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ass:Cr'+(M') —an orthorhombic Jahn-Teller center with a stress-dependent reorientation rate
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The Cr'+(3d') EPR center in GaAs has been investigated using controlled uniaxial stress at temperatures from

1.8 to 4.2 K. Stresses up to 1200 kg/cm' were applied along the [001],[111],[110],and [112]axes. The rapidity

of stress alignment of the distortions at 1.8 K shows that the orthorhombic symmetry arises from a Jahn-Teller

(JT) effect. At high stress levels, the populations of the favored distortions behave as expected for a static JT
effect. As. the stress is reduced to low levels, however, the signal amplitudes decrease anomalously while the

linewidths increase. Simultaneously, the lines develop Lorentzian tails and shift somewhat in position, and even

at 1.8 K there is no microwave saturation. This behavior suggests a rapid reorientation between nearly

equivalent distortions at low (or zero) applied stress which is quenched at high stress. The single-phonon-

induced reorientation rate is shown to be stress dependent and can give rise to line broadening (fast

reorientation) at low stress, A model based on this and a Boltzmann distribution over the different distortions

gives semiquantitative agreement with the normalized signal amplitudes from the energetically favored

distortions. The data show that the center couples strongly to both E and T, modes and the Jahn-Teller coupling

coefficients are determined. The E and T, couplings are nearly equal in the sense of O' Brien and this is

responsible for the fast low-temperature reorientation (r = 0.3 ns at 1.8 K). For P
~~

[001] an observed P/T
scaling of the data and a splitting of the 4-kG EPR line at low stress remain unexplained.

INTRODUCTION

In an earlier publication, ' we reported the first
EPR observation of Crs'(3d ) in a III-V semicon-
ductor and noted that the Crs' center in GaAs has a
number of unusual properties. These include: (I)
orthorhombic symmetry (C~„) even though Cr is
apparently substitutional for Ga which has cubic
(Ts) site symmetry, (2) a rapid decrease in ob-
servability of the spectrum when the temperature
is raised above 5 K, and (3) a sensitivity of both
the absolute signal amplitudes and the relative sig-
nals from differently oriented centers to the rather
poorly defined sample-mounting stress. These
properties were attributed' to a strong Jahn-Teller
effect in which the Crs' center (including its four
ligands) rapidly reorients between the six equiva-
lent orthorhombic distortions. Each center has
principal axes along a cube edge and its two ortho-
gonal face diagonals.

We have now examined the Crs' center under con-
ditions of controlled uniaxial stress, and it is the
purpose of this paper to demonstrate more clearly
the nature of the Jahn- Teller distortion. We shall
show that the six equivalent distortions represent
well-defined vibronic energy minima resulting
from the combined effect of both E and Tz symme-
try distortion modes on the center. Even at 1.8 K,
reorientation between different distortions is so
rapid in the absence of applied stress that the Cr~'
center can be considered essentially "dynamic" on

the time scale of the EPH experiment. By means
of applied stress we are able to induce a dynamic-
to-static Jahn- Teller transition. This is due to
the increasing localization of the center wave func-
tion as stress makes the various distortions en-
ergetically inequivalent. To our knowledge this is
the first observation of such a transition. The data
establish Crs' in GaAs as a very clear-cut example
of a Jahn- Teller center with orthorhombic minima.
Some aspects of the observed behavior are not ful-
ly explained, however.

We first give the theoretical background necess-
ary to understand the origins of the unusual Jahn-
Teller behavior. After a brief description of the
techniques used, the experimental observations
are then described in detail. Next, these results
are discussed in relation to the theoretical ideas
developed earlier and, finally, we draw conclu-
sions about the Cr3' center.

THEORETICAL BACKGROUND

In order to discuss the Jahn-Teller effect and
the possibility of orthorhombic distortion of an or
bital triplet state Tt (or T2), we will follow the
treatment of Bacci et al. 3 In a system possessing
only linear electron-lattice coupling and harmonic
elastic behavior, the Hamiltonian suitable to the
T, ground s ta, te of Cr + in a tetrahedral cubic site

will be written as
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-=Vo+ V&(rr'P'+ P'y'+ y'&') (2)

Written in the latter form, this expression is en-
tirely analogous to the lowest-order expression for
cubic magnetic anisotropy energy. An immediate
consequence of Eq. (2) is that for V, =0 the energy
is entirely independent of the choice of electronic
state within T, or T~. In this special case all vec-
tors a constitute stationary states of the Hamilton-
ian. For nonzero V& only state vectors of the
types (111), (110), and (001) constitute stationary
states, with energies V2+ V&/3, Vo+ V&/4, and V0.
Since these three cases correspond to equilibrium
distortions having, respectively, trigonal, ortho-
rhombic, and tetragonal symmetry, the well-known
resultappears that for a T& or T~ state in the linear
Jahn- Teller regime a static orthorhombic distor-
tion is never favored energetically.

With the addition of nonlinear Jahn-Teller-coup-
ling terms and anharmonic elastic terms to the
Hamiltonian of Eq. (1) this situation is changed, as
discussed by Bacci et a/. The various possible
terms added, suitably chosen to preserve cubic
symmetry, have the effect of modifying Vo and V&

while introducing a higher-order anisotropy

3C=-aQA8- (2b/v 3)(Q~be+Q, g, )

-c(Q„~9„„+Q„,q;, +Q~V )

+ [2KAQA + 2KE(Qg + QI)

+2».(Q.', +Q,'.+Q' )js.
Here 8, 8~, $„V'„„,7„, and V are 3&&3 matrix
operators based on the triplet of electronic states,
the Q's are vibrational modes of A„E, or T2sym-
metry, a, b, and c are the electron-lattice-coup-
ling coefficients, and the &'s are effective elastic
constants. Several approximations are inherent in
this formulation. Spin-orbit interactions are neg-
lected, and the vibronic wave functions are taken
as simple Born-Oppenheimer product functions in
which the electronic and displacement coordinates
are separated. Symmetry modes suitable to a mo-
lecular cluster are assumed, and only one of the
two possible sets of T& modes of distortion is taken
to be significant.

For an arbitrary normalized electronic-state
vector a =(n, P, y) spanning T, or T„which can be
expressed in spherical coordinates as (sin& cosy,
sin8 sing, cos8), the corresponding equilibrium
energy E, can be evaluated by minimizing thequan-
tity (a ~~ ~a) with respect to the various Q's. With
3C in the form of Eq. (1) this results in

& 1 a' 2 b'
E.=-l ——+--—

(2 KA 3 KE

b~ c~'t
+2 ———I( 'oJ3+P'y'+y'o')

KE KTJ

2 bZT, ~
3 'KE

(4)

The isotropic mode is not entirely insignificant,
however, since in higher-order terms it can con-
tribute to V, and V,.

A typical orthorhombic distortion is the one hav-
ing nonzero values of QA, Qe, and Q„only. To
lowest order their equilibrium values are a/K„,
b/13»E, and -c/KT, respectively. Also to lowest
order, with the Q's fixed at these ground-state
values, the excited electronic states have energies
(b /KE) + (c /KT) and 2c /KT above the ground state.
Near V, =0 these excited states should be almost
degenerate except for the influence of higher-order
terms.

When external stress is applied to the system the
equilibrium energy of a distorted center will change.
Since the stress effects will be small, they can be
treated to lowest order as simply establishing new
elastic equilibrium positions with respect to which
the distortions occur (cf. Appendix of Ref. 2). The
only changes in energy will then be due to strains
belonging to the same symmetries as the Jahn-
Teller distortions. For the typical center having
only Q„, Qe, and Q„„distortions, the change in en-
ergy becomes

b E, =-aEA —(b/0 3 )4e + cb„, ,

V2r22p2y2 in Eq. (2) so that

(r22p2 + p2y2 ~ y2~ 2) + V ~2p2 2

The passible new terms are too many to allow in-
dividual identification here, but the influence of
the V& term they produce can easily be described.
Depending on the values of V, and V~, not only
tetragonal and trigonal but now also orthorhombic
distortions can fall lowest in energy. Such ortho-
rhombic distortions introduce the new feature of
simultaneously coupling the center to E and T& dis-
tortions. When the orthorhombic distortion is fav-
ored, the smallest barrier between equivalent
minima is defined by the existence of a saddle
point on the E, surface. To stabilize the ortho-
rhombic distortion it is necessary that V& & 0 and

V2 &$
~
V, ~. The saddle point then lies at an energy

-4 V&(1+ 2V&/V2) above the minimum.
We presume that the higher-order contributions

are relatively small. Hence the conditions for or-
thorhombic distortion are most readily satisfied
when the "linear" contribution to V, is small. This
suggests that near equality should exist between
b /KE and c /KT, and that the barrier be low. Un-
der such conditions, anticipating also that the iso-
tropic contribution is relatively small, a reason-
able approximation to the Jahn- Teller energy be-
comes
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TABLE I. Equivalent orthorhombic distortions.

Principal
axes ' Reduced local-stress components for P ~~

Field for Cr~'
[001] [111] f110] [112] resonance

ea e~ (ea, e ) (&8, e») Ho (kOe) (( (110)

[011] [100]

[011] [100]

[110] [001]

[101] [010]

[010]

h10] f001]

1
2

2

1
2

3

3

3
1

1
3
1

3

—, 01
4

—, 01
4

1 0

—, 0

1
2'2
1 1
2' 2

1 1
4 3

1

1 1
4 3
1 1
4. ' 3

1 1
2 6

1
2 6

1.7

1.7
1.7
2.8

4.0

The strain e6) in units of &{sii—si2), e» in units of &s44. & is negative in compression.

where &&, &8, and &„, are the changes in the equil-
ibrium Q's due to stress. Higher-order terms in

the Hamiltonian will of course modify the coeffi-
cients of the &'s and introduce higher powers of the
&'s as well.

The main significance of Eq. (5) is that for dif-
ferent directions of stress, or equivalently for a
fixed stress applied to centers having differently
oriented distortion axes, the values of ~z and ~„,
(but not of 4A) will vary. For each of the six pos-
sible orthorhombic distortions, Table I shows the
geometrical. factors e& which are proportional to &
and ~„, measured in the local x, y, z axes for the
different directions of stress used in our work.
The strains e; induced by a stress of magnitude P
are given by e8 —P(sii —si2)es and e„,=Ps44e„„
where the s&; are the elastic moduli. The &; quan-
hties can then be obtained from &; =f,e; where f8
=f„„/v 3 = (2v 2/3)RNN —ao/v 6 (R„„is nearest-
neighbor distance, ao the lattice constant). The
strain ea is defined as &(2e„—e„„—e») in the local
system. As a consequence of Eq. (5), the various
distortions will become inequivalent in energy for a
general stress, resulting in a Boltzmann distribu-
tion favoring the lowest-energy state.

The discussion above has all presupposed that
the six orthorhombic states represent static dis-
tortions. However, in principle one knows that the
initial undistorted T& state is only threefold degen-
erate. Furthermore, the vibronic wave functions
of the orthorhombic stationary states are not ortho-
gonal except in pairs. Hence in the absence of low-
symmetry perturbations the true eigenstates of the
Hamiltonian will be linear combinations of the in-
dividual static distortion states. This situation
is quite different from the tetragonal E-mode dis-
torted system found for Cr ' in GaAs where the
distortion modes are disjoint.

The orthorhombic case is analogous to the one-
dimensional systems discussed by Sussmann.

Tunneling due to overlap between wave functions of
equivalent minima will result in mixed states
whose properties will be quite distinct from those
of a static distortion. One can obtain some in-
sight into the nature of the true eigenstates by con-
sidering the form of the tunneling matrix between
the equivalent static orthorhombic states. From
symmetry it has the form

0 0 t t t -t
0 0 —t —t t —t

t —t 0 0 t t

t. —t 0 0 —t —t

t t t —t 0 0.—t —t t —t 0 0.
where the matrix elements between two states
which have the same cube edge as a principal axis
vanish and the signs of the other off-diagonal ele-
ments depend on the choice of relative phase for
the basis states. Independent of this choice there
are two triply degenerate eigenstates (Ref. 9), T, at
the energy -2t and T2 at 2t. In this situation, of
course, one would not observe any EPR from or-
thorhombic centers.

With the introduction of perturbations which make
individual orthorhombic distortions energetically
inequivalent, the nature of the true eigenstates will
change. Any states which become nondegenerate
will rapidly assume the character of pure static
distortions as the energy separations increase.
Those states which remain degenerate, however,
can be expected to continue to mix. During this
transition from a dynamic to a static situa, tion, one
can anticipate that resonance parameters of the
lowest-lying state of the system will show some
variation, and that the lifetime of that state will in-
crease as the admixture decreases. The general
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TABLE II. Samples used.

Stress axis
Total Crs'

0 015) Other dopants

[001]
[111]
[110]
[110]
[112]

0.34
0.56
1.37
0.68
1.49

Sn
Mn
Te

NRL
NBL
HP
NBL

Monsanto

criterion for the existence of a static Jahn-Teller
effect is that the perturbation-produced energy dif-
ferences between different distortions exceed the
tunneling splitting, 4t. It is still possible for tran-
sitions between "static" states to occur via various
phonon- assisted processes at rates dependent on
temperature, the energy splitting, and the strength
of the tunnel coupling (i.e., the barrier height).
Hence whether one observes the static distortion or
not depends on whether the transition rate is suffi-
ciently slow on the time scale of the experiment.
This fact plays an important role in understanding
the GaAs:Cr(3d3) system.

EXPERIMENTAL METHOD AND RESULTS

The EPR-stress apparatus used for these experi-
ments has been described earlier. It permits100-
ksz-modulated x-band EPR measurements in the
1.8- to 4.2-K temperature range while uniaxial
stress I' is applied to the sample. Modulation am-
plitudes were limited to 50e p.-p. by eddy-current
boiling of the liquid helium in which the cavity and

sample are immersed, despite a series of circum-
ferential slits in the cavity plating. Data were tak-
en mainly at 1.8 K and also at 4.2 K. It also proved
practicable to obtain a series of intermediate-
temperature data of reasonable validity during the
warmup following cessation of pumping on the cry-
0s tat.

The five samples identified in Table II were in-
vestigated. The samples were cut as rectangular
solids with lengths from 10 to 15 mm and cross-
sectional areas from 1.6 to 4.7 mm . The long, x-
ray-aligned stress axes are given in Table II. The
maximum stress applied was 1200 kg/cm2.

In general we found that in the absence of stress,
even at 1.8 K, only very weak Crs' EPR signals
can be observed. Our previously reported signals
resulted from the presence of complex mounting
stresses in the samples. Under conditions of strong
controlled stress and lower temperatures, the sig-
nals become considerably stronger than we were
able to observe before. Even at relatively low

stress levels the signals which appear (except for

Stress I) [001]

This is the stress orientation examined in the
most detail, partly because of favorable signals.
The variation in the Hll [110]peak-to-peak signal
amplitude with stress at 1.8 K is shown in Fig. 1.
In the absence of applied stress on this sample the
three resonance lines are essentially unobserv-
able. Note that the signal at 1.7 kOe never ap-
pears. The linewidths of the two observable sig-
nals behave as shown by the inset in Fig. 1. The
shapes of these lines also change with stress, de-
veloping irregularities, significantly greater
widths, and longer tails at low stress.

In Fig. 2 similar amplitude and linewidth data for

I

Pll [001] Hl I [110] O 00

I- 160

z
D

K
!K

12

K

Cl

80
D

CO

400 600

P [kgicm2)

1,000

FIG. 1. Stress dependence of derivative signal amp2i-
tldes observable with P () [001], II tI [110]at 1.8 K. Insert
shows corresponding p.-p. linewidths. Solids curves
are aids to the eye only.

rather small position shifts as a, function of stress)
are defined by the parameters reported earlier. '

Hence our efforts were mainly directed to examin-
ing the effects of stress on the signals obtained
with the applied magnetic field along high-symme-
try directions where the signals are strongest and
best defined. For all five samples, Hll [110]could
be achieved and only data for this orientation will
be presented. For the applied field along [110],
four of the six possible distortion orientations are
magnetically equivalent. These yield a resonance
at about 1.7 kOe, while the other two give reson-
ances near 2.8 and 4.0 koe (see Table I and cf.
Fig. 3 of Ref. 1). The effect of stress is to enhance
certain of these lines and to weaken or eliminate
others. Stresses change the linewidths and slightly
alter line positions, particularly at low stress lev-
els. These effects will now be described in detail.
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FIG. 2. Stress dependence of the amplitude (mean of
2.8- and 4-kG lines) and width (4-kG line only) for
P II [001], H II [110] but at 4. 2 K. Dashed and solid
curves are corresponding data from Fig. 1 scaled as
P/T (see text). The 2. 8-kG width data are affected by
background distortion.
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FIG. 3. Temperature dependence of 2. 8 (6) and
4-kG (0) signal amplitudes for constant P II I001]
=256 kg/cm, H II f'110]. Solid curve is mean of corres-
ponding data from Fig. 1 scaled as P/T (see text).

4.2 K are shown. Again no 1.7-kOe signal was
found. The variation of the amplitudes of the 2.8-
kOe and 4.0-kOe signals as a function of tempera-
ture is seen in Fig. 3. These last data were taken
at a constant stress of 256 kg/cm2 and are less
precise than those shown in the other figures since
the temperature was changing continuously as the
cryostat warmed up over a period of about 30 min.

A particularly interesting point which arises
from the stress and temperature data is that ex-
cept for thermal population changes among the
electronic-spin states of a center, the signal amp-
litudes depend only on the ratio P/T to a good ap-
proximation. For example, comparison of Figs. 1

and 2 shows that a much larger stress is required
at 4.2 K than at 1.8 K before significant 2.8- and
4.0-kOe signals appear. If, however, the average
data of Fig. 1 are corrected for the spin level pop-
ulation differences between 1.8 and 4.2 K and for
the small microwave saturation at high stress,
then those data give the dashed curve in Fig. 2

when the applied stress is scaled as P/T. The
solid curve in Fig. 2 is the corresponding line-
width data from Fig. 1 again employing P/T scal-
ing. A further test of this scaling is shown in Fig.
3 where the temperature-dependent amplitude data
are compared with the P/T-scaled 1.8-K data in-
dicated by the solid line. In each case there is
rather good agreement between the data at higher
temperatures and the scaled 1.8-K data even though
no arbitrary factor is introduced in the scaling
proc edure.

Since we observe some line shifts with stress, it
is clear that the precision of the previously re-
ported g values' was overoptimistic. For ex-
ample, between 0 and 160 kg/cm the 2.8-kOe line
shifts up field by 50 Oe while the 4.0-kOe line
shifts down by 75 Oe. Above this stress level no
further shift is observable.

In previous work above 4.5 K it was not possible
to detect any microwave power saturation of the
resonance signals at the standard power level of 20
mW used there and throughout this work. This was
tested again with sample 1 at 1.8 and 4.2 K. It was
found that there is negligible saturation in lightly
stressed samples, but that at high stress, signals
at 20 mW do suffer some saturation. For ex-
ample, 1.8-K signals give about 80/o of their un-
saturated amplitudes with a stress of 530 kg/cm2.
No shape changes were discernible as a result of
this.

An attempt also was made to determine the rate
of signal recovery from s tr ess. It was found to
take no more than an instrumentally determined
0.2 sec for complete repopulation of the states,
even at 1.8 K. Within experimental error, no hys-
teresis was observed in the EPR signals as stress
values were cycled.

Stress II [111]

Stress at this orientation also results in a change
in the EPR signals. Smaller transition probabili-
ties, and relaxation effects which will be discussed
later, make these data much less precise than
those of Fig. 1. It is possible, however, to say
that stress has very little effect on the positions of
observable lines. The amplitudes of the various
components do vary with stress but only the 2.8-
kOe line gave usable results. They will be shown
later (Fig. 5).
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FIG. 4. Variation with stress of signal amplitudes
for P (( t110], H )( llTO] at 1.86 K. The solid curves
represent connected data points.
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FIG. 5. Stress dependence of the amplitudes of 2.8-kG
signals at the four stress orientations used, for H t( [110]
and at l. 8 K. Data normalized to amplitude of maximum
possible signal (see text). Solid lines with the [112]and
[111]data are eye aids only. The t001] and f110]curves
are taken from Figs. 1 and 4, respectively.

Two samples were examined with stress applied
along this axis. They are in essential agreement,
but only sample 3 which gave stronger signals will
be discussed. The variation in signal amplitudes
is shown in Fig. 4 for T =1.8 K. In this case it
appears that with the levels of stress used, it was
not possible to reach a saturated population dis-
tribution. For unknown reasons the amplitudes of
the 1.7- and 4-kOe signals sometimes showed er-
ratic and irreproducible kinks as the applied stress
was changed, although the dominant 2.8-kOe line
was well behaved. With stress at this orientation
the widths of the 2.8- and 4-kOe lines show some
broadening at low stresses. The 1.7-kOe line,
which has a rather irregular shape, shows no evi-
dent shift under stress. The 4-kOe line also shifts
very little, while the 2.8-kOe line shifts -75 Oe in
the range 0 to 245 kg/cm2. Beyond this point a
much slower rate of shift persists, but the total
shift amounts only to -100 Oe at 960 kg/cm ap-
plied.

Sample 3 contains Mn as an additional dopant. Its
concentration is sufficient to produce Mn ' signals
much larger than those from Cr despite a very
great deal of microwave power saturation. The
only apparent effect of stress on the complex of six
overlapping Mn2' lines' is a slight reduction in the
amplitudes of individual peaks.

Stress [[ [112]

The effect of stress on the dominant 2.8-kOe sig-
nal amplitude will be shown later (Fig. 5). The
other signals are always very small in comparison
to the 2.8-kOe signal above 100 kg/cm . As with
the other orientations, stress affects the resonance

linewidths principally in the low-stress regime be-
low 300 kg/cm with the lines narrowing with in-
creasing stress. Very little shift occurs in the
position of the 4-kOe line; the 2.8-kOe line is dis-
placed about -50 Oe between 150 and 600 kg/cm
and changes little beyond this.

It is useful at this point to put the amplitude data
for the stress-favored signals on a common basis
for all the directions of applied stress examined.
This is done in Fig. 5. Here the data have been
normalized to account for the different transition
probabilities, numbers of Cr ' centers, and ex-
perimental conditions so that a value of unity cor-
responds to having all Crs' centers in a sample
distorted in the same orientation. (The stress-in-
dependent high-stress linewidth was assumed in
this normalization. } In making this normalization,
it is important to have good values for the total
Cr3' concentrations. The values in Table II were
obtained using an EPR-optical technique we have
developed" and are estimated to have accuracies
relative to each other of about 207'. If statistical
considerations alone governed the curves of Fig.
5, each should start at ~~ for zero applied stress.
The [110]and [112]stress curves, which have
single favored distortions, should approach 1 at
high stress, while the [001] and [111]curves with
two and three favored distortions should approach
& and —,', respectively.

DISCUSSION

General

The experimental data given in the preceding
section can be summarized as follows:
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(1) At 4.2 K and even 1.8 K only weak Cr~' signals
are seen in the absence of applied stress.

(2) With applied stress, signals of some centers
increase as shown in Fig. 5 and become dominant
while those of others decrease or remain relative-
ly weak (Fig. 4).

(3} At high stress the dominant EPR signals have
Gaussian shapes with stress-independent widths
but show a tendency to broaden and become more
nearly Lorentzian at low stress.

(4) The positions of the observed EPR signals
show small shifts (50-100 Oe) at low stress but
then become stress independent.

(5} There is very little microwave saturation
even at 20 m% and 1.8 K, and then only at high-
stress levels.

(6} Even at 1,8 K the signals respond to a change
in stress in «0.2 sec.

(7) The centers interact with strains of both E
and T2 symmetry. This is most clearly evident by
comparison of the Pl( [001]and P)l [110]data and
Table I.

(8} The data of Figs. 1-3 indicate that the signal
amplitudes and widths are functions only of the
ratio P/T at least for P~~ [001]where we have suf-
ficiently good data for such an analysis.

The above results argue convincingly that the
orthorhombic symmetry of the Cr3'(3d3) centers
are due to Jahn- Teller distortions. Since we ob-
serve signals only from centers of C2„symmetry
even when we apply large stresses along high-sym-
metry ([001], [111])axes, it is clear that the or-
thorhombic minima in E;Q space must be suffi-
ciently deep that their character is not altered by
the applied stress. Also the rapidity with which
the distortions respond to applied stress definitely
rules out associated defects as a possible source
of the observed symmetry.

The behavior of the dominant signals at relative-
ly large stress (Fig. 5} is essentially that expected
from a Boltzmann distribution over the different
distortions whose relative energies are given by
Eq. (5). As the stress is reduced, however, the
observed normalized amplitudes fall below the val-
ue of $ expected. This reduction in amplitude is
clearly related to the increase in width at low
stress shown in Figs. 1 and 2. The question then
is whether the increased linewidth at low stress is
static or dynamic in origin.

If one assumes that the broader linewidth at low
stress is due somehow to a static distribution of
random strains in the sample and that the state of
strain becomes more uniform when the stress-in-
duced strains grow larger than the random ones,
one would expect this effect to be temperature in-
dependent. As is seen from the P/T scaling ob-
served in Fig. 3, however, one must apply larger

stress at higher temperatures to achieve the same
reduced linewidth. Also the stress independence
of the line positions at high stress makes it diffi-
cult to support an explanation in terms of random
static strains since a mechanism saturating the ef-
fect of strain would then be necessary. The tend-
ency of the lines to become more Lorentzian at low
stress also would be unexpected in that case. On
the other hand, all these features are in accord
with a dynamic explanation of the increased width
at low stress. The importance of dynamic pro-
cesses for Cr3' in GaAs is also indicated by the
lack of microwaVe saturation. An orbital-singlet
ground state, such as Cr ' possesses in C2, sym-
metry, would be expected to exhibit strong micro-
wave saturation at 1.8 K unless there is a dynamic-
ally enhanced spin- lattice-relaxation rate.

Our interpretation of these results is that through
the application of stress one inhibits rapid reori-
entation between the well-defined distortion minima
on the E, surface. This is the stress-induced dy-
namic-to-static transition we referred to earlier.
It is possible, of course, for residual strains in
the sample to accomplish the same thing but ap-
parently they are much smaller than those inten-
tionally introduced. As we noted earlier' in our
analysis of the temperature-dependent line broad-
ening of the Cr ' center in GaAs, if the reorienta-
tion rate between distortions is less than the split-
ting of the ground spin state (-200 GHz for Crs' in

GaAs), then there will be a Lorentzian linewidth
parameter T2 approximately equal to ~ ', the. e-
orientation rate. If the spin-lattice time T& = T2 as
we expect, one would not anticipate observing a
motionally narrowed resonance signal at high tem-
peratures and no such signals have been seen for
either Cr' or Crs' in GaAs.

Since these dynamic effects play such an impor-
tant role in the observed behavior of the Cr ' cen-
ter, in order to be more quantitative in our explan-
ation we must model the center in a way which in-
cludes such dynamic effects from the beginning.

Stress model with reorientation

We first consider how such a reorientation pro-
cess would affect the actual observed linewidths
and signal amplitudes. The origin of the constant
linewidth at high applied stress is thought to be in-
homogeneous broadening by superhyperf inc inter-
actions with the neighboring 100% abundant Ga and
As nuclear moments. However, the individual spin
packets which make up the Gaussian envelope (with
derivative width Wo) are taken to have Lorentzian
shapes with derivative width Wz = (2/yW3)T,
= y '7 ', where y is the gyromagnetic ratio. The
case of a Gaussian-distributed set of Lorentzian
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lines is considered in the Appendix of Ref. 7,
where r=-Wr/Wo is treated as a parameter. For 0
& x & 2 the ratios of the actual derivative linewidth
W and amplitude S to those of the pure Gaussian
are given there as a function of x. For example,
when r exceeds 0.05, the actual amplitude begins
to fall significantly below that of the Gaussian and

is a factor of 4 smaller for r =0.75. We make ex-
plicit use of this variation of 8' and S with w

~ in
our model.

Englman, following Sussmann, gives explicit
expressions for the one-phonon-induced transition
rates between two potential minima. For the tran-
sition from the lower to the upper energy minimum
the rate has the form
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N

+~ 0.4
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0.2

600
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1,000 1,200

v~„=A 5E[exp(5E/kT) —1] ~, (6)

Wr, z
——,Wo~ f f exp/ f- I(~gq l

(8)

where 5~&
—E& —E~. It can be seen that in addition

to a functional dependence on 5r~/T rrP/T this now

has an implicit factor of T in 8'0. The prime in-
dicates that one neglects the orthogonal distortion
in making the sum. Note that for small 6&&, 8'I,

&

= W0 so that S'0 is a measure of the Lorentzian
broadening when the levels are nearly degenerate.

When stress is applied along any given axis the

energies of the various minima are given by Eq.
(5) and Table I and hence depend linearly on the
local E- and T2-type strains. This completes the
model which, together with Boltzmann statistics,
should describe the behavior of the signal ampli-
tudes as a function of temperature and applied
stress in terms of the Jahn- Teller parameters b

where 5E is the energy separation between the two
minima and A =[d(5E}/de] (4t} /vs c is dependent
on the tunneling matrix element I, and the strain
sensitivity of 5E. Here c is a suitably averaged
sound velocity and p is the density. We expect the
one-phonon process to be dominant at the low tem-
peratures considered here. From detailed balance
we have v„, = v~„exp(5E/kT) in thermal equilibrium.

This result can be generalized to deal with the
six minima which occur in the GaAs:Cr3 case.
Each possible pair is treated in analogy to the case
above. Hence for a given minimum i the frequency
of transitions to all other minima is given by

v) —Q A)y(E~ —E) )[exp(E~ —E, )/kT —1] ' .
J(84 )

Since t vanishes, as mentioned above, for two di.s-
tortions which have the same cube-edge principal .

axes, no transitions are induced between the cor-
responding minima. Thus the Lorentzian width to
be associated with the EPR signals from a given
distortion can be written as

FIG. 6. Computed stress variation of normalized
2.8-kG signal amplitudes based on model in text for
1.8 K. Dashed curve shows effect on f001] curve of
raising temperature to 4.2 K. Incomplete curves show
effect on [112]and [110]curves of decreasing T2-mode
coupling by 5.4%. The values used are b/~3 -0.64 eV—/A,
c= 0.75 eV/A, W0=1.46W+.

and c and the reorientation parameter 8'0.
In Fig. 6 we show the results of such a calcula-

tion for the normalized amplitude of the favored
2.8-kOe EPR line for stress along each of the axes
studied. These curves are to be compared with
the corresponding ones in Fig. 5 and were gener-
ated using Wo/Ws =1.46, T =1.8 K, b/&3= 0 64-.
eV/A, and c/b =-0.67. In constructing Fig. 6 the

experimental elastic moduli" of GaAs, (s» —s»)
= 1.51 x 10 "and s«-1.66 X 10 "cm'/dyn, have
been used. Since the Gaussian linewidth is about
100 6, the above value of WD corresponds to a re-
orientation time of roughly 0.3 nsec.

Clearly the curves of Fig. 6 describe qualitative-
ly all the principal features of Fig. 5 including the
very weak amplitudes at very low stress and the-
roughly S shaped increase with applied stress.
The replica is not exact, however, and we have not
been able to find a choice of b, c, and S'0 which
improves significantly on that shown here. The
value of b is largely set by matching the absolute
stress scale, the ratio c/5 by the relative rates at
which the [110]and [112]curves approach satura-
tion, and W0 by the ultimate signal amplitude
achieved under [111]stress. The values of b and c
are not strongly dependent on 8'0 since at very
large stresses the line broadening is slight. The
effect of a 5.4% decrease in ~c/b is indicated by
the short sections which parallel the [110]and [112]
curves in Fig. 6. Thus this ratio is fixed by the
data to about +5%. The model also predicts the
behavior. of the energetically disfavored distor-
tions. These results, not presented in detail here,
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generally conform well with observation, particu-
larly in showing the persistence of the 1.7-kOe
lines for [110]and [111]stress.

To compare the Jahn-Teller coupling of the Cr
(3d ) center to E and Tz distortion modes we need
values for I(."~ and z&. Unfortunately, there is no
optical absorption or luminescence data on this
center which might give us some direct data. In
the absence of that we estimate ~E and I(.'& from the
elastic moduli. Proper attention to the definitions
of e~, f~, etc. , leads to the following relations for
the bulk elastic constants: zz =ao/(s„s~g) and

Kg =a, /2s«. Using" a, = 5.651 A these give zz/z~
= 2.20 and wz = 3.74 && 10' erg/cm'. If these values
are combined with the c/5 ratio -0.67 used to con-
struct Fig. 6, we find that 5 /gz = c /zz so that the
couplings to the E and T& modes are nearly "equal"
in the sense of O' Brien. Considering the approx-
imations involved in estimating zz/zz and on the
experimental uncertainties inherent in Fig. 5, it
would be more accurate to say that the couplings
are comparable. O' Brien has shown that the Jahn-
Teller reduction factors K(E) and K(T&) are both
0.4 for the equal case. This reduction helps ex-
plain why the random strains which achieve a static
JT distortion for the Cr ' center leave the Cr '
center in a "dynamic" state in the same GaAs crys-
tal.

The lowest-order approximations for the equil-
ibrium values of Qe and Q„, are 5/v 3zz and -c/K~.
With the above parameters these correspond to
local ez and e„, strains of -0.12 and -0.18, respec-
tively. In contrast, the largest external stress-in-
duced strains were only 0.0014 and 0.0007, indeed
small perturbations. The large equilibrium values
emphasize the likelihood of anharmonic elastic or
quadratic Jahn-Teller contributions to the Jahn-
Teller energy. Evaluation of Eq. (4) gives a "lin-
ear only" estimate EJ& = 2800 cm with a splitting
of =8500 cm ' for the Cr(3d3) T& ground manifold.
In the "equal" case the two excited states are de-
generate. ' We note that this Jahn-Teller splitting
is larger than that roughly estimated previously'
from the spin-Hamiltonian parameters (-5600
cm '). The difference probably is indicative of the
accuracy which either value can claim.

The behavior of the [111]stress signals, which
saturate far below the statistically expected ampli-
tude, support the concept that rapid reorientation
persists among distortions which remain degen-
erate in energy under stress. One can construct
an alternative reorientation process involving ex-
citation to the real excited states which will mimic
the behavior of Figs. 5 and 6 in most respects and
it is not possible to rule out such transitions com-
pletely. However, in such a process, the lifetime
limitation will depend only on the depth of each. in-

dividual energy minimum so that the normalized
[111]stress signal should saturate at its full stat-
istical value of 3.

The absence of complete P/T scaling in our mod-
el has the effect of increasing Wo on going from 1.8
to 4.2 K through the implicit factor of T in Eq. (6).
For the [001] case this will result in a shift in the
calculated curve of Fig. 6 as indicated by the dash-
ed curve; there will be similar displacements (not
shown) of the other parts of the figure. This dif-
ference appears somewhat large in comparison
with the scatter in the data in Figs. 2 and 3 but is
perhaps acceptable in view of the simplifications
inherent in the model, particularly that of a
stress- independent 8",.

Another aspect of the model is worth noting. The
general effect of the coupling between individual
distortions is to cause eigenstates of the system to
be mixtures of distortion modes whenever these
are degenerate in energy. This feature is not
changed by allowing some coupling between mem-
bers of "orthogonal" pairs. It must then be pre-
sumed that the separation. of such states, as in our
[001] and [111]cases, arises from accidental
breaking of the degeneracy by random internal
strains. Such a contribution also can account for
the difference in amplitude of the 2.8- and 4-kG
signals for [001]stress. This effect may be at
work as well in the [111]case where 1.7-kG lines,
with allowance for transitions-probability differ-
ences, should behave like the 2.8-kG line but with
0.83 of its intensity. Instead, the 1.7-kG lines are
weaker and actually decrease in intensity. This
last point may be due to a misalignment of the ap-
plied stress, but a further refinement of the model
may be necessary. For example, since the 1.7-
kG lines remain degenerate in a magnetic field,
the effective value of Wo between such states may
be larger than it is between magnetically inequiva-
lent states.

We have no explanation for a splitting we observe
in the low-stress 4-kG signal for P~t [001]. At
stresses below 160 kg/cm this line gradually sep-
arates into a doublet. At low stresses the internal
stresses would have their greatest influence, but
we have found no stress condition which will shift
the resonance field as high as the upper component
of the doublet. Furthermore, since this signal
represents a minimum in the resonance g factors,
an admixture of distortion states would be expected
to raise, not lower, the effective g.

Finally, we note that the existence of fast stress-
dependent reorientation at the lowest temperatures
used suggests that at such temperatures stress
could be applied to tune the reorientation rate for
the Cr3' centers to rates observable by ultrasonic
means. "
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SUMMARY

The application of controlled external stress
clearly shows the Jahn-Teller nature of the ortho-
rhombic Cr~'(Sds) center in GaAs:Cr. This stress
causes the variously distorted centers to become
energetically inequivalent and enhances the rela-
tive EPR signal(s) from the favored orientation(s).
The data support the idea of well-defined energy
minima with orthorhombic symmetry on the
E, vs Qz, fr~ surface. As the stress approaches
zero, the signal amplitudes generally decrease,
the lines broaden and become more nearly Lorent-
zian, small shifts in line position occur, and there
is no microwave saturation even at 1.8 K. This is
taken as evidence for "dynamic" behavior involving
very rapid (~ & 1 nsec) reorientation between e luiv-
alent distortions. Application of stress quenches
the reorientation for the favored distortions, thus

inducing a "dynamic-to-static" transition. A mod-
el which incorporates a stress-dependent reori-
entation broadening gives a good semiquantitative
account of the observed behavior and permits the
Jahn- Teller-coupling coefficients for both E and

T2 modes to be estimated. The couplings are found
to be "equal" to a good approximation, consistent
with the observed C2„symmetry. Certain aspects
of the data, such as the rather good P/T scaling of
the linewidths and amplitudes as well as an ob-
served line splitting at low stress (all for P II

[001]), remain unexplained.
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