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The acoustic attenuation due to scattering from Cr’* substitutional impurities in MgO provides
information on both the symmetry and energy of the states of the impurity system. Only acoustic modes
which serve as a basis for an E irreducible representation are observed to be resonantly scattered by the
Cr’* impurity system. Assuming the states of the impurity and its nearest neighbors can be approximated to
first order by a molecular cluster, the acoustic modes with E irreducible representation are the ones that
excite the molecular-cluster vibrational mode which interacts with the electronic configuration and splits the
degenerate ground state. The resonant scattering which leads to a relaxation maximum in the attenuation as
a function of temperature, is interpreted as being due to indirect transitions. Energy-level separations,
determined from the relaxation absorption, suggest a Jahn-Teller tunneling splitting of approximately 14
cm™' (1.75 meV). A detailed comparison of the experimental energy-level separations determined from the
hypersonic relaxation exhibits substantial agreement with the calculated energy levels of Fletcher and
Stevens and is consistent with the thermal-conductivity measurement of Challis et a/. A uniaxial stress leads
to a splitting of the relaxation peak and when fitted to the stain-dependent theoretical calculations, yields a

Jahn-Teller coupling energy of 8.1 X 10'* cm~!/m in approximate agreement with the point-ion

approximation.

I. INTRODUCTION

The presence of isolated substitutional impurities
can substantially modify the lattice transport prop-
erties of a solid. This is particularly true of
strong-coupling ions which distort the lattice lo-
cally and, by removing orbital degeneracies, ex-
hibit a Jahn-Teller effect. These distortions are
stabilized by the anharmonic components of the
lattice displacements. Transitions between equiv-
alent distorted configurations yields the dynamic
Jahn-Teller effect. This latter effect is of partic-
ular interest in this investigation, which considers
the interaction of lattice waves of well-defined
polarization and mode type with the impurity sys-
tem. The interaction of the acoustic wave with
the impurity system results in a scattering of the
acoustic energy and manifests itself as an attenua-
tion of the acoustic wave. The attenuation due to
scattering from the impurity system is in addition
to the contribution from phonon interactions in the
host lattice.

The substitutional impurity of interest in this
investigation is the chromous ion (Cr?*) embedded
in a MgO host lattice. The chromous ion has a
3d* 5D, configuration which leads to an E? ground
state [the superscript e indicates an irreducible
representation (i.r.) for the electronic configura-
tion, while a superscript » indicates ani.r. for a
vibrational mode] in the cubic field (0,) of the MgO.
The E; ground state provides a system in which
vibrational-electronic interactions are particularly
obvious, since the spin-orbit interactions are sup-
pressed in the cubic field. The second-order
contribution of the spin-orbit interaction is ap-
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parent since the product of the i.r. of the ground
state (E7 XE; =A{,+AZ, + E?) does not contain the
i.r. of the angular momentum components (TI‘).

Since the chromous ion is tightly bound to the
nearest neighbors, a molecular-cluster model
is employed to interpret the experimental results.
The molecular cluster is octahedrally coordinated
and consists of the chromous ion and its six-near-
est-neighbor oxygens. The molecular cluster is
embedded in the host lattice which interacts
through scalar coupling with the lattice background.
This model is proposed by Bates, Dixon, Fletcher,
and Stevens! in the treatment of ion-lattice inter-
actions of E,-type ions. The particular case of
the chromous ion in MgO has been treated theoret-
ically by Fletcher and Stevens? using this model
and independently by Ham3 to explain the acoustic-
paramagnetic-resonance (APR) data of Marshall
and Rampton. *

The states of the molecular cluster depend on
coupling of the electronic configurations and the
vibrational modes of the cluster. The interaction
between the various vibrational normal modes of
the cluster and the electronic states is critically
dependent on the symmetry. In this investigation,
only the electronic ground state is of interest,
for the first-excited state is far above [> 16 000
cm™ (2x10° meV)] any excitations available. Since
the electronic ground state is a basis for an E;?
i.r., only vibrational modes which have i.r. with-
in the product E;X E§ = A, + A, + E, will interact.
The isolated octahedral molecular cluster has nor-
mal modes® which are the basis for A, +E3+2T7,
+ T3+ Ty, i.1., but only the A}, and E? are mem-
bers of the orbital product and interact with the
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electronic ground state. The normal-mode dis-
placements for the singlet A}, and doublet E} are
shown in Fig. 1.

Embedding the molecular cluster in the host
lattice provides a means of interaction of the
lattice modes with the vibrational-electronic sys-
tem. If the coupling between the lattice and cluster
depends only on the relative displacements of the
molecular cluster and the lattice, the coupling will
be scalar (4,,). Thus, only lattice modes which
are a basis for A}, and E} configurations will in-
teract with the vibrational-electronic states of the
molecular cluster. This leads to a selectivity as
to which acoustic modes will be effected by scat-
tering from the molecular cluster. Only acoustic
modes containing the E, representation are ob-
served to exhibit the acoustic-relaxation phenom-
enon associated with resonance scattering from
the molecular cluster.

As first proposed by Jahn and Teller, the elec-
tronic ground-state (E,) degeneracy is removed by
interaction with the vibrational modes. The sepa-
ration of the former degenerate electronic states
is approximately 1400 cm™. In this investigation,
excitations of energies of considerably less than
100 cm™ are considered and thus, only the lower lev-
els of the split electronic ground stateis of interest.

To stabilize the Jahn-Teller distortion in the
cubic field of the lattice, higher-order anharmonic

A;g Normal Mode

Eg Normal Modes

FIG. 1. Displacements of the AY, and Ej normal modes
for an octahedral molecule consisting of a chromous ion
and six oxygens.
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FIG. 2. Representative energy-level diagram for the

chromous ion in a cubic field. The ground-state degen-
eracy is removed by interaction with vibrational modes
into Jahn-Teller states (JT+ and JT-) which are stabi-
lized by anharmonic effects. The magnitude of the an-
harmonic effects determine the tunneling splitting 5 (E,
—~Ay). For increasing anharmonic effects the level sep-
arations approach those of a harmonic oscillator and the
tunneling splitting goes to zero (the E, and A levels co-
alesce).

terms must be included in the vibrational Hamilto-
nian. The strength of the anharmonic terms will be
referred to as B, following the notation of Fletcher
and Stevens. The anharmonic terms introduce a
potential barrier which stabilizes the Jahn-Teller
distortion in either of three equivalent positions
along the fourfold axes of the octahedron. Tunnel-
ing between equivalent configurations leads to the
dynamic Jahn-Teller effect and the so-called
“inversion splitting.” The tunneling splitting &
is dependent on the height of the barrier which, in
turn, is dependent on the magnitude of the param-
eter B. The sign of B determines whether the
distortion is a compression along one of the four-
fold axes (B>0) or an elongation (B<0). The be-
havior of the lowest Jahn-Teller energy level is
shown in Fig. 2 for various values of B indicating
the tunneling splitting §. When | B| - «, the tun-
neling splitting is zero, and the energy level dia-
gram is that of an anharmonic oscillator. The
tunneling splitting is of particular interest in this
investigation in which the acoustic wave is scat-
tered by the molecular cluster. The resonance
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scattering corresponds to the acoustic period equal to
thetransition rate between these sets of levels. From
theacoustic measurements, information concerning
the magnitude of the tunneling splitting is obtained.
The energy level diagram of Fig. 2 is not com-
plete, since it does not reflect the spin-orbit inter-
action. Although the spin-orbit interaction is
second order compared to the vibrational-electronic
terms, it is significant in resolving the ground-
state vibrational-electronic levels to better than
20 cm™, as is possible with acoustic measurements
at low temperatures. The spin-orbit interaction
further reduces the tenfold degeneracy of the tun-
nel split levels, and will be treated in more detail
in a later section.

EXPERIMENTAL PROCEDURE

The elastic properties of crystalline solids are
quite anisotropic reflecting the symmetry of the
lattice. In general, energy propagation of a stress
wave does not occur along the same direction as
the wave vector. There are, however, particular
directions in a crystalline solid for which the direc-
tion of the energy transport and wave vector are
parallel. The displacements of waves propagating
along these directions can be decomposed into
either longitudinal or transverse modes which prop-
agate with characteristic velocities. These par-
ticular directions are often along high-symmetry
directions of the lattice and will be referred to as
pure mode directions. Propagation of stress
waves along these pure mode directions leads to
a unique characterization of the polarization, wave
vector, and mode type even on an atomic scale.

The particular mode of interest can be generated
preferentially by piezoelectric material which is
oriented to provide either a longitudinal or trans-
verse strain. The transducer (usually quartz) is
bonded to a flat polished surface of the crystal
which is perpendicular to the direction of propaga-
tion. The alternating strain propagates into the
crystalline solid to a second parallel face approx-
imately 2 cm from the first. The stress wave is
reflected and returns to the piezoelectric material,
which now acts as a receiver and converts a small
part of the acoustic energy to an electrical signal.
A tunable microwave cavity couples this energy into
a heterodyning receiving system. The propagation
of the stress wave pluse is displayed as a series
of echos whose separation is inversely proportional
to the velocity of the pure mode and whose ampli-
tude is inversely proportional to its attenuation
(Fig. 3). The amplitude of the pulse decreases as
a result of the scattering of the acoustic energy
from the propagating media. To facilitate the de-
termination of the attenuation coefficient, the ex-
ponential decrease in pulse height is operated on
by a logarithmic amplifier resulting in a linear
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FIG. 3.

Echo pattern for a longitudinal pulse which is
multiply reflected between two parallel faces of sample
No. 2. The pulse is propagating along the [100] direction
at 77°K. Logarithmic amplification leads to the linear

decrease in amplitude of the pulse envelopes. The car-
rier frequency (1 GHz) has been heterodyned and pro-
cessed by a video detector.

decay of the pulse height over much of its range.
The pulse duration is long enough so that the Fou-
rier spectrum is localized around the carrier fre-
quency. The attenuation is then assumed to be
dominated by the carrier frequency and closely ap-
proximates the behavior of a monochromatic wave.
Typically, pulses consisting of a thousand cycles
with a carrier frequency of 1-3 GHz are used.

The attenuation of the acoustic wave can be con-
sidered as consisting of two components, one be-
ing due to phonon interactions in the host MgO lat-
tice while the other is due to dynamic effects as-
sociated with impurities. This latter component
is the primary concern of this investigation; how-
ever, the attenuation of the host MgO lattice will
be considered first. The attenuation of acoustic
waves in insulators typically consists of a con-
stant low-temperature (<10 °K) component and a
power-law increase in attenuation at intermediate
temperatures (10< T <100 °K). The constant low-
temperature background is attributed to scattering
by impurities and imperfections which leads to a
constant acoustic-phonon mean free path. This
scattering does not exhibit the dynamic features
which are to be considered in detail later but is
analogous to the Mathiesen region of low-tempera-
ture resistivity. The frequency dependence of the
attenuation for various modes is shown in Table I.

The attenuation in the intermediate temperature
range usually exhibits a T" dependence, where n
depends on the type of mode. The exponent for
various pure modes is listed in Table II. The
magnitude of the exponent exhibits considerably
less variation from mode to mode than has been
observed in other insulators.®

The host crystals of MgO contain a variety of
low-concentration substitutional impurities which,
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TABLE I. Low-temperature (1.2 °K) frequency depen-
dence of the attenuation coefficient (@ =bw™) between 1
and 3 GHz. The specimen is prepared so that no relaxa-
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TABLE III. Paramagnetic impurity concentration in
parts per million for MgO specimens.

tion is observed. Specimen Fe Cr Mn v
R N No. 1 3 2 1 <5
Propagation direction Polarization m No. 2 70 21 9.4
Longitudinal [100] [100] 1.2
Longitudinal [110] [110] 1.5
Transverse [100] [010] -1

for the materials used in this investigation, are
summarized in Table OI.” A systematic study is
necessary to determine the specific origin of the
acoustic attenuation. This study is facilitated by
the fact that the valence of some of the impurities
can be changed by y irradiation without introducing
lattice damage.® Many of the transition-metal im-
purities substantially change their coupling to the
lattice with changes in valence. The valence state
of many of the paramagnetic impurities can be
determined from electron-paramagnetic-resonance
(EPR) data. The magnitudes of the EPR signals
are used to determine the relative magnitudes of
the paramagnetic impurities in a particular va-
lence state. The occupancy of valence states which
are too strongly coupled to the lattice to be ob-
served at 77 °K by EPR are implied from the
number in a complimentary state. The number

of impurities in a particular valence state is cor-
related with the magnitude of the acoustic relaxa-
tion absorption as a function of various thermal
and irradiative treatments. As can be seen from
Fig. 4, the relaxation absorption varies in mag-
nitude of the Cr® impurities.

To determine whether this agreement is fortu-
itous and the maximum in attenuation is due to a
valence change of a nonparamagnetic impurity, a
series of samples of varying impurity concentra-
tions are investigated. An example of the relaxa-
tion maximum for two samples of similar nonpara-
magnetic impurity concentrations (but Cr? con-
centration varying by a factor of 10) is shown in
Fig. 5. The magnitude of the relaxation is seen
to scale linearly with the relative magnitudes of the
Cr?* concentrations and not with the nonparamag-
netic impurity concentration. Thus, the relaxa-
tion maximum is assumed in the following to be
due to Cr? substitutional impurities.

TABLE II. Exponent of the temperature dependence
of the low-temperature attenuation (o =aT") for various
modes and polarizations at 1 GHz. The specimen is

prepared so that no relaxation is observed (10 < T<100 °K).

Propagation direction Polarization Stiffness modulus n
Longitudinal [100] [100] Cyy 3
Longitudinal [110] {110] $(Cpy+ Cp+2Cy) 3
Transverse [100] [010]) Cy 1.5
Transverse [110] {110} 3(Cyy—Cr) 3
Transverse [110] [100] Cy <1

MOLECULAR SCATTERING AND ACOUSTIC RELAXATION

The strong coupling of the chromous ion to the
lattice suggests a description of its dynamic prop-
erties in terms of a molecular cluster formed by
the chromous ion and its nearest neighbors. The
molecular cluster is then made up of the chromous
and six octahedrally coordinated oxygen ions. The
molecular cluster is coupled to the perfect host
lattice in a manner which does not substantially
perturb the states of the cluster. To first order,

] COL. | BLE. | RED. | COL. | | COL. | BLE. | RED. |COL. |

100% [
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Fe
. Aa |
. — l 1 1
100%"
Fe +DEF
r —_—
A 1
100%} 100%
cr® cr?
"l 1 [ 1
100%] 100%[
+
_1— VZ v30
1 1 1 1 1 1

FIG. 4. First column of figures displays the magni-
tude of the EPR signal for paramagnetic impurities in
specimen No. 1 as a function of various thermal and ir-
radiative treatments. The second column indicates the
changes in complimentary valence states deduced from
the first column and assuming the impurity concentration
is constant. The magnitude of the relaxation is indicated
by Aag which is the maximum attenuation. The abbre-
viation COL. refers to introducing color centers (pri-
marily V centers) through vy irradiation in a GOCo-'y cell,
while BLE. refers to heating to 100°C to bleach the col-
or centers and RED. refers to vacuum reduction at
1100°C in the presence of a Ti getter. The magnitude of
the relaxation correlates with the number of chrome ions
in the 2+ state.
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FIG. 5. Relaxation absorption of a longitudinal mode
propagating along the [100] in specimen No. 1 (®) and
specimen No. 2 (0). The factor-of-10 increase in chro-
mium impurities results in a factor-of-10 increase in
the magnitude of the relaxation maximum even though the
nonparamagnetic impurities are approximately the same
for both specimens. As will be the case for most of the
ensuing figures, the ordinate is the logarithm of the at-
tenuation with the abscissa being the logarithm of the
temperature (1 GHz).

then, the impurity is part of an octahedral mole-
cule which is coupled to the host lattice. The at-
tenuation of the acoustic wave results from scat-
tering of the stress-wave energy from the molec-
ular cluster. It is apparent that the stress wave

does not induce any direct transitions in the molec-

ular cluster by single phonon inelastic events as

the phonon energies of the stress wave (<0.08 cm™)

are considerably less than the energy-level sep-
arations.

The scattering of the stress wave is also not a
simple Rayleigh scattering, since the molecular
cluster is continually changing state. The cluster
is excited or pumped by the thermal phonon sea
through the resonant absorption (direct transitions)
and Raman scattering. The lifetime of the cluster
in any state is proportional to the transition prob-
ability times the number of thermal phonons with
energies greater than the level separation (~20
ecm™), The lifetime is temperature dependent and
reflects the change in the occupancy of the thermal
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phonons as the temperature changes. The molec-
ular cluster can thus be viewed as a dynamic
scattering center which is making transitions be-
tween states at a rate proportional to the occu-
pancy of the thermal phonon density of states.
When the stress-wave frequency is synchronized
with the transition rate, a maximum scattering of

the stress wave occurs which in turn leads to a
maximum in acoustic attenuation.

The scattering of the stress wave is strictly
speaking a Raman process but because the wave-
length of the stress wave is much larger than both
the molecular cluster and the dominant thermal
phonon, it is more intuitive to consider it as a
classical resonance scattering rather than the
virtual absorption and readmission associated
with the Raman process. In contrast, the thermal-
phonon scattering by the molecular cluster can be
conveniently characterized by Raman and direct
processes. The scattering of the stress wave by
the molecular cluster is depicted in Fig. 6. The
attenuation of the stress wave results primarily
from acoustic energy being scattered from the
initial beam.

The magnitude of the relaxation process varies
with the stress wave frequency, with the attenua-
tion coefficient o being directly proportional to
the frequency (Fig. 7). This indicates that for a
dispersionless material, the attenuation per cycle
of the stress wave is constant. The molecular
cluster acts as a scattering center whose dynamics
are not appreciably affected by the acoustic wave,
which acts as a small perturbation. The scatter-

.
THERMAL v
PHONONS
w

STRESS WAVE

MOLECULAR w'
CLUSTER

FIG. 6. Stress wave of frequency v is scattered by the
molecular cluster out of the primary sound beam leading
to an attenuation of the phase and geometrically corre-
lated sound beam. The molecular cluster is excited by
thermal phonons (w) with a transition rate 1/7. Reso-
nant scattering occurs when v7=1, The wavelength of
the stress wave (<104 A) is considerably larger than the
molecular cluster and leads to a constant scattering per
cycle for the low-frequency stress waves (v < w).
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FIG. 7. Attenuation coefficient of a longitudinal mode
propagating along the [100] direction in specimen No. 1.
The maximum in attenuation occurs at 6.5°K for an
acoustic frequency of 1 GHz (O) and at 10 °K for a fre-
quency of 3 GHz (@. The maximum in attenuation cor-
responds to a transition rate equal to the period of the
wave vT=1,

ing cross section at resonance (v7=1) remains
constant so that the energy scattering per cycle is
independent of frequency. The dynamics of the
cluster reflect the transitions due to the thermal-
phonon sea. The scattering strength near reso-
nance is primarily a temporal rather than a geo-
metric affect.

The transition rate of the excitations of the mo-
lecular cluster changes with temperature propor-
tional to the occupancy of the thermal-phonon den-
sity of states. In the measurements reported in
this invesitgation, the frequency of the stress
wave is fixed and the temperature is varied over
a range in which the transition rate approaches the
frequency of the stress wave. The attenuation of
the stress wave goes through a maximum at some
temperature T, when the transition rate (1/7) is
equal to the frequency of the stress waves v such
that v7(T,)=1. As can be seen in Fig. 6 as the
stress-wave frequency is increased, the tempera-
ture at which this attenuation maximum occurs
also increases.

Two types of transitions between the vibrational -
electronic states of the molecular cluster are
likely to be induced by the thermal phonons. The
first is direct transitions between pairs of energy
levels of the system while the second is an indirect
transition between multiple levels of the cluster.
The indirect or Orbach process® is consistent with
the observed temperature dependence of the re-
laxation maximum and is assumed to be the dom-
inant process monitored by the stress wave. The

transition rate for indirect transitions is given by
1/7=(1/7)e™/*T, 1)

where A is the separation between two levels A- B
and 1/7 the transition rate for the entire process
A- B- C. The indirect transition is not only con-
sistent with the temperature dependence of the
relaxation maximum, but also with the selection
rules for a proposed energy level scheme consid-
ered in a later section.

When Eq. (1) is combined with the resonant
scattering condition y7=1, a quantitative deter-
mination of 7y, and the energy level separation A
can be made. Measurements of the temperature
of the relaxation maximum at two different fre-
quencies leads to a unique determination of the
parameters 7,and A. From the information con-
tained in Fig. 7, the energy level separation is
found to be A=14 cm™, while the prefactor 7,=4
x10"" sec. The energy-level separation A is con-
sistent with the energy-level diagram of Challis
et al.'® necessary to explain resonant scattering
in the thermal conductivity. The energy separa-
tion is proportional to the Jahn-Teller inversions
or tunneling splitting between the ground state E
and excited A; or A, levels and will be considered
in more detail in a later section.

The prefactor 7, is the asymptotic value of the
transition rate at high temperatures. The value
determined from the relaxation measurements
indicates the transitions are between levels which
are allowed to first order. Thus, in identifying
transitions which might be involved in the relaxa-
tion scattering, only sets of levels separated by
~14 cm™ which are allowed by the selection rules
will be considered.

SYMMETRY CONSIDERATION

Propagation of lattice waves in crystalline solids
is quite anisotropic and only along particular di-
rections in the crystal can waves be characterized
as either transverse or longitudinal. The polar-
izations for the two independent transverse and
one longitudinal mode form an orthogonal triad
along the pure-mode directions and maintain their
particular polarization as they propagate with a
characteristic velocity. The displacements of
the pure modes can be related in a simple way
to atomic displacements of the lattice. Thus, the
interaction of these pure modes with impurities
such as the chromous molecular cluster can be
related to the symmetry of the displacements of
the pure modes and the symmetry of the states of
the molecular cluster. In the following, we will
consider the stress wave as propagating in a per-
fect lattice until it encouters the molecular cluster
and is partially scattered by it. The coupling be-
tween the perfect lattice and the molecular cluster
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is assumed to be scalar and not significant in re-
ducing the symmetry of the interaction between the
cluster and the stress wave. The impurity con-
centration is low so isolated scattering without any
direct interaction between clusters is most likely.

To characterize the interaction of the pure-mode
stress wave with the molecular cluster, the tech-
niques of group theory are used. Pure modes with
the same polarization and propagating along equiv-
alent directions in the crystal serve as basis func-
tions to determine their irreducible representations
under the operations of the cubic group (0,). The
genesis of this approach was developed by Nowick
and Heller for stress induced rigid reorientation
of impurities. In this work we are particularly
concerned with internal modes of the molecular
cluster and not rigid reorientation as were Nowich
and Heller.! As a boundary condition we must
keep in mind that stress waves are centrosym-
metric and therefore possess only even (or gerade)
irreducible representations. The stress-strain
relationships only consider displacements which
can be generated by forces applied to unconstrained
boundaries which do not lead to a displacement of,
or rotation about, the center of mass.

The coupling of the stress wave to the molecular
cluster is scalar or through an A,, representation.
Because of the simplicity of the coupling the ir-
reducible representations of the stress wave are
coupled directly to the irreducible representations
of the molecular cluster. Another way of express-
ing the coupling condition is that the product of the
irreducible representations of the stress waves
with the irreducible representation of the coupling
reproduces only the irreducible representations of
the stress wave.

As an example of the selectivity of the stress
wave in defining the dynamic symmetry of the
molecular eluster let us consider the transverse
modes which propagate along the [110] direction
(face diagonal) in a cubic crystal. The two orthog-
onal polarizations of the stress wave propagate
with different velocities. The polarizations of
these two modes is in the [001] direction (fast-
transverse mode) or the [110)] direction (slow-
transverse mode) with their stiffness constants
given in Table IV. The irreducible representations
for these two modes are also listed in Table 1V,
and can be seen to be quite distinct. Pure modes

TABLE IV. Irreducible representations for a basis
consisting of equivalent transverse modes propagating in
a cubic lattice.

Mode Stiffness constant Irreducible representation
Slow transverse [om Tig* Ty
Fast transverse $(Cyy~Cypp) At~ Eg+ Ty
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FIG. 8. Attenuation coefficient of two transverse
modes propagating along the [110] direction in specimen
No. 1. The transverse polarization for the fast mode is
in the [100] (ast, ©) and for the slow mode in the [110]
(slow, O) direction. The relaxation absorption is exhib-
ited by the slow-transverse mode which is a basis for an
Egi.r. but not for the fast-transverse mode (Ty i.r.)

(1 GHz).

in other directions always contain a mixture of
these two i.r. The slow-transverse mode is a
basis for an E, i.r., while the fast-transverse
mode is a basis for a T,, i.r. for the cubic group.
The observed attenuation of these pure modes
reflects their difference in symmetry as can be
readily seen in Fig. 8. The relaxation maximum
is present for the slow-transverse modes at the
same temperature as observed for the longitudinal
modes of Fig. 6. There is no relaxation observed
for the fast-transverse mode along this and all
equivalent directions in the crystal. This observa-
tion coupled with measurements onlongitudinal modes
indicatesthe interaction with the molecular cluster
is with states that possess the E, i.r. (Table V).
These observations are consistent with match-
ing the acoustic i.r. with the i.r. of the vibra-
tional mode of the octahedral molecule which
interacts with the electronic ground state. The
interaction of the E; vibrational mode with the
electronic ground state is responsible for the
lifting of the orbital degeneracy of the E¢ ground
state. The 77 and 7y vibrational normal modes
do not effect the electronic Ef ground state or the
acoustic modes containing only that i.r. The
presence of the relaxation for the transverse mode
of the E, i.r. and absence for the mode of Ty, i.r.
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is a direct observation of the low-level electronic
+ vibrational symmetry. A more complete de-
scription of the symmetry considerations for the
stress wave in various lattices and interaction
with defects will be considered elsewhere.

RELAXATION ATTENUATION PEAK SHAPE

The shape of the relaxation peak can be deter-
mined as a function of temperature through certain
simplifying assumptions concerning the relaxation
times of the scattering process. In particular, if
only one relaxation mechanism of a single relaxa-
tion time is present and it is independent of tem-
perature, the maximum in attenuation takes on a
simple symmetric form when plotted as 1/7.
Using the relationship between the relaxation time
and the temperature, the resonance scattering
can be determined as a function of temperature
with the aid of the Debye equations. The Debye
equations were originally derived for the dielectric
relaxation and relate the frequency of the stress
wave (v) to the relaxation time by

a=ag 2v1/ (1 +27%), (2)

where qq is the maximum in attenuation. For the
measurements of this investigation, the stress
frequency is fixed and the relaxation time varies
as function of temperature. This leads to a max-
imum in attenuation as a function of temperature
when v7(T)=1. A comprehensive treatment of the
connection of the frequency measurements to tem-
perature measurements is treated in a series of
articles by Nowick and Berry. 2

Often, a single relaxation process is not the
exclusive contributor to the attenuation and a dis-
tribution of relaxation times is present. This is
reflected in the shape of the relaxation maximum
in two distinct forms. The peak may be wider than
that predicted by the Debye relations for a single

TABLE V. Irreducible representations for a basis
consisting of equivalent pure modes in a cubic lattice
(Op). The collection of i.r. (D) are labeled by the type
of mode, propagation direction, and stiffness moduli.

Irreducible
Basis Polarization representations

D Ney) Agg B,
Doy +eqp +2c44) Ay +Eg +Ty,
D1 (R ey +2¢4p +4cy ) Ay +Ty
DY, (100) Ty, +Ty
DY) [100] Ty, + Ty
D% [y — c12)) [1To] Ay +E +Ty,
D (Aley = eqp +caa) mi] E +Ty +Ty,
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FIG. 9. Relaxation maximum of the attenuation shown
in Fig. 7 plotted linearly and as a function of 1/T. The
dashed curves are calculated for two relaxation processes
using tabulations of Ref. 12, The large-peak parameters
(Ay=14 cm=! and 14=4 x10-!! sec) are deduced from the
frequency-dependence measurements of Fig. 6 while the
small-peak results (4,=18.5 cm™! and To=1 x10-12 sec)
are obtained by curve fitting the difference between the
large peak and the observed values.

relaxation time where the width (67,) at one-half
the maximum is given by

5T,=4/2.635k, (3)

where A is the energy level separation and % is
Boltzman’s constant. A peak wider than that given
by Eq. (3) may result for a single microscopic
process which experiences different local strain
fields and leads to a macroscopic distribution of
relaxation times. The relaxation peak can still
remain symmetric for certain common types of
distribution times as shown by Nowick and Berry. 2
Another manifestation of more than one relaxa-
tion time is an asymmetry appearing in the shape
of the peak when plotted as 1/7, as in Fig. 9. The
relaxation maximum is for a transverse wave prop-
agating along the [110] direction. The asymmetry
of the peak can be resolved in this case by assum-
ing two relaxation processes as indicated by the
dashed curves. The parameters used to define the
shape of the large peak are determined from two
measurements at different frequencies which lead
to two different temperatures for the relaxation
maximum, as described in a previous section.
These parameters give an energy level separation
of 14.3 cm™ (1.75 meV) and a prefactor 7o Of
4x107 sec. The difference between large peak
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and the measured attenuation is used to generate
the smaller peak. The peak shape which best fits
the residual attenuation results from an energy
gap of 18 cm™ (2.24 meV) and a prefactor of 10712
sec. The sum of these two peaks reproduces the
attenuation over much of the temperature range of
interest. Since the parameters used to define the
larger relaxation peak were determined independent
of the peak shape, the less desirable procedure of
curve fitting still yields useful information con-
cerning the second peak. By varying the fitting
parameters of the second peak, an estimate of the
uncertainty in the determination of the energy
level separation is + 5%.

The foregoing procedure to reproduce the ob-
served attenuation peak is not unique but only
plausible. Another approach would be to assume
an asymmetric distribution of relaxation times
which could be used to reproduce the peak. Though
this procedure would reproduce the observed peak,
the relaxation distribution would provide little new
physical insight due to the arbitrary width of the
distribution. There is a natural prejudice for the
simplicity of fitting the observed data with two
peaks, since their physical interpretation is con-
sistent with transitions between energy levels of
a molecular cluster.

SPIN-ORBIT SPLITTING

The inclusion of the multiplicity of the E, vibra~
tional mode of the molecular cluster with the ten-
fold degenerate 5Ei electronic ground state leads
to °E, and *A,, +°A,, vibrational-electronic states.
The anharmonic interaction stabilizes the Jahn-
Teller distortion into either a tetragonal compres-
sion (B> 0) or an expansion (B<0) of the cluster
and removes the degeneracy of the first excited
state with either the °4,, (B>0) or the °4,, (B<0)
state lower. The choice of the sign of the anhar-
monic (and thus that of the Jahn-Teller distortion)
component will be considered in detail later, but
for clarity, the B<0 will be adopted for the dis-
cussion of the spin-orbit interactions.

The spin-orbit splitting of the molecular cluster
model has been calculated by Fletcher and Stevens.
Experimental parameters (5 tunneling splitting
and D the spin-orbit interaction) used in the deter-
mination of the relative level separations of the
energy levels are derived from APR g-factor
measurements and an extensive investigation of
the thermal conductivity of MgO containing transi-
tion metal impurities by Challis ef al.'® The g-
factor is dependent on the ratio of 5/D. This
ratio, as pointed out by Ham, 3 must be greater
than one. The thermal conducitivity at low tem-
peratures exhibited resonant scattering which was
attributed to transitions between low-lying levels.
Through plausibility arguments concerning the

2
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weighting and identification of various transitions,
an energy level diagram was obtained and is shown
in Fig. 10. The selection rule for transitions
between the vibrational-electronic states, which
are induced by vibrational excitations, is that the
product of the i.r. of the initial and final states
must contain the E} i.r. This leads to two fam-
ilies of transitions between the A-E states and
T states. The states which exhibit the largest
matrix elements are shown in Fig. 9 connected
by a solid line. The ordinate indicates the energy
range of interest being ~ 30 cm™ (3meV [35 °K]).
The acoustic relaxation measurements were
evaluated on the assumption of an indirect or
Orbach process determining the rate. This is con-
sistent with the most probable transitions for both
the T and A-E family. The wavy line on the right-
and left-hand sides indicates the level separations
determined from the large and small relaxation
maxima as outlined in a previous section. The
magnitudes for the large peak agree rather well
with the level separations for the T family. The
thermal conductivity resonance scattering is also
the largest for transitions involving the T family.
The smaller peak does not lead to quite the same
energy level as the A-E family (18 cm™ compared

35K B E
[-3 meV T, 1_
<
1
20F
A= 14 cm!
A,
cm”!
As=18 cm™
13 Y
[o]3
ka E
T
oL _<>__.Al
FIG. 10. Energy-level diagram including spin-orbit

coupling constructed from Table 4, Ref. 10. The results
of the relaxation measurements are indicated by A, and
Ay on each side of the diagram and are consistent with
the A —F and T families of transitions. The lifetime
broadening is estimated at less than 0.5 cm™! from the
determinations of 7.
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FIG. 11. Relaxation maximum for the slow-transverse mode propagating along the [110] axis in specimen No. 1 (1
GHz). Uniaxial strains of 2 x 10~ is applied along the [110] and the [001] directions. The stress is calculated from the
differential thermal expansion of a stainless-steel clamp fixed at room temperature and the MgO sample.

to a theoretical 22.3 cm™), but does approach it
rather closely. The energy level diagram of Fig.
10 is calculated for a Jahn-Teller expansion of
the lattice (B <0) and provides the best over-all
fit to the spacings determined from the acoustic
relaxation measurements. The expansion of the
lattice site is plausible since the Cr? ion is most
likely larger than the Mg? it replaces by analogy
of the behavior of the Fe?*, Fe¥ substitutional
impurities.

A feature of the resonant scattering observed
in the thermal conductivity, which is not seen in
the hypersonic measurements, is the 5-cm™ tran-~
sitions associated with the 4,,~ E, levels of Fig.
10. A hypersonic relaxation could occur due to
this transition but at temperatures below the min-
imum measurement temperature (1.5 °K) accord-
ing to Eq. (1) and assuming a measurement fre-
quency of 1 GHz, a prefactor 7,=107"! sec (similar
to the E,~ E, transition), and a level separation
of A=5cm™.

STRESS-INDUCED DEGENERACY REDUCTION

Application of uniaxial stress removes degen-
eracies in the energy levels through symmetry
reduction of the molecular cluster. Transitions
involving vibrational-electronic levels which have
split due to the application of stress lead to a
change in the acoustic relaxation phenomenon as
shown in Fig. 11. The relaxation maximum is
split into two distinctive peaks for stress applied
either along the [001] or [110] directions. The
positions of the maximum attenuations are approxi-
mately the same for either stress direction. Inter-
pretation of the stress splitting is in terms of the
large peak (considered in a previous section) which
is associated with the T-family transitions.

The selection rules are modified for a reduction

in the symmetry of the molecular cluster since
the degeneracy in the E; vibration mode can be re-
moved. In particular, if the stress is assumed to

Oh_STRESS =Dan
E
T 1
Y Bz -
T, E
B,
E
N
A,

FIG. 12, Stress-split energy-level diagram assuming
a reduction in symmetry from O, to Dy, from Fig. 9.
The transitions indicated are based on the selection rule
for vibrationally induced transitions for D,, symmetry
which requires an Ay, or By, i.r. present. The separa-
tion of the energy levels is consistent with the magnitude
of the peak splitting in Fig. 10 assuming 7, to be a con-
stant.
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reduce the symmetry from cubic (0,) to tetragonal
(Dy,), the E? splits into an A}, + BY, i.r. of the

D4, group. The selection rules for transitions be-
tween vibronic levels are modified so that the prod-
uct of the i.r. of the initial and final states must
contain an A, or B,, i.r. to be induced by a lattice
wave. The stress-induced splitting of the energy
levels and the allowed transitions are shown in
Fig.12. If the relaxation maxima are viewed as
being due to indirect transitions, the reduction

in symmetry can lead to two groups of transitions
which are analogous to the T-family transitions.
These consist of E-family and A-B-family transi-
tions of the Dy, group. Any further reduction of
symmetry, for example to G,,, offers more fam-
ilies of transitions than are observed.

The magnitude of the energy level separation of
the split levels can be obtained using Eq. (1) and
assuming the prefactor does not change. From
this, the relative spacings of the members of the
E and A-B families are estimated. A comparison
of these values with the theoretical level separa-
tion as a function of strain due to Fletcher and
Stevens is used to determine a value for the Jahn-
Teller coupling coefficient. An estimate of strain
leading to the peak separation of Fig. 10 is 2x10™%,
Fitting the split energy levels of Fletcher and
Stevens? to the separations determined from the
peak positions yields a Jahn-Teller coupling en-
ergy of 8.1x% 10'® cm™/m [1x 10'° eV/m]. This
is the same order of magnitude estimated by
Fletcher and Stevens, but a factor of 2 smaller.

It is also in agreement with Jahn-Teller energy
calculated by Ham? using a point ion model.

CONCLUSIONS

The interaction of acoustic waves with strong
coupling impurities offers a means of investigat-

ing the dynamic properties of the impurity systems.
Symmetry determinations of the interaction of the
ion with the lattice are possible through the use of
various acoustic modes and polarizations. In the
particular case of the chromous ion in MgO, only
those acoustic waves that serve as a basis for the
E, i.r. interact through resonant scattering with
the impurity system. This, in turn, reflects the
selection rules derived from the symmetry of the
mixed vibrational and electronic states of the mo-
lecular cluster.

Observation of relaxation absorption due to in-
direct transitions between vibrational-electronic
states of the molecule, offers a means of quanti-
tatively evaluating some of the parameters asso-
ciated with the dynamic Jahn-Teller effect. In
general, the experimental results indicate a tun-
neling splitting energy in the range of 14 cm™! as
assumed by Challis et al. Using an energy-level
diagram of Fletcher and Stevens, assignments to
particular families of transitions could be made.
The high-temperature lifetimes associated with
these families of states ranged from 107! to 10712
sec.

The application of uniaxial stress split the re-
laxation maximum into two resolved peaks. By
fitting the stress-split energy levels, assuming
a D, symmetry to the theoretical results, a Jahn-
Teller coupling energy of 8.1x 10*® cm™/m is
deduced. A value consistent with the Jahn-Teller
energy as calculated from a point-ion approxima-
tion by Ham. 3
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FIG. 3. Echo pattern for a longitudinal pulse which is
multiply reflected between two parallel faces of sample
No. 2. The pulse is propagating along the [100] direction
at 77°K. Logarithmic amplification leads to the linear
decrease in amplitude of the pulse envelopes. The car-
rier frequency (1 GHz) has been heterodyned and pro-
cessed by a video detector.



