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Magneto-Acoustic Resonances in Antimony
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Spike-like sharp absorption peaks have been observed in an ultrasonic
attenuation coefficient of antimony in a weak magnetic field range. This
type of resonance is not caused by the electron in an extremal orbit as
has been observed in many cases of geometric resonance, but it is prob
ably due to the particular kind of selective coupling predicted by Kaner
et al. On applying the Kaner's formula, we can get the cyclotron mass
which is in agreement with the value derived from the Shoenberg's re
sults within 13 per cent.

§ 1. Introduction

Magneto-acoustic geometric resonances are well
understood both experimentally and theoretically"
for the case of transverse propagation of ultra
sonic waves. Such resonance, however, for an

other geometrical configuration of the magnetic
field and the ultrasonic wave has not been cla

rified completely. Magneto-acoustic resonance
in this case was investigated by several au
thors^"" and it was proposed by Kaner et
al.,^^ Kaner, and by Daniel and Mackinnon'"
that the resonant oscillation of ultrasonic atten

uation should occur when the electrons in the

nonextremal orbit drifted in the direction of sound

propagation. Eckstein et reported the mag
neto-acoustic geometric resonances in antimony
for an arbitrary direction of the magnetic field.
They did not observe, however, the resonant
oscillation with spike-like absorption peaks, but
only the sinusoidal attenuation curves of a non-
resonant character. This peculiar type of re
sonant oscillations in antimony was reported in
our preliminary communication." In this paper
the cause of the resonant oscillations are discus

sed in terms of the Kaner's formula.

§2. Experimental Procedure

A specimen with the resistivity ratio of psoo-x/
P4.2"k=2500 was cut with a Servomet spark
machine in the dimension of 8.73 mmx 10.35 mm

X 9.21 mm, each side being parallel to binary,
bisectrix and trigonal axis, respectively. The
mean free path was estimated to be about 0.5 mm
at least from the number of oscillations observed.
The ultrasonic measurements were made by a
usual pulse technique using 20-180 Mc/sec longi
tudinal sound waves at the temperatures between
1.2°K and 4.2°K. The echo signals were led

to a logarithmic amplifier through a selective
gate and were registered on an X-Y recorder.
A sound wave was transmitted along the trigonal
axis of the antimony crystal. The magnetic field
was rotated in the trigonal-bisectrix plane. The
angle between the direction of the propagation
vector of sound wave q and the direction of the

magnetic field H was determined exactly from
the absorption anisotropy similar to the fork
effect found in bismuth. The angle 0 between
q and H was measured from the trigonal axis.

§ 3. Experimental Results

A recorder trace of the oscillation pattern for
180 Mc/sec sound wave at 1.2°K is shown in

Fig. 1.
Two different kinds of oscillations were ob

served: spike-like oscillations and sinusoidal os
cillations. The characteristic features of the

pattern are as follows.
1) The absorption peaks took the spike-like

character similar to that in giant quantum oscil
lations, when the field made the angles 20°+5°,
45°+20°, and —60°+25° with respect to the
trigonal axis in the trigonal-bisectrix plane. The
energy corresponding to the half width of the
peak was nearly equal to hTjlOO at the most
favorable direction of the magnetic field. The
half width of these peaks became the narrower
for the lower temperatures and/or the higher
frequencies. In Fig. 2 the half width is plotted
against temperatures.
2) For some directions of the magnetic field,

these peaks split into two, and for some direc
tions these split into four.
The reciprocal of the period of these oscilla

tions was proportional to the ultrasonic frequency.
If these spikes are numbered by integers n, the
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Fig. 1. Recorder trace of the longitudinal sound absorption of antimony at 1.2°K
vs. magnetic field intensity. Sound wave frequency is 180 Mc/sec. q along the
trigonal axis, H is rotated in the trigonal-bisectrix plane.

value of l/H at each peak was proportional to

A
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Fig. 2. Temperature variation of the half width
of the absorption peaks at 180 Mc/sec, q along
the trigonal axis, ̂ =21.6° from the trigonal axis.
O denotes the first peak at 915G and A the
second peak at 720G.

The period J(IIH) as a function of angle 0
of the magnetic field in the trigonal-bisectrix
plane is shown in Fig. 3. The points are ex
perimental results, and the solid curve is drawn
by the calculation discussed later.

§ 4. Discussion

The next two interpretations, (A) and (B), were
considered for these oscillations.

(A) If the oscillations are due to the electrons
in an extremal orbit, the resonance will take

place with the condition that the extremal dimen
sion of the electron orbit in real space is equal
to the integral multiples of the wave length.
This resonance condition is identical to the geo
metric resonance in the case of transverse pro
pagation. Using eq. (1) of ref. 6), the periods
for oscillations of the present experimental geo
metry are given by

j,,3(i/Fr)=-
2c (2/n^F)''"

[an(as3 sm^d+ajj cos^g—2^33 sin 0 cos df
(assSin^-ajsCOS^f J '

{(By+aiiaaa) sin^g-f4a„a33 cos^g4-4aiia33 sin 0 cosO^
4aii(ff33 sin ̂ -f2a23 cos -1- 12a33^ sin^0

where 7=a22a33—a^3. —e is the electronic charge, the reciprocal effective mass tensor elements de-
c the light velocity, 2 the sound wave length, 2mEY=^Pi-aij-Pj. The quantities onaaz.
m the electron mass, the Fermi energy, aij 011033 and 011023 were obtained experimentally
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Fig. 3. Periods of oscillations vs. the angle 6
between the magnetic field and the sound pro
pagation vector g. Sound frequency is 180 Mc/
sec, q along trigonal axis, H is rotated in the
trigonal-bisectrix plane. O denotes the period
of large spike-like oscillation, A small but spike
like oscillation, □ large but sinusoidal oscil
lation, and X the period of minor oscillation.

from the periods of the quantum oscillation of
ultrasonic attenuation in the higher field region.
Uij were evaluated by the substitution of these
values and the sound wave velocity at 4.2°K
(v3=2.30x 10® cm/sec), at 0=0° into eqs. (la)
and (lb). The numerical values thus obtained
are listed in Table I. Two branches of the ex
perimental data which were considered to be
hole branches, are in fair agreement with the
calculated curves. The above interpretation,
however, can hardly explain the following two
characteristic features of the present experiment.

1) Spike-like absorption peaks:
If these oscillations were due to the electron

in the extremal orbit, the width should be in
dependent of temperatures and the absorption
curve should take a nonresonant character. The
observed oscillations obviously contradict with
the above presumption.

Table I. Reciprocal effective mass tensor elements.
(in units 10"£'p=1)

Present Shoenbergi" Saito"' Eckstein et alAi
experiment (dH-vA) (dH-vA) (geometric resonance)

2) Splitting of the absorption peaks:
Provided that we try to explain the splitting

of the peak at H=9\0 gauss and d=2\.(>° in
terms of the geometric resonance due to the elec
trons in an extremal orbit, the observed split
ting implies that there exist two extremes in the
orbit which are very close to each other in their
geometry in momentum space. This implication
does not seem to be the case according to our
understanding of the band structure of antimony.

(B) The existence of sharp absorption maxima
was predicted by Kaner et al}'' and by Kaner^'
who claimed that the absorption was due to the
electron in a nonextremal orbit. The resonance
condition in this case is that the mean electron
displacement during one period of motion is not
equal zero, but

q-vt=27tn{n=l, 2, 3, ■ ■ (2)

when A<2nr€l, where v denotes the mean elec
tron velocity during one period, t the period
of motion, r the cyclotron radius, / the mean
free path and A equal to Ijq. If the Fermi

surface is closed, this condition is satisfied when
q is not perpendicular to H. According to
Kaner, the resonance peak may split, if
where t denotes the relaxation time, and give
two different sets of resonance peaks. The peak
positions and their periods differ by ±w, so that
the period for each series of resonance is given
by>

cm^ I q-v±a) \

where denotes the cyclotron mass at the limit
ing orbit which has a extreme value of q-v on
the Fermi surface, and w the angular frequency
of sound wave. From the splitting of the re
sonances it is possible to determine directly
and at the limiting orbit for a given orienta
tion of the q and H.

The splitting of the peak at 910G of attenua
tion curve at ^=21.6° is 18.8G. On substituting
this value to eq. (3) one obtains mJm^=OAAl.
This value is in reasonable agreement with that
of 0.166, which is derived from the Shoenberg's
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mass tensor.'"' v-qjq is found to be 2.21 x
10'cm/sec at the same time.
From these observations it seems that the spike

like absorption peaks observed here are not due
to the electron in an extremal orbit like the one

observed by Eckstein et but due to a non-
extremal orbit as predicted by Kaner et al.^\ The
reason is not clear why such resonance occurs

only in a certain range of the field orientation,
and why one spike-like peak splits into four
subsidiary peaks only for a particular range of
the field orientation. The possibility of the con
tribution from the electrons of a small effective

mass would be ruled out on account of our pre
sent knowledge on the band structure. The rea
son is now under investigation.
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COMMENT BY THE AUTHORS

It is suggested that some portions, at least, in the Fermi surface of antimony have a
negative curvature, which perturbs an ideal set of ellipsoidal surfaces. The reasons are the
following:

1) Orientation dependence of the cyclotron mass derived from the present experiment
showed some deviation from the lines which were drawn with the assumption of the
ellipsoidal Fermi surface.

2) Spike like oscillation occurred only in the certain range of the field orientation, and
one peak split into four subsidiary peaks for a particular range of the field orientation.

3) The line shape of our absorption peaks could be explained fairly well by the formula
for an extreme orbit in ref. 3) which had the extreme value of vq.


