
0 H Y81Cxf. k e Vi RN

Magnetic Field Dependence of the Velocity of Sound in
Ultrapure Cd and Cup

B. G. W. Yzz* ANn J. D. GAvzNnA

DePariraent of Physics, Unisersciy of Texas, Atssiin, Texas 78712
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The change in the velocity of sound in very pure Cd and Cu as a function of the intensity of a perpen-
dicular magnetic 6eld has been measured for ql»1. The velocity oscillates in phase with the oscillations in
the attenuation. The amplitude of the relative changes in the velocity is about 10 '. A standing-wave
resonance technique which eliminates the sects of stray electrical signals is described. It takes advantage
of the fact that transmitted signals for even and odd numbers of half-wavelengths within the sample dier
in phase by 180'. The techmque is readily adaptable to automatic recording systems.

1. DTTRODUCTION
' 'N 1954, Alpher and Rubin' showed that the velocity
~ ~ of sound in metals ought to have a quadratic de-

pendence on the magnetic 6eld intensity under the
condition that l(&X, where / is the electron mean free
path and X is the wavelength of sound. This eGect has
been veriaed experimentally by Galkin and Koroliuk' in

polycrystalline Sn and Al, by Beattie, Silsbee, and
Uehling' in polycrystalline Al and Mg, and by Alers and
Fleury' in single-crystal Au, Ag, Cu, Al, Ta, and V.

In 1963, using a free-electron model, Rodriguez~

predicted the oscillation of the velocity of sound in

metals as a function of magnetic field intensity for field

values below the quantum region. These oscillations are
related to the oscillations in the attenuation of ultra-
sound caused by geometric resonance. As in the case of
the attenuation, the two conditions that are required for
the observation of the oscillations in the velocity are
q/&1 and ra,r)1, where q=2sr/X, ce, is the electron
cyclotron frequency, and v is the electron relaxation
time. From the results obtained by Rodriguez, one can
show that the relative velocity change A V/V is related
to the attenuation 0. by

~V/V=( ./2)( /q)

for compressional waves with the applied magnetic 6eld
BsJ q in the limit ql&)1, car(1. Thus one expects
oscillations in the velocity of sound analogous to the
magnetoacoustic oscillations in the attenuation.

The observation of these oscillations in the velocity
was reported by Beattie and Uehling' in 1966. Their
experiment employed a 100-MHz longitudinal wave

propagated in single-crystal Al at 4.2'K. However, be-
cause of experimental diQiculties, the periods of the
oscillations were well dered but not the amplitude nor
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the phase. They found occasional unexplained reversals
in the sign of the velocity shift. That is, in one experi-
ment they found the velocity to be a maximum for a
given magnetic field value, while in another experiment
they found the velocity to be a minimum for the same
value of magnetic 6eld, and the amplitude of the
velocity shift diGered by as much as several hundred
percent from one experiment to another. However, the
periods of the oscillations did indicate values of electron
momentum which agreed with those obtained from the
periods of the oscillations in the attenuatiori.

The purpose of this paper is to describe an experi-
mental technique and a scheme for interpreting the
results which greatly improve the repeatability of
measurements of changes in the velocity of sound. The
technique has been applied to very pure single crystals
of Cu and Cd with results which are reproducible within
1/% in the worst case.

2. EXPEMMENTAL METHODS

The choice of experimental technique to measure the
velocity shifts as a function of the magnetic field in-
tensity is restricted by the fact that the attenuation of
compressional waves generally increases as l increases.
The resistivity ratio (psw K/p4. s I) of the Cu sampler
used here was found to be about 35 000 by the eddy-
current decay method. The Cd sample came from the
same stock as used by Gavenda and Chang, ' and its
resistivity ratio was found to be in excess of 30 000 by a
standard four-probe resistance-measuring technique.
Both the Cd and Cu samples are estimated to have
q/ —100 at a frequency of 33 MHz. Consequently, at this
and higher frequencies, the sound wave is heavily
damped at large values of J30.

The technique chosen for these experimental condi-
tions was a continuous-wave resonance technique. The
primary limitation on the accuracy is the stability of the
continuous-wave oscillator used /about 6 parts per
million (ppm) at 33 MHz, and 3 ppm at 55 MHzl. The
principle behind this technique is that the sound wave

~obtained from A. F. Clark, National Bureau of Standards,
Boulder, Colo.

8 J.D. Gavenda and F.H. S. Chang, Phys. Rev. Letters 16, 228
(1966).
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that the velocity is changed, the system is no longer in
resonance because the wavelength is now diGerent.
However, the system can be brought back into reso-
nance by changing the frequency to some value fi such
that the wavelength becomes equal to X0 again. That is,
fi is adjusted so that
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FIG. 1. Schematic representation of apparatus for velocity of
sound measurements.

forms standing-wave patterns in the composite system
of transducers, bonding material, and sample. (Rela-
tively unimportant sects of phase shifts at boundaries
will be ignored here. ) When the frequency is such that
there is an integral number of half-wavelengths of sound
in the composite system, the system is in mechanical
resonance. For a given total length of the system L and
a resonance frequency fo at zero magnetic iield, the
condition for resonance is

L=n (Xo/2),

where Xo——Vo/fo, Vo is the velocity of sound at zero
iield, fo is the resonance frequency, and n is an integer.
If an external magnetic field is applied to the sample so

where fi=hf+fo. Since Xpfo V0, t——his expression re-
duces to

hV =Xphf.

Thus the velocity change can be measured by measuring
the change in frequency needed to bring the system back
into resonance.

Figure 1 shows the block diagram of the experimental
setup used in the measurement of the velocity changes.
Before discussing the details of the system it will be
helpful to look at Fig. 2, which shows the output of the
detector plotted as a function of frequency for a con-
tinuous-wave signal. A series of resonance peaks are
superimposed on the response curve determined by the
finite bandwidth (approximately 1.5 MHz) of the
transducers and associated tuned circuits. The fre-
quency separation 8f between the peaks for L))X is
found from (2) to be

bf= V/21. .

If the oscillator is given a small amount of frequency
modulation, the detector output will be proportional to
the amplitude modulation caused by the slope of the
response curve. That is, the output of the detector will
have an ac component at the modulation frequency with
amplitude and phase related to the slope of the response
function. At a resonance peak the slope is zero, so the
output is zero. The output is measured with a phase-
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FIG. 2. Detector output volt-
age versus frequency for com-
pressional waves in Cd at 77 K.
Voltage maxima occur near
standing-wave resonances.
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VELOCITY OF SOUND IN Cd AND Cu

sensitive detector to enhance the signal-to noise ratio
for the system.

The data presented below were obtained in the follow-
ing fashion: With zero applied Geld, the center fre-
quency of the FM oscillator was adjusted until the
output of the phase-sensitive detector read zero, then
the reading of the frequency counter was recorded. A
small magnetic Geld was then applied, the oscillator
readjusted for a null, and the new frequency recorded.
This procedure was repeated for- increasing values of the
field, using steps suKciently small that there was ~o
danger of getting over onto another resonance peak.

The construction of the sample holder is found to be
critical in the velocity measurements. In order to use a
continuous-wave signal, the receiving end of the holder
must be electrically isolated from the transmitting end.
If it is not, the electrically coupled signal E„when
mixed with the acoustic signal, i.e., the electrical signal
E, that is converted from the sound waves by the
quartz transducers, produces an apparent velocity
change, for reasons to be expla, ined in Sec. 3.

Figure 3 shows the details of the sample hoMer that
was used in the measurements. The upper and lower
housings, as well as the collar, which was machined to Gt
the sample, and the spacer are made of brass. The
position of the upper housing is held Gxed by the thin-
walled stainless steel tubes which serve as grounds for
the two shielded signal leads. The inner conductor of the
central lead is also made of thin-walled stainless steel
tubing, while the inner conductor of the side lead is a
f24 copper wire which is insulated from ground by
means of rubber spaghetti. A cylindrical brass sleeve
(not shown) encloses the entire assembly.

The edges of the coaxially plated transducers are
soldered to a grounded cylindrical probe with indium
solder in order to reduce the direct-coupled electrical
signal. The electrical coupling was further reduced by
electrically grounding the sample to the collar with
silver paint.

3. EXPERIMENTAL RESULTS AND
INTERPRETATION

A. Effect of Eleetriea11y Coupled Signals

The Cd data were obtained with compressional waves
propagated in the L1210j direction, which was perpen-
dicular to the direction of the magnetic field Bo. The
length of the Cd sample along the 11210j direction is
1.003 cm. The Cu data w'ere obtained with compres-
sional waves propagated in the L110j direction, which
was also perpendicular to Bo. The Cu sample length
along the L110j direction is 1.29 cm.

A modulation frequency of 88 Hz and deviations of
4 to 6 kHz were used in determining the frequencies at
which resonance peaks occurred. An example of the
results obtained when a relatively large electrically
coupled signal was present is shown in Fig. 4. The curve
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Fxo. 3. Sample holder and supporting assembly.

obtained for one resonance peak, indicated by +,
follows the attenuation curve, while the curve obtained
from an adjacent resonance shows a drastically diGerent
behavior with peaks and dips interchanged in some
cases. This is reminiscent of the results of Beattie and
Uehling. '

The relative amount of electrical coupling E, mea, -
sured by comparing the amplitude of the direct elec-
trical pulse with that of the Grst acoustic echo using a
pulse technique, was about 20/q of the acoustic signal
at zero Geld for this run. If the electrical coupling is
reduced by more careful attention to grounding, or by
balancing out some of the electrical signal with a bridge
circuit, the velocity shifts measured for two adjacent
peaks turn out to be much more consistent, as data
presented below will show.

The explanation for this behavior lies in the fact that
the amplitude as well as the velocity of the acoustic
signal changes as a function of magnetic Geld. Since the
detector output is the resultant of the acoustic and
electrical signals, it depends on the phase and amplitude
of each. The reason that adjacent resonance peaks show
different behavior is that they occur for odd and even
numbers of half-wavelengths within the sample, so that
the acoustic signal reverses phase for alternate peaks.
These beets will now be shown explicitly.

One can express the voltage at the receiving trans-
ducer as the resultant of two signals: an electrically
coupled signal E,e'&, where (f is the phase of this signal
referred to the voltage at the transmitting transducer,
and the acoustic signal E„where

ps(i Ea/S& I 'j(Sm+n-
tan

0. is the energy attenuation coefficient and ns is the
number of round trips of the acoustic wave through the
sample following successive reflections (assumed per



yEE AND J. D. GA YEN DA

I 1

/

0 200 400 600 800
METIC REM (GAUSS)

velocit change AV/V and attenuation a of SS MHs. compressional waves in Cd at 4.2'K versus magnetic Geld
~ ~ . L

m, ' 0 Og
'

th (1210) lane Measu. rements of aV/V are shown for two adjacent standing-wave
$44gf-4Hz data shifted upward 3X10 ' for clarity.x'esonsIKcs arith the

)&a)'=~'
g,s+2p@sfg~r Is cos(qI $) e' "—c»(-8+4')3

4(cosh' —«s2g)

(2~&/~s~ )leos(8 —Q)—s-~r cos(g+@)g
t

4(coshrrL, —cos2g)

wllcl'c tlIc upper sign is for even ~ ~d @
dd ts' Note tllat the amphtudes of alternate r~o

propox'tidal to g ~+ch gjvcs
cahot fog )MgHlg the RIOUDt of clcctx'Icaj cQ'UPllng

PlegcQ$ 1G RB CxpcI'HQCQf„

The locations of the ma~a a,re found by tang the
QcTlvhtlvc of Qlc cxpx'cssIoH, above Mls I'cspcct, to 5 RBd
scttmg it equal to zero. This yields

(1a(Ee/Zss ~Is)Leos(g —y) —s-o~ cos(b+y)g) sin28

+Lsm(g —y)+e-" sm(g+y) jsly x=0 (5)

(under the assumption that E.and n are slowly varying
fUDCt3QX18 Gf fX'CqUCQCQ, SO Blat thCK CfCBVRtlVCS QMg be
neglected).

Now it is apparent that the vs,lue of 8 which satis6cs
Eq:. (5) will be a function of the attenuation a, which is a
function of Bs unless Q ls 0 or K. In ol'dcl' to permit onc
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to judge the apparent velocity shift (hV/V)g=l/rrs
resulting from the dependence of the resonance fre-
quencies on a, a family of curves showing (hV/V)~ as a
function of a for different values of @is plotted in Fig. 5..
One can see that the eGect of the Geld dependence of n
can be reduced by keeping the electrical coupling to a
minimum, and keeping its phase near zero or 180'.
Whether this has been achieved can be determined by
making measurements with two adjacent resonances
and comparing them, since the results will diBer only if
electrical coupling is eftective. Furthermore, as Fig. 6
shows, for reasonably small E=E,/Ese ~" the ap-
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Fxo. 6. Apparent velocity shift caused by electrical coupling

versus total attenuation for 8=0.0j.. For these small values of aL,
the shifts are essentially equal in magnitude but opposite in sign
for alternate resonances.
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In the work reported here, attempts were made to
reduce direct electrical coupling to the point where
r'esults obtained using adjacent resonances were in good.
agreement, and then these results were averaged to
obtain better values for the actual velocity shifts.

B. Results for Cd

After the electrically coupled signal was reduced so
that 2=0.02 at 33 MHz, the results shown in Fig. 7
were obtained. Here the magnetic Geld is perpendicular
to 10001j, so that an open-orbit resonance appears near
650 G. The curves for the two diGerent resonance peaks
are quite similar to one another and to the attenuation
curve.

In Fig. 8, the averages for the two resonance peaks
used in Fig. 7 are indicated by the + s, while the results
from a different run with di8erent transducer bonds,
etc., are indicated by the O's. It is clear that we have
achieved reproducibility of both phase and amplitude of
the velocity oscillations.

FIG. S. Apparent velocity shift (hV/V)g resulting from elec-
tricaHy coupled signal with E—E,/e "~/~=0.01 as a function of
total attenuation et,where 1.is the sample length, g, is the number
of half-wavelengths of sound in the sample, and @ is the phase of
E,.The effect for other values of E can be found approximately by
adding —,'I 20 Iogqs(E/0. 01)g to nl.

2.0
3.0

parent shifts for successive maxima will be of ap-
proximately equalmagnitudes but in opposite directions;
thus a rather good value for the true velocity shift can
be obtained by averaging the measurements for suc-
cessive resonance peaks. The apparent shifts will be
exactly equal and opposite for p= 90'.

We can now attribute the large discrepancy between
the two velocity curves in Fig. 4 to the presence of an
appreciable electrically coupled signal in that experi-
ment. Presumably, similar eGects were present in the
work of Beattie and Uehling. '
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and Be~~ I 0011.Figure 9 shows the velocity shift for two
adjacent resonances at 33 MHz with 8=0.04. , The
attenuation is also shown for comparison. Another run
where the coupling was reduced so that 8=0.02 is
shown in Fig. 10. Averages of the data for the two runs
are plotted against f/Bo in Fig. 11.The period of the
oscillations corresponds to a momentum of j..39&10 '9

g cm/sec, which agrees within the experimental un-

certainty with the value obtained by Bohm and
Easterlinge: 1.374X10 "g cm/sec.

4. SUGGESTIONS FOR FURTHER
IMPROVEMENTS

Fzo. 8. Relative velocity changes in Cd for two diferent experi-
mental runs compared with the attenuation a as a function of
magnetic Geld. Run Cd VI1 is the average of the curves in Fig. 7
shifted upward 10 4 for clarity.

C. Results for Cu

AB of the measurements reported here in Cu were
made with longitudinal sound propagating along I 110j

Our results show that, with proper care, it is possible

to measure changes in the sound ve1ocity with suQicient

precision to study magnetoacoustic eGects in pure
metals. In order to make this technique as convenient as
that using the attenuation, however, a straightforward
method for recording data as a function of Geld in-

tensity must bc developed.
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FIG. 10. Relative velocity shifts
measured for the same geometry as in
Fig. 9, but with electrical coupling
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Ke have made some progress in this direction by
using the output of the phase-sensitive detector to
control the center frequency of the FM oscillator. There
is a tendency for the system to oscillate as a result of
phase shift in the feedback loop, but this can be
eliminated by proper shaping of the system response
function. One can then sweep the magnetic 6eld and
record the velocity either in digital fashion by counting
the output frequency of the oscillator, or in analog
fashion by attaching a frequency-to-voltage converter
to the oscillator and recording its output.

Another variation of this technique which is being
explored eliminates the frequency modulation of the
oscillator and relies on phase-sensitive detection at the
oscillator frequency. Again the output of the phase-
sensitive detector can be used to control the oscillator
frequency in order to keep the system in resonance when
the sound velocity changes. If one also measures the
amplitudes of the signals for adjacent resonances (which,
of course, include some signal due to electrical coupling),
it should be possible to determine both velocity and
attenuation using a continuous-wave scheme. One would

then know the frequency of the ultrasonic wave much
more precisely than is possible with a pulsed signal,
with consequent improvement in the precision of

magnetoacoustic data, particularly that involving sharp
resonance effects.

Simultaneous measurements of velocity and attenua-
tion may also shed further light on relaxation phe
nomena associated with magnetoacoustic effects. The
real and imaginary parts of the sound propagation
vector q are related through ~v, at least for ~x&&1 and
ql))1 as shown in Eq. (1).If the effects of nonspherical
Fermi surfaces can be properly accounted for, it may be
possible to measure ultrasonically the effective relaxation
times of various groups of electrons in metals.

5. CONCLUSIONS

The change in the velocity of sound in Cd and Cu as
a function of magnetic field intensity has been measured
under conditions where q/&)1. The velocity oscillates in
the same manner as the attenuation under similar con-
ditions; therefore the periods of these oscillations can be
used to determine Fermi-surface extremal dimensions.

The magnitude of the velocity shifts (about one part
in 10') is easily observable if proper precautions are
taken regarding the effects of stray electrical signals. A
standing-wave resonance technique which takes ad-
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vantage of the phase reversal between resonances having
even and odd numbers of half-wavelengths within the
specimen is shown to be successful. A method for
adapting the technique for automatic data recording is

presented, along with suggestions for simultaneous

measurements of velocity and attenuation of sound

waves.
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