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The question of gigantic quantum oscillations of sound absorption by a metal in a magnetic
field due to variation of the ultrasonic frequency is considered. The possibility of experi-
mental observation of such an effect is discussed.

G’UREVICH, Skobov, and Firsov (1] predicted and
Korolyuk and Prushchak (2] giscovered gigantic
quantum oscillations of sound absorption by a metal
with increasing magnetic field. It is of interest to
consider whether, under the conditions [1,3]

S HQSET, ot>1 (1)

(¢ is the Fermi energy; © = eH/mc is the Larmor
frequency; 7 is the relaxation time) similar gigan-
tic quantum oscillations of sound absorption could
take place at a fixed magnetic field intensity H, but
with increasing frequency of the sound. Such a pos-
sibility is suggested by the fact that already at H

= 0, according to the laws of conservation of energy
and momentum, electrons whose velocity compo-
nents vy in the direction of the wave vector of the
sound wave x are determined by the expression (4]

(2)

where v is the frequency and wp is the phase ve-
locity of the sound (symbolized by u in [4]), play

-a fundamental role in sound absorption. In (1]
(see also |:3]) the condition

Uy =0, (1 —hv/ 2mw';),

@)

which does not take into account the dependence of
vy on the sound frequency v, was stipulated in-
stead of Eq. (2). However, the condition (3) is only
an approximate one; it is obtained by limiting the
expansion of the electron energy in momentum to
only terms of the first order in hy. If one consid-
ers the case of a quadratic electronic dispersion
law, it is easy to see that the accurate condition
(2) holds.

The equation considered in [1]

Uy = Wp,

RQ (n+/,) + p2/2m 4 ko, = RQ (n" 4-1/,) 4+ (p2 + By2)?/2m,
(4)

which takes into account the laws of conservation

of energy and z-component of the wave vector for
H = 0, corresponds precisely to the case of a quad-
ratic isotropic dispersion law. An approximate
solution to this equation was found in (17 with the
condition

Q> %avF (5)

(vy is the Fermi velocity) and with the limitation
of the energy expansion to terms of first order in
fix. The following expression was thereby obtained
for the z component of the wave vector of the elec-
trons participating in sound absorption“j:

(6)

where 6 is the angle between the vectors X and H.
It is not difficult, however, to obtain an exact
solution to Eq. (4), which, when the condition

ps = mw,/cos 0,

Q> v,%. + hy2/2m (7)

is fulfilled, has the form

P2 (v) = mw,/cos 6 — hv cos 8/20,,

(8

where, in distinction to Eq. (6), p% is found to de-
pend on the frequency v. In particular, for 6 =0
(i.e., H Il x), it follows from Eq. (8) that

(9

pr(v) = mo, (1 — hv/2me?),

in agreement with Eq. (2).

The occurrence of a frequency dependence in
Eq. (8) leads one to expect a gigantic-oscillation
effect in the absorption of sound with change in
frequency at a fixed value of H. In fact, maxima
in the sound absorption of electrons occur each
time that p% falls in any interval (Apgz)n corre-
sponding to the projection on the axis pz of the
portion of the parabola

gn=hQ (n +1Y/,) 1+ p2/2m, (10)
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intersected by a band of width kT centered on the
level ¢ (see the figure in (13, which displays six
such (Apgz)y for n=0,1,2,3,4,5). Consequently,
as the frequency is increased from v; to v, the
value of p% will decrease, in accordance with

Eq. (8), from pg(vi) to pg (v5), which will lead to
the appearance of as many maxima of sound ab-
sorption as there are intervals (Ap,), located be-
tween py(v,) and pY(vq).

A consideration of Eq. (16) in (1] for the coeffi-
cient of sound absorption I', which was obtained
for the case of quadratic isotropic electronic dis-
persion for H Il X, leads to a similar conclusion.
In fact, in going from Eq. (16) to Eq. (18) in (1]
the authors actually neglected, not the quantity
(pg)Z/Zm, but the quantity [p%(v)]z/élka in the
argument of the hyperbolic cosine. Indeed, if we
retain this quantity, which is responsible for the
frequency effect, then instead of Eq. (18) in (1]
we obtain the expression

7Q e BQ(n ) — s H — [0 (v)]2/2
I = rom Z Ch'2{b (n -+ 1/2) 2>;;0 [pS (V)]2/2m }’

n,s,

11*

which shows that for hQ > kT the absorption co-
efficient has a maximum each time that the projec-
tion on the axis py of the intersection of the parab-
ola (10) and the level ¢ —szuyH coincides with
p%(v) from (9).

The frequency dependence was also omitted in
(1] in the consideration of the behavior of the ab-
sorption coefficient far from the maxima. Having
replaced the §-function in Eq. (16) by Eq. (20),
the authors ! then assumed hy?/2m « 1/7, w
« 1/7, and the frequency dependence correspond-
ingly vanished in Eq. (22). However, the assump-
tion wT K 1 corresponds to the classical descrip-
tion of the absorption of a sound wave and not to
the quantum case, in which w7 > 1 (see, e.g., [5]).
Moreover, the use of the condition B > 1 later in
Eq. (24) of (11 ig incompatible with the assumption
wT < 1 in the low-temperature region. Hence it is
expedient to transform Eq. (16) in (1] without an
assumption about the magnitude of the frequency w.
In this case, we obtain

hQ
I'=To5zr

B
d __
v 5 T B —pL(v)] V ZmkTy (12)

x Jgent(L3)

m,s,

*ch = cosh.
DThere is an error in Egs. (20) and (21) of [*]; instead of
Tfixp,/m read yp,/m.
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instead of Eq. (22) of [11 (the symbols are the
same as in [11).®

It can be seen from Eq. (12) that the first func-
tion under the integral, in distinction to [1], has a
maximum not at y =0 butat y = p%(u)/(kaT)i/2
to which corresponds py = p%(u). If now the posi-
tion of one of the maxima of the second integrand
function coincides with the position of the maximum
of the first, and if the width of the maximum of the
first function is much less than the distance be-
tween the two maxima of the second function clos-
est to it, then a gigantic oscillation will occur. The
latter condition (that the separation between two
maxima of the second function should significantly
exceed the width of the maximum of the first) has,
as in [1], the form

B (hQ/ET)>> 1, (13)

and the condition that the width of the maximum of
the first function be much less than that of the sec-
ond is

B> 1. (14)

Further, an estimate of the ratio I'max/Tmin
leads to

Plﬂdt /, Fpin~B (hQ/kT)% (15)

However, in distinction to [1], we shall write B in
Eqgs. (13), (14), and (15), not in its approximate
form

B = (2kT/m)" yv ~ 3l (ET/L)", (16)

where use was made of the assumption vp
~ (zg/m)l/z, which is not valid in the presence
of a field H, but in its exact form

B = (oT/w,) (2KT/m)':. 17)

Then, for example, condition (14) takes the form

0T > o, (2kT/m)", (18)

which at T = 1°’K means w7 > 1, in agreement
with the aforementioned condition of the quantum
treatment of sound absorption as a phonon-electron
collision process.

In considering the possibility of experimental
observation of this oscillation effect, it should be
realized that it will occur only if there is at least
one interval (Apgz)n located between py; = 0 and
p%(0).> In the figure in [!] is illustrated the ex-

2In Eq. (22) of [!] the exponent 2 on y in the argument of
the hyperbolic cosine was omitted.

9n this discussion of a possible expetiment it is assumed
that v < v, =-2me}/h, which is evidently already two orders
of magnitude higher than the frequencies used in [2].
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actly opposite case, when all the intervals (Apg )y
lie to the right of p)(0). In this case, motion to
the left of pg with increasing v obviously cannot
lead to a maximum in sound absorption. However,
by changing the field intensity H (to some other
fixed value), it is possible to obtain an interval
(Apg )y to the left of p), [and for kT < (p})%/2m
completely within the region (0,p%)]. A shift of
the intervals (Apg ), from the region pg > py to
the region py < py is exactly what was accom-
plished experimentally by Korolyuk and Prushchak
[2] in fields of the order of 10% Oe at T = 1.9—4.2°K
in Zn (judging from the number of maxima in
Fig. 1 of [?] there were 31 such shifts). Conse-
quently, from this point of view the conditions
necessary for the observation of the presumed
effect were completely satisfied.

The range of frequencies capable of signifi-
cantly reducing the quantity p%( v) can furnish
some important experimental requirements for
comparison with the results of Korolyuk and
Prushchak. According to Eq. (8), we have at 6 =0

8p2 (v) = — hdv/20,, (19)

consequently, in order to reduce p°z = mwp to 0.1
of its magnitude, the requirement is

8v = mw2/5h, (20)

which for m ~ 107% g and wp ~ 10° cm/sec gives
6v ~ 10° sec~!, whereas in [2] a frequency of 220
Mc/sec was used.*’

A similar estimate is obtained by comparing the
o6v and O0H capable of causing an equivalent change
0pz (and hence an equivalent shift according to the
curve of Fig. 1 in l:2]). From Egs. (19) and (10)
follows

hdv m ;

0p, = — 5— = ——77‘1(71—5—%) 8Q,

2
20 p 2

(21)

“The above estimate of the mass of the carriers can be
obtained on the basis of the experiment of Korolyuk and Pru-
shchak,[?] starting from the relation

ApERL Ay

m< o, ¢ [A[{-l_ <n+ 5 ) Hx:]} ,
where n is the number of observed maxima and H, is the in-
tensity of the field at which the first maximum appeared. Sub-
stituting H, ~ 10* Oe, AH™ ~ 2 x 10™® Oe™, w, ~ 3.7 x 10°
cm/sec, we find m £ 107 g. Thus, in the estimates presented
we have used m ~ 10™ g. For smaller values of m the mag-
nitude of &v in Eq. (2) will obviously be reduced.
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whence for p} ~ mwp, considering Eq. (19) in [,
we have

v~ L e 1
~n mc HAH!

O0H. (22)
With H ~ 3 x 10* Oe and AH™! ~ 0.2 x 107 Oe~1[2]
and the above accepted value of m, we obtain

v =~ 108 6H [sec -Oe]-1. (23)

Therefore, under the conditions of this experiment
(2] and with m ~ 10~% g a field change of 10 Oe
is equivalent to a frequency change of 10° sec™l.

For the values of m and w, used above and for
0 = 0, a frequency of the order of vy = 1010 sect
will, according to Eq. (9), lead to p% — 0, so that
for such magnitudes of m and wp the effect ought
to be extremely sensitive to frequency changes in
the range 10°—10!° sec~!. Phonons with such fre-
quencies are readily available in the experiment
(see, e.g., [83); hence, from this point of view, the
experimental observation of the effect considered
above is perfectly feasible. In this connection an
increase in frequency v will permit some lower-
ing of the requirements on the frequency of the
sample engendered by the inequality w7 > 1. Such
an experiment could in particular serve to verify
the character of the electronic dispersion law for
conduction electrons in metals and semi-metals
as well as the magnitudes of the effective masses
of the carriers [e.g., from Eq. (22)].

In conclusion, I extend my sincere thanks to
Prof. S. V. Vonsovskii for valuable discussions
on the problems considered above.
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