cay” after the light is turned off takes place as a result
of a process having a lower activation energy: 0.2 eV—
the motion of dislocations. As follows from results ob-
tained in Ref. 8, if the dislocation charge is larger than
the stationary value the dislocation will rapidly give off
the excess electrons to the trapping centers that it en-
counters.

The authors thank V. I. Nikitenko for valuable advice
and a useful discussion.
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Acoustic oscillations of superfluid solutions in narrow

channels

E. P. Bashkin

Institute of Physics Problems, USSR Academy of Sciences
(Submitted 25 January 1978)
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The linearized hydrodynamic equations for He’-He* solutions are considered in the phonon temperature
region T<0.7 K under conditions of complete stopping of only the phonon part of the normal component.

The velocities of two types of sound oscillations are calculated.

PACS numbers: 67.60.Fp

A solution of He? in superfluid He* is an assembly of
elementary excitations—phonons, rotons, and impurity
quasiparticles—contained in a superfluid background.
At temperatures 7 <0.7 K the contribution of the rotons
is exponentially small, and will hereafter be neglected.
Under ordinary conditions the phonon and impurity sub-
systems are strongly coupled with each other, manifest,
in particular, by the fact that the macroscopic motion of
either the phonon gas or of the impurity-quasiparticle
gas is characterized by the same local-equilibrium vel-
ocity of the normal motion. Under certain conditions,
however, which will be spelled out below, these two
systems can be decoupled and the contribution of the
phonon part of the normal component can thus be sep-
arated.
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Interactions of excitations in a solution are complete-
ly described by the corresponding scattering cross
sections, which were calculated by Landau and Khalat-
nikov!!? and by Khalatnikov and Zharkov,?! and are of
the following order of magnitude:

6:i-~2.8-10"%cm?  Opr-m=6-10"(zT)*,
O ®47-10-(yT) (2T) '8,

respectively for impurity-impurity scattering, for pho-
non-phonon interaction, and for scattering of a phonon
by an impurity quasiparticle. Here x is the phonon in
units of 7/s (s is the speed of sound), y is the impurity
energy in units of 37/2, and &’ is a function of the order
of unity.
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Knowing the interaction cross sections it is easy to
verify that there exists a considerable region ¢> 107272
(where c is the concentration and T is the temperature
in degrees Kelvin) where all the collisions are deter-
mined mainly by the impurities, and the phonon mean
free path 1, strongly exceeds the free path I, of the He®
quasiparticles: Ap,> A;. The number of hard phonons
and impurities (with x> 1 and y> 1), for which this
inequality is not satisfied, is exponentially small. If
we now place the solution in a capillary of diamater d
such that I,,,>>d> [;, then under conditions of diffuse
reflection from the capillary walls only the phonon part
of the normal component will be stopped. The influence
of the capillary walls on the motion of the normal im-
purity part can in this case be neglected. The degree
of diffuseness of sound reflection from a solid surface
is proportional, as is well known, to (£/x,)?, where
£ is the characteristic dimension of the roughness of
the capillary wall, and A, is the thermal wavelength
of the phonon. We consider next the case when the pho-
non part of the normal component is completely stopped,
corresponding to satisfaction of the condition £> ..

The macroscopic motion of the phonon gas is accom-
panied by transport of some He® and He* masses,3?
whose determination reduces to calculation of the cor-
responding fluxes j, and j, which enter in the continuity
equation of the Khalatnikov two-speed hydrodynamics of
solutions!! (for an unbounded liquid) at 7'=0:

js= I PsVadV,  J=istic -I (PasVatpasvs)dV ) (1)

where p; are the densities of the particles of each spe-
cies (:=3,4), v, and v, are the respective velocites of
the normal and superfluid motions, p,, is the impurity
normal density, and p,+pg=p;+ P, =p (paIﬁ is thus the
superfluid density of the solution at T'=0).

As the ground state of the liquid we consider a solu-
tion at rest at 7=0. The weakly excited state of the so-
lution will be described with the aid of a localized wave
packet!s? '

69.-1’""2 paexpli(kr—an) ]+c.c.,
k

v,.=V"'"2 vaxexpli(kr—ayt) 1+ c.c., )

v,=V-" Z vaexpli(kr—au) 1+ c.c.

where w,=uk, u is the speed of first sound in the solu-
tion at T=0. The connection between the quantities p,,,
Vs and v, is determined with the aid of the ordinary
equations of the hydrodynamics of solutions!? at 7=0.
Without dwelling on the straightforward calculations,
we present the result:

k pa ul—A;
Vay=U——=——, pPua=—"""7F"—"""0n

Ps u*—A4A ) (3 )

k n
v..=u——-(F— i )-pl
k Ps / Pas

Here A,=p,dp,/8p,+ p,d11,/8p;; My is the chemical po-
tential per unit mass for each species of particle, and
F=(A,-A,)/(u?-A,). We expand expressions (1) in
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powers of 6p;, v,, and v,. The linear term in this ex-

pansion vanishes because the wave packet (2) that des-
cribes the localized sound excitation in the solution de-
creases rapidly with distance.[®

In second-order approximation, using formulas (2)
and (3), we obtain expressions for the fluxes j, and j:

; loal?k
]J=2uzk‘ pp—,T, ]=Q.|3; (4)
here
L [ (pp) [20m_ O0m(y .
Q= p“{(p psF) [ 00 e (¢ F)]+F(p,ﬁ p,.a)}.

On the other hand, the acoustic momentum j (per unit
volume) can be represented in the form®? j= P,,V, Where
P, =27°T* /4573 and v is the velocity of the macroscop-
ic motion of the phonon gas.

In the case of complete stopping of the phonon normal
component, the acoustic excitations do not participitate
in the normal motion at all. Since the velocities enter
in the expressions for the hydrodynamic fluxes linearly,
it follows that to obtain the linearized hydrodynamic
equations 7, > d> I, and £>> A, without allowance for
the dissipative terms, to gather in the mass and entropy
fluxes the terms corresponding to the phonon-gas mo-
tion. The system of hydrodynamic equations in the vari-
ables p,c,o (0=S/p, S) is the total entropy of the solu-
tion takes then the form

p+p, div V,+pas div va=0, V,+V (p—cZ/p)=0,
op+pa+po, divw=0, cptpitpcdivw=0, (5)
PrsVat PVt VP—Spu VT —pmV (n—cZ/p) =0.

Here w=(1-p,,/p,Q)v,, 0,=5,/p, S, is the impurity en-
tropy, p,=Pp3+ Pons Ps=P — Py, P is the pressure, and the
thermodynamic potentials p and Z are connected with
the chemical potentials of the solvent and of the dis-
solved matter by the relations!*’

p=cps+(1—c)pi, Z=p(ps—H).

The last equation of (5) can be obtained in standard
fashion with the aid of the equation of superfluid motion
and the kinetic equation by going to the hydrodynamic
equations. It must be recognized here that owing to
the diffuse reflection from the capillary walls and to
the satisfaction of the condition £>> A, the phonons are
characterized by and equilibrium distribution function
with a zero macroscopic velocity. Qualitatively, the
term —spn VT corresponds to the partial contributions
of the phonons 7,,> d to the thermomechanical effect,
while the term —p,, V(i —cZ/p)= p,V, reflects the fact
that a definite mass of liquid, equal to p,,, now no long-
er transports any momentum.

The acoustic solutions of the system (5) are deter-
mined with the aid of the usual procedure.l*?? We as-
sume that small perturbations of all the equilibrium
quantities vary in the sound-wave field like exp(ik-r
—iwt), and s=w/k is the wave propagation speed. Using
the hydrodynamic equation (5) and the thermodynamic
identities, we readily obtain
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6(p—cZ/p)=B,6P—D,bo, 6T=B,6P+D,ba, )

1 dp 1 or
B .,,_( __) B _______(
' +B—15p T 9

a (Z/ p)

30 Om 1)

—C —— —

dc as ¢

220 gy ]

90 Gpm 1 P p.).
dc os c* 9p as

0,,=_p_=_(1)', ®)

Py om OT t v
= | —— — st )] , -=—
“=3 [1 a (“ 20 O “=vor

1
D,——[a. ,—-+ ?

Os

1 aT
D,= (l ¢
os dg

ar
—a¢ (i=0,1);
[

a(Z/p) 6T do s
dc 00 dc ]

_1_ %Y P [cz
1 ¢’ 0y dp
The system (5) is then equivalent to two coupled wave
equations

92 apP 9%
i —c,’(1—S,,,B,—p,.B,)AP+ P B g +C¢ (SMD,—an.)AO—O
or? dp o5 Ot
62
———(D [y +SpuD,I3) Ac+[ BT+ (1—SpB,;) [ ]AP=0, (7)
where

c [+ Os Pon
— —(pstpm) =T, Ty=—— 1——=).
es (pstpm) - p“( paO)
The condition that Eqs. (7) be compatible leads to a bi-
quadratic dispersion equation whose solutions are in the
general shape quite cumbersome and will not be writ-
ten out here.

Thus, with decreasing diameter of a sufficiently
rough capillary and when the condition 7,,> d>1, is
satisfied, the velocities of the first and second sounds
vary in accord with Egs. (5) and (7). Their difference
from the first- and second-sound velocities in an un-
bounded liquid is greater the larger the relative contri-
bution of the phonons to a-1 the thermodynamic quanti-
ties, i.e., at possibly smaller concentrations and larger
temperatures (7=0.7 K, ¢ 2 0.5%).

At low concentrations and neglecting the thermal-
expansion coefficient a, expressions (6) and (7) are
greatly simplified. Furthermore, by virtue of the con-
dition ¢> 107272, the number of the phonons is still
much lower than the number of impurity atoms, and
Egs. (7) can be expanded in powers of p,,/p, and opn/0;.
In first-order approximation in the small contribution,
the system (7) splits into two independent equations that
determine the velocities of the first (s,) and second
(s,) sounds in a narrow channel (s,>>s,):

s =

2 i[_)_(i_&'l
9p

0 oT
), sat=crt (14 Rp) — 2 2 0050 —, (8)
[} Pn do
where c, is the velocity of second sound in an unbounded
liqu iqt4. 7]:

r a(Z,
p‘[c LT . (/p)],

do dc

and the function R, is defined as
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[ P
B = [Y [i * P psQ ] '

In the case of low concentrations, the function @ in
the expression for Ry can be calculated in explicit form
with the aid of the hydrodynamic equations for a degen-
erate solution at T=0. Substituting in (4) the values of
the chemical potentials p, and p, and of the first-sound
velocity » at T=0 for a degenerate solution,®! retaining
only the terms of first order in the concentration, we
get

Here mgy and m, are respectively the masses of the
atoms He® and He*; M =2.3m, is the effective mass of
the solitary impurity quasiparticle, so that

Pas=p:sM/ms, Sm=M—m,, x=(p/m.ss*) 3 (—A)/9p.~1.28;
S, is the speed of sound in pure He?, and (-A) is the
binding energy of the impurity He® atom in superfluid

He®.
The function cQ depends, as it should, on the quanti-
ties that describe the interaction of the impurity quasi-

particle with the superfluid background, and is of the
order of unity. The function R, then takes the form

Y LAY N
p.[i_(_M—) (x+ m‘) + c M]
Within the limits of accuracy, in all the terms of (8) that

contain the phonon factors o,,/0, or [ /pg, it suffices to
consider only the contribution of the He® impurity atoms.

ms Pph_
M ps

The relative change of the first- and second-sound
velocities is thus of the order of oy,/0 and p,,/p, and
for a solution with concentration 0.5% and temperature
0.7 K it reaches 1 - 3% (for second sound) and can be
observed in experiment. The condition on the capillary
diameter then takes the form 0.9>d> 0.3 x107% cm.
With further decrease of the channel dimension and if
the conditions 7 ,> d and [, >>d are satisfied, only on
acoustic mode remains in the solution—fourth sound.®

In all the arguments presented above we have neglec-
ted the presence of second-sound phonons in the solu-
tion. In the absence of a capillary, when the condition
¢ > 107272 is satisfied, the contribution of the second-
sound phonons to all the thermodynamic quantities can
be neglected since it is cut off by the very stringent
requirment A>> I, >> I under which the hydrodynamic
approach is valid. On the other hand in the presence
of a capillary with I,,>> d> I, when the phonons do not
take part in the hydrodynamic motion, the cutoff occurs
at much shorter wavelengths, A>> [, ~a/c, where a is
che mean distance between the He* atoms, and at larger
solution concentrations the contribution of the second-
sound phonons can become substantial. However, the
effect in question is most noticeable precisely at low
concentrations, when there is no need to take the sec-
ond-sound phonons into account.

The author thanks A. F. Andreev, L. P. Pitaeevski{,
and the participants of V. P. Peshkov’s seminar for
very useful discussions.
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Collective excitations of electrons and holes in a strong
electromagnetic field and absorption of light in a
semiconductor under parametric resonance conditions
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The Bogolyubov-Mitropol’skil averaging method is used to solve the two-band equation in the Kane
model of a semiconductor and to investigate the quasienergy spectrum of electron-hole excitations in the
field of a strong circularly polarized electromagnetic wave whose frequency o is closed to the band gap &,
of the semiconductor. The main feature of the spectrum is that the electromagnetic wave lifts the spin
degeneracy of the levels due to free electrons and holes. One of the split dispersion curves is shifted only
slightly compared with the curve for a free particle and the other exhibits—under certain conditions—a
discontinuity of the order of pe, (p is a parameter proportional to the electric field of wave). The gap in
the spectrum appears for 0 <w—-g <ps,; the overlap of the quasienergy bands closes the gap for
@—€,> pg, but discontinuities of the dispersion curves remain. The absorption coefficient of a weak
electromagnetic wave of frequency w, is calculated. It is shown that creation of electron-hole excitations
at levels without a discontinuity in a strong field results in considerable absorption near the frequency

o, =o.

PACS numbers: 71.25.Cx, 71.35.+z

1. INTRODUCTION

A strong electromagnetic field acting on a semicon-
ductor not only heats the carriers but can also cause
more fundamental dynamic changes in the electron-hole
subsystem, deforming and modifying its energy spec-
trum.['™1 Distortions of the spectrum are particularly
large in various resonance situations, for example, in
the case of cyclotron resonance,t*5! when a semicon-
ductor is subjected to electromagnetic radiation of fre-
quency close to the width of the band gap (forbidden
band)'® or of the gap between two conduction bands.!”
It is important to note that under resonance conditions
even a weak interaction may alter radically the energy
spectrum of the system (see, for example, Oleinik’s
paper).l¥) Physically, a change in the energy spectrum
of a particle under the action of an electromagnetic
wave implies the appearance of collective excitations of
the “particle (electron or hole)+ photons” type, which
are states of electrons and holes strongly coupled to
the electromagnetic wave field. In electromagnetic
fields causing radical changes in the energy spectrum
and, consequently, altering the very nature of the elec-
tron and hole motion, the behavior of the system could
be described entirely in terms of these collective exci-

155 Sov. Phys. JETP 48(1), July 1978

0038-5646/78/070155-07$02.40

tations.

We shall use the Bogolyubov—Mitropol’ski‘i averaging
method®® to solve the two-band equation in the Kane
model of a semiconductor (Sec. 2) and we shall inves-
tigate the quasienergy spectrum of electron-hole exci-
tations in the field of a strong circularly polarized
electromagnetic wave described by the potential?’

A=a(cos kz, sin kz, 0), (1)

where a=const>0 is the amplitude of the potential;
k=(k,/c,0,0,k,) is the wave four vector of a photon;
k,=c e ?k,; e =const is the permittivity of the med-
dium. We shall consider the case of a parametric res-
onance when the frequency of an electromagnetic wave
w=k, is related to the band gap ¢, of a semiconductor
by

o=¢,+A, |A|<e, 2)

We shall define a strong electromagnetic field by the
inequality

Q>wer, (3)

where Q is the frequency of transitions between the
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