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Dragging of electrons by sound in metals 
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A sound wave attenuating in a metal transfers its momentum to the conduction electrons, thus dragging 
the electrons. This produces in the sample an acoustoelectric voltage vph and an acoustomagnetic field Hph 
if the sound flux occupies respectively the entire or part of the sample cross section. These effects were 
investigated in tin, aluminum, bismuth, and gallium in the interval 4.2-1.2 K. It is shown that dragging 
of electrons by sound does not depend on temperature; tin has a giant anisotropy of the acoustoelectric 
voltage v,,, probably as a result of singularities of the Fermi surface. Nonlinear effects connected with the 
acoustomagnetic field Hph occur in gallium when the sound intensity is increased. 

PACS numbers: 72.50. + b, 72.55. + s 

INTRODUCTION riers, and T is the relaxation time in the conduction- 

The damping of elastic (acoustic) waves in metals at 
low temperatures is due mainly to their interaction with 
the conduction electrons. The energy and momentum of 
the wave are first transferred to the electrons, and are 
then dissipated when already in the electron system. In 
this case the sound drags the conduction electrons. A 
propagating sound wave excites in a conductor a current 
and an electric field. The possible existence of this ef- 
fect was first pointed out by Parmenter,' who called it 
acoustoelectric. Although it soon became clear (see, 
e.g., Ref. 2) that Parmenter's theoretical calculations 
were in error, the very existence of electron dragging 
by the sound was subject to no doubt. 

electron system. The direction of the current depends 
on whether the charge carriers are electrons or holes. 

If the sample circuit is open, then an electric voltage 
is produced along the conductor 

where N is the charge density. It is seen from (2) that 
the acoustoelectric voltage is larger the smaller the 
charge density. This is probably why until recently this 
effect was investigated only in semiconductors3 or in 
s e rn ime ta l~ .~*~  In typical metals the expected effect is 
too small to be detected by the existing measurement 
methods. 

When the wave loses an energy Q a s  a result of inter- Indeed, assume that optimal conditions are realized 
action with the conduction electrons, the momentum of in the experiment, and the voltage produced in the sam- 
the elastic wave Q/U (u is the speed of sound) is trans- ple is due to absorption of the entire energy of the 
ferred to the electrons. As a result, in the simplest sound wave. (For this purpose it is necessary that the 
case, a current flows in the conductor, given by distance between the sample points between which the 

voltage V', =SE,,&, is measured be so  large that the 
I=e'zQlm'u, sound wave is completely damped between them.) 

where e * and m * are the charge and mass of the car- Then 
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where q is the sound wave energy flux density. Substitu- 
ting values typical of metals, we get 

In experiments usually q = O . l ~ l O - ~  W-cmmS and con- 
sequently v,,= 5x10-" - 5 ~ 1 0 ' ' ~  V. This is the highest 
estimate of the expected effect, which actually can be 
even smaller. 

A real possibility of investigating the acoustoelectric 
effect in metals appeared after the recent advent of a 
new generation of instruments, based on the use of 
weakly coupled superconductors with sensitivity 10-l4 - 
10-l5 V (for example the SKIMP installations). 

This article describes experiments that led to obser- 
vation of the acoustoelectric voltage and acoustomag- 
netic fields in tin, aluminum, bismuth, and gallium. 
Data are presented on the measurement of the tempera- 
ture dependence of the electron dragging by the sound, 
as well as  the results of investigation of the giant aniso- 
tropy of the acoustoelectric voltage in tin. We have 
previously published only preliminary r e ~ u l t s . ~  

EXPERIMENTAL SETUPS 

In all the experiments, the measuring sections (the 
SKIMP installation and the ultrasound generator) were 
similar. The joint operation of these elements calls 
for a number of precautions. The point is that if a 
parasitic high frequency signal of amplitude lo4 V is 
applied to the sensitive element of the SKIMP installa- 
tion, then this installation, a s  all others of its type, op- 
erates outside its rated range. At the same time, to 
excite an ultrasonic converter the HF signal must have 
an amplitude on the order of one volt or more. It is 
therefore necessary to shield the sensitive element 

FIG. 1. Instrument for the measurement of the acoustoelectric 
voltage: 1-acoustic converter, 2-glass insulator with elec- 
trode, 3, 4-second electrode of converter-superconducting 
film, 5-housing of instrument, 6-spring that presses the in- 
sulator against the housing, 7-coaxial to feed the converter, 
8-sample, 9-remainder of glass mold, 10-guiding washer, 
11-weight that clamps the sample to the converter, 12-tube 
for securing the washers, 13-wires of measureing circuit, 
14-lead and Permalloy screens. On the right-typical plot: 
15-control signal turned on, 16-HF signal feeding the 
converter turned on. 

very carefully against the HF supply signal of the ultra- 
sound converter. The required shielding is possible 
only if the entire HF supply line of the converter is in 
a metallic screen, and that side of the converter which 
faces the sample is covered with a screening supercon- 
ductor film (see Fig. 1). 

Figure 1 shows a diagram of the instrument used for 
the measurement of the voltage produced when sound 
propagates along the sample. The converter of the H F  
electromagnetic oscillations into acoustic ones was a 
plate of lithium niobate -150 gm thick. It is knowns that 
the conversion coefficient of lithium niobate reaches 
60%. The orientation of the plates for the excitation of 
various modes was selected in accordance with the data 
of Korolyuk et a1.' The measurements were usually per- 
formed for the longitudinal (L)  oscillation mode at fre- 
quencies 23 and 69 MHz and for the transverse (T) mode 
at 15 and 45 MHz at a power 10" W dissipated in the 
radiator. The lithium-niobate plate 1 was secured with 
epoxy resin to a glass insulator 2 in which an electrode 
3 was fused-in. The insulator was fitted snugly into the 
housing 5. The lithium niobate was covered from above 
by metallic and superconducting films 4. 

The sample 8 (a single crystal cylinder of -3 mm dia- 
meter) could glide freely in a guiding washer 10, and 
was pressed against the converter by a weight 11. The 
lower end of the sample was carefully finished with an 
electric -spark lathe and was also polished electrically 
in some experiments. The acoustic contact between the 
sample and the converter was through a layer of sili- 
cone oil. In the measurements of the acoustoelectric 
effect, the sample was electrically insulated from the 
converter by a thin layer of BF-2." 

In the measurements of the voltage, the entire mea- 
suring circuit, with the exception of the sample and the 
"normal" - 3 ~ 1 0 - ~  $2 was connected through supercon- ' 
ducting leads. The contact between the leads and the 
sample was made with Wood's alloy. The voltage V,  produc- 
ed along the sample when the sound was turned on was 
measured either with a potentiometer or by determining 
the direct deflection of the SKIMP installation; a typical 
waveform obtained by the latter method is shown in Fig. 
1. 

RESULTS OF MEASUREMENTS AND THEIR 
DISCUSSION 

1. The acoustoelectric effect 

In investigation8 of the acoustoelectric effect, one of 
the main problems is the separation of the voltage due 
to the sound wave from the voltage due to the heating of 
the sample. The heating can be due either to the power 
dissipated in the converter or to the energy of the 
damped sound wave. If heating of the sample produces 
a temperature difference AT between the contacts, then 
the extraneous "thermal" voltage is V,=aAT, where o! 
is the thermoelectric power coefficient of the sample. 
To separate the acoustoelectric effect from the extrane- 
ous thermal effect in the case of tin, we used the fact 
that the thermoelectric power of pure tin reverses sign 
in the interval 3.7-4.2 K and passes through zero.'' It 
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FIG. 2. Temperature dependence of the voltage produced 
along the sample when the heater on the sample is turned on 
(solid line) and when the H F  signal that feeds the converter is 
turned on (dashed). The experimental conditions and the loca- 
tion of the contacts are  shown schematically on the right of the 
curves: w = 1 5  MHz. 

is known that the thermoelectric power coefficient of 
metals at low temperatures can be represented in the 
form 

where the term aT is due to the direct action of the 
temperature gradient on the electron system, and bT3 
is due to the action of the phonon wind on the electron 
system. In the case of tin a T and b~~ are of opposite 
sign and become equal at T=T, where To lies in the 
interval 3.7-4.2 K. It is clear that at the temperature 
To at which there is no thermoelectric power in tin the 
voltage v,, produced in the sample after turning on the 
HF signal, is due only to the acoustoelectric effect. 

To determine T, a heater H was placed on each sam- 
ple (Fig. 1). In the first experiment it was located near 
the contact on the far side of the radiator, but it was 
found subsequently that it is better to locate it alongside 
the radiator. The contact was not farther than 0.5 mm 
from the end face of the sample. Together with the 
heater it was covered with several layers of paper. 

Figure 2 shows the results of one of the first experi- 
ments aimed at determining V,,. The heater was located 
far  from the radiator. One ofthe contacts was placed 
alongside the heater, and the other at various distances 
from the radiator, as shown in the figure on the right of 
the curves. The 'solid curve is the voltage VT when the 
heater H is turned on, and the dashed curve is a plot of 
Vo. When the contact is at a considerable distance from 
the radiator (21 cm), the sound attenuates before i t  
reaches the contact, and the V, and V, curves pass 
through zero at the same temperature To. On the other 
hand, if the contact is alongside the radiator, then at 
T =To we have V,(To) + 0. Obviously, V,(T,)=V,, is due to 
the dragging of the electrons by the sound. The change 
in the character of the heat transfer from the sample 
changes d~,/dT but not V,,. With good approximation, 
in the entire range of measurements, we have 

v.-vp*+l3v,. (5) 

The quantities V,, V,, and p are proportional to the 
square of the voltage of the HF signal on the converter. 

A Y-cut converter was used in these experiments, 
and various sound oscillation modes could be obtained 
in the same experiment. Figure 3 shows a plot of V,(T) 
for the T and I.. oscillation modes. It is easily seen that 
the signs of V,, are different for these modes. 

The slopes of the dvT/dT and d ~ , / d T  curves can be 
used to determine the sound power flux in the sample, 
namely , 

where Q, is the power dissipated in the heater, and S 
is the cross section area of the sample. This method 
gives reliable results, of course, only if the heater and 
the radiator are located at the same contact. 

Control experiments have shown that if one sample is 
used to perform repeated measurements, and the sam- 
ple is placed in contact each time again with the radia- 
tor, the value of V,, can change by several times, 
whereas the quantity 

u p n = V p h q - '  

remains constant. In our estimates, the error  in the 
determination of v,, is of the order of O.lv,,*3~10-'~ 
V-Wq ~ m - ~ .  (The second term is connected with the in- 
accuracy of T,.) For the investigated sample we obtain- 
ed the following values7a: 

The sign of v,, was chosen in accordance with the sign 
of b in relation (4). A positive sign of v,, means that the 
acoustoelectric voltage coincides in sign with the volt- 
age due to the phonon wind. The absolute value of v,, of 
tin turns out to be smaller by one order of magnitude 
than the previously expected value. 

At the same time, for aluminum samples7b we ob- 

FIG. 3. Temperature dependence of V,, for various oscillation 
modes: 1-T mode, w=15  MHz; 2-L mode, w = 2 3  MHz; 
3 - 4  mode, w = 69 MHz; solid curve-for V *. 
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served satisfactory agreement between the experimen- 
tally determined and calculated values of v,,. 

2. Acoustomagnetic effect 

The sound wave can excite in metals also a magnetic 
field. This magnetic field appears if the sound beam 
occupies only a part of the sample. Then a countercur - 
rent of electrons that are not dragged by the sound ap- 
pears in the sample outside the beam, and the current 
acquires a circular component and therefore also a 
magnetic field H,, directed perpendicular to the sound 
propagation. This effect, called acoustomagnetic, i s  
also a consequence of the dragging of the electrons by 
the sound. In order of magnitude we have 

where o i s  the conductivity of the metal and 71 i s  a geo- 
metric factor that depends on the current distribution 
in the sample. If the sound damping y is not very large, 
y - 10 dB/cm, then 77 =y . The conductivity of pure metals 
at helium temperatures i s  o =101° 52-' cm, and conse- 
quently at y -10 dB/cm an acoustic flux q of the order 
of a watt per square centimeter can excite a magnetic 
field of several oersteds. 

It i s  known" that a nonequilibrium distribution of the 
temperature in the sample can lead to the appearance 
of a magnetic field perpendicular to the temperature 
gradient only in some exotic cases. Therefore in ex- 
periments on the observation of the acoustomagnetic 
field the role of the extraneous thermal effects i s  neg- 
ligibily small, especially if H,, i s  investigated in the di- 
rection of a high-symmetry axis of the crystal. 

In our f i rs t  measurements of the magnetic field we 
used a movable loop that surrounded a large part of the 
samples; subsequently we changed over to measure- 
ments with a movable loop of area 1 mm2, which could 
be displaced over the surface of the sample in the 
course of the experiment. The measuring loop together 
with the receiving coil of the SKIMP installation con- 
stituted a single superconducting circuit. In the experi- 
ment we measured the current produced in the circuit 
when the sound was turned on. The installation was cal- 
ibrated with an additional loop that moved together with 
the measuring loop and could carry a current of known 
magnitude. In individual experiments, the same loop 
was used in the feedback circuit of the SKIMP installa- 
tion, and H,, was measured by a null method. The sam- 
ples used in these experiments were single-crystal 
plates measuring (8-20)x20 mm and 2 mm thick. A 
radiator with a construction similar to that described 
above was located across one of the edges of the plate. 
The field was measured in the direction perpendicular 
to (8-20)x20 mm plane. This direction coincided with 
the [001] axis in the case of tin, with the C, axis in the 
case of bismuth, and with the c axis in the case of galli- 
um. 

It i s  easily seen that the acoustomagnetic field must 
be inhomogeneous. The maximum absolute value of the 
field should be expected near the boundaries of the 
sound beam, and the field should have opposite direc- 
tions on opposite sides of the beam. With increasing 

FIG. 4. Section through 
magnetoacoustic field 
across the sound beam 
(X-section); tin, lower 
arrow-radiator. 

distance from the radiator, the field decreases. Some 
field distortion due to edge effects should be observed 
near the boundary of the sample. 

Figure 4 shows sectional views of the acoustomagnetic 
field for a tin sample. It i s  clearly seen that the maxi- 
mum of H,, indeed coincides with the boundary of the 
sound beam. The measurements were performed at a 
distance 3 mm from the radiator, whose dimensions are 
marked on the figure. No substantial smearing of H,, i s  
noted likewise in the case of measurements at larger 
distances from the radiator. The value of the field 
agrees with the estimates based on relation (7). For 
example, in tin the sound propagated along [loo], where 
up ,=  5x10-l1 v-w-~ ~ m - ~ ,  o =3x10° 51'' ~ m - ~ ,  -20 
dB/cm, and q= W/cm2. Substituting these quantities 
in (7) we get ~ , , -3x10-~  Oe, as  against the measured 
Hpk = Oe. 

The value of the acoustomagnetic field at various points 
of the sample, of course, is determined by the distribu- 
tion of the sound-induced currents in the sample and can 
have a more complicated form than shown in Fig. 4. An 
external magnetic field alters the distribution of the 
currents and the value of H,, . In weak fields this change 
reduces mainly to a redistribution of the maxima near 
the edges of the sound beam (Fig. 5a). In the case of 
gallium, a substantial redistribution of the field occurs 
already in fields comparable in magnitude with H,,. The 
large value of H,, in gallium i s  a reflection of the high 
purity of the investigated sample.2) It is clear that in 
this case the field excited by the ultrasound will alter 
the distribution of the currents and by the same token 
influence i ts  own value. These nonlinear effects mani- 
fest themselves in the fact that the relative change of 
H,, over the sample begins to depend on the intensity of 
the sound flux (Fig. 5b). In this case H,, i s  no longer 
proportional to the sound-flux power q (inset in Fig. 
5b). In the case of gallium these nonlinear effects set 
in at q = 2 ~ 1 0 - ~  W - C ~ ' ~ .  

We have demonstrated here only the simplest nonlin- 
ear effects due to the large value of H,,. Their actual 
conceivable variety i s  large. They are worthy of speci- 
al consideration, since they can manifest themselves in 
most unexpected fashion in various experiments with 
sound. We recall that, for example in experiments on 
sound absorption, the radiator usually occupies only a 
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FIG. 5. X-section of magnetoacoustic field in gallium: a- 
in different external fields (the value of the field is  marked on 
the curve), b-at different sound-beam powers. Inset-de- 
pendence of H,, at  the maximum, marked by the arrow, on 
the value of q (the absolute value of q is approximate). 

part of the section of the sample. By the same token, 
in all these experiments there is present an acousto- 
magnetic field which, in the case of high-purity samples 
and high sound intensity, can noticeably distort the re- 
sults of the measurement. 

3. Concerning the temperature of the electron dragging . -  by - 

the sound 

Although the temperature does not enter directly in 
the expression (2) for the acoustoelectric effect, one 
cannot exclude beforehand its possible influence on the 
dragging of the metal electrons by the sound. Direct 
measurements of the temperature dependence of v,, in a 
wide temperature interval is a very complicated task 
because of the presence of extraneous thermal effects. 
The experimentally determined relation (5) indicates 
that in a small temperature interval v,, is constant. To 
determine the temperature dependence of the electron 
dragging by the sound in a wider temperature interval 

0.5 FIG. 6. Temperature de- 
pendence of the magne- 
toacoustic field in alumin- 
urn (black points) and tin 
(light points). 

9.3 - 

- 1 - 1.0 L - 

FIG. 7. X-section of mag- 
LO 

I netoacoustic field in bis- 
I muth at  various tempera- 
I 
I tures. 
I 
I 
! I  

I 1 I I 1  

1 2 3 4 C K  

it is convenient to use the acoustomagnetic effect. In 
this case, however, it must be recognized that even at 
constant y the value of H,, depends on the conductivity of 
the metal. 

Figure 6 shows the temperature dependence of H,, in 
aluminum and tin. In aluminum H,, is constant in the 
entire measurement interval 4.2-1.2 K, and in tin an 
increase of H,, by approximately 1% is observed in the 
interval 4.2-3.7 K and agrees with the increase of the 
conductivity of the investigated samples. 

According to the data of Kopylov and Mezhov-Deglin,'2 
the conductivity of the bismuth used by u s  increases 
from 4.2 to 1.2 K by almost five times. This can ex- 
plain fully the substantial increase of H,, of this metal 
with decreasing temperature (see Fig. 7). It is inter- 
esting to note that there is no noticable difference be- 
tween the H,, curves plotted above and below the point 
of helium, i.e., under conditions of different thermal 
regimes of the sample. This result does not confirm 
the previously obtained conclusion, based on measure- 
ment with a stationary loop, that thermal effects play a 
noticable role in the formation of H,, in bismuth. 

4. Anisotropy of dragging of tin electrons by sound 

The substantial difference between the calculated esti- 
mate of v,, and the results of i ts  direct measurement in 
tin is in fact the only patent contradiction between the- 
ory and experiment. To cast light on this question, a 
detailed investigation was made of the anisotropy of the 
electron dragging by the sound. As described above, 
the quantity measured in experiment was v,,. The sam- 
ple orientation was determined by x-ray diffraction ac- 
curate to 2". Samples in the (100) and (001) planes were 
investigated. If we substitute in (2) the numerical val- 
ues for tin, we obtain 

In the (100) plane (Fig. 8), for all the directions, the 
experimental value of v,, is lower by one order of mag- 
nitude than expected from the calculations. For most 
directions, the dependences of v,,,, and v,,,, on the an- 
gle are monotonic and similar.') 

The picture is different in the (001) plane. The acous- 
toelectric effect changes quite strongly here (Fig. 9). 
For example, v,,,,=O along [loo] and [I101 whereas at 
7-8" away from the [I101 direction it approaches the 
theoretical value. The quantity v,,,, has a different 
sign and also changes strongly with direction (Fig. 9). 
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FIG. 8. Acoustoelectric voltage v,,, of tin samples of different 
orientation in the (100) plane. 

We can truly speak of a giant anisotropy of the dragging 
of the tin electrons by the sound in the (001) plane. We 
recall that this is the plane of the highest crystallo- 
graphic symmetry in tin. The good agreement between 
the measurement results obtained with a large number 
of samples, and the qualitative confirmation of the re- 
sults in the measurement of the anisotropy of the acou- 
stomagnetic effect on one sample, suggest that the ob- 
served change of v,, with changing crystallographic or- 
ientation is indeed a property of tin and is not due to 
random changes in the properties of the samples. We 
note that measurements at frequencies 15 and 45 MHz 
lead to close values. A number of typical values of 
v , ~ ~ ~ ~ ~  are shown in Figs. 8 and 9 by circles. The 
maximum difference between v15 and v4, is observed in 
the [I001 direction and does not exceed 30%. A giant 
anisotropy of v,, is observed only for samples of ex- 
tremely high purity. Thus, introduction of approxi- 
mately 0.01% of bismuth into tin decreases the aniso- 
tropy substantially (Fig. 9). 

We recall that the anisotropy of the damping of ultra- 
sound is not so large. Thus, according to the data of 
Perz and Dobbs13 a smooth decrease of y by an approxi- 
mate factor of four takes place in the (001) plane for 
the L mode when the sound propagation direction 
changes from [loo] to [110]. 

The acoustoelectric voltage v,, and the thermoelectric 
power due to the phonon wind are the results of a single 
physical effect, the dragging of electrons by the sound. 

FIG. 9. Acoustoelectric voltage v,,, of tin samples of different 
orientation in (001) plane: a-longitudinal mode, b-trans- 
verse mode. Crosses-results of measurements on samples 
with bismuth impurity. 

The only difference is  that the frequencies of the sound 
oscillations (phonons) responsible for these two effects 
differ by a factor lo3. In the case of the thermoelectric 
power these are oscillations with frequency -100 GHz, 
and in the acoustoelectric effect these are oscillations 
with frequency -100 MHz. One can attempt to compare 
these two effects numerically. To this end, using v,, 
we calculate the coefficient b in relation (4). 

In the presence of a temperature difference A T ,  the 
phonon flux carries an energy q - mAT, where c is the 
specific heat. At low temperatures C = C ~ T ~ ,  where c, 
= 2 . 3 ~ 1 0 - ~  J/cm3 K4 for tin. Substituting the expression 
for q in (6), we obtain for the voltage due to the phonon 
wind 

from which we get 

In all the relations it is necessary, of course, to sub- 
stitute the average values of v,, and u. For v,, we use a 
value encountered for most directions, namely -10-' 
V-W-' cm-', and for the average sound velocity we put 
u=2.5x1O5cm-set". This yields b - l ~ l o - ' ~ V K ' ~ .  This 
is smaller by an approximate factor of three or  four 
than the experimentally determined value of b, accord- 
ing to the latest corrected data of Alt~khov. '~ This dis- 
crepancy can hardly be regarded a s  substantial, in view 
of both the approximate character of the entire calcula- 
tions and of the fact that at the present time v,, is known 
for only a limited number of crystallographic directions. 

In the interpretation of the results on the anisotropy, 
it must be borne in mind that tin is a metal with a com- 
plicated multiband Fermi surface (see Ref. 15, and the 
pertinent bibliography). In this case all the relations 
(1)-(3) become more complicated. For example, the 
sound wave can be absorbed both by electron and hole' 
surfaces. In our experiments q l =  10-30 (q is the wave 
vector, 2 is the electron mean free path), and it can be 
assumed that the contribution made to the losses by all 
the surfaces is additive, i.e., Q=C,Q,, where Q ,  are 
the losses on the i-th surface. It is obvious that the 
losses on each surface are anisotropic, and since the 
losses are determined by the interaction between the 
elastic wave and the electrons on the strip i of the 
Fermi surface where q .v = O  (v i s  the electron velocity), 
it follows that 

where (121' is a qu.antity that depends quadratically on 
the components of the tensor that relates the change of 
the electron energy with the strain tensor, and Hcp) is 
the Gaussian curvature of the Fermi surface on the 
strip over which the integration is carried out. The 
connection between the current and the sound-wave 
losses in the case of a multiband metal i s  complicated 
and, in view of the complexity of the Fermi surface, 
several explanations can be offered for the anisotropy 
of This obviously calls for additional experimental 
and theoretical research. 

We shall attempt here only to point a way towards an 
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explanation of the anisotropy of v,, on the basis of most 
naive representations. Assume that relation (1) is valid 
for each of the surf aces, and then 

Naturally, each of the current components I, depends on 
the direction of q (by virtue, for example, of the aniso- 
tropy of Q,, r,, and m,). In addition, in the presence of 
electron and hole surfaces in the metal, the I, can have 
opposite signs. 

-- 
~ b v i o u z <  the electric voltage due to the elastic wave 

should a s  a rule be smaller in this case than called for 
by relation (2), and should have an appreciable aniso- 
trow. In this model, the experimental value of v,, will 
approach the value calculated from relation (3) if the 
sound absorption is mainly on surfaces on which the Ii 
have the same sign.4' 

CONCLUSION 

Let us determine the position occupied by the method 
described in this article for investigating the interaction 
of the phonon and electron systems relative to the pre- 
viously existing methods. As already indicated, this 
method is closest to the method for determining the 
electron dragging by measuring the thermoelectric 
power due to the phonon wind. Whereas the thermoelec- 
tric power, however, is determined by an integral ef- 
fect, in our method all the effects are determined by 
phonons with distinct directions. From this point of 
view, our method is close to investigations of ultra- 
sound absorption. It is known, however, that ultra- 
sound absorption does not depend on the effective sign 
of the charge with which the wave interacts, whereas 
the electron dragging by the sound depends on the sign 
of the charge. Thus, the principal role for the T 
mode along [loo] is played by holes for bismuth, galli- 
um, and tin and by electrons for aluminum. Owing to 
the dependence on the sign of the charge, the anisotropy 
of the effect has a more complicated character compar- 
ed with the anisotropy of the sound absorption. One can 
assume that further investigations of dragging of the 
electrons by sound will yield additional information on 
the band structure of the electrons of the metal. 

When the sound wave propagates in the metal it ex- 
cites not only an electric voltage but also a magnetic 
field. In the case of high-purity samples this magnetic 
field can reach a value large enough to influence the 
sound absorption via the electron system. By the same 

token, the acoustomagnetic field should lead to the ap- 
pearance of nonlinear effects. 

We have considered here only two aspects of the drag- 
ging of electrons by sound; further investigations will 
show the extent to which these and other trends will be 
helpful. 

The author thanks P. L. Kapitza for support and N. A. 
Nikitin for technical collaboration. 

') We used in the investigation tin and gallium with R ~ ~ ~ / R ~ . ~  
= 6.104, aluminum with R30@/R&2 = 2*lo4, and bismuth with 
R30dRC2m 3 .lo2. 

2, The high-plrity gallium was kindly provided by the Institute 
of Chemistry of the Siberian Division of the USSR Academy 
of Sciences. 

3, In this plane, mixing of oscillations of different modes does 
actually take place at  oblique orientations. 

4'It is shown in Ref. 16 that a reversal of the sign of I t  can 
occur also on one Fermi surface of complex shape. 
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