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ABOUT THE ROLE OF THE FERMI-LIQUID EFFECTS ON THE ACOUSTIC
TRANSPARENCY IN LAYERED CONDUCTORS
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Attenuation of the acoustic wave which is polarized and propagates along the normal to the
layer of the quasi-two—dimensional conductor in sufficiently strong magnetic fields, when the elec-
tron radius 1s much smaller than the sound wavelength, i.e. kr < 1, is investigated theoretically.
The electroacoustic coefficients strongly depend on the orientation of the magnetic field. For certain
values of the angle between the direction of the magnetic field and a normal to the layer, an anoma-
lous acoustic transparency occurs. The role of the Fermi-liquid interaction between conduction
electrons on the acoustic transparency effect is studied.
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In quasi-two-dimensional conductors, a number of spe-
cific effects take place due to a sharp anisotropy of charge
carriers velocity v on the Fermi surface [1, 2].

An analysis of acoustic waves propagating in metals
in a magnetic field resulted in successfully solving the
inverse problem of reconstructing the electron energy
spectrum from experimental data which was formulated
by I. M. Lifshits. The concept of quasiparticles, viz.,
elementary excitations above the ground state of con-
densed media, is undoubtedly effective in the study of
physical properties of various conductors, including low—
dimensional ones.

Evidently, sharp anisotropy of the electrical conduc-
tivity 1s connected with the anisotropy of charge carriers
velocity v = 9¢/Jp on the Fermi surface (p) = e, i.e.
their energy

e(p) = i €n(Pes py) cos (%) (1)

is weakly dependent on the quasi—-momentum projection
p, = pn. The Fermi surface of such conductors is a
mildly corrugated cylinder or a system of weakly cor-
rugated cylinders and strongly stretched cavities in the
momentum space.

Here, a is the separation between the layers, h = 2wh
is Planck’s constant. The maximum value of the func-
tion €1(ps, py) on the Fermi surface is nep < ep, and
the maximum values of ¢, (pe, py) with n > 2 are even
smaller.

The elementary excitations in the conductors form a
Fermi liquid, and their energy spectrum is determined by
the distribution function for quasiparticles. As a result,
the response of the electron system in solids to an exter-
nal perturbation depends essentially on the correlation
functions which describe the electron—electron interac-
tion.

The analysis of the galvanomagnetic phenomena when
the charge carriers are assumed to form a Fermi-gas
without concretizing the electron energy spectrum, is
equivalent to the consideration of the problem in Fermi—
liquid theory.

The inclusion of the Fermi-liquid interaction of charge
carriers leads to a renormalization of kinetic coefficients
calculated under the assumption that conduction elec-
trons form a Fermi gas.

The current interest in low—dimensional structures is
mainly due to the need in new superconducting mate-
rials. However, the specific properties of such supercon-
ductors in the normal (nonsuperconducting) state can
undoubtedly be used in various fields of acoustoelectron-
ics.

In the case of a small deformation of crystal lattice,
including the Fermi-liquid effects, the energy of elemen-
tary excitations has the form

6(p, r, t) = 60([)) + /\z’j(P)Uij + \Ij(p’ I‘,t), (2)

where £¢(p) is the charge carriers energy in undeformed
crystal in the gas approximation, u;; = Ou;/0z; is the
strain tensor of the crystal, u the displacement of ions,
and A;;(p) the deformation potential tensor. The last
term in this formula takes into account the correlation
effects associated with electron—electron interaction

U(p, v, 1) = — 3/@(p,p’)5f(p’,r, Od®p. (3)

(27h)

Here §f = f(p, v, t) — fo(en) is the nonequilibrium cor-
rection to the equilibrium Fermi distribution function
fo(eg) for charge carriers in the undeformed conductor.

The charge carrier distribution function f(p, r, t) re-
quired for calculating electroacoustic coefficients can be
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found from the kinetic Boltzmann equation

af 0Oe Of Oe 0de] 0 f
ot ap or +[ B = eto (Hap) o ] ap - Vel
(4)

where W.,{f} is the collision integral which will be
taken into account below in the T—approximation, i.e.,
Wea{f} = [fo(e) = f1/7; T =1/v is the mean free time
for charge carriers, v their velocity, and E and H are the
electric and magnetic field.

The equation of charge carriers motion in this case has
the form

dp 0de
5 =eE + eup[v x H] — B (5)
where
de = (Nij(p) — Nij) uij + ¥(p, r, 1) = U(r, 1) (6)

is the renormalization of the charge carriers energy spec-
trum, and the bar over a symbol indicates the averaging
over the Fermi surface

g=1(9)/1)- (7)

We assume that the wave is monochromatic with the fre-
quency w so that the differentiation with respect to time
is equivalent to the multiplication of the functions being
differentiated by —

In the linear approximation in a weak perturbation of
conduction electrons under the action of deformation of
the crystal the kinetic equation takes the form

X —|—va——|—1/X_evE iw(\P—\fl), (8)

Oty Or

zwAZ'juij —

where the notations are

E = E—iwpo[uxHl+ ou,  Ai(p) = Aij(p)—Aij,

u

1 0 0
v=|-—w]; — =epg|v x H—
(Foie) =l
Here ty 1s the time of the charge carriers motion in the
magnetic field.
Sound attenuation rate can be obtained by means of

the solution of the elasticity theory equation for the ionic
displacement u:

3ulm

3l‘j

2
—Wwou; = Aijim

+ i, (9)
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where ¢ and A;j;,, are density and elastic tensor of the
crystal. The force exerted by the electrons on the vibrat-
ing lattice in the case of small deformations has the form

0 . wm
3—%<Az’j><> +poli x Hli + —=3i  (10)

F; =
and the electric current density j; can be represented as
follows:

. 2 af
g = —W/evixa—; &p = {evix). (11)

The electric field E accompanying the acoustic wave
must be defined with the help of Maxwell equations

AE + iwppj = 0 (12)

and the electroneutrality condition for the conductor,
which is equivalent to the continuity condition for the
current, 1i.e.

divj = 0. (13)

This system of equations in the most general form in
the case of small deformations for an arbitrary energy—
momentum relation for charge carriers was obtained by
Kontorovich [3].

Attenuation of longitudinally and transversally polar-
ized acoustic wave which propagates in the layer plane,
in the presence of external magnetic field when the ra-
dius of curvature of the charge carrier trajectory is much
smaller than the mean free path, but considerably larger
than the acoustic wavelength has been investigated the-
oretically [4, 5].

In the present work we investigate an acoustic wave
which propagates along the normal to the layer of the
quasi-two-dimensional conductor. We direct the z—axis
along the wave vector k = {0, 0, k}. The solution of the
kinetic equation in Fourier representation is given by

\(k) = R e B (k) vy +had . uy (k)i [¥(k, ) = ¥(K)] },
(14)

where

t

Rg = / dtig(ty) explik[z(t1) — z()]| + 0(t1 — ¥)}

— 00

is the resolvent of Eq. (8) which allows us to determine
the function ¥(k, p) with the help of relation (3).

The function ¥(k, p, t) satisfies the integral equation
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W(k,p,1) = (@(p, p')Ix(k, P, 8) = kA (p') s (k) = W(k,p', 1) + T (K, 1)]). (15)

The Landau correlation function ®(p, p’) can be expanded in the complete set of orthonormal functions ¢, (p)

(I)(p’p/) = Zq)n ¢n(p)¢n(p/)a (16)

where

(23}3)3 /‘/’"(p)% (P)3(e(p) — er)dp = (6n(P) o (P)) = dnm.

For brevity of computations only, we can limit ourselves to the first two functions ¢, (p) so that ¢, (—p) = ¢1(p),
$2(—p) = —¢2(p), while the remaining ¢, (p) with n > 2 are equal to zero.
So, using equation (14) we obtain the following expression for the integral equation (15):

(k,p) + @1 61 (p){ (61(P)U(k, P)) + ik (614, 1;) + (91 (p) R (k, )
—(1(p)RevE(k)) — kw($1(P)RA;- U](k)>} + @, ¢2(P){<¢>2(P)‘I’(k, p))

Tito(62(D) R W (k, D)) — (9(p) RevB(K)) — k(b (D) R A2 ws (k) } = 0. (7

The solution of this equation can be represented as follows:

U(k,p) = eE(k) [x(k)®161(p) +E(k)Daoa (p)] +kwy [ (k) D161 (p) +5; (k) @22 (p)], (18)

where the vectors x, £ and the scalars o, 3; are given by

Xj{l + @1 (¢]) + iwd (¢ R ¢>1>} +iw®s £ (1 R 62) = ($1Rv;),

i1 {0 61) + & {1+ Ba(03) + iwa(da Reo) | = (2 R00;),
aj{l + 1 (97) + iw<I>1<(/>1R(/>1>} +iw B;®a(d1 R ¢2) = (p1RA;.) — £<¢1Ajz>a

iw ajq)1<¢>2R é1) + ﬁj{l + o(43) + iwds(po R ¢2>} = <¢2RAjz>~ (19)

Using equations (14) and (18), it is convenient to represent the quantities j; (k) = (ev;x(k)) and {x(k)A;;), which
characterize the response of the electron system to the perturbation caused by the acoustic wave, in the form

Ji(k) = aij (k) E; (k) + kw ai; (k) u; (k),

(Aiz x(k)) = bij (k) Ej (k) + kw cij(k) uj(k), (20)

where the Fourier transforms of the electrical conductivity tensor o;;(k) and electroacoustic tensor a;;(k), b;;(k) and
¢ij (k) are described by the following expressions:

oij(k) = 62{<viR vj) — iw<I>1<viR $1) X5 — iw<I>2<viR ¢2>€j},
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aij(k) = e{(viRAjz> — iw<I>1<viR ¢>1> Ozj — iw<I>2<viR ¢>2> ﬁj},

b”(k’) = 6{<AZ'ZRU]'> — iwq)1<AizR¢1>Xj — iwq)2<AizR¢2>€j},

cij (k) = {(AizRAjz> —iw® (A R1) o — iw®s(Ar R 65) ﬁj}. (21)

For kr <« 1 electroacoustic coefficients strongly depend on the orientation of the magnetic field and retaining only
the first term in the expansion in kr < 1 of the resolvent

t

Rog(t) ~ / dt’ g(t') et (22)

— 00

one can easily see that the functions x; and 3; are equal to zero, and

& = (6280w {1+ 2(0) + ol osn) )

aj = [{(¢1RoAj2)

?
w

(610520 {1+ @1(60) + w61 Ros) } (23)

In the main approximation in the small parameters kr < 1 and v = #/Q < 1, electroacoustic coefficients ;;(0)

and ¢;;(0) take the form

1,
0i(0) = e —(uiv;) — ¢’ —

where

1T

qg=— dtg(t).

g T/ g(t)
0

The magnetic field H = {0, Hsin®, H cos 0} is per-
pendicular to z—axis so that v, = 0 and the components
of the electrical conductivity tensor with one or both in-
dices = are equal to zero.

The dispersion equation for an acoustic transversally
polarized wave propagating along the normal to the layer
in a magnetic field H = {0, H sin 0, H cos#} assumes the
form

~ k2
(O'yy(O) — iwﬂo) [wzg — k2 os? + ik w czz(O)] =0, (25)
AZZZZ ~ Z
5?_ 0 ) O-Ocﬁzo-ocﬁ_o-oczo-ﬁ
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@ (510 (1 )1+ 00+ L))

which excludes the interaction between the electromag-
netic and acoustic waves.

One of the roots of the dispersion equation (25) close
to w/s; determines the attenuation length for the acous-
tic wave and the renormalization of its velocity due to
the interaction with conduction electrons. Such renor-
malizations are normally insignificant, and the asymp-
totic expression for ki for small k&1 = k — w/s; has the
form

ik?

ki~ —
! 208

Czz (0)|k: &« (26)

Se

The electroacoustic coefficient ¢, (0) has been calculated
in the case of the simplest energy—momentum relation for
charge carriers in an unperturbed crystal, i.e.,

2 4 .2
xr + h Z
= mef)y + 0o cos %, (27)

e(p)
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and taking into account that the magnetic field 1s in yz
plane so that

Pu
cos 6

p, = — pytand. (28)

When # = 6. the electroacoustic coefficient ¢, (0) goes to

zero, and for tan# >»> 1 these zeros are repeated with the

period A(tanf) = Zg—ﬁ, where D, is the extremal diame-
p

ter of the Fermi surface along the axis p,. The condition

We also assume for brevity, that each section of the
Fermi surface by the plane py = const contains only two
stationary—phase points at which kv(t; 5) = w.

To an accuracy to terms of the order n? we obtain the
following expression for kq
;9 272
iw n? Lk 1+Sin(a7)pthan9)] {<1>_£}’

k1= _—
! 2053 TavDytand

tanf > 1 allows calculations to be done by using the (29)
stationary phase method. where the term
C= im0 e (910 con 7R )4 (o1 eos 70 (30
S 14+® + 2D (g) L A Yy PANC Ry

determines the contribution of Fermi-liquid interaction
between the charge carriers.

The imaginary part of the root of the dispersion equa-
tion ky determines the coefficient of absorption of acous-
tic energy in the conductor and the real part describes
the renormalization of the velocity of sound.

The inclusion of the next term which is linear in the
small parameter kr < 1 gives only a small correction in

k.

The result (29) shows that the attenuation length of
the acoustic wave polarized along the normalis =2 times
that for the wave polarized in the layer plane [5].

One can easily see that in strong magnetic fields when
the electron path between two points of a stationary
phase changes by half the wavelength, i.e.,

aDpisanﬁ _ (Qn B %)

the conductor becomes transparent for the acoustic wave.

In that case the next terms in the expansions in the
small parameters kr, v < 1 should be taken into account
and the absorption coefficient for the acoustic wave ob-
tains the form

Lira. = n°Tofary® + az(kr)?],

where a; and ay are functions of ¢ and ¢4 respectively,
and [y coincides in order of magnitude with the absorp-
tion coefficient in zero magnetic field.

The maxima of the absorption coefficient are deter-
mined with the conditions

D, tand 1
%:F(Qwﬁ).

The conditions of maximum attenuation of acoustic
wave energy as well as the conditions of acoustic trans-
parency are periodically repeated which allows to deter-
mine the diameter D, of the Fermi surface.

The inclusion of the Fermi-liquid interaction of charge
carriers has a significant influence on the form of the
resonance curves. This interaction does not destroy the
conditions for the maximum attenuation of the sound
energy, as well as those for acoustic transparency.
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