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Giant quantum oscillations (GQO) are reported in both the electromagnetic-sound-generation efficiency
and the ultrasonic attenuation for propagation along the &, b, and < crystallographic directions_)in
gallium in a longitudinal magnetic field. With the exception of shear waves propagating along b, GQO
were observed for all sound polarization directions for this geometry. The GQO periods and
corresponding effective masses obtained from these measurements are in good agreement with those
found in the literature. Conduction-electron g values are deduced from spin splitting for the first time
along the 2 and ¢ directions. In many cases the oscillations are more pronounced in the generation,
and by suitable rf-coil orientation a single GQO period can be made dominant. This extra degree of
rotational freedom makes electromagnetic sound generation a very useful technique for the experimental
determination of a variety of band-structure parameters.

I. INTRODUCTION

Giant quantum oscillations (GQO) in the ultra-
sonic attenuation in a pure metal at very low tem-
peratures were first predicted theoretically by
Gurevich, Skobov, and Firsov! and were first ob-
served experimentally in bismuth by Korolyuk.?
Shortly thereafter, GQO were observed by Shapira®
in gallium. Shapira and his collaborators have
since investigated several different aspects of
these experiments quantitatively.*~® More recent-
ly, Dobbs, Thomas, and Hsu’ observed experi-
mentally that GQO also are present in the con-
version efficiency of electromagnetic sound genera-
tion in bismuth. This experiment, as well as sub-
sequent work by Hsu and Thomas,® indicated that
the GQO effects can be considerably more pro-
nounced in the generation process than in the at-
tenuation of the propagating wave.

In this paper we present experimental observa-
tions of GQO in both the electromagnetic genera-
tion efficiency and the attenuation of sound waves
in gallium. We extend the earlier attenuation mea-
surements of Shapira®=® to include both shear wave
and longitudinal wave propagation along all three
high symmetry directions. From these data we
determine values of conduction-electron g factors
for the first time with the magnetic field along the
3 and ¢ axes. In addition, we observe essentially
all of the de Haas-van Alphen periods reported in
the literature for the three principal directions and
are able to assign cyclotron effective masses to a
number of these periods from measurements of
the GQO line shapes. It is demonstrated by this
example in gallium that the new technique of using
a rotatable coil to generate the sound waves offers
a number of practical advantages for experimental
determination of a variety of band-structure pa-
rameters. For instance, the GQO are not only
usually more pronounced in the generation effi-

loo

ciency, but also can be simplified considerably by
proper rf-coil orientation. In turn, the GQO
themselves have linewidths and spin-splitting
which are readily related to the corresponding cy-
clotron effective masses and g factors, respec-
tively.

II. EXPERIMENTAL TECHNIQUE

Two single-crystal specimens were used in the
present measurements. They were grown by di-
rectional seeding from the melt starting with
99.9999 +% nominal purity gallium metal.® Speci-
men B-6 was grown with two sets of plane parallel
faces: one set normal to the 3 axis was spaced
1.31 cm apart, the other set normal to the b axis
was spaced 1.61 cm apart. Specimen B-9 was
grown with a set of faces normal to the ¢ axis,

spaced 1.51 cm apart.
Pulse-echo techniques were employed, using a

coil to generate and a quartz transducer to receive
the sound pulse when studying the generation, and
utilizing the quartz transducer for both conversions
when studying the ultrasonic attenuation. The
quartz transducer was always bonded to the same
face for a given direction of propagation, using
silicone fluid as a bonding agent. Most of the mea-
surements were made using a superconducting
solenoid, with the direction of sound propagation
being along the magnetic field. A sample holder
was employed!® which allowed the rf coil to be ro-
tated in a plane parallel to that of the sample face.
Measurements of GQO were made over the fre-
quency range 10-50 MHz, and in some cases up

to 300 MHz.

IIIl. THEORY

The theoretical treatments for the GQO periods,
line shape, amplitude, and spin-splitting have
been reviewed by Shapira® for the case of the ultra-
sonic attenuation. Since the background changes
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are reasonably slowly varying functions of mag-
netic field, it seems reasonable to expect that
similar results should hold for the periods, line
shapes, and spin splittings observed in the elec-
tromagnetic generation efficiency. A necessary
(but perhaps not sufficient) condition for observa-
tion of GQO is® B=(2kT/m*)Y%qr >1, while suffi-
cient conditions are® B>1; wr>1. Here, q and
w are the wave number and angular frequency of
the sound wave, m* is the effective mass of the
carriers, k is Boltzmann’s constant, and 7 is the
electronic relaxation time, which is estimated
from other measurements!! to be r=3x10™ sec

at T=1.2 K. For these samples at 10 MHz and
T=1.2 K we estimate that typically B~4 and wr
~0.3. Since both m* and t depend on the group of
electrons (holes) under consideration, it is possi-
ble for the condition B>1 to be violated for one
group of carriers under the same conditions for
which it is satisfied for another group. It has been
pointed out® that a useful indication of the unim-
portance of collision broadening is that all line-
widths be independent of frequency. This was ob-
served to be the case for all the present data, with
the exception of very slight broadening of the a-
axis data at 10 MHz. In all cases only data taken
for frequencies higher than 20 MHz were used to
estimate effective masses, and in this frequency
range no collision broadening was observed.

For the geometry chosen for these experiments,
and for intra-Landau level electron-phonon scat-
tering, the period in B! of the GQO is very close
to that of the de Haas-van Alphen effect,

P=2ne/licA,, (1)

where A,, is the extremal cross-sectional area of
the Fermi surface which is normal to the magnetic
field. From the full width (5B,), at half-maximum
of the nth GQO, one may determine the effective
mass from the following relationship®:

kTB, P\ m*
= Zo0p"
(6B,), 3.53( - )2 - @)

where
Lp=en/2m,c .

In several of the experimental traces which will
be presented in Sec. 1V, structure is evident in
the high field GQO which is identified as being due
to spin splitting of Landau levels. An alternative
description might be considered in terms of two
close, but nonidentical, GQO periods being super-
imposed. As has been pointed out earlier by Sha-
pira,* however, this possibility is easily ruled out
experimentally for the case of reasonably low Lan-
dau level number, 7= (PBOH)'l, as such a situation
would lead to different values of g when adjacent
(assumed) spin-split GQO are analyzed according

to the expression*

2m, (By—B
£ 20t (B ). ®)

Here, m, is the mass of a free electron, B, and

B, are the subpeaks of the spin-split GQO, and !

is an integer, most likely to be 0, corresponding
to the case in which the two subpeaks arise from
electrons in the same Landau level. It should be
noted that in analyzing the GQO line shape to esti-
mate the effective mass, it is desirable to examine
a well-resolved spin-split subpeak at very high
fields.

IV. RESULTS
A. Sound Propagation along the 2 Axis

The utility of having extra degrees of freedom
associated with the relative rf-coil orientation
when measuring electromagnetic generation ef-
ficiencies is well illustrated in the 2-axis longi-
tudinal wave traces displayed in Figs. 1 and 2.
The attenuation GQO are rather complicated, as
is the generation signal when _ﬁ,, (the component
of the rf electric field in the plane of the sample
face) is along the ¢ axis (Fig. 1). For E,, along
the b axis, however, a nearly pure GQO period
(19.7x10"7 G™) is seen in the generation (Fig. 2),
which in turn can be used to identify the same
period in Fig. 1. Subsequent analysis leads to the
identification of the second set of Landau levels
designated in Fig. 1. None of the high-field peaks
in this configuration are noticeably spin split at
these fields. It is interesting to note that in this
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FIG. 1. Recorder tracing of the one pass generation
(E,¢11 &) and six pass attenuation of 10, 3-MHz longitudinal
waves in gallium at 1.2 K with §Il Byl 3. There are two
identifiable periods present: (1) 19.7x10"7 G*! with high-
est field (minimum) Landau level n=9; (2) 11.3x10°? G™!
with minimum »=16.



5458
T T T T T T T T T 1
que nBgna
Erfllb
10.8 MHz
1.2 K
z
o
[
<
o
w
&
I T T O I
o n=16 12 10
[T S VR NS SR S SN S N

0 10 20 30 40 50
Bo (kG)

FIG. 2. Recorder tracing of the three pass 10 8-MHz
longitudinal wave generation for fﬂll b with Il Byll 3.
Note that orienting E. along b singles out a pure period
(19.7x10°" G) from among those present in Fig. 1 for
the same direction of propagation along ﬁo. The small
amplitude oscillations at high fields have a period of
0.412x10°7 G,

geometry (gliB,) the Lorentz force on the rf eddy
currents which would give rise classically to a
compressional strain is zero.

Similar measurements were made of the shear
wave generation and attenuation both for the fast
shear (€|lb) and slower shear (€/€) polarizations.
Several new periods were seen, although one of
the dominant periods from the longitudinal trace
(11.3x10"7 G™!) was not observed in any of the shear
wave traces. Figure 3 is illustrative of the slow
shear wave generation GQO, and shows spin split-
ting for B;>25 kG. The same nearly pure period
with comparable spin splitting was also observed
in the slow shear wave attenuation along the 2 axis.

B. Sound Propagation along the b Axis

Shapira’s measurements®~® were made primarily

on longitudinal GQO in the attenuation for this con-
figuration. Our longitudinal GQO in the attenuation,
measured in the range 10-190 MHz, were very
similar to Shapira’s®=® higher field traces. In addi-
tion, we observed GQO’s in the longitudinal wave
electromagnetic generation. For shear wave propa-
gation along the b axis, no GQO were observed in
the attenuation or the generation of either the fast
or slow shear wave modes. Except for a few os-
cillations at low fields (Doppler shifted cyclotron
resonance),! the attenuation was practically flat

up to 55 kG, and the generation increased mono-
tonically with B,. As this was the same sample
(B-6) used for the measurements described above
for propagation along the 2 axis, it would seem
that the free-electron model selection rule (an

=11 for shear waves with q||B,) holds for this set
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FIG. 3. Recorder ~ tracing of the one e pass slow shear
wave generation for Bl b (&,) with dI ByllZ. A pure
GQO period (40.6x1077 G!) is present which shows spin
splitting at high fields.

of carriers and that wr is not sufficiently large to
observe such transitions.

C. Sound Propagation along the ¢ Axis

As was the case for propagation along the 2 axis,
the longitudinal wave attenuation was complicated,
with several periods superimposed. The electro-
magnetic generation with -ﬁ,, along S, however,
was both more pronounced and greatly simplified.
Although a fast period oscillation was seen at high
fields, there was no evidence of spin splitting for

1.2K
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FIG. 4. Recorder tracing of the one pass generation
(¢£,) and two paes attenuation of shear waves with qll Bll &.
In both cases a pure long period (50.8x10"7 G*!) dominates
and shows spin splitting at high fields. It can be seen
that the GQO are more pronounced in the generation for
this period. Additional short periods (1.17x10"7 G~
and 0.78x10°" G™) are seen at high fields.
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the longitudinal wave generation or attenuation.
GQO were seen both in the attenuation and gen-
eration of shear waves (Fig. 4), being more pro-
nounced for the generation. Spin splitting was ap-
parent for B, > 25 kG, although somewhat obscured
at top field by the strong fast period oscillations.

D. Summary of GQO Periods

In addition to the GQO measurements described
abovgl low-field quantum oscillations were studied
with B, nearly normal to . The results of all the
ultrasonic quantum oscillation periods are sum-
marized in Table I, together with those previously
reported for these symmetry directions by several
other workers. It can be seen that there is good

internal agreement of the high-field and low-field
periods in the present work, as well as good agree-

ment with values reported by other workers.

E. Cyclotron Masses and g Factors

In those cases for which well-defined GQO of a
single period could be identified, after determin-
ing the periods as summarized above, estimates
were made of the corresponding cyclotron effec-
tive masses and g factors using Egs. (2) and (3),
respectively. The results are given in Table II.

The GQO for shear waves propagating parallel
to the magnetic field and along the 2 axis, [P
=(40.6+0.3)x10™" G™], showed spin splitting at high
fields (see Fig. 3). Using the expressions given
in Sec. III, we find an effective mass from these
oscillations of m*/m_=0.35+0.02, which compares
very well with Moore’s!® value for his branch M
along the 3 axis. This set of carriers also ap-
parently was observed as the dominant signal in
acoustic cyclotron resonance by Lewiner!® (his
branch I in the ab plane), and by Alquié and Le-
winer!” (branch C,). The g factor deduced from
the spin splitting of these GQO (assuming [=0) is
lgl=1.7+0.1. Our estimate of m*/m,=0.15 for
P=19.7%10"7 G™! is also in good agreement with
Moore’s®® 3 axis branch B, and our estimate m*/
m,=0.32 for P=11.3x10"7 G™! has no apparent
counterpart in Moore’s's data.

The GQO for longitudinal waves propagating paral -
lel to the magnetic field and along the baxis, P=(29.5
+0.3) %1077 G, yielded m*/m,=0.063 +0.008.

This agrees very well with the measurements by
Shapira and Lax® of the four oscillations between
60 and 140 kG. Their analysis by computer fitting
the field and temperature dependence of the entire
linewidth including spin splitting gave a value of

TABLE I. Comparison of de Haas-van Alphen periods in gallium (units of 107 g™Y).

Goldstein and Foner®

Shapira Lyall and

Axis  This work® Rotation On Axis Shoenberg® and Lax®  Cochran®
40,6+0.37 41.66
27.4+0.2
3 19.7+0.2 20.2 19.8 20.0 20.0 19.65
19.6+0.1¢
11.3+0.3" 11.69 11.56 11.49 10.98
0.412+0.004 0.426 0.431 0.435
29.5+0.3" 28.98 29.85 29. 24 30.3 29.8+1.5 29. 59
29.4+0,1%
b 13.7+0.3 13.79  13.6 14
0.53+0,01 0.52 0.535 0.526 0.55
0.31+0.02 0.333 0.333 0.326
50.8+0.8°
50.4€ 50.0 50.0 50.0
47.7 47.8 47.62
¢ 45.1+0.8 45.45 44.44 43.10 45.45 45.45!
45,0+0.8% 12.05
13.0+0.28 13.07 13.15 13.15
1.17£0.01 1.2 1.176 1.176
0.78+0.02 0.769 0.781 0.781

*High field GQO, JIl B,.
PReference 12.
°Reference 13.
dReference 5 (GQO).

*Reference 14 (sound velocity quantum oscillations).

INot seen in longitudinal wave GQO.
8Low-field GQO, JL15,.
bNot seen in shear wave GQO.

iReference 14 (skin depth quantum oscillations).
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TABLE II. Estimates of cyclotron effective masses and g factors using Eqgs.

(2) and (3).
m*/m, g factor®
Axis P (in units of 10'G) GQO  Moore® (branch)  This work Shapira®
40.6 0.35 0.347 (M) 1.7+0.1
i 19.7 0.154 0.154 (B)
11.3 0.32
8 29.5 0.063 0.0513 (C) 0.7+0.1 0.95+0.11
13.7 0.27
: 50.8 0.13 0.140 ') 1.9+0.3
13.0 0.43¢ 0.437 ()

2Calculated assuming GQO values for m*/me

PReference 15.
°Reference 4.
dAnalyzed from the generation data.

m*/m,=0.065 +0.005, close to Moore’s’ value
for his branch C (m*/m,=0.051). The spin split-
ting observed in the present work for this direction
was barely resolved at 50 kG, yielding a value of
lg1=0.7+0.1, in reasonable agreement with Sha-
pira’s estimate of gl =0.95+0.11 (again it is as-
sumed that 1=0). The small splitting is responsi-
ble for the larger uncertainty for |g| from these
data. Alquié and Lewiner!” have also apparently
observed this set of carriers by acoustic cyclo-
tron resonance, but with considerably greater ex-
perimental uncertainty, and they also identify
this branch (A5) in the bc plane with Moore’s?’
branch C. The other mass (m*/m,=0.27) which
we estimate along B for P=13.7%x10"" G™! has no
apparent counterpart in Moore’s®® data.

The GQO for shear waves propagating parallel
to the magnetic field and along the ¢ axis, P
= (50.8+0.8) X107 G, yielded m*/m,=0.13
+£0.02, which is close to Moore’s'® value of m*/
m,=0.140 for his branch M’, as well as Alquié
and Lewiner’s'” branch A6. Analysis of the spin
splitting of the n=4 level (assuming ! =0) yielded
lg! =1.9+0.3. Our estimate of m*/m,=0.43 for
P=13.0%10"7 G! suggests that this corresponds to
Moore’s'® branch U.

V. DISCUSSION

We have presented GQO data for sound propa-
gation along each of the high symmetry directions
in gallium. In each case, the oscillations are
present in the electromagnetic sound generation
efficiency wherever they are present in the attenu-
ation. With the exception of the b axis, for which
none were observed in shear wave generation or
attenuation, GQO were observed for all possible
sound polarizations. In general, the GQO could be
greatly simplified in the generation by a judicious
orientation of the rf fields, and were usually sim-

pler for the shear wave configurations than for
longitudinal waves. Usually different groups of
electrons dominated the GQO for shear waves than
for longitudinal waves, and the composite set of
periods was seen to include nearly all those pre-
viously reported in de Haas-van Alphen effect
studies (see Table I).

The absence of observable shear wave GQO
along b in a longitudinal magnetic field at the fre-
quencies utilized in this work suggests that the
free-electron model selection rule Az =+1 holds
for this geometry. We estimate that for 7~3
x10"? sec, appropriate to these samples, An=x1
GQO may be observable at x-band ultrasonic fre-
quencies. Experiments are presently underway to
search for such oscillations, which should be re-
lated!® to nonextremal cross sections of the Fermi
surface of gallium.

We have observed spin splitting in the shear
wave GQO along 2 and ¢, as well as in the longi-
tudinal wave GQO along ‘5, which was previously
reported by Shapira.® We have deduced for the
first time g factors for groups of electrons which
interact strongly with shear sound waves along a
and ¢. Additionally, from the line shapes of the
GQO we have deduced the effective masses cor-
responding to a number of these periods and find
values which are in reasonable agreement with
ones observed in cyclotron resonance experi-
ments, 17

In summary, the application of electromagnetic
sound generation techniques to GQO studies has
been demonstrated to be very useful in the deter-
mination of a variety of band-structure parame-
ters in a metal which has a complicated Fermi
surface such as gallium.
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