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From optically detected magnetic resonance spectra and time-resolved measurements of the

phosphorescent F center in a nondegenerate state ((101] stress) and in a doubly degenerate Jahn-

Teller state ([100] stress), the static coupling of the photoexcited spin vibronic system to external

stress as well as the nature of the dynamics (at 1.5 K) involved in the transitions between the

spin-vibronic levels have been studied. To describe the static coupling between the

T]„ e~ (S =1) spin vibronic system and strain a spin Hamiltonian was derived. Apart from

spin-lattice relaxation within a single vibronic Jahn-Teller state, also another relaxation channel

was shown to be operative which consists of a phonon-assisted conversion between difterent vi-

bronic Jahn-Teller states with conservation of spin-state character.

I. INTRODUCTION

It has been shown by means of optical detection of
electrpn spin resonance in the phosphorescent state of
F centers in CaO, that the orbital degeneracy of the 'P
excited state is lifted by a Jahn-Teller coupling to a lo-
calized e,, vibrational mode. ' The observed phenome-
na could be explained as a response from excited F
centers which are either in a f, q, or $ Jahn-Teller
state.

By studying the temperature behavior of the intensi-
ty of the zero-phonon lines of the phosphorescence
spectrum under externally applied pressure the au-
thors confirmed their assignment. 2 From the tempera-
ture dependence of the intensity of the two zero-
phonon lines, observed under [001] stress, it was also
concluded that the relaxation from an energetically
higher vibronic Jahn-Teller state into a lower-lyirig
one has to proceed on a time scale of microseconds or
less.

Recently, it was shown that excited F centers in
CaO are also accessible by magnetic resonance in zero
field. ' Optically detected magnetic resonance
(ODMR) in zero field gave two distinct microwave
transitions at 1.70 and 1.68 GHz, corresponding,
respectively, to a decrease and an increase in the
phosphorescence intensity. Phosphorescence mi-
crowave double resonance (PMDR) revealed that the
zero-phonon line was splitted into three lines with

peaks at 5743, 5740, and 5742 A. The latter line ar-
ises from pumping at 1.68 GHz, the outer lines from

pumping at 1.70 GHz.
A detailed experimental analysis under high- optical

resolution using the polarization properties of the em-

itted light, the different polarizations of the microwave
field and the effect of small magnetic fields along the
principal axes of the crystal, showed that the situation
is rather complex. Since the F centers are subjected to
an intrinsic strain present in the crystal, one of the
features of the ODMR and PMDR derived from
magnetic-field effects was the indication of a radiation-
less transition between any two vibronic Jahn-Teller
states of different energy '(due to strain) on a time
scale of microseconds with conservation of spin-state
character.

A powerful means for studying the distinct relaxa-
tion paths within a single Jahn-Teller state and the
dynamic coupling among different Jahn-Teller states is
the application of an external uniaxial pressure of such
a magnitude that the effects of intrinsic strain in the
crystal can be ignored. In this paper we report on the
ODMR spectra and dynamics of excite&] F centers in a
nondegenerate Jahn-Teller state ([101]stress) and in

a doubly degenerate Jahn-Teller state ([100] stress).
It will be shown that the experimental data provide in-

formation about the static coupling of the spin-
vibronic system to externally applied stress as well as
about the nature of the dynamics involved in spin-
lattice relaxation processes.

The form of the spin Hamiltonian to be used in the
particular case of a triply degenerate vibronic system
with S =1 coupled to an e„,-type strain is considered
in terms of a general operator equivalent derived from
symmetry arguments alone (Sec. II).

In Sec. III we present details of the experimental
procedures and the experimental results are given in

Sec. IV. Finally, in Sec. V a discussion is given of the
dynamics of internal conversion and spin-lattice relax-
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ation of the various spin-levels in the Jahn-Teller
states.

II. EQUIVALENT OPERATOR IN THE PRESENCE

OF STRAIN

ourselves to the limiting case (which is borne out by
the experimental data in this and a following paper»)
that nonsecular t2„,-type interactions are completely
quenched. Then the basis ~vi), with v =g, q, or (
and i =x, y, or z-(the S =1 spin functions), should di-
agonalize the operator equivalent. This condition is
fulfilled by, e.g. ,

The Hamiltonian representing the vibronic coupling
of the T „lorbit lastate with the normal coordinates Q„
and Q, of an e,, vibrational mode is given by

0„=L„'(d„„S„'+ d,„SP2 + d„S,')

where

pp p Xgp»e»» =
»»

r/

(2.3)

Ho = Eo+ (1/2 p) b» +p,' + p '~'(Q» + Q,') ]

+ V[(——Q»+ —%3Q,) L„

+ (——, Q„——,J3Q,) L, + Q»L, '] (2.1)

The notation used is that of Ham. ' The lowest vibron-
ic state is triply degenerate where the basis vectors (,
q and .j correspond to the three tetragonal Jahn-Teller
distortions. In first order the e@ect of strain is taken
into account by'

Hs = V2[(——,e»+ , J3e,)L„'—

+ ( 2e„——
2
J3e,)L 2 + e„L,2]

and g„ is to be related to an element of the magne-
toelastic. matrix G. Terms involving higher powers of
the elements of the strain tensor will be neglected.
Application of the symmetry operations of the O~

point group on O„generates a number of additional
terms which are all quadratic in the orbital operators
Lp and also quadratic in the spin operators Sp The
linear combination of the terms thus obtained must be
invariant to the cubic-symmetry operations. In this
way the number of independent g-matrix elements is
reduced to five.

Consider now the spin Hamiltonian for the ~() state
as

+ V3[e23(L„.L. +L.L,) +e3l(L„L, +L,L,)

+el2(L, L„+L,L„)],
where

QQ/
e;;=— +

2 Qx/ /xi

(2.2)

(2.4)

then the magnetoelastic matrix G is here defined by

a„=gG„e,
k

It was calculated that the elements of the G matrix pan
be exPressed as

and

1

e» 33 2
( ll + 22)

1e, = —
2
J3(ell —e22) and

G11 g11 + g22P G12 g12 + g 21

G13 g 12 + g23P G31 g 21 + g23

As was shown by Ham, in the strong Jahn-Teller cou-
pling limit, the effect of terms involving the strain
tensor elements of t2„symmetry is negligible, and the
only effect of strain is an energy shift of the Jahn-
Teller states without modifying their wave functions.

In the absence of strain the degeneracy among the
spin levels within a single Jahn-Teller distortion is par-

tially lifted due to the first order effect of the dipolar
interaction between the electron spins and the effect
of LS coupling in second order.

When strain is nonzero this zero-field splitting is
modified. Within the limit of Elr/ tee )) 1'one ex-
pects a secular shift of the spin levels due to the com-
bined action of SS and LS interactions. Rather than
going into the details of this, we prefer to proceed
with a phenomenological approach which automatically
accounts for both types of interactions. We restrict

G33 2g22

H =Ho+Hs+H]+H

Hl = D(L 'S '+ L 'S'+ L —'S )

(2.5)

(2.6)

and

Now two supplementary constraints on the G matrix
are introduced: (i) the energy shift shared by all lev-
els out of the set

~
vi) is adopted to be zero, irrespec-

tive of the applied strain. This results in

G3l = —
—, G33 and (ii) the sum of the changes due to

strain in the spin vibronic energies of the levels ~vi) is

taken to be zero (thereby defining the level of zero
energy). This results in Gl3 ———(G, l+ G„).

With these arguments the following equivalent
operator is obtained:
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H& = e„[T(G~i —G~2 G33) (2L,'S„—L„S,' —L, S,,'). + ( —
~

Gii —G, p
—

4
G33)(L„'S„,'+L, S„').

1 2 2 2 2 2 2 1

+ —, ( ——, Gii —G)i ——Gi3) (LX'S„+L,'S,'+. L. 'S,') + (—, G() + G)2 ——, G33) S'L '+ , G3—iL'S']

+(e,/J3) {(L„'S„'—L,.'S,.')(Gi, —G„—G33) +(Lg Ly') [(2 G„+G~i 4 G)3)S +(2 G]]+G)2+ 4
G33)S']

y

+ (S~ Sr ) [ i G33L' + (—, Gii + G)i + , G3—3L])- (2.7)

It follows immediately what situations arise when
the external uniaxial pressure p is directed along the
[100], [101],and [111]crystal axes. The possible
splittings of the spin-vibronic levels, their radiative
properties [based on the contamination through spin-
orbit (SO) coupling with the lowest ' T~„state] and the
possible microwave transitions are depicted schemati-
cally in Fig. 1.

III. EXPERIMENTAL
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FIG. 1. Term scheme for the electronic states of a F
center in CaO, the spin vibronic levels of the 3T[„state are

given on an enlarged scale. The laboratory reference frame is

as given in the inset. The polarization of the possible mi-

crowave transitions is as indicated.

Yellow-colored single crystals of CaO were pur-
chased from Spicer Ltd. and mounted in a metal heli-
um cryostat. The crystal was irradiated with light
from a 100-W Hg lamp via quartz windows in the
walls of the cryostat. The emitted light was resolved
by a Monospek 1000 Monochromator (usually at a 90'
angle from the exciting light), and detected by a Ga-
As (C 31034 RCA) photomultiplier. The crystal was

surrounded by a slow-wave helix which was connected.
by a coaxial line to a Hewlett-Packard HP 8690 mi-
crowave sweep oscillator. Microwaves in the range of
1 —2 0Hz were amplified by a Varian'614A 20-W
traveling-wave tube amplifier and square wave modu-
lated at 120 Hz with a 50% duty cycle. The mi-
crowave induced change in the photomultiplier output
was detected with a PAR HR-8 lock-in amplifier, The
experiments were performed at 1.5 K. Stresses up to
20 kg/mm' could be realized by means of a device ca-
pable of transforming the hydrostatic pressure in a gas
chamber into uniaxial stress through a connection
with a stainless-steel rod. The bottom end of this rod
was sealed to a quartz tail which was positioned on top
of the CaO crystal.

In the time-resolved experiments decay curves were
measured using a Varian C-1024 CAT or a PAR
boxcar-type 162 system (164 plug-in).

IV. RESULTS

We adopt the laboratory reference frame as depicted
in Fig. 1. Then the propagation direction of the excit-
ing light is along the z axis and the phosphorescence is
detected along the y direction. The H[ vector of the
microwave field is predominantly along the axis of the
helix, The experimental arrangement was such that
the system could be excited with x-, y-, or z-polarized
microwaves whatever was required for the experiment.

A. 1-1011 stress

With p { {[101], the rl state will be lowest, i and since
the splitting between q and the g and ( states is

sufficiently large as compared to kT (T = 1.5 K), only
the zero-phonon emission line of the q state will be
observed at higher wavelengths. '

The ODMR spectrum was recorded with the mi-
crowave field polarized along the [101] direction, i.e.,
H[ had components along the x and z directions. The
spectrum consists of two unpolarized lines both
corresponding to an increase of phosphorescence in-

tensity under microwave resonance.
Since in all other experiments we found no indica-

tion for t2,,-type strain interactions we attribute the
ODMR line splitting to a misalignment which in our
experiments was hard to avoid. It is readily verified by
looking into the variation of the zero-field splitting
parameters as a function of the direction of the ap-
plied stress [by means of expression (2.7)1 that the
sensitivity of the zero-field splittings towards changes
in the stress direction is largest for p directed around
the [101]directions. Figure 2 gives the value of the
resonance frequencies as a function of the applied
pressure. A maximum Zeeman splitting was obtained
with a magnetic field along the y axis.

By pulsing the resonant microwave power and col-
le'cting the light change in the microwave cutoff time,
the return of the population of each of the upper spin
levels to steady state conditions was studied as a func-
tion of time. The effect of a microwave pulse is an in-

crease in the population of the upper spin levels and
therefore the change after the pulse is a decay (Fig. 3).
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1.7GHz-

then plotted as a function of p2 (Fig. 4). As the ener-

gy separation AE between the two upper and the lower
Jahn-Teller states is linear with p,

' it follows that the
relaxation rate is proportional to 1/(hE)'. Thus cou-
pling between the lowest and highest Jahn-Teller
states is a determining factor for the spin-lattice relax-
ation-rate constant within an isolated Jahn-Teller state.

1.65-
B. [100) stress

1.60 "

10
I

20 p(kg/mm2)

1.55

Since under continuous illumination the feeding
from the 'P state (or intermediately via a cascade pro-
cess from the upper g and g states ) will proceed with

a constant rate, the decay in the upper spin levels of
the lowest Jahn-Teller state can be directly correlated
with a spin-lattice relaxation process.

Both upper spin levels of the q state decay ex-
ponentially and exhibit the same decay rate. The
measured decay times were corrected for the radiative
and radiationless decay to the singlet ground state and

FIG. 2. Microwave resonance frequencies of the gy qx
and qy qz transitions as a function of applied stress nearly

along the [101j direction of the CaO crystal.

Uniaxial pressure along a cubic axis will cause a

splitting of the three degenerate vibronic Jahn-Teller
states. For [100] pressure the g state shifts to a

higher energy and the ri and ( states, which remain
degenerate, shift to a lower energy. ' When the split-

ting is large as compared to kT only the zero-phonon
line of the two lowest Jahn-Teller states will be ob-
servable. The microwave field in the helix is not com-
pletely linearly polarized and due to this inhomogenei-
ty also microwave transitions with a diA'erent polariza-
tion can be generated. The response to these small
microwave powers will strongly depend upon the actu-
al lifetime of the spin states involved, i,e., transitions
to states with a relatively long lifetime will be
stronger.

It is to be noted in the following that the y-polarized
emission of the ( x state cannot be detected in the ex-
perimental arrangement used.

1. x-polarized microwave field

With an applied pressure of p =12 kg/mm', the
zero-phonon line is shifted to 5747.,4 A and the
ODMR spectrum monitored at this wavelength shows
two microwave transitions at 1.59 and 1.69 6Hz,
respectively (see Fig. 5).
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FIG. 3. Time behavior of the light change in a

microwave-pulse experiment involving the qy qx transition

in the presence of external stress along the [101] direction.

FIG. 4. Pressure dependence of the decay time involving

the qy gx transition in a.microwave-pulse experiment

{p ii[101]).
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hlph
x polarization

z polarization

ment with the level scheme of Fig. 6 it was found that
with a magnetic field of 40 G along the y axis as well

as along the z axis an x-polarized resonance is found
at 1.59 GHz.

' On variation of the applied pressure p, the reso-
nance frequency of the vjy qz transition shifts
linearly proportional with p whereas the frequency for

gy qx appeared insensitive towards p, It follows
from Eq. (2.7) that G33 —2Gii. For uniaxial pressure

p along the [100) direction one finds

2

(CI i C12) p i ~
2

I

1.700
I

'
I

1.600GHz.

where the elements C„denote the elastic stiffness
constants. The shift in the qy qz transition fre-
quency under [100] stress calculated by means of ex-
pression (2.7), then becomes

hv = (Cii —Ci)) 'p(Gii —Gip)

The increase in the intensity of the emitted light in-
duced at v =1.59 GHz is x polarized and the exponen-
tial decay after the microwave pulse is completed, has
a characteristic time of 2.2 p, sec. According to Fig. 5

the increase in emission at v =1,69 GHz is z polarized.
Its decay time, however, is three orders of magnitude.
larger (1200 p,sec) and clearly this is why, due to a

small inhomogeneity in H~, this transition is observ-
able (see Fig. 6).

That the z-polarized emission at v =1.69 GHz ori-
ginates from the q state was proven by application of
a static magnetic field (H =40 G) along the y axis
which removes the resonance from 1.69 6Hz (z polar-
ized) to frequencies corresponding to the appropriate
Zeeman splitting (mixed polarization). Also in agree-

y, z

y I

0~1.76GHz

hE ~ 49cm-1

f

x~ t
1.69GH z

'[

y
r'

x&

FIG. 6. Energy levels of the F center under [100] stress

(p =12 kg/mrn2). The zero-field splittings are shown on an

enlarged scale. The D value appropriate to the g state has
been calculated by means of Eq. (2.7).

FIG. 5. ODMR spectra recorded under [100] stress
0

(p =12 kg/mm2) detected at X =5747.4 A, the polarization of
the light changes is as indicated.

Since bv = —90 MHz at p =12 kg/rnm and

C~ ~

= 20 & 10" dyn/cm' and C~2 = 6 & 10" dyn/cm'
for CaO, ' it is found that G[[ —6~2 = —3.6 cm ',
where the convention of Fosbergh that a positive
stress is a compression has been followed. Alterna-
tively, the stress induced effects may be described in

terms of a phenomenological model which describes
the effect of strain on the three Jahn-Teller distortions
separately. ' In that case e[[, e22, and e33 are taken to
bc the strain parameters and the magnitude of the
components of the magnetoelastic tensor are found to
be

G)2 = G33 ——2G[~ =2.4 cm '

Variation of the applied pressure shows that the de-

caytime of the x-polarized emission is almost indepen-
dent of p, while the decaytime of the z-polarized emis-
sion with v ='1.69 GHz is linearly proportional to
(4E)'. This indicates that (i) the mechanism for the
relaxation of the rtx and (x states is of the same type
as for the rtx state in the case of [1011 stress; (ii) the
fast relaxation channel of the 71z and $y states does
not involve coupling to an excited vibronic level (no p
dependence) and therefore its mechanism is to be
developed in terms of the spin states of the two degen-
erate lowest vibronic le'vels; and (iii) since a fast com-
ponent in the relatively slow rtx and (x decay is lack-

ing, the rapid relaxation of the qz and (y states is res-
tricted to the participation of only the qy and (z states.

Apart from an increase in z-polarized light, the mi-

crowave transition at 1.69 GHz also induces a de-
crease in x-polarized emission (Fig. 5). Since light of
this polarization can only originate from the rtz and fy
levels which cannot be pumped at this microwave fre-
quency their change in population must be connected
by some relaxation channel to the microwave induced
change in the population of the sty, rtx, $z, or (x lev-
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els. An interesting observation confirming this, is that
the decaytime of the x-polarized emission at 1.69 GHz
is of the same order of magnitude as that of the z-

polarized emission ( —1200 psec at 12 kg/mm') and
follows the same pressure dependence. This is in con-
trast to the fast pressure independent decay of 2.2
psec when the 1Jt and ilz levels are directly pumped by

the microwave radiation, and proves that the re-
currence towards the equilibrium population is rate
determined by the relaxation rate of the qx and (x
levels into the $z and qy levels. The change in popu-
lation in the itx and $x levels on the application of mi-

crowave power is essentially an increase, which in turn
means a decrease in the population of the nonemitting

qy and (z levels. Therefore, the depletion of the qz
and (y levels must be due to the microwave induced
depletion of the qy and gz levels, from which we know

already that their communication with either the qy
and/or $z is very effective.

2. y-polarized micro)/itave field

dIph x polarization

z polarization

The zero-field ODMR with a y-polarized microwave

field is shown in Fig. 7. In agreement with the short
lifetime of the qz and (y levels, no microwave transi-

tion at 1.59 GHz due to a small inhomogeneity in H]
was observed. Again the increase in z-polarized light

occurs at 1.69 GHz, accompanied by the decrease in

x-polarized light both exhibiting a lifetime in the order
of milliseconds for p ) 10 kg/mm and linearly pro-
portional to (/tE) 2.

Application of a magnetic field H of 48 G along
the y axis will strongly mix the ilz (x-polarized light)
and rtx (z-polarized light) states and the microwave
transitions from qy to the mixed spin levels have to
occur at 1.792 and 1.518 GHz. Ho~ever, with H IIy

and a y-polarized H[ field with v =1.69 GHz which
can only induce the $z $x transition (which emis-
sion is y polarized and cannot be seen) not only a de-
crease in x, but now also a decrease in z-polarized
light was observed. Since only the upper q spin levels
can emit z-polarized light, the depletion in their popu-
lation demonstrates unambiguously a strong dynamic

coupling between these levels and the (z level, which

is depleted also due to the gz (x transition.
In summary the following results were obtained:

(a) The ~gz) and/or ~(y) states are dynamically

strongly coupled with the ~7ty) and/or ~(z) states.
This is concluded from microwave pulse experiments
performed at zero magnetic field and from the zero-
field ODMR lines denoting a decrease in the phos-
phorescence intensity. (b) The ~qx) and/or ~qz)
states are strongly coupled to the ~(z) state as shown
in the experiinents with H lly. From (a) and (b) it is

concluded that the fast relaxation has to be attributed
to the channels rtz $z and (y qy, which is essen-
tially a phonon-assisted internal conversion between

diferent vibronic John Teiler state-s with conservation of
spin-state character.

V. DISCUSSION
We first remark that the pressure dependence of the

positions and polarizations of the lines in the ODMR
spectra as observed for p II [100] and p II [101] is ade-

quately accounted for by use. of the operator
equivalent of expression (2.7). This means primarily

that as long as one is concerned with the properties of
the individual vibronic states or their relative energies
indeed only e„,-type interactions need consideration
and t2,,-type interactions are eft'ectively quenched.
This situation is representative for the limit of strong
Jahn- Teller coupling. ' However, dynamic processes
such as spin-lattice relaxation involve matrix elements
nondiagonal in the representation

~
vi ) and therefore

are a manifestation of the incompleteness of the
quenching of t» interactions.

In general, the mechanism for spin-lattice relaxation
(SLR) of paramagnetic centers in ionic solids at
T +1.5 K can be developed in terms of a direct
(one-phonon) process. ' Then the relaxation rate W„
for, the transition

~ i) ~j), is given by

I

t.?00
I

t.6006Hz

FIG. 7. ODMR spectra in case of [100] stress. (p =6.7
kg/mm2); x and z represent the polarization of the detected
light. The microwave field was polarized along the y direc-
tion.

where p( iraqi„) is the density of phonons of energy ttto, ,
In the experiments of Sec. IV, it was found that with

p ~~[100], tico(qx v)y) is p independent, and with

p II[101], fuo(qx gy) changes only slightly with p.
Therefore, we take for these transitions p( irt0„) as p
independent. Since, on the other hand, 5;; —p

' it is

apparent that M;; is p dependent. This can be seen as
follows: Second-order perturbation theory is required

- in order to simultaneously induce a spin flip and a

change in the phonon occupation number by one
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quantum unit thus

y «IH'Ik) (k IH'li)
k 50 t.j;

(5.2)

Fig. 8(b)] two additional relaxation channels are con-
ceivable, viz. , qx (y and qx (z.

If Hso were to participate predominantly in SLR,
then one finds

+ &n lx&s lhoy& g'y
I &OL Irty&

—6 —cip

~gLe "&(I V3el 2 T2t lrt) (5.3)

while Hs~ gives risc to

2 &rtx IHss le& &61V3e~2T2tl7t) e
YjX, Yf1'

(5.4)

where in both expressions x =3S, cbeing the
Huang-Rhys factor', it is assumed that np ((A.
Since 5 is proportional to p and M;, occurs in a qua-
dratic form in Eq. (5.1), both mechanisms predict
8' —p '. However, the Hs~ contribution to the SLR
mechanism is dominant as follows from the experi-
ments with p II[100]. Then, apart from the above
mentioned routes for the gx qy relaxation [see also

&b)

2A+D +2rt p

2A

with H =HOI +Hso+Hss.
HOL denotes the Hamiltonian for the coupling

between the lattice vibrations and the vibronic levels
of the F centers. HOL effectively operates as:Hs of Eq.
(2.2) the strain now being due to the lattice vibra-
tions. '0 The set lli) ] spans the product space of vi-

bronic and phonon wave functions: Hso represents
the spin-orbit interaction and H~& is the dipolar in-
teraction between the triplet electron spins. The p
dependence o'f the rate for the Irtx) I qy) relaxation
process when p ii[101] can how be understood on the
basis of the effect of Hso as well as Hqq'. with refer-
ence to Fig. 8(a) which is restricted to the effect of p
on the vibrationless vibronic levels. It is easily verified
that

I

&~x 100.1&x& &(x IHsolay&
TJX, gtt

Mso () gLe "/2A)

x &nl v3e23T261&)

By comparison with Eq. (5.3) it is thus found that

(5.5)

l03
SOM„x „,, 2np

A dramatic change in the SLR time is therefore ex-
pected for the qx state in going from a p iI[100] to a

p 11[101]experiment [the change of p( tao;, ) is in com-
parison negligiblel. Since the relaxation rate of the

Irtx) level does not change orders of magnitude by

changing the direction of the applied pressure, it is

concluded that SLR proceeds predomiriantly through
the participation of the H~s terms.

As noted in Sec. IV the SLR time (7) of the Irtz)
and I &) levels in the presence of [100] stress is in

the order of microseconds, i.e., three orders of magni-

tude shorter than the decay times for lrtx) or I(x).
Now. first-order effects contribute to SLR through'

the V3 part of HOL'.

&z-
I ( &zand IO ) - l~y&

Therefore, internal conversion with conservation of
spin is a very effective relaxation process.

In the foregoing it was supposed explicitly that the
transitions in the relaxation processes are induced by

coupling with t2,, phonons. Alternatively, it can be
imagined that static tz, strain mi, xes already the lvi)
states so that now matrix elements involving the cou-

pling with e„phonons may contribute also in the decay
probability.

Essentially, in the latter case the same p dependence
for the relaxation rates is expe'cted.

In summary, it was found from the stress depen-
dence of the SLR time that SLR within a single Jahn-
Teller state is induced by modulation of the electron
spin dipole-dipole interaction through coupling with

tq„„respectively e„„phonons. In case of near degen-
eracy of Jahn-Teller states internal conversion with

conservation of spin-state memory becomes a very
effective decay route.

rI x —D —rap
]I X

rjz
(x
(v

0
0 —2typ

FIG. 8. Schematic energy-level diagram of the F center

in the presence of an aribtrary pressure p along (a) the [101]
direction, (b) the [100] direction. op and 2np represent the

stress-induced shifts in the zero-field splitting, respectively.

accounts for the eftect of the V2 term of expression (2.2).
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