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ABSTRACT

Large amplitude quantum oscillations in the

longitudinal sound velocity, | Ay [~ ]0’3, were observed
v

in cadmiun. The oscillations were studied as a function of

magnetic field up to 70 kOe and as a function of temperature

in the region 1.5 K ¢« T ¢ 4.2 K.




We report the first observation of quantum
oscillations in the longitudinal sound velocity in single
crystal cadmium The experiments were performed with the
propagation vector, q, of the lTongitudinal sound wave along
the hexagonal axis, [0001]. Magnetic fields up to 70 kOe,
generated by a superconducting solenoid, were applied along
the [0001] axis and at an angle ~2° from the [0001] axis,
in a (1120) plane. Changes in the sound velocity due to the

magnetic field were measured by a technique used previously,

1,2 -
Fractional changes of the order 5 x 10 5 in the sound

velocity V could be resolved. Attenuation measurements were

also made using conventional pulse-echo techiques.

In Fig. 1, the magnetit field dependence of the
velocity oscillations is shown foreséveral temperatures, for
10.6 MHz longitudinal sound waves. A Fourier analysis 3 of
- the data indicates that the strongest contribution to the
oscillations corresponds to a de Haas-van Alphen (dHvA)

7 Oe. This is the frequency D of

frequency fD = 1.61 x 10
Fletcher 55_31.4 Also present, with much smaller amplitudes,
are the frequencies fM = 5.5 x 1060e. and fC = 1.28 x ]O7Oe.
The frequency M has been observed previously by Grassie >
and by Joseph gﬁ_ﬁl.ﬁ very close to the [0001] axis. The
frequency C has been observed by Fletcher et al. A Fourier
analysis of the attenuation data showed them to be a
superposition of the same dHvA frequencies, but with amplitudes

proportionately quite different from those of the velocity

curves.




’

The effective masses of the carriers associated

with the dHvA oscillations were determined in the standard

manner, ! from the temperature dependence of the oscil.ation

amplitudes at constant magnetic field. From the velocity

*

oscillations, for H|| [0001], we found my = (0.15 + 0.02)m_,
me = (0.38 = 0.04)m°. and m; = (0.40 + 0.04)m°. For the

magnetic field in the orientation masses. From the velocity

oscillations we obtained m; = (0.42 = 0.04)m° and, from the

attenuation oscillations, we found m; = (0.15 ¢ 0.02)m° and

* ' ’
me = (0.38 ¢ 0.04)mo . We believe our results to be the
first measurements of the effective masses associated with

the orbits M, C, and D.

Quantum oscillations in the sound velocity may be

treated using a thermodynamic argument to obtain the electronic

7,8

contribution to the elastic constants. The treatment of

Rodriguez, 7

which is appropriate for desity of states
oscillations and which, therefore, should be valid for

qe N 1, has been used to calculate the amplitudes of the

9 10 2nd culO

velocity oscillations in Zn,] Ga, Ag,
Rodriguez assumes the longitudinal sound velocity to. be
determined by the bulk modulus and that the latter quantity
is given by the second derivative of the free energy with
respect to volume. Using this approach, and the Lifshitz-
Kosevitch expression for the free energy .,of an electron in a

n

magnetic field, one obtains an expression for theffractiona]

velocity shift  AV/V. See Ref. 7 Eq. (29), Ref. 9 Eq. (1),




and Ref. 10 Eq. (3). The last reference includes the effects

of electron scattering through the use of a Dingle temperature

TD.
In our experiments, TD was determined from a

- comparison of the experimental amplitudes A witthq. (3) of

172
Ref. 10. In Fig. 2, a plot of en [AH "% gipp (?g kT)7 vs.
T m
(o

1/H is shown for the amplitude A associated with the D

oscillations, for the magnetic field in the orientation of
Fig. 1. The amplitude A was obtained from a Fourier analysis
of the velocity oscillations in a small magnetic field
interval (~2 kOe) and was associated with the average value
of H in that interval. The solid line in Fig. 2 represents a
least squares fit to the data points and, from its slope, we
obtained Tp = 2.2K. This value of TD corresponds to an
electron relaxation time t ~ 5 x 1073 sec., from which we

estimate q¢ ~ 0.01, for 10.6 MHz sound waves.

Finally, we wish tc compare the peak-to-peak
amplitude of the D oscillations, obtained from the Fourier
analysis of the lowest curve of Fig, 1 (T = 1.53 K), with
the amplitude calculated from Eq. (3) of Ref. 10. From
experiment, we find |aV/V] = 9 x 10™%, a value which is
reproducible to within 20%. In Eq. (3) of Ref. 10 we use
the free electron value Ep = 8.85 eV.,]2 the above values
of TD and m; » and the mean value of the magnetic field for
the data of Fig. 1, H = 68.9 kOe. Taking the electron

2 2
g-factor equal to 2 and the geometrical factor |3 S/ak |
Z



equal to 2n, we calculate |aV/V]| = 5.7 «x 10°%. We consider

the approximations involved in the theory 9,10

and the fact
that neither the electron g-factor nor the geometrical factor

is known for the D orbit.

AKNOWLEDGEMENTS - The authors wish to thank Dr. Helion Vargas

for providing the single crystal of cadmium

and Profs. Nei F. de Oliveira Jr. and C.J.A.

Quadros for their continual support.




REFERENCES:

10.

11.

12.

MISSELL,F.P.; WISNIK,N.S; BECERRA,C.C. & SHAPIRA,Y -
Solid State Commun.,13:971, 1973.

NEURINGER,L.J. & SHAPIRA,Y.- Phys.Rev.,148:231, 1966.

FERREIRA,L.G. & QUADROS,C.J.A.- Phys.Lett.,28A:211,

1968.

FLETCHER,R.; MACKINNON,L. & WALLACE,W.D.- Phil.Mag.,20:
245, 1969.

GRASSIE,A.D.C.- Phil.Mag.,9:847, 1964.

JOSEPH,A.S.; GORDON,W.L.; REITZ,J.R. & ECK,T.G.- Phys.

Rev.Lett.,7:334, 1961.

RODRIGUEZ,S.- Phys.Rev.,132:535, 1963.

TESTARDI,L.R. & CONDON,J.H.- Phys.Rev.,B1:3928, 1970.

NEURINGER,L.J. & SHAPIRA,Y.- Phys.Rev.,165:751, 1968.

See also the comments on this work in Ref. 10.
BEATTLE,A.G.- Phys.Rev.,184:668, 1969,

LIFSCHITZ,I.M. & KOSEVITCH,A.M.,- Sov.Phys.-JETP,2:636,

STARK,R.W. & FALICOV,L.M.- Phys.Rev.lett.,19:795, 1967.




Fig.

Fig.

FIGURE CAPTIONS

Magnetic field dependence of the fractional change
in sound velocity. The magnetic field is at an

0 -
angle ~2  from the |0001| axis, in a (1120)

plane.

Magnetic field dependence of the amplitude A

associated with D orbit, for H oriented as in Fig. 1.

T =1.53 K.
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