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Measurements are presented of the ultrasonic absorption in MgO and Al;O; for transverse and longi-
tudinal waves in the low-temperature region. In contrast to some theoretical expectations, the absorption
of longitudinal waves is not negligible but even stronger than for transverse waves. In the theoretical dis-
cussion it is shown that this strong longitudinal absorption probably is caused by three-phonon processes.

INTRODUCTION

HE interaction of ultrasonic waves with thermal
phonons in dielectric crystals shows a very differ-
ent behavior at high and at low temperatures. At high
temperatures when the ultrasonic period 27/w is much
larger than the lifetime 6 of most termal phonons the
measured absorption can be well described by a mecha-
nism first proposed by Akhiezer.!—3 However, in the low-
temperature region, defined by (wf>>1) experimental
difficulties have prevented until recently a careful
study of the hypersonic absorption, although a theory
for the absorption process was already published by
Landau and Rumer* more than 25 years ago. They
pointed out that through the anharmonic cubic terms
in the elastic lattice energy transverse acoustic waves
or phonons can interact with thermal phonons in proc-
esses involving three phonons. For the absorption of
longitudinal acoustic waves these three-phonon proc-
esses were considered unimportant on the basis of
energy and momentum conservation as will be discussed
later. A finite absorption was thought to result only when
according to Pomeranchuk® fourth-order terms in the
elastic energy were taken into account (so-called four-
phonon processes), or when according to Herring®’
the elastic anisotropy of the crystal was properly con-
sidered (Herring mechanism).

In the present paper we present measurements of the
absorption of transverse and longitudinal ultrasonic
waves in magnesium oxide and sapphire in the low-
temperature region (wf>1). The interesting result is
that not only the transverse but also the longitudinal
absorption follows the pattern expected for a three-
phonon process. The magnitude of the longitudinal
absorption as well as its dependence on frequency and
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temperature are not compatible with a four-phonon
process or the Herring mechanism mentioned above.

By these results we are led to believe that longi-
tudinal ultrasonic waves also are able to interact strongly
with thermal phonons in three-phonon processes. We
have already shown in a classical calculation,?® referred
to here as paper I, that these “collinear” processes lead
to a strong ultrasonic absorption,and the same result will
be derived here by a quantum-mechanical argument.32

This strong absorption of longitudinal waves in three-
phonon processes also solves the problem of a diverging
thermal conductivity which was discussed in the litera-
ture’ under the assumption that longitudinal waves
cannot be absorbed in three-phonon processes. Since
they are, however, absorbed, their contribution to the
heat conductivity remains finite, and no problem arises
in this context.

EXPERIMENTS AND RESULTS

We have measured the attenuation of sound waves in
magnesium oxide and ruby at the two frequencies of
500 and 3000 Mc/sec between 4.2 and about 100°K.
The samples were single crystals of rectangular shape,
4X4X25 mm, with the 4X4-mm faces polished opti-
cally flat and parallel within a few seconds. The rod
axes were oriented within one degree, parallel to the
[100] axis of MgO and to the ¢ axis of ruby. The MgO
samples were colorless and quoted?® as pure while the
ruby rods contained up to 0.019, of Cr;0s;. Care was
taken to avoid resonant absorption of sound by the
paramagnetic ions.!

For the generation and detection of the ultrasonic
waves we used two methods: At 500 and at 3000
Mc/sec two z-cut quartz disks with a fundamental
resonance frequency of 10 Mc/sec were bonded to the
sample and excited in a high harmonic. For some experi-
ments at 3000 Mc/sec both sides of our samples were
plated with films of permalloy, 909 Ni, 109, Fe,
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about 5000 A thick for the generation and detection of
sound by ferromagnetic resonance.!? By using standard
pulse methods sometimes more than 100 acoustic echo
pulses were received.

Figure 1 shows a typical pulse pattern, the time
between two consecutive pulses corresponds to the time
for one round trip in the rod. The decay of the pulse
pattern is hardly ever exponential. The reasons for the
irregular amplitudes of the various pulses are several:
the end faces may not be sufficiently parallel, the rod
may not be elastically homogeneous, etc., all of these
effects being temperature-independent. The absorption
at a temperature T was determined from the decrease
of an echo pulse relative to its magnitude at 4.2°K.

With ferromagnetic excitation we occasionally ob-
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F1c. 2. Attenuation of longitudinal waves in ruby as a
function of temperature.
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F1c. 1. Pulse pattern of 3-kMc/sec
longitudinal waves in ruby at 4.2°K.
The waves are excited and detected
ferromagnetic resonance in thin films
of permalloy (909, Ni-109, Fe) on
each side of the ruby rod.

served a drastic change in the relative amplitude of the
peaks on varying the intensity or direction of the mag-
netic field. We believe that this is caused by inter-
ference effects which arise from mechanical or magnetic
nonuniformities of the films, or the excitation of Walker
modes. By improving our deposition methods and by
using films of small cross section these phenomena
could be avoided.

Through our long ruby rod only longitudinal waves
could be transmitted well. The propagation of trans-
verse waves proved to be considerably more difficult.
In general, only one transverse echo could be seen. This
difficulty probably arise from the acoustical birefring-
ence, so that along the ¢ axis the acoustic wave vector
and Poynting vector are not parallel, and the acoustic
energy does not travel parallel to the rod axis. The ab-
sorption of longitudinal waves versus temperature is
plotted in Fig. 2. Several runs at 3000 Mc/sec, with
different ruby rods carrying different magnetic films
gave the reproducible results of Fig. 2: The absorption
increases with temperature approximately as 7% For
the investigation of the frequency dependence, meas-
urements at 500 Mc/sec, which agree with the results of
Fitzgerald and Truell,”® are also included in Fig. 2;
the frequency dependence is close to linear.

The absorption of longitudinal and transverse waves
in MgO is plotted versus temperature in Figs. 3(a) and
3(b). The data for longitudinal waves, although not as
accurate as the transverse data, clearly indicate that
the frequency dependence is again close to linear, and
the temperature dependence not far from 7%

With longitudinal waves the acoustic power level
was kept low enough to avoid the nonlinear effects re-
ported by Shiren, and for transverse waves such a
power-dependent absorption could not be observed even
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at considerably higher power levels than those used by
Shiren. To our knowledge, for shear waves in the
kMc/sec range, these are the first data on the tempera-
ture dependence in a material other than quartz.

Both for transverse and longitudinal waves in MgO
a noticeable additional absorption occurred around
15°K, when the absorption was measured in zero mag-
netic field. Figure 3(a) also shows this extra absorption
at 3000 Mc/sec, which could be removed by applying
a magnetic field of the order of 1000 Oe. A similar
phenomenon was observed by Bolef el al.'® at lower
frequency and lower temperature in a more drastic way
in heavily doped MgO. More experiments are planned
for a detailed investigation of this anomaly which is
probably caused by paramagnetic impurities.

DISCUSSION

Our experiment results may be summarized by saying
that at low temperatures for both transverse and longi-
tudinal waves the absorption increases linearly with
frequency and with the fourth power of the temperature.
In perfect crystals the absorption is due only to scat-
tering by other thermal phonons, and is possible only
if the potential energy developed in powers of the strain
contains cubic or higher order terms. Landau and
Rumer* considering the cubic terms only calculated the
absorption of transverse waves for low temperatures,
when w6>>1. They found "

a;=1(204+6R)*(1—V,/ Vi) ——Tt, (1)

p3VL10h3

where Q and R are constants of the order of 5X10'
for ruby and MgO, % is the Boltzmann constant, and
p the density. The agreement with our results on MgO
is satisfactory. The absorption is of the right order of
magnitude and varies with temperature as 7% as ex-
pected. Expression (1) was derived only for #ransverse
waves, with the observation that the conservation of
energy and momentum rules out three-phonon proc-
esses for the absorption of longitudinal waves.

Pomeranchuk® invoked the much smaller fourth-
order terms of the elastic energy to account for the scat-
tering of longitudinal phonons. The absorption accord-
ing to his calculations should be proportional to w?77,
which is in strong disagreement with our experiments,
both for ruby and MgO. In addition, Orbach'® has
already estimated, for the case of quartz, that Pomeran-
chuk’s calculations give an absorption which is several
orders of magnitude smaller than the observations. We
may therefore safely conclude that a four-phonon
process is not responsible for the observed absorption
of longitudinal waves.

On the other hand, the Herring mechanism® also
cannot account for our results. The absorption due to
this process was calculated by Simons” for cubic crystals.
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For a longitudinal wave propagating parallel to the (100)
axis he found
a=Aw?T®, (2)

The quadratic frequency dependence is not compatible
with our observations. The factor 4 depends on the
crystal and can be estimated for MgO, with the result
that for our frequencies and temperatures the absorp-
tion according to (2) is about three orders of magnitude
smaller than the measured values. For ruby the ab-
sorption by the Herring mechanism has not been calcu-
lated numerically, but should be proportional to «*7?,
which agrees even less with our experiments.

In view of the fact that our data with longitudinal
waves behave as if they are caused by three-phonon
processes, and in view of the difficulty in explaining
them in any other way, we proceed to re-examine in
more detail the absorption of longitudinal waves by
three-phonon processes. We have already shown classi-
cally in paper I that in isotropic solids the absorption of
longitudinal waves by three-phonon processes is of
similar magnitude as the absorption of transverse waves.
But the fact that a longitudinal acoustic wave can
interact in three-phonon processes with almost as
many thermal phonons as a transverse wave may be
shown in a simpler argument, which will be presented
here:

The conservation of energy and momentum requires

w1+w2= w3, (3)
k;+k.=ks;, 4)

where the index ‘““1” refers to the ultrasonic phonon.
Since in our temperature range |ki|<|ks,3| the mo-
mentum conservation (4) can be expressed in terms of
the angle o between the acoustic wave vector k; and
k. (see Fig. 4).

cosa= (| ka| — | k2|)/ | Ea| ,
or, because of
[kll =w1/v1,

we can write for (4)

V1 fWg— W2
cosa= ———( ) , (5)

7)1)}1 wi

| ka,5] = w2,3/vpm,

where « is the angle under which a thermal phonon
with velocity v,n can interact with an acoustic wave of
velocity v, with conservation of energy and momentum.

But if energy is not exactly conserved because of the
uncertainty in the energy arising from a finite relaxation
time of 6 of the thermal phonons, we find

wy3—we—w1=1/6

and cosa, according to (5), can assume any value be-
tween the two limits

1 1 V1 1
COSQ max = —(1———); COSOmin= -——(H————) . (6)
Uph w16 Uph w10
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Fic. 3. Attenuation of ultrasonic
waves in MgO as a function of
temperature. The dashed curve
gives the attenuation in zero ex-
ternal magnetic field; the continu-
ous ones in a field of about 4500
QOe. (a) Longitudinal waves, (b)
transverse waves.

o1yl

-
I
N

T,

Lol

3000 Mc/sec

—t

Ll L L1l

A1520 I. S. CICCARELLO
10
3.0 T T T ™ TT B
i 733 v/-/k y B
3 kMc/sec
10E \.7’ E — 1.0k
- ;/ 3 E E
o -
N = SN -
— B 7] 3 B
E ] L
3 I 1 & r
o =
= | 5 L
kCAISY — <] ’
5 F B 4
s L . < 0af
s F ] =
001}~ - B
£/ E
0.003L Y 0.01 L1
6 10 20 30 40 50 60 80 100 10

Temperature (°K)

(a)

Clearly, because of the uncertainty in energy, a thermal
phonon can interact with an acoustic phonon between
the angles ama.x and amin without violating the conser-
vation of energy and momentum. For #ransverse waves,
for example, we find from (6)

2 cosa 1
amax“‘amin:Aﬁ’:"’T‘———. (7)
sine  wif
This corresponds to a relative solid angle
AN 27 sina 2cosa 1 1
— == (cosa)—. 8
N 4 sine w0 w1

For longitudinal waves (v1=1"ph, amin=0, collinear case)
we find from (6)
%(A&)2= 1/(,010 )

and for the relative solid angle

AZV Tamax2 1( 1 )
4r 2\wd/

On comparing (8) and (9) it is evident that the two
solid angles are almost identical for any relaxation time
0, as long as w10>1, and the dispersion is neglected.
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Fic. 4. Momentum conservation for the absorption of an
acoustic phonon with wave vector k; by a thermal phonon of
wave vector k. ks is the wave vector of the final phonon in this
three-phonon process.
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(b)

One should therefore expect that a quantum-mechanical
treatment of the ultrasonic absorption due to three-
phonon processes should give very similar results for
transverse and longitudinal waves. We made such a
calculation, following the method of Landau and
Rumer,* and we found for the absorption of longitudinal
waves due to the interaction with collinear thermal

phonons:
k4

aL~i[6P] T4, (10)

— W
P3VLloh3

P is a constant of the same order of magnitude as Q
and R in Eq. (1), and therefore the absorption of
longitudinal waves is not too different from the ab-
sorption of transverse waves.

In his argument we have neglected the dispersion.
As shown in paper I this neglect is justified as long as

w2 (To/T),

with T'p being the Debye temperature of the crystal.
For our samples below 60°K 27 (7p/T)*~1500 and
for our frequencies wf is indeed smaller than 1500, if
the mean free path of the thermal phonons remains
below 1 mm. Thus, the dispersion can be neglected.

It seems to be a characteristic feature of cubic crys-
tals that the absorption of longitudinal waves is notice-
ably stronger than for transverse waves. This is evident
from our measurements on MgO and was also found in
Ge by Dobbs et al.'7

17 E. R. Dobbs, B. B. Chick, and R. Truell, Phys. Rev. Letters
3, 332 (1959).



F16. 1. Pulse pattern of 3-kMc/sec
longitudinal waves in ruby at 4.2°K.
The waves are excited and detected
ferromagnetic resonance in thin films
of permalloy (90% Ni-109, Fe) on
cach side of the ruby rod.



