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Ultrasound absorption in a metallic film (thin plate) located in a transverse quantizing magnetic field
is considered. The effect of the boundaries on the ultrasonic wave is taken into account. It is shown
that giant absorption oscillations arise, just as in the case of a longitudinal field in a bulky sample.

1. INTRODUCTION. STATEMENT OF THE PROBLEM

IN the well-known research of Gurevich, Skobov and
Firsov,' it was shown that giant oscillations in the
absorption of ultrasound by metals takes place in a
quantizing magnetic field, if the sound is propagated
along the magnetic field. These oscillations arise upon
change in the magnetic field and are connected with the
fact that the absorption increases sharply if the projec-
tion of the Fermi velocity of the electron on the direc-
tion of the magnetic field becomes equal to the phase
velocity c; of the wave. In subsequent researches, the
theory of the giant oscillations underwent further de-
velopment (Skobov,'?! Zyryanov,'*! Pustovoit;!*] for
details, see the review!®!),

Korolyuk and Prushchak!®! first discovered the
giant oscillations in Zn. The oscillations in ultrasonic
absorption have also been observed in Bi,!”! Ga,!®
Mg,!®! PbTe,!*! PbSe.['"] The essential feature of the
observed oscillations is that they arise when the wave
vector q is parallel or almost parallel to the magnetic
field. If q is perpendicular to H, this effect is en-
tirely absent.

In this research, ultrasound absorption is considered
for metallic or semimetallic films placed in a trans-
verse quantized magnetic field. It is assumed that the
film thickness is of the order of the ultrasonic wave-
length. This should lead to a significant effect of the
boundaries on the ultrasound propagation. Thus the
arrangement in this research will differ from'*! in two
respects: 1. The ultrasound is propagated transverse
to the magnetic field, along the film. 2. The ultra-
sound propagation depends significantly on the bound-
aries of the sample.

As will be shown, in spite of the mutual perpendicu-
larity of q and 6, there will be giant oscillations in
absorption in this case, too, owing to the effect of the
boundaries. The transverse orientation of the film
relative to the magnetic field is more convenient for
experimental observation of the effect since it enables
us to use more powerful fields.

Oscillations of a film (plate) with account of the
boundary conditions for an arbitrary relation between
the wavelength X and the thickness L were studied
in{*3, In that research, dispersion curves were ob-
tained, the form of which was used for qualitative con-

sideration and for estimates.

At a definite ultrasonic frequency, a number of
modes are excited in the film, corresponding to differ-
ent dispersion branches. The boundary conditions will
be important when the number of excited branches is
small. This occurs, as is seen from the graphs in“z],
when L/cy S 20-—40. For the ultrasonic frequencies
used, w ~ 10’—10°Hz, L ~ 10™' - 10™° cm. Thus the
consideration applies to rather thick metallic or semi-
metallic films, essentially to thin plates. Inasmuch as
the given thicknesses are much greater than the de
Broglie wavelength even for the case of a semimetal,
the boundedness of the plate is not essential for the
electron states.

The boundedness of the plate also does not lead to
the appearance of oscillations of the classical size ef-
fect, since the radius of the Larmor orbit is much less
than L in the given case.

2. ELECTRON TRANSITION PROBABILITY

Let the magnetic field and the normal to the film be
directed along the z axis. The direction of the propa-
gation of the ultrasonic wave will be the x axis. We
shall assume that the condition of a quantizing mag-
netic field

hoe > kT, oa>1 (1)

(the cyclotron frequency wc = es4/mc) is satisfied. The
wave functions and the spectrum of the electrons in the
magnetic field without account of the perturbing effect
of the ultrasonic wave have the form

wn:(xhlxo)exp Li(kyy + k.z)], (2)

Yy (2, 4,2)=
z

YILy L.
emn := (M + o) hioc + h2k.2 [/ 2m, (3)

where M is the magnetic quantum number, x, the
coordinate of the center of oscillations, I = (i/mw¢)¥?
is the magnetic length, and ¢\ is the oscillator func-
tion.

The action of the ultrasonic field on the electron is
determined by the perturbation operator

W =E, divu. 4)

A contribution to the divergence is made only by that
part of the displacement u which determines the com-

340



OSCILLATIONS OF ULTRASOUND ABSORPTION BY A THIN PLATE

pression (uz), but us, which gives the shear, is unim-
portant here. In a plate with free boundaries, horizon-
tal waves are possible, the displacement in which takes
place along the y axis, and also the so-called vertical
displaced waves, the displacement in which is located
in the xz plane (see!'?). The first type of waves does
not centribute to the divergence and for the second, ug,
can be written in the form

chaz

()

w=grad®, @O=Aexpigr { shaz’
where the hyperbolic cosine corresponds to symmetric
and the hyperbolic sine to the antisymmetric oscilla-
tions, a®=q®- w?%c}; z is measured from the center
of the plate.

The quantity a plays in some sense the role of the
transverse quasimomentum qgz. For values q < w/cj,
a is purely imaginary and the part of the displacement
u;, which gives the compression, represents a standing
wave, for which, however, the wave number a, = ia
depends on q. It will be shown below that acoustical
branches with small q are important in absorption.
Therefore one can limit the discussion to the case in
which « is purely imaginary.

The matrix element defining the electron transition
from one state to another under the action of the sound
wave is obtained if we use (2) and (4) in the form

(6)

| <M, 20, o [W | M, 20", B,") 12 ~ Sprnaeduger (ke — E27) F(ql).

For the computation of (6), it was assumed that
M = M’ (this assumption will be established below) and
we use the formula(**]

j e~ Hy(z ++ y) Hy (z + 2) dz = 2% M1 Y Lag (—2y3).
The integration with respect to z in getting (6) was
carried out in the interval —L/2, L/2. The function
x(kz — kz) is equal to

M

1 L
— k)= —— N (k,— k,))sin — (k, — k)
ks B = g | (b B sin (ks — k)
L L L 2
XCOS a; — apsin Ofo cos—?(k;—kz’)] . (8)

It expresses the approximate conservation law of
the z-th projection of the quasimomentum in the case
of a bulky sample; integration with respect to z be-
tween infinite limits would yield a 6-shaped function,
expressing the conservation of kgz, in place of
x(kz - Kz).

The maxima of y(k, — kg) lie at the points * a,.
The width of the region in which y differs appreciably
from zero is approximately equal to ~7/L for all
branches. This is connected with the uncertainty prin-
ciple. Thus, in the interaction of an electron with a
wave, the most probable value of the transferred mo-
mentum is equal to + ao.

The dependence of the matrix element (6) on q is
determined by the function F(qi)

F(ql):(:—[:CXp(— q;lz )LMz(l;qz)q (9)

where L) is the Laguerre polynomial. Upon increase
in ql, this function falls off rapidly, since the magnetic
quantum number M is not large. Therefore, in the in-
teraction, the upper modes are the most important
from among the perturbed acoustic branches. For
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them, q < w/c; and a is imaginary. Moreover, the
oscillations with large ql are very ‘‘transverse’’ and
give a smaller contribution to the absorption for this
reason,[!Z

We write down the energy conservation law for an
electronic transition with absorption of a phonon

h2k,2 h2k,"2
hoo(M +/2) + <=+ ho =hoe (M’ +1/2)+——, (10)
m 2m

where hw is the energy of the ultrasonic phonon.

Transitions for which M = M’, connected with a
change in the magnetic energy by hw, which cannot be
compensated either by the phonon energy hw or by a
change in the kinetic energy of motion of the electron
along the field, because of its smallness. Therefore,
only transitions without change in the magnetic quan-
tum number are possible.

In the case of a bulky sample, ky =k and Eq. (10)
is not satisfied for any value of ky, i.e., sound absorp-
tion cannot occur in the bulky sample in a quantizing
magnetic field as the result of an electron transition.
In the case of the plate ky # k,. Even this circum-
stance should lead to the appearance of absorption.

By denoting the momentum change by A, we obtain
the result that electrons with ky < ky take part in the
absorption, since

kz":ﬁ
h

(11)

>|8

’

the quantities +A lie in the range (ao — /2, ao + 7/2).

Because of the diffuseness of the value of A, kg
also has an uncertainty, equal to
me 1

“h L ao(ao+ /L) (12)

3. DEPENDENCE OF THE ABSORPTION ON THE
VALUE OF THE MAGNETIC FIELD

The only electrons that can take part in the absorp-
tion are those in the interval kgT at the Fermi sur-
face. Keeping in mind the dispersion law for electrons
in a magnetic field, we obtain the following equation
for the possible ky:

(13)

The obtained intervals of k; are shown in the draw-
ing. With increase of the magnetic field, the parabolas
in the drawing are raised upward while the range of
possible values of kz are shifted to the left. Whenever
any of these intervals intersects the region of variation
of k%, resonance absorption should appear. The dis-
tance between maxima on the curve of the dependence
of the absorption on # is easily determined:

ex &= kpl' = Roo(M + 'f2) + h?k? [ 2m.

A% 1
#  M—1/,
or
ﬁ 2
A= F

me ey — o,

(14)

In the last expression we discarded the term with k,
because of its smallness. .

In the case in which the magnetic quantum number
is comparatively large (metal), Eq. (14) is simplified:

A(i—): b A=

)
EA meegp ey

Awe

8. (15)
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The width of the absorption resonance peak is deter-
mined by two factors--the value of the interval of ky,
associated with thermal diffuseness, kaT/‘ﬁzk;, and
the indeterminacy of ky, itself (12).

Inasmuch as o is of the order of nﬂ/L[m] (n is the
number of the acoustic branch), the ratio of the noted
diffusenesses is n*kT/mL%w? It follows from the
graphs of(*?! that Lw/n ~ 10cs. For the electron mass
and the temperatures at which the magnetic field can
be quantizing, the noted diffusenesses will be of the
same order. For smaller effective masses, the inter-
val of kz will be more significant, due to thermal
scatter. Therefore, it can be assumed that this deter-
mines the width of the peak of resonance absorption.
Simple calculations lead to the expression

856 = HksT / er. (16)

It is seen from a comparison with (15) that for a
quantized field, the peak width is much less than the
distance between neighboring peaks.

For an estimate of the relative value of the maxima
of the absorption, we write down the absorption coef-
ficient!?!

nA
= Vope?

2
LMz, B | W M 2D |2
085‘

2
X8 [2—h’;(~kzz—k{2)+ fim], (17)
where f is the Fermi function and p is the density.
Summation in (17) is carried out over the initial and
final electron states.

Simple calculations show that I' ~ H at the maxima.
Finding the absolute value of the maxima of I'/T'; is
more difficult since a complicated expression is ob-
tained for I', (the absorption coefficient of ultrasound
in the film in the absence of a field). However, this is
not necessary in principle, since in the case of a bulky
sample, when I'/T, is easily calculated, there is no
good quantitative agreement of theory with experi-
ment.!*

To find the shape of the resonance peaks, one must
take into account the electron scattering processes in
the film. Here, for estimating purposes, we must re-
place the 6 function in (17) by

1 1/
/v + (Rigk./m + h2q?/2m — hw)?

both in the case of a bulky sample and for longitudinal
waves.[!] Unfortunately, this procedure is not reliable

in our case, since there is no satisfactory expression
for the relaxation time in the film. Therefore we shall
not discuss the question of the shape of the resonance
curves, and limit ourselves to the experimentally ob-
served parameters obtained above: the period of oscil-
lation (14), (15), the width of the resonance peaks (16),
and the dependence of the height of the peaks on the
applied magnetic field.

As in the case of a massive sample for longitudinal
direction of the magnetic field, the observation of the
dependence of the absorption coefficient on the mag-
netic field in the case considered gives information
concerning the Fermi surface. As follows from the

well-known expression(**),

1

— ) =2nen, k). 18
A(%) 2nehi/cS (e, kz) (18)
Here S(€, kz) is the cross section area of the Fermi
surface parallel to the plane of the film.
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