
Vol, UMz 9, NUMszm 7 PHYSICAL RKUIKW LETTERS

PROPAGATION OF MICROWAVE PHONONS IN GERMANIUM

OCTOBER 1, 1962

M. Pomerantz, Robert W. Keyes, and P. E. Seiden
IBM Thomas J. Watson Research Center, Yorktown Heights, New York

(Received August 9, 1962)

Recent work has shown that there is an appre-
ciable electronic contribution to the shear elastic
constant C~ in heavily doped n-type germanium. '~'

The electronic contribution is of the relaxation
type; it depends on the redistribution of electron
population in the several valleys of the germani-
um conduction band when the crystal is strained.
Therefore, one can anticipate that relaxation dis-
persion and absorption will be present if the elas-
tic constant is measured in an appropriate frequen-
cy range. s This communication reports the obser-
vation of large anelastic absorption associated with

the electronic redistribution at a frequency near
10'o cycles/sec.

The microwave phonons were generated and de-
tected by spin wave-phonon interactions in thin
films of ¹i-Fealloy evaporated onto an end of the
germanium specimens. 4 It is possible to generate
both longitudinal and transverse phonons by this
technique. ' Details of the method of excitation of
microwave phonons will be published separately.
All the measurements were made at 4.2 K. The
phonon frequency was 8.9 kMc/sec.

The germanium specimens were oriented single-
crystal bars, 0.1 inch square and varying in length
from 1 to 2 cm. Two kinds of germanium were
studied, one, "pure, " containing less than 10'~

donors/cm', and the other, "heavily doped, " con-
taining more than 10"arsenic donors/cm'. Two
types of crystallographic orientation were also
used for each kind of germanium, one in which
the direction of phonon propagation was a [110]
direction and another in which the direction of
propagation was a [100]direction. There were
five types of waves which could be studied, three
(two transverse and one longitudinal) in the [110]
specimens but only two in the [100] specimens,
the two transverse waves being degenerate.

The experiment consisted of generating a pulse
of phonons at one end of the specimen by applying
a pulse of microwave power to the Ni-Fe film in
an appropriate cavity and observing the delayed
pulses of power returned to the cavity by elastic
waves which had been reflected from the far end
of the specimen one or more times. Two kinds
of results were obtained. One is the deduction of
the velocity of sound from the observed transit
time. Since the elastic constants of germanium
are known, this allows identification of the elastic
polarization mode of the wave. '" The other kind
of result is that certain of the five possible elas-
tic wave types are greatly attenuated and are not
observed to propagate in heavily doped germanium.

The results are summarized in Table I. The
first columns identify the waves and display the
elastic constant which determines the velocity of
the wave. The last columns show whether the
wave was observed to propagate in each kind of
germanium.

The interesting feature of the results is that,
although all of the waves can be propagated in

pure germanium, only those waves whose elas-
tic constant does not contain C«can be propa-
gated in heavily doped germanium. This is ex-
actly the prediction of the theory of the electronic
contribution to the elastic constants of germanium.
The waves whose elastic constant contains C«de-
stroy the degeneracy of the valleys and are atten-
uated by the electronic relaxation absorption.
There is no electronic effect associated with the
waves whose elastic constant does not involve C~4.

These results are reasonable in the light of the
quantitative theory of absorption of elastic waves
by electronic relaxation. The wave dynamical the-
ory of Weinreich et al. and the phenomenological
theory of Kittel' show that the elastic energy flow

Table I. Propagation of 8.9-kMc/sec phonons in germanium.

Propagation
Wave

Polarization Elastic constant
Propagation in Ge

Pure Heavily doped

[sao]
[rzo]
[xylo]

[ioo]
[zoo]

[xylo]

[001]
[&~0]
[~oo]
[oos]

2(C)g+C )2+ 2C44)

-'(C&, -C»)

C44

yes
yes
yes
yes
yes

no
no

yes
yes
no
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is attenuated with an absorption coefficient,

n = (~'~/v) (sc/c).
Here v is the wave velocity, (Ac/C) is the frac-
tional change in the elastic constant due to the
electronic effect, and 7 is the relaxation time
for the restoration of statistical equilibrium
among the electrons. The derivation of Eq. (1)
assumes that co~ is small compared to unity.
There are two contributions to 7, namely, in-
tervalley scattering and diffusive spatial redistri-
bution. ' The diffusive relaxation time can be es-
timated from the sample mobility and the Ein-
stein relation. The mobility of electrons in ger-
manium with 3 &10' cm 3 donors is about 300
cm'/volt sec. Using the Einstein relation for
degenerate statistics" gives D= 10 cm'/sec. The
diffusive relaxation time, vm/w'D, thus is about
2xl0 '~ sec for 10-kMc/sec phonons. The inter-
valley scattering time is not known, but must be
greater than 2x10 '4 sec, the total electronic mo-
mentum relaxation time as determined from the
mobility. Taking AC44= 0.05,' it is found from
Eq. (1) that 10 cm '&n &10~ cm '. Thus, the ab-

sorption coefficients predicted by the electronic
theory readily account for our failure to observe
waves whose propagation involves C44 in heavily
doped germanium.
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Superconductivity was recently discovered in
pure molybdenum by Geballe, Matthias, Corenz-
wit, and Hull. ' Using ultrasonic measurements,
we have obtained a value of 114+ 5 oersteds for
0„ the critical field at absolute zero. Measure-
ments of the ultrasonic attenuation as a function
of temperature give a value of 3.5+0.2 kT~ units
for 2f„ the energy gap at absolute zero.

The molybdenum sample which we examined
was a single crystal prepared by electron-beam
zone refining. The residual resistivity ratio,
p273oK/p4 2 K, for this sample is about 450.'

239-Mc/sec longitudinal pulses were propagated
along the [100] crystallographic direction. Effi-
cient coupling of the rf signal to the transducer
was accomplished with a tunable sample holder.
Details of our equipment will be described else-
where. '

Our eryostat employed magnetic cooling to ob-
tain temperatures from 1.1'K down to about 0.5'K.

About five minutes were required for this system
to come to equilibrium at the low temperature
after demagnetization. As the sample slowly
warmed, the echo pulse amplitude was recorded
as a function of temperature. With low power in-
put and a good vacuum in the salt tube, the sample
drifted back to the bath temperature in about two
hours.

The transition temperature was determined
from the sharp discontinuity in the pulse-height
versus temperature curve which occurred as the
sample went into the normal state. Using this
criterion, a transition temperature of 0.92
+ 0.01 K was obtained. In the measurements of
Geballe et al. the transition temperature was de-
termined by observing the change in resonant
frequency of a coil surrounding the sample. They
obtained a transition temperature of 0.98'K for
their sample of highest purity. The lower tran-
sition temperature for our sample suggests that
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