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phonon renormalization parameter.
Using an empirically fitted three-OPW band

model, prediction of the resonance fields due to
electrons at the lens rim in a (0001) sample yielded
fields 10%%up lower than those observed experimental-
ly. This may perhaps be explained by the insuffi-
cient number of plane waves or by the fact that the
pseudopotentials used were local.

An attempt to predict the resonance field anisot-
ropy for the complex second-band "monster"
yielded qualitative agreement with experiment. We
believe that nonlocal pseudopotential band descrip-
tions would yield considerably better agreement
with experiment, and would allow extraction of the
electron-phonon renormalization parameter at
points on the monster.
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The magnetic field dependence of the ultrasonic attenuation of shear waves has been mea-
sured in high-purity single crystals of cesium. Measurements were made at frequencies be-
tween 15 and 87 MHz at 4. 2 and 1.3 K, corresponding to a range in ql from 1 to 35. The re-
sults are compared with the Cohen-Harrison —Harrison theory of ultrasonic attenuation and
with previous studies done onpotassium. The results agree rather well with theory and the dis-
crepancies that are observed are similar to those observed in potassium.

I. INTRODUCTION

A large number of ultrasonic-attenuation experi-
ments' have been conducted to test the free-
electron theories ' of ultrasonic attenuation due
to conduction electrons. Potassium, which has a
Fermi surface that is very nearly spherical, has
been the subject of most of these studies. While
most of the experimental results have been in
agreement with theory, discrepancies have been
reported in the high-field attenuation of longitudi-
nal waves in a transverse magnetic field. Blaneye
has also reported some departures from theory at
high q/ values in the attenuation of shear waves in
a transverse field.

Cesium is an ideal metal to study the effect of a
Fermi surface which is slightly distorted from a
spherical shape on the predictions of the free-elec-

tron theory of the ultrasonic attenuation due to con-
duction electrons. The Fermi surface of cesium
bulges in the [110]direction by about 5/q and is de-
pressed in the [100] and [ill] directions by 1 and
l. 2%%uo, respectively. The radial anisotropy was
first deduced from de Haas-van Alphen data by
Okumura and Templeton" and later directly mea-
sured in this laboratory using the magnetoacoustic
effect with longitudinal waves. '

The present investigation deals with the magnetic
field dependence of ultrasonic attenuation of shear
waves in single crystals of cesium. For shear
waves propagating in a transverse magnetic field,
the Cohen- Harrison- Harrison theory (CHH)' pre-
dicts the magnetic field dependence both for the
case of shear waves polarized perpendicular to the
field and for waves polarized parallel to the field.
When H is perpendicular to P and ql & 3, the atten-
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uation is oscillatory for qR & 4 and goes to zero as
qR approaches 0. The mave number is q, / is the
electron mean free path, and R = hk~c/eH is the
radius of the orbit on the Fermi surface. The ex-
trema occur whenever qR = (n+ y)m, where n is an
integer for maxima and half-odd integer for min-
ima and y is the phase factor given by the theory.
The oscillations are periodic in 1/H, and kz is the
Fermi wave vector. %hen the magnetic field is
parallel to the polarization of the wave, the attenu-
ation decreases monotonically with the field and
approaches zero as qR goes to zero. The total
change in the attenuation is then a measure of the
absolute electronic contribution to the attenuation.

In comparing the experimental results, the ex-
pressions derived by Flax and Trivisonno" from
the CHH theory are used. These expressions are
valid for all ql values and reduce to Pippard's'
results in zero fieM.

II. EXPERIMENTAL PROCEDURE

The techniques for growing and orienting the
cesium crystals have been described in previous
publications. ' The orientation of a crystal boule
was done optically to obtain the nearest [110]or
[100] direction. An x ray of a thin slice was taken
to check the orientation and to determine the prop-
er polarization direction. It is extremely difficult
to orient the final acoustic specimens better than
3 or 4 so that in material as highly anisotropic
as cesium the shear waves in some cases are
quasi- shear-waves.

B,c-cut 5-MHz transducers were used to trans-
mit and receive the signals. The ultra, sonic sys-
tem and automatic recording of signal amplitude
vs Inagnetic field have also been described in pre-
vious publications. ' ' Measurements were made
on four single crystals. Numerous runs were at-
tempted on other crystals but for various experi-
mental reasons such as broken bonds, poor sample
purity, and misalignment of the shear transducers,
little or no data were obtained. The data that are
presented in Sec. III were obtained on two crystals.

Crystal 1 had a length of 0.42 cm and was ori-
ented along [110]and the polarization of the shear
transducer was along [001] which corresponds to
the shear wave associated with the elastic constant
C«. The velocity of. the wave was 0. 89 x10'
cm/sec. This velocity was measured at 5 MHz and
agrees with the value obtained in a previous study
of the elastic constants of cesium. " Ultrasonic
frequencies between 15 and 85 MHz were employed
and measurements were taken at 4. 2 and 1.. 3 'K.
The echoes obtained in this particular run were
extremely good and for frequencies as high as 75
MHz were noise free. In addition, as the field was
rotated on either side of the [001]direction, the
direction of P, symmetrical-attenuation-vs-field

plots were obtained. Crystal 2 was oriented along
[001] and the polarization was along [110]. For
propagation along [001] the shear waves are degen-
erate and the velocity corresponding to the elastic
constant C44 is obtained independent of the direction
of polarization of the wave. The crystal length
was 0.38 cm and the sound velocity was 0.85x10
cm/sec. This crystal was approximately 5' off
from [001] and the poor symmetry of the attenuation
plots indicates that P was also not along the [110]
symmetry direction. Ultrasonic frequencies be-
tween 15 and 55 MHz were studied. The other two
crystals for which data were obtained were for
qll[110] and @11[100]with p II[001] in both cases. For
the [110]crystal, only low-frequency data were ob-
tained and agree with the data reported for crystal
1. For the [001] crystal, the cesium acoustic spec-
imen spontaneously ignited when the sample was
being removed from the ultrasonic probe and no a.c-
curate measurement of the length was obtained.
Those data which could be analyzed in a, relative
manner such as the frequency dependence were in
agreement with the results reported in Sec. III for
crystals 1 and 2.

Typical plots of echo amplitude versus magnetic
field are shown in Figs. 1 and 2 for ultrasonic fre-
quencies of 55 and 85 MHz. These curves are
tracings of the actual x-y recorder plots for data
taken on crystal 1. In all cases, the magnetic field
is along [110]and is perpendicular to the direction
of propagation and the polarization of the wave.
The upper curve shown in each figure is for a tem-
perature of 4. 2 'K and the lower curve for data
taken at 1.3 K. The electron mean free path is
phonon limited at 4. 2 K and becomes impurity
limited at 1.3 'K. Residual-resistance experi-
ments on similar samples using an eddy-current
technique indicated that the electron mean free path

4.2 'K

1.3'K

l
6 lo

MAGNET IC Fl Eto ( kG}

FIG. 1. Variation of echo amplitude vrith magnetic
field for an ultrasonic frequency of 55 MHz. H is per-
pendicular to q and P.
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FIG. 2. Variation of echo amplitude with magnetic fieldI
for an ultrasonic frequency of 85 Mj:iz.

increases by a factor of 4-6 between 4. 2 and
1.3 'K. These two figures then illustrate both the
effect of ultrasonic frequency and electron mean
free path on the magnetic field dependence of the
ultrasonic attenuation. For either temperature the
attenuation is qualitatively in agreement with the
free-electron theory and the results of similar ex-
periments done on potassium. That is, the oscil-
lations become more numerous and stronger as the
frequency and mean free path increase and the
attenuation decreases and saturates at high fields.

The effect of varying the angle between the mag-
netic field direction and the polarization of the
shear wave is shown in Fig. 3 as II is rotated in
the (110)plane which is perpendicular to the direc-
tion of propagation. The frequency is 8'7 MHz and
the temperature is 1.3 'K. The bottom curve cor-
responds to H perpendicular to P which is along the
[001] direction. The angle between H and P is 46
for the middle curve and the top curve is for H

TABLE I. Comparison of experimental and theoretical
values of qR for attenuation extrema.

Extremum number qR
Theory

4. 2

qR~t = 27I.CP/Xe&
85 MHz 55 MHz

4.6

7.4

10.6

16.9

7.4

10.8

14.1

17.3

7.3

10.4

13.6

16.7

parallel to P. The curves are at least in qualita-
tive agreement with the free-electron theory which
predicts that the attenuation is nonoscillatory when
H is parallel to P. For H perpendicular to P, 29
easily discernible extrema were obtained at 8'7 MHz.
The plot of extrema versus 1/H was extremely
linear. The slope of this plot yields the period of
the oscillations and is used to obtain the Fermi
momentum. The momentum corresponding to the
direction q xH measured in this case is in the [001j
direction or the direction of P. The value obtained
of 6. 93 xl0 0 gem/sec agrees quite well with the
free-electron value of 6. 83 x10 0 gem/sec. A val-
ue l%%ug lower than the free-electron value is expected
in this direction. The measured momentum de-
pends on the accuracy with which one can measure
the period of the oscillations, the ultrason'c fre-
quency, and the sound velocity. In cesium, values
better than 3/0 are difficult to obtain. Unlike the
case with longitudinal waves where the radial an-
isotropy can be determined by measuring the
change in the period of oscillatian as II is rotated
in a plane perpendicular to q, only an absolute mo-
mentum can be obtained with shear waves. In a

1 3
MAGNETIC F IE LD ( k G)

FIG. 3. Dependence of the relative attenuation with
magnetic field for various orientations of H relative to P.
For all curves, H is perpendicular to q. For the upper
curve, H is parallel to P, for the middle curve H is at
an angle of 45 with respect to P, and in t'he lower curve
His perpendicular to P.
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FIG. 7. Relative attenuation in dB/cm vs qR for a
frequency of 87 MHz.

TABLE II. Comparison of observed attenuation changes
between zero field and 14 kG with the corresponding theo-
retical values. Crystal 1:q II [011]and p II [100].

Frequency
6 n (dB/cm) Experimental

Hllp H~p
60. (dB/cm)

theory ql

dent of the angle between H and P, and thus the
total change between zero field and infinite field
should be a measure of the electronic contribution
to the attenuation at zero field. The experimental
data fall off as 1/H and at the lower frequencies
are saturated at 14 kG. For H perpendicular to P,
the attenuation is saturated at all frequencies for
data at 1.3 'K and 14 kG. For H parallel to P, the
attenuation reaches a saturation value more slowly.
Unfortunately we did not make a full field sweep for
this geometry at 87 or 77 MHz where a sizable an-
isotropy was observed at 14 kG and thus we were not .

able to extrapolate the data to infinite field. The
extrapolated data at 65 MHz do indicate, however,
that anisotropy is in fact present. The attenuation
listed for HIIP for frequencies of 77 and 87 MHz is
slightly higher than shown in Table II for reasons
discussed above. The results summarized in
Table II are for frequencies from 15 to 87 MHz.
The corresponding theoretical values are also
listed, and the theory predicts the same attenuationi
change for HIIP and H IP. The experimental val-
ues have an absolute accuracy of 5-10%%up. The rel-
ative accuracy is known much more accurately.
The theoretical values are uncertain to about 4%%up

since the scaling factor used to calculate the atten-
uation contains the sound velocity and ultrasonic
frequency. The over-all agreement with theory is

therefore fairly good, but the nonlinear frequency
dependence represents a departure from theory.

While the amplitude of the oscillations shown in
Figs. 4—7 agrees within experimental error with
theory, the background attenuation is different,
which affects the high-field oscillations more
strongly than the low-field oscillations. In partic-
ular, at high ql values the amplitudes of attenuation
minima oscillate above the zero-field value while
the corresponding theoretical minima are below
the zero-field value. This is most clearly seen by
arbitrarily displacing the experimental curve up-
ward so that the zero-field attenuations coincide.
While the theory curves shown were calculated for
arbitrary ql values, we did assume +7 «1 or
(V,/Vz) q/ «1. Since the sound velocity V, is much
lower in cesium than in a typical metal, ~7 is
about ~0 for ql =35 so that this condition is reason-
ably satisfied.

We also made measurements on a second crystal
oriented along the [001]direction. The transducer
was placed on the crystal so that the polarization
was along [110]. This orientation was chosen so
that when 8 is perpendicular to 0 and along the
[110]direction, the caliper associated with mo-
mentum in the [110]direction in 0 space is obtained
and it is in this direction that the Fermi surface
bulges by about 5'%%up. In our previous study using
longitudinal wave with q II [001] and Hll [110]direc-
tions, the high-field oscillations were washed out.
The amplitude of the geometric oscillations of the
shear waves, however, was essentially the same
as for crystal 1. The momentum determined from
the period of these oscillations had a value of
6. 91&&10I gem/sec. A value of 7. 1&&10

gem/sec is expected for this geometry but mis-
orientation effects and the accuracy to which the
frequency and sound velocity are known can easily
account for this difference. The positions of the
attenuation extrema were in agreement with theory.
Again, however, the attenuation did not scale lin-
early with frequency and at higher frequencies the
measured attenuation is significantly less than
theory. These results are shown in Table III.
The agreement with theory is not as good as for
crystal 1 at low frequencies and may be associ-
ated with misorientation effects or crystal-length

TABLE III. Comparison of observed attenuation
changes between zero field and 14 kG with the correspond-
ing theoretical values. Crystal 2:qll [001] and p II [110].

15
25
45
55
66
77
87

7. 4
11.4
17.8
20. 7
23' 5
21. 2

31.5

7. 4

ll. 4
17.8
21.4
25. 0
22. 6
34. 0

5.8
10.2
19 ~ 4
24. 5
29.3
34.4
39.0

6
10
18
21.5
26. 5
30.5
35

Frequency

15
25
35
55

bp. (Hlp)

8.4
14.9
17.5
17.5

60. (theory)

5. 9
10.6
15.3
24. 9

6
10
14
21, 5



MAGNETIC FIELD DEPENDENCE QF THE ULTRASONIC. . . 4417

determination. Nevertheless, the nonlinear fre-
quency dependence observed is independent of the
length and sound velocity, and for free electrons
should be independent of the angle between H and P.

The small departures (lower attenuation} ob-
served at higher frequencies could be attributed
to the distortions in Fermi surface. The maxi-
mum distortion of the Fermi surface in cesium is
6%. At high q/ values a very narrow belt of elec-
trons on the surface contributes to the attenuation
and it is very reasonable that the discrepancies
discussed above can be attributed to the small dis-
tortions on the Fermi surface. This feature alone,
however, cannot explain the nonlinear frequency
dependence that was observed. While the free-
electron theory predicts n(H} goes to zero at high

fields for shear waves, as does the real-metal
theory of Pippard, ' other investigators' '" studying
more complicated metals have observed that n(H}
does not vanish at high fields. If the attenuation

does not vanish at high fields but approaches some
finite value which is a function of qi, then the non-
linear frequency dependence and the anisotropy can
be explained. Blaney has reported similar de-
partures from theory in potassium at high ql val-
ues despite the very nearly spherical Fermi sur-
face of potassium.

In summary, with the exception of the discrep-
ancies observed at high ql values, the magnetic
field dependence of the ultrasonic attenuation of
shear waves is in rather good agreement with the
free-electron theory. The departures that are
observed are similar to those obtained in potassium
and are most likely explained by a nonvanishing of
the attenuation at high fields. These results are
somewhat surprising since in our study of longi-
tudinal waves rather large departures from theory
were observed. A more detailed study of longi-
tudinal waves will be the subject of a future publi-
cation.
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