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The attenuation of a transverse sound wave in a layered conductor with a quasi-two-dimensional
dispersion relation of the charge carriers in a quantizing magnetic field is considered. The
oscillatory dependence of the sound attenuation coefficient on the inverse magnetic field is
analyzed, and the role of Joule losses in the absorption of energy from the sound wave

by electrons is ascertained for different orientations of the magnetic field with respect to the
plane of the layers. €004 American Institute of Physic§DOI: 10.1063/1.1645182

The specifics of a quasi-two-dimensional dispersion rewave in a layered conductor in a quantizing magnetic field in
lation of the charge carriers in a layered conductor are manithe case when
fested in peculiar effects in the propagation of sound waves
at low temperatures in a high magnetic figl when the T<hQ<nu, (1)
mean free timer of the charge carriers is considerably longer
than the period of gyration72() of an electron along & \yhere . is the chemical potential of the electrons.

closed orbit in the magnetic field. For the sake of brevity in the calculations we take the

In a layered conductor a longitudinal sound wave is verydispersion relation of the charge carriers in the form
weakly attenuated if the wave vectorand the vectoH are

directed along the normal to the layers. The high acoustic 2 9

transparency of the conductor in such an experimental geom- s(p) = Px*Py _ n% B oo Pz

etry is due to the fact that the Joule losses are insignificant, 2m a h

and the energy losses due to renormalization of the energy of

the charge carrier@ deformation mechanism of absorption Herep andm are the quasimomentum and mass of the elec-

are proportional to the square of the small quasi-two4ron, vy=(2er/m)*? is its characteristic velocity along the

dimensionality parametern of the electron energy layers,a is the distance between layers, and the quasi-two-

spectrum-? If there is even a small deviation of the magnetic dimensionality parametey can be less than unity.

field or wave vector from the normal to the layers the role of ~ Although the dependence of the energy of the charge

the Joule losses increases substantially. carriers on their quasimomentum in organic layered conduc-
Unlike the case of longitudinal sound, in the propagationtors is more complicated, the use of a model dispersion re-

of sound waves with the transverse polarization the Jouldation of the form(2) permits a complete explanation of the

losses are substantial, over a wide range of magnetic ﬁe|dj’ependence of the sound attenuation coefficient on the value

for any orientation of the vectotsandH with respect to the ~ Of the magnetic field and the orientation of the vectoind

layers. H. Generalization to the case of a quasi-two-dimensional
If the temperature smearir of the Fermi distribution ~ SPectrum of arbitrary form does not present any difficulty

function of the charge carriers is much less than the distanc@d 1eads only to a refinement of numerical factors of the

Ae=%Q between the quantized Landau energy levels, theiPrder of unity in the expression fdr.

all of the thermodynamic and kinetic characteristics of the /A Sound wave propagating in a conductor leads to renor-

conductor, including the sound attenuation coefficight Malization of the charge carrier energy:

(Refs. 3 and ¥4 oscillate with variation of M. The periods

of these oscillations are determined by the areas of the ex- 8e =X ;5 (p)u;p. ©)

tremal cross sections of the Fermi surface, and the ampli-

tudes contain information about the effective cyclotronHereu;, is the strain tensor, ang,, are the components of

masses of the electrons on the extremal cross sections. the deformation potential tensor, taken with allowance for
Let us consider the attenuation of a transverse soundonservation of the number of charge carriers.
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The quasi-two-dimensional character of the chargewhere{=apy/(% cosé), Qy=eH/mc.
carrier spectrum is reflected in anisotropy of the deformation At temperatures low compared to the Debye temperature
potential. The deformation interaction of electrons with athe sound attenuation in a conducting crystal is determined
sound wave is weakened for sound waves propagating alongainly by the interaction of the acoustic wave with conduc-
the normal to the layers or polarized along it. If the tensortion electrons. In the quasi-classical approximation the sound
components\;, with i ,k# z are of the order of magnitude of energy absorption coefficiefit can be written in the forf
the Fermi energy, then the components of the deformation
potential for which at least one of the indices is equakto —
can be written in the forfh re_2 2¢H ZJ‘dPH[‘%“]M~ (11)

o pu’n?s c(2nn)? < Gn) T
b =1 cos =%,

Mk =N Lusr h @ Here p is the density of the crystak is the speed of
sound,ris the mean free time of the charge carridgsis the
wheret j is a number of the order of unity. Fermi distribution function, and the overbar denotes averag-

Besides the deformation interaction with the sounding over the time of motion of the electron along the qua-
wave, electrons also are acted on by the electromagnetigciassical closed orbit in the magnetic field. The functign

wave generated by the souhflin a reference frame tied to \yhich takes into account the excitation of the electron sys-
the vibrating crystal lattice, the electric field of this wave hasiem py the sound wave, can be written in the form

the form

t
. 2 ~
E = E - =2 fuxH] + 222, ) w=[dt lvE - ivhjuy)

xexp {i'k [r(#') — ()] + v(¢-1)}, (12

wherew is the frequency of the wave, is the displacement
vector of the sites of the crystal lattioejs the charge of the
electron, andc is the speed of light. The electric fiel  \\herep=iw+ 1/r.

satisfies the Maxwell equations Let us consider a sound wave with a displacement vector
) 9 u=(u,0,0), propagating in the direction normal to the layers.
curl curl E = 4_"2“_"_j ¥ “’_ZE 6 Using formulas(4), (11), and(12) and also the equations of
c

c motion for a charge in a magnetic field,

and the condition of continuity of the electric current in the

conductor:
div j=0. (7) a
3 L
In a magnetic fieldH=(0,H sind, Hcos#) deviating @
from the normal to the layers by an anglethe cross section § ol
of the Fermi surface on the planmg,=p-H/H=const are 5
closed and do not contain points of self-intersection if &
[
1 -
|6| < arctg 1,/ . (8)
In this case the electron energy levels can be found with the 0 ' ' —
aid of the quasiclassical quantization condition 1/H, arb. units
SGe,pg) = P gy 4 %), ) 3l b
where S(e,py) is the area bounded by the electron trajec- g
tory. It is easily seen that in the case of the dispersion rela- > 2r-
tion (2) the energy levels take the form g
=
1 voam
=|n+5|hQqcoso\/1+7— tarf 6 cos{
2 ) 0 1 1 1
Uofl mvotarF 6S|n2 g 1/H, arb. units

2
— n——COS{— ,
K &= 2[1+ n(voamih)tar? 6 cos{]
FIG. 1. The dependence Bfon 1H for =0, =102, By<1 in arbitrary
(10 units. The figures have different horizontal scales.
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FIG. 2. Curves ofl" o, for different values of the anglé. n/4 n/2 ©

FIG. 3. I'on Versus angle for By>1, in relative units.

Px ﬁI—(vy cos® - v, sinB),
ot c cosf>y. (15
% _ _ﬁvx cos, op, =___vx sing Pz op, ’ (13)  This condition, like inequality8), excludes from consider-
ot c ¢ ot ation a small region of angleg near 6= * 7/2 where the

one is readily convinced that in the region of sound frequen:
cies in which the inequalitikl <1 holds, the sound absorp-
tion coefficient can be written in the form

magnetic field is almost parallel to the layers.
In the leading approximation in the small parameter
the components of the electric field of the electromagnetic

2eHr Z J‘ [ J wave have the form
pu 26 sc(21th)2

Ex =% uH cos? 0 By
c

2 2q _ Y 2’
amuv cos” 0 — (By)“ - 2iPy
x 3 | nkouL,,epJy 2 tan 0 |cosg
) 25 a2
Ey =—1£uHcose 2COS 0 ;BY T (16)
- ~ Y
(eyvo) (B, P |E 2) } (14) cos” 0 — (By)* - 2ipy
2COS where,8=(5wp/0w)2wr, andw, is the plasma frequency.
where J, is the Bessel function, and the parameter Using the Poisson summation formula and changing
=1/(Qq7)<1. from integration ovemn to integration over energy with the

With the use of Maxwell's equation&), (7) it is not  aid of formula(10), we obtain the following expression for
hard to find the electric field in the conductor if it is assumedthe oscillatory(in 1/H) part of the sound energy absorption
that coefficient:

1
5 2
r, = Ty (th 0059)2 [[ (kin) ]Liz]g('@ tan 9) + F(y,e)}
uls

1 2
-V NcS, NcS,
-n/4 — 41|
X ; N P(NA) [COS(2eHh n/4 |+ cos SefTh +m/ (17)
|
Here I'y=2mNwow/ps?, N, is the electron density, The terms containing the factdy,, in formula (17) de-

|=vo7, ®(2)=2/sinhz, A=27?T/hO,cosh, and the ex- scribe the absorption of energy from the sound wave due to

tremal values of the critical area of the Fermi surface on aenormalization of the electron spectrum in a vibrating lattice

planepy = const have the form (deformation mechanismThe Joule losses are determined
by the functionF(+y, ), which has the form

2mm /.Li ﬂvoﬁ/a (18) CO§ 0+ Bzyz

cos¢ \/1: ﬂ(amvo/h)tanz 0 F(’Y!a)zcoga[cos’? 0_(ﬁ,y)2]2+ﬂ2,y4 (19)

51,2:

In a quasi-two-dimensional conductor these values do not Analogous terms are also contained in the smoothly
differ strongly from each other, and the oscillations thereforevarying (with magnetic field part of the absorption coeffi-
have a double-peatdouble} form (Fig. 1). cient:
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servable in the region of ultrasonic frequencies 10° s™*

in magnetic fields of the order of tens of tesla.

tand| +F(y,6)|. (20

mon:W 2 xz70| T g
The density of charge carriers in the organic conductors
now under intensive study are comparable to the density of
. . ; E-mail: kirichenko@ilt.kharkov.
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eter 8 can be much greater than unity. At a sufficiently high
magnetic field By<cosh) the induction mechanism of
EOUHS-WaV(Z attet?]uatlt?n IS che main Onf’ ang; pialf[hShOUIg . V. Kirichenko and V. G. Peschangkfiz. Nizk. Temp.27, 1323(2001)
e observed on the absorption purveﬁazt— cos6 due to the [Low Temp. Phys27, 978 (200D)].
excitation of a helicoidal wave in the conduct@tig. 2). If 20Q. V. Kirichenko, V. G. Peschansky, O. Galbova, G. Ivanovski, and D.
B7 is much greater than unity, then the Joule losses are smallKrstovska, Fiz. Nizk. Temp29, 812 (2003 [Low Temp. Phys29, 609
(F(r, 0)=CO§ 0/,82)/2) and there can be compefition be- 3glzong.urevich V. G. Skobov, and Yu. D. Firsov, Zﬁkﬁ) Teor. Fiz40,
tween the induction and deformation mechanisms of absorp-7gs (1961 [Sov. Phys. JETR3, 552 (196D]. T
tion of the sound energy by electrons. At sufficiently large V. M. Gokhfel'd and S. S. Nedorezov, Zh.k&p. Teor. Fiz.61, 2041
angles of deviation of the magnetic field from the normal to 5&’19'71& k[r?‘w thyﬁ-,EJkETB;L 1083(41897123]?;8(1938
A . . H . L lezer, . KSp. leor. Fizo, .
the layers the coefficierit varles periodically with the angle o5 \/"irichenko and V. . Peschansky, Fiz. Nizk. Terf, 1119(1999
6. In the region wherey) ~~=kl 7 the amplitude of these  [Low Temp. Phys25, 837 (1999].
oscillations is comparable to the monotonically varyingth "A. B. Pippard, Philos. Mag6, 1104(1955. )
angle part of the absorption coefficiefig. 3. 8A. 1. Akhiezer, M. I. Kaganov, and G. la. Liubarskii, Zhk&p. Teor. Fiz.
The effects considered above, which are specific to 82, 837(1957) [Sov. Phys. JETE, 685(1957)
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