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Using a free-electron model, the temperature and angular variations of the electron mean free path in
cadmium and zinc have been determined from magnetoacoustic experiments. The mean-free-path depend-
ence of the high-field saturation attenuation and the ultrasonic open-orbit resonance height were used for
investigations in cadmium from 1 to 9°K and in zinc from 1 to 4.2°K. When the data were corrected for the
temperature variation of the Debye temperature, it was found that the mean free path varies approximately
as T for electrons in closed orbits and as 7 for electrons in open orbits. Anomalous behavior in the
temperature variation is observed below 3°K and seems to be related to the resistance-minimum effect. The
interpretation of the angular variation of the mean free path is complicated because cadmium and zinc
have Fermi surfaces of more than one sheet, but the data indicate approximately an order-of-magnitude
variation over the Fermi surface in both cadmium and zinc.

I. INTRODUCTION

REVIOUS investigations have shown that various

magnetoacoustic techniques can provide informa-
tion about the mean free path / of electrons in pure,
single-crystal materials.!? The present study is an
analysis of the variation of the mean free path of
electrons in cadmium and zinc, using two methods: (1)
the high-magnetic-field attenuation of compressional
ultrasonic waves for different crystal directions and
temperatures; and (2) the temperature dependence of
the ultrasonic open-orbit resonance phenomena.? The
cadmium and zinc single crystals were of such purity
that the electron scattering was predominantly by
thermal phonons above about 3°K. Measurements of
the high field attenuation and open-orbit resonance in
cadmium were made over the temperature range from
1.0 to 9.0°K, while the data on zinc were confined to
temperatures from 1.0 to 4.2°K.

The relationship between the high-field-attenuation
saturation value and the mean free path, using the free-
electron model, is evident from the expression derived
by Pippard* for the compressional attenuation az, in the
limit as the magnetic field H — o,

}}Lr:o ar(H)=Nmwgl/150v,. 1)
Here NV is the number of free electrons per unit volume,
mo the electron mass, v the Fermi velocity, ¢ the magni-
tude of the sound wave vector (¢=27v/%;), » the sound
frequency, v, the sound velocity, and p the metal
density. It is seen that the limit of the attenuation in
high magnetic fields is proportional to ¢%, and it has
been shown? that this limit is approached as H—2
Experimentally, the difference between az(H) and
the zero-field attenuation aq is usually determined. A
numerical calculation? shows that the high-field satu-
ration attenuation is equal to the attenuation in zero

1 H. V. Bohm and V. J. Easterling, Phys. Rev. 128, 1021 (1962).

2 B. C. Deaton and J. D. Gavenda, Phys. Rev. 129, 1990 (1963).
( 3B.) C. Deaton and J. D. Gavenda, Phys. Rev. 136, A1096
1964).

4 A. B. Pippard, Proc. Roy. Soc. (London) A257, 165 (1960).

field for ¢/=6.8, thus allowing a rather direct experi-
mental determination of / using the free-electron model.
The mean free path determined involves an average
over that part of the Fermi surface being traversed.
Different orbits can be selected by changing the con-
figuration of sound and field directions, and it should
therefore be possible to establish the anisotropy of the
mean free path over the Fermi surface. The results of
such a procedure are much more difficult to interpret
for metals with Fermi surfaces of several sheets and
can be complicated by real metal effects and the pres-
ence of the Fermi velocity v in the expression for the
high-field attenuation. These difficulties of interpreta-
tion are not as severe in measurements involving only
the temperature variation of az(H — ) for a particu-
lar sound and field configuration.

That information concerning the mean free path of
open-orbit electrons can be obtained by ultrasonic
studies has been discussed previously.® The ultrasonic
open-orbit resonance has a Lorentz shape and at the
resonance maximum the attenuation is found to be®

am=aoql/Tm ,

2

where m is the resonance order and a, the attenuation
in zero magnetic field. For the case ¢>>1, the zero-field
attenuation* aq is proportional to ¢ and independent of
1, so that as, is proportional to ¢%. In the limit of ¢l<1,
aq varies as ¢% so that an, is proportional to ¢*?2. The
resonance width is found to be inversely proportional
to /, but determination of the variation of / from the
width is not nearly as straightforward as is the measure-
ment of a,. The ultrasonic resonance effect in cadmium
and zinc is caused by electrons moving essentially
parallel to [0001] (in momentum space) on the arms of
the second-band hole surface.®” The resonance is seen
for sound propagation q along either [10107] or [1210]

5 A. A. Galkin, E. A. Kaner, and A. P. Korolyuk, Dokl. Akad.
Nauk SSSR 134, 74 (1960) [English transl.: Soviet Phys.—
Doklady 5, 1002 (1961)]; Zh. Eksperim. i Teor. Fiz. 39, 1517
(1960) [English transl.: Soviet Phys.—JETP 12, 1055 (1961)].

¢ W A. Harrison, Phys. Rev. 118, 1190 (1960); 126, 497 (1962).
( “M. H. Cohen and L. M. Falicov, Phys. Rev. Letters 5, 544

1960).
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with magnetic field H mutually perpendicular to [0001]
and q. Measurement of the temperature variation of ay,
at a fixed frequency thus allows a direct determination
of the temperature dependence of / for this select group
of electrons.

II. EXPERIMENTAL

The pulsed ultrasonic experiments were performed in
the customary manner, using frequencies from 10 to
70 Mc/sec. Magnetic fields up to 19 000 G were utilized,
the field values being obtained from a rotating-coil
gaussmeter which was calibrated by nuclear-magnetic-
resonance equipment. The cadmium and zinc single
crystals used in the measurements were cut so that
sound could be propagated between a pair of [12107] or
[1010] faces.

Temperatures below 4.2°K were obtained by pump-
ing on the liquid-helium bath, the temperature being
determined by measuring the vapor pressure of the
bath. For temperatures between 4.2 and 9.0°K, the
sample chamber was evacuated at various pumping
rates with sufficient heat being added to warm the
sample to the desired temperature. Above 4.2°K the
temperatures were measured with a nominal 1000-ohm
carbon-resistance thermometer which was calibrated
below 4.2°K at several liquid-helium points and ultra-
sonically above 4.2°K at the superconducting transition
points of high-purity lead and niobium single crystals.
A superconducting wire calibration element was also
positioned in good thermal contact with the sample
platform and was used as an internal check on the
carbon resistor. This element consisted of lengths of
Ta, Pb, and NbZr wires connected in series, the resist-
ance of the element being monitored during each
temperature run. The superconducting-to-normal re-
sistive transitions served as excellent temperature
indicators. Temperatures are believed accurate to
#+0.01°K below 4.2°K and =4-0.05°K above 4.2°K. It
should be mentioned that the ultrasonic seals between
the sample and transducer were made with Dow Corning
High Vacuum Grease.

III. RESULTS
A. Temperature Variation of 1

The first step in the analysis of the high-field-
attenuation data is to determine the saturation attenu-
ation a=a(H — ©)-ay(H=0). This was done by plot-
ting the relative attenuation values at high fields
against H~2 and extrapolating to infinite field. Data at
a number of temperatures were taken for sound propa-
gation along [10107] and [1210] in transverse magnetic
fields.

In Fig. 1 is shown the temperature variation of a for
cadmium at 72 Mc/sec for q||[1010] and H at various
angles relative to [1210]. A similar plot for ¢||[1210] at
31 Mc/sec is shown in Fig. 2. The dashed lines are for
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Fre. 1. Temperature variation of «(H — ©)-ao(H=0) in
cadmium for 72 Mc/sec sound propagated along [1010] with
magnetic field at various angles relative to H||[1210].
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illustrative purposes and do not represent the tem-
perature fit described below. It should be pointed out
that some uncertainty exists in using the present analy-
sis for the open-orbit configurations, since the high-field
saturation behavior of open orbits is different from that
of closed orbits.® Since there is no way at present of
determining how much of the high-field attenuation is
caused by the open orbits, the data were analyzed in the
same manner as for closed orbits. The data points shown
in Figs. 1 and 2 were analytically fit to curves of the
form

a()=4+BT, ©)

where # was determined from logarithmic plots of a(l)
as a function of T It was possible to fit the data suitably
to equations of this type at temperatures above the
anomalous behavior (to be discussed later) up to the
temperature where ¢g/~8, ie., I~1.3\, where \ is the
ultrasonic wavelength. Values of 4, B, and # obtained
in this manner are given in Table I. It is seen that the
attenuation, and therefore the mean free path, shows
an approximate 7* dependence in the temperature
range studied. The temperature dependence varies
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F1c. 2. Temperature variation of «(H — «)-qq(H=0) in
cadmium for 31 Mc/sec sound propagated along [1210] with
magnetic field at various angles relative to H||[1010].
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TaBLE I. Constants determined by fitting the temperature
variation of the attenuation to curves of the forma=A4-+BT"for
cadmium. The error limits on 4 and B determined from the fitting
procedure are £=5%,.

Fre-
quency A 7
Configuration Mc/sec (dB/cm) B (%0.2)
R H||[1210] 72 1 2100 3.6
q|||%1010] ) 3(5)° ;% 0 1%28 3.6
ar(H— » ° 0 3.6
60° 72 0 1400 3.6
H||[0001] 72 1 2100 3.6
H||[1010] 31 06 2000 4.0
L 5° 31 0 1300 4.0
q|IC1210] 10° 31 —0.6 970 4.0
aL(H — ») 30° 51 0.5 890 4.0
60° 51 —0.3 340 4.0
H||[0001] 51 —0.3 340 4.0
O;ger!x)-. . }{[ [[:1{)21?(;] 72 1 540 3.0
rbi
resonance [12i0] 31 -1 310 3.0
height lg [10i0]

somewhat for different configurations or sets of orbits
on the Fermi surface.

The temperature variation of the open-orbit reso-
nance was deduced from x-y recordings of attenuation
as a function of magnetic field. Typical recorder tracings
are shown in Fig. 3 for cadmium with q||[[1010] and
H||[1210]. The normal magnetoacoustic oscillations
occur up to about 500 G and the open-orbit resonance
occurs at 1350 G at 72 Mc/sec. The quantity a., is the
height of the resonance maximum relative to ao(H=0)
and was determined by a precise voltage measurement.
The o, data are shown in Fig. 4 for cadmium for
q||[1010] at 72 Mc/sec and q||[1210] at 31 Mc/sec. The
experimental points were fit to Eq. (3) as before, and
the constants are given in Table I. The temperature
variation of the mean free path of the electrons moving
in open trajectories is seen to exhibit approximate 73
behavior.
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F1c. 4. Height of the open-orbit resonance relative to H =0 for the
two open-orbit configurations studied.

B. Anomalous Behavior

In a previous publication, anomalous behavior of the
temperature variation of the electron mean free path in
cadmium was reported.? It was found that the l-versus-T
curves exhibited maxima and minima around 3°K. This
phenomenon has been observed in three crystals of
cadmium and one crystal of zinc, and is reflected in the
temperature variation of the high-field attenuation as
well as the height of the open-orbit resonance.

In Fig. 5 are shown some data taken below 4.2°K for
both cadmium and zinc, showing the temperature
dependence of / for various sound directions and field
angles. These data were analyzed as described previ-
ously? and therefore yield directly the temperature
dependence of the average mean free path for the
particular sound and field configuration under con-
sideration. It is seen from Fig. 5 that maxima and
minima occur in both cadmium and zinc in the range
from 2.5 to 3.5°K. The effect seems to be most pro-
nounced for q along [1010] and is stronger in cadmium
than in zinc. This anomalous behavior is very similar to
the resistance minimum effect reported widely over the
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past several years.®’® The resistance minimum is
apparently caused by the presence of certain magnetic
impurities which introduce a temperature-dependent
term to the resistance.!®~!8 This term involves spin-
dependent scattering at the Fermi surface by the
magnetic moment of the impurities. Spectrographic
analysis of the cadmium sample used in the present
measurements indicated major impurities of a few parts
per million of iron and lead. The results of the spectro-
graphic analysis, plus the close similarity of the present
data to previous resistance-minima measurements, are
quite indicative that the effect shown in Fig. 5 is just
the behavior expected if the cadmium and zinc show a
resistance minimum. From the data of Hedgecock and
Muir" on zinc and Muir!® on cadmium containing small
amounts of manganese, it is found that the resistance
minima should occur below about 5°K for purities equal
to those of the present samples. It therefore appears
that for extremely pure crystals, magnetic impurities in
concentrations of a few parts per million can have
definite effects on the transport properties.

C. Angular Anisotropy

The angular anisotropy of the high-field-limiting
attenuation has been used to provide information con-
cerning the anisotropy of the relaxation time 7
(vr=1) in copper.? In the cases of cadmium and zinc,
however, an analysis of this kind is more complicated
for several reasons. In the first place, cadmium and zinc
have Fermi surfaces consisting of more than one sheet
and therefore for most sound and field configurations
several quite different pieces of the surface may con-
tribute to the attenuation. Secondly, as mentioned
earlier, the high-field attenuation could reflect changes
in the Fermi velocity (i.e., a property of the Fermi
surface) as well as changes in mean free path. In
addition, the presence of open orbits for certain direc-
tions further complicates the investigation. Disregarding
these difficulties for the time being, the high-field data
can be reduced as described earlier, an average Fermi
velocity assumed, and the angular variation of an
average mean free path found. Data on cadmium and
zinc are shown in Fig. 6. These data are essentially
equivalent to ordinary high-field polar plots except for
the present extrapolation to infinite field. As is seen in
Fig. 6, curves at 4.2°K and curves at lower tempera-
tures, which represent entirely different regions of
scattering, have essentially the same shape. It seems

10 W, Meissner and B. Voigt, Ann. Physik 7, 761 (1930).
1t A, N. Gerritsen and J. O. Linde, Physica 17, 573, 584 (1951);
18, 877 (1952).
2 E. Mendoza and J. G. Thomas, Phil. Mag. 42, 291 (1951).
13D, K. C. MacDonald, Phys. Rev. 88, 148 (1952).
(1;1613?5 T. Hedgecock and W. B. Muir, Phys. Rev. 129, 2045
15 W, B. Muir, J. Phys. Soc. Japan 16, 2598 (1961).
16 J. Korringa and A. N. Gerritsen, Physica 19, 45 (1953).
17 J, Kondo, Progr. Theoret. Phys. (Kyoto) 32, 37 (1964).
18 S. H. Liu, Phys. Rev. 137, A1209 (1965).
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probable that scattering by impurities would show a
different anisotropy from thermal scattering, so that
quite differently shaped curves might be expected for the
two regions. The fact that there is very little difference
in the scattering anisotropy indicates that the high-field
attenuation anisotropy in the present cases may be
caused in part by the Fermi velocity. Without further
theoretical investigations of which parts of the Fermi
surface contribute to the high-field limiting attenu-
ation, there seems little hope of a complete solution for
Fermi surfaces as complicated as those of cadmium
and zinc.

IV. CONCLUSIONS

The electrical conductivity of a metal is found to be'®
o= Neffezl/mov ) (4)

where N 1s the effective number of free electrons. At
temperatures below the Debye temperature @, taking
into account the density of phonons available for scat-
tering of electrons and the fact that small angle scatter-
ing is required by conservation of momentum, it is
found that ¢ increases® as (®/7)% This 75 behavior
is indeed found experimentally in high-purity cadmium
and zinc single-crystal wires.? Since [ is related directly
to the electrical conductivity, an ultrasonic determi-
nation of the temperature dependence of / would also
be expected to exhibit 7% behavior. Several factors
might be expected to cause the present raw data to
disagree somewhat with a normal 7% dependence: (1)
Any temperature dependence of the Debye temperature
in this range would be reflected directly in the present
data, since / should vary as (®/7)%; (2) the possibility
that the mean free path governing ultrasonic processes

19 N. F. Mott and H. Jones, Thkeory of the Properties of Metals and
Alloys (Oxford University Press, New York, 1936).

2 B. N. Aleksandrov and 1. G. D’Yakov, Zh. Eksperim. i Teor.
5‘11;6;)3:,‘ 852 (1962) [English transl.: Soviet Phys.—JETP 16, 603
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is different from the resistive mean free path as sug-
gested by Steinberg,? Filson?? and Lax®; and (3) the
fact¥that the present studies measure / in a magnetic
field, whereas the 75 dependence is for a field-free case.

Recent low-temperature measurements of the heat
capacity of cadmium by Phillips* provide a deter-
mination of the temperature variation of ®. The present
results can therefore be corrected for the variation of
© in the temperature range studied. The data of
Phillips indicate that the Debye temperature © varies
approximately as 7026 so that the temperature vari-
ations given in Table I should be multiplied by a factor
(T-026)5=T-13 Tt is seen, therefore, that this correction
brings the present results on the temperature variation
of / into very close agreement with a 7% law. The
results of this investigation therefore suggest that there
may not be such a great difference between acoustically
and resistively measured mean free paths. This same
conclusion was reached in a study of the absolute
electronic attenuation of compressional waves in copper
by Kolouch and McCarthy.2

It is of interest to note that the temperature de-
pendence of / of the open-orbit electrons is somewhat
different from those in closed orbits. When the data of
Table I are corrected for the Debye temperature vari-
ation, it is seen that / varies roughly as 7—*for the open-
orbit electrons. The reason for the observed difference
is not known, but it is probably a real effect related to
the character of this select group of electrons.

The anomalous behavior of / observed in both cad-
mium and zinc indicates that transport properties in
high-purity materials can definitely be influenced by
small amounts of magnetic impurities. The temperature
of the mean-free-path maximum in our data seems to

2 M, S. Steinberg, Phys. Rev. 109, 1486 (1958).
2 D. H. Filson, Phys. Rev. 115, 1516 (1959).
% E. Lax, Phys. Rev. 115, 1591 (1959).
% N. E. Phillips, Phys. Rev. 134, A385 (1964).
(1;56 152) J. Kolouch and K. A. McCarthy, Phys. Rev. 139, A700
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decrease with purity (i.e., value of  for the particular
orbit or sample involved) as is expected.!

Determination of the anisotropy of the mean free
path (or relaxation time) on the Fermi surfaces of
cadmium and zinc by using the present technique is
complicated by the previously mentioned factors. If
our data are analyzed in the usual manner, it is found
that the mean free path varies by as much as approxi-
mately a factor of six over the Fermi surfaces of cad-
mium and zinc. This is in good agreement with the
estimation given by Gibbons and Falicov.?¢ The angular
variation of / is found not to differ greatly for different
regions of scattering, i.e., the region where electron
scattering is predominantly by impurities at about 1 °K,
and the region where thermal phonon scattering is
dominant near 4 °K. This fact suggests that the angular
dependence might reflect Fermi-surface properties
instead of mean-free-path anisotropy, at least in the
present cases.

In conclusion it should be noted that the high-field
saturation technique based on a free-electron model
appears to afford an excellent method of investigation
of electronic free paths in pure bulk materials. It proves
to be quite easy to find the frequency at which the
high-field attenuation is equal to that in zero field, and
it is felt that this technique is considerably more
accurate than estimating ¢/ from the number of mag-
netoacoustic oscillations obtained.? Recent investiga-
tions*” in Pb show that the high-field technique is useful
also in determining ¢/ at various frequencies and tem-
peratures for a superconductor, assuming the attenu-
ation at the critical field to be the comparison base.
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