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The amplitude of electromagnetic generation of ultrasound in single-crystal potassium has been

measured at T = 4.2 K as a function of magnetic field from 0 to 15 kG at a frequency of 8.97 MHz,
using inductive means for both generation and detection of the acoustic wave. At zero magnetic field

the measured amplitude is several times larger than the predicted free-electron value, and between 0
and 3 kG the experimental curve is well outside the predicted behavior. From 9 to 14 MHz the

frequency dependence of the measured amplitude exhibits the expected behavior. An attempt has been

made to rework the theory in the usual approximations to explain the discrepancy observed. It is

shown that no simple modification of free-electron theory can account for the measured enhancement of
the zero-field electromagnetic-generation amplitude. The experimental results are discussed in the light

of previous measurements in potassium.

I. INTRODUCTION

Electromagnetic generation of ultrasound in
metals' has been investigated experimentally and
theoretically for several years. When a radio-
frequency electromagnetic wave impinges on the
surface of a metal in the presence of a large
static magnetic field normal to the surface, the
Lorentz force on the induced electron current in
the skin depth adds to the Lorentz force on the
lattice ions, giving rise to an acoustic shear wave
which propagates away from the surface with its
polarization perpendicular to the rf electric field.
At zero magnetic field the conduction electrons are
accelerated in one direction by the rf electric
field, the lattice ions in the other. The relevant
parameters here are the electron mean free path
l and the skin depth 5. In the local limit, l « i5,

the electrons collide with the lattice on a scale
that is small compared to the variation of the rf
fields in the metal. Thus the electron reaction
force microscopically cancels the ion momentum,
leaving a zero net shear force on the lattice.
However, if / &g (the nonlocal limit), electrons
travel farther than the skin depth into the metal be-
fore scattering, leaving uncanceled ion momentum
in the skin-depth region which produces a net ion
displacement, that is, an acoustic shear wave.
The exact acoustic amplitude as discussed in
Sec. II is a complicated function of the product of
l and the acoustic wave vector q, as well as other
parameters.

Early work on this effect centered on experi-
mentally convenient metals like Al, Ag, and W.
Later, when quantitative comparisons with existing
theory based on free-electron assumptions were
desired, interest in metals having a simple band
structure increased.

Existing experimental results on potassium are
inconclusive. While the measurements of Turner,

Thomas, and Hsu (TTH) seem to be in agreement
with the free-electron calculations of Quinn, cer-
tain aspects of their experiment are problematic.
For one, while a rf field is used to generate the
acoustic wave, detection is accomplished by a
piezoelectric transducer bonded to the potassium
sample. Normally, this would not be an objection-
able procedure, but owing to the soft and highly
reactive nature of the metal, it is possible that an
imperfect bond or a highly strained sample might
affect the results. More important, however, is
the fact that the acoustic attenuation of the potas-
sium sample was determined by attaching a second
transducer. This method almost certainly strains
the surface. Although the surface was etched
before each electromagnetic -generation measure-
ment, it is possible that some surface damage
remained and that the electronic mean free path
near the surface could be different from the bulk.

Wallace, Gaerttner, and Maxfield (WGM) have
done similar measurements; however, they mea-
sure the acoustic attenuation of their sample in a
manner consistent with the preservation of one sur-
face of low strain. As in the TTH experiment a
transducer is used for detection of the acoustic
wave. In contrast with the results of TTH, the
data of WGM at low magnetic field show an anom-
alous behavior not predicted by theory. Also,
the magnitude of the zero-field generation is found
to be several times larger than predicted by free-
electron theory.

We have measured the conversion efficiency for
this electromagnetic-generation (EG) process,
which is proportional to the lattice wave amplitude
squared, utilizing inductive means for both genera-
tion and detection of the acoustic wave. Our mea-
surement seeks to relieve some of the ambiguity
of the previous experiments by eliminating the
piezoelectric transducer altogether. To ac-
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complish this, a considerable improvement in
sensitivity is required since the zero-field EG
amplitude at 10 MHz is about 40 db below the
acoustic signal level of an average quartz trans-
ducer. The two principal developments which have
been instrumental in the success of the present ex-
periment are improved sample preparation and
multichannel signal averaging. The measurements
have been performed on a strain-free single-crys-
tal potassium specimen as a function of applied
magnetic field from 0 to 15 kG at a temperature of
4. 2 K. Because of the nature of the data, detailed
comparison with previous work is not straightfor-
ward, as will be shown later. However, some
definite conclusions can be drawn. These are
summarized graphically in Fig. 1. Here, we plot
the measured electromagnetic-generation ampli-
tude versus magnetic field from 0 to 4 kG. The
shaded area in Fig. 1 represents the limits of the
free-electron theory prediction for values of the
electron mean free path, the only adjustable pa-
rameter, both large and small compared to the
acoustic wavelength. We find that (i) at zero
magnetic field the measured amplitude is several
times larger than the free-electron value, in
qualitative agreement with WGM and in clear dis-
agreement with TTH; (ii) between 0 and 3 kG the
experimental curve is well outside the predicted
behavior, which tends to support the observations
of WGM, while direct comparison with TTH in this
field region is difficult; (iii) the only adjustable
parameter in the well-established free-electron
theory is the electron mean free path, and from
Fig. 1 it is apparent that no value of / will provide

agreement with the data at, zero field; (iv) there
is no simple way to modify the free-electron theory
to account for the measured discrepancy.

In Sec. II the theory of electromagnetic genera-
tion is presented. Section III deals with experi-
mental technique, and Sec. IV contains a descrip-
tion of the data analysis. Results and discussion
are presented in Sec. V.

II. THEORY

The free-electron theory for the electromagnetic
generation of acoustic shear waves is well estab-
Q, shed. ' The basic ideas can be characterized
in the following way. In the long-wavelength limit
one treats the lattice as a uniform elastic medium
which is described by the standard wave equation.
The forces acting on the lattice are due to the
electric field within the skin depth, the Lorentz
force of the external magnetic field 8, and the re-
action force due to electrons colliding with the lat-
tice. The equation of motion for the lattice is

s'» s'g - i s»
M z -C ~=e E+ ——xB+F„,8t~ es c 8 t

e 8$

where g is the lattice displacement, M the ion
mass, C the elastic constant, E the electric field
in the metal, I"„the electron reaction force, ao the
dc conductivity, n the carrier density, e the elec-
tron charge, and c the speed of light. The electron
current J, is obtained from, the Boltzmann equation
(in the reiaxation-time approximation) in terms of

K
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FIG. 1. Electromag-
netic generation amplitude
vs magnetic field at T
=4.2 K. Vertical scale is
in relative units. Shaded
region shows the limits of
free-electron prediction
with upper curve at zero
field representing larger
mean free path. Experi-
mental uncertainty in low-
field region is indicated by
a typical error bar.
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E and 8$/Sf. ' '" Maxwell's equations relate the
electric field to the total current. This then al-
lows one to solve for g. It is assumed that the
lattice ions form a free surface with 8$/Ss =0 at
z =0, and that the electrons are speeularly scat-
tered from the surface, that is, the electron ve-
locities before and after reflection are related by

V,'=V„, V„'=V„, V, = —V, . Quinn has giventhe
Fourier transform of the circularly polarized com-
ponents of the ion displacement. Gaerttner~' and
TTH have approximately performed the Fourier
transform to obtain the real-space ion amplitude
at the generating surface in the limit q5 and urv «1,
where q =&@/s is the acoustic wave vector, &o is the
angular frequency, v' is the electron relaxation
time, and 8 is the velocity of sound. Solving Eq.
(1) one finds

((s = 0) =A((or) '@[(I-G,') + (1 -G.')]

(2)

where A =icmho/Bvpse, ho is the excitation mag-
netic field along/, p the mass density, and m the
electron mass. The function 6„which is explicit-
ly given in Refs. 9 and 11, is related to elements
of the magnetoconductivity tensor o by G, =oo (o
so~). G, is a function of the frequency, the ex-
ternal magnetic field, and the electron mean free
path I = e~v', where ez is the Fermi velocity.

In zero external magnetic field, G, =G is a real
quantity given by

)l.=
&

. ,
~ ) are)ante)) —)) . )S)

3 $1 (+/)q

2/ i q/

Thus $ has only an x component which is sometimes
referred to as the nonmagnetic component, desig-
nated $s. In the high-field limit, &u, r»q/, or
equivalently, v, »qez,

G~ =1+$4)~T y (4)

where &u, = eB/mc is the electron cyclotron fre-
quency. In this limit g has only a y polarization
which is called the magnetic component and is
given by

$g= PA(d~4P (

Note that $s is independent of the electron mean
free path.

As long as &or « I, G, ~G f and Eq. (2) can be
written as

$(x = 0) = 2A((ur) [x Re(1 —G, ')+y Im(1 —G, )] . (6)

Now one can see from Eq. (6) that the x and y com-
ponents of $ are in phase. A more detailed dis-
cussion of this result is presented in Sec. IV.

To compare theory and experiment, one mea-
sures the high-field amplitude and fits it to Eq,
(5) to determine the constant A. The electron

mean free path I can be estimated from the elec-
trical resistivity or the magnetic field dependence
of the ultrasonic attenuation. Once the values of
A, and l are determined, one has completely speci-
fied both components of the acoustic wave ampli-
tude.

HI. EXPERMENTAL TECHNIQUE

In this experiment we utilize the conventional
geometry, depicted in Fig. 2. Small, flat spiral
coils wound from No. 40 copper wire and potted
in clear epoxy are mounted within about 0. 25 mm
of the sample surface. Each coil, about 1 cm in
diameter, has 40-50 turns and is held accurately
concentric in a brass iris to prevent field distor-
tion. The 24-mm-wide irises slide smoothly on
stainless-steel rods to allow for mounting and dis-
mounting of samples. A more complete descrip-
tion of a similar apparatus is given elsewhere. '3

Electrical connection is made to the coils by means
of a silver-plated, stainless-steel coaxial trans-
mission line with Teflon dielectric.

The specimen upon which all measurements have
been performed has been carefully string cut from
a large single-crystal boule of high-purity potas-
sium. Grown by a standard Bridgman technique,
the boule has been oriented to within 1 by a x-
ray transmission method. The [100] axis is per-
pendicular to the plane of the sample and parallel
to the direction of propagation of the sound wave
and the magnetic field. Preparation of the sur-
faces is accomplished by the use of a fairly sophis-
ticated crystal-facing instrument which is com-
posed of a 25-cm vertically mounted stainless-
steel lapping wheel across which high-grade wool
cloth is stretched. The cloth is soaked with
etchant, and the sample is suspended against the
wheel in such a way that only the meniscus of the
fluid makes contact with the surface being polished.
In this way a very smooth surface whose electrical
properties are probably representative of the bulk
can be prepared. Residual resistance ratios of
samples from the same boule are typically 3000-
3500. But since the sample used in this measure-
ment was cooled slowly to 273 K before quenching
to 77 K, its resistance ratio is estimated to be
about 4500. The specimen preparation proce-
dure is described in full detail in Ref. 12.

Figure 3 shows the usual instrumentation used
in this type of experiment. Radio-frequency pulses
about 1 psec in duration (250-W peak power) are
sent to the drive coil through an impedance match-
ing network. Occasionally, a 3- or 6-dB attenua-
tor is inserted between the matching network and
the drive coil to reduce ringing when the pulse
generator turns off. On the pickup side another
matching network, adjusted for maximum signal,
precedes a typical superheterodyne receiver. Af-
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I'IG. 2. Sample geometry of electromagnetic genera-
tion experiment. Coils are placed 0.25 mm from sample
surface,

ter 40 or 60 dB of preamplification, the signal is
mixed with the local oscillator frequency io pro-
duce a 22-MHz if signal. About 90 dB of if gain

p1 ecedes d1ode detectiony then ihe signal ls dis-
played on an oscilloscope. If an attenuation mea-
surement is being made, the echo decay pattern
also goes to a, 1000-channel transient recorder, the

memory of which. is strobed ai a rate of 50 Hz into
a signal averager, thus accumulating an integrated
representation of the signal. When a field-depen-
dence measurement is performed, the detected sig-
nal is sent to a gated integrating amplifier whose

aperture width of 200 nsec is centered on the sec-
ond echo (three passes through the sample).
The magnett, c field is then swept slowly at a
rate of 'f 6/sec to minimize problems of re-
sponse time, while the amplifier output and mag-
netic field are simultaneously recorded. Typical
signals after 16000 averages show seven or eight
discernible echoes at zero magnetic field. In the
low-field region between 1 and 2 kQ, as few as
three echoes are sometimes usable because of the
reduction in generation amplitude.

A very important aspect of these measurements
is the calibration of the electronics. The calibra-
tion system is represented in Fig. 3 enclosed in

dashed lines. It consists of a cw oscillator, tuned

to the experimental frequency, whose output is fed

to one port of a rf mixer. The other port re-
ceives a 1-)sec pulse from the pulse generator.
This arrangement yields clean, sharp pulses with

on/off ratios of greater than 40 dB. Completing

the system is a calibrated atienuator whose im-
pedance is well matched to the mixer and the pre-
amplifier.

The experimental frequency is determined by

mixing the pulse electronically with the output of a
stable cw oscillator whose frequency is monitored

by a digital electronic counter. When the mixer
output displays a characteristic zero-beat pattern,
the frequency is given to +10 kaz by the electronic

In analyzing and drawing conclusions from the
data obtained in this experiment several factors
are of particular importance. First, let us con-
sider the geometry of the coils that are used to
generate and detect the acoustic wave. They are
of the flat spiral design as shown in Fig. 2 and

couple to an acoustic shear wave whose polariza-
tion is a function of azimuthal angle about the cen-
ter of the coil. Keep in mind that the sample nor-
mal is accurately parallel to a [100j crystal axis,
so that the iwo shear velocities are degenerate.
Since the coils are 12 mm in diameter, beam
spread at the fourth echo is only about 4%. There-
fore, the sound wave produced by each differential
area of the drive coil propagates to an identical
area, on the receiver coil with minimal beam
spread over the distance of interest.

One possible complication to be noted is the
existence of magnetoacoustic rotation of the polar-
ization direction of a plane-polarized sound wave,
which has been predicted by Kjeldaas. " However,
the maximum error, which occurs in the vicinity
of &u, r/q/ = l, introduced by ignoring this effect is
about 7% at the fourth echo. At the position of the
second echo, the one monitored in measuring the
magnetic field dependence of EG, the error is
under 2%. At magnetic fields such that v, v/q/
» 1 or «1, the magnetoacoustic rotation is neg-
ligible. Since echoes beyond the fourth are not
used in determining attenuation in the critical re-
gion, the systematic errors introduced by ignoring
this effect are well below other sources of un-
certa, inty.

Perhaps the major uncertainty in the experi-
mental curve arises in the determination of the
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I IG. 3„Experimental instrumentation for pulse-echo
measurements.

counter. A 15-kG superconducting solenoid sup-
plies the static magnetic field for these measure-
ments. The magnet has been calibrated at several
field values by proton NMR.

IV. DATA ANALYSIS
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acoustic attenuation as a function of magnetic field.
The electronic component of the acoustic attenua-
tion is separated from the total attenuation by as-
suming that at high magnetic field, (d, 7'»ql, the
electronic contribution is zero, as predicted by
Kjeldaas. " While very careful and meticulously
calibrated measurements of the echo decay pat-
tern were made at field intervals of about 200 0
throughout the critical region where the attenua-
tion changes rapidly with field, errors in deter-
mining the total attenuation are estimated at about
10 or 15/~. This rather large uncertainty is due
partly to extremely small signals at some fields,
and partly to the somewhat nonexponential char-
acter of the echo decay envelope. In fact, an at-
tempt to determine ql by fitting the Kjeldaas theory
to our attenuation data has been largely unsuccess-
ful owing in part to the large error bars. Instead
we have relied on the mean-free-path estimate
from resistance ratio measurements to infer q/;
we obtain a value between 4 and 5 at 9 MHz.
Blaney" has noted behavior in the magnetic field
dependence of the shear-wave attenuation in potas-
sium at 50 MHz which is rather similar to our own

findings. It should also be mentioned that we find
the electronic component of the ultrasonic at-
tenuation to be about two times larger than the
free-electron prediction of Pippard. 6 In the local
regime (qf «1) Natale and Rudnick have observed
similar enhancements in the electronic attenuation
of longitudinal waves in potassium. While surface
nonparallelism is a possible explanation of our
results, we were led to perform some additional
measurements. To verify the accuracy and reli-
ability of our method, the electronic component of
the acoustic attenuation in high-purity aluminum
has been measured at zero magnetic field using a
quartz transducer for generation and a double-
spiral coil, which is sensitive to the polarized
acoustic wave from the transducer, for detection.
The resulting value at 11.26 MHz is about 9 dB/
em, within 20'P~ of the free-electron prediction.

To determine just what it is that the coils are
measuring we must now investigate the phase of
$„and $s. From Eg. (6), one can see that in the
limit qg«1, &v «1, the phases of the two polar-
izations are nearly equal. As the magnetic field
is increased beyond &o, r/q/ = 1, the phase of $s
changes relative to $~. But by the time cosg»
= 0. 99, where P~, ~isthephasedifference, the con-
tribution of gz to the total signal is negligible
(2%). This fact has also been verified numerical-
ly for somewhat more general conditions. Be-
cause the magnetic and nonmagnetic signals are
very nearly in phase and represent orthogonal ion
displacements, we infer that, apart from the near-
ly negligible magnetoacoustic rotation, the re-
ceiver-coil voltage V, , is given by

a= «oS/&S) ~h ~o

~thoor (~H/~$)thoor ~

(8)

where expt and theor stand for experimental and
theoretical. For simplicity )„represents )&H (;
likewise for $~. Using the experimental result
that the high-field theory agrees with the high-field
data gives

(&H).~~ = (&s)th (9)

and therefore,

(&z)~h/(&s)ah .=fthh ./ft. m~ (10)

where R,h,„depends only on q/. R,~, is deter-
mined from the data, and R~~, is easily calculated
from Eqs. (3)-(6). The value of the sound velocity
s in Eq. (2) is determined from the measured

V, , ~(u (I &~I + I(„l ).

Thus the induced voltage in the receiver coil is a
square sum of the two components which could be
determined independently in a measurement utiliz-
ing a quartz transducer for either detection or
generation of the acoustic signal. However, in a
two-coil experiment with the sound wave propagat-
ing along a symmetry direction where the shear
velocities are degenerate, a geometry which would
allow the separate measurement of ge and $„is
impossible to construct. Even the use of coils that
generate acoustic waves of well-defined polariza-
tion would not suffice.

The problem lies in the symmetric nature of the
generation and detection process. Consider two
polarized coils at opposite ends of a metal speci-
men. At zero magnetic field the acoustic wave
will be launched from the generating surface with
its polarization parallel to the induced current
direction. When the sound wave reaches the detec-
tor coil, it is clear that the maximum signal is
induced if the coil winding directions are parallel.
At high magnetic field the polarization of the sound
wave is nearly perpendicular to the generating-
coil windings. But at the opposite surface of the
metal sample the maximum signal is once again
recovered when the detector-coil winding direction
is nearly perpendicular to the polarization of the
sound wave, by symmetry, or parallel to the gen-
erating-coil mindings. In the intermediate field
region an argument resolving the signal into com-
ponents gives the same result. So one can see that
while the coil-coil measurement eliminates trans-
ducer problems, only one quantity instead of two
can be determined.

In fitting the theory curve for the generation
amplitude to the data we have assumed that the
high-field behavior is consistent with local theory.
This fact has been well verified in aluminum by
Gaerttner. 9 Let us define two ratios:
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FIG. 4. Electromagnetic
generation amplitude vs
magnetic field at 7= 4. 2 K.
Vertical scale is in relative
units. Solid curve is
theory for qua=4. 5, nor-
malized at high fiel.d.
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elastic constants of potassium, ' and for Fermi-
surface parameters, free-electron values have
been used.

V. RESULTS AND DISCUSSION

The principal results of this experiment are
presented in Figs. 4-6. Figure 4 shows the
magnetic field dependence of (pe+ $e}'~ from 0
to 15 kG. The data points are representative val-
ues from the continuously monitored signal ampli-

tude. For comparison, the solid theory curve for
ql =4. 5 is also displayed. The high-field values
of the data are normalized to theory, as described
in Sec. IV. Note the excellent agreement above
about 5 kG. It should be remembered that the data
plotted in Fig. 4 represent the square root of the
experimental signal, so the linearity of ($e+ t'„)'
from 5 to 15 kG provides an additional check on
our method. At low magnetic fields, however, we
see that agreement with theory is not obtained.

((s) „&((E)th vs FREQ.

0 '+6M
+ THIS 0/ORK

)C~q +
LLl

FIG. 5. B.atio of mea-
sured to theoretical elec-
tromagnetic generation
amplitude at zero field vs
frequency. WQM is Ref. 8.

ll l2
FREaUEVCV (MHzj
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FIG. 6. Electromag-
netic generation amplitude
vs magnetic field. Solid
curves are theory for qt
=4. 5. In upper curve $@
is arbitrarily normalized
to data at zero field as ex-
plained in text.
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The zero-field amplitude is about four times larger
than predicted by theory. As well, there is a
monotonic decrease in the signal to a minimum at
about 1 kG, at which point the amplitude is below
the theory curve. This disparity at zero field is in,

qualitative agreement with %6M. They find that
($s),~, /($s)~„, is about 7 in a sample where ql = 2.

It is clear from Fig. 1 that no value of q/ can
bring the theory into agreement with the data at
zero field. ' This major result of our experiment
contradicts the work of TTH, who find good agree-
ment with free-electron theory at 30 and 50 MHz.
Although our apparatus could not reach these high
frequencies, we did measure $~ at frequencies
ranging from 9 to 14 MHz. Figure 5 shows the
ratio ($s)„„/($s),„,plotted versus fretluency.
For completeness, we have included the measure-
ment of WGM. Since it is possible to draw a
horizontal line through our experimental points,
we conclude that the disagreement with theory is
largely independent of frequency.

A further attempt to obtain agreement between
our results and free-electron theory by scaling
the zero-field prediction is presented in Fig. 6.
Here, the experimental points are plotted from 0
to 4 kG as in Fig. 1, along with the theory curve
for q/=4. 5. In addition to these, we have also
displayed a curve derived from theory which
represents the expression (g $s+g)', where 8
is an arbitrary scaling factor that has been chosen
to force agreement with the data at zero field.
However, even with this extreme and unphysical
assumption, it is still impossible to produce sub-
staintial agreement with theory. Detailed cora-

parison with TTH in the low-field region is difficult
because they report no results for $H between 0
and 1 kG.

We stated earlier that the present experiments
have been undertaken in order to resolve the dis-
parity between VfGM and TTH. Because of the
strong disagreement with free-electron theory in
potassium, the results of WGM were initially
viewed with some skepticism. And although the
previous work by WQM was performed in this
laboratory, the current experiment makes use of
different samples and different experimental tech-
niques, including almost all of the experimental
apparatus. However, since the present results
are so similar in many respects to the earlier
data, we have carried out a systematic review of
the free-electron calculations.

It is believed that the local free-electron theory
correctly describes the high-field result and thus
determines accurately the constant A in Eq. (6).
For the zero-field prediction one could view the
electron mean free path as a parameter to be de-
termined by the best fit to experiment. Yet Fig.
1 shows that there is no value of / that produces
good agreement with the data. What is most dis-
concerting is that the experimental amplitude at
zero field is considerably /aegean than the theoreti-
cal prediction. One can think of many reasons
why the measured amplitude might be smaller than
the theoretical value, but it is difficult to do the
opposite. Nonetheless, the following several argu-
ments attempt to demonstrate how the theory might
be modified to give a larger prediction for the
zero-field EG amplitude.



ao NONI OCAL ELECTROMAGNETIC QENERATION AN&. . ~

Consider the nonmagnetic component at zero
magnetic field. The generation amplitude is the
sum of two competing forces. The electric field
in the skin depth acts on the ions causing them to
accelerate. The electric field also accelerates
the conduction electrons and they collide with the
lattice, providing an additional but opposite force,
In the local limit these tmo forces exactly cancel,
so there is no net effect. In the case of nonlocal
conduction complete (microscopic) cancellation no
longer occurs, and nonmagnetic generation is ob-
served. Since there is this competition between
forces, one is led to treat the forces separately.

Consider the electron reaction force F„of Eq.
(1) to be multiplied by a coefficient a. For a =1
me recover the free-electron result, and for 0. = 0
the reaction force is ignored altogether, thus ob-
taining a maximum amplitude. Under this post-
ulate the nonmagnetic generation amplitude becomes

g (z = 0) = (2A/(us) R' Re(a —6,') .
In Fig. 7 we plot the ratio of $(a)/g(o, = 1) as a
function of q/ for 8 =0. This expression gives the
enhancement of the nonmagnetic component for
various values of o. Clearly, the high-field am-
plitude is independent of O'. . For q/=4, even
ignoring the reaction altogether mill not increase
the zero-field result more than 70%, whereas a
factor of 4 is needed to produce agreement with
experiment, Therefore me can conclude that the
reaction force does not influence the EG amplitude
substantially in the region where q/ & 1.

As a further critical review of the theory, the
assumption of specular scattering of electrons at
the surface has been examined. In a series of
careful calculations, Stevenson has found that
near 10 MHz the zero-fieM generation for the case
of purely diffuse scattering or any combination of
diffuse and specular scattering is enhanced by no

more than 15% over the specular result and that
the high-field magnetic component does not depend
on surface scattering. Although this modif ication
takes the theoretical result in the right direction,
once again it is clearly insufficient to explain the
disparity.

The surface region of a metal may sometimes
have properties different from the bulk owing to
impurities, vacancies, or dislocations near the
surface. One can estimate the effect of having
electronic characteristics in the surface region
which are different from the bulk material. The
nonmagnetic EQ amplitude depends on the elec-
tron mean free path near the surface, while the
high-field magnetic component is unaffected by /

as long as vv' «1. If l,~~ were significantly
smaller than I~», the measured ratio $s/$s would
be smaller than $s/$s calculated for l~,„, although
this apparent disparity becomes less pronounced
as q/ increases. It is possible that the etching
procedure followed by TTH after attaching a trans-
ducer to the same surface used to detect or gen-
erate the EQ amplitude did not completely remove
damage in the surface region of their specimen.
Although these procedures might lead to a surface
electrically different from the bulk, me have cal-
culated that a reduction from q/ = 10 to q/ = 1 at
constant frequency would decrease $~ by only a
factor of 2. 5, insufficient to account for the dif-
ference betmeen their data and ours, Another pos-
sible problem is that the transducer measurement
of attenuation used to correct the EQ data was ob-
tained in a different run. If the attenuation mas
affected by the intervening transducer mounting,
this circumstance might lead to errors in the field-
dependent extrapolation. Admittedly, any sys-
tematic error which resulted in close agreement
with the free-electron value of $s/$s at three fre-
quencies is rather unlikely.

Ioo
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FIG. 7. Enhancement
of electromagnetic genera-
tion amplitude vs ql. 0. is
a vreighting factor for the
electron reaction, force.
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Finally, one might suggest that the surface of
the sample is coated with oxide. If the oxide layer
is strongly bound to the surface, the appropriate
boundary condition would be closer to that for a
fixed surface, $(z = 0) = 0. Calculations show that
a fixed surface reduces both the magnetic and non-
magnetic components by a factor of the order of

qg = 10 for our experimental parameters. Signals
this small would be experimentally undetectable
at zero field.

In conclusion, our experiment has sought to
relieve the ambiguity in previous work by provid-
ing a measurement of EG amplitude as a function
of magnetic field without the complication of piezo-
electric transducers. Instead of achieving close
agreement with free-electron theory, these new,
more general results display much the same dis-
turbing features observed by Wallace, Gaerttner,
and Maxfield. While we readily admit that both
the measured magnitude and field dependence of
the acoustic attenuation are still troublesome fea-
tures of our results, we believe that spurious ef-
fects cannot account for our data. The monotonic
decrease of the signal from 0 to 1.3 kG is not at
all reproduced by theory and is present even in the
raw data uncorrected for attenuation. We have
found that the zero-field EG amplitude is several
times larger than the free-electron prediction, and

the low-field behavior of $ is suggestive of the pre-
viously measured anomaly. In addition, every
reasonable attempt to modify the theory to make it
consistent with the data has fallen short of success.
Perhaps there exists a yet undiscovered modifica-
tion of the theory that will produce agreement with
experiment. For now, it seems reasonable to

withhold judgment and suggest that further experi-
mental verification might be needed. In particular,
since TTH observe good agreement between theory
and experiment at higher frequencies (-30 MHz),
it would be useful to extend the coil-coil measure-
ments to this frequency regime. Also, a compari-
son of coil-coil and coil-quartz or single-ended
Quartz attenuation measurements might expose a
subtle problem with the coil-coil attenuation data.

Note added zn proof. The theoretical work of
E. A. Kaner and V. L. Fal'ko (Zh. Eksp. Teor.
Fiz 64, 761 (1973) [Sov. Phys. -JETP 37, 516
(1973))}has just appeared in translation and claims
to obtain an exact solution of the electromagnetic gen-
eration problem which agrees with experiment. They
include a deformation potential which reflects distor-
tions of the Fermi surface by the acoustic wave. We
do not fully understand their complicated analysis, but
we have examined their final results. The zero-field
amplitude $~ they obtain is larger than ours by about a
factor of 3 and is closer to our experimental value.
Their $~ however does not go to zero at high fields but
instead approaches about —,

' of its zero field value.
This does not agree with the experiments of TTH or
WGM. Although not directly related to the present
work, their analysis does produce the nonmonotonic
behavior of g„observed byWGM, but their theory re-
quires qE to be 10 in order to show the effect, whereas
%'GM estimated ql to be about 2.
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