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The induction oscillations that develop in a conductor upon propagation of a low-frequency sound
wave through it are considered. It is shown that in a quantizing magnetic field (the distance between
the Landau levels is greater than the temperature), this induction change leads to sound absorption
which is of the same order of magnitude as the value of induction damping of the sound.!” The
oscillatory dependence of the sound absorption mechanism on the magnetic field leads to oscilla-
tions in the absorption coefficient with a relative amplitude of the order of or greater than unity,
provided that the induction absorption is dominant. It is shown that the latter condition exists in
compensated metals, or in metals whose Fermi surface possesses a layer of open trajectories.

THE absorption of ultrasound in a metal in a quantizing

magnetic field (7°T < i, Q = eB/mc is the cyclotron
frequency, B the magnetic induction) is considered in
the present work for the condition that the length of the
free path of the conduction electrons [ satisfies the
inequality ! < x, and k+B =0, where 2mx = 27/k is the
sound wavelength. The damping of the sound in a strong
magnetic field has been considered previously a num-
ber of times; here we have studied two absorption
mechanisms; deformation and induction.!?] The de-
formation mechanism determines the sound absorption
in the absence of a magnetic field. Physically, it is
connected with the retardation in establishment of the
equilibrium distribution of the conduction electrons, the
dispersion law for which has the form

Bay -+ pu=-eo(p) + de(p).

e=-¢eo(p)+ Au(p)uin+ piva 3
Tk

in the field of the sound wave u. Here \jk(p) is the
deformation potential, ujk = 7»(8uj/8xk + duk/9xj) is
the deformation tensor. This retardation, which is due
to the finite velocity of sound, leads to dissipation of
energy.

In addition to the direct deformation mechanism,
the electric field, which develops in the conductor upon
passage of the sound field through it, also contributes
to the sound absorption. This field is found from the
Maxwell equations. Estimates show that the contribu-
tion to the absorption from the electric field is, in any
case, not larger than the direct contribution from the
deformation mechanism. The induction mechanism of
sound absorption arises in a magnetic field. It is as-
sociated with the electric field G =u X B/c, which is
induced when sound passes through a deformed con-
ductor moving in a magnetic field. Here the absorption

- and the electric field are determined by the total elec-
tric field & = E + G (see!?!), and the field E satisfies
the Maxwell equations:

1 B
E=———,
rot oot
At o~ .

rot H = T{o%—,LJdef}.

For what follows, it will be convenient for us to
write down Maxwell’s equations for the field &. This

is not difficult to do if we take it into account that*
1 1 0 .
rotG=Trot[uB]=TE{(BV)u——Bdwu}.

By using the latter relation, we get

e 1 9
rOtgz—-—c—E {B('1 +6ﬂ;u1‘k)),
4~ AW,
rot H =TG$ +TJdef‘

It is then seen that the inductive absorption of sound in
the case k*B =0 corresponds to a ‘‘change’’ in the
induction by the amount 6Bjnd ~ Bbjkuik.

In the preceding discussion it was assumed that the
induction B remains constant. However, being a self-
consistent magnetic field, the induction ‘‘feels’’ the
change in the dispersion law of conduction electrons,
i.e., a dependence of the induction on the time appears.
This leads to the appearance of an induced electric
field and, at the same time, to additional sound absorp-
tion. This is the physical reason of the new induction
mechanism of sound absorption.

We now estimate the corresponding value of the
change in induction. Both the Fermi energy €, and the
form of the Fermi surface change in the field of the
sound wave. As will be shown below, both these factors
lead to induction changes of the same order of magni-
tude. Therefore, we shall estimate here, for simplicity,
only the effect of the change of the Fermi energy. From
the condition of electrical neutrality, it is easy to ob-
tain the result that (with accuracy up to (1Q/€,)?)
5€o = AjkUik, Where

Ain d2 dz
A==/ §
is the value of \jx averaged over the Fermi surface.
We then get for 6B
oB

0B a1
B ~ — g0 ~ —— Allin ~ 4 —— Ainllin.
6. 9es €0 deg inlin T Teq Rk

The largest values of the magnetic moment and its
derivative occur in those regions of the magnetic field
and temperature where they are determined by the

*[uB] =u X B.
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de Haas—van Alphen effect (7T <18).[®! As a con-
sequence of the oscillatory dependence of the magnetic
field on the Fermi energy, we get

oM 4nM
A —— ~ ~ 4y —,
T deo hQ o €
where
_ oM v\? g0\
X=3B (T) ( rzsz)
Thus,
Mhum GSB X
8B ~ Bhny, s ~ 4y —,
€o 6Bind % €

and if 4my ~ 1, then the contribution to the absorption
from the mechanism considered is of the order of the
value of the induction absorption. In this connection,
we shall assume in what follows that the induction
mechanism of sound absorption is dominant.

It is clear from what has been pointed out that for
an exact solution of the problem it is necessary to
compute the induction B in the field of the sound wave
and to substitute the resultant expression in the Max-
well equation for the determination of the electric field
&. In the case in which the induction absorption of
sound is dominant, jgef in the Maxwell equations can
be set equal to zero, and the value of the energy dis-
sipated per unit time is

Q="'/2Re Zﬁiné’ié’k'-
iR
The coefficient of sound absorption is thus equal to
1 *
F=—WRG gdihgi{f}; y
where s is the group velocity of sound, w the sound
frequency, and p the density.
We now proceed to the quantitative solution of the
problem. '

2. MAGNETIC MOMENT IN THE FIELD OF THE
SOUND WAVE

The calculation of the magnetic moment requires a
knowledge of the energy levels of the electron, which
we shall determine in the quasiclassical approxima-
tion. For this purpose, we first consider the classical

motion of the conduction electron. Let z || B and y Il k,

and let the vector potential A be written in the form
Ay =Az =0, Ay = - [B(y')dy’. Then the classical
motion is reduced to the one-dimensional motion of a
particle with a Hamiltonian

s(P,y):s(P——i—A(y),y),

and the energy levels are determined in the quasiclas-
sical approximation from the condition

gﬁ Py dy =2nnh,

By using the fact that Py = py and dy = dpx/ec™'B(y),
we have

pydpx __ 2nnfie
B(y) c

The condition kR < 1 allows us to take B(y) outside
the integral sign. Finally, we get the relation

2ninheB
@Pk dpx=S(e)=

for the determination of the energy levels.

Further calculations of the magnetic moment are
made in standard fashion (see the work of I. M. Lif-
shitz and A. M. Kosevich[®]), As a result, we obtain the
following expression:

-

M::ZMLK“{ oS

where S®(u) is the area of the extremal cross section
of the Fermi surface in py, and MK is the magnetic
moment computed inl®), We now describe the quantity

S%(u) in more detail. For this purpose, we represent
py in the form py = p{? (€, pz) + piV’, where p® sat-
isfies the equation €, = € p;,‘”, Pz, Px). Then we get

for p;' the expression vyp;}’ = \jKkUik — ée(p),_whence
S® =82(€o) — 6S* where 68 = —S¥5jkujk — Afuy,
(88%8€), Ajk = Ajk — Xik, A% is the mean value of A
over the perimeter of the extremal cross section. Thus

M= ZMLKa { (So“e—fll-;S“)c }

3. SOUND ABSORPTION COEFFICIENT

We shall first transform the sound absorption coef-
ficient. From jy = 0, which is equivalent to the condi-
tion of electrical neutrality, we have &y = -0yg & 5/oyy.
We then have for j, and T’

Jo= (Uuﬂ -
Z 5apFa8s"

For simplicity, we shall assume in what follows that
the magnetic field is applied along one of the axes of
the crystal. Then hy =hy = &; =0 and only the com-
ponent with &y in the sum in Eq. (1) remains. We
write the expression for curl & = -1/c x 8/8t [ B(1

+ div u)] in the following fashion:

OayC
"_””_5_) &b = 6up&p,
Oyy

(a,ﬁ:y,z). (1)
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After substitution of the explicit expression for_.GSO‘,
the final set of equations, from which the field & is
determined, has the form

= Jh
rot& = — - {—- + Baintir },
c Lot
where
rot H = lﬂé z,
ds
ain == Oip + IHTX TS_Am (2)

Solving this system, we get the following result for &x:

2ip !
(k8o)? ) ’
where (k6,)® = w2/2m0s?.
Substituting this expression in Eq. (1), we get
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Ey=— Mc aihuik(i
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We now proceed to the analysis of the sound absorp-
tion coefficient for different cases.

First, we note that for 4wy ~ 1, both components in
ayk (see (2)) are generally of the same order. From
the oscillatory dependence on the magnetic field of the
second component, the absorption coefficient at its
minimum can be much smaller than its value at maxi-
mum for a longitudinal wave, and the minimum value of
the absorption coefficient is exactly equal to zero in
the case of a transverse sound wave. Thus, gigantic
oscillations of the sound absorption coefficient can
develop. In this case, the minimum value of the absorp-
tion is determined by the deformation mechanism, and

the relative amplitude of the oscillations is Fﬁgx/ Tget-

Let us consider the value of the ratio I‘i‘l}lg‘x/ T def

in more detail, In the case of a normal metal (case a)),
T'def ~ n€gw?7/ps? and@ ~ 0, ~ ne’7/m. For a com-
pensated metal (case b)), I'qef ~ n€,w?7/ps® and @

~ 04(R/1)? (since ne¢ = np)I, where R is the radius of
the electronic orbit. If, for a given direction of the
magnetic field on the Fermi surface there is a layer of
open trajectories, and the number of electrons on open
trajectories is of the order of the number of electrons
on closed trajectories (case c)), then I'gef ~ neqw/ps’v
and T ~ 0o(R/1)’. Using these formulas, it is easy to
obtain

a) Ting (1_)2____—_”2
T et ER] 1 4 4u2/ (k8o)*’

b) Fm’“N(L)L_u_?__
T got Kl ] 4+ ap2/ (ko)
C) F'i}:l%x 1 ll2

Tor K A+ 4p?/ (kdo)*

It is not difficult to establish the fact for a normal
metal we always have (k,)* >>1 and I'[08%/T gef
~ (k6,0)%/(KR)? S 1 in the region of interest to us.

In cases b) and c), we can have both (k&,)> <1 and
also (k&,)® > 1 because of the small value of o
~ 0o(R/1)%.

If (k6o)* <1, then I'{17"/Tqef ~ 1/(kI)*>>1 and
Iing*/Tgef ~ 1/kl > 1 for cases b) and c), respec-
tively; in the opposite limiting case, rlilrllg’x/rdef 1.
Thus, in compensated metals and in metals whose
Fermi surface has a layer of open trajectories, strong
oscillations of the ultrasonic absorption coefficient

arise:
maex min max
1CTing /Ting Tind /T def

We now consider the effect of the value of 1 on the
oscillations of the sound absorption coefficient. From
the condition of thermodynamic stability of a uniformly
magnetized state, it follows that u > 0, i.e., 47y =< 1.
Here, as in the liquid-vapor case, one can show that a
system of critical points arises (because of the

periodicity of the magnetic field). These points (T,
B{1) are defined by the condition!*!

&
4ny(Bo, To)=1, 4n %(To, By)=0.

Under conditions sufficiently close to the critical point,
the value of p begins to increase, and its maximum
value for a given temperature is pmax ~ (AT/To)™?,
where AT =T - T, > 0, while the width of the induc-
tion range, where u is significantly different from
unity, ™! is
AB ~ B, M2 /AL
€0 T

We now assume that (k&,)? > 1 and the tempera-
ture satisfies the condition AT/T, < 2/(k8,)®. Then,
as is easy to see from Eq. (3), the absorption coeffi-
cient in the region close to the critical point increases
by a factor (k6,)*/4. Thus, in the indicated tempera-
ture interval, a narrowing (AB < B#iQ/¢, is the
period of the oscillations) of the absorption peak is
superimposed on the considered oscillations.

4. DISCUSSION OF THE RESULTS

The experimental observation of strong oscillations
of the sound absorption coefficient Fmax/I'min < 1 in
a quantized magnetic field (kB = 0) allows us to con-
clude that the induction absorption is of the order of
the deformation absorption in any case. The presence
of gigantic oscillations of the sound absorption should
mean that the dominant mechanism of absorption is the
induction mechanism. We recall that if the induction
mechanism of absorption is actually dominant, then
the gigantic sound absorption oscillations arise for
transverse polarization of the sound wave. In this case,
the amplitude of the gigantic oscillations gives the
value of the inductive sound absorption, while the mini-
mum value of the absorption coefficient is identical
with the value of the deformation sound absorption.

The author is grateful to M. Ya. Azbel’ and V. L.
Gurevich for useful discussions.
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