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Some problems of the nonlinear interaction of acoustic waves in semiconductors are considered.
Dynamic equations describing the space and time behavior of the interacting wave amplitudes are
obtained from elasticity theory equations in which the spatial and temporal dispersion of the elastic
stress in an arbitrary crystalline medium are taken into account. These equations extend the famil-
iar Bloembergen equations to media in which the energy transfer from the waves to the medium is
possible during the process of nonlinear interaction of the waves. The energy balance equations and
the equation for the number of quanta are considered both for linear and nonlinear absorption. Non-

linear elastic responses of electronic origin are found for piezo-semiconductors with an arbitrary
state of the electron subsystem. In the hydrodynamic approximation, an explicit form is found for
the nonlinear admittances, with account of carrier drift in an external electric field. Under condi-
tions of sound wave amplification by drifting supersonic carriers, second harmonic generation and
the transformation of transverse waves into longitudinal waves (TTL process) are considered.

PROBLEMS of the theory of nonlinear interaction of
acoustic waves in semiconductors have recently taken
on a special interest in connection with the possibility
of amplification and generation of acoustic waves by
drifting supersonic carriers.!’?! The fact is that there
are two relatively strongly interacting subsystems in
semiconductors and semimetals: the crystal lattice and
the electron-hole plasma carriers. In a number of
cases, the plasma contribution to the decrement (or in-
crement) of the sound waves plays a decisive role. Sim-
ple estimates show that under these conditions, the
principal nonlinearity mechanism is of electronic ori-
gin and is connected with the reorganization of the sub-
system under the action of the electric field which ac-
companies the sound wave. Since significant dispersion
is characteristic for the electron subsystem, it is nec-
essary to consider the theory of interaction of acoustic
waves from the very beginning, taking both spatial and
temporal dispersion into account.

Under conditions of weak nonlinearity, the nonlinear
elastic stress can be expanded in powers of the defor-
mation and limited to the first few terms. Such an ap-
proximation corresponds to renormalization of the
phase velocity and decrement (or increment) of the
wave as a result of nonlinear interaction, and also to
allowance for the radiation of waves at the combination
frequencies. The dynamic equations describing the be-
havior of the amplitudes and phases of the interacting
waves in space and time are obtained by the Bloember-
gen method of contracted equations.!®**] The theory
developed in the present paper is valid only for powers
of the sound waves less than the power corresponding
to saturation of the nonlinear plasma properties con-
nected with the capture of carriers by the electric field
of the wave.

The interaction of acoustic waves in solids has al-
ready been considered both theoreticallyt®! and experi-
mentally.!® However, the complete dynamic equations
for the amplitudes, with account of spatial and temporal
dispersion, were not derived in these researches. In

the researches of 7!, the electron ‘‘concentration’’
nonlinearity was investigated theoretically for piezo-
semiconductors, but the authors limited themselves to
the consideration of the established regime and did not
solve the problem of the initial or boundary regime.

In the first section of the present paper, we set up
the general dynamic equations of the elasticity theory
of crystals for arbitrary spatial and temporal disper-
sion of the linear and nonlinear elastic-modulus ten-
sors. The approximation of three interacting waves is
then considered and the conservation laws for energy,
number of quanta, and flux of acoustic phonons are then
studied with account of nonlinear interaction.

The problem is considered for piezo-semiconduc-
tors, where the effects of nonlinear interaction can play
a significant role, especially under conditions of ampli-
fication of the acoustic waves. The general connection
is found between the nonlinear elastic responses of the
system and the corresponding nonlinear conductivity
tensors of the medium, which are computed in explicit
form in the long-wave approximation, when the fre-
quency of the waves is much less than the reciprocal
of the characteristic relaxation time of the energy of
the plasma carriers (electrons). The effects of har-
monic generation and the transformation of transverse
waves into longitudinal waves are then considered un-
der the conditions of wave amplification.

1. NONLINEAR EQUATIONS FOR THE AMPLITUDES
OF SOUND WAVES

The purpose of the present section is the formula-
tion of nonlinear equations for the amplitudes of sound
waves in an elastic medium with arbitrary spatial and
temporal dispersion.

The equations of elasticity theory for the displace-

ment vector have the form
po2ui,/6t2 = 6ui,~/azj, (1.1)

where p is the density, O the elastic stress tensor.
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For weakly nonlinear and homogeneous medium, the
coupling between the deformation tensor ujj and the

stress tensor can be represented in the form

(Iij=§, S dl‘;...
n=1

-1

dl’n Stdt(... 7§ dt.n

00

)
X Sjivjiiyi (T =Tt — by Py — Py, By — tn)

(1.2)

Equations (1.2) represent the material equations for
weakly nonlinear, homogeneous crystalline medium; the
nuclei S™ are the corresponding nonlinear admit-
tances of the system; here Si(jiijl is the linear elastic-

Wiy (l‘i, tl)- . ui'njn (l‘m ln) .

modulus tensor with account of spatial and temporal
dispersion. The admittances introduced above are ob-
viously symmetric relative to the permutation of any
pairs of indices iy ji; furthermore, in crystals with
definite symmetries, these tensors are invariant rela-
tive to the entire group of transformations permitted
by the given symmetry class.

We shall seek the solution of Eq. (1.1) in the form of
a Fourier integral over time and space:

u(r,t)= S dk u (k) ei@r—on, (1.3)

where k denotes the set of quantities (w, q). Using
(1.3), we obtain an expression for the transformation of
the Fourier equation (1.1):

Lis (ks (k) = igyo (k) (1.4)
where
Lij(k) = —0028;; + /2 [Sih (k) + ST ()1 019 (1.5)
is the operator of the linear dispersion equation;
o (NL»

73 is the nonlinear stress, which is determined by

the second, third, and so forth terms of the expansion
in (1.2). The operator Lij (k) is generally non-Hermi-
tian and satisfies the condition Lyj(k) = Ljj(—k*)

In contrast with the isotropic medium, the separa-
tion in crystals of waves into purely longitudinal and
purely transverse is generally impossible: to each di-
rection of the wave vector q there corresponds a char-
acteristic wave whose displacement vector possesses
both longitudinal and transverse displacement compo-
nents. Therefore, we must consider the eigenvalues and
eigenvectors of the operator Lij (k), which are defined
by the equations

Li; (k)b (k) = A(k)bi(k), Det|Li;(k) —A(k)d:;| =0 (1.6)

We shall consider the case of nondegenerate eigenval-
ues when all three values of A, (k) are different. The
eigenvectors b®(k) in the general case can also be
complex:? their normalization conditions are written
in the form ba(k)ba (k) = 6,4’ , where ba is the vec-
tor that is the Hermitian conjugate of b1 Multiplying
Eq. (1.4) by ba(k) and using the condition of the ortho-
gonality of waves with different polarizations, we get an
equation for the Fourier components of the amplitude

DFor example, in the presence of gyrotropy in an elastic medium,
the b% are complex and their imaginary parts describe the rotation of
the plane of polarization.
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of the eigenwave ugy:

ha(k)ua(k) =3 § deOAD, . (k, by, Bo) e, (y) e ()

+ 3§ atoAD (b R b,

@1, Gz, X3

where dg‘z’ dk,dk,6(k — k, —k,) and d¢*®’ = dk,dk,dk,
x 0k —k, —k, —k;), and A® and A® are expressed in
linear fa.shlon in terms of the faltung of the tensors §'®
and S® with vectors b® and q.

In the linear approximation, when the amplitudes of
the waves are small, Eq. (1.7) reduces to the usual dis-
persion equation XAy (k) = 0. This equation determines
the frequencies of the characteristic oscillations of the
system and the decrement (or increment) of y,. For
weak damping or growth of the wave (Iya/wa |<K1),
the equations for the determination of the eigenfrequen-
cies and decrements will have the respective forms

k) ua, (F1) ua, (ks) o, (Ks),

Re Ma(0a,q9) = Ao’ (0, q) = 0, (1.8)

A’
aw“) Im Ao (0, ).

vala) = —( (1.9)

In linear theory, the characteristic oscillations are
damped or growing oscillations whose amplitude is de-
termined by the initial and boundary conditions. When
account is taken of the nonlinear properties of the me-
dium, the amplitudes of the oscillations are no longer
determined by the external conditions only, but also by
the interaction between the oscillation modes. The
sound field in this case is conveniently written in terms
of a set of wave packets for which a small scale in time
and space corresponds to rapid oscillations with the
wave vector q and frequency w (@), while large scale
corresponds to a slow change in the amplitude of the
wave packets in time and space.

Using the representation of wave packets, it is not
difficult to obtain an equation for the slow changes in
amplitude of the sound waves u (q, r, t). Multlplymg
Eq. (1.7) here (written in terms of the variables q' and
w) by exp {i[@ —q@)'r— i[w' — wy(@’)]t} and integrat-
ing over dq’ and dw’ in the vicinity of the center of
gravity of the packet, we get, after successive trans-
formations, the nonlinear dynamic equation for the
acoustic waves:

I\t
PN S D Aty )

* an o, 0

+ 7 —Yaua+l<

X Ug, (£ Gy, T, 1) Ua, (= Gy, ¥, 1) eiAT—800) (1.10)
where v, = —(315, /3Q) (31, /3 w,) ™" is the group veloc-
ity of the corresponding characteristic wave and Ak
= k + k; + ko« The summation in (1.10) extends over all
wave vectors q, and q, for which the conditions k~+k,
+ k, are satisfied. These conditions determine the se-
lection rule or conservation law for the nonlinear inter-
action of the waves. The sign + in the sum in (1.10)
means that it is necessary to take the sum of all terms
with different signs in front of the vectors q; and q,.
Similarly, nonlinear terms were taken into account in
(1.10) that describe the interaction of a large number of
waves.

Equations of the type (1.10) are the ordinary dynamic
equations for the amplitudes of the interacting waves,
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which are well known both in nonlinear optics and in the
theory of nonlinear effects in a plasma.’®:* 8! However,
the theory of the nonlinear interaction of acoustic waves
in crystals is seen to be more complicated in compari-
son with the corresponding theory for electromagnetic
waves. The latter is connected not only with the crystal-
line properties of the medium with relatively strong ab-
sorption but, as will be shown below, fundamentally with

the absence of symmetry in the matrix elements Ag(’xlaz

(see Eq. (2.11)), which in turn leads to the laws of con-
servation of energy of the interacting waves and of the
number of quanta, which differ materially from the case
of plasma and nonlinear optics.!® * 8!

2, THREE INTERACTING WAVES

We limit ourselves to the consideration of processes
in which only three waves interact with one another.
This means that we shall consider the transformation
of waves of the type @, + a2 = a3, where «j character-
izes the types of wave. The conservation laws in ele-
mentary acts will evidently be

w3 — 0 — 02 = Aw, g3 —q —qz = Aq. (2-1)

Here Aw and Aq are the frequency and wave vector de-
viations satisfying the conditions |Aw/w i |<< 1,
|AQ/Amin! << 1. Under the conditions of exact synchro-
nism, Aw =0 and Aq = 0.

Simple study shows!*s ! that under the conditions in
which the characteristic oscillations can be regarded
approximately as longitudinal (L) and transverse (T),
processes allowed by the conservation laws (2.1) are

T+T=L T+L=L. (2.2)

Moreover, interaction between oscillations of one type
with parallel wave vectors q is also allowed within the
range of limits on AqQ. For three interacting waves

1 +2 =3, Egs. (1.10) have the form

blual = Yo.la, + Vaae (b1, —Fko, k3)Ua, ug,el@L ~400), (2'3)
where the operator D, = 5/at + Vy,d/dr and
ha \*
Vasgn by, — b o) = = 20( 2% ) A (b, — by ). (2.4)

Equations for the amplitudes ua!2 and ua3 have a

form similar to (2.3) and can be obtained from (2.3)
with the aid of the formal substitutions 1 — 2, 2 — 1,
3 —3 for Ug, and 1—3, 2—+1, 3 -2, -k, — k|,
u’az — Ug,, &0 — —AQ, Aw — —Aw for Ugye Usually,
the dynamic equation of the interacting waves can be
written in the form of equations for the modulus and
phase of the amplitude, putting the complex amplitudes
in the form u, = A, exp (ipy). Carrying out the sep-
aration in the set (2.3), we get

DA = vid, + Wid245 cos (6 + x1), (2.5a)

AlDAl(m = W1A2A3 Sin(e + XI), (2- 5b)

wnere 0(r, t) = ¢ — ¢, — @, + AQ s r — Awt and W, and
t, are the modulus and phase of the relation (2.4).

The equations for the amplitudes A, and A; and
phases @:and s have a similar form and can be ob-
tained from (2.5) by means of the formal substitution
1—-2,2—-+1,3-—~3 for A, and ¢,,and 1 - 3,2 — 1,
3 —~2and § —-~0 for A; and @,.
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The dynamic equations (2.3) and (2.5), in contrast to
the known equations in nonlinear optics (see the book of
Bloembergen'*?), contain different phases x;. Precise-
ly because these phases are different (their equality is
obviously possible only in extraordinary cases), there
are no solutions similar to the optical case for the the-
ory of nonlinear interaction of elastic waves.

In particular, (2.3) leads to equations that describe
the process of the self-action of the sound wave, leading
to the emission of a second harmonic:

Datto = Yollo + Vaaa (k, —k, 2k) 2 nggeidar-s00,
. (2.6)
Diotige = Y2ol20 — 1/2Vaococ(2k, k, k) ugpteiAar—Ael),

We now obtain the conservation laws for the total
values of the energy of the waves and the number of
quanta. For this purpose, we introduce the definition
for the energy, energy flux, number of quanta and quan-
tum flux:

Me’
6(:|u“(q: r, f) Iz7 S“(q’ r,t) =v°‘$°‘(q1 r,1);
@

&a(q,1,1)
hwe

Ea(q,r,l)= — 0q

Ne(q,r,t) = . Pa(qr,t)=vaNa(q,r,t). (2.8)
From the dynamic equations (2.3), we obtain the bal-
ance equation for the total energy of the three waves in

the medium:

o0& S
=2 > Ya&a — 4 Im {00 AS aa, (ky, — ks, ks)
o (2.9)

2 2 .. .
+ mazAm(“oZu,(kz, — k1, ks) — ﬁladAa,:‘al(ks, ke, ko)l ue," 1, ug, ef0aT-20t)}

where
g == Zga, S 22 Sm-
-7

The balance equation for the number of quanta of the in-
teracting waves follows in the same way from (2.3):

a a
i Mo+ Vo) — (Pa, - Pou) = 2 (3Nt - yaNer)

4 "
— 7 T (A (b, — oy o) — A (b, oy, ) D" 0" e, eit6ar—00)
(2.10)

and similar relations for Naz + Naa, which can be ob-

tained from (2.10) with the help of the formal substitu~
tion of indices 1 -2, 2—+1, 3 — 3.

If the properties of the medium are such that the ma-
trix elements that characterize the nonlinear interaction
of the waves in the medium satisfy the conditions

Ao, (e, — b, Fos) = AL, (s, — by, os) = Ao, (b, By, o), (2.11)
then Egs. (2.9) and (2.10) give the usual laws of conser-
vation of energy and number of quanta with account of
linear damping. In the case considered here, the rela-
tion (2.11) cannot be fulfilled, and therefore additional
terms appear in Egs. (2.9)-(2.11), describing the trans
fer of energy from the waves to the medium by way of
the various nonlinear mechanisms. Account of these
terms is necessary in the low-frequency case when wrt
<1, where 7 is the characteristic relaxation time; in
the given case, this is simply the relaxation time of the
energy (temperature) of the electrons.

We note that in nonlinear optics'*! and collision-free
plasma, when the frequencies of the interacting waves
are much greater than the reciprocals of the relaxation
times, the symmetry rule (2.11) is satisfied. Absence
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of this symmetry for interacting acoustic waves leads
to new qualitative characteristics of the solution of the
equations for three-wave interaction; in particular, the
system (2.5) no longer has three first integrals (in our
notation, S, Py, + Py, Py, + Py, ), on the basis of the
the existence of which the solution of the equations given
by Bloembergen'*! is constructed. Furthermore, a sim-
ple investigation shows that the stationary solutions (of
the type of sinusoidal stationary waves) in the system
(2.5) are shown to be impossible, while the fundamental
reason for this lies in the fact that the phase of the
waves 4(r,t) is unstable when the time or coordinate is
increased.

3. CALCULATION OF NONLINEAR ELASTIC
ADMITTANCES. THE CASE OF THE PIEZO-
SEMICONDUCTOR

In semiconductors and semimetals there are several
possible mechanisms for nonlinear interaction, both of
lattice and of electronic origin. In the present paper,
we consider the nonlinear effects of electronic origin,
which play the decisive role for piezo-semiconductors
in the majority of cases 2> We shall consider that fre-
quency region for which one cannot take into account
the spatial and temporal dispersion of the lattice con-
stants; then the equations of motion will be

2, Ot GE,
EPD —}\ilij u,g;-

0 (3.1)
Here f; j; in the piezo “deformation’’ tensor,'®! E is
the electric field accompanying the sound wave in the
piezomedium; it satisfies the Maxwell equations

0E;

e — 4nbig ~z—— L = — 4o (r, ),

where j(r, t) is the current induced in the plasma me-
dium by the sound wave. Transforming to the Fourier
representation and limiting ourselves only to terms of
third order, we get an integral equation for the longitu-
dinal wave E(k):

rotE =0, (3.2)

E (k) = “oap(ayu(k)+ § de@of? (k, ky, ko, E () E (Iy)

4ni
oy (k)

— S &0 (k, ke, bz, ks) E (K1) E (k) E (ks) } (8.3)

Here B;(@) = B, imd79m/ 9%, 0“ ’is the nonlinear longi-
tudinal conduct1v1ty of s-th order, and € (k) = ¢,

D Nevertheless, it should be noted that lattice mechanisms of non-
linearity, for example, electrostriction, can be reduced formally to the
same consideration. In the presence of electrostriction, the free energy
of the crystal is written in the form

1 1.
F=F,+ - Mitmstatim; + - e BB + BrasEitist aijimE E i,
1

As a consequence of the piezoeffect or the presence of an external
constant field, electrostriction leads to the result that the equations of
motion of the lattice and Maxwell’s equations become nonlinear. Solving
them, it is not difficult to obtain equations of the type (1.10). In dielec-
trics, especially in ferroelectrics, where there is an appreciable electro-
striction constant in addition to the piezoeffect, such a nonlinear
mechanism can appreciably surpass the nonlinear effect associated with
anharmonism and it should, in principle, just as in optics [3:*] guaran-
tee the possibility of parametric amplification of the sound waves.
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+ 4riw™ ‘”(k) is the dielectric constant of the crystal.
Expressmg the electric field E in terms of the dis-
placement vector u from Eq. (3.3) and substituting it
in (3.1), we obtain the explicit form of the dispersion
operator and the nonlinear elastic admittances for the
piezo-semiconductor:

9dm

qz+

L= — 004+ [ M] ,

& (k)
qip (@) b (k)
,];—[1 en (ki) > F
(3.5)

(4m)™H gB(q)be* (B

(m)
Aco,.a, (K ks, ooy km
13 “m( 1 ) © 8“(’13

In (3.5), F is determined exclusively by the plasma
properties and is expressed in terms of the dielectric
constant and nonlinear conductivities of the carrier
plasma.

For the response of second order in the displace-
ment of the lattice, we have

Fylk, by, fop) = 01(12) (k, kg, ko), (3.6)
and for the third-order response
3
Fa(l, b o) = o (b, ki o k) — 15 S| M, (3.7)

s=1

where

UII (k key, by + ks) o (kz + ks, &y, k3)
(w2 + @3)ey( kz + ks3)

while M, and M; are obtained from M, by cyclic per-
mutation of the indices 1, 2, and 3 in these expressions.

Equations (3.5)—(3.7) show that the nonlinear elastic
properties of a piezoelectric medium are completely
determined by the corresponding nonlinear responses
of the electron subsystem. These expressions are ap-
plicable to a plasma medium with arbitrary spatial and
temporal dispersion; in particular, they can be used
successfully both for the case of low frequencies, when
gd << 1, and also for high frequencies, when g >>1,
where & is the mean free path of the carriers.

As an example, we set down the expressions for the
longitudinal admittances in the case of a solid-state
electron plasma in the low-frequency region, where the
equations of the hydrodynamics of a charged liquid are
applicable for the description of the collective motions
in such a system:

) e2ng

et} _ %o AL
o (k)= AR O T (3.8)
, ne 1 fa 1 (%) | ¢ 1 (9@)
p(2) o S, ol .
oy )(k,ki,k?.) 2m2v2 A(k) tﬁ)i A(Ifl) 99> A(kz) aa },
(3.9)
C‘II (k by, ko, kg) = %TA(k) ZB (3.10)
Here
_ (am) | tas] o
Bi= qq1 024 @3 o (ke Fa, oy ),

and B, and B, are obtained from B, by cyclic permu-
tation of the indices 1, 2, 3 in the quantities kj(wj, q;)-
Here n, is the equilibrium concentration of carriers
(electrons), v is the effective collision frequency, m
the effective mass of the carrier,

i vTezq)z

v

O
(0]
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where v is the thermal velocity, and vq = —eE /mu
the drift velocity.® Substituting Eqs. (3.8)—(3.10) in
Egs. (3.5)-(3.7), we get the explicit form_ of the nonlin-
ear admittances for the case of a piezo-semiconductor.
It is seen from them, in particular, that the symmetry
relations (2.11) do not hold. Physically, this means that
nonlinear absorption of the energy of the wave takes
place in the medium; this is connected with the pres-
ence of collisions.

Similarly, general expressions can be obtained for
the nonlinear admittances in the case of semiconductors
with deformation interaction.

4, GENERATION OF THE SECOND HARMONIC.
TTL PROCESS

Let us consider the simplest solutions of the set
(2.6), which describe the second-harmonic generation
and the process of the formation of longitudinal waves
by coalescence of two transverse (TTL process) under
the conditions of sound-wave amplification.

We consider the problem in the half-space x > 0 and
assume that at x - 0 the amplitude of the fundamental
is Ay, = A, the amplitude of the second harmonic is
A,,= 0. It then follows from the set (2.6) that for small
X the current |WyA,, /7ol << 1, will be

Ao(z) = Ao exp (yoz [ vs). (4.1)

The solution (4.1) corresponds to the general linear the-

ory of the amplification of a wave with frequency w.
Substituting (4.1) in the second Eq. (2.6) and using the
condition on the phase cos (—6, + X2y) = 1, we find the
amplitude of the second harmonic:

717\(@[ exp(Yzf:i)_ xp( Z%)] (4.2)

Using the value of the nonlinear conductivities, found
above in the hydrodynamic approximation, it is not dif-
ficult to obtain the explicit form of the admittance

Ao (z) = —*Wzon

Wy = o) R0l [t -2+ vrd @ ]

+i———
280202 v IR
-1

(Wtagr ||,
(4.3)

4.1'[0’0 2.’1’[00

X [1= 2 B gy [ 1 -2 2
where u=e/my is the mobility of the carriers, vg the
velocity of the corresponding sound wave, g the effec-
tive piezomodulus (for longitudinal waves, this is Bx xX3
for transverse ones, Py ,Xy OF Bx, X2 dependmg on the
direction of the polarlzatlon vector, n% =41p%/¢, pvS is
the corresponding electromechanical coupling constant,
rp the Debye radius. In the derivation of (4.3), the dis—
persion of the sound waves has not been taken into ac-
count; therefore, vg(w) = vg(2w). If we now substitute
(4.3) in (4.2), then at small x, corresponding to the ini-
tial stage of the process of second-harmonic genera-
tion, the result obtained by Telll 111 follows from (4.2).
It is not difficult to determine the characteristics
growth length of second harmonic from Eq. (4.2).

In piezosemiconductors, when the nonlinear interac-

3)Nonlinear conductivities were obtained in the region w < §,,
where 8 is the fraction of the transferred energy for each elastic collision

[10] .

xl—1—-v—dcos——+l,
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tion between the waves is significant, the process of the
coalescence of two transverse quanta into one longitudi-
nal is possible, according to the scheme T(w’) + T(w")
= L(w" + w”). It follows from the conservation laws
that the TTL process is possible for cos (6/2)

~ vT(w)/vL(2w), where 6 is the angle between the wave
vectors of the transverse waves. We shall assume that
the amplitude of the transverse waves is much greater
than the amplitude of the longitudinal ones, |up|>>|ugl.
Then, we can neglect the nonlinear terms in the equa-
tion for transverse waves if the characteristic distance
at which the amplitude of the transverse wave changes,
because of the TTL process, is much greater than the
characteristics scale Iy at which this phenomenon is
considered. The solution of the stationary dynamical
system (2.3) with boundary conditions up(x =0) = u,
and up,(x = 0) = 0 for the longitudinal wave in the direc-

tion qrllEq will be
o) = e ()] (vm 2 )

where the ‘““matrix element’ Vpr of the process is
equal to

ur(z) = Virr ud [exp(

(4m)3 enopw cos (9/2)
4pe®vLvr?

0
Virr = —i B, xx [ﬁx, ix 0T 0052?

V4 vr © )

+ Bx, iy 0iT sin2 6] (1—*cos—+z

v

4ngo 2noo

(4 dgr) |
(4.5)

Here bT is the unit polarization vector of transverse
waves. It follows from (4.5) that for the observation of
the TTL process, the orientation of the crystal and the
polarization of the transverse waves ought to be such
that By xx# 0 and Bx, ixPi # 0, simultaneously.

The theory of nonlinear interaction of elastic waves
in solids, considered above, can be applied with success
also to electromagnetic waves close to the absorption
and emission lines, when the dispersion plays a signif-
icant role.

In conclusion, we express our sincere gratitude to
L. B. Keldysh for useful discussions.
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