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Magnetoacoustic size effects in a thin metallic layer are studied theoretically by the kinetic equation
technique, employing the integral boundary condition. The parameters of the condition, i.e., the total
probability and the relative width of the scattering indicatrix, describe in greater detail the interaction
between the electrons and the metal suface than does the Fuchs specularity coefficient that was employed
previously [Sov. Phys. JETP. 34, 407 (1972)]. The dependence of the damping decrement of short wavelength
sound I” on the value of the weak magnetic field turns out to be significantly different for the various models
of the scattering indicatrix. Sondheimer-type oscillations of I" are investigated in strong fields for both open
and closed Fermi surfaces. The case of multichannel surface scattering of the charge carriers is analyzed. An
experimental observation of the predicted effects allow us to establish the values of the parameters of the
boundary condition and also the local characteristic of the Fermi surface.

PACS numbers: 43.35.Cg, 43.35.Rw, 72.55. + s

1. Magnetoacoustic phenomena in bulk samples are
widely used for the study of the electron energy spec-
tra of metals. There is no less interest in size effects,
which appear in the propagation of the ultrasound in
conductors that are thin in comparison with the free
path lengths of the charge carriers Il: they turn out to
be very sensitive not only to the form of the dispersion
law of the conduction electrons, but also to the char-
acter of their interaction with the surface of the conduc-
tor.

In the description of quasiclassical size effects, the
boundary condition for the electron distribution function
is very important. In a significant portion of theoreti-
cal researches, it is used in the form proposed by
Fuchs!;

(=) =q/.(p-) + (1—q) const, (1)

where the “parameter of specularity” ¢ is the probabil-
ity of specular reflections, for which the quasimomen-
ta of the electron before and after its collision with the
boundaries of the metal are connected by the relations

e(p.)=e(p-), [pxnl=[pxn],

sign v, (p-.) =—sign v, (p-) <0,

where n is the outward normal to the surface of the
sample. In the specularity parameter approximation,
the possibility was shown of observation in thin conduc-
tors of a number of new magnetoacoustic effects, con-
taining information on the local characteristics of the
Fermi surface.?

However, the applicability of this approximation is,
generally speaking, limited. It is clear that in the gen-
eral case, the distributions of the incident and reflected
particles should be connected by the integral relation

1) =Wi(p)= [dp, W(pe 0. )1 ().

and only the very distinct form of its kernel (a sharp
maximum of W(p,,p,) at p,=p. and a smooth variation in
the remaining region of integration) permits us to re-

va(py) >0, 3)
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sort to the Fuchs condition (1). But even in this case,
the specularity parameter turns out to be a functional
of the distribution f(p,), i.e., it describes not only the
surface of the given sample, but also the conditions of
the experiment (for example, it depends on the ultra-
sonic frequency.

What has been said is especially important for mag-
netoacoustic phenomena, in which the electron distri-
bution is a rapidly changing function of the quasimo-
mentum, and in the present work we shall use a bound-
ary condition in the form proposed by Fal’kovskil® and
by Okulov and Ustinov® *;

1) =WL () =1 (p) +P [dp, w(pocp.) /(0 =1 (p,)].
0 (p.)>0. )

Here P is the integral probability of electron scattering
upon reflection from the boundary, P =<1, while

w(p. .p’) is the scattering indicatrix normalized to
unity:

Jw@..p.)dp, =1, (5)

At P=1, the condition (4) is a completely integral ohe;
the case P =0 corresponds to purely specular reflection
of the particles.

It will be shown below that the oscillation magno-
acoustic size effects turn out to be stable relative to
the form of the boundary condition (the periods of os-
cillation and the very fact of their existence are not
critical to the form of the scattering indicatrix) and
can be used as a method of detailed study of the elec-
tron energy spectrum. Here the form of the oscilla-
tions, and the especially smooth dependence of the
ultrasonic absorption on the value of the magnetic
field are different for different models of the scatter-
ing indicatrix, which makes it possible to analyze the
character of the interaction of the charge carriers with
the boundaries of the sample by means of the experi-
mental data.
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2. We consider the electron absorption of a longitud-

inal sound wave
u=(u, exp {ikz—iwt}; 0; 0),

propagating along the normal to the layer of metal
0 <x<sd. The thickness of the layer is assumed to be
small in comparison with the volume frec path length
of the charge carriers I, but much greater than the
sound wavelength

kmgd<l.

This condition corresponds to modern experimental
possibilities and allows us to neglect distortions of the
sound field near the boundaries of the sample. In a
magnetic field H=(0;0; H) parallel to the layer, the
Boltzmann equation for the nonequilibrium distribution
function of the conduction electrons

0fo

1=10() F (P 2 ) e —— (6)
€
has the form
(8/8t+v.0/dx£ikv.—io+v) y*=Ac=A. (7)

Here and below, ¢ is the time of motion of the electron
along the Larmor orbit, A,, is the deviation of the de-
formation potential from its mean value on the Fermi
surface, v is the frequency of intravolume scattering of
the charge carriers. After the next collision of the
electron with the boundary of the layer (at the instant
\,) the solution of Eq. (7) has the form

X () =48+ [ AN 8, (8)
A
where
3
&= exp { j’ (io—ikv—v) dt}.

In a weak magnetic field, when the Larmor radius
r 2d, practically all the electrons inevitably collide with
the surface of the layer, and the character of their col-
lision manifests itself in significant fashion in the mag-
netoacoustic effects. The electrons, reflected specu-
larly, move along open quasiperiodic orbits (Fig. 1) and
if the probability of volume scattering within the period
T is small,

VT~ (dr) *1<1,

then resonance sound absorption can be expected. We
note that in a thin layer of the metal (d « I), this effect
should be observed in weaker fields than in a bulk
sample.®"”

By repeatedly using the boundary condition
2 s M) =Y (R, M), 9)

we can write out the solution of the kinetic equation (7)
in the form of a sum of perturbations undergone by the

,1 ) J\QQQQy

FIG. 1.
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electron in the sound field on individual portions of
its trajectory, separated by collisions with the bound-
ary, with account of volume and surface scattering.
Inasmuch as only electrons with k.v =w effectively
interact with the ultrasound, one should take into ac-
count only the portions containing the turning point v,
=0. Taking it as the point from which the phase of the
electron on each portion of the orbit is reckoned, we
obtain
. t L A
(A= [aras +8L Y (WL W [ dias e (10)
-A n=0 -A

The symbolic notation (W)"f(, p,) indicates the n-fold
application of the operation (4) in the variables A and
P

By knowing the nonequilibrium increment x*af,/a¢€
to the electron distribution function, we can calculate
the electron dissipation function and, consequently, the
sound absorption coefficient

4kreg T 2
¢ ~Re jdp, jv,(h)dl. j dtA (yr+y7).
o

0 gy

r(H)= (11)

cdph

Here p is the density of the crystal, while the maximum
(for a given p,) period of the motion T =2, is deter-
mined from the conditions

Am

[ostydt=d, Aw=(2d/0. O)".

0

We note that in a not too weak magnetic field, at suf-

ficiently small relative width of the scattering indicatrix
A, the following inequalities are easily satisfied:

(12)

krsA/ve<t, rA/l<i, (13)

and the quantity
E_2=exp {2A (io—v) )
is practically unchanged by the surface scattering of
the electron. After integration over ¢, the sound ab-
sorption coefficient turns out to be equal to
Pm Am
I~ (4ke/cdph?) | dp. | u,(x)dx{ '
0 0 (14)

+2Re Y exp(~2nvi) cos 2nod) ¥ (I7V)"¢} ,

Nt

where

r
H(A, p) = exp (A (io—v)) [ dt A&
—A
=~ (n/—ia)™ exp (—iah?) ® (A (—ix)"), a=kv. (0)/2,
& is the probability integral, which differs significantly

from unity only at small absolute values of the argument,
and s is the sound speed.

We now introduce the quantity
Q(h, p)=1-P [dp.’ [ w1, p.p.) [1—p(, ) 92 p) ], (15)

so that W) =@Qy. As will be clear from what follows,
Q(7,p,) is a smooth function in comparison with the
scattering indicatrix and repeated application of W re-
duces to multiplication by Q: W"p~ Q™). This allows
us to rewrite the expression (14) in the form
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T(H)/T(0)= jJ(p,)dp./p.,,

Am w
1(p.) = (Wha))Re [arrlON E[Qexp(—ka)]"cos(anh), (16)

ne=0

which formally corresponds to the approximation of the
specularity parameter, the role of which, however,

is played by the function @(x,p,). It can be computed,
however, only by specifying a definite model of the
scattering indicatrix.

We shall assume that w depends only on |p’,—p,| and
represents a Gaussian or the even simpler step distri-
bution

w{|p+'—p+|/po)=w(z) ~exp(—z/A%), (17)
w(z)~6(z—A), (18)
9 is the Heaviside function. The normalizing factor is
chosen from the condition (5); in the limit A - 0 the func-
tion u(z) is equivalent to a 6 function (purely specular
reflection). Then, calculating the integral (15), we get
Q=1-P, =>1,

(19)

Q~1—PEA*[ (kv poh/p.) *+ikrpd/p,], =<1,

where p, is the radius of curvature of the intersection
of the Fermi surface with the plane p,=const, and v,
is the velocity of the electron in this plane at the turning
point

r=cpJ/eH=cp, cx./eH.
The choice of the model (17) or (18) for the scattering
indicatrix manifests itself only in the value of the nu-
merical factor t (equal respectively to $v7 or 4). This
is the basis for assuming that the results obtained below
with the help of the expression (19) are qualitatively
valid for an arbitrary central distribution w.

The parameter w=(d7)'/?kA has a simple physical
meaning: (d7)'?A is the mean displacement, along the
wave vector k, of the turning point of the electron after
its surface scattering. The smallness of this displace-
ment in comparison with the sound wavelength makes it
possible for the electron to irteract in resonance fashion
with the sound field; the opposite case, for our problem,
is equivalent to “diffuse” scattering of the electrons with
probability P.

3. We calculate the damping coefficient of the low-
frequency sound. At w< v, the sound field is practically

unchanged within the time of the free path of the elec-
trons, and taking in (16) the limit as w— 0 we obtain

Am

7(p)=(4/Mn")Re [ drr(1—Qe=")". (20)
In calculating this integral, it must be kept in mind
that, since the characteristic angles of incidence of the
“effective” electrons on the surface of the layer are
small, 9~(d/r)/>« 1, the total scattering probability

P can turn out to be proportional to 3:
P (8) =C9~ChreHv,*/cvop., (21)

(see, for example, Ref. 8), where v, is the velocity of
the electron at the turning point. Omitting unessential
factors of the order of unity, which depend on the shape
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of the Fermi surface, we can write down the results in
the following form (Fig. 2):

1) »>1, P(9)=const. If the scattering indicatrix is
a smooth function, then the dependence I'(H) is deter-
mined by the total scattering probability:
T'(H) =Typec=Iul/(dr)*, P/ (1—P) (dr)"<1,
22
T(H)=T,(2—P)/P, PI/(1—P) (dr)">1, (22)
and goes into saturation sooner the larger the value of
P. In the case of diffuse scattering (P= 1), the sound
absorption coefficient in a weak field (» >d) does not
depend on H and is identical with the bulk-sample value
calculated in Refs. 9 and 10:

To~noere/psvr;

(23)

2) »w>1, P(9)=C9 Here there is a maximum on the
I'(H) curve when Cl~7:

T(H)=Typee, Cl<r;

L (H)=T,(r/dC*)", (24)

Cl>r.

Only in these two cases is the specularity-parameter
approximation valid, which parameter is equal to 1

- P, as was to be expected.

If the same scattering indicatrix has a sharp maxi-
mum for angles corresponding to specular reflection of
the electrons from the boundaries of the layer, then the
result turns out different, i.e.,

3) x<1, P(9) =const: T (H) =Tspec((dr)"“/IPx*)In(1+1Px*/ (dr)"); (25)

4) w1, P(8)=Co:
(26)

[(H)=RTy.., O<R<I,

where the magnetic-field-independent quantity

R=Re [ dz(1+iu+2ukdz)™, u=FkIEAC/2, 27
is determined by the parameters of the scattering indi-
catrix model.

A common result is that the sound absorption in the
conducting layer in a weak magnetic field is greater
than in its absence, and at a sufficient degree of spec-
ularity of the reflection of the electrons from the
boundaries of the conductor [P < 1 or kA(dr)'/?« 1) the
specularity can be much greater than in the bulk sam-
ple. However, the dependences of I'(H) in cases 1)-4),
shown in Fig. 2, are different. A comparison of these
curves with the experimental curves obtained at
various sound frequencies (in the range v> w> s/d)
allow us to assess the character of the scattering of the

I(w)/r(o)

I
|
|
|

/)"’

1/(dr)"H"
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electrons by the surface of the metal and to estimate
the scattering-indicatrix parameter.

We now proceed to the case of high sound frequencies,
when the following inequalities are satisfied in a weak
magnetic field:

ol=

20 (Wh )"' V<. (28)

®
~—(dr)">1,
eH v,,( )

vy
Here it is already impossible to consider the sound
wave as statistical and only those electrons interact
effectively with it whose period of motion in the “glanc-
ing” orbits T is a multiple of the period of the sound
wave: a size cyclotron resonance is generated.

Integrating the expression (16) for the sound attenua-
tion coefficient by the stationary phase method, we ob-
tain

I(H oexp (—vTy))"
( )~1+ Re 2 @ e(x:m(T;% ) Sln("ani‘:‘Z‘)y (29)

n=(8xal/| Ty | pm®)".

Here T, is the extremal value of the period T, and T, is
its second derivative with respect to p,; the sign in the
argument of the sine function correspond to the sign of
T,. Formula (29) describes the oscillations of the
ultrasound absorption, which are periodic in the square
root of the reciprocal field.

We can estimate the total probability of surface and
volume scattering of the electron within the period of
its motion, @, +vT,, from the experimental I'(H) depen-
dence. Thus, if this probability is small, then the
following relation is valid

n’ T'(H,) nvge”

Y 382 —_
(QotvTo) c(g/')mé SToH. | 5 LR (30)

where ¢(x) is the Riemann function, and H,!? = m5,
m=1,2,3,... . The quantity @,, which plays the role
of the effective specularity parameter in the given
case, can be expressed in terms of the relative width
of the scattering indicatrix A and the total scattering
probability P(9):

AP (Y2d77), %>1.

@1
Qu=1—P (V2d/T) Ek*A%dr, »<A.

It is easy to generalize the result obtained above to the
case of arbitrary polarization of the sound waves. The
distribution function of the charge carriers must be
sought in the form (5) by replacing x(p,, t, x)u,, by the
quantity x,;(p,,¢, Th,, and replacing A%, in the Kinetic
equation (7) by the quantity g = A,u;; +eE-v. For trans-
verse waves, we must take into account in the calcula-
tion of the damping decrement the electric field E pro-
duced by the crystal deformations,'®™*%; this field can
be found by means of Maxwell’s equations and can be
considered in the form of a renormalization of the ten-
sor Ay

g=AuiisteEv=g,(p) iy (32)

Here it is easy to verify that the magnetoacoustic effects
in weak magnetic fields are little sensitive to the polar-
ization of the sound wave.

4. In strong magnetic fields (r < d), oscillations of T,
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of the type of Sondheimer oscillations, arise as func-
tions of the magnetic field H and of the thickness of the
sample d and are due to the drift of the charge car-
riers into interior of the plate. In the absence of open
electron orbits, they are possible only when the vector
H is inclined to the plane of the surface of the plate by
anangle 92 dv/v.

For calculation of T, (H,d), the solution of the kine-
tic equation must be represented in the form

1
%3 (P t.1) = [ £5(p )8+ [ dpus” [ dou W (pus A" puash)

Ay
M
. ‘Igu(Pm t!)GI (tly Pn)dt,
a

+...+ I dp.i... j dp:n qun . j deaW (pe, M”; paiy M) (33)
XW(Pm 7\:”; Ds2y M’)- . W(Pm-n Amﬂ; Psn, )m,)

X [ 8u(punta) Ga 8, p) '+ ..,

ey

and then the functions g(p,, t) and W(p,, ¢;p.,
panded in Fourier series:

g t)= Y e (p)exp(im@0) iy = Y gn () exp(imQ1),

¢’) ex-

Wa™ (P2, @; P, @) = 2 W™ (P2, p.") exp(img—im’g’). (34)
Here W is the kernel of the integral operator (3), A, are
the moments of the collisions of electrons with the sur-
face of the sample at the points r,[¢, are the phase
jumps in the trajectory of the electron upon reflection
(Mps1<A,, n=1,2,3,...)]. The function G, p,,) is
determined by the following relation
Ga(t, pan) =exp {(v—io) (t'—1)
FiK (La—F+F (Diny Ea)—T (P2, An’)) },
Quta=Qut'+@s+ ot ... +@n, Quha'=QAnt@itet ... +@n,
Quihn”’ =Qn_Ant @i+t ... +@uzy,

¢
.= (p..), r(p,,t)=jv(p,,t’)dt’.
After integration over ¢’ and ¢, with account of (34), the
integrand expression for x,;; will contain three types of
functions
exp {id/r(p:)},

with a different sharpness. The first of these selects
the electrons responsible for the Sondheimer oscilla-
tions. These are electrons from the vicinity of the
limiting point on the Fermi surface and electrons with
extremal displacements 277, in the period T in the
depth of the sample.

exp {ikr(ply t)}’ Wm"" (p"l_lplﬂ)

The amplitude of the Sondheimer oscillations depends
significantly on the relation between the parameters
d/r, kv, and the width of the scattering indicatrix A,
and can be calculated without difficulty for an arbitrary
dispersion law of the carriers and an arbitrary charac-
ter of their reflection from the boundaries of the
sample.

If the sound wave propagates along the plate, and
drift of the charge carriers is possible only along the
normal to the surface of the sample, then at k» <« 1 the
electrons do not “notice” the inhomogeneity of the
sound wave, and the dependence of the amplitude
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T oo(H,d) on the magnetic field and the plate thickness
turns out to be the same as for Sondheimer oscilla-
tions of the transverse magnetoresistance p,, of thin
plates in a homogeneous electric field'® It is easy to
verify this if we use formulas (33) and (34) and retain
the fundamental approximation in the small parameter
kr in the expression for I':

1 17:1g-m(p.)
T(H,d) =T+ ——Re < [ : {—
¢ ) pu‘d ikvta,, TP

TR

&nm(p:)
X[— = +281 jdp.; fdqum {(Pay Pas) - -
mj—1 g"'j(Pu) (35)
Wy (Pams Pz;)m
Xexp {~ Zan.,d/ Ul }(1 exp {~ B (tl\v,+ozm })]>
il ‘
Here T, is the absorption coefficient of the acoustic

energy in the bulk sample, v, =v(p,,) is the electron
velocity averaged over a single period,

an=v+i(nQ—on), s,»=exp—lg-|-—d_5—"—[1+(~1)j].

v,
In the asymptotic formula (35) there are terms k- v, in
the expressions (o ,; +ik- v) inasmuch as they play the

principal role in the case v« kv« Q for m,; =0.

If the sound wave propagates normal to the metallic
layer, and the Fermi surface possesses axial symme-
try, so that v, does not depend on ¢, then formula (35)
is exact for any value of the magnetic field. At P=0,
all the m; are equal to m, and p,; =p,(~1)’, and un-
complicated transformations allow us to represent T in
the following form:

r

T, gn{p.) g (=p:)
F=Il.+-———Re |vd ;[ > - ]
keipid ¢ j;l ’ thv,fom  —ikvta
g (p:)
X - —_—
[ thv.+o.,

g-m(zp) ]{2cos kdiexp[——(.?n—l)(imr d 4~d—)]

—ikiF o, () 1

vlgexp[—bl(im r?p;) +—l‘i)]—1}- (36)

If v,(p,) is a monotonic function, then I (H,d) is
determined by a small neighborhood of order »/d near
the upper limit of integration over p,. Here we must
keep it in mind that at m# 0, g (p,) goes to zero at
p.=p at least like (p — p,)'"®. For the longitudinal wave
gnk—=P.) =g.{p.) and for the transverse wave the odd com-
ponent g, (p,) can differ from zero.

=1

Representing the function g(p,) in the form

=pukir (1--p.4 p*)y [ (p/ p) +1." (5.7 p) 1.
fo (x) ~

gu(p:)
fu(=a)y=fu(z), f'(=0)==F"(2), [ulz)~1,

and integrating over p, in the formula (36), we obtain
the following expression for T,

krt o
Fn"7Wm"zﬂL(/fr)zlfml‘)ln., kr<t,

Fosc(H1d)= 1
T, (kd)a({]m'I"(kr)'+|],,,|z)l,,., Ersl, krEm.

where
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- coskd

Z[ Y ~————exp(—(2n—1) pm) + exp(—2np..) pp

n=1 (38)
d

Bm=im —+ —
r

1
It is easy to note that the factor J,, which oscillates
with H and d, tends to a finite limit as [=v/v— =; how-
ever, its derivative dJ,/dH has a logarithmic singu-
larity dJ,/dH ~In(l/d) if the electron at the limiting
point of the Fermi surface executes an integral number
of revolutions on a path equal to d.

1

The amplitude of the Sondheimer oscillations T in-
creases significantly if the condition k» =m is satis-
fied for a given magnetic field. For the mth component
in formula (36), the denominators in the square brackets
are much steeper functions than e'¥/” near p,=p and the
result for T, turns out to be completely different:

Tose = Trd— e (—2n (ihd + dyty {2 S _‘E‘*_"fc‘__—z(l‘ng_wi’
me
_ § dxexp(—<i+v>z> _ °S' drexp(—(i+v)x) (39)
z—(2n—1)id z—(2n + 1)id }'
(en—1)p @n+1)e

where ¢p=md/r - kd, 6=d/l, y=r/l. Formula (39) is
valid only at small $n and simple analysis shows that at
¢ =0 the amplitude of the Sondheimer oscillations is
equal to

Tgie” = (Tu/kd)1n(l/d). (40)

If the function v,(p,) has an extremum at some point
p.=p,. then the factor J,, which oscillates with # and d,
has different form:

1= (L) Y - 2 e e g+ e exn (205 )

" (41)
where g, =imd/r,+d/l. Since the numerical factors of
order unity are omitted, in the presence of an extremal
displacement of the electron in the interior of the sam-
ple we can use formula (37) for ', However, J, must
be taken in the form (41). It is easy to show that the
amplitude of T',,, increases with increase in [ as (1/d)"?
if kr,#m, and at kr,=m we shall have T =T(k1)'"?1/d.

Simple analysis shows that for a description of the
oscillatory dependence of I" on H and d for arbitrary
character of the reflection, it is quite appropriate to
use the specularity-parameter approximation and we
easily obtain the following formula for I'j,:

Tose=Te (verr), (42)

i.e., v in formulas (39)-(41) must be replaced by the
effective collision frequency »,,, =v — (v/d) In(1 - P),
which takes into account the dissipative character of
reflections of the electrons from the boundaries of the
sample.

In metals with open Fermi surfaces, oscillations of
the sound absorption of the Sondheimer type take place
even in a parallel magnetic field, thanks to the drift
of the electrons with open orbits into the interior of the
sample. Their displacement along the normal to the
plate within the period of motion is identical for the
whole layer of open cross sections of the Fermi sur-
face; therefore the amplitude of the oscillations does
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not contain small factors of the type (r/d)*/? or (v/d)?,
which determine the fraction of the effective electrons
in the case of closed orbits. At not too low tempera-
tures, when the classical consideration of magneto-
acoustic effects is valid, it is easy to calculate

T oc(H,d) with the help of formulas (35)-(37).

In thin metallic films (d < 1) one must, generally
speaking, take into account the quantization of the
transverse motion of the electrons.

Let a layer of metal 0 =x =d have open sections of
the Fermi surface along p:
+p.=px(er, Py» P:) =P=(Er, By tPo, P2). (43)
The electrons of these sections in an arbitrarily strong
magnetic field H =(0, 0, H) inevitably collide with the
boundaries of the layer and in the case of specular re-
flection their spectrum turns out to be discrete:®

PyoteHd/2e

o(e, Pyo, P:) = 'ﬁ j‘ p=(e, ps, py)dp,=n (44)

Pyo—eHd/2c

(n is a positive integer). Consequently, the density of
states has singularities at the points €,(H,d) at which the
condition (44) is satisfied for the extremal values of

b, and the position of the “center of orbit” p,, in p space.
At temperatures comparable with the distance between
levels ¢,, (H,d) - ¢,(H,d), this should lead to a new type
of oscillations of the thermodynamic and kinetic quan-
tities, which has the same period as the classical
Sondheimer oscillations.

Using the quantization rule (44), we can calculate the
contribution of open sections of the Fermi surface to
the ultrasonic damping coefficient from perturbation
theory:

r“ = mﬁo s dpyﬂ
'=—- s[27 £uH), py, 0]. 45
PR 8 s | e o, 69

Here P, is the period of the open Fermi surface, 8,
=2m*T/Agg,

0px |~
Der

a f“ﬂpx‘—l

h
Aep ™ — l -
2d deg ¢ P,
0

h
2d

is the distance between size-quantized levels of the
electron energy, and 2y H is their spin splitting. As a
consequence of the laws of conservation in the case of
interaction of the electron with the acoustical phonon,
all the quantities in (45) are taken on the central section
of the Fermi surface, which is also assumed to be open.

At low temperatures, when 8,< 1, the expression (45)
describes gigantic oscillations of the sound absorption
coefficient as a function of the magnetic field (and layer
thickness) in the case k| H.

It is easily noted that in fields Hy=NcP,/ed, N
=1,2,3,..., (|H-Hy|<hH,/dpp) the quantity ¢ does
not depend on p,, and is equal to

0,(H,)=2dp (esxpH)/h.

At these values of the field, the sound attentuation
n® NEs
I'(Hy)= Fn-mzzl ch {—.p:[ox (HN)— "”}

is exponentially small (except for cases of integer
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values of ¢, (Hy). Outside the vicinity of the points Hy,
integration over p is carried out by the stationary-
phase method:

r(n=r.1 +E:7.,§ los!. |g ﬁm(zmm,, -5},

E. = sign 0;'," . (46)
On the curve I'(H), a sharp spike appears of height
Tree=T (Ha) = TolBoPs%0y, (Ha) I, (47)

when one of the extremal (in p,) values o, (H)

=0(ep + uH, p,,, 0) is equal to the quantum number z.
The location of the spikes H, and the shape of their
envelope I'(H,) are determined by the specific depen-
dence p, =p.(€, p,,0) which makes it possible to improve
the precision of the existing model of open Fermi sur-
faces from the experimental data.

The case of “weakly corrugated” open Fermi sur-
faces also deserves attention. If |p, —P,|<<p, on the
central cross section, then in strong fields, when
(. =D, << eHN/cP,, observation of the oscillations of
I'(H) due to spin splitting of the size-quantized elec-
trons energy levels is possible:

I'(H)~ Lz Z ; Sh:",s;o) cos [2m (@i Zf )] we

The condition for observation of these effects is, as
is usual for quantum oscillations, the smallness of the
temperature in comparison with the distance between
the levels Agp~h7,/d. For films of thickness d ~107°
-10"% cm, the required temperature range (T ~1 K)
turns out to be quite realistic.

5. Up to the present time, we have assumed that the
surface scattering of the electrons is “single-channel,”
i.e., in the case of a given p_, the equations (2) have
a single solution p,, to which corresponds a sharp max-
imum in the kernel of the integral boundary condition
(3). However, in the general case, the coupling be-
tween the quasi-momenta of the incident (p,) and reflec-
ted (p.) of the electrons is not single-valued in one case
of purely specular reflection: if the line p Xn =const
intersects the Fermi surface at several non-equivalent
points with v,(p,)<0, then at the instant of collision with
the boundaries of the layer, the electron can be thrown,
for example, to another cavity of the Fermi surface.
Such “surface hopping” significantly change the char-
acter of the electron orbits in the magnetic field and,
consequently, the conditions of interaction of electrons
with the sound wave propagating along the normal to the
layer.'"

Let there be two convex cavities in the Fermi sur-
face, consistent with the parallel transfer

e(p)) =e(p.) =€r, p—p,=2mwhb,

where the vector b, which in particular can simply co-
incide with the period of the reciprocal lattice of the
crystal, is located in the plane (p,, p,) and makes an
angle ¢ with the p_ axis.

Then, in a magnetic field H=(0, 0, H) parallel to the
layer, the electrons colliding with one of its boundaries
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x=0, d will move along open trajectories which, as a
consequence of surface hopping, consist of sections of
the complete orbit, displaced along the normal by a
distance

cB/eH=2xnfib|sin ¢|c/eH,

as shown in Fig. 3. It is clear that in the static case,
when w<« v, the contribution of such electrons to the
acoustic absorption depends on the phase difference of
the sound wave over a length ¢B/eH, and this leads to
oscillations of the absorption with change in H.

We find the electron distribution in the layer. The
solution of the kinetic equation (7) in the given case is
a sum of functions of type (8) for particles located at
the given instant on the i-th cavity of the Fermi sur-

face:
x=Y x0,1)

=y (A,a’gn + j’i a A,-a’.»") )

Here the time is measured from the last instant of
collision with the boundaries ¢; =t — ;. The boundary
condition for finding A; should be written down with
account of the fact that at the moment A; a hop of the
electron from the k-th cavity of the Fermi surface can
occur with probability a; (i # k):

Aty T

J v, dt EJ v, dt; =0, (49)

A 0

PAGTE ) =au(0, Th)+(1_ai)x(0, i),

where 7, is the time of passage of the i-th section of
orbit. At the same time, the total distribution of non-
equilibrium particles should not change in the case of
specular reflection:

Zx(n, T,)= 2){(0, ).

Consequently, @, =a,=a. Solving Eq. (49), we find

_ a (P e) + s (1—2a) (1—~exp{—v1,)
a(1—exp(—v(t+1,)))+(1—a) (1—exp(—v1,)) (1-exp(—\‘f:))(

AL3

50)
g = f At AE, = A (2n/ike)) " exp(—ikza),

where x;,— x is the coordinate of the turning point of
the electron; the remaining quantities with index 0 also
are taken at this point. We are interested in the case
in which the hopping probability a exceeds the probabil-
ity of intravolume scattering of the electron in the time
T 1> a» v ~7/L

Here the quantities 4, do not de-

FIG. 3.
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pend on g and are equal to

_ (@a/ikv, )™ .
~ —mzz\w exp(~ikxz;,). (51)
Thus, the electron distribution in the layer is known,
and the sound damping coefficient can be calculated

from the formula

P: max

F(Il)—

The limits of 1ntegrat10n with respect to 7, are so
chosen that the turning points on the orbits 1 and 2, at
which the electron effectively interacts with the sound
field, are located simultaneously in the layer.

The oscillating part of the attenuation coefficient
turns out to be equal to
ATose (H)~T(I/d)@(H) cos (kcB/eH);
o(H)=0, H<H,,
e(H)~H/H,—1, O<H-H,<H,. (53)
@(H)=const~1, H,<H,
H,=cB/ed, H,=cAp, ../ed,

where Ap, is the size of the section of the Fermi sur-
face p,=constant. The amplitude of these oscillations
increases monotonically from zero in fields H,<H<H,
and does not depend on the magnetic field at H>H,. In
fields H ~H,, it reaches the order of the total attenua-
tion coefficient and by far exceeds [~(kr)'/?H,/(H — H,)
>>1] the amplitude of the ordinary Pippard resonance,
which is possible at H>H,.'®

In contrast with the well known magnetoacoustic ef-
fects, the period of oscillations 6(H"')=27e/kcB is
determined not by the shape but by the mutual location
of the individual cavities of the Fermi surface in p
space, i.e., by the vector b. If b is identical with the
basis vector of the reciprocal lattice of the crystal,
then the considered example with i=1,2 is, of course,

a special case of the more general situation, when there

is a set of nonequivalent intersections
e(p)=¢er. v,.(p:)<<0

in the scheme of repeating bands.

[pm]=const,

Let the cell of the reciprocal lattice b, Xb, in the
plane perpendicular to the magnetic field contain the
convex curve &(p) =€z: p,=const, and the p, axis is
parallel to the direction {m,, m,} (m, # m, are positive
integers which do not have a common divisor). Then on
the orbit of the electron colliding with one and the same
boundary of the layer there can be no more than w,
+m, nonequivalent portions, shifted relative to one
another along the normal (x axis) by a distance

cB’ 2nhe[b2h, — (b,b:)*]"

= y

0<m<m,tm.. (54)
eH eH|m,b,+m.b,|

m

Generalizing the previous consideration, it is not dif-
ficult to show that even in this case, in fields H>cB'/ed
the function I'(H) experiences oscillations with period
27e/kcB’, the amplitude of which at H > H, does not de-
pend on the magnetic field and in order of magnitude is
equal to T,l/d.

We now discuss another important case, when two
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different cavities of the Fermi surface are located
along the p, axis, parallel to the normal to the layer of
the metal. For simplicity, we assume that the surfaces
€,(p) =€ and &,(p) =€, are convex, and their projections
on the plane (p,, p,) are symmetric relative to the p,
and p, axes. Then the calculation differs from that
given above only in that after the surface hopping the
turning point of the electron is shifted by an amount
X,o— %10, Which depends on p,. Integration over p, by
the stationary phase method leads to the appearance of
a factor (kr)~"2 in the amplitude of oscillations of the
sound absorption:
ATusc (H) =Ty (I/dVkr) ¢’ (H) cos (kdH_/H—n/4),
¢’ (H)=0, H<H_,
¢/ (H)~H/H.—1, O0<H-H_<H_,
¢/ (H)=const~1, H,<H, (55)

c
Hg = EEIAPV\_APWI.

Experimentally, this case can be realized in bismuth,
the Fermi surface of which is shown schematically in
Fig. 4: the bisector axis intersects the electron and
hole ellipsoids, the dimensions of which along the tri-
gonal axis are essentially different: Ap,/Ap, =0.15.1°

If the magnetic field is directed along the binary
axis, then at H>H_, as a consequence of the surface
hopping of the charge carriers on the “glancing” orbits,
both electron and hole segments are possible, whose
turning points are located simultaneously in the sample.
Here the following I'(H) dependence should be observed
in the experiment: at the points H<H_ only electron
orbits are completely contained in the layer and I'(H)
undergoes Pippard oscillations with a relatively large
period 5,(H™") =2me/kcAp,,. Thenat H_<H<cAp,/ed
the fact oscillations (55) are superposed on them (6,
=4ne/kc(Ap,, — A,,]) While at H> cAp,,/ed there appears
also the period 6; =27e/kcAp,,.

Such an experimental result, when there are three
periods of magnetoacoustic oscillations in the case of
two convex cavities of the Fermi surface, would be in-
dicative of a two-channel surface scattering of the
charge carriers. For observation of the effect, a high
quality of the surface of the sample is necessary, and
its thickness should not exceed 2n/k6,H,, where H, is
the field, starting at which the Pippard oscillations on
the electron ellipsoid in the bulk sample are seen.

6. The analysis of the most characteristic special
cases that has been given shows that in thin conducting
layers one can observe new magnetoacoustic effects
that do not occur in bulk conductors. These effects
arise as the result of a change in the dynamics of the
electrons that are multiply reflected from the surfaces
of the layer. Here a calculation of the dependence of the
sound attenuation coefficient IT" on the applied magnetic

FIG. 4.
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field H can be carried out without simplifying assump-
tions on the specularity parameter, and the results are
formulated in terms of an integral boundary condition
for the charge carrier distribution function in the
layer.

Static resonance in a weak magnetic field (see Sec. 3)
turns out to be very sensitive to the shape of the scat-
tering indicatrix, and its investigation at different
acoustic frequencies w allows us to determine the width
of the scattering indicatrix A, the total probability of
surface scattering P, and also to analyze the dependence
of P on the angle of incidence of the electron on the
surface of the sample.

The investigation of periodic changes of I" in the re-
gion of strong magnetic fields of the type of Sondhei-
mer oscillations makes it possible to determine the
degree of specular reflection of the charge carriers
from the surface of the sample in independent fashion.
The study of the dependence of I" on H at low tempera-
tures, when account of the quantization of the trans-
verse motion of the electrons in the plate is important,
allows us to obtain information on the form of the open
electron orbits.

The oscillation size effects provide the possibility,
lacking in bulk samples, of determining the local char-
acteristics (velocity of the electrons and radius of cur-
vature of the Fermi surface) of the electron energy
spectrum. One can investigate multichannel reflection
of electrons from the boundaries of the sample with
the help of magneto-acoustic measurements. This
effect (see Sec. 5) makes it possible to make precise
the mutual arrangement of the individual cavities of the
Fermi surface, which is very important for its estab-
lishment from experimental data.

The authors thank K. B. Tolpygo for useful discus-
sions, stimulating the present research.
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Instabilities of two-dimensional plasma waves
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The main types of plasma instabilities in two-dimensional electron systems are investigated from the point of
view of amplifying two-dimensional plasma waves. Structures consisting of two plasma layers or of a plasma
layer above a conducting half-space are considered. The conditions for the onset of two-stream, kinetic, and
dissipative instabilities are found. Under certain conditions the instability criteria differ qualitatively from

their three-dimensional analogs. The critical drift velocities and oscillation growth factors are calculated.

PACS numbers: 52.35.Py

Experimental studies of plasma waves in two-dimen-
sional electron systems carried through during the
last three years'™ have confirmed the principal theo-
retical conclusions concerning the dispersion law for
such oscillations. Theis’s report* includes a detailed
review of these studies. Certain specific characteris-
tics of two-dimensional plasmons—their gapless spec-
trum, complicated dispersion law, and relatively low
group velocity—make them very attractive objects for
physical research and open up prospects for interesting
applications. From this point of view it would certainly
be desirable to work with two-dimensional plasmons as
with “ordinary” traveling waves (e.g. ultrasonic waves),
i.e., to modulate them, amplify them, etc. We note
that the experimental results now available relate to
the case of standing plasma waves, whose presence was
detected either by a change in the @ factor of a resona-
tor (in the case of electrons above a liquid helium sur-
face) or by the resonant absorption of radiation in the
far infrared (in the case of the inversion layer in a
metal insulator-semiconductor structure).

In this paper we examine the principal types of plas-
ma instabilities in two-dimensional systems as they
relate to the problem of amplifying two-dimensional
plasma waves. As in the three-dimensional problem,
a wave may become unstable as a result of the drift
of one part of the plasma with respect to another (see,
e.g., Ref. 5).

A specific feature of the case we are considering is
that the two parts of the plasma are spatially separated:
for example, they may be two parallel thin plasma
layers, or a plasma layer above a conductive half-
space. In such systems coupled waves arise and ampli-
fication can be achieved at a certain drift velocity. The
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coupling coefficient depends on the distance between the
layers and on the plasmon momentum; this consider-
ably complicates the dispersion law for the waves. In
addition, the criterion for instability may differ sub-
stantially from its three-dimensional analog. In par-
ticular, it turns out that the beam instability is char-
acterized by a threshold drift velocity that depends on
the distance between the two plasma layers. At below-
threshold drift velocities, instability can arise only for
plasmons whose wave number % lies within a certain in-
terval: k,;, <k<k,, (hy =0 in the three-dimensional
case).

What was said above is valid for the beam instability
of a cold plasma. When the thermal motion of the par-
ticles is taken into account, wave amplification as a
result of kinetic instability becomes possible. The most
favorable case for the development of this instability is
realized when the effective masses of the particles of
the moving and stationary plasmas differ greatly. Final-
ly, when electrons are strongly scattered in one of the
plasmas and the drift velocity is low enough the situa-
tion is reminiscent of the amplification of sound by an
electric current in a piezoelectric medium.

Estimates show that in the case of electrons above a
helium film on a conductive backing, amplification be-
gins at comparatively low drift velocities of the carriers
in the backing. At present, such a system is the most
promising for obtaining amplification of two-dimen-
sional plasma waves.

The problem of oscillations in spatially nonuniform
plasma streams has been discussed in the literature.
For example, Mikhailovskii and Pashitskii® investigated
the stability of two neighboring electron streams separa-
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