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The previously uninvestigated nonlinear interac-
tion between electromagnetic and acoustic waves 1in
ITII-V piezosemiconductors is considered. Under suit-
able conditions, the investigated nonlinearity can be
used to develop parametric hypersonic generators up
to frequencies on the order of 10'! sec™

1. The interaction of electromagnetic and acoustic waves of comparable fre-
quencies in solids is at present.a very timely problem, particularly in connec-
tion with the possibility of the devéloping parametric acoustic amplifiers and
generators,

This communication deals with the previously uninvestlgated nonlinear
interaction of electromagnetic and acoustic waves in III-V plezosemiconductors;
this interaction 1s described by a nonlinear polarization proportiocnal to the
electric field and quadratic in the acoustic wave. Under certain conditions,
this nonlinearity can be used to construct parametric hypersonic generators up
to frequencies on the order of 10'! sec™'. As will be shown below, in the case
of n-InSb this nonlinearity, at rather low values of the acoustic flux, can
predominate over the nonlinearity determined by the photoelastic constant.

%. We consider the nonlinear effect determined by the nonlinear polariza-

tion'?
PNL = x(‘d' fg [w, Wy E (u), k)s d(“’l' 1)5 (ﬁ)ch )
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E 1s the electric field, SCd is the strain tensor. The complete system of equa-

tions consists of the equations of elasticity theory, the Polsson equation, the

VFormula (1) implies summation over all repeated indices, frequeffcies,
and wave vectors.
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continuity equation, and the kinetic equation for the electron distribution
function, which determines the current (and accordingly the polarization). In
the linear approximation, we have the conduction current and the diffusion cur-
rent. In the kinetic equation, the field term includes the given electric field
and the field generated by the sound wave. Since in a piezosemiconductor the
sound wave is accompanied by an electric field, the considered nonlinear mixing
of acoustic and electric fields to produce nonlinear polarigzation 1s in essence
a nonlinear effect of mixing three electric fields. On the other hand, it 1is
well known [1] that in the low-frequency 1limit hw << Eg the cublec electronic

nonlinearity differs from zero and is determined by the fourth derivative of
e(k). Here Eg is the width of the forbidden band and e(k) 1s the energy spec-

trum of the electrons. Accordingly, the cubic electronic nonlinearity for III-
V semiconductors with a Kane dispersion law is quite large [2] also in the
microwave band. Integrating accurate to cubic terms with respect to the fields
We can easily obtain the following approx%mate formula for the mechanism of the
nonlinearity due to the non-parabolicity?’/ of the conduction band in the semi-
conductors

4
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Here vy is the speed of sound, Vip is the characteristic electron velocity, no
is the equilibrium electron concentration, Bikz is the plezotensor, vp is the
momentum relaxation frequency, 6ik is the Kronecker symbol. In (2) we have

K < q < 6VT|<2/\)p and g% > 1, where k 1s the reciprocal radilus and £ 1is the

electron mean free path.

The nonlinearity under consideration determines the parametric interaction
of two acoustic waves in the presence-of an electric pump field EH of frequency
wH‘ Indeed, the nonlinear polarization PNL determines the increment to the free
energy of the crystal (see, e.g., [4]), which in turn introduces nonlinear terms
into the equations of motion for S; and S,. From this we readily obt§in (4]
the following abbreviated equations of first order for the amplitude?®’ S, and
S, of the acoustic waves S;(x)exp[i(wit - q1x)] and S2(x)exp[i(wzt - g2x)]

95, 3q2x
- oS, =i c‘:l [1E, 125, + E}SSexp (iAgx) ],
652 3q21x *
S. =i E, 125, + E%S* exp(iA )],
ax 7 ! qu[l Hl™S n3yexplidax (3)

where o is the nonlinear loss, C is the modulus of elasticlty, and Aq = g1 - Q2.
Such equations describe the gain of one signal at the expense of the other, and

2)Of‘ course, there exists also a nonlinearity due to heating and distor-
tion of the equilibrium distribution function [3]. These nonlinearity sources
are not analyzed in this communication and we plan to do this 1n the future.
The purpose of the present communication is to call attention to the nonlinear-
ity in question and to its possible uses.

3)We do not consider here the one-dimensional case. For simpliclty, we
have omitted the tensor indices throughout.
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if the coefficients of the nonlinear terms exceed the losses, generation of os-
cillations takes place. The frequencies of the amplified or generated oscil-
lations satisfy the conditions

©,(q,) tw,q,)) = 20y. (%)

Equations (3) colncide with the equations for coupled Stokes and anti-Stokes
components in stimulated Raman scattering [4]. The amplification (generation)
occurs at Ag # 0, as determined by the self-action terms proportional to |EH|2
in (3). Since Ag << gq;, Q2,we can put approximately w; ~ wz " wy in (4).

?he minimum length L at which generation takes place satisfles the condition
at q1 v q2)

3qu

z exp(:AqL ) —a] 2 1. (5)

3. Let us make some estimates and comparlsons For frequencies w v w; ~v
w2 v 10'% sec™! for n-InSb at ne v 10!° em™3, T v T77°K, vy v 2 x 10! sec”™! we

obtain x v 5 X 10°%. A1l the estimates given below pertain to n-InSb at no ™
10'% em™2 and T v 77°K. There exists in the crystals a nonlinear polarization
proportional to the product of the electric fleld and the strain tensor and
determined by the photoelastic constant p. For III-V semiconductors we have

p < 1, so that for n-InSb at w ~ 10%° sec™! and at S > 5 x 10™° (the acoustic
power flux I 2 107'% W/cm?) the nonlinearity considered in the present paper

exceeds the photoelastic nonlinearity. This is due to the fact that this non-
linearity corresponds in essence to the quadratic nonlinearity determined by
the interband electronic transitions, and therefore is independent of the fre-
quency at hw < Eg, whereas the nonlinearity considered by us is cubic and 1is

determined by intraband motion, and therefore increases rapidly with decreasing
f1eld frequencies.

a) We consider the mixing of acoustic and electric fields in a resonator
with figure of merit Q, tuned to a nonlinear polarigzation frequency wg = W +

w1 + w2 v 3w at wNv wy v w2. For a radiation power P in a waveguide coupled to
the resonator with a coupling coefflecient k, it is easy to obtain the following
estimates
En?
ac
P~k0w2X2———a—zaV°’ . (6)
(pyv3)

where po 1s the crystal density, a is the fllllng factor of the resonator, Vp
the volume of the working medium. ¥For w ™ 10!° sec”™! we obtain for a piezo-
active sound wave with v, = 2.2 x 10° em/sec, for Q v 103, k v 0.5, and aVy ™

107% em™? (with allowance for the skin effect) we obtain a radiation power in
the waveguide P~ 3 x 107% W at I ge 1072 W/ em? and E v 1 cgs esu.

b) Let us estlmate the pos51b111ty of parametrlc sound generatlon For
frequencies w v 5 x 10'° sec ! we have x » 8 x 107 and then 3qE, 2x/C ~ 180 em™!
at E v 1 cgs esu; for w v 10'! see¢”™! we have x v 107 and 3qEH x/c N~ 100 em”T ! oat
E ~ 1.5 cgs esu. Therefore the generation condition can be satisfied at such
frequencies if o < 102 em”

In conclusion, I am grateful to M.M. Sushchlk for valuable discussions and
advice. -

232



(1]

[2]
(3]

(4]

P.N. Butcher, McLean, Proc. Phys. Soc. 81, 219 (1963); P.A. Wolff and G.A.
Pearson, Phys. Rev. Lett. 17, 1015 (1969); G.G. Wang and N.W. Ressler, Phys.
Rev. 188, 1291 (1969).

A.M. Belyantsev, V.N. Genkin, V.A, Kozlov, and V.I. Piskarev, Zh. Eksp.
Teor. Fiz. 59, 654 (1970) [Sov. Phys.-JETP 32, 356 (1971)1].

Yu.M. Gal'perin, V.D. Kagan, and V.I. Kozub, Zh. Eksp. Teor. Fiz. 62, 1521
(1972) [Sov. Phys.-JETP 35, 798 (1972)]. Yu.M. Gal'perin and V.D. Kagan,
ibid. 59, 1657 (1970) [32, 903 (1971)].

N. Bloembergen, Nonlinear Optics, Benjamin, 1965.



