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The interaction of charge carriers situated in a magnetic field with the electric field pro
duced by an ultrasonic wave is considered. The power absorbed in unit volume is calcu
lated for charges with scalar and tensor effective masses. The curve for absorbed energy 
has peaks where the ultrasonic frequency is nw0 ( n being an integer and w0 the cyclotron 
frequency of the carrier), provided the relaxation time T » 1/ w0• Because the ultrasonic 
wavelength is about 105 times smaller than that of light at the same frequency, polarization 
effects should be absent in experiments on ultrasonic resonance; this prevents the use of 
cyclotron resonance in semiconductors with a high concentration of free electrons. 

THE experimental successes of the ultrasonic 
technique have made the problem of the interaction 
of charge carriers with sound waves one of current 
importance. 

The transport of electrons by ultrasonic waves 
has been studied by Gurevich 1 and Parmenter. 2 In 
the present communication we consider the effect 
of ultrasonic waves on the electron gas of a semi
conductor situated in a magnetic field. 

We shall solve the problem in the classical ap
proximation for which the de Broglie electron wave
length must be smaller than the sound wavelength: 

(1) 

Using inequality (1) and the known values of the ef
fective mass of the charge carriers and of the speed 
of sound c0, one can derive a limiting temperature 
when the carriers are non-degenerate and a limit
ing concentration when they are degenerate; below 
these limits the formulae derived below are justi
fied. 

We use the method of the deformation potential3•4 

and write the interaction energy of an electron with 
an isotropically deformed crystal in the form 

W = a (Uxx + Uyy + Uzz), (2) 

where a is the deformation potential and Uii are 
the components of the deformation tensor. Then 
the force acting on an electron is 

F = xau0yy cos (wt- xy + ~1), (3) 

if the deformation is caused by a monochromatic 
wave moving along the y axis. The magnetic field, 
H, is taken to be along the z axis. The radius 
vector of the electron r can be written as the sum 

of two components: the vector R, referring the 
electron to the center of its orbit, and r 1, the 
displacement of the center of the orbit in the time 
t from the instant of its last collision. The prob
lem of finding r 1 in the general case for the force 
(3) reduces to the solution of a non-linear differ
ential equation. However, if 

(4) 

the additional phase can be neglected, leaving only 
KRy in (3). The value of y 1 can be obtained by 
considering the limiting case of a uniform electric 
field: E = E0 cos wt. Solving the kinetic equation 
with this force, we obtain for the magnitude of the 
displacement of the center of the orbit under reso
nance conditions 

(5) 

From (5) it is seen that if au0yyTw0 /mc~ « 1, 
inequality (4) is satisfied. Not having data for 
comparison with experiment, we will assume that 
the parameters lie within the limits necessary for 
the latter inequality to be satisfied. As an example, 
it can be shown that if c0 = 5 x 105 em/sec, m = 
me, TWo= 5, then au0yy should be smaller than 
10-4 ev. 

1. THE POWER ABSORBED IN UNIT VOLUME 

Because the field created by an ultrasonic wave 
is strongly inhomogeneous, instead of using the 
kinetic equation, as was done, for example, in ref
erences 5 and 6, we resort to a direct average of 
the energy absorbed by the individual particles. 
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In the interval of time D..t between two succes
sive collisions, let u ({31> {3, D..t, v1 ) be the energy 
change of the charged particle with velocity com
ponent v 1 perpendicular to the magnetic field, 
with {3 the initial phase of the motion and with 
{3 1 the phase of the force. After the time D..t, 
having changed its energy by u, the particle 
moves from the energy level E - u to the level E. 
In unit time and unit volume the number of such 
transitions will be 
f (e- u) exp (- M f't) dM d~ d~ 1 

M - .. -·~21t 

~ 1 (.f( )- !l)exp(-At/-c) dRdR 
~ 47t2 8 u oe D.t-c n t'• 

(6) 

where f ( E ) is the distribution function normal
ized to the number of electrons in unit volume. 
Multiplying (6) by u and integrating with respect 
to {3 and {31 from 0 to 27r, with respect to D..t 
from 0 to oo, and over all the energy levels, we 
obtain the expression for the absorbed power U: 

1 u =- 47t2 

00 00 00 2!t 21t 

x ~ ~ ~ ~ ~ ~: :~ exp(-M/-r) d~t ds1_ds 11 d~1d~. (7) 
0 0 0 0 0 

Here, El is the orbital and Ell the residual part 
of the energy, and pdEldE 11 is the number of states 
in the energy interval dE1dE11· 

According to (3), when (4) is satisfied: 

u (~I> ~. M, v 1_) = F ouVol_ 

l1t 

X~ cos(w0t+~)cos(wt-xRsin(w0t+~)+~1)dt. (8) 
0 

Substituting (8) in (7) and completing the integra
tions with respect to {31, {3, and D..t, we obtain 

where z = KR, wn = nw0, and Jn is the Bessel 
function of the n-th order. 

As expected, in the limiting case in which 

(9) 

K--. 0, when T = const, Foy = const, and classi
cal statistics are used, (9) goes over to the well
known formula of the classical theory of cyclotron 
resonance (see reference 5). 

To simplify calculations with Eq. (9), we will 
assume that T = const and use classical statistics, 
After straightforward manipulation we find that 

where In is the Bessel function of argument x = 

( w/ w0 )2 kT/mc~. 
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In the figure, curves constructed with the aid of 
(10) are given for TWo = 5 and 1, and kT/mc~ = 
0.5; they show the relative amount of absorbed 
energy: UkT/2a2u~yyW~TN, where N is the con
centration of electrons. 

For TWo= 5, resonance peaks of the first, 
second and higher ord~rs are clearly visible. For 
TWo = 1, resonance maxima are observed starting 
with the third order. The increasing height of the 
peaks with increasing order is explained by the 
linear dependence of the force (3) on the frequency 
of the ultrasonic wave for constant deformation 
amplitude. The broken line is the curve for con
stant force amplitude. The more complicated 
nature of the absorption curve compared with 
cyclotron resonance is connected with the pres
ence in (9) of the additional variable z = KR. 

2. ULTRASONIC RESONANCE FOR AN ELLIP
SOIDAL SURFACE OF CONSTANT ENERGY 

We will consider a hexagonal crystal and limit 
ourselves to the simple case in which the energy 
minimum is in the center of the Brillouin zone. 
The calculation for a more complicated surface 
can be carried out when the practical need arises. 

The z axis is taken parallel to the principal 
symmetry axis of the crystal. The x and y 
axes are chosen so that K is directed along the 
y axis. The magnetic field is taken along a line 
lying in the xz plane. The equations of motion 
of an electron in this case are (see reference 5): 

Px = WtCOS !itpy, Pu = Wz sin !itpz- WtCOS !it Px. 
Pz = - Wt sin !itpy, wt. t = eH I cmt, z, (11) 

The quantities mt and mz are determined from 
the formula for the energy, which, under the as
sumptions made above, must have the form 

e = (p; + P!) ;2m1 + p;;2m1• 

Integrating (11), we find 

X= Rxcos(wot + ~) + Voxt, 

Y = -Rusin(w0 t + ~), . 
z = Rzcos(w0t + ~) + Vozt; 

(12) 

(13) 
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Rx = (2s 1. I mt)'1• (wt / w~) cos S., 

Ru = (2sJ.I mt)'1'(1 lw0), 

Rz = (2mts 1.)'1• (wt I w~) sinS., 

w~ = wf cos2 S. + w1wt sin2 S.. 

We introduce the new variables 

-'!. 
~u = mt Pu• 

(14) 

(15) 

In ~ phase space the vector ~ 11 describing the 
residual motion of the center of the electron orbit 
is perpendicular to ~1 describing the orbital mo
tion. Therefore, introducing a cylindrical system 
of co-ordinates with axis along ~ 11 , we obtain for 
the number of states in the energy interval dE 1 dE 11 , 

pds1. ds 11 = 41t (m1md1' ~1. dh d~ u/ (2~t1i.)3 • (16) 

The force (3) in the case under consideration is 

F = xU000a1 cos (wt- xR0 + ~1), (17) 

(here a1 is one of the two unequal components of 
the deformation potential tensor: axx: = ayy = a1 ~ 

azz = a2) 

AI 

u = xU00ya1w0R0 ~cos (w0t +~)cos (wt- xR0 + ~1) dt. (18) 
0 

After substituting for u, the integration of (7) 
with respect to angular variables leads to a for
mula differing from (9) only in the replacement of 
a2/m by aflmt· 

Using (16) and integrating further with respect 
to h and ~ 11, under the same assumptions as 
were used to obtain (10), we arrive at an expres
sion which can be obtained from (10) by substitut
ing 

w~ = (eH I mc)2 -4- w~ = wicos2 S. + WtWt sin2 S., 

X-?X1 = (wlw0 ) 2 kT / mtch, 

where c01 is the velocity of sound in a direction 
perpendicular to the symmetry axis. 

If the ultrasonic wave is directed along the z 
axis and the magnetic field along the x axis, we 
find U ""' a~ . If T is weakly dependent on the di
rection of the magnetic field, then measure
ments of the heights of the resonance maxima 
for various directions of IC and H enable one 
to evaluate the relative magnitudes of the com
ponents of the deformation potential tensor. 

In conclusion I regard it as a pleasant duty to 
express my gratitude to Yu. E. Perlin for useful 
discussion and valuable observations. 
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