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Brillouin instability in magnetoactive n -type piezoelectric semiconductors
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We consider the interaction of an intense electromagnetic wave (pump) with a low-frequency acoustic
wave produced by the pump based on the mechanism of electrostriction in magnetoactive piezoelectric
semiconductors. The general dispersion relation has been obtained and solved for both the cases of isotropic
(Bo ——0) and magnetoactive (BD+0) media to study the threshold condition and the growth rate of the
unstable Brillouin mode at a pump amplitude well above the threshold. Numerical estimates have been
made for n-type InSb at 77 K. The crystal has been irradiated with a pulsed 10.6 p,m CO, laser to obtain
the necessary electric field. The threshold is appreciably lowered by the application of a large transverse
magnetostatic field, and the growth rate of the unstable Brillouin mode is found in a magnetoactive
semiconductor to be about 10' times that in an isotropic crystal.

I. INTRODUCTION

Stimulated Brillouin scattering (SBS) is caused
by the nonlinear interaction of an intense pump-
ing light beam, an initially weak scattered light
beam, and the internal motion of a real medium.
This phenomenon was discovered by Chiao et al. ,

'
and it arises only when the intensity of the pump
ing light beam exceeds a certain value known as
threshold. The physical origin of SBS is in
electrostriction. The nonlinear interaction with
the medium based on the mechanism of electro-
striction simultaneously creates two waves: a
frequency-shifted light wave and an intense sound
wave whose frequency can be as high as 10" sec '
in a crystal. ' Asam et al. ' obtained SBS in Ge
using a pulsed 10.6 p, m CO, laser. The investiga-
tion of the SBS threshold in semiconductors when
sound instability arises is of particular interest,
as the sound-absorption coefficient not only de-
creases, but can even change in sign, and the
threshold diminishes greatly or can even vanish. '
Electromagnetic wave instability in the frequency
range &o,(= m, ))&e~ (where &o„&u~, and ro, repre-
sent the pump frequency, electron plasma, and
cyclotron frequency, respectively) was studied
by Andreev' in collisionless, fully ionized plas-
mas, and its experimental verification was made
by Batanov and Sarksyan. ' Recently, Guha and
Sen have studied the phenomenon of parametric
excitation of acoustic waves"' and acoustohelicon
waves" in magnetoactive piezoelectric semicon-
ductors by irradiating the crystal with a spatially
uniform pulsed 10.6 p, m CO, laser where the
usual coupled-made theory" has been used.

The purpose of the present paper is to report
the analytical results obtained while studying the
phenomenon of SBS in a one-component (electron),
homogeneous piezoelectric semiconductor sub-
jected to a large transverse magnetostatic field

when the semiconductor is irradiated with a spa-
tially uniform laser beam. We have investigated
the Brillouin instability in the semiconductor
using the coupled-mode theory when kl «1 where
k and l are the acoustic wave number and the
electron mean-free path, respectively. As we
have assumed the pump to be spatially uniform,
the pump wave number k, is taken to be equal to
zero, and the selection rules for the frequencies
and wave numbers are

~0 —@pi + (d and 0 =ki +k

where u, and k, are the frequency and the wave
vector of the scattered electromagnetic wave,
respectively, and co is the acoustic wave frequen-
cy such that &0= coi)) Q) and the selection rules
yield k, =k.

The effects of the nonlinear material param-
eters which play important roles in nonlinear in-
teractions in strongly piezoelectric materials
such as LiNbO, (Ref. 12) have been neglected in
the present investigation, which deals with weakly
piezoelectric materials (viz. , n-lnSb, for which
the piezoelectric coefficient P =0.054 C m ' and
is -0.027 times that of LiNbO, with p = 2.0 C m ').'
The nonlinear effects due to the band nonparaboli-
city being about 3% of that due to transport mecha-
nisms" has also been neglected. '

Free-carrier absorption in an n-type semi-
conductor is the absorption of infrared energy
by conduction electrons, and its magnitude n„
depends upon the number (n, ) and mobility (p) of
free carriers available for absorption as well as
the wavelength of the laser (X) used, and is given
by'

X'e' n
Q 0

4m'c'n*g m' p.0

in cgs units, where n* is the real part of the
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refractive index of the crystal and equals 3.96
for InSb. %e have assumed that the electron
mobility is independent of the laser field and
have obtained the value of z„-1.6x10 m '
with electron collision frequency v= 3.5 x 10"
sec ' in n-InSb crystal at 77 K with n, = 10 m
irradiated with a pulsed 10.6 p, m C02 laser.
Thus the phenomenon of free-carrier absorption
has been neglected in the present simplified
treatment of Brillouin instability. Boiko et al."
have noted that the free carriers absorb only
about 1% of the overall radiation when an InSb
crystal with n, = 2 x10" m ' is irradiated with a
10.6 p, m CO, laser in the presence of a trans-
verse magnetostatic field Bp = 5 kG. Kobayashi
and Otsuka" observed tunable far-infrared radia-
tion from n-InSb at 4.2 K under crossed electric
and magnetic fields. Kobayashi et al." reported
this phenomenon in the strong-magnetic-field
(B,-20 kG) region where a single crystal of n-
InSb at 77 K with n, -10" to 1020 m ' was used.

The nonlinearities taken into account in the
present analysis are the electronic nonlinearity
due to nonlinear current and the nonlinear polar-
ization, which is the cause of the nonlinear coup-
ling between the produced acoustic wave and the
scattered electromagnetic wave. The analysis
considers the effect of the oscillatory Hall drift
normal to both the pump and the magnetostatic
field.

In Sec. II, we present the theoretical formula-
tions and the general dispersion relation in the
magnetoactive n-type piezoelectric semiconduc-
tor plasma. Section III deals with the isotropic
plasma (Bo=0), for which the threshold condition
for the onset of Brillouin instability and the
growth rate of the unstable (Brillouin) mode we11

above the threshold have been obtained. Section
IV considers the case of a magIletoactive plasma,
in which the transverse magnetic field applied is
taken to be so large that cg, -+0. Section 7 has
been devoted to the general discussion and numer-
ical estimations of the threshold electric field
amplitude of the pump and the growth rate of the
unstable mode well above threshold in both iso-
tropic and magnetoactive semiconductors.

II. THEORETICAL FORMULATIONS

We consider a one-component (electron)
homogeneous piezoelectric semiconductor plasma
subjected to a transverse magnetostatic field B,
(along the z axis), normal to the propagation vec-
tors k, and k as well as the spatially uniform
pump wave Eo cosa&at (applied along the x axis}.
The pump field E, gives rise to a time-varying
electrostrictive strain and is thus capable of driv-

B2g B2g BE y
p =c —P—+——E'at'= ax' ax 2 ax (2.1)

where y is a phenomenological constant describ-
ing the change in the optical dielectric constant
and typically of the order of 10 "mks units. ""
p and c are the mass density and the elastic con-
stant of the lattice. The other basic equations
are

Bv, e
Bt ' m

+ v vo —~EO cosQ)ot + vo x Bo}, (2.2)

BE qe P B u
Bx Q Q Bx2 (2.3)

8n Bv—+ v —+n —=0
at 'ax ' ax= (2.4)

—+(v V)v= —(E+vxB )Bt ' m 0

k~T
Vn —VV,

mgp
(2.5)

BBVxE= ——,at' (2.6)

BPVxH =X+—,
at ' (2.7)

and

D=~E+ P, (2.8)

«BQ
P = —yE—.

ax (2.9)

Using Eqs. (2.6}-(2.9) we obtain the general wave
equation"

2BJ 1 BE B BQvxvxE= —p ——— + p y—(E—),Pat c' Bt' ' at' ax '

where the perturbed current density J is given
by

(2.10)

J=n, ev+nev, (2.11)

with n and v being the perturbed carrier concen-
tration and velocity, respectively. c, = 1/(e, e, pg'~'

ing the acoustic waves in the medium, with the
strain given by Bu/Bx, where the deviation of a
point x from its equilibrium position is u(x, t).
The net electrostrictive force in the positive x
direction acting on a unit volume is given by"

E=——Eya 2

2 ax

and consequently, the equation of motion for u(x, t)
in the piezoelectric semiconductor is given by
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arid (2.12)

V =, V
(oc

Oy i + Ox
0

where &o, = eB,/m
In Eq. (2.11}we will remember that n and v

will have two components, known as slow and

fast, the slow being associated with the produced
low-frequency acoustic wave, and the fast compo-
nents associated with the high-frequency electro-
rnagnetic wave having two parts, one with side-
band frequency cop+ and the other, with Q)p

due to the beating of the low-frequency density
perturbation at frequency u with the pump at fre-
quency &o. The higher-order terms with frequen-
cies popo++, where p=1, 2, 3. . . , being off-reso-
nant, are neglected. Following Guha and Sen,"
one can obtain n& in terms of n, by using Eqs.
(2.2)-(2.5}as

2i5kE
p ~ (v2+52) s& (2.13)

where suffixes f and s denote fast and slow com-
ponents of the perturbed carrier concentration.
In obtaining Eq. (2.13), we assume that the low-
frequency perturbed quantities vary as exp[i(art
—kx)] and the side bands as exp(i[(usmP kx]J,
as k, =0 has been assumed in the present investi-
gation. In Eq. (2.13)

5 = &u, —urn, ~s =&us(I + ur', /(v' + &u', )j,
(os (dp+ k vp (dp P/no(plE E,)s
v, = (ks T/m)' ~',

arid
eE=—E —(g v

m 0 c Oy'

The notations used are similar to those used
earlier. ' The components of the velocity pertur-
bation v are obtained by using Eq. (2.3) and (2.5}-
(2.7) as

is the electromagnetic wave velocity in the lattice.
v, is the oscillatory electron-fluid velocity in the
presence of the pump and the transverse magnet-
ostatic field Bp. The components of vo along the
x and y axis are obtained from Eq. (2.2), assum-
ing the proportionality of the pump as exp(i&oat) as

i&o+ v e
(i(o, + v)'+(o', m

J„ i k'

k(dP k(gP P,o(gP,
(2.16)

Using Eqs. (2.11) and (2.13)-(2.16), one obtains
the components of J as

2 b
x 1 Q V2+

2Wc
V2+ 2 y

C

and (2.17)

where 5 = 1+k'vs/&gp,

vs„~ 2ibkE &u —k c,—Pk /~(P —yEJ2)
k+P us(v + 5 ) (P —yEs/2)

and we have assumed

vk2v 'P 2i5kE." -"'-, (.".-)
(o' —k'c', —Pk'/pe(P —yE, /2)

el e(P yE./2)-

(d kv P k3 2
PEy», ' —u, and E,»,' —u.

V (dg, COp

Equation (2.10}is now considered, which repre-
sents the general wave equation for the scattered
electromagnetic wave with frequency &u, (=~, as
&u «mo} and wave number k, (= k as ko =0) and
varying as exp[i(&o, t —k,x)]. Under the chosen
configuration this equation reduces to

g2 8 Bu—APE +ia p, J+~E=—p, y —E—c' ' pt2 gx
(2.18)

where J represents a unit vector along the y axis.
Following Yariv, 's and using Eqs. (2.3}and

(2.15), one can write Eq. (2.1) as

where both v, and v„represent the sum of the slow
and the fast components of v along the x and y
axis, respectively.

The use of Eqs. (2.1}and (2.3) yields

n
e

p
yE

M2 k2C2 pk'p yE
us

~~ ~
~
e ~

~

~ 1I~ ~ c8
~

~
~2

~ ~
~

II u t

(2.15)

where c, =(c/p}'~', the acoustic velocity in the
crystal. Equation (2.7) can be employed to ob-
tain u in terms of E„as

and

, bE„+ Ey-x
ypZ V2+ 2 x

V
y +2

(2.14}

P -y&,/2
u — Zk p 2 2 2y Ey ~

(60 —k C )P
(2.19)

The uses of Eqs. (2.17) and (2.19) in Eq. (2.18)
and mathematical simplicifations yield the general
dispersion relation for the phenomenon of SBS:
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A„A,„

A, A„„

where

=0,

k'c', V.,yE, (P —yEJ2)
1 p(Ko —koco}

la

2mb

1 —Q (dj V +(d

(2.20)

~, = ufo(= &o~)» v. In order to explore the possi-
bility of SBS and the Brillouin instability, we
solve Eq. (3.1}with complex cg (= to„+ iu, ) and
real positive values of k such that (d„=kc, and co,

It is also well known that a mode will be
unstable only when co, & 0, and the threshold value
of the pump amplitude (E«„}e., is obtained at oo,0=0. Thus one obtains Eq. (3.1}in the much-
simplified form

(3.2)

and

2 2i~&c A &if»cb
xy (I q)(v2+ ~2) I yx vo ~ ~2

k cgldgiip'Eo(P —)'Eo/2) . (d~tdov+S 2 2 ~

III. ISOTROPIC SEMICONDUCTOR PLASMA

%hen B,=O, the plasma becomes isotropic, and
we get the dispersion relation from Eq. (2.20) as

A, =0,
which, on substitution of the value of A,„, can be
obtained on algebraic simplification in the form

'b
((o' —k'c', ) —(k'c', —(o', ) + i

1

(3.1)

In obtaining Eq. (3.1}we have assumed &o =kc, in
the second factor of A„„with the further assump-
tion

.QP5 (koco —Ko)
V 471

which is possible in the present analysis with

Equation (2.20) shows that the two modes repre-
sented by A„,=0 and A„„=O are coupled to each
other via the finite transverse magnetostatic field
B, in absence of which we obtain the simple phe-
nomenon of SBS under a one-dimensional config-
uration. The dispersion relation under such
circumstances (i.e. , B,=0) can by analyzed to
investigate the possibility of SBS and the corre-
sponding Brillouin instability in an isotropic n-
type piezoelectric semiconductor. Qne can also
study the effect of transverse magnetostatic field
on the one-dimensional SBS phenomenon by re-
taining B,0 in the equation represented by A„
=0. Although the finite value of B, makes the
study much more complicated, one can obtain the
possible information regarding the Brillouin in-
stability in a strongly magnetoactive piezoelectric
semiconductor by considering the general disper-
sion relation given by Eq. (2.20).

(3.3)

Substituting the value of Q in Eq. (3.3), one ob-
tains

(E t„)s o =—(do(vcgk) (3.4)

in obtaining Eq. (3.4), we have reasonably as-
sumed that 2i5kE/[ufo(v '+ 5')]» 1 and seen that
5 & 0 or uo & co„at B,=0 is another precondition
to get Eq. (3.4), where it is also assumed that
6 = v, which is possible by optimizing &, with
respect to 5.

In order to obtain the growth rate of the un-
stable Brillouin mode well above threshold, we
take Q « I, and one obtains from Eq. (3.2)

(3.5)

where we have taken &u, =&so and kovoo/~'~» 1 so
that b =1.

Equations (3.4) and (3.5) can be employed suit-
ably to the various isotropic n-type piezoelectric
semiconductors (satisfying the approximations we
have taken in obtaining the expressions} in study-
ing the Brillouin instability.

IV. MAGNETOACTIVE SEMICONDUCTOR PLASMA

For this purpose, we consider the general dis-
persion relation given by Eq. (2.20) with Bo o0
and &', » v', yielding

From Eq. (3.2) it can be seen that, in the absence
of E„ the growth rate disappears, and one can
thus infer that the pump field amplitude must be
finite in order to study SBS, which is also physi-
cally the basis of study of SBS phenomena. Thus
E, WO is the precondition; from the knowledge of
the values of p and y we can assume p» yEo/2 for
a value of Eo even up to 10'-10' V m ', a,nd, under
such circumstances, we observe from Eq. (3.2}
that the Brillouin instability is possible only when

Q & 1 yielding for the onset of Brillouin instability
(Eoth)3 o

1-Q=O.
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&+ d'or(P —rEJ2)E +
p( 2 kc) 0 '1-Q 00

V. RESULTS AND DISCUSSION

Comparing Eqs. (3.4) and (4.3a), one can obtain
~4@p(~2 k2 c2 }

(1 Q—)~2k2c; p,y(P yE—J2)E, (4.1) (ttdO + V) + td
Oth)BOOO/ ( Oth)BO 0=)

0 0
(5.1a)

},&2 00,k'c, p,,y(P —yE0/2}td go
2;p.. (4.2)

Remembering the discussion in Sec. III, here
also we observe that the threshold condition (&Ot

=0) is obtained as Q = 1, which, on substitution
of the value of Q, yields the threshold value of
the pump amplitude as

m(i(00+ v)'+ td2, vc, '~'
0th Bolo'e t0 iv k0

(4.3a)

The threshold value of the pump field given by
Eq. (4.3a) shows that, even at &0,=00„ the value
of (E«h)B» remains finite due to the finite value
of v, and, under the assumption &d, (-&d,)» v,
one obtains the approximate value of (E„„)B»,
from Eq. (4.3a), as

m &d20 —(002, + V') VC,
0th Bo~ e (d k0

(4.3b)

It can now be noticed from the comparison of Eq.
(4.2) with Eq. (3.2) that the condition of instability
(&Ot & 0) is just reversed, and for magnetoactive
plasma the condition becomes Q & 1. Thus, in
order to obtain the growth rate of the unstable
Brillouin mode well above the threshold in a
strongly magnetoactive piezoelectric n-type semi-
conductor plasma, we will take Q»1, and con-
sequently we obtain the growth rate as

1/2
(+t)B»

o vc,

It is seen from Eq. (4.4) that in the strongly
magnetoactive plasma the growth rate of the
unstable Brillouin mode is proportional to the
square of the applied pump amplitude, in con-
trast to the linear dependence of growth rate on
E, in isotropic plasma. Equation (4.4) can be
used for specific crystals for the quantitative
determination of the growth rate of the unstable
mode.

It can be seen from Eq. (4.1) that for ttt(=&0, +itd,.)
= kc, with &,. «co, one can assume

k...p.r(P rE—J2)„1
p((02 k2c2)

and for td2, =&020(-td2t) & &022» v', we write Eq. (4.1)
after algebraic simplifications as

Equation (5.1a) can be obtained in a simplified
form. when one applies a large transverse mag-
netostatic field such that t0, (= &00)» v as

~2 (~2 + v2)
( Oth)BOOO/( Oth)BO 0 . 2

0
(5.1b)

which shows that the growth rate of the unstable
Brillouin mode can also be considerably increased
by the application of a large transverse magneto-
static field.

We apply the above analysis to the specific case
of n-InSb crystal at 77 K with the physical con-
stants' m =0.014 mo, /=0. 054 Cm ', p=5.8
~10' Kgm '„q, =17.8, v=3.5&&10" sec ', c,=4
X10' m sec '. The carrier concentration no= 10"
m ', and the crystal is assumed to be irradiated
with a pulsed 10.6 p.m CO, laser beam. Using
these physical constants in Eq. (3.4), we obtain
the threshold value of the pump amplitude neces-
sary for the onset of Brillouin instability in the
isotropic n-type Insb crystal as (Eo,„)B .0-1.7
X10' Vm ' at k=10' m '. The corresponding
values of the power density of the laser beam
(POt„)B,0 is 3.26&&10 Wm '.

A number of workers' " '~' have obtained the
threshold electric field in the range of 10' to 10'
Vm ' for the onset of parametric excitation of
acoustic waves in n-InSb. Balkarei and Epshtein'4
proposed the irradiation of n-InSb with a 10.6 p.m
CO, laser to obtain an electric field amplitude Eo
-10' Vm ' to study the breakdown of screening.

The ratio given by Eq. (5.1b) is the same as that
obtained by Guha and Sen while studying the mod-
ulational instability of a laser beam and the conse-
quent parametric amplification of acoustic waves
in transversely magnetoactive n-InSb crystal [Eq.
(16) of Ref. 9], neglecting v in comparison with
&0,(= &do}. If the crystal is irradiated with a pulsed
10.6 p, m CO, laser, then at 80-11.3 T we get u,
= 0.9 t0, and Eq. (5.1b) yields a ratio -0.19. Thus
the threshold value of the electric-field amplitude
of the pump can be reduced appreciably, and one
can study the phenomenon of SBS and the corre-
sponding Brillouin instability in a strongly mag-
netoactive semiconductor plasma at a compara-
tively lower value of the pump amplitude than
that necessary in an isotropic semiconductor.

Comparison of Eq. (3.5} and (4.4) gives us

1/2 e 2

(~t)B t& (~i}B 0 2 2Eo
0 vc, mv 0 —&,
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At high-power density corresponding to the large
value of E„ laser damage of the nonlinear crystal
can be troublesome. " The main reason for such
damage to transparent dielectrics is due to the
light absorption by impurities or some other im-
perfections in the medium, and is referred to as
one of the unsolved physical problems by Fabelin-
skii. ~ He studied the phenomenon of SBS, assum-
ing that it takes place before the onset of the
actual damage of the crystal. Ready" has dis-
cussed various damage mechanisms like thermal
heating, induced absorption due to multiphoton
absorption, which leads to heating or to break-
down, SBS, etc. , and listed the semiconductor or
damage thresholds as energy dependent near 5
~10 to 10' J m . The damage thresholds can be
increased by reducing the pulse durations. Ex-
perimentally, damage threshold of the order of
10"% m ' was observed for GaAs for pulses near
1 nsec." Keeping in view the above discussion,
we have assumed, as did Fabelinskii, ' that the
power density Pot„corresponding to the value of
the threshold electric field E«„ is smaller than
the damage threshold for n-InSb crystal.

The growth rate ~u&,
~

of the unstable Brillouin
mode in isotropic n-InSb is found as 8.3 ~ 10'
sec ' from Eq. (3.5) at E, = 10'V m '. In obtaining
the value of

~
&u,.

~

we have assumed P»yE, /2
which is quite reasonable at the value of E,=10'
Vm '. It can further be seen from Eqs. (3.4)
and (3.5) that an increase in the value of k can
reduce the threshold value of the pump amplitude

and increase the growth rate of the unstable mode.
But k cannot be increased to a very large value,
because in that case our assumption kl «1 will
break down, thus a quantum-mechanical approach
should be followed.

To get a quantitative idea about the effect of the
large transverse magnetostatic field on the
Brillouin instability, we have already seen from
Eq. (5.1b) that the threshold value of the pump
can be greatly reduced by increasing the value of
E, The. effect of B, on

~
s&,

~

can be seen from
Eq. (5.2) and if found for the chosen physical
constants as

(u, )s ~0/(ur, )s .0= 1.85x10'

at k = 10' m ' and E,= 10' Vm ' with ~, =0.9 (d„
which is quite large.

Thus, in a magnetoactive semiconductor plasma
one can obtain a considerable growth rate of the
unstable Brillouin mode at a much smaller value
of the pump amplitude E,. If B, is taken so large
that &u', & ~'„ then from Eq. (4.3b) one can note
that the phenomenon of Brillouin instability does
not take place.
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