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In previous studies of the photoexcited state of CaO F centers it was shown that the 3T, state exhibits a
Jahn-Teller coupling to e, vibrational modes in the strong-coupling regime. The present work examines how,
at low temperatures, coupling to a randomly distributed (intrinsic) strain affects zero-field optically detected
magnetic resonance (ODMR) and phosphorescence microwave double resonance spectra. The ODMR spectra
reflect microwave absorptive and emissive parts. As a result of this, different portions of the
inhomogeneously broadened lines could be studied selectively as a function of the microwave-field
polarization and small applied magnetic fields. The data are consistent with a proposed model in which the
coupling between the vibronic system and randomly distributed strain is considered. It will be shown that
singularities in the spectral density of the microwave resonances arise when a random angular distribution in
the strain components e, and e, is adopted. It turns out that the resonances associated with these extrema
are restricted to just a few subensembles of F centers. In each subensemble the vibronic degeneracy is lifted
by the additional effect of the spectral distribution in strain magnitude, (e 3+ e 2)'/2. This gives rise to the
occurrence of several zero-phonon lines in the optical emission, inhomogeneous broadening of the ODMR
line, population inversion, and the observations of internal conversion with conservation of spin state.

I. INTRODUCTION

The F center in a CaO lattice is characterized
by two electrons trapped at an oxygen vacancy.!

In the cubic crystal field the first excited state
with a 1s2p configuration is an orbitally threefold
degenerate 3T, level and by virtue of the Jahn-
Teller theorem this degeneracy can be removed by
coupling: of the motion of the electrons with vibra-
tional modes of the crystal.? ‘

Utilizing the technique of optical detection of
magnetic resonance (ODMR) at high magnetic
fields, Edel et al.® succeeded in observing transi-
tions in the spin triplet with a tetragonal orbital
symmetry. The optical polarization of the mag-
netically induced light changes is in agreement
with a description in which the threefold orbital
degeneracy is lifted by coupling to e, lattice vibra-
tions and is replaced by a threefold vibronic de- .
generacy.? The three degenerate vibronic states
&, n, and ¢ are characterized by different equilib-
rium positions of the oscillators (tetragonal dis-
tortions).

In the EPR experiment® the observed optical po-
larization of the induced light changes upon reso-
nance indicated that the F centers are either in a
£, m, or ¢ Jahn-Teller (JT) state. However, some
polarization effects were observed which showed
that within the triplet-state lifetime the vibronic
character can change.

Optically detected magnetic resonance (ODMR)
and phosphorescence microwave double resonance
(PMDR) in zero magnetic field revealed a more-
complex situation 5 The PMDR zero-phonon line
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at 5742 A corresponding to an increase in phos-
phorescent light was induced by a microwave tran-
sition at 1.68 GHz. Two other PMDR zero-phonon
lines at 5740 and 5743 A were obtained from a res-
onance at 1.70 GHz and reflect a decrease in the
emitted light. In this paper we will give a detailed
experimental analysis of the ODMR and PMDR
signals of the F center by making use of the polar-
ization properties of the emitted light, different
polarizations of the microwave field and small
static magnetic fields directed along the principal
axes of the crystal (Sec. III).

It will be shown hereafter that each of the ob-
served PMDR zero-phonon lines apparently orig-
inates from three isoenergetic and isolated JT
states (Secs. IVA-IV C). The results will be re-
lated to a previous study of the system under uni-
axial external pressure.®” The latter study
showed that a rapid relaxation process is operative
if the JT states are (almost) degenerate. The
mechanism is a fast phonon-assisted internal con-
version betweet different JT states subject to the
condition that the spin state is conserved. Hence
the emission in PMDR which behaves as if the
three distortions could be treated as isolated, can-
not be the response of degenerate vibronic levels.
This paper will discuss in detail why only nonde-
generate JT states are observed in zero-field
ODMR and furthermore explain why three (no more
or no less) isoenergetic distinct types of F centers
are simultaneously under observation. It turns out
that all observations could be explained consistent-
ly when it is assumed that F centers are predomi-
nantly affected by randomly distributed strain in
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the crystal.? In Sec. IVD an outline will be given
of the influence of random e,-type strain upon the
spectral density of the microwave resonance of an
ensemble of F centers and in Sec. IV E the results
of Sec. III and the EPR experiments in high mag-
netic fields will be discussed in relation to the
random-strain model.

II. EXPERIMENTAL

Yellow-colored CaO crystals were purchased
from Spicer Ltd. and mounted in a helium cryostat.
F centers were excited by light from a 100-W Hg
lamp filtered by a CuSo, solution. The experimen-
tal arrangement was that of a conventional zero-
field ODMR spectrometer as described before.”
The microwave H, field in the helix surrounding
the crystal is polarized mainly along the helix
axis. The helix could be directed along any one of
the principal axes of a laboratory frame. This
axis system is chosen in such a way that optical
excitation is along the z axis and the detected
phosphorescence is in the y direction (see Fig. 1).
Static external magnetic fields up to 100 G could
be applied along x, y, or z directions. Optical
resolution of the split PMDR line was better than
0.1 A. The experiments were performed at 1.5 K.

III. RESULTS
A. ODMR and PMDR in zero magnetic field

When at 1.5 K the zero-field ODMR spectrum is
recorded with the detection wavelength around
A=5742 A (the maximum of the zero-phonon line
of the directly detected phosphorescence) and using
x-polarized microwaves, the magnetic resonance
spectrum as represented in Fig. 2 is obtained. It
manifests two spectral regions: the first corre-
sponds to a light #ncrease upon microwave pumping
with a maximum at 1.68 GHz, the second reflects
a light decrease peaked at 1.70 GHz.

While exposing the crystal to modulated resonant
microwave fields at 1.68 and 1.70 GHz, respective-
ly, two different phosphorescence (PMDR) spectra
were obtained by phase-sensitive detection. First,
the zero-field PMDR spectrum recorded with v
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FIG. 1. Directions of the pumping light and the de-
tected emitted light, respectively, in our axis conven-
tion.
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FIG. 2. Zero-field ODMR spectrum of the CaO: F

center excited to its %7y, state. Detection wavelength
A=5742 &; T=1.5 K.

=1.68 GHz is given in Fig. 3(a), where a zero-
phonon line peaked at 5742 A was observed. Sec-
ond, when the PMDR spectrum was recorded with
v=1.70 GHz the spectrum of Fig. 3(b) was obtained.
The latter consists of {two zero-phonon bands with
maxima at 5740 and 5743 A, respectively. It is to
be noted from Fig. 3 that the 5742-A zero-phonon
line overlaps with both the 5740- and 5743-A bands.
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FIG. 3. (a) Zero-field PMDR spectrum showing only
the zero-phonon line taken with »=1.68 GHz, the mic-
rowave H, field being polarized (mainly) along the
x axis; T=1.5 K. (b) Zero-field PMDR zero-phonon
lines taken with #,||X, »=1.70 GHz, T=1.5 K.
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Detection of the emission with a polarizer in
either the x or z direction revealed that the ratio
of x- to z -polarized light of the 5742-A zero-pho-
non PMDR line (v =1.68 GHz) is about 2, while the
zero-phonon PMDR line at 5740 and 5743 A (v=1.70
GHz) are x and z polarized, respectively.

B. Effects of a magnetic field upon the ODMR
of the 5742-A emission

In agreement with the polarization of the zero-
phonon PMDR line at 5742 A, the line around 1.68
GHz also showed an x- to z -polarization ratio of
about 2. Application of a magnetic field of 38 G
along the z axis and detection of the emitted light
at 5742 A gives two additional resonances occur-
ring at 1.786 and 1.574 GHz and corresponding
with the Zeeman splitting of formerly degenerate
«x and y levels within a spin triplet state and mixed
by the magnetic field along z.

PMDR on the 1.69-GHz resonance shows a zero-
phonon line at 5742 A which is now unpolarized
[Figs. 4(a) and 4(b)]. The zero-phonon line cor-
responding to the new resonances also occuring
at 5742 A, is x polarized [Figs. 5(a) and 5(b)].

By applying the magnetic field along the y direc-
tion, the unshifted ODMR line at 1.69 GHz becomes
x polarized while the outer resonances now become
unpolarized (Fig. 6). The light decrease at 1.70
GHz in Fig. 6 gives rise to PMDR lines at 5740
and 5743 A and will be dealt with in Sec. III C.

No Zeeman splitting was observed when the
small magnetic field was directed along the x axis
and the unshifted ODMR line with a maximum at
1.68 GHz exhibits, as in the zero-field case, an

V=1696 GHz
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FIG. 4. Optical polarization of zero-phonon line in
PMDR spectrum taken in the presence of a (small)
magnetic field (H,=38 G) and with H,|| X, »v=1.696 GHz.
(a) x polarization; (b) z polarization.
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FIG. 5. Zero-phonon line in PMDR showing only x
polarization [(a) x polarization; (b) z polarization], when
H,=38 G, v=1.574 GHz, and H,||x.

x- to z-polarization ratio of about 2.

With y-polarized microwaves and a magnetic
field along the x axis, the light changes at 5742 A
induced by pumping the outer Zeeman resonances
was purely z polarized and the polarization of the
light changes induced by the microwave transition
at 1.68 GHz, was purely x polarized. Table I sum-
marizes the results of this subsection.

C. 5740- and 5743-A PMDR lines

The first five columns of Table II show representa-
tive data of the effects of microwave polarization
and magnetic field upon the optical polarization.

With an x-polarized microwave field and the ap-
plication of a magnetic field along a (100) axis, the
optical polarization does not change with the mag-
netic field direction. Note that the 5743-A emis-
sion is not observed in case H=H,.

With a magnetic field of ~43 G along the z direc-
tion, two ODMR resonances reflecting a light de-

1 1 I
1.796 1692 1.564
-—— V(GHz)

FIG. 6. ODMR spectrum of F center in CaO in the
presence of a small magnetic field along y (Hy=42 G).
The optical polarization of the resonance lines is as
indicated.
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TABLE I. Frequencies and optical polarization of ODMR resonances detected at A=5742 A as a function of the orien-
tation of the microwave field and magnetic field vectors. The assignments based on the random-strain model are given

in the last column.

ODMR Intensity
Microwave field Magnetic field frequency Optical ratio x- to z Assignment
polarization Q) (GHz) polarization polarized light emitting level
X o 1.68 x and z ~2 7(90°) and & (150°)
x H,=24 1.747 and 1.613 x 9
1.68 x and z ~1 7(90°)
x Hy=24 1.747 and 1.613 x and z ~1 n
1.68 x £(150°)
x CH, =24 1.68 x and z ~2 7(90°) and ¢ (150°)
Y see 1.68 x and 2 ~1 £(270°) £(21.0°)
y H, =24 1.68 x £(210°)
1.747 and 1.613 z £

crease are observed at v=1.58 GHz and v=1.82
GHz, respectively (see Fig. 7). The corresponding
PMDR lines at 5740 and 5743 A show x and z po-
larization, respectively.

The behavior of the 5743-A zero-phonon line is
quite different at the unshifted resonance when the
microwave field is y polarized. In this case the
optical polarization changes with the magnetic field
direction.

Observe also that for the y polarized microwave
field no PMDR line at 5740 A is detected.

IV. DISCUSSION

A. 5742-A emission

Like in the optically detected magnetic resonance
at high magnetic fields,® the characteristic prop-
erties of the 5742-A emission induced by an x-po-

larized microwave field at zero or low magnetic
fields can easily be ascribed to transitions of F
centers which are either in an isolated n or ¢ state.

Isolated spin vibronic levels, as depicted in Fig.
8, are characterized by a specific polarization of
the light emitted in the optical transition to the
ground state. This is due to the selective mixing
between the °T,, and 'T,, levels on account of spin-
orbit coupling, whereas the 'T,, admixtures deter-
mine the emission properties of the states.?

With an x-polarized microwave field in zero-
magnetic field only the ny —nz and ¢z -~ ¢y transi-
tions can be induced (cf. Fig. 8). As both the 7z
and ¢y states give rise to x-polarized emission,
one would expect purely x-polarized ODMR and
PMDR lines. Experimentally, however, an inten-
sity ratio of x- to z-polarized light of about 2 has
been measured. This can be understood when we

TABLE II. Effects of the orientation of microwave field and magnetic field vectors on the optical polarization of the

5740- and 5743-A PMDR zero-phonon lines.

Microwave Resonance Optical Optical
field Magnetic frequency polarization polarization Assignment Assignment
polarization field (GHz) 5740 A 5743 A 5740 A 5743 A
£y(150°)
s 1.70 °
z » z x {nx(210°) £9(150°)
. 90°) 12(90°)
v e 1.70 larized { b2
: unpolarize £x(30°) nx(30°)
n2z(270°)
ce 1.70 °
x x z {gy(330°) £9(330°)
nz(270°)
H 1.70
* * x £ {;y(330°) £9(330°)
x H, 1.70 x z £9(330°) £9(330°)
x H, 1.70 x s 1nz(270°)
x H, 1.58+1.80 x z Ly £y
¥ H, 1.70 e z nx(30°)
. . n2(90°)
y H, 1.70 unpolarized {WX(30°)
y H, 1.70 x nz(90°)
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FIG. 7. ODMR spectrum of F center in CaO in the
presence of a small magnetic field along z (H, =43 G).
The resonance lines at v=1.58 GHz and v=1.80 GHz
partly reflect a light decrease.

assume the upper spin levels of, respectively, the
1 and ¢ states to be degenerate within the homoge-
neous linewidth of the resonance at 1.68 GHz.
Then light with different polarization can be emit-
ted with equal probability. In the experimental ar-
rangement the y-polarized light from the ¢ state
cannot be detected and only emission from the nx
(z-polarized), nz, and £y (x-polarized) states can
be observed, which accounts for the intensity ratio
of about 2.

In agreement with this picture is the effect of a
magnetic field along the z direction (Table I). This
gives two additional resonances, which in PMDR
induce an x-polarized zero-phonon line at 5742 A
(Fig. 5). In terms of isolated JT states these res-
onances can only be attributed to the ¢ state (the x
polarization arising from the fact that in the ex-
perimental arrangement no y-polarized emission
can be observed). Since an isolated ¢ state will
not be pumped by an x-polarized microwave field,
the resonance at 1.68 GHz is left to the n state.

At these low fields (H,~ 40 G) the splitting between
the nx and nz levels apparently remains unresolved
and accordingly the emitted light is unpolarized
(Fig. 4). Otherwise, when £ was also pumped, the
light should have been completely x polarized when
the upper spin levels were not degenerate, or in

2, S v Ly

y< A X< ) x< K
[} [} | 1 [} I
Hyl| |H% Hy| [H% Hy| |Hy
X Yy z

g n 4

FIG. 8. Polarization of microwave transitions and
spontaneous emission from CaO F centers in the excited
5Ty, state.
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case they are degenerate the ratio of x- to z-po-
larized light should have been smaller than one.

When the microwave field is x polarized the as-
signment of the 5742-A line as an emission from
an isolated ¢ or 7 state is further confirmed by
the behavior under a magnetic field in the y direc-
tion (cf. Table I). In this case the n state gives
rise to the outer resonances and due to equal mix-
ing of the nz and nx levels, the induced light
changes are unpolarized. The unshifted resonance
at 1.68 GHz can be attributed to the ¢ state with an
x-polarized emission.

No Zeeman splitting is observed at low magnetic
field (<40 G) along the x direction indicating, once
again, that an x-polarized microwave field cannot
induce transitions in the £ state. The ratio of x-
to z -polarized light, emitted by the ¢ and 7 state
and induced by the 1.68-GHz transition is then
about 2, as in the zero-field case.

The apparent isolation of the JT states emitting
at 5742 A is most clearly demonstrated in the ex-
periments where microwave resonance is re-
stricted to a single vibronic state as selected by
the application of an external magnetic field, e.g.,
when H is along the z direction, the outer reso-
nances are observed to be strictly x polarized. I,
in the latter case, communication existed between
the ¢ and 7n states emitting at 5742 10\, this would
have been reflected in z -polarized light changes
due to rapid ¢x— nx radiationless transitions.”
Similarly the isolation is also demonstrated by the
strict polarization of the light increase induced at
the different y-polarized microwave transitions in
the presence of a magnetic field along the x axis,
i.e. (cf. Table I), pure z-polarized light at the
outer resonances from £ and pure x-polarized light
at 1.68 GHz from ¢.

We thus find that the emitting states that contri-
bute to the emission at 5742 A may be identified as
isolated states of either &, ¢, or n character. The
mere fact that the emitting vibronic states can be
considered as isolated, i.e., show no rapid dynam-
ical coupling among themselves within the triplet
lifetime, excludes a vibronic degeneracy per F-
center site. This conclusion emerges from pre-
vious experiments’ in which a rapid phonon as-
sisted internal conversion process (k~ 10° sec™)
was shown to be operative when the vibronic states
are degenerate. Therefore the simultaneous phos-
phorescence emission at 5742 A from &, m, and ¢
states must originate from different groups of F-
center sites rather than from vibronic degeneracy
at each F -center site.

Since the vibronic states emitting at 5742 A are
nondegenerate, we expect the remaining JT states
to emit at different wavelengths. As will be dis-
cussed in Sec. IVE, the PMDR zero-phonon lines
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at 5740 and 5743 A can indeed be associated with
such emissions.

B. 5740- and 5743-A emission

First we will discuss the “5740-A” emission in
terms of the six radiative spin vibronic levels.
The absence of mixed optical polarization in the
5740-A PMDR line makes, as before, an interpre-
tation of this line in terms of isolated and there-
fore nondegenerate states obvious. We thus find
(cf. Table II) that for a z-polarized microwave
field in zero-magnetic field the emission has to be
assigned to &y and nx levels in different groups of
F -center sites.

In agreement with this is the lack of any trace of
a 5740-A emission when the microwave field is Y
polarized. In this case a y-polarized emission will
be induced from the £z and ¢x levels. Light with
this polarization cannot be detected in the experi-
mental arrangement used and accordingly no 5740~
A emission is observed.

In contrast to the 5740~ and 5742-A emissions,
the properties of the “5743-A” emission cannot be
explained in terms of a direct response of a vi-
bronic level upon microwave induced transitions
between the spin levels. For example the z -po-
larized emission (in case of an x-polarized micro-
wave field, see Table II) should involve the £y and
nx levels (cf. Fig. 7). However, these levels are
not involved in x-polarized microwave transitions.
The same feature is also valid when y- and z -po-
larized microwave transitions are considered.
This indicates that within a description of a re-
sponse from single spin vibronic levels (the strict
optical polarization points to nondegenerate spin
levels), the population change of the levels emit-
ting at 5743 A is not a direct response to the per-
turbing microwave field, but the result of a com-
munication with another vibronic state in which the
steady-state population is changed by the spin
transitions. The appearance of the 5743-A emis-
sion at the same microwave frequency as the 5740-
A emission favors a coupling between these two
nondegenerate vibronic levels.

Moreover, the levels emitting at 5743 A have in
common with those emitting at 5740 and 5742 A,
that, because of the strict optical polarization and
thus the absence of internal conversion with other
vibronic levels of the same energy, they are also
nondegenerate with other vibronic levels of the
F center and that different groups of F centers
contribute simultaneous to the 5743-A emission.

C. Preliminary conclusions

Sumznarizing we can say that for the 5740~ and
5742-A emission, the correlation between the ob-

served optical polarization on the one hand and the
polarization of the applied microwave field and the
direction of an applied magnetic field on the other
is in complete agreement with a description in
terms of nondegenerate vibronic JT states (£, 7,
¢) resulting from Jahn-Teller coupling of an or-
bitally degenerate °P state to an e, vibrational
mode in the static limit. The strict optical polar-
izations show that no trigonal effects have to be
included.

Moreover the experiments show that different
vibronic levels contribute simultaneously to the
zero-phonon line emission. It was inferred from
the observed polarization in PMDR in relation with
previous work that the double resonance spectra
originate from F centers in nondegenerate vibronic
states.

At this moment we may as well set out the pro-
gram of the discussion to follow. Having identified
the ODMR and PMDR spectra as being due to per-
turbed F centers (i.e., F centers in which the vi-
bronic degeneracy between the JT states is lifted)
we pursue by answering the two main questions:

(i) why do we see predominantly perturbed instead
of unperturbed excited F centers, and (ii) why do
the spectra contain absorptive and emissive parts?

It is well known that the vibronic JT states of a
F center are very sensitive to only e, strain.® e,
strain will lift the vibronic degeneracy without
changing the spin vibronic character of the levels
and therefore the occurrence of ¢, strain in the
crystal might be a plausible explanation for the ob-
served phenomena. The lower-lying vibronic state
will then appear as isolated and will give a light
increase, while the population of the spin levels in
the higher vibronic levels may deviate from a
Boltzmann distribution, resulting in a light de-
crease upon microwave pumping.

To arrive at different subensembles of F centers
one needs e, strain whose components vary both in
magnitude and direction in the ¢rystal.

The concept of random static intrinsic strain,®
which arises from dislocations, inhomogeneities,
nearby point defects, etc., has long been recog-
nized as being very important for inhomogeneous
line-broadening effects in EPR.*™'2 Therefore, we
will first try to investigate the effect of random
strain on magnetic resonance frequencies and the
vibronic energies.

D. Random-strain model

The selection of F' centers, giving rise to the
emission at 5740, 5742, and 5743 A, is essentially
made by the micrvowave-induced transitions.
Therefore, we have to consider first of all the ef-
fect of random strain upon the zero-field splitting
of the spin-vibronic levels and to determine which
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subensemble will have the highest spectral density
in the magnetic resonance. From this the level
ordering of the responding F centers and the opti-
cal polarization of the zero-phonon lines can be
deduced.

In the static limit the effect of strain upon the
vibronic energies is given by*

J

H, =V,[(-3e,+3V3 e, )L2
+(~ze,—3V3 e, )L2+e,L?) . (1)
The influence of strain upon the zero-field split-

ting between the spin levels in vibronic JT state
has been shown to be of the form’

H=V,[(~3e,+3V3 e,)L2+ (~%e,— V3 e,)L2+e,L%] - D(L2S2+L2S2+ L2S?)
+ea[§(G11 =Gy, = Gy3) (L3S; - LiS% - Lf,Sﬁ) + (‘%Gu =Gp- éGss) (LiSf, +L§S§)
+"§'(—%Gu -G, - %G33)(LiS§+L§ S5+L3SY) + (%Gu +Gyp = %Gss)szLi +§G33LZS§]
+(e/V3){(L2S2 = L2S%)(G,; = Gy = Ggg) + (L2 = LA[ (3G, + Gy — 1G33)S?+ (3G, + G, +5Gy,)S%

+ (Si—Sg)[%G33L2+ (3G, +Gp+1Gy) L%}, 2)

H operates within the basis lvi), with v=§, 0, or
¢ and i=x, y, or z the spin functions of the S=1
system. V, is the strain coupling coefficient, e,
and e, are defined in terms of the strain tensor
elements e; by e;=¢, - (e, +¢,) and e,=3V3 (e, — ¢,),
and elements G, stem from the magnetoelastic
tensor G. It is readily seen that only matrix ele-
ments of the type i ]H Ivi) have nonzero values as
required in the extremum of the static Jahn-Teller
coupling case.

From experiments under uniaxial external strain
it was determined that G,,=G,;=-2G,,(=2G) and in
terms of the parameters ¢ and e, defined by tan¢
=e,/e, and e = (eZ +€?)*/2, the frequencies for the
transitions between the spin levels can be calcu-
lated to have the simple form as given in Table III.

The characteristics of random strain are as fol-
lows: (i) e varies from one site to another and it
is customary to adopt a spatial distribution P of
the form P(e) = (/o2 P exp[-3(e/0)?]; and (ii) an
equal probability for each value of ¢ within the in-
terval 0°< ¢ <360°, '

Assuming for the moment a fixed value for e, a
random strain distribution then implies a ¢ -depen-
dent spread in the energies of the spin levels and

r
therefore also a dispersion of the zero-field
microwave transition frequencies. Since the spec-
tral density g(v) is related to the resonance fre-
quency v by g(v)~ (6v/8¢)™, and since v is a gonio-
metric function of ¢ (Table III), one expects sin-
gularities in g(v) (Fig. 9).

As an explicit example we consider now the case
of x-polarized microwave transitions. Then two
microwave transitions are possible, namely, 1y
~nz and {z— &y. According to Table III we can
write, for the resonance frequencies,

hv(ny = nz)=D = 2V3 eG sing
and
hv(tz ~ &y) =D +eG(3 cos¢p — V3 sing) .

The spectral density achieves an extreme value
when |6v/08¢ |=0. This occurs for the ny —nz tran-
sition when cos¢ =0, i.e., ¢ =90° or 270° and for
the &z = £y transitions when tg¢ = -1/V3, i.e., ¢
=150° or 330° the transition frequencies at the ex-
trema are

hv(ny ~nz,909 =hv(z ~ £y,1509 =D - 2V3 eG,
hv(ny = nz,2709 =hv(tz — £y, 330°) =D + 2V3eG .

TABLE III. Frequencies of the zero-field microwave transitions in the 37;, state ex-
pressed in terms of the strain parameters e= (e§+ ¢2)!/2 and ¢ =arctan(e,/e;) as calculated
from Eq. (2). The values for ¢ giving rise to singularities in the spectral density function

-g() [g(v)— <] are also given.

Microwave Microwave

transition polarization Transition frequency ¢ for 6v/6¢p=0
Ex— Lty z D+eG(—3cosp+ V3 sing) 330°,150°
Ex—~tz % D+2V3eGsing 90°,270°
ny—~nx z D+ eG(—3cosp — V3 sing) 30°,210°
ny—nz x D-2v3eGsing 90°,270°
tz—~ix y D+ eG(3 cosp+ V3 sing) 30°,210°
tz—tw x D+ e¢G(3cosd —V3sing) 150°, 330°
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a(v)

D hv

D-2V3eG D+2V3eG

FIG. 9. Variation of the spectral density g(v) with
the resonance frequency v of the ny —nz ODMR transi-
tion under conditions of (i) equal probability for each ¢
in the interval 0 <¢ < 27 and (ii) a constant strain mag-
nitude e.

Considering the magnetic resonance at the re-
gion of high spectral density around #v =D +2vV3 eG,
we see that the microwave selects (i) a subensem-
ble of F centers all subject to a strain with ¢
around 270° in which case the 1 vibronic state is in
resonance, and (ii) another subensemble of F cen-
ters subject to a different strain with ¢ around
330° in which case the ¢ state is affected by the
microwaves.

Consequently, the light emission induced at that
microwave frequency will be a superposition of the
emission from different spin vibronic states con-
nected with different subensembles of F centers.

Now we can calculate from (1) and (2) the level
ordering in each of the subensembles with (5v/5¢)
=0. This leads to three equidistant vibronic levels
in each subensemble, separated by ze I V, | V3.
However, as depicted in Fig. 10, the microwave
transitions for the 270° and 330° subensembles oc-
cur in the highest vibronic state and for the 90° and
150° subensembles in the lowest-lying vibronic

TABLE V. Relative vibronic energies and resonance
fields of the subensembles with ¢ =0° and ¢ =180° which
contribute to the low- and high-field Z lines in the X-
band EPR spectrum as deduced from the random-strain
model.

$=0° ¢=180°

3 —%elel +%e|V2|

n —%elel +Le |Vl

¢ +e|V,] —e |V, |

Resonance
field of:

HoY (hv— D —3eG)/ghg (hv— D+ 3eG)/ gy
Jhigh (hv+ D+3eG)/gug (hv+ D—3eG)/gug

states. All information concerning the resonant
states is compiled in Table IV.

E. Interpretation with random strain
1. 5740-A emission

At this stage we make an attempt to interpret the
experimental results qualitatively in terms of the
random strain model. First we can assign the
5740-A emission in case of an x-polarized micro-
wave field to a resonance in the upper vibronic 7
states of F centers in the 270° subensemble and in-
the upper ¢ states of the 330° subensemble (Fig.
10). Since the 7z and nx as well as the £y and &x
levels will be splitted by an amount of eGV3, the
nz and {y states can be selectively pumped and
both levels will exhibit an x-polarized light emis-
sion (cf. Table II).

When a magnetic field is applied along the z axis
the model requires that the light change at the
1.70-GHz resonance is due to the n state of the
F(270°) centers and at 1.58 GHz (the Zeeman-split
line) to the ¢ state. Both induced light changes
have to appear at the same wavelength with the
same polarization. Changing the magnetic field to
the y direction will leave the resonance at 1.70
GHz to the F(330°) centers in the ¢ state and the 7
states will respond upon resonance in a Zeeman
component. Again the emission at both resonances
will occur at the same wavelength and with the
same polarization. Also with a magnetic field
along the x axis the 1.70-GHz resonance will give
an x-polarized zero-phonon line at 5740 A. This
is all in agreement with the experimental results
given in Table II.

From Table IV it follows that when the micro-

- wave field is y polarized the random-strain model

predicts the 5740-A emission to be y polarized

. which, in agreement with Table II, cannot be de-

tected in the experimental arrangement used.
Furthermore, Table IV shows that in the random-
strain model the 5740-A line induced by z -polar-
ized microwaves, should have a z polarization.
Also the decrease in light intensity of the 5740~
A emission upon microwave pumping is under-
standable. All three spin levels within either the
n(270°) or the £(330°) state have a rapid internal
conversion to the lower-lying vibronic JT states.
Only the upper spin levels of the 1(270°) or
£(330°) state are populated by intersystem crossing
from the 'T,, state. Now when the spin lattice re-
laxation within the upper JT state is slow as com-

© pared to the internal conversion rate, a surplus in

the population of the upper spin levels is built up
and consequently a decrease in light intensity is
induced upon microwave pumping. This condition
is the more valid the higher the strain magnitude,
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z; x pol
n ‘@x;z pol
y

y D+2V3eG

§ { z D+V3eG
x

¢= 90° 150

because the relaxation rate in a single vibronic
state is determined by the vibronic splitting.”

Note: As explained in Sec. V E, the outer Zeeman
components of the ¢ states originate from another
subensemble than the ¢ states responding at 1.70
GHz in zero field.

2. 5742-A emission

The population of the spin levels in the lowest-
lying vibronic states of the different subensembles
is determined by a direct feeding by intersystem
crossing from the T, state, by the radiationless
cascade with spin alignment memory from the
higher-lying vibronic states and by the spin lattice
relaxation within a JT state. Only the upper spin
levels of the lowest vibronic JT state have a radi-
ative probability for a transition to the electronic
ground state. This means that when the lowest
spin level of an isolated JT state has no other de-
cay channel than a radiationless transition to the
electronic ground state, a population surplus is
collected in the lowest spin state with respect to
the upper spin states. In that case a microwave
transition from the lower to an upper spin state
will induce a light increase. This situation was
actually found to be present under uniaxial stress.”

When, guided by these considerations, the in-
crease in the 5742-A emission is assigned to those
subensembles of F centers where the resonance
proceeds in the lowest vibronic state, a good
agreement with the experimental data is obtained.
It has to be assumed, however, that the upper spin
levels are still degenerate within the homogeneous
linewidth of the resonance.

For example with x-polarized microwaves and a
magnetic field along z, the Zeeman components
from &y are x polarized (cf. Table IV and Fig. 5).
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y; x pol
C‘-@x;y ”
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FIG. 10. Level order-
ing in subensembles, with
|dv/d¢|~1=0 and arbitrary
chosen strain magnitude,
which are involved in the
ODMR observations when
x-polarized microwaves
are used.

The 1.68-GHz resonance with emission from the
degenerate 7z (90°) and 7x(90°) state is unpolarized
(Table IV and Fig. 4).

With a y-polarized microwave field and a mag-

" netic field along x, the x-polarized light at 5742 A

(Table I) arises from £y(210°) and the z -polarized
light induced at the Zeeman components from up-
per spin levels of the ¢ state (Table IV) which will
split by the magnetic field along x.

3. 5743-A emission

We are then left with the appearance of a PMDR
zero-phonon line at 5743 A. Afew peculiarities
emerge. Fipst, the random-strain model predicts
the resonance of the low-lying vibronic levels with
the highest spectral density at low microwave fre-
quencies. The 5743-A emission, however, still
appears at the higher microwave frequency with
which the 5740-A emission can also be generated.
Second, if the lowest vibronic state were to be
pumped directly, we expect a light increase instead
of a decrease. Third, the optical polarization of
the 5743-A emission indicates that just those spin
levels are involved which cannot be affected by the
microwave field.

This brings us to the idea that the 5743-A emis-
sion arises from levels for which the population is
changed in an indirect way and is connected to the
resonance in the levels which give the emission at
5740 A. As has been shown previously, a vibronic
JT state can relax into another JT state by absorp-
tion or emission of a phonon.” In this conversion
process the spin state is conserved. Now, assum-
ing that a resonance in the upper vibronic level
(5740 A) changes in this way the population of the
spin levels in a lower vibronic state (5743 f\), the
selection rule dictates that only those spin levels
are influenced which have that same spin state as
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the ones involved in resonance in the upper vibron-
ic state. Moreover, when in case of nondegeneracy
the spin lattice relaxation within a single JT state
is slow as compared to the fast internal conversion
process; consequently the internal conversion will
be observed only from the spin levels, selected by
the microwaves.

That this view holds becomes clear when we ex-
amine thedata for a y-polarized microwave field in
detail (Table II). In zero magnetic field the ran-
dom-strain model predicts (Table IV) that with the
resonance at the higher microwave frequency the
£2(90°) and ¢x(30°) levels are involved. The inter-
nal conversion process with conservation of spin
state will then produce a population change in the
low-lying 7z (90°) and 7x(30°) levels, respectively.
This results in an x- and z -polarized light change
at 5743 A. Experimentally, the light at 5743 A was
found to be unpolarized (cf. Table II).

A magnetic field along x will detune the &éx« &z
resonance from 1.70 GHz and only the &z~ £x(30°)
resonance is left at 1.70 GHz. Accordingly the
5743-A emission from 1x(30°), due to internal con-
version from ¢x(30°), has to be z polari zed. When
the magnetic field is along z, resonance at 1.70
GHz occurs for the &x+ £z (90°) transition and con-
currently with a decrease in the £z(90°) population
we expect a decrease of 7z (90°) (x polarized).

As follows from Table II, these polarization
changes with the magnetic field along different
crystal axes have been actually observed.

However, we have only observed that a popula-
tion decrease of the upper spin level in the upper
vibronic state (v=1.70 GHz) is reflected in a pop-
ulation decrease of a level with the same spin state
in the lowest vibronic state. Decrease of the same
spin level of the vibronic state in between has not
been found. Clearly, the spin levels of the lowest
vibronic state have a much larger population than
the spin level of the vibronic state in between and
will therefore act as the main source to replenish
a population decrease in the upper vibronic state.
Moreover, an effect in the middle vibronic state
will be hidden in the wing of the 5740~ and 5743-A
zero-phonon lines. '

No transfer of the increase in population to lower
vibronic states has been observed after resonance
in the upper vibronic state. This, however, will
appear in the region where there is a strong over-
lap with the 5742-A emission, which itself is also
an increase in light intensity, and one cannot dis-~
tinguish between the different origins of these light
changes.

4. 5742-and 5743-A emission

Now the question arises why the lowest vibronic
state in the subensembles emitting at 5743 A, is

still lower than the lowest vibronic state of the
subensembles where the light change was a direct
result of the magnetic resonance (5742 fx). This
problem is intimately connected with the nondegen-
eracy of the JT states selected by the microwaves,
the strain magnitude e (vibronic splitting), the se-
lective internal conversion, and the resulting popu--
lation distribution over the spin vibronic levels
under steady state illumination. .

Let us first discuss the 5742-A emission. In the
randomsystrain model this corresponds with a res-
onance in the lowest-lying vibronic state of those
subensembles which have the highest spectral den-
sity. Experimentally, a light increase is found
and a population surplus in the lowest spin vibronic
level is not an astonishing fact (cf. Sec. IVE 2).
However, only in the lowest JT states we are sure
that regardless of the strain magnitude such a sit-
uation exists. This in contrast to the upper vibron-
ic state where the population differences are much
more determined by competitive processes as
feeding from 'T,,, conversion to lower spin vibron-
ic levels, thermal feeding from lower vibronic
states, radiative and or radiationless transitions
to the electronic ground state.

Up to now we have only considered the effect of
¢ in selecting subensembles with a high spectral
density. Now assuming also a distribution in the
strain magnitude e (cf. Sec.' IVD), the shape of the
ODMR line can be constructed from the regions of
high spectral density with respect to ¢ for every
e, weighted by the probability P(e) and taking also
in account the homogeneous width of a resonance
and the population difference as a function of e.
Indeed, when recording the PMDR at different fre-
quencies in the frequency interval comprised by the
inhomogeneously broadened ODMR line, the top of
the zero-phonon line shifts slightly.

Now we focus our attention to subensembles
where the highest vibronic JT state is selected by
the magnetic resonance. First, given a fixed opti-
cal pumping rate and microwave power, the light
response is governed by the initial steady-state
population difference between the spin levels, in-
volved in the resonance experiment. The popula-
tion of the highest spin vibronic levels is strongly
dependent upon the energy separation AE of the
vibronic states since the ratio of the upward to the
downward internal conversion rates, assuming
microscopic reversibility, is determined by
e"AE/*T  Thus for a low-strain magnitude the
steady-state population difference between the spin
levels in the upper vibronic state can be such that
a microwave~-induced transition between these
levels will result in an éncrease of emitted light.
Certainly such contributions may be present in the
high-energy tail of the 5742-A zero-phonon band



TABLE IV. Subensembles involved in the zero-field microwave resonance experiment in the F center 37T}, state as follows from the random-strain model in
which only the strain parameter ¢ is allowed to vary (0°< ¢ <360°) and ¢ is taken as a constant. The sixth column shows states of which the population is af-

fected by internal conversion from an upper state involved in resonance at highly stressed sites [type (a)] and states which respond also to resonance because

of near degeneracy in lowly stressed sites [type (b)].
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or in the low-energy tail from the lowest vibronic
JT states of these subensembles where the popula-
tion is influenced by internal conversion to the up-
per state. Unfortunately, these superimposed
emissions from different subensembles cannot be
resolved.

However, experimentally the resonance in the
upper vibronic states could emerge so distinctly in
the observation of the 5740-A line by virtue of the
light decrease. For these subensembles of F' cen-
ters in the higher spin levels a population surplus
with respect to the lower spin level is built up un-
der steady state conditions. This can be reached
(cf. Sec. IVE 1), when the feeding by internal con-
version from the lower vibronic states slows down,
i.e., when the strain magnitude and so the energy
gap between the vibronic levels becomes larger.
Thus in studying the subensembles which respond
by a light decvease at 5740 .f\, the additional re-
quirement of an inverted population makes that we
are already selecting F centers which are subject
to the larger strain magnitudes. This in contrast
to the resonance in the lower vibronic states
(5742 f\), when all subensembles over the e distri-
bution can contribute to the light increase.

Thus the average e at the top of the inhomoge-
neously broadened ODMR line corresponding with
the light increase is smaller than that at the top
of the ODMR line which is connected to the light
decrease. Consequently, the vibronic energy of
the lowest vibronic state, which is coupled by in-
ternal conversion with the resonance in the highest
vibronic state is determined by a higher average
value of the strain magnitude which corresponds to
a lower average vibronic energy (5743 vs 5742 f&).

From expression (1) we calculate the strain in-
duced splitting between the 5740- and 5743-A emit-
ting levels (9 em™) to be V3 eV,. The strain-cou-
pling coefficient V, can easily be calculated from
the results presented inRef. 7. V,~ —3.95%X10* cm™,
Hence, for the magnitude of the strain correspond-
ing to the subensemble 5740 and 5743 A we find
e~1.3x10™,

The position of the zero-phonon line for un-
strained crystals should be 5741.5 A. Thus the sub-
ensemble emitting at 5742 Ais subjected to inter-
nal strain with e=~4.5 X107°,

F. Magnetic resonance under high magnetic fields

In studying the F center in EPR at high magnetic
fields, Edel et al.® have noted that in the EPR
spectra the polarization of the emission induced by
the microwave transitions, was not in complete
agreement with what has to be expected from the
site under resonance.

Very recently we learned about a similar study!®
in which the X-band EPR was studied under nar-
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row-band excitation in the zero-phonon absorption
line of the triplet states. It was concluded that the
observed phenomena have to be explained by the
presence of strain and inclusion of a reorientation
process without spin flip for highly stressed
states. This view is in perfect agreement with the
interpretation we gave before for the zero-field
phenomena and for the experiments under uniaxial
stress.®” In fact we will show that a similar
treatment as for the zero-field case is also con-
sistent with the results obtained in X-band EPR.

In interpreting the high-field EPR experiments
of F centers under random-strain conditions one
has first to determine which subensemble will give
a high spectral density. With restriction to the Z
low- and high-field lines (only the resonance in the
¢ state are then considered), it can easily be shown
from Table III that the resonance will occur at
H = (v —D - 3eG cosp)(gu )™ and HME"= (hv +D
+3eG cosp)(g,)™. Extrema in the spectral densi-
ty are reached for ¢ =0°and 180° the vibronic en-
ergies of the JT states in these subensembles and
the position of the low- and high-field Z line are
given in Table V.

Due to the positive sign of G, the resonances in
the subensembles where ¢ is the lowest vibronic
state (¢ =180°) will appear at the high-field wing of
the low-field Z line and at the low-field wing of the
high-field Z line. A resonance in the subensemble
where ¢ is the upper vibronic state (¢ =0°) is to be
found at the low-field side of the low-field Z line
and at the high-field side of the high-~field Z line.

With excitation in the high-energy wing-of the
zero-phonon absorption line, the upper vibronic
states of strongly strained F' centers are optically
selected. From these the EPR experiment selects
the ¢ states which may be in either the ¢ =0° sub-
ensemble (then the ¢ state is an upper vibronic
“selected” state) or the ¢ =180° subensemble in
which case the ¢ “relaxed” states becomes popu-
lated by internal conversion with conservation of
spin state from the upper lying optically prepared
£ and 7 states. When the polarization of the ex-
citation light is such the ¢ state cannot directly be
prepared by optical excitation, the resonance of
the 0° subensemble in the high-field wing of the
high-field Z line has to disappear. These phenom-
ena have actually been found by Bontemps-Moreau
et al *®:

Returning to the work of Edel et al., rather
strong changes in circularly polarized light were
found at the low- and high-field resonances of the
£ and n states, which can only originate from a
response of a ¢ state. Now, working along similar
lines as before, we find that the highest spectral
density for the resonance in the £ state is obtained
for ¢ =60° and 240°. The level ordering is such

that in both cases the vibronic £ and ¢ states are
degenerate with each other. This situation is ex-
actly the same as that studied under uniaxial
stress along a principle axis,” where internal con-
version with spin memory:is also responsible for
large changes in the simultaneous response of two
degenerate vibronic levels when one of the states
is on resonance.

With this, the small change in z () polarized
light observed in the resonance of the ¢ state has
to be compared. From Table V it follows that the
resonant state is nondegenerate and the micro-
wave-induced light changes in the other states are
now, due to different (Boltzmann, phonon-density)
factors in the rate constant, much smaller.

No attempt was made to explain the sign of the
light changes. The population distribution is the
steady state balance of many dark processes in the
optical-pumping cycle of the nine-spin vibronic
states which themselves are perturbed by strain
and the magnetic field. A quantitative analysis
would require a detailed knowledge of all the kinet-
ics involved and cannot as yet be given.

V. CONCLUSIONS

We have shown in this paper that with (i) the as-
sumption of static random strain of the e, type in
the crystal, (ii) a description of the F centers in
terms of tetragonally distorted spin vibronic Jahn-
Teller states in the static limit, (iii) phonon-as-
sisted conversion of vibronic character with con-
servation of spin state, the rather complicated
optically detected magnetic resonance phenomena
can be described qualitatively in a satisfactory way.

Of major importance in understanding the data
is that with random strain only a part of the ex-
cited F centers is observed. The selection of sub-
ensembles is determined by the conditions used in
the magnetic resonance experiment, e.g., micro-
wave polarization, direction magnetic field, zero
field. With this specific selection of a subensem-
ble the level ordering of the three JT states and
the position of the resonant state with respect to
the others are fixed. This then in turn will deter-
mine the wavelength and sign of the induced light
changes in the resonant and in the other states.
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