
HERB ST, LOWY, AND WATSON

tron contribution to the Coulomb and exchange potentials
of the 5d, 4f, and other interior shells.

'4A. J. Freeman, in Magnetism of the Rare Earth
Metals, edited by R. J. Elliott (unpublished).

"C. Jackson, Phys. Rev. 178, 949 (1969).
N. E. Christensen and B. O. Seraphin, Solid State

Commun. 8, 1221 {1970); N. E. Christensen, Physics
Laboratory I, Technical University of Denmark, Lyngby,
Report No. 75, 1970 (unpublished).

"In Freeman's results {Ref. 14), for example, the d
bandwidth is 0.35 Ry and &z lies 0.04 Ry above the d-band
minimum, so that G. is O. ll. Using this number together
with our computed values e (d top) =+ O. 10 Ry, q (d bottom)

=-0.32 Ry for Eu, we place e& at -0.27 Ry in our cal-
culation through use of Eq. (4. 1). G. is in all cases rough-
ly the fraction of 5d electrons present, which is con-
sistent with the occupation of a d band having a constant
density of states and a maximum occupancy of 10 elec-
trons.

E.g. , L. Hedin and S. Lundqvist, SolidState Physics,
Vol. 23, edited by D. Seitz, F. Turnbull, and H.
Ehrenreich (Academic, New York, 1969), and references
therein.

A. P. Cracknell, Advan. Phys. ~20 1 {1971), and

references therein.

PHYSICAL REVIEW B VOLUME 6, NUMBER 5 1 SE PTE MBER 1972

Brillouin Scattering from a Microwave-Phonon Bottleneck in MgO:Ni2+

W. J. Brya, * S. Geschwind, and G. E. Devlin
I3eLL Laboratories, Murray HilL, Peso J'ersey 07974

(Received 21 April 1972)

A large nonequilibrium distribution of microwave phonons arising from a phonon bottleneck
has been observed in Ni-doped MgO using Brillouin light scattering; light scattering allows one
to look directly at the phonons in a highly selective manner, and the intensity of the scattered
light provides a direct measure of the effective temperatures of the phonons. With cw micro-
wave saturation at 25. 6 GHz of the ~,=1 spin transitions of the Ni2' ion (S=1) at an ambient
temperature of 2'K, the effective temperatures of slow-transverse acoustic phonons at 25. 6

0Hz propagating near a [110jcrystal direction are increased to 270-4000 'K, while the bulk of
the lattice modes remain at the ambient temperature; the observed phonon heatings are in
reasonable agreement with theoretical predictions based on a simple rate-equation formalism
applied to the S=1 system. The measured bandwidth for the heated phonons is 180 MHz,
which is significantly less than the spin resonance (EPR) linewidth of -500 MHz but in qualita-
tive agreement with theory. After switching off the saturating microwaves, the phonon heating
decays away in a characteristic nonlinear manner; the initial rapid drop in phonon excitation
indicates an effective phonon lifetime - 5 @sec which is not intrinsic but determined by crystal
geometry and surface condition. In accord with this relatively long lifetime, the excess phonon

heating is observed to persist to ambient temperatures as high as 40'K. Under m/crowave
saturation of the ~,=1 transitions at frequency v, significant heating of longitudinal phonons at
v and 2v has also been observed. The heating of the forbidden" longitudinal phonons at v is
ascribed to mode conversion of other heated v phonons into the longitudinal phonons at crvstaj
boundaries, while the 2v phonon heating arises from ~,=2 transitions in the S=1 spin system.
In addition, anomalously large heating (up to 40 000'K) of the slow-transverse phonons at v has
been observed in certain spatial regions of the crystals and is tentatively ascribed to a param-
etric process involving the 2v phonons.

I. INTRODUCTION

In the usual description of the direct phonon
process for spin-lattice relaxation, it is generally
assumed that spins excited by resonant microwave
radiation relax to phonons which are in such good
contact with a thermal reservoir of infinite heat
capacity (e.g. , liquid helium) that the phonon ex-
citation remains essentially at its thermal-equi-
librium value. Van Vleck' pointed out many years
ago, however, thai the number of lattice modes on
speaking terms with the spin system is actually
quite limited. Consequently, if the spin-phonon
coupling is strong and the thermalizing process for
the phonons is slow, phonons generated over a

frequency interval comparable to the EPR linewidth
will be excited above their equilibrium value. This
situation, now commonly known as a phonon bottle-
neck, modifies the observed spin-lattice relaxation
time T& from that to be observed under the usual
nonbottlenecked conditions and the relaxation is
largely governed by the rate at which excess pho-
nons can be dissipated.

Various experimental techniques have been em-
ployed to demonstrate the existence of the bottle-
neck. The usual spin-lattice relaxation-time mea™
surements have disclosed unusual temperature de-
pendences, e.g. , 2;- 1/T rather than 1/7 as for
the normal direct process, sample size and con-
centration dependences to Tj, 3 3 and nonexponential
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recovery of the spin system. Brya and Wagner'
have given stronger evidence for the bottleneck by
observing in an inverted spin system a decrease of
several orders of magnitude in T& which was as-
cribed to a phonon avalanche; Mims and Taylor
have confirmed these results and obtained esti-. .

mates for the effective phonon lifetime using spin-
echo techniques. Shiren~ also demonstrated the
existence of the phonon avalanche and monitored
the hot-phonon propagation down a crystal via a
double-quantum detection method. Anderson and
Sabisky have shown evidence for the effect by
saturating a spin system at one end of a crystal
and using optical magnetic circular dichroism to
detect an increase in spin temperature along the
crystal length due to bottlenecked phonons; by
using a sample doped with two paramagnetic spe-
cies located in different spatial regions of the crys-
tal, Hifman and Wagner have also demonstrated
the propagation properties of the hot phonons and
obtained an estimate for the phonon bandwidth.

Essentially all of the above techniques, however,
attempt to view the hot phonons indirectly by ob-
serving their averaged effect on a spin tempera-
ture. Consequently, only limited information about
the detailed role of the phonons in the dynamics of
the bottleneck is obtained. In contrast, the Bril-
louin-light-scattering technique allows one to look
directly at the phonons in a highly selective man-
ner. For a given choice of the scattering geome-
try one observes, from the totality of phonons,
those propagating along a given direction in the
crystal with a k vector determined by the scatter-
ing geometry. In addition, the intensity of the
scattered light provides a direct measure of the
effective temperature for the phonons and detailed
studies of the phonon-system behavior under vari-
ous excitations of the spin system are possible. '

In a previous paper' we presented our initial
results on the observed phonon heating in the
MgO: Ni ' paramagnetic system; since then, sim-
ilar heating has been observed in the concentrated
cerium-magnesium-nitrate salt' and for Nd ' in
Ca%04. 3 In the present paper we describe the
theoretical and experimental results on the MgO:
Ni ' system in much greater detail. The simpli-
fied analysis of che bottleneck phenomenon for a
two-level spin system is reviewed and the connec-
tion to our more complex S=1 case, whose analy-
sis has been presented elsewhere, ' is made; like-
wise, a brief sketch of the Brillouin-scattering
formalism, as is directly applicable to our needs,
is presented. The selection and orientation of the
MgO: Ni~' samples, as well as the chosen experi-
mental arrangement of this study, are governed by
a variety of considerations which are discussed in
Sec. IV. Experimental data on a number of differ-
ent aspects of the bottleneck problem are presented

and analyzed in Sec. V; these include the magni-
tude of the observed phonon beatings, the band-
width of the heated phnnons, relaxation profiles
for the low-velocity transverse acoustic mode at
a 2'K bath temperature, the excess heating for
this same phonon mode at elevated ambient tem-
peratures to 40 'K, significant heating of "forbid-
den" longitudinal phonons at the resonant micro-
wave frequency ascribed to phonon-mode conver-
sion, heating of longitudinal phonons at twice the
microwave frequency, and the anomalously large
phonon heating of the low-velocity transverse mode
in certain spatial regions of the samples. The
Appendix details the spin-phonon-coupling selection
rules applicable to the MgO: Ni ' system.

II. ANALYSIS OF BOTTLENECKED SPIN SYSTEM

Since most of the major physical features of the
phonon bottleneck are common to both S=-,' and

S=1, we will use the simpler S=-,' system as a
framework for our discussion and draw upon Ref.
14 (hereafter referred to as DBSS) for those
aspects of the bottleneck which are unique to the
S=1 system.

The simplest model for the phonon bottleneck is
based on rate equations for the spin populations and

the resonant phonon excitation. Consider the doub-
let ground state of a paramagnetic species doped
into an otherwise nonmagnetic host. The spin lev-
els are separated by an energy 6&0, with popula-
tions n& and nz in the lower and upper states, re-
spectively. The excitation of the resonant phonons
is described by the Bose factor for the occupation
number per mode, i.e. ,

(
k eo/kT 1)-1

where T,« is an effective temperature for these
phonons which may or may not be equal to the am-
bient (bath) temperature T.

In the usual manner, the rate equations for the
level populations can be written '

d(n2 —n, )

dg
= —2Kt(p + 1)n2 —pnq] —W„~(nk—nq),

(2)

where K is the spontaneous emission rate for the
direct (resonant) relaxation process and W„z is the
transition rate due to resonant microwave power.
At low temperatures one can neglect the indirect
(Haman and Orbach) relaxation processes which

are, in general, unaffected by a bottleneck at ener-
gy 5~0. Following the formalism of Faughnan and

Strandberg, we assume that the decay of the pho-
nons in question may be described by a single pho-
non lifetime T,

„

in the absence of any interaction
with the spin system. We may thus write
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and

4Q -1 -1
dt

(u+1) T jD uyT j W uD D rf (8)

~ = [-y+o(u+1) +ouy]~,„,-1

where the "bottleneck factor" is given by

o = (n~ —np)v, „/(2P +1) Trop(vp)dip

and T jo = K(2p +1) is the direct-process relaxation
rate at the ambient temperature. 0 is an impor-
tant parameter in the theory and essentially de-
scribes the inability of the phonons in the limited
bandwidth dvo to carry away the Zeeman energy to
the bath rapidly enough to avoid heating of the pho-
non system. For a strongly bottlenecked system,
g)) $.

If one subjects the spin system to steady-state
complete cw saturation, such that du/dt=dy/dt=0
and u- 0 (with —W„zu-I/T, ), oone obtains from
Eq. (l)

y.,=(p-p') /(p'+!)=o .

Combining Eqs. (8) and (9), we find that, under
complete saturation of the spin system, the excess
phonon heating (p —p'),„produced by the relaxing
spins is given by

( p)
(n', - np) &.p

2T, p(ov, ) dvp
(10)

Less than complete saturation of the spins, i.e. ,
u 40, will result in a lower value of p. As will be
shown in Sec. III, it is essentially the quantity P
for selected phonons that is measured by Brillouin
scattering. Of course, Eq. (10) is the result of
a simplified theory which assumes a uniform re-
laxation of the spins to all phonons at vo as ex
pressed by T». In point of fact the spins will
couple differently to phonons at the same vo but
traveling in different directions and with different

where p(vp) dvp is the number of lattice modes in the
frequency interval dvo which interact with the ions
and the superscript denotes a thermal-equilibrium
value. The first term on the right-hand side refers
to phonon generation per mode by the spin system
and the second describes the phonon decay. New
variables are defined,

u = (np —n~)/(n,' - n,')

and

y = (P-f ')I/V'+ l),
which represent normalized values for the popula-
tion difference and the deviation of the phonon ex-
citation from equilibrium. The rate equations then
become

T, =(o+1)T,o (12)

This asymptotic time constant characterizes the
final return of the spin and phonon systems to
equilibrium and is the quantity obtained in previous
pulse-saturation spin-lattice-relaxation studies.
By referring to the expression for p given by Eq.
(8), we see the modifications which are produced
in the observed T, due to the bottleneck and which
were referred to in the Introduction. For exam-
ple, since (2pp+I)- coth (h&up/2hT), (npq —nap)

-tanh(5~p/2hT), and T»-t ha(Knu /2hpT), then
o-tanh(hap/2hT) or o- 1/T for h&up«hT. Thus
for o & 1 and h~p «hT, T'~- (1/T'). In addition,
we see from Eqs. (8) and (12) that T'~ will be
proportional to impurity concentration via (n, —np)

polarizations. In a similar vein, ~,
„

is an average
quantity for the phonons. Equation (10), however,
is a reasonable point of departure in estimating
the bottleneck while the selective heating of differ-
ent phonons at the same vo will be discussed and

illustrated below.
By expressing p and p in terms of their respec-

tive temperatures, one obtains the effective tem-
perature for the resonant phonons for m=0,

Teff (o+ 1)T

for QT f f
~ pT» Ajoo . Thus, even when u = 0, cor-

responding to infinite spin temperature, T,«does
not rise above the value given by Eq. (11). Since
T»~ v' (where v is the velocity of sound) and p(vp)
~ 1/v, then o~ I/v and one expects the heating to
be greatest for the lowest-velocity acoustic modes;
in addition, the heating expressed by Eq. (10) will

be enhanced at the higher Zeeman frequencies,
going as v' for Kramers doublets and as v for non-

Kramers systems.
One can obtain an estimate of the hot-phonon

bandwidth based on our previous discussions. For
an inhomogeneously broadened spin-resonance line
of width dv, , each of the constituent homogeneous

spin packets has its characteristic bottleneck fac-
tor 0, , which differs from the others through the
population differential (nPq —naP), . Since the phonon

heating is proportional to o, , and hence to (n,
—npP), , saturation of the complete inhomogeneous
line is expected to produce a phonon bandwidth

dvp dv This latter point will be returned to
later.

When the resonant microwaves are removed,
the saturated spin system and the heated phonons
will relax to their equilibrium values in accordance
with the rate equations. Because the equations are
nonlinear, they do not appear to be soluble except
by numerical techniques. Near the end of the de-
cay, however, where u- —1 and y-0, Eqs. (8)
and ('7) can be linearized to yield two decay times,
the longer of which is
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and proportional to sample size to ihe extent that
7 ph is determined by sample dimensions. It will
be seen later that at low temperatures 7» is essen-
tially the escape time of the phonons from the
crystal.

As pointed out in DBSS' and as mill be seen in
Sec. VC, an experimental determination of T'j'
from the phonon relaxation is hindered by the low

phonon excitations at long times; this decay time
is more easily obtained from the usual spin-1attice-
relaxation measurements. Bather, the phonon
decays are of more interest just after removal of
the saturating microwaves. In Fig. 1 are shown

typical phonon-decay profiles at early times, ob-
tained from numerical solutions to Eqs. (6) and

(f), under the condition of complete initial satura-
tion of the spin system. The decays begin with
zero slope, quickly speed up for a short time, and

then slowly return to equilibrium over a much

longer time; the initial zero slope of the decay is
a result of the fact that the phonons are being
generated by relaxing spins and, following the
switching off of the microwaves, their excitation
cannot change until the spin-system heating has
decreased. Variations in the system parameters
modify the actual decay curves; for example, the
larger 0, the steeper and more pronounced will be
the region of fast decay. In addition, for larger
0, the region of much slower decay time which
follows corresponds to a lower value of fractional
excitation referred to the initial value, as illus-
trated in Fig. 1. While the region of fast decay
may obviously never exceed ~,„,an analysis of the
phonon-decay profiles shows that, when (o7,„/T»)
+& 1, the initial rapid decay of the phonon excitation
proceeds in exponential fashion over at least half
a decade with a time constant which approaches

Thus, for those cases where (or,„/T»)»1,
a direct determination of ~,„should be possible.
This feature as well as the general nonlinear re-
covery of the phonon system as seen by Brillouin
scattering will be emphasized in Sec. V C.

In general, the preceding results for the two-
level spin system carry over essentially unchanged
into the more complex three-level S=1 spin sys-
tem as detailed in DBSS. ' For the three-level
case, one now has as many as three separate spin-
transition frequencies (sm, =+ 1, + 2) with their
associated bottlenecked resonant phonons. Under
a condition of cw saturation, these phonons attain
effective temperatures T,«similar to that given by
Eq. (11)with appropriately defined bottleneck fac-
tors o. The asymptotic relaxation time T'&' is
considerably more complex; however, the rapid
initial decays in the various phonon decays still
provide determinations of the effective phonon
times ~,

„

in a strongly bottlenecked material.
The most significant differences between the

two- and three-level systems occur for the hot-
phonon bandwidths. With cw saturation of the in-
homogeneously broadened ~&pe, =+ 1 resonance line,
the bandwidth of phonons produced by Am, =+ 1
spin transitions will be noticeably less than the
EPB bandwidth for S=1; this occurs because the
exchange of spin and phonon energy at the center
of the resonance, where the spin levels are equal-
ly spaced, produces more phonons than is possible
out in the wings of the EPB line. For those pho-
nons generated by the Anz, = + 2 spin transitions,
the situation is further changed. With saturation
of the anz, =1 transitions at energy p, phonon heat-
ing at 2|) is now very intense at line center where
strong double-quantum transitions can saturate all
the spin packets and where the energy exchange
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FIG. 1. Normalized charac-
teristic phonon-relaxation curves
obtained from numerical solu-
tions to the rate equations, Eqs.
(6) and (7); the saturating rf
field is switched off at t=0. The
inset expands the region near
t =0 and shows the initial zero
slopes of the decays. Spin ex-
citations show negligible change
over the given time interval.
Note that for larger 0. the decay
is steeper and drops to a smaller
fraction of the initial excitation.
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Eqs. (13) and (14), one obtains

nv, =v/X, =v,

with v, the frequency of the acoustic wave. Thus,
the scattered light is shifted to lower and higher
frequencies by an amount equal to the acoustic
wave frequency.

In a quantum-mechanical formalism, Brillouin
scattering is regarded as an inelastic-scattering
event in which an incident photon of wave vector
k,. and frequency v, is scattered into a photon of
wave vector k, and frequency v, with the emission
or absorption of a phonon of wave vector q and
frequency v, , as depicted in Fig. 2(b). The kine-
matics of the event require the conservation of
energy

(iea)

between spin levels is relatively easy. As a re-
sult, the 25 phonon bandwidth should be signifi-
cantly less than either the EPR or 5 phonon line-
widths.

III. BRILLOUIN-SCATTERING FORMALISM

The acoustic waves which propagate in a liquid
or solid produce periodic spatial Quctuations in
the dielectric constant of the medium. Brillouin
scattering' is the inelastic scattering of a beam
of light from these fluctuations. As shown in Fig.
2(a), the scattering process can be viewed as a
Bragg reflection of light from a dielectric grating
with a spacing equal to the acoustic wavelength;
the light scattered at an angle 8 from the incident
direction is related to the acoustic wavelength X,
by the Bragg condition

A, /n = 2X, sin —,'8 (13)

where X, /n is the wavelength of the incident light
in a medium with index of refraction n. The grat-
ing, however, is traveling with the velocity of
sound + v(q) and the scattered light suffers a Dop-
pler shift to the frequencies v,. + Av, with

Av; = 2 (nv/c) v, sin —,8 (14)

where v; is the frequency of the incident light and
c is the ve1.ocity of light in vacuum. Combining

FIG. 2. Classical and quantum-mechanical formalisms
for Brillouin light scattering from acoustic phonons. (a)
Classical formalism views light scattering as a Bragg re-
flection of light from a moving grating with spacing equal
to the phonon wavelength. Equation (1) is th Bragg re-
flection criterion; Eq. (2) is the Doppler shift of the inci-
dent light due to the moving grating. All notation is ex-
plained in the text. (b} Quantum-mechanical formalism
utilizes the conservation-of-momentum diagram shown to
describe the inelastic-scattering event. The kinematics of
the event require the conservation of wave vector or
quasimomentum [Eq. (3}]and of energy IEq. (4).

and the conservation of wave vector or quasi-
momentum

(16b)

where the plus sign corresponds to emission of a
phonon and the minus sign to absorption. One

notes that the maximum of Iq I is of the order of
Ik, I. Since the phonon velocity is very much less

than the velocity of light, then &, «&, , &, . Thus,

~,. —-&, and Ik; I' = Ik, I. As a result, I'ql' =II'k; I

csin-,'8 and one obtains

v, = 2(nv/c) v, sin-,'e, .

which is the same a,s Eqs. (14) and (15).
In a solid there are three branches to the acous-

tic spectrum corresponding to the two primarily
transverse phonon modes and the primarily longi-
tudinal phonon mode. In general, each of these
has a different sound velocity and, as is seen from
Eq. (14), each will produce scattered light with a
different frequency shift for a fixed scattering
angle. One also notes from Eq. (14) that, as the
scattering angle is varied from 8 =0 in the forward
direction, the phonon frequency probed increases
from zero to a maximum value for backscattering
of v, (max) =2(nv/c)v, For solids, where v/c
= 10 ', v, (max) is of the order of 10-50 6Hz and
Brillouin scattering is eminently suited to probing
the properties of phonons in the microwave-fre-
quency regime.

Benedek and Fritsch ' have presented a classical
calculation of the intensity, polarization, and spec-
tral distribution of the scattered light in solids
along with the quantum-mechanical modifications
necessary for its application at low temperatures.
They show that for 5+, «kT the intensity I of light
in all frequencies scattered into a solid angle dQ
is given by
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I~E] p)&pTm 2" --dQ, qv, q
(18)

IV. EXPERIMENTAL PROCEDURE

A. Selection and Orientation of Paramagnetic Sample

where E, is the incident electric field intensity,
qp is the optical dielectric constant, and T is the
temperature. The index p. denotes the three
acoustical branches of the phonon spectrum, and

v~(q) is the sound velocity of mode p, with wave
vector q. The quantity f„is a vector of magnitude
0 & 1$, l

- 1 and the I (, I serve as weighting factors
which determine the relative scattering intensities
for the three Brillouin doublets. $, is given by

(19a)

where, for a cubic system, '6

g. =P44 [v.(I, ~ I ~ )+(v& ' I, )I, ]+. P»(v. 1,)l~.

3

+(Pig —P» —2P44)Z(v~)„(I,)„(1~) I„.(19b)
m=1

1„is a unit vector in the direction of propagation
of the scattered light k, . The p, , are the Pockels
elasto-optic constants for the cubic system. g„is
a unit vector in the direction of polarization of the
sound wave with the components (v„) along the
cube axes, ng = 1, 2, 3. l, is a unit vector in the
direction of propagation of the sound wave with
components (I,), and l~ is a unit vector along
the direction of polarization of the incident field
with components (1~ )„.The l„areunit vectors
along the cube axes. Thus the magnitudes of the
scattering intensities for the phonon modes are
determined by the relative directions of q, E, , and
g„and the magnitudes of the p, ~ .

Equation (18 ) was obtained under the assumption
h~, «&T and predicts that the intensities of the
light shifted to lower (Stokes) and higher (anti-
Stokes) frequencies by a given phonon mode are
equal and proportional to the temperature. At
very low temperatures, however, this result must
be altered to take into account the quantum-me-
chanical features of the phonons, i.e. , the sponta-
neous emission of a phonon in the scattering pro-
cess. %hen this is properly done, one finds that
the intensities of the Stokes and anti-Stokes lines
are proportional to p,. (q)+1 and p„(q), respective-
ly, where p, (q) is the excitation number of phonons
in mode p, with wave vector q and frequency &u(q);

p(q) is given by Eq. (1). Thus at low temperatures
the intensity of the Stokes line becomes tempera-
ture independent while the anti-Stokes intensity
drops off more rapidly with temperature than T, as
given in Eq. (18). In practice, one can use the
measured scattered intensity to obtain the phonon
excitation number p„(q)and thereby assign an
effective temperature to a phonon mode.

The selection of nickel-doped magnesium oxide
as the system of study was based on several fac-
tors. Previous microwave spin-lattice-relaxation
measurements and phonon-avalanche studies have
shown that the MgO: Ni ' system does exhibit pho-
non bottleneck behavior at liquid-helium tempera-
tures. Also the elastic' and elasto-optic prop-
erties of MgO are well documented; thus the fre-
quency shifts and scattering intensities for the
various acoustical modes so necessary to the Bril-
louin scattering can be determined with reasonable
accuracy. Finally, the physical properties of MgO

permit the precise fabrication of samples of high
optical quality which can be specifically oriented to
observe the Brillouin scattering from selected
acoustic modes strongly coupled to the Ni~' ions.

The solution of the secular equation for the
propagation of elastic waves in a solid provides the
velocities of sound and polarizations for the three
acoustic waves. As indicated in Sec. II, one ex-
pects the bottleneck to be strongest for the lowest-
velocity mode, other factors being equal. Calcu-
lations for cubic MgO in (100), (110), and (111)
crystal planes show that the lowest-velocity mode
is a nondegenerate transverse wave propagating
along a [110]direction with a velocity of 5. &0x105
cm/sec at room temperature. With incident light
of 5145-A wavelength (chosen to coincide with a
minimum in the optical-absorption spectrum P of
MgO: Ni ') and refractive index n= l. 743, 2' Eq.
(14) yields a Brillouin frequency shift of 25. 4 6Hz
for this mode with the convenient 90' scattering
geometry. This relatively high frequency enhances
the bottleneck as predicted by Eq. (10), yet is low

enough to ensure microwave klystron output powers
sufficient to produce saturation of the spin system.

Using a fixed 90' scattering geometry and vari-
able incident-light polarization, Eq. (18) was then
solved for the Brillouin-scattered light intensity
arising from acoustic modes propagating in (100),
(110), and (111)planes. This analysis was adopted
to determine that scattering configuration which
maximizes the scattered intensity for a low-veloc-
ity [110[transverse mode; hopefully this maximum
occurs with the incident light polarized in the scat-
tering plane, thereby minimizing any elastic Ray-
leigh and/or Tyndall scattering present. Our re-
sults show that the scattering from this mode (with
the incident light polarized in the scattering plane)
is relatively large for a (110)plane. Scattering
in a (111)plane for this same mode is noticeably
less, while it is strictly forbidden by symmetry
considerations in a (100) plane.

The coupling of the Ni2' spin system (S= 1) to
acoustic waves propagating in a (110)plane is eas-
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FIG. 3. Experimental Brillouin —light-scattering ar-
rangement showing the laser, light-focusing and collection
systems, sample and microwave cavity assembly, scan-
ning Fabry-Perot interferometer, and photoelectric de-
tection system. The interferometer sweep and signal
analyzer trigger are derived from the time base of the
oscilloscope.

ily determined using the spin-lattice interaction
formalism detailed in the Appendix. For a static
Zeeman field directed normal to a (110) scattering
plane, the resultant selection rules for the single-
phonon interaction are rather restrictive. ' ~nz,
= + 1 transitions couple only to pure transverse
waves polarized normal to the scattering plane (i. e. ,
the slow-transverse mode in this case); longitudinal
and transverse waves polarized in the scattering
plane are connected only to ~ps, = + 2transitions. The
applied microwaves pump the ~m, = + 1 transitions
(aside from double -quantum absorptions) and one
therefore anticipates a stronger bottleneck for those
low-velocity modes directly coupled to these same
transitions. In addition, the anisotropy in the
spin-lattice coupling for phonons traveling in the
(110)plane arises primarily from the anisotropy
in the velocity of sound. This fact further suggests
that the bottleneck will be strongest for the lowest-
velocity modes.

B. Brillouin-Scattering Arrangement

A schematic diagram of the basic experimental
apparatus is given in Fig. 3. A 3x3x6-mm sam-
ple of MgO: Ni ' is mounted in a cylindrical micro-
wave cavity which is resonant at 25. 6 GHz in the
TED„mode when immersed in liquid He. While
the majority of measurements are made at a tem-
perature of 2'K in the liquid, dataare also collected
over an elevated temperature range with a cryo-
genic system which utilizes a flow of cold He gas
as described elsewhere. A static Zeeman field
is applied along a [110]crystal direction to tune
the ground-state ~gag, =+ 1 paramagnetic transitions
of the Ni ' ion to the cavity resonance. Continuous
saturation of these transitions is produced by an
800-mW reflex klystron.

An argon-ion laser, which operates continuously
in a single-longitudinal-mode single-frequency
configuration, delivers 250 mW at 5145 A with a

typical frequency stability of + 50 MHz. The fo-
cused laser output passes through the glass Dewar
bottom, enters through a hole in the bottom of the
cavity, and traverses the sample; a high-reflec-
tivity dielectric mirror deposited on the exit face
of the sample returns the beam along its original
path and out the cavity bottom. It was necessary
to return the incident laser beam back out of the
cavity with this mirror in order to minimize stray
unshifted laser light. In addition, the return beam
allowed us to view simultaneously another phonon
as will be described below. Light scattered at
right angles to the laser beams is observed through
a series of fine slits cut in the side mall of the
microwave cavity. The scattered light is collected
with an f/6. 7 optical system, frequency analyzed
with a piezoelectrically scanned Fabry-Perot inter-
ferometer, 3 and detected with a cooled ITT FW-.
130 photomultiplier. The phototube output is then
processed using conventional pulse-counting cir-
cuitry and presented either to an oscilloscope for
direct viewing or to a multichannel analyzer for
signal averaging.

The f/6. 7 optical collection system was adopted
in order to accept a range of Brillouin-scattering
frequencies larger than the measured EPR line-
width (-500 MHz for the applied [110]Zeeman field
of 8300 G) of the am, =a 1 spin transitions of the
¹i ' ions at 2 K. The Fabry-Perot apparatus uti-
lized optical plates of ~200 5 flatness (claimed) coated
for 97-98% ref lectivity at 5000 A, a plate spacing
=3mm, an f/11 exit lens, and 1.25-mm-diam pin-
hole; a bandpass filter centered at 5145 A was in-
terposed between the final pinhole and the phototube
to reject unwanted laser discharge lines and objec-
tionable sample fluorescence.

The basic scattering geometry for the oriented
sample is illustrated in Fig. 4(a). The incident
and reflected laser beams k, are directed along the
longest sample dimension, while the 90 scattered
radiation k, is observed along the [ill] direction;
the scattering plane determined by k, and k, is the
(110)crystal plane. As seen in Fig. 4(b) the in-
cident beam is scattered from those modes with
wave vector q~, which lie near the [110]direction
(ease of sample orientation dictated the accepted
scattering geometry which places q„10 off the
optimum [110]direction; the resulting 1/g increase
in sound velocity for the low-velocity mode is in-
consequential). For the reflected beam [see Fig.
4(c)], however, scattering arises from modes
propagating along q~, which is near the [001]di-
rection. Because these directions are crystallo-
graphically inequivalent, the velocity of sound for
modes from the same acoustic branch propagating
along q„and q~ will generally be different; there-
fore, their Brillouin shifts will also differ. For
the transverse acoustic branch of interest to this
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quency corresponding to the creation and destruc-
tion of phonons, respectively. We show here only
the scattering from the pure transverse modes in
the directions q~ and q~. The free spectral range
of the Fabry-Perot interferometer has been adjust-
ed to show the Stokes and anti-Stokes lines from
adjacent interference orders. The scattering from
the longitudinal modes (which occur at frequencies
of -45 GHz) lies in the region of the elastic Ray-
leigh/Tyndall scattering peak and is not shown;
scattering from the "fast"-transverse modes at
-31 GHz is not observed since their intensities
are about two orders of magnitude weaker than
those of the "slow"-transverse modes due to the
chosen scattering geometry. As detailed in Eq.
(18), the observed scattering intensities for the
slow-transverse modes are determined by several
factors; most important to this study, however, is
that these intensities are direct measures of the
effective temperatures of the acoustic modes.

V. EXPERIMENTAL RESULTS

A. Brillouin Scattering from Slow-Transverse
Phonons at 2'K

I I I I I I I

34 30 26 22 26 30 34 ANTI-
STOKES

STOKES

FIG. 4. 90' Brillouin —light-scattering arrangement for
MgO:Ni. ' crystals. (a) Incident and reflected laser beams
are directed along +4&, the scattered light k, is viewed
along the [111]crystal direction. The scattering plane is
the (110) crystal plane. (b) Scattering diagram for inci-
dent beam with polarization E in the scattering plane;
scattered beam polarized normal to scattering plane.
Scattering arises from acoustic phonons with wave vector
+~; dashed lines denote principal axes of the crystal.
(c) Scattering diagram for the reflected laser beam; scat-
tering arises from acoustic modes of wave vector +qz.
Photograph: Room-temperature (296'K) Brillouin scat-
tering from low-velocity transverse acoustic phonons of
wave vector qz and qa in MgO:Ni '. Abscissa denotes fre-
quency shift of the Stokes and anti-Stokes lines from the
laser frequency. Elastic scattering occurs at zero-fre-
quency shift and is not shown.

study, v(q„)= 25. 6 GHz and v(q~) = 31.3 GHz at
2'K. The phonons v(q~) are used to monitor the
crystal temperature and to show that the bottle-
neck, which is produced by the relaxing spin sys-
tem, is selective at 25. 6 GHz, the resonant fre-
quency of the saturated Ni ' spins in the external
Zeeman field.

Figure 4(d) shows a typical Brillouin-scattering
spectrum for MgO obtained at room temperature
for the configuration described above. The scat-
tered light is shifted to lower (Stokes) and higher
(anti-Stokes) frequencies relative to the laser fre-

Thermal Brillouin scattering at liquid-helium
temperatures is more than two orders of magni-
tude weaker than the room-temperature intensity.
In order to observe the thermal Brillouin scatter-
ing at 2 'K, the free spectral range of the Fabry-
Perot was therefore adjusted so that the Stokes
and anti-Stokes lines from phonons q„at25. 6 GHz,
which are shown separated in Fig. 4(d), are now
made to overlap, as shown in Fig. 5, to improve
the S/N. In Fig. 5(p) is shown the thermal Bril-
louin scattering at 2'K. When ~yyg, =1 transitions
of the ¹i ' spin system are saturated with micro-
waves at 25. 6 GHz, however, the scattering inten-
sity is drastically modified. Figure 5(o.) shows a
factor-of-30 increase in peak scattering intensity
from the v(q„)phonons for sample (MS-2C), of
-1% Ni concentration, undergoing microwave
saturation. By contrast, the phonons v(q~) at 31
GHz remain at the 2'K bath temperature and are
not being heated by the relaxing spins at 25. 6 GHz,
as expected. Indeed it will be shown in Sec. VB
that the bandwidth of the heated phonons at v(q„)
is within the EPR linewidth.

An estimate of the effective temperature of the
heated phonons cannot be made by simply compar-
ing the peak intensities of the n and p curves in
Fig. 5; account must be taken of the different band-
widths of the thermal phonons in Fig. 5(P) and of
the heated phonons in Fig. 5(o.), each of which in
turn is less than the instrumental width. As will
be seen in Sec. VB, the actual hot-phonon band-
width for this sample is -200 MHz, which is sig-
nificantly less than the bandpass of either the input



1932 BRYA, GESCHWIND AND DEVLIN

STOKES +

ANT I
- ANT I-

STOKES STOKES STOKES

qA qB

I I ) I

BATH TEMP 2 K

l—

C)

C)I—
CO

BATH TEMP. 2 K

32 28 26 30
30 26 28 32

STOKES
G I GAHERTZ STOKES

a - MICROWAVES ON

P — MI CROWAVES OFF

FIG. 5. Brillouin scattering from low-velocity trans-
verse acoustic phonons in MgO:Ni ' at a bath tempera-
ture of 2'K. A magnetic field of 8300 G is applied nor-
mal to the (110) scattering plane. Integration time is 3
min. In order to improve the signal-to-noise ratio, the
interferometer spacing has been adjusted so that Stokes
and anti-Stokes lines, from adjacent orders, for v(q~)
shown in Fig. 4 are made to overlap. (G.) Microwave
saturation of the Ni ' ground-state spin levels at 25. 6
GHz, showing a factor-of-30 increase in peak scattering
compared to (P). (P) No microwaves, i.e. , thermal
scattering at 2'K.

increase in phonon excitation or an effective hot-
phonon temperature of - 270 'K at the ambient 2 K.

The phonon heating of 270 'K occurs with the
microwave frequency tuned off the center of the
Nis' resonance line; slight changes in the applied
magnetic field and/or the microwave frequency
have little effect on the heating. With optimization
of the magnetic field and the microwave frequency,
one can saturate the center of the Ni2' resonance
and the hot-phonon temperature then increases to
-540 'K for this same sample. The heating, how-
ever, is now a sensitive function of the applied
field and frequency and small changes in either
cause the phonon temperature to drop quickly to
the 270'K value. In all instances, the v(qa) pho-
nons do not depart from their 2 K equilibrium
value.

Another sample (MS-4A) of similar size and
orientation was fabricated from different material
of almost identical measured Ni~' concentration.
On saturating the center of the Ni ' resonance with
microwaves at 25. 6 GHz, the resonant phonons

v(q„)are heated in this sample to a corrected
temperature -4000 'K. Off line center the heating
drops to -1600'K. Once again no heating of the
v(qa) phonons was detected. The larger value of
phonon heating observed in sample 4A is ascribed
to a longer ~,

„

in this sample as will be argued
below.

We now compare the experimentally observed
phonon heating with values predicted from the
bottleneck theory. A reasonable estimate of. the
anticipated heating for the slow-transverse (ST)
mode is obtained from a generalized expression
for Eq. (11) applicable to the 8= 1 spin system.
As shown in Eqs. (2) and (6) of DBSS, '4 the phonon
heating under saturation of the ¹i ' resonance at
line center is obtained from Eq. (11), where the
bottleneck factor 0 is given by the relation

o=2NKi7', „/3(P +-,') p(vo) dvo . (20)

collection lens or the Fabry-Perot interferometer.
The bandwidth of the observed thermal phonons,
however, is determined primarily by the input
collection lens. With the Fabry- Perot bandpass
(~ 1.2 6Hz) greater than either of these bandwidths,
one therefore expects the peak scattering inten-
sity of the heated phonons to appear reduced rela-
tive to the therma. l-phonon intensity by the ratio
of the thermal-phonon bandwidth to the hot-phonon
bandwidth. For the low-velocity transverse pho-
nons which we observe, the f/6. 7 collection lens
gathers thermal phonons over a range of - 1.1 GHz.
When this figure is combined with the Fabry-Perot
bandpass, we estimate an effective thermal-pho-
non bandwidth of -.900 MHz. This ratio of 4. 5 in
bandwidths, multiplied by the factor-of-30 increase
in peak scattering intensity, yields a factor-of-135

Here N is the total number of spins at line center
and p is the equilibrium excitation of the resonant
phonons; p(vo) dvo is the number of resonant ST
lattice modes in the frequency interval dvo which
interact with the ions. 7',

„

is the effective phonon
lifetime for the ST modes at the ambient tempera-
ture and K& is the spontaneous emission rate for
direct spin relaxation due solely to the ST phonons.
E& is obtained from the expression

K& = vvop(vo)G /AMv (21)

where M is the crystal mass and v is the velocity
of sound of the ST mode. G is a. spin-phonon-cou-
pling constant which, in general, is a function of
the applied magnetic field orientation and the prop-
agation direction and polzarization of the phonon;
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this functional dependence is easily determined
using the spin-lattice interaction formalism de-
scribed in the Appendix. Since one is interested
of course in the rate at which the spins are excit-
ing that particular class of phonons under observa-
tion, one must use a G appropriate to the ST pho-
nons traveling close to the [110[direction. The
value of G = 57 em ' is taken from the strain data
on Ni ' in MgO of Shiren34 a,nd Watkins and Feher. 5

K&, thus determined, corresponds to an effective
feeding rate per spin, for these particular phonons,
given by

(22)

This value of T,"~' is the appropriate one to use in
discussing the heating of these particular phonons
in terms of the bottleneck factor o, as given by
Eq. (8), for example, where T» appears explicit-
ly. The use of an experimentally measured unbot-
tleneeked T» to estimate o assumes equal and

isotropic heating of all the resonant yhonons and is
not appropriate to our case where the phonons are
selectively heated as will be seen below. The
value of T",~ using G=57 cm ' is found to be 10 3

sec, which is within the range of the actual T& ex-
trapolated to 25. 6 GHz from the work of Lewis
and Stoneham at 9.3 GHz.

The anticipated phonon heating is estimated using
the following values of the additional parameters:
T=2 K, v0=25. 6 6Hz, v=5. 24&&10'cm/sec. The
phonon lifetimes, v,„=5.4 p.sec for sample MS-
4A and 0. 8 p.sec for MS-2C, are taken from,
results to be presented in a, later section. For the
ratio N/dv~ we assume complete saturation so that
all of the Ni ' ions in an MgO: Ni ' sample of 1%
concentration are active in producing phonons over
the observed hot-phonon bandwidth of 200 MHz,
which is less than the 520-MHz EPB bandwidth.

With this choice of parameters, one obtains T,«
-4200 K for ~,„-5.4 p.sec, as compared to the
observed T,«-4000'K obtained for sample MS-4A
at line center. Similarly, for v,„-0.8 p.sec we
estimate T,«-600 'K compared to the observed
value of 540 'K. Considering the number of dif-
ferent factors involved in the comparison, the
agreement is fortuitously good. For example, our
estimate of the Ni~' concentration in the sample is
only good to within a factor of 2 and similarly for

In addition, if one fails to saturate all the
spin packets in the full inhomogeneous linewidth,
then a smaller value of N should be used in asso-
ciation with the observed hot-phonon bandwidth in
estimating 0 in Eq. (20). We believe that both
spin diffusion, for this relatively concentrated
sample, and the effectiveness of the two-quantum
absorption at high-power levels bring about eom-
ylete saturation of the EPR line. This is difficult

to ascertain with certainty, however, because of
the strong dispersive properties of the sample.

B. Measurement of Bandwidth of Hot Phonons

Given the finesse of 50 of the Fabry-Perot and

the free spectral range of approximately 50 GHz,
the instrumental width that resulted was approxi-
mately 1 GHz. Thus, if the heated-phonon band-
width was significantly narrower than this, it could
not be discerned by spectral scanning. One can
circumvent this difficulty, however, by utilizing
the special relationship between the frequency
shift of the scattered light and the angle of scatter-
ing. Prom Eqs. (14) and (15) above, if the phonons
at frequency v, have a bandwidth gv„ then the
scattered light will have an angular aperture gg

given by

5(bv, )= 5v, =(nv/c)v, cos(-,'8)58 . (22)

Thus, by mea, suring the angular aperture gg of the
scattered Brillouin light associated with the heated
phonons, one can determine the yhonon bandwidth.

This is done as illustrated in Fig. 6 by scanning
with an aperture, whose opening is approximately
1.6 mm in the vertical direction and 6 mm hori-
zontally, placed behind the 30-mm-diam collec-
tion lens. The frequency dispersion across the
6-mm horizontal distance is negligible. This
aperture is best placed a distance f behind the lens
equal to the focal length of the lens, for at this
distance the light scattered at the same angle 8

from all points along the laser bea.m path con-
verges to a single point. In this way the source
length accepted by the Fabry-Perot is not confused
with angular width at the scanning aperture. In

Fig. 7 is shown the intensity of the scattered light
from the heated phonons vs vertical position of the
aperture for sample MS-4A. The scale is such that
1 mm is related to an acceptance angle 59 which

corresponds to a frequency width of 40 MHz. The
effective half-width of the scattered light is 4. 5

mm, which when eonvolved with the width of the
aperture gives a half-width of approximately 4
mm or 160 MHz. The EPR linewidth in the [110]
direction was approximately 500 MHz so that the
phonon heating is occurring in a bandwidth that is
less than one-half the EPB linewidth. This is in
reasonable accord with expectation as mentioned
earlier for an S= 1 three-level system in cubic
symmetry. For full saturation of an inhomoge-
neous line in an S=-,' system, one would expect the
yhonon bandwidth to be equal to the EPH linewidth.
This has been verified by Valishev and Khasonov
in cerium magnesium nitrate' and also in
CaWO4'.Nds'. 3 The enhanced heating at line center
will be seen to have even more dramatic conse-
quences under special conditions to be described
in Sec. V G.
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FIG. 8. Relaxation profile for heated low-velocity
transverse phonons at a bath temperature of 2 K. Sat-
urating microwaves are switched on and off at times g,
and t,ff, respectively; each major scale division is
0.25 msec. The rapid variations in phonon heating
between toa and t&f are due to strong cavity-pulling ef-
fects experienced when the spin system is driven from
thermal equilibrium at 2'K to saturation.

to give a histogram of the number of photons per
unit time (scattered Briliouin light intensity) in-
cident on the phototube vs time after microwave
turn-off, or equivalently the time decay of the
heated phonons. Our main requirement is that,
following the initial start pulse to the TAC, the
probability of more than one stop pulse arriving
at the TAC during its active period (which is 30
p, sec for our case) be negligible; otherwise, the
statistics of the process become biased and the
decay is distorted. Since this technique records
a maximum of one photon for every microwave
turn-off, the process must be repeated many times
in order to obtain an accurate decay profile. For
our measurements the microwave power was
modulated at a 4-10-kHz rate and the data were
collected over a period of several minutes.

Typical early-time decay profiles for two MgG:¹ ' samples (MS-2C and MS-4A) are shown in
Fig. 10(a). The decay begins with essentially zero
slope, quickly speeds up over a period of a few
microseconds, and then slows down again in its
approach to equilibrium; the decay profiles for the
Stokes and anti-Stokes components in a given sam-
ple were found to be identical. This behavior is in
good agreement with the qualitative features of the
curves of Fig. 1 obtained from numerical solutions
to the rate equations, Eqs. (6) and (7). For ex-
ample, note thai after the initial rapid decay sam-
ple 4A, which has the larger o, reaches a lower
fraction of its initial excitation as compared to 2C.

We saw above that a phonon heating correspond-
ing to a bottleneck factor 0-2 x103 was observed
for sample MS-4A. This value of 0 was not far
from the value of 0.8 x 103 which was estimated

using ~,„=5p,sec and T»=10 sec. Thus, with
these values for this sample, m,„/T»=10» 1
and one expects the initial rapid decay to proceed
exponentially with time over at least half a decade
with a time constant equal to ~,„,as indicated
earlier in Sec. II. In Fig. 10(b) is shown a semi-
log plot of the phonon relaxation for sample 4C
corresponding to Fig. 10(a). The extended region
of exponential decay in Fig. 10(b) corresponds to
a time of 5.4 p.sec which we may label 7,„asit is
consistent with the condition (v7',„/T»)»1. While
a somewhat less extended region of exponential
decay of very similar time constant is observed
for 2C, we must recall that the observed heating,
or o, for 2C is seven times smaller than for 4A.
In view of the fact that such factors as Ni ' concen-
tration, sample size, EPR linewidths, etc. were
the same for both samples we can at this time only
ascribe this difference to the fact that 7,

„

is
approximately seven times shorter, i.e. , -0.8
psec, in sample 2C. (Possible reasons for this
will be cited below. ) For sample 2C, (vr, „/T»)
-0.2 so that the fast region of decay no longer
corresponds to r,„,and a direct determination as
in the case of 4A is not possible. In fact, numeri-
cal solutions of the two-level system with param-
eters corresponding to 2C show a small region of
exponential decay (although less pronounced) with
a decay time approximately six times v» (r,„own
about 0.8 psec), which is again consistent with
observation. While the numerical calculations
referred to are for a two-level system, the essen-
tial conclusions regarding 7',„should apply in a
semiquantitative fashion to a three-level system
as well. Similar calculations for a three-level
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FIG. 9. Experimental arrangement for measuring
phonon-decay profiles with fast-time resolution. The
pulse generator controls the switching on and off of the
saturating microwaves to the sample and also provides
the start pulse to activate t'he time-to-amplitude conver-
ter (TAC). The stop pulse for the TAC is derived from a
scattered light photon incident on the phototube following
microwave turnoff. The amplitude of the output pulse
from the TAC is processed using a conventional pulse-
height analyzer (PHA) (see text).
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system are far more complex and bring additional
paraineters into the problem without changing the
major physical features.
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FIG. 10. Typical early-time decay profiles, obtained
with system shown in Fig. 9, of heated phonons for
MgO:¹i2' samples at an ambient temperature of 2 K.
(a) Experimental points are for heated low-velocity
transverse phonons; solid curves are fits to the data.
Sample MS-4A actually shows the larger phonon heating,
as described in the text, under cw microwave saturation;
i.e. , ordinate scale of relative counts refers only to an
individual curve. Important comparative features between
curves are had by normalizing curves for both samples
to same point at t =0. (b) Semilog plot of the data of (a).
Solid line is exponential fit to the rapid decay and indi-
cates a phonon lifetime T~= 5.4 p, sec for MS-4A. Note
the extended region of exponential decay for sample MS-
4A. See text, for discussion of lifetime of MS-2C.

In the He-temperature region, microwave pho-
non decay via anharmonic processes is essentially
inoperative (nonresonant impurity scattering from
¹i'plays no role either), as will be discussed in
Secs. VD and V E. In the absence of intrinsic
anharmonic decay processes, the lifetime of the
particular class of heated phonons under observa-
tion is determined by phonon-mode conversion at
the crystal boundaries to other modes at the same
frequency which, however, do not couple to the
spins and by leakage of phonons out of the crystal
at the sample surface following many internal re-
flections. Sample MS-2C was observed to have
some cracks running through it to the surfaces and

in general showed greater regions of strain, under
examination by crossed polarizers, as compared
to MS-4A. Thus, it is very plausible to assume
that the smaller phonon lifetime in 2C compared to
4A is due to these cracks and poorer surface qual-
ity. Deterioration of surface quality with time and

handling in both these crystals resulted in smaller
observed phonon heating.

The fact that the heated phonons under view have

two nonintrinsic alternate paths for leaking away,
i.e. , mode conversion at boundaries or leakage
out of the crystal, each of which may have different
characteristic times and which also represent
decay towards different equilibrium values, calls
for additional caution in attempting to extract a
precise single v',

„

for the decay. As will be dem-
onstrated below in Sec. V E, for example, some
phonons are selectively heated by the spins as com-
pared to others at the same frequency. Thus,
when the microwaves are switched off, the dif-
ferentially heated phonons at the same frequency
will tend to approach some common temperature
by mode conversion upon reflection at the crystal
boundaries. This may be viewed as a cross re-
laxation among the phonons at the same frequency
and could proceed at a different rate I/rc„than
the leakage of the heated phonons from the crystal
into the helium bath I/r, In this .case, 7,

„

for the
phonons under observation should be characterized
by the two time constants v, and ac~ and an ex-
tended region of a single exponential decay is an-
ticipated only if the two times are significantly
different or very close to each other. As to the
relative magnitudes of 7, and 7'c» the mere fact
that phonons at the same frequency are selectively
heated with steady-state microwave saturation (see
Sec. V E) implies that rc „cannot be very much
faster than v„or7c~~ v', . Of course, there is no

unique ac„either, since some phonons may cross
relax with ease by mode conversion, even upon

sPeculax reflection at the boundaries, while the
slow-transverse phonon whose decay is shown in
Fig. 10(a) will not mode convert upon specular re-
flection for the geometry used (see Sec. VE).
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Let us first assume that 7', & vc„sothat the 7',
„

determined from Fig. 10 corresponds to v'„ the
escape time of the phonon from the crystal. The
v,„=5.4 @sec in MS-4A, with v=5. 34&&10' cm/sec,
corresponds to a phonon mean free path of 2. 9 cm.
Taking an average distance of travel of 3 mm be-
tween reflections and using the mean free path of
2. 9 cm, we see that the phonon suffers approxi-
mately ten reflections before its intensity decays
to 1/e or approximately a 10%%up loss upon each re-
flection. But from where is this loss to come 7
Since this transverse phonon does not propagate in
the liquid helium, it will suffer total internal re-
flection for specular reflection without mode con-
version. Even if there is mode conversion to
longitudinal waves due to surface imperfections,
the acoustic impedance mismatch between MgO and
liquid He is such that no more than 1/o of the energy
in the longitudinal phonons shouM be transmitted
to the helium upon each reflection. Thus, if it is
&& which is being observed, it is much faster than
what one expects from leakage due to normal acous-
tic mismatch at a perfect surface. This is a fa-
miliar observation with regard to phonons of fre-
quency above 10 GHz that has been encountered
many times before in a number of different con-
texts. Mims and Taylor have reached similar con-
clusions with regard to v', in their study of a micro-
wave-phonon bottleneck in Ce-doped lanthanum
magnesium nitrate. Sabisky and Anderson have
also found that, above 10 GHz, v', is smaller than
that which is expected from acoustic mismatch. 7

An anomalously small v, is also implied by the
observed Kapitza resistance (which is associated
with heat transport by phonons out of the crystal)
at the interface between solid and liquid He which
is invariably found to be smaller than anticipated. a

Many reasons have been advanced to explain this
short v'„such as surface irregularities and
strains, which would somehow scatter out more en-
ergy into the He. The surface irregularities of the
crystals used in our experiments have dimensions
which are smaller than the acoustic wavelength,
however. In water crystals, cracks and inclusions
of water may be present so that the distance the
phonon travels before boundary reflection is con-
siderably smaller than the bulk dimensions of the
crystal. One might also imagine several layers of
solid He adhering to the crystal which may serve
as an impedance transformer to the He. The set-
ting up of surface waves which couple to the liquid
may also play a role. In any event, we certainly
cannot provide any clarification of the origin of a
short 7', from our experiment. Given the fact of a
fast v'„however, which involves so many uncer™
tainties as to what happens at the boundary, one
cannot rule out the possibility that there is a con-
siderable degree of mode conversion as well, above

what is expected from specular reflection. This
could mean that v', and v'c„may be nearly the same
and the v,„observed is some mixture of these
times whose difference cannot be resolved in our
experiment. It would also be helpful to extract
v',

„

from the heated phonons by observing their un-
hindered decay without coupling to the spin system,
by using a magnetic field pulse to detune the spins
from the phonons during the decay. However, this
would require the switching of several hundred
gauss in one p.sec. We are unable to make more
definite statements until, in addition, the decays
of different heated phonons at the same frequency
are observed, and this is difficult in our current
experimental configur ation. This question of
phonon decay and mode conversion will be returned
to in Sec. V E.

In the way of apology we anticipate a variety of
questi. ons that immediately arise from the picture
we have outlined for phonon decay. For example,
if phonon lifetime is governed by boundary condi-
tions, then changing sample size or quality of the
surface should change v', „and the degree of heating.
In this connection we have observed a decrease of
heating in samples where surfaces have visibly
deteriorated through handling and accumulation of
grit, as mentioned. Repolishing and cleaning of
these surfaces have again increased the heating
although no quantitative statements can be made.
As for sample size, we are restricted on the low
end to dimensions of roughly a few mm per side in
an effort to minimize elastic light scattering and to
similar dimensions on the high end by frequency-
pulling effects on the microwave cavity. Experi-
ments to check size effects are in progress but are
difficult as one must ensure that other parameters
that govern v'», such as concentration, degree of
saturation, surface quality, etc. , remain the same.

D. Variation of Phonon Heating with Crystal Temperature

We now wish to examine the degree of steady-
state heating of the microwave phonons by the sat-
urated relaxing spins as a function of the ambient
temperature of the crystal. Turning to Eq. (10) we
ask for the temperature dependence of each term
in this expression for the phonon heating. n& —n2

varies as tanh(h~/2kT) or inversely as T (for
h~«kT). T,~ also varies as tanh(h~/2kT) for the
direct process. In this connection it must be em-
phasized that even as we go to higher temperatures
and a Raman relaxation rate may begin to exceed
the direct process rate, the appropriate T&D to use
in Eq. (10) is the unbottlenecked direct-process
TyD as long as we saturate the sPin system. In
other words, we are concerned with the rate at
which direct-process phonons are being produced,
and this is independent of the fact that a parallel
and faster Raman process might be relaxing the
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spins. The presence of a faster Raman process
simply makes it that much more difficult to saturate
the spin system but obviously does not alter the
direct-process T» . (Incomplete saturation means
that something smaller than n', —n,' is appropriate
in the expression for o. ) p(vo) dvo is independent of
T in the temperature range that the bottleneck was
studied, i.e. , between 2 and 40 'K. The last fac-
tor, the phonon lifetime 7',„,as discussed earlier,
is not governed at the lowest temperatures by in-
trinsic anharmonic decay processes but rather by
mode conversion and leakage of the phonons out of
the crystal. at the surfaces after many reflections.
The temperature at which the intrinsic r,„(deter-
mined by three-phonon decay) becomes significant
compared to the v',„determined solely by boundary
effects can be estimated from the experiments of
Pomerantz, who found that the attenuation of the
slow-transverse acoustic phonons at 9 GHz was less
thari 3 dB/cm at 40 'K and was varying with tem-
perature as T; so that it is quite negligible at tem-
peratures below 35 'K. The attenuations for the
fast-transverse and longitudinal phonons were found
to be even smaller. We can extrapolate these re-
sults to the 26-GHz transverse waves in our ex-
periments by assuming that the attenuation e-~T',
as derived by Landau and Rumer and verified by
Pomerantz 9 in the frequency range 3-9 GHz.
Thus, the attenuation at 25 GHz should be approxi-
mately only three times stronger than Pomerantz's
values at 9 GHz, implying that up to 35 K phonon
mean free paths in our experiments due to anhar-
monic processes should be very much greater than
our crystal dimensions so that v,

„

is determined by
crystal dimensions and independent of T. To the
extent therefore that r,„anddvo are independent
of T and the spin system is saturated, the Phonon
heating should be indePendent of T since T» and

n, —nz~ both vary as tanh(8&/2hT).
In Figs. 11(a) and 11(b) are shown the thermal

Brillouin spectra at crystal ambient temperatures
of 24 and 37 'K, respectively. The scattering
geometry and basic experimental configuration
are similar to that discussed earlier in connection
with Fig. 4. The only modification was the intro-
duction of a controlled flow of cold He gas around
the sample from a liquid-helium storage vessel to
obtain these higher temperatures. The temperature
was monitored by various resistance thermometers
located in different regions of the microwave cav-
ity.

Figures 11(c) and 11(d) show the corresponding
spectra to (a) and (b) with resonant saturation of
the Ni~' spin system by microwaves. It is immedi-
ately apparent that again the 26-GHz phonons are
significantly heated at 24 K and to a lesser extent
even at 37 'K. Note that as before this heating is
selective as there is no apparent heating of the
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FIG. 11. Brillouin-scattered light from microwave-
phonon bottleneck at elevated temperature, corresponding
to same configuration shown in Fig. 4. Frequencies of
qz and q~ are the same as in Fig. 4. (a) and (b) show
thermal scattering with microwaves off while (c) and (d)
show the heated phonons ~ at 25. 6 GHz when the sat-
urating microwaves are on.

phonons at 31 GHz.
In Fig. 12(a) is ploted the excess heating dT

above thermal equilibrium of the resonant 26-GHz
phonons as a function of sample temperature. The
point in the crystal from which the scattering was
observed was such that the Stokes line was greater
than the anti-Stokes. (This anomalous asymmetry
between the Stokes and anti-Stokes intensities of
the heated phonons occurs in localized regions of
the crystal and will be further discussed in Sec.
V G. ) A similar plot is shown in Fig. 12(b) of the
scattering from a different region of the crystal in
which the anti-Stokes intensity was greater than
the Stokes. While both figures display a decrease
of heating with increasing temperature T, the point
to be emphasized is the very slozo variation with T
of the excess phonon heating 4 T, which is seen to
be almost constant from 8 to 16 'K, thus verifying
the essential constancy of the phonon heating and
the fact that 7,

„

is not intrinsic. The decrease in
4T over most of the range plotted is seen to be cer-
tainly slower than 1/T, while any intrinsic phonon-
decay time would be expected to have a 1/T4 de-
pendence. so The actual observed decrease in 4T is
attributed to the greater difficulty in saturating the
microwave transition with increasing T due to a
speedup in T, arising from a competing Raman
process. Even at 8 K we found that with our maxi-
mum applied microwave power the degree of satu-
ration of the spin system was somewhat less ef-
fective as compared to 2 'K. The 2 K data are not
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(three-phonon scattering) or impurity dependent,
but is primarily governed by crystal surface geom-
etry and leakage out of the crystal after many re-
flections, will be given in Sec. VE, where experi-
mental evidence will be cited for mode conversion
of the phonons upon reflection at the crystal bound-
aries.

E. Brillouin Scattering from Longitudinal Phonons with
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plotted here as they were taken under different ex-
perimental conditions below the X point of He and
there would be a large error in attempting to cor-
relate them with the temperature points shown
here. 4T at 2 'K was roughly a factor of 1.5-2
larger than at 8 K. Of course the drop in AT vs
T seen at the higher temperatures will also reflect
the coming into play of intrinsic phonon-decay pro-
cesses at approximately 30-40 'K in accord with
the data of Pomerantz" cited above.

We further emphasize that, even in a crystal
with such a high impurity concentration as 1/p Ni,
the wavelength of the phonons is so much longer
than the mean distance between the impurities that
impurity scattering is completely ineffective.
While there are, of course, Fourier components
of the fluctuations in impurity concentration at the
phonon wavelength which could scatter, their am-
plitude is very low. This conclusion is further
borne out in heat-pulse expeximents on these same
crystals by Narayanamurti and Chin3~ involving
phonons of even shorter wavelength. Further
evidence for the fact that 7,

„

is neither intrinsic

FIG. 12. Incremental peak phonon heating (uncorrected
for bandwidth) vs crystal ambient temperature. (a)
corresponds to a point in the crystal where Stokes inten-
sity of heated phonons is larger than anti-Stokes, while
(b) corresponds to a different point where the intensity is
reversed. The relatively slow variation of AT with
crystal ambient temperature is indicative of the fact that
v» is independent of temperature and not governed by
intrinsic anharmonic decay processes in this temperature
range.

Until now, our discussion has been based on the
observation of resonantly heated 25. 6-GHz slow-
transverse '(ST) phonons traveling in a particular
direction in the crystal, i. e. , those phonons labeled

q„in Fig. 4. The reasons for selecting this par-
ticular phonon for observation have been given
earlier in terms of expectation of a significant
bottleneck connected with strong spin-phonon
coupling and other favorable experimental condi-
tions related to the light scattering. The question
immediately arises as to the degree of heating of
other 25. 6-GHz phonons. In particular, for a dc
magnetic field applied perpendicular to the (110)
scattering plane shown in Fig. 4, 4', = —1 spin
transitions will not generate any phonons traveling
in this plane whose polarization also lies in this
plane, i.e. , longitudinal and fast transverse, as
is shown in the Appendix. Theref ore the observa-
tion of any "hot" longitudinal phonons traveling in
this plane would be suggestive of mode conversion
at the boundaries from other heated 25. 6-GHz
phonons which do couple to the spins.

The observation of longitudinal phonons (L) at
25. 5 0Hz in the (110) scattering plane required a
more acute scattering angle of 48.6' because of
the larger sound velocity. As it was inconvenient
to achieve this angle by changing either the angle
of the incident laser beam or the direction of view-
ing, the technique shown in Fig. 13 was adopted to
simultaneously view the 25. 6-GHz ST and L pho-
nons. A 20. 7' bevel was cut on the face of a crys-
tal, which was similar in concentration and orienta-
tion to those samples described until now as shown
in Fig. 4. The laser beam, upon reflection from
the beveled surface, now made the necessary angle
of 48. 6' with the viewing direction for the observa-
tion of the longitudinal phonons. By viewing along
the line shown (corresponding to the Fabry-Perot
axis) we therefore simultaneously observe light
scattered from points A and B, defined by the inter-
section of the laser beam with the Fabry-Perot
axis. The appropriate scattering triangles for
these points are shown in Fig. 13. Fortunately,
the scattered light from point A corresponding to
the ST phonon q„is polarized at right angles to the
scattering plane whereas the scattered light from
B associated with the longitudinal phonons q~ is
polarized in the scattering plane. Thus by means
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of the collected light is proportional to ~8 v cos —,
' 8.

The scattering intensity of the L phonons is approxi-
mately 20/~ greater than the ST phonons.

At 2'K, the intensity of the thermal Brillouin
scattering decreases by approximately a factor of
150 and would be unobservable for the integration
time used in Fig. 14, where the heating of these
phonons by the microwaves is shown. The par-
ticular point of observation chosen, point A., was
such that, for the transverse phonons, the Stokes
line was more strongly heated than the anti-Stokes.
(As mentioned earlier and detailed in Sec. VG, the
disparity in Stokes and anti-Stokes lines is asso-
ciated with localized anomalous ST phonon heating. )
The average phonon heating, uncorrected for band-
width, was approximately 150 ' K or - 700 K with
the bandwidth correction F.igure 14(b) shows the
corresponding "anomalous" heating observed for
the longitudinal L phonons. While the heating of
these L phonons is smaller by a factor of 2-4
compared to that of the ST phonons Q, it is none-
theless anomalous since these L phonons do not
couple directly to the spins as pointed out above.
It is most reasonable to ascribe this observed
heating of the L phonons to mode conversion upon

LONG I TUD I NAL

UVAVE

THERMAL S CATTER ING

AT ROOM TEMPERATURE
ANT}-

STOKES STOKES T= 20K

FIG. 13. Configuration of 1% Ni '.MgO crystal used to
observe simultaneously 25. 6-GHz ST and L phonons.
Scattering triangle for incident laser beam is shown to
left of (a) and selects a value of q which corresponds to
25. 6-GHz ST phonons. Appropriate scattering diagram
for reflected laser beam is to left of (b) and corresponds
to a shallower scattering angle and smaller q, such that
the longitudinal phonons at this reduced q are also at
25.66Hz. Polarizations of scattered light in (a) and (b)
are at right angles to each other so that one may view
either transverse phonons at point A or longitudinal pho-
nons at point B by 90' rotation of polarizer in the path of
the scattered light.

(b)

TRANSVERSE

PHONONS

of a linear polarizer either the ST phonons or L
phonons can be selected for observation. As the
laser beam reflected from the mirror on the bevel
was further internally reflected several times be-
fore emerging from the sample, the elastically
scattered light was inordinately large. To elimi-
nate this large amount of elastically scattered light,
an iodine-vapor filter was used which selectively
attenuated the laser light as described elsewhere.

The room-temperature thermal Brillouin spectra
corresponding to phonons q„and q~ are shown
alongside their appropriate scattering triangles in
Fig. 13. The larger bandwidth of the L phonons
is a result of the larger sound velocity v and the
shallower scattering angle 8; i.e. , for the same
angular aperture of collected light &8 the bandwidth

"FORBIDDEN"

LONGITUDINAL

PHONONS

PT. B

FIG. 14. Same configuration as Fig. 13 except that
crystal temperature is now at 2'K. For integration time
used here thermal Brillouin scattering cannot be seen
and is below the noise. (a) shows the heating of the trans-
verse phonons upon microwave saturation. The asym-
metry in heating of Stokes and anti-Stokes is discussed
in text. (b) shows heating of the longitudinal phonons at
same frequency to which the spins do not directly couple.
Observed heating is ascribed to mode conversion from
other heated phonons which couple to the spins.
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reflection at the crystal surfaces by those pho-
nons which do directly couple to the spins. How-
ever, before discussing the mode conversion in
more detail, we will briefly consider some al-
ternate explanations for the heating and show that
they completely faQ to explain the observed heating
of the L phonons.

1. Breakdown of Selection Rules

a. Crystal misalignment and solid-angle effects.
Crystal misalignment of a few degrees (by in ra-
dians), such that the applied field H is not precise-
ly perpendicular to the (110) plane, will allow the
~m, = 1 longitudinal phonon coupling, but its inten-
sity will be down roughly by (by) compared to the
allowed transverse phonon. Similarly, a mis-
alignment of the laser beam by a small angle 5y,
so that phonons outside the (110) plane are being
viewed, will also be negligible. In the same vein,
while our collection optics has a finite f number,
it is nonetheless quite large, corresponding to a
range of scattering angles of only a few degrees
in the sample, so that again we observe phonons
within a few degrees of the (110) plane.

b. Breakdoum of spin-phonon- coupling selection
mles due to static random strains. Static random
strains may lower the cubic symmetry at the Ni '
site and provide state mixing of the I + 1, 0) states,
which are labeled by magnetic field quantization.
Such a mixing of (+ 11 states would allow the
quadratic spin operators in 3C~ (see Appendix) to
make "forbidden" 4m, = 1 transitions. However,
a measure of the random static D and E terms pro-
duced by local strains is provided by the observed
inhomogeneous Ni~' linewidth of 150 6, which is
far smaller than the applied magnetic field of 8000
Q. The state mixing produced by these lower sym-
metry fields is of the order of D/gPH and is there-
fore quite negligible as evidenced by the orders-of-
magnitude lower intensity observed for the Am, = 2
electromagnetic EPR transitions compared to the
&m, = 1 transitions in this crystal.

The random strains also modify the over all-
cubic symmetry of the dynamic spin Hamiltonian
and split, for example, the I', representation
(see Appendix). Additional constants are thereby
introduced; i.e. , the single constant G44 is no
longer appropriate to X4 and K6 and the cancella-
tion of a4X4+a6XS discussed in the Appendix
would no longer hold, so that 3C4 and $C6 separately
produce &m. ,= 1 longitudinal phonons. However,
if other constants were needed due to random
local strains which lower the site symmetry, this
would reveal itself as an additional broadening of
the EPR line upon the application of static stress
in measuring the G tensor. Any extra broadening
observed is usually far less than the shifts or
splittings seen so that a breakdown of the selection

rules from this source may be discounted.
An alternative argument can be made for the

negligible effect of lower-symmetry elements in the
dynamic strain tensor. In those cases where the
crystal structure is such that local site symmetries
are characterized by large departures from cubic
symmetry, such as the Al ' site in A130, , it is
found that the extra constants G,&

(or their differ-
ence from cubic symmetry) needed to describe the
strain effects on an impurity ion, such as Cr3' in
Al&O„'are of the same order of magnitude or
much less than the G» and G44 appropriate to cubic
symmetry, i. e., Cr ':MgO. ' Now, if the low-
symmetry fields in Alz03 produce a given D split-
ting and corresponding random strains produce
splittings of order D, we would expect the ratio
of the extra G,&

terms due to random strains com-
pared to the G» and G44 in cubic environments to
be -D /D. A measure of D is had from the in-
homogeneous linewidth. Thus, for example, in
Ni ':Alq03, D -10 cm and D-1 cm . Thus,
we expect the noncubic G,&

terms due to the ran-
dom local strains to have a negligible effect on the
forbiddenness of the 4m, = 1 transitions in our ge-
ometry.

c. Dynamic spin-phonon Hamiltonian linear in
sPin, i.e., K - H ~ G ~ S. Here G is the dynamic

g tensor. As discussed in the Appendix, the mag-
nitude of this term compared to the quadrupolar
term quadratic in S is of the order of g pH/X, i. e.,
the Zeeman energy divided by spin-orbit coupling
energy, which is approximately 10 -10 3 and is
therefore completely negligible here.

2. Mode Conversion upon Boundary Reflections

Neither a, b, or c above would therefore seem to
be at all capable of significantly relaxing the spin-
phonon selection rules, and the observation of the
"forbidden" 4m, = 1 longitudinal phonons is un-
doubtedly connected with mode conversion at the
boundaries. " However, it seems that in our case
this can only occur for nonspecular reflection. For
example, while a transverse phonon polarized in
the scattering plane will convert, upon specular
reflection from a crystal face, into transverse and

longitudinal phonons as shown in Fig. 15, 36 this
transverse phonon polarized in the (110) scattering
plane does not couple to the spins either, as shown
in the Appendix. Only the slow-transverse pho-
nons polarized perpendicular to the(110) light-scat-
tering plane couple to the spins, and for specular
reflection they return back into the plane with the
same polarization, as the crystal faces are per-
pendicular to this plane. Any other heated pho-
nons which do not travel in the scattering plane
cannot be specularly reflected into this plane for
the crystal geometry used. Thus, if the heating of
the longitudinal phonons is to be ascribed to mode
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FIG. 15. Illustration of conversion of transverse pho-
non to transverse and longitudinal phonons upon specular
reflection at a boundary. See text and Ref. 36.

conversion, it may arise from heated phonons
traveling outside the plane and partially gorLspecu-
larly reflected as longitudinal phonons into the
plane. In addition, intraplane mode conversion
connected with boundary strains and imperfections
(such as was mentioned earlier in Sec. VC to ex-
plain a w, that was considerably faster than antici-
pated from acoustic mismatch between the crystal
and the helium) may be playing a role. It is diffi-
cult to make a quantitative statement about the rel-
ative amounts of specular and nonspecular reflec-
tion. However, since our phonon wavelength is the
same as that of the light used, we might guess that
the ratio of specularly reflected to diffusely re-
flected light at the surfaces of this crystal would

be quite a bit smaller than a similar ratio for the
phonons because of the larger impedance mismatch
at the surface for sound as compared to light. The
small amount of diffusely scattered light that is
seen indicates, however, even following this rea-
soning, that most of the phonon energy would be
specularly reflected and therefore a number of
reflections would be required to produce the heat-
ing of the longitudinal phonons. This is consistent
with the phonon-decay-time observations described
earlier in Sec. V C and the persistence of the bottle-
neck at higher temperatures as discussed in Sec.
VD, which also underlined the very long life of the
phonons. The long intrinsic phonon lifetime allows
many reflections from the crystal surfaces before
escape to the bath. These boundary reflections
serve as a phonon cross-relaxation mechanism and
tend to produce a certain degree of equilibration
between all the phonons at the same microwave
frequency. If one were to observe the decay of
the "forbidden" longitudinal phonons whose heating
was described above, then presumably their decay
would reflect feeding or cross relaxation from the
more strongly heated phonons. However, the low-
er level of excitation of the longitudinal phonons
coupled with the very intense elastic light scatter-
ing in the sample precluded measuring the decay

of these phonons.
In spite of the presence of phonon cross relaxa-

tion, we must emphasize the different degree of
heating for different phonons at the same frequency,
i. e., the longitudinal and slow-transverse phonons,
as described above. Selective heating of different
phonons appears even more forcefully in the asym-
metric heating of the Stokes and anti-Stokes lines
in certain regions of the crystal as will be dis-
cussed in Sec. VG.

F. Heating of Longitudinal Phonons due to hm, =2
Spin Transitions

Our basic experimental arrangement was se-
lected in order to observe the heating of ST phonons
which are directly coupled to the &m, = 1 spin tran-
sitions. As was pointed out earlier, however, it
would also be of interest to study the heating of
phonons at frequency 2v produced by ~m, = 2 spin
transitions when the spin system is being pumped
at the frequency v of the ~m, = 1 transitions. In
particular, we show in the Appendix that, for the
chosen (110) scattering plane and an applied [110]
magnetic field, the ST mode couples only to 4m,
= 1 transitions while the fast-transverse and L
modes couple solely to hm, =2 transitions. Thus,
the observation of ST phonon heating at ~ and, for
example, L phonon heating at 2~ should provide
information on the relative role of the various
resonant phonons in the dynamics of a strongly
bottlenecked system.

The simultaneous observation of Brill.ouin scat-
tering from ST and L phonons at and 2, respec-
tively, requires that the sound velocity of the
longitudinal mode be twice that of the ST mode for
a given phonon propagation direction. For the
chosen (ITO) scattering plane, this 2-to-1 ratio of
the sound velocities cannot be realized exactly,
although it is most nearly satisfied for ST and L
phonons propagating along the [110) crystal direc-
tion. As is evident from the scattering diagram
of Fig. 4, these [110]phonons can be readily
probed by observing the light k, scattered from
phonons q~ when the scattering angle is reduced
from our usual SQ value. Then, by varying the
angle of incidence of the input laser beam, while
keeping the collection optics fixed, one can obtain
slightly different input-beam geometries which al-
low separate, but relatively easy, monitoring of
ST and L phonons at & and 2 exactly.

The modifications to our basic scattering geom-
etry are schematically depicted in Fig. 16(a); a
pair of mirrors is inserted between the Mgo sam-
ple and the Fabry-Perot interferometer and
positioned so as to view the Brillouin-scattered
light for a scattering angle of -85' in the sample.
In Fig. 16(b), we show a room-temperature spec-
trum for the ST and L modes arising from the
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obtained for scattering angles of -79.5 and -85',
respectively. The peak scattering intensity for the
L mode indicates initially an effective phonon tem-
perature, uncorrected for bandwidth, of -50'K.
A direct comparison of Fig. 17(b) with the spec-
trum of Fig. 16(b) shows, however, the heated
2&-phonon linewidth to be noticeably less than the
observed L-mode linewidth at room temperature.
The observed linewidth for the heated phonons is
undoubtedly limited by the bandpass of the Fabry-
Perot interferometer (-2 6Hz for this plate spac-
ing), whereas the room-temperature linewidth is
determined by the combined bandpasses of the in-
put collection lens and the Fabry-Perot; thus, the
phonon temperature of 50'K is only a lower bound
and could easily be an order of magnitude or more
greater, when the peak intensities are suitably

l I l I I
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G I GAHE RTZ
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FIG. 16. Thermal Brillouin scattering at room tem-
perature from low-velocity transverse and longitudinal
phonons in MgO:Ni~' at frequencies v and 2v, respec-
tively. (a) Modification of the 90' scattering geometry
of Fig. 3 to view phonons propagating along the t110]
crystal direction. Inclusion of the mirrors allows moni-
toring of these phonons without changing sample orienta-
tion or interferometer position. (b) Room-temperature
Brillouin spectrum of the low-velocity transverse ( +)
and longitudinal (- 2~) phonons using the configuration of
(a). Incident laser beam is normal to the dielectric mir-
ror deposited on the sample. Upper and lower frequency
scales refer to Stokes and anti-Stokes lines, respectively.

C)

CD
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ANT I -STOKES STOKES

47. 7 GHz~ 47. 7 Gkz

TEMP

input laser beam, which is incident normal to the
dielectric mirror deposited on the sample; here
again, the Fabry-Perot spacing has been suitably
adjusted to place the spectra between adjacent or-
ders of the Rayleigh line. The frequencies of these
modes are still not harmonically related, nor will
they be at a 2 K ambient temperature either;
however, as stated above, slight variations of the
laser angle of incidence away from the normal will
permit a study of these modes at exactly the re-
quired frequencies.

Figures 17(a) and 17(b) show typical spectra for
the heating of the ST and L phonon modes with
microwave saturation of the spin transitions at
23. 85 GHz for a bath temperature of 2'K. Micro-
wave saturation is occurring at the center of the
&m, = 1 spin resonance line where the &-phonon
heating is largest; the ST and L mode spectra are

I
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FIG. 17. Brillouin scattering from heated transverse
and longitudinal phonons in MgO:Ni~' at a bath tempera-
ture of 2'K. Microwave saturation of the Ni~' spin
transitions occurs at 23.85 GHz in an applied field of

7700 G. (a) Scattering from heated low-velocity trans-
verse phonons at 23.85 GHz. (b) Scattering from heated
longitudinal phonons at 47.7 GHz. The spectra of (a) and
{b) were obtained with different input-laser-beam orienta-
tions, but fixed collection optics; the narrow bandwidths
of the heated phonons account for the inability to see both
heated phonons in the. same spectrum (see text).
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corrected for the instrumental bandwidths as done
earlier in Sec. VA.

A large heating of the 2 phonons is not unex-
pected. Based on the results of the Appendix and
on the experimental coupling constants 6&» ' '
one finds the coupling strengths for i'he ST and L
modes to their respective 4m, = 1 and ~m, = 2
transitions to be comparable. The width of the
&m, = 2 spin resonance, ~~ however, will be con-
siderably less than that of the strain-broadened
hm, = 1 resonance since the hm, = 2 level splitting
is unaffected (to first order in perturbation theory)
by local lattice strains. The generated 2& phonons
are, therefore, confined to a smaller energy inter-
val than the & phonons and a far greater true ef-
fective phonon temperature is anticipated.

A direct measurement of the 2&-phonon linewidth
using the movable-aperture technique described in
an earlier section was difficult because of the two-
mirror system incorporated into the experimental
arrangement. However, in an attempt to obtain
some qualitative information about the character-
istics of these 2 phonons, we have undertaken the
following experiment: Beginning with the klystron
frequency and applied magnetic field tuned for max-
imum &-phonon heating at the center of the &m, =1
resonance line, we have varied the klystron fre-
quency and magnetic field in order to saturate dif-
ferent portions of the hm, =1 resonance and have
observed the resultant phonon heating at and 2.
(Because of the strong resonance absorption of the
MgO: Ni ' samples, the loaded-cavity resonant fre-
quency is a sensitive function of applied magnetic
field strength; thus, for various choices of the
klystron frequency and the magnetic field, one can
selectively perturb different points in the hm, = 1
resonance line. However, due to the nonlinear
nature of the cavity-pulling effects, this procedure
does not permit a determination of the exact por-
tior of the resonance undergoing cw saturation in
our experiment. ) Starting at a point where the
&-phonon scattering intensity is a maximum, the
data show the 2~-phonon scattering intensity to
increase rapidly by a factor of 5 with a klystron
frequency change of -20 MHz and then to drop off
rapidly again with further changes in frequency;
by contrast, the -phonon heating decreases
quickly with a change in frequency from its peak
intensity at line center to a lower, less frequency-
dependent value as described earlier in Sec. VA.

Although a quantitative interpretation of the
phonon behaviors is difficult without knowing the
exact point in the resonance undergoing saturation,
several aspects of the heating are noteworthy. The
narrow frequency interval of 2&-phonon heating,
as compared to the rather extended region of uni-
form w-phonon heating (neglecting, for the mo-
ment, the behavior at line center), is very sug-

gestive of a 2-phonon bandwidth significantly less
than that for the & phonons. Such behavior is con-
sistent with our earlier predictions of a small 2&-
phonon bandwidth, which results from the easy
exchange of energy between spin levels and strong
double-quantum transitions at line center and from
the insensitivity of the 4m, = 2 level splitting to
local lattice strains.

Quite unexpected, however, is the observation
that the heatings of and 2& phonons maximize
with microwave saturation of dhfferent portions of
the 4m, =1 resonance. This is in direct contra-
diction to the predictions of the rate-equation
formalism presented here and in DBSS,'4 which in-
dicate maximum heating for both phonons with
saturation of the resonance at line center. The
reason for the discrepancy is not known, although
several possible explanations appear plausible.
For example, the theoretical analysis of the S=1
system completely neglects the effect of double-
quantum transitions involving microwave photons
and/or phonons on the resonant phonon heating.
The work of Shiren ' on the double-quantum effect
in MgO: Ni ' and MgO: Fe ' is of particular inter-
est; he shows that the phonon-photon transition
probability between the S, =+1 levels may be com-
parable to or greater than the single 2&-phonon
transition probability under suitable conditions.
The presence of a strong microwave saturating
field and large &-phonon excitations may, there-
fore, selectively enhance the &-phonon heating at
the expense of the 2-phonon excitation and could
explain the rapid variations in phonon exeitations
very near to line center where the double-quantum
effect is strongest.

Also, when the excitations of the and 2& pho-
nons become large, the breakup of 2& phonons into
pairs of & phonons due to three-phonon anharmonic
processes can become significant. Theoretical
eonsiderationss ' show that, in particular, a
longitudinal phonon at 2& will typically split into
a pair of transverse phonons at -~ or a longitudinal
and transverse phonon, each at -&, and that this
2&-phonon breakup becomes more pronounced the
greater the effective temperatures of the phonons
involved. The observed reduction of the 2&-phonon
excitation and the enhancement of the ~-phonon
heating at line center may possibly result from
such a process; further indication of such a pos-
sible breakup in the 2& phonons is given in Sec.
VG, where the anomalously high heating of ST pho-
nons is suggested to arise from a parametric
process in which 2~ phonons are down-converted
into + phonons.

The appearance of the forbidden L phonons at
as described in Sec. VE may also be due, in part,
to the breakup of 2~ longitudina) phonons generated
by the allowed ~S,= —2 transition. However, this
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FIG. 18. Illustrating planes A and B in crystal in
which anomalously intense phonon heating was found.
The scattering point labeled P was varied by moving the
Dewar holding the crystal and by displacing the laser
beam, while keeping the collection optics fixed.

seems unlikely as the L phonons at frequency
generated in this fashion would be expected to have
the same sharp tuning characteristics as the 2
phonons and no such behavior was observed for the
L phonons shown in Fig. 14(b).

G. Anomalously High Phonon Heating

In this section we further emphasize the unique
selectivity of Brillouin scattering as a probe of
phonon heating by discussing (a) the spatial probing
of the heating, (b) a large asymmetry in the heating
of Stokes and anti-Stokes lines of the same phonon
in certain regions of the crystal, and (c) a sug-

gested phonon parametric amplification.
As pointed out earlier, the phonons are probed at

a "point" in the crystal determined by the intersec-
tion of the laser beam and the axis of the optical
detection system, as shown in Fig. 6. By a com-
bination of movements of the laser beam and the
crystal (the latter achieved by moving the Dewar),
different points in the crystal may be probed. The
data which have been presented so far were taken
in a region which was near the center of the sam-
ple. In probing away from the center of the sam-
ple, selected planes were discovered in which the
phonon heating in either the Stokes or anti-Stokes
line (but not both) reaches extraordinarily high ef-
fective temperatures, i. e. , as high as 40000 'K.
This anomalous heating was found in planes A. and
B as shown in Fig. 18. These planes intersected
the crystal edges and made an angle of approxi-
mately 45' with the vertical as shown. It was dif-
ficult to specify precisely the thickness of the
planes but it was approximately P. 5 mm. The
heating was not completely uniform in the plane
and was somewhat stronger towards the edges.
The observed anomalous heating was also very
asymmetric between Stokes and anti-Stokes lines,
and, moreover, the asymmetry was reversed be-
tween planes A. and B as shown in Fig. 19. A pre-
liminary measure of the degree of heating being
observed here may be had by noting that the peak
counts at room temperature for the same integra-
tion time of 40 secwere 3000. To get the effective
temperature of these hot phonons, their bandwidth
must first be determined by angular scanning, as
outlined earlier, and compared with the 900-MHz-
bandwidth room-temperature thermal phonons ac-
cepted by the collecting lens. A typical angular
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FIG. 19. Brillouin scattering
at 2 K from resonantly heated
slow-transverse phonons at
25. 6 GHz (labeled ~ in Fig. 4)
at points Pz and P~ in planes
A and B (shown in Fig. 18),
respectively, in sample MS-
4A. Note the large asymmetry
between Stokes and anti-Stokes
phonons and reversal of this
asymmetry from A to B. The
gain in B has been increased
by a factor of 2. The degree
of heating shown for the anti-
Stokes in A and the Stokes in
B roughly corresponds to that
described earlier for MS-4A
in other regions of the crystal
outside these planes. In con-
trast, the heating of the
Stokes in A is anomalously
high, i.e. , an order of magni-
tude larger.
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FIG. 20. Determination of frequency bandwidth of
anomalously hot phonons in planes A and B by measuring
angular aperture of Brillouin-scattered light using meth-
od depicted in Fig. 6. 1-mm displacement in aperture
position is equivalent to 40 MHz of bandwidth, so that
anomalously hot phonons have a bandwidth of - 80 MHz.
This implies an effective temperature for the Stokes
phonons at point A of 40 000'K (see text).

scan of these anomalously hot phonons is shown
in Fig. 29. A 0. 5-mm aperture was used and
here again 1 mm in scanning distance corresponds
to 40 MHz, so that the bandwidth of these hot pho-
nons is less than 80 MHz. Thus, the effective tem-
perature of the Stokes line at point A which shows
42x 103 peak counts would be 7,« —-(42x10~/Sx 103)
x ~80 && 273 'K = 42 500 'K f This intense heating, in
addition to being observed in the indicated planes,
was only observed when the dc magnetic field was
sharply tuned to line center. It is of course at line
center that the double-quantum transition is most
effective in saturating the entire inhomogeneous
line even without the aid of spin diffusion.

This intense heating has all the earmarks of a
threshold and nonlinear phenomenon. For example,
it is very sensitive to the field being at line center,
as just cited, in contrast to the normal heating
which is quite effective over the entire Ni~' EPH
linewidth. Of course, increased heating which
tunes very sharply with field at line center is ob-
served throughout the crystal; however, in con-
trast to the phonon excitation in planes A and B,
the increased heating elsewhere was only a factor
of 2 greater as discussed earlier. In addition,
the anomalously high heating seems to be micro-
wave-power dependent in a nonlinear fashion, al-
though this latter point was difficult to check in a
precise quantitative way due to the dispersive
properties of the specimen-vs-microwave-power
level. Moreover, it was found that surface con-

tamination of the specimen (by the cement used to
hold the specimen, for example) would destroy this
anomalously large heating. Upon cleaning the sur-
face, the intense heating could be restored. This
is suggestive of a threshold value of the acoustic
Q of some mode in the sample for the onset of some
parametric process. Without going into details,
which will be presented in a later publication, we
would like to suggest that this anomalously high
heating is due to a parametric process in which the
2& phonons are down-converted into & phonons.
The 2 phonons are very sharp, corresponding to
the m.,=+1 to rn, = —1 transition and, given the
acoustic nonlinearity of MgO, a threshold will exist
for the down-conversion of the 2& phonons into &

phonons when interacting with phonons in the vicin-
ity of &. This type of unstable phonon breakdown
has been seen in the rf range. 4

A major unanswered question is the origin of the
asymmetry between Stokes and anti-Stokes lines
when this intense heating is observed, as well as
its reversal between planes. Since the difference
between Stokes and anti-Stokes components is that
between phonons traveling away from or towards the
direction of viewing, the reversal of intensity be-
tween points A and B is consistent with the hot
phonons traveling tozoazds the corners of the crys-
tals. The exact significance of travel towards the
corner in increasing the intensity is not clear. We
are currently considering different phonon-focusing
mechanisms which wouM concentrate the energy
generated by the spin system in one direction as
compared to the reverse for particular cavity
modes. That the corners are playing some role
is evidenced by the fact that the beveled crystal
shown in Fig. 13 used to study the 25-6Hz L pho-
nons showed only a very small anomaly. In con-
cluding this section, we cite the above observa-
tions, although some remain as puzzles, as an in-
dication of the diverse and rich phenomena in the
phonon bottleneck that can only be probed by Bril-
louin light scattering.

VI. CONCLUSIONS

We have described the observation of nonequilib-
rium phonons due to a microwave-phonon bottleneck
in Ni~': MgO by Brillouin light scattering. The
bandwidth of the heated phonons was found to be
less than the EPR linewidth. In addition, the bot-
tleneck was observed to persist up to crystal tem-
peratures as high as 40 'K in accord with the fact
that v'» below this temperature is not due to in-
trinsic temperature-dependent anharmonic process-
es but is determined by crystal geometry and sur-
face condition. phonon-lifetime measurements are
in accord with this fact and evidence from Brillouin
light scattering has also been presented to indicate
a certain degree of phonon-mode conversion. Gen-
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eration of 2& phonons by the $= 1 spin system has
also been observed, as well as anomalously high
heating of the w phonons in some regions of the
crystal under certain conditions ascribed to a para-
metric process invo1ving the 2& phonons.

While many aspects of the phonon bottleneck have
been verified and fit the simple accepted theory,
many questions are suggested by our results but
remain una, nswered. The whole question of phonon
loss out of the crystal and mode conversion at these
frequencies needs further study. The observation
of the reflection from a crystal boundary of an in-
cident transverse wave (generated by standard
pulsed-microwave acoustic techniques) by means
of Brillouin light scattering should prove very help-
ful in answering this question. A study of the heat-
ing and decay of still other phonons at the same fre-
quency but traveling in different directions should
also help clarify the role of mode conversion; a
more detailed study of geometrical factors and
surface preparation is also called for, especially
in connection with the anomalous phonon heating
described in Sec. VG. In all, it becomes apparent
that Brillouin light scattering should be able to play
an important role i.n clarifying many of the remain-
ing questions connected with the microwave-phonon
bottleneck.
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IK = p.g ~ 5g ~ S+S ~ 5D ~ S, (Al)

where hyperfine field terms have been omitted.
&g and &D are second-rank tensors which depend
linearly on the strain and are written '3 '

(Aaa)

and

G&pa& ~a&
al

where e» are the strains

(Aab)

APPENDIX: SPIN-PHONON-COUPLING SELECTION RULES

It is most convenient to describe the interaction
of the phonons wifh the spins by a phenomenolog-
ical perturbation Hamiltonian or dynamic spin
Hamiltonian of the form'4'4'-44

eel +

Equations (Al) and (Aa) are appropriate to either
a static strain produced by external stress or a
time-varying strain produced by the phonons (in
the long-vravelength approximation such that ihe
1,ocal strains are the same whether produced by
external stress or the phonons so that the elements
of the G tensor may be mea, sured by application of
external stress). For ions such as Ni~' whose
cubic crystalline field ground states are orbital
singlets, the ratio of the Zeeman term in (Al) to
the term quadratic in the spin operators will be of
the order of g~H/X, i.e. , the Zeeman energy j
spin-orbit coup1. ing. This is so since the terms
linear in 8 arise from perturbation terms of the
type (0I&L SI e)(eIp~l ~ L IO), whereas the terms
quadratic in 8 arise from terms of the form
(0 I &L ~ S I e)(el &L ~ S I0), where I e) is an excited
orbital state and IO) is the ground state. Thus,
the terms 1.inear in S are negligibl. e compared to the
D terms, except for 8= —,', in which case the D
term vanishes. (S may be a fictitious spin. )

The fourth-rank tensor G simplifies in the case
of cubic symmetry and only two constants are
needed; -BC then may be written in irreducible ten-
sor notation as 4~-44

~'= G„[—,'(as', —s'„-s'„)—,
' (ae., —e„„e„,)-

+ —,
' &3 (s'„-s', ) —,

'
v 3 (e„„-e„)]
(s„s,+ s, s,) e„,

+(s„s,+s,s„)e„,
where x, y, z are the cubic axes.

The spin operators and corresponding strain ex-
pressions associated with G» transform as the 8,
e bases of the I'3 cubic representation, whereas
those appearing with G44 transform as 15. The
strains in (A4) produced by the phonons may be
expressed in terms of the direction of propagation
X and the polarization p of the phonons so that,
for example, e„-(p, A.,+ p, X,)e, where e is the
magnitude of the strain.

Expression (A4) is in convenient form for the
case of the external magnetic fieM along any of
the cube axes. In our experiment the magnetic
field Ho was applied along a cube face diagonal
which we take to be a [101]direction; we choose
this direction of the applied field as the new z
axis and the new y axis to-correspond with the oM

y axis. (Our results are applicable to all equiv-
alent [101]directions, providing the x', y', and
z axes are appropriately defined. ) With this new
choice of axes the terms in the Hamiltonian contain-
ing the spin operators transform as follows:
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gq = a (2sg-s„—s„)= 2[ 2(s» +s» ) —a (sg. s„.+s„s».) —s,. ],
x, = —,'Ws(s„' s',) = —,'Ws[ -.';(s'„.+s.', )+ —,'(s, .s, , +s„,s,, ) —s,', ],
x, =(s,s, +s, s,)= —,'&2(s„s,-s„,s„,+s., s„,-s„,s,.),
x, ={s,s„+s„s,) = (s',. —s'„,),
x, = (s„s,+s,s„)= —,'Wz(s„,s,, +s,,s, , +s,,s„,+s,,s.,);
a» = 'i» (2X&cp& —A&cjp» X»t'p» ) =

2 [y(il»sp»e + A»eg»r ) —
2 (x»sp&i + A re i ) —A. ip i]

a~=~ ~(«.— »~»)= 2~28(~. &'+~'V;)+r(~. V. +~. V, )-~» q» ].
a, = (A»y, +z,y») = g~2(A» y, . -A.„.y„.+ x, .(p, . —z„,q„.),
a, = (A.,y„+X„q,) = (A,.q, . —X„.q„.),
ag = (A.„p»+ A, » p„)= s ~ (A,„~Q»~ + X»rp»e + X»i p»i) .

(A5)

(A6)

The Hamiltonian in this case becomes

3C' = G»A„.(S, S,.+S„.s,i)e+G44X» (S,.S». +S„.s,.)e,
(AB)

which will induce only &m, = + 1 transitions. Since
experimentally it is found '~ that G,&=-,'-G«, we
see that the coupling to these &m, = 1 phonons will
be essentially uniform for all directions in this
plane, neglecting the 1/v variation due to the cubic
anisotropy of the sound velocity.

Case lI. Phonons traveling in (1TO) P/ane and
Pot, asized in this Plane, X; =0, p, .=0. These will
be longitudinal and transverse phonons (but of
course are only pure along principal directions).
We will demonstrate that there are no &m, = 1 tran-
sitions in this case so that only 2' phonons are
launched into this plane by the relaxing spins.

With A,. =0 and p, .=0, we have

a8 & ~x'%x' Y ~y'9 y' ~

a3 = r~ A„acp~a —y ~ x» ~.(p»i ~

i

a, = —~~(A.„.y». + X».y„.),
a, = —X„.q„., a, = ~W(X~q», +X,,cp„,) .

Our spin-phonon Hamiltonian now becomes

&' = Ggg( g &„y„—gk». y». )(s, .+S». —2S„.)e

(AQ)

+G44[(~* &, +~, P. ) (I/2i)(s.'-S')

As our light-scattering plane is a (1TO) plane, we
are only interested in phonons traveling in this
plane, , i.e. , A, .=- 0. Phonons traveling in this prin-
cipal. plane are either polarized perpendicular to
the plane or pa, rallel to the plane.

Case I. Phonons traveling in (1TO) t»/ane and
Polarized perpendicular' to the plage. In this case
p„..=q, .=-0 a,nd cp, .= l. Our a's now become

3 I 1as= —
~ X„~, as= ~ W A.„i,a4= y&2Xe, »

(A7)

—A.„.q&~(ss. -S2 )]e . (A10)

(XZ) PLANE
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FIG. 21. Visualization of spin-phonon selection rules.
(a) Displacement of ions in neighborhood of ¹i2' due to
longitudinal phonon traveling in [10T] direction. 0 ions
immediately above and below Ni2' are displaced by same
amount and in same direction as Ni2'. (b) Equivalent
displacements as viewed from ¹i2' ion, giving rise to D
and E terms relative to Ho or 6m~ =2 transitions only.

It is apparent that the spin operators in Eq. (A10)
induce only &m, = 2 transitions. Thus, the spins
cannot generate longitudinal phonons at frequency ur

corresponding to &m, = 1.
It is helpful to have a geometric visualization of

these selection rules. For example, in Fig. 21(a),
we show the local movement of ions for a phonon
traveling perpendicular to Ho and whose polarization
is also perpendicular to Ho. In Fig. 21(a) it is
shown as a longitudinal wave and the transverse
wave would simply have the polarization vectors
rotated 90'. The 0 ions lying directly above and

below the Nia' have no displacement relative to the
¹is' ion. In Fig. 21(b) is shown the equivalent
local distortion as viewed from the central Ni '
ion, and it is immediately seen that this corresponds
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to the addition of a term E(S„.-S,'.) +DS,. to the
erstwhile cubic Hamiltonian with z' along Ho. The
inclusion of the motion of other than near-neighbor
ions is easily seen to preserve the symmetry of the

local distortion so that only D and E terms relative
to Ho are involved, giving rise only to &m, = 2 tran-
sitions. The other selection rules discussed above
can be similarly visualized.

*Present address: Sandia Laboratories, Albuquerque,
N. M. Part of the analytical work and preparation of this
manuscript was performed by one of the authors (W. J.
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We establish a first example of a ferroelectric phase transformation where a Brillouin-zone-
boundary soft mode [at the M point (2, 2, 0) ] rather than a Brillouin-zone-center mode of the
parent paraelectric phase (PE) is responsible for the transition. By inelastic scattering of
neutrons, we have measured low-frequency phonon-dispersion relations in Tb2(Mo04)3 for sym-
metry directions emanating from the M point in PE. For T & Tp=159 C the frequency +&& of a
doubly degenerate mode at M follows a Curie-Weiss law &&I=A(T —T&), with A=0. 0165 meV /
'C and T&=149'C. With the help of group theory, the symmetry properties of soft modes
which lead from the PE symmetry (tetragonal P42&m) to the symmetry (orthorhombic Pba2) of
the ferroelectric (FE) phase were determined. The soft-mode eigenvectors contain parame-
ters which are not fixed by symmetry and their "static" values can be obtained from existing
x-ray-structure data. "Dynamic" values are determined here from the integrated inelastic-
scattering intensity of the soft mode measured in PE at various M points. The "static" and
the "dynamic" values are in good agreement. The condensation of such an antiferroelectric
soft mode cannot directly produce the spontaneous polarization Pg in FE. As has been suggested
theoretically, our measurements show that the antiferroelectric static displacements consti-
tute the order parameter, which couples to a shear strain u, which in turn produces the
polarization by piezoelectric coupling. The spontaneous polarization and the spontaneous
strain in FE are shown to be proportional to the square of this order parameter. From the
initial slopes of acoustic branches we derive a set of elastic constants in PE.

I. INIODUcTION

Several rare-earth molybdates were discovered
by Borchardtand Bierstedt toundergoferroelectric
-hase transformations at transition temperatures
3.5Q& Z& 190 C. These materialsa' show many un-
usual properties. In a stress-free crystal, a
small dielectric anomaly is found at low frequencies
in the ferroelectric phase (FE). In the high-tem-
perature paraelectric phase (PE) the dielectric
constant is independent of temperature. Qn the
other hand, the clamped crystal does not show a
dielectric anomaly at all. Similarly, the elastic
properties show an anomaly below the transition
only. '5 Coupled with spontaneous polarization
states of opposite polarity (+P„which of course
can be switched by an applied electric field)e are
two mechanical configurations described by a shear
strain su~ (see Fig. I). One mechanical config-
uration can be Switched into another by an applied
mechanical stress. ~ This has been described as
ferroelastic behavior. But ferroelectricity and
ferroelasticity in this material are so coupled that
P,, and u„,change simultaneously.

The coupling of elastic and dielectric properties,
together with the absence of a dielectric anomaly

in the clamped crystal, led Cross et al. 4 to the con-
clusion that the spontaneous polarization was an
incidental but necessary consequence of the strain
u„„sincethe piezoelectric constant a3e (coordinates
of PE) is nonzero. ' Pytte, however, suggested
that this picture was incomplete and that the tran-
sition is fundamentally connected with a doubly de-
generate soft mode at the Brillouin-zone edge in
PE, which leads to a doubling of the unit cell. In-
dependently, Levanyuk and Sannikov~~ and Aizu~m

came to the same conclusion.
The only experimental technique capable of direct

investigation of such a proposed mechanism is that
of inelastic neutron scattering. This paper pre-
sents such a study. A preliminary account of this
work has already been reported. ~ %hen this work
was begun, some uncertainty existed in the litera-
ture concerning the sizes of the PE and FE unit
cells. In preliminary experiments, we therefore
established that the anticipated doubling of the cell
volume does in fact occur. Subsequently reliable
structure determinations in the FE phase of iso-
structural Gd~ (Mo04) s (GMO) by Keve et al. ~4 and

in both phases by Jeitschko" have been reported.
The recent data are in substantial agreement with
those given in Table I for T12(Mo04)3 (TMO).




















