
GaAs photomultiplier was used. The zero- and low-
field GDMR spectra were detected in the convention-
al way. Microwaves between 0.1 and 4 6Hz were
generated in a.HP 86908 sweep oscillator unit
outfitted with appropriate plug-ins. The microwaves
were amplified up to 20 W by Varian traveling-eave-
tube amplifiers and coupled to the helix by coaxial
lines. Care was taken for optimum matching condi-
tions. By switching positive-intrinsic-negative (p in)--
diodes in the microwave circuit the microwaves could
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be modulated (i —20 Hz). At resonance, the syn-
chronously induced modulation of the light changes
was detected with a PAR lock-in amplifier. In high-
magnetic-field experiments (H —3300 G) for which
an adapted Varian V-4500 EPR spectrometer was

used, lock-in detection of the ODMR signal was pos-
sible by amplitude modulation of the external mag-
netic field.

The electronics necessary for the generation of the
pulses in the coherence experiments were made of
fast transistor-transistor logics; the microwave circuit
is by and large similar to that described in Ref. 15.
We will give a global description of the electronic
equipment used for the coherence experiments. In
the transient nutation experiments the p-i-n diodes
were driven by a flip flop. The flip flop was set by
means of the triggering pulse of a PAR lock-in
amplifier. By using, for the reset pulse, the gate
pulse of a PAR Model No. 162 boxcar averager, of
which the delay time could be linearly swept, we were
able to lengthen the microwave pulse duration pro-
portional to the ramp of the boxcar averager. The
pulses necessary for the optical detection of the
electron-spin-echo decay were generated as follows.
A pulse train from a crystal-driven oscillator with a
frequency of 20 MHz was divided by means of the
digital ramp of a Varian C-1024 time-averaging com-
puter in such a way that the time between successive
pulses is proportional to the ramp. The square pulses
were fed into a counter. This counter selected a
preset number of pulses (n) after it was triggered by
the reference of the PAR lock-in amplifier. The
counter released besides the preselected n pulses also
an envelope pulse with overall width equal to the
width of the pulse sequence. The two edges of the
envelope pulse triggered —,m pulses in a monostable
multivibrator, whereas the n-pulse train triggered n n

pulses in another monostable multivibrator. Finally,
the echo pulse sequence (with n =1 for a spin-echo-
and n & I for a Carr-Purcell-type experiment) was
combined in an OR gate connected to the p-i-n
diode driver.

In the echo and transient nutation type experi-
ments, the microwaves were switched and fed into
the traveling-wave-tube amplifier, and the resulting
light changes were lock-in detected. Here we used
the fact that just after the induced coherence the
nonequilibrium population distribution, which is pro-
portional to the coherence, decays radiatively in a
time of the order of milliseconds, i.e., much longer
than the characteristic times for the echo and tran-
sient nutation phenomena. Consequently the lock-in
amplifier signal is proportional to the phosphores-
cence intensity at the end of the pulse sequence, pro-
vided that the repetition frequency is low enough (in
our case less than 20 Hz). In the case of spin lock-
ing, the

2
~ pulses were as before generated from the

1

envelope pulse. Now, however, the falling edge of
the first —,vr pulse and the trailing edge of the second
were used to set and reset a flip flop connected to the
p-i-n diode driver, resulting in a spin-locking pulse.
The pulse circuit was adapted in order to avoid dis-
turbing delays between the —,~ pulses and the spin-

locking pulse. Also, the microwave circuit had to be
reorganized. The output of the microwave sweeper
was separated into two channels by a hybrid "tee."

The channels were 90' phase shifted with respect to
each other and equalized in power. One channel was
driven by the two

2
m pulses, the other by the spin-

1

locking pulse. The channel outputs were connected
again by a hybrid "tee" after which the microwave
power was amplified as described above. In case the
spin-locking decay time was of the same order of
magnitude as the radiative decay time, we could not
use lock-in detection. Then we confined ourselves to
real-time detection using the boxcar integrator.

III. RESULTS

A. Fine structure

On excitation of as-grown yellow-colored CaO cry-
stals with blue light, emission spectra can be meas-
ured which are characterized by a sharp zero-phonon
line (ZPL) at 5742 A and an intense broad phonon
sideband extending up to 700 nm. As is well, esta-
blished, this emission is associated with the 'Ti„
'A i, transition in the CaO F center and has been the
subject of detailed investigations in connection with
Jahn-Teller coupling phenomena. However, while
detecting microwave-induced light changes in the
broadband emission of the F center as a function of
the microwave frequency, we found the ODMR
response of two other defect centers. The first spec-
trum could be attributed to the excited triplet state in
a F~-Mo center as reported elsewhere. ' The second
spectrum comprises three transitions, two appeared in
"normal" ODMR at 1.870 and 0.360 6Hz, respective-
ly [cf. Fig. 1(a)], and the third was found at 2.230
6Hz in a triple-resonance experiment as described
below. The phosphorescence-microwave-double-
resonance" (PMDR) spectra obtained at either one
of the three resonance frequencies, are as shown in
Fig. 2. This spectrum is characterized by an intense,
narrow ZPL at 682.8 nm and a broad, relatively
weak, phonon sideband with bumps at 692 and 698
nm. The triplet nature of the state giving rise to the
luminescence and microwave absorption could be es-
tablished unambiguously from the orientation depen-
dence of the ODMR spectra taken in the presence of
an external magnetic field. For example, Figs. 3(a)
and 3(b) show the splittings and shifts of the ODMR
lines in two spectral regions, namely, 300—600 MHz
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and 1.80—2.00 6Hz, on rotating the crystal about a
(100) direction perpendicular to the magnetic field H
with H=64 G. Figure 4(b) shows representative
ODMR spectra of the center taken with an EPR spec-
trometer operating at 9.15 6Hz, with the experimen-
tal arrangement as depicted in Fig. 4(a), whereas Fig.
4(c) gives the angular dependence of these X—band
spectra. No hyperfine structure could be resolved at

680 700
h, (nmj

720 740

FIG. 2. Phosphorescence-microwave-double-resonance

spectrum of the CaO M center in zero -magnetic field at 1.3
K, taken with the microwave frequency at 1.870 GHz.

.330 .350 v(gHz) .370 any orientation of H. All data, at low and high fields,
could be fitted to the spin Hamiltonian of an S-1
system,

H g psA f+D [Sz—
) S(S+I)]+E(S S) (I)—

1.8e 1.88
vtGHz)—

1

1.90

with g=1.999+0 001 ID I
=2049+I MHz, and

~E~=179+IMHz with D/E )0 (cf. Sec. III b and Fig.
5). The principal axes of the fine-structure. tensor
(x,y, z) were found, respectively, along the [110],
[110],and [001] axes of the CaO crystal. Thus we
find that the center is of orthorhombic I symmetry"
and in general gives rise to six magnetically ine-
quivalent sites.
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FIG. 1. Optically-detected-magnetic-resonance spectra in

zero magnetic field of the M2+ center in CaO at a tempera-

ture of 1.3 K, detected at'a wavelength of 682.8 nm. (a)
The 2[E ( transition is shown in the upper part, the (D E~—
transition in the lower part. (b) Optically detected ELDOR
spectrum of the ]D +E ) transition as obtained under con-

tinuous microwave pumping of the ~D E( transition. —

FIG. 3. Angular dependence of the ODMR transitions of
Fig. 1(a), but now in the presence of an external magnetic
field of 64 6, T-1.2 K. The crystal is rotated about a (100}
axis. The dots in the figure refer to experimental values,
the drawn lines show the calculated dependence for an
orthorhombic I center with its x, y, and z axes along [110],
[110],and [001] directions, respectively, and fine-structure

splittings D and E given by 2.049 and 0.179 GHz, respec-
tively.
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In zero-field ODMR the iD +E i transition could
not be observed directly. In order to circumvent the
cause for the absence of the iD +E i resonance (ei-
ther the two spin levels involved in the iD +El tran-
sition are equally populated in the optical pumping
cycle or these levels have the same radiative proper-
ties), we attempted an optically detected electron-
electron double-resonance (ELDOR) experiment.
Figure 1(b) shows the optically detected ELDOR
spectrum with a maximum at 2.228 6Hz. The spec-
trum is obtained from phase-sensitive detection of
light changes at 683 nm induced by sweeping a
modulated microwave frequency through resonance
while continuously pumping the iD Ei trans—ition at
1.870 6Hz. Note that all zero-field QDMR transi-
tions, i.e., the iD —Ei and 2iEi in the double-
resonance and the ~D+Ei transition in the triple-
resonance experiments, reAect a light increase at
resonance. This result expresses a spin alignment in
the triplet state which may be specified by a preferen-
tial occupation of a nonradiative spin level (r„), a far
less eftective occupation of the radiative levels
(r, and r,), and a negligible spin-lattice relaxation
during the triplet lifetime (3 msec). The spin isola-
tion is also illustrated by observed level-anticrossing
and cross-relaxation eQ'ects" on the phosphorescence
intensity when a magnetic field is swept along a (100)
crystal axis.

zero field
high magneti

fi eld

t110] [1oo]
+a

0-E

T L001]

-1T
+a
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FIG. 5. Level scheme and emissive properties of the spin

levels of the M-center triplet state as derived from experi-
ments at, respectively, zero field and high magnetic fields

(along the molecular z axis).

FIG. 4. Optically detected EPR spectra at X—band frequen-

cies (v=9.15 6Hz). (a) Orientation of the main axes of the

crystal with respect to the excitation and detection direc-

tions, the numbers along the face diagonals of the cube label

the y axis of the different sites possible for the M center.

(b) X—band ODMR spectra showing m —and 0. '0-
polarized light changes, respectively. The spectra were ob-

tained with the experimental configurations as in (a). (c)
Variation of the EPR line positions upon rotating the crystal

about the [100] axis.

B. Optical polarization

In this subsection we will examine the selectivity in
the photo-induced processes in more detail. Figure
4(b) shows the X—band ODMR spectra recorded for
H parallel to a (100) crystal axis and with a linear po-
larizer in the detection path~ay so that a.[~ool- and m-

polarized light changes are detected separately [see
also Fig. 4(a)l. In particular, we remark that for the
(outer) Zeeman lines due to sites with their z axes
along H, the 0.[~ool- and m-polarized light changes are
opposite in sign (a o l~Qoi polarized light increase and
a m-polarized light decrease). In the scheme of Fig.
5 we combine the results of (a) the zero-field and (b)
the high-field optical-polarization measurements.
The latter demonstrate that, in terms of the spin-axis
frame of the center, the emission from the 7~ and ~,
levels are z and y polarized, respectively. These as-
signments are in agreement with the observed optical
polarizations of the low-field Zeeman ODMR lines.
For instance, for H and the exciting light along the
[001] crystal axis, we find by detecting the intensity
changes of light propagating along [010) at very low
fields (H ( 30 6) that the iD Ei transition in site—s
with their z axes parallel to H is almost purely linearly
polarized parallel to the [100) direction. This is as it
should be since the ~„r, transition produces, ac-
cording to Fig. 5, a light change which is y polarized
in the molecular frame and therefore o. polarized in
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FIG. 9. Polarizations of low-field ODMR spectra (0=30 6) as a function of the polarization of the exciting light when the
configuration is that of Fig. 8. (a) Detection of the [001.] polarized ODMR spectra when the excitation is polarized along the
[110]or [110]directions. (b) Detection of [110] polarized ODMR spectra when the excitation is polarized along the [110]and

[110] directions, respectively.

magnetic Geld of 0~00~~ =30 6 is applied. However,
as explained above, for center 2 the shifted ~D —Ei
ODMR transition is y polarized in the center-spin-
axis frame or [110]polarized in the laboratory frame
and therefore undetectable in the chosen experimen-
tal configuration. On the other hand, for center 1

only a [110]-polarized light increase is expected on
microwave pumping the T T transition in the
presence of a small magnetic field. Figure 9 shows
the ODMR spectra for the various polarizations of
the pumping and detected light as indicated in the
figure. Figure 9(a) shows that, on detection of
[001]-polarized emission, only the signal from sites
with their z axis oriented perpendicular to H is ob-
served, but that the response of sites with their z axis
collinear with H is absent, as expected. Ho~ever,
when [110]-polarized light changes are detected [Fig.
9(b)], we find that the shifted ~D E~ transition can-
be observed. Excitation with [110]-polarized light
(i.e., along the molecular x axis) yields then a some-
what stronger ODMR signal (I„'"') than with [110]-
polarized light (along the molecular y axis); we find
I„'"':I~'"'=5:3, irrespective of the excitation
wavelength. By a slight modification in the experi-
mental configuration we determined I„'"':I;"'= 1:1.
In the latter case the crystal is rotated by 90 about
the [110] direction in Fig. 8, whereas the external
magnetic field and the microwave field vector
remained along the molecular z~ and y~ axes, respec-
tively. Again, the linear dichroism is practically con-
stant over the absorption band within, of course, the
limit of the poor resolution of the excitation spec-
trum.

off' (see Fig. 10). The characteristic decay time is
2.95 + 0.15 msec at 1.2 K. In a similar experiment on
the 2~E

~
resonance, we found a decay time of

3.0+ 0.2 msec. We note that the decay times are typ-
ical for excited triplet states in molecular and ionic
solids for which the return to the singlet ground state
is largely spin forbidden. Here it will be shown that
the measured lifetimes correspond to the actual life-
times of the radiative spin levels. This result is
derived from microwave-induced coherence effects in
the excited defect center. The technique is to couple
electron spins coherently to a strong resonant mi-
crowave field of duration short compared with times
associated with phase-destructive processes. If under
such conditions a —,m pulse is applied, a nonvanish-

ing magnetic moment oscillating at the resonance fre-
quency is induced in the S = 1 spin ensemble ex-
pressing coherence. Recent investigations" have
shown that many interesting details of dynamical
processes as spin diffusion, decay to the electronic
ground state, energy exchange to other localized and
nonlocalized states, etc. , can be studied by investigat-
ing the loss of phase coherence under a variety of
external conditions. In the optical method' a final

C. Spin coherence

When a microwave pulse resonant with the zero-
field ~D E~ transition at 1.87—0 6Hz is applied, we
find a light increase which decays exponentially dur-
ing the time interval the microwave power is turned

0
r 0

t(ms)

20

FIG. 10. Decay of the phosphorescence after a microwave
pulse resonant with the ~D —E ) transition at 1.2 K.
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probe pulse is applied which transforms the residual
coherence in the spin ensemble into triplet sublevel
population changes that are measurable due to the
distinctive radiative properties of the triplet sublevels.
It was found in Sec. III B that an appreciable spin
alignment can be achieved on photoexcitation of the
defect triplet state, and also that the response of the
individual spin levels can be studied selectively from
optical-polarization properties. Thus, it would appear
that techniques for optical detection of electron-spin
coherence show great promise for investigating decay
phenomena of the defect center indeed.

Coherent coupHng of the spin system to a strong
microwave field K~ is demonstrated in a transient-
nutation-type experiment. 'a Figure 11(a) shows the
optically detected transient nutation as a function of
the microwave pulse duration as detected for the

v, transition at 1.870 6Hz at 1.2 K. From this
coherent response the pulse length of —,m and m

1

pulses necessary for an optically detected electron-
spin echo could be determined. At zero field the
ODMR echo experiment is characterized by a
—'~ & ~ 7 —'~ cycle of pulse events. ' As in a
2 - 2

conventional Hahn-echo experiment, in this case
coherence is built up by the application of the m

pulse which causes a rephasing of the spins that were
initially dephased after the first

2
m pulse, due to an

inhomogcneous spread in local fields. The echo pro-
duced at 27 is made optically detectable by the final

2
rr pulse. Figure 11(b) depicts an optically detected

electron-spin echo at v -1.870 6Hz, whereas Fig,
11(c) gives the decay of the echo amplitude as a
function of the dephasing time r. The latter decay is
approximately exponential and characterized by a
homogeneous dephasing time T~ with T~ =140+10
p.sec at 1.2 K. Ho~ever, in an optically detected
spin-locking experiment at zero field" (the cycle of
pulse events is now —n-90'- r-90'- —o) the coher-

2 2.
ence decay time is lengthened to 5.0+1.0 msec (cf.
Fig. 12 ). In experiments of this type essentially the
coherent-state lifetime is measured. The spins are
locked to the microwave field vector because its am-
plitude is large in comparison with the local Geld fluc-
tuations. In addition, as explained in Ref. 15, de-
phasing due to spin-spin interactions fluctuating ran-
domly with time, and normally representing the spin
diffusion effect on T~, may now be suppressed
(coherent averaging). The difference between the
spin-locking decay time and T~ is attributed to this
e6'ect.

100 200

l(pS)

400

TT/2

microwave
po wer

otf
phase p

lock
9p

Yf/2

FIG. 11. Optically detected spin coherence phenomena at
zero field in the phosphorescent triplet state of the CaO M

center as monitored for the ~D —E i transition at 1.870
GHz, T =1.2 K. (a) Optically detected transient nutation;
the phosphorescence intensity change is scanned as a func-
tion of the pulse length v. (b) Optically detected spin echo;

1
the pulse width of the

2
m pulses is 100 nsec, the time

. between the erst (2 m) and the second(m) pulse is 10 p,sec.

The time between the second and third pulse is scanned (see
also the inset). (c) Decay of the echo amplitude as a func-
tion of the time interval v between two successive pulses in

the pulse sequence (for the latter see the inset).
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FIG. 12. Optically detected spin-locking decay at 1.870 GHz

at 1.2 K. Plotted is the intensity change just after the second
—m pulse (see the inset) as a function of the spin-locking
2

time ~. This change is detected with a boxcar averager.
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The observed spin-locking decay time diff'ers from
that of the radiative 7, level by a factor of 2. This
can be understood when one realizes that the
prepared superposition state is composed of equal
parts of stationary ~„and r, levels; apparently the
coherence decay is governed by the decay of the radi-
ative ~, level whereas the contribution from the de-
cay of the nonradiative ~„ level and all other dephas-
ing processes are negligible. The measured lifetime
of 2.95 +0.15 msec is therefore that of the 7, level.
As discussed in Sec. III 8 the decay for the ~~ and v,
levels is predominantly radiative in character,

IV. DISCUSSION

The center discussed in this work is very likely an
electron excess center, i.e., a defect containing elec-
trons near anion vacancies. Alternatives for the ori-

gin of the observed phosphorescence like self-trapped
excitons or trapped hole centers can be disregarded
for a number of reasons. For example, a large
Stokes shift is typical for self-trapped-exciton emis-

sion, ' thus to produce the latter, ionizing radiation
would be necessary for excitation. Also, apart from
the special techniques often required for hole-center
production, hole centers are annihilated relatively

easily by optical or thermal means. None of these
features were found for the defects investigated here.
On the contrary, the defect was always present in

CaO crystals containing F and F+ centers and seemed
to parallel these centers in stability against heat treat-
ments in O~ or Hq atmospheres up to 1000'C.

A CaO defect ZPL emission at 682.8 nm was re-
ported previously by Gourley et. al. ' These authors
found that, on the application of a high magnetic
field (7.7 T) or uniaxial stresses (up to 10 kg/mm'),
the, defect ZPL emission splits in a manner qualita-

tively similar to that for the F center although the
former splittings were of a much reduced magnitude.
It was concluded that the defect and the Fcenter
should have similar local symmetry, the defect possi-

bly being derived from H . On the other hand, the
similarity with the optical absorption and the emis-
sion properties of the defect studied here is striking.
In our case however, the high resolution of the
ODMR experiments definitely excludes tetragonal
point symmetry for the center. The orientation of
the center-axis system with respect to the crys'tallo- .

graphic main axes of the host crystal as determined
in Sec. III A are pertinent to a stabilized F+ dimer
along a (110) crystal direction. Qualitative evidence
is obtained from the measured fine-structure splitting
D. On the assumption that the magnitude of D is

completely determined by the magnetic dipolar in-

teraction between the S =
z~ spins (remember also

that the g value is close to 2), we find in the case of
point dipoles,

(3)

where r is the mean dipolar separation. For D =2049
MHz the calculated separation is 3.36 A which may
be compared with the nearest anion-pair separation in
CaO along (110) of 3.39 A. Thus, despite the res-
trictions in the approach, this result may, at least
qualitatively, be considered as further support for a
CaO M center.

Exchange-coupled F-center pairs in ionic solids
have been discussed in a number of other studies. '

In all cases neutral-charged pair centers were con-
sidered, e.g. , in the CaO F, center two electrons are
trapped in the linear 0 -Ca +-0 trivacancy and
similarly, in the Fq center in alkali halides, two
electrons are located on two nearest-neighbor (nn)
halogen-ion vacancies. The alkaline earth oxide ana-
log would be four electrons trapped at two neighbor-
ing oxygen;anion vacancies. In a first approximation
the situation would be that of a diatomic helium
molecule (Hei) in a crystalline field; such a system is
not expected to be stable. Hence, for the defect dis-
cussed here, we propose t~o electrons trapped at nn
O~ vacancies in the CaO lattice, this being an M~+ or

.F~+ center in the nomenclature of Sonder and Sib-
ley." As already noted, the center a'ppears whenever
F and F+ centers are present which further indicates
its general intrinsic nature. Unfortunately, our data
are not definite about the existence of a nearby
charge-compensating defect although it is tempting to
assume that a neighboring Ca'+ vacancy along the
[110] direction perpendicular to the Fz'+ axis acts as
such.

As for the neutral M centers in alkali halides, the
energy-level scheme for the F~+- V' center is most
conveniently visualized in a simple Heitler-London
approximation. Then the lowest excited state of the
center is expected to be the (ls)' triplet state which
transforms as '83„0r '8~ in Dqj, or Cq„, respectively.
A rough semiempirical estimate of the splitting
between this triplet state and the (1s)' singlet ground
state using the method of Berezin' gives a value'of
0.16 eV for the Fq

+ center in CaO. For an F~'+- V~-

center the splitting will probably be somewhat less
because of the larger average distance between the
electrons due to the e6'ective negative charge brought
about by the Ca~+ vacancy. In agreement with the
expected order of magnitude for the exchange in-
teraction, it appeared that no orthorhombic centers
could be observed by EPR with a thermally accessible
first excited triplet state.

The fact that the emission out of the triplet sublev-
els is purely linearly polarized is further support for
the adopted defect structure. For (Fzz+- V'-) -type
centers the metastable, emissive triplet state is antici-
pated to belong to excited (Is2p) configurations. In
particular the observed optical polarizations (z for the
rr level and y for the r, level) then correspond to
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emissio'n out of the 83„state ( 8i in C2„&, where it
is assumed that the radiative character of the triplet
sublevels is derived from admixing with appropriate
singlet (Is2p) configurations.

The processes involved in the optical pumping se-
quence seem to be much less selective. The net di-
chroism in the excitation-microwave-double-
resonance spectrum presents evidence that the triplet
state is excited by intramolecular-intersystem-crossing
(ISC) processes rather than indirect processes such as
energy exchange or electron transfer as, e.g. , do oc-
cur in M centers in KCl (Ref. 23) when the singlet is
converted into a triplet. %e do not find the linear di-
chroism to vary markedly over the excitation band
despite the (weak) band structure (see Fig. 7).
Thus, since the electric dipole moment involved in
absorption is determined by the electronic orbital
parts of the states that take part in the transition, we
find that probably only one excited singlet state is in-

volved in the ISC process to the emissive 'Bi state.
The mixed polarization of the absorption band is
representative for vibronic mixing among the three
electric-dipole-allowed 1s2p configurations in the un-

relaxed excited singlet state. Because of this
configuration mixing, ISC is, in principle, to all three
spin states v„, ~~ and r, . From the observed spin
alignment (see Sec. III) one cannot conclude howev-
er, that the 7„level is preferentially fed as compared
with the v, and v„ levels: spin selectivity in the decay
must also be considered. The latter phenomenon
turns out to contribute indeed since, as reported in
Sec. III C, the decay of ~„ is negligible, whereas
~~ and v, were found to decay radiatively. The non-
radiative decay components from either the
v„, v, and v, of the 'Bi state were too small to be
remeasured in the spin-coherence decay experiments
and therefore are representative for a weak electron-
lattice coupling in this state. This is also demonstrat-
ed by the low value of the Huang-Rhys factor

S, S =2.35 +0.15, as determined from the intensity
ratio of the ZPL and the whole band in the phos-
phorescence spectrum. This weak electron-lattice
coupling is of significance as regards the possibility of
feeding the predicted low-iying Is'('8ii state by opti-
cal means: we find that excitation by what at first
sight would seem to be the most probable route,
namely, phonon cascade down from the next-higher
photoexcited triplet state, is hampered by the ex-
tremely small electron-lattice coupling of the latter.

In summary, we have demonstrated that ODMR
techniques enable us to detect explicitly the emission
of the I'"2 + center in CaO at wavelengths where the
emission due to other color centers is dominant. Ex-
periments were designed to characterize further the
distinct steps in the optical pumping cycle. From the
observed optical polarization and spin-coherence de-
cay phenomena we could identify in the energy-level
scheme the 'Bi state responsible for the phosphores-
cence at 683 nm. Excitation of the 'Bi state is by
means of ISC from a photoexcited vibronicaBy mixed
singlet state. Since in the techniques applied here the
emissive triplet state is used as a probe, we inherently
study only part of the full level scheme. This ex-
plains for the difference with the number of levels
know~ for the F2 center in alkali halides. An
extension of the present work to other excited singlet
and triplet states is in progress in order to obtain a
more complete picture of the energy scheme. This
would be important for a comparison of the possible
photochemical properties of the F2 center in CaO
with those known for the M center in alkali halides.
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