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Nonlinear absorption and refractive index of a Brillouin-scattered mode
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Swati Dubey and S. Ghosh
School ofStudies in Physics, Vikram University, Ujjain 456010, India

(Received 2 August 1993)

An analytical investigation has been made for the nonlinear refractive index and absorption coefficient
of the Brillouin-scattered Stoke s mode resulting from the nonlinear interaction of an intense pumping
light beam with acoustic perturbations internally generated due to the electrostrictive property of the
doped semiconductor plasma. The origin of this nonlinear interaction lies in the third-order optical sus-

ceptibility arising from the nonlinear current density and electrostriction of the medium. The magnitude
of third-order optical susceptibility determined from our analysis is found to agree with the theoretically
and experimentally quoted values. The total refractive index and absorption coefficient are determined
through the effective susceptibility derived with the help of the coupled-mode theory of plasmas. The
magnetic field and the obliquity of the pump are found to augment the refractive index. The absorption
coefficient decreases with increasing scattering angle and achieves a minimum value for the backscat-
tered mode. The analysis reveals that the large refractive index and small absorption coefficient can easi-

ly be obtained in a magnetized centrosymmetric semiconducting crystal, and establishes their potentials
as candidate materials for fabrication of cubic nonlinear devices.

I. INTRODUCTION

In the present paper, an analytical investigation is
presented for the nonlinear refractive index and absorp-
tion coefficient of the Brillouin-scattered Stoke s mode in
doped centrosymmetric semiconductor plasmas, This
scattered mode results from the nonlinear interaction of
an intense pumping light beam with acoustic perturba-
tions internally generated due to the electrostrictive prop-
erty of the medium. The present analysis is based on the
consideration that the origin of nonlinear optical proper-
ties lies in the third-order nonlinear optical susceptibility
of the medium.

The experimental and theoretical investigations of the
measurement of nonlinear optical susceptibilities in
different media have attracted the attention of many
workers in view of their potential uses in modern op-
toelectronic devices. In centrosymmetric materials, the
dominant nonlinear optical processes may be character-
ized by the third-order nonlinear optical susceptibility
x' '. It is this nonlinear crystal property that has been
extensively exploited for the construction of modern op-
toelectronic devices. ' Due to the existence of sophisti-
cated fabrication technology and the experimental obser-
vations of large optical nonlinearities in the vicinity of
band-gap resonant transitions, semiconductors have been
the natural choice as active media for the study of non-
linear optical phenomena, in preference to materials
such as gases and liquids.

Recently, the availability of a large number of stable
laser sources in the infrared regime has opened a new
area of research, viz. , nonlinear optical effects (refractive
and absorptive) in the semiconductors near the funda-
mental absorption edges. The nonlinear part of refrac-
tive index and absorption coefficient is related to the non-
linear optical susceptibility of the crystal. This makes the

investigation of nonlinear susecptibility very important
and several approaches to understand the mechanisms in-
volved have already appeared in the literature. ' Since
the susceptibility is rapidly converging with respect to
pump intensity I;„,only the third-order component x' ' is
normally considered; the higher-order components such
as x' ' and x' ' are neglected and the nonlinear refraction
in its first order (proportional to I;„)and the effective ab-
sorption coefficient can be determined if the effective x' '

of the medium is known.
Optical properties of a material can be modified by an

externally applied electric or magnetic field. The refrac-
tive index and absorption coefficient as functions of the
applied electric and magnetic fields are responsible for
many electro-optical and magneto-optical effects. Thus
recent attention has focused on the theoretical and exper-
imental investigations of stimulated emission and reso-
nant amplification of far-infrared radiation in the pres-
ence of the electric and magnetic fields. " ' In the pres-
ence of a static magnetic field, the medium supports
many new modes and offers many new channels for
scattering. Gadkari and Ghosh' have studied the stimu-
lated Brillouin scattering (SBS) of a plane polarized pump
wave in magnetized crystals. In their paper they investi-
gated the parametric decay of a high-amplitude pump
wave into a low-frequency acoustic wave and a scattered
helicon wave. Their case corresponds to the propagation
of a pump wave exactly parallel to the external magnetic
field. Such an exact parallel propagation may not be ex-
perimentally feasible. Moreover the electric field of the
pump considered by them is parallel to the propagation
vector. This again is not the case of realistic situation. '

For a finite semiconductor plasma Eo must have corn-
ponents that are both parallel and perpendicular to prop-
agation direction. Thus the most realistic case is to con-
sider a hybrid mode propagating obliquely to the external

0163-1829/94/49(8)/5246(7)/$06. 00 49 5246 1994 The American Physical Society



49 NONLINEAR ABSORPTION AND REFRACTIVE INDEX OF A. . . 5247

magnetic field. However, as far as we know, no such at-
tempt has been made to determine the third-order optical
susceptibility arising due to the induced current density
and electrostriction and subsequently the nonlinear re-
fractive index and effective absorption coefficient.

In the present report, we have investigated analytically
the nonlinear refractive index and absorption coefficient
arising due to the SBS of an electromagnetic hybrid wave
propagating obliquely in a magnetoactive semiconductor
plasma. The semiconductor crystals are assumed to be
centrosymmetric (viz. , cubic) so that the sound waves can
be treated as purely longitudinal or transverse. Using the
coupled-mode theory of plasmas, the effective third-order
(Brillouin) susceptibility of the crystal is derived. Using
this complex Brillouin susceptibility, the nonlinear re-
fractive index and effective absorption coefficient of the
Brillouin-scattered Stoke's mode are determined. This
theory is based on the principle of parametric coupling of
three finite waves and the time-varying field which gives
rise to electrostrictive polarization. Finally we have ap-
plied the analysis to the cubic semiconductor (n-InSb)
data to appreciate the numerical values of refractive in-
dex and absorption coefficient.

II. THEORETICAL FORMULATIONS

A. Induced current density

This section deals with the theoretical formulation of
the total induced current density J for the signal and
Stoke's component of the scattered electromagnetic wave
in magnetized doped semiconductor plasmas. We have
considered the well-known hydrodynamic model of a
homogeneous one-component (electron} plasma subjected
to an electromagnetic pump field under thermal equilibri-
um. In order to study the total induced current density J,
we consider the propagation of an electromagnetic pump
wave

u+2I, = {(E,ff)„E',„), (2)a~' p ax'" ' a~ 2p ax

avp

at p ea+vv =—E

av& av&
+vv, +vp„=—(E,+v, XB,), (4)

a~ ' " ax m

(3)

an& av, avp an,
+n, +n& +vp =0,at ' ax ax ax

au*
Pes ~Eefus ax

(5)

(6)

Ep= [Ep x+Ep&y] exp[i(kpx capt )]—
in a homogeneous semiconductor plasma having an
external magnetostatic field B, in a direction making an
arbitrary angle 8 with the x axis in the x-z plane. As the
crystal is assumed to be centrosymmetric, the effect of
any pseudopotential can safely be neglected for analytical
simplicity. We employ the coupled-mode scheme to ob-
tain the total current density.

The basic equations considered for the analysis are

~+i& "ie ~ Bu'+ (E,ff)„~Bx E E Bx

where

D=eE,z; E,z=Ep+vpXB, .

Equation (2) represents the motion of the lattice in the
crystal. Hence u(x, t) [=u exp {i( k, x co,—t ) ] ] denotes
the relative displacement of oscillators from the mean po-
sition of the lattice. C is the linear elastic modulus of the
crystal and p is the mass density. (co„lt, ) represents
the frequency and the wave vector of the generated
acoustic phonon mode under consideration; I is the
phenomenological damping parameter. F(x, t)
[ =(y/2)(B/Bx ) {(E,&)„E;„j] is the driving force experi-
enced by the lattice due to the electromagnetic pump
wave. Because of this electromagnetic field the ions
within the lattice move into nonsymmetrical position,
usually producing a contraction in the direction of the
field and an expansion across it. The electrostatic force
thus produced is the origin of the electrostriction in the
medium with y as the electrostriction coefficient of the
crystal.

Equations (3) and (4) represent the rate equations for
the pump and the signal beam under the influence of a
magnetostatic field, respectively. B„B&and vp, v& are, re-
spectively, the equilibrium and perturbed magnetic fields
and oscillatory fluid velocities of the electrons of effective
mass m and charge e. v is the electron collision frequen-
cy. In Eq. (3}, E,s represents the effective electric field
which includes the Lorentz force (vpXB, ) due to the
external magnetic field. The electron continuity equation
is given by Eq. (5) in which n, and n

&
are the equilibrium

and perturbed carrier densities, respectively. In a Bril-
louin active centrosymmetric crystal, an acoustic mode is
generated due to electrostrictive strain leading to the en-
ergy exchange between electromagnetic and acoustic
fields and gives rise to electrostrictive polarization P„
[Eq. (6)]. At very high frequencies of the field which are
quite large compared to the frequencies of the motion of
the electrons in the medium, the polarization of the medi-
um is considered when neglecting the interactions of the
electrons with one another and with the nuclei of the
atoms. Thus the electric induction in the presence of an
external magnetostatic field is given by D=eE,&.

" The
space-charge field E& is determined by the Poisson rela-
tion [Eq. (7)], where e is the dielectric function of the
semiconductor expressed equivalently to 6'pE']' 6'p and e&

are the absolute permittivity and relative dielectric con-
stant of the crystal, respectively. In the above relations,
we have neglected the effect due to vpXB, by assuming
that the propagating acoustic mode is producing a longi-
tudinal electric field.

A carrier density perturbation is produced within the
Brillouin active medium due to the electrostrictive force.
In a doped semiconductor, these density perturbations
can be obtained by the method adopted by Guha, Sen,
and Ghosh. ' Differentiating Eq. (5) with respect to time,
and using Eqs. (3) and (4), one gets
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dt c)t e(co +v )

i(—ko+k, )n, E, (8)

8 n„Bn„
+v +co pn„= i (ko —k,—)En fl

Bt
(9a)

where E=[(e/m)EO —co„uo ] and cot =co (co,
+v )/(co', +v ). Here co, ,(= eB,—„,/m) are the com-
ponents of cyclotron frequency along the x and z axes
and cop [=(n,e /me)' ] is the electron plasma frequen-
cy of the medium. In deriving Eq. (8) we have neglected
the Doppler shift under the assumption that
a)p &)v)) kp'vp.

The perturbed electron concentration n, will have two
components, namely, a fast one (n,I) and a slow one

(n&, ), such that n&=n&/+n&, . The slow component is
associated with the low-frequency acoustic wave (co )

whereas the fast components oscillate at the high-
frequency electromagnetic wave frequencies (coo+co ).
Here we have considered only the resonant sideband fre-

quencies (coo+co ) on assuming a long interaction path so

that the higher-order scattering terms which are off reso-
nant are neglected' and the only waves coupled by the
sound waves are the incident wave (coo) and the scattered
waves at cop+co . As we are interested in the Stoke's com-

ponent of the scattered electromagnetic wave, the phase-
matching conditions which are to be satisfied in the
present case are as follows: co, =cop —co and k, =kp —k
in which (co„k, ) represents the Stoke's mode.

From Eq. (8) we obtain the following coupled equa-
tions under the rotating-wave approximation:

n, y k, v (E,tt)„E,„
2ep(co, —k, u, +2i I,co, )(co„+v )

(5, +ico, v)(5, —ico, v)
x 1—

(k, —k. )'/E/'
(10)

in which u [=(c/p)'~ ] is the acoustic velocity in the
medium. Also in Eq. (10) we have defined 5, =co p

—co,

and 5 =coz p a
It is evident from Eq. (10) that n„depends upon the

input pump intensity (I;„),where I;„=—,
'

rie&c~Eo~ with

g and c being the background refractive index of the
crystal and the velocity of light, respectively. The density
perturbations thus produced affect the propagation
characteristics of the generated waves.

The resonant Stoke's component of the induced
current density due to finite nonlinear polarization of the
medium has been deduced by neglecting the transition di-
pole moment, which can be represented as'

0'n» Bn,&, ~,y k.'~'E& *
+V +CO p6»

cit 2 &t e(co,', +v')

—i ( ko —k, )En *„. (9b)

The above equations exhibit that the nonlinear polar-
ization induced by the intense pump wave leads to the
coupling of high-frequency electromagnetic waves and
the material excitations wave generated within the medi-
um. The density perturbation associated with the acous-
tic phonon mode at frequency cu beats with the pump at
frequency cop and produces fast components of the densi-

ty leading to an exchange of energy among the elec-
tromagnetic fields separated in frequency by integral mul-
tiples of co . Since we have neglected the higher harmon-
ics, the Stoke's mode of the scattered component at
co, =coo —co can be obtained from Eqs. (2) and (9) as

J(co, ) =n, ev, I+ n ~, e vo

ENpEi2

+
(coo co )

ieco py k, ~(E,tt)„~ E;„(5, i co, v)(52—+ico, v)

2mpcou(co', —k, u, —2iI, co, ) (ko —k, ) ~E~

=JI(co, )+J„I(co,),

B. Effective optical susceptibility

Now treating the induced polarization P,d(co, ) as the
time integral of induced current density J(co, ), we may
write

P,d(co, )=IJ(co, )dt . (12)

In order to study the effective optical susceptibility x,ff,
we can express the induced polarization in a crystal pos-

where E, =icouE, „+co„u, . The first part of J(co, ) [i.e.,

JI(co, )] represents the linear component of the induced
current density and is strongly influenced by magnitude
and orientation of the external magnetic field via co„,
while the latter part represents the nonlinear current den-
sity J„I(co,).

=eo[~"'+ ~"'IE.pl'+ ]E&(~,), (13)

where x' "and x' ' are the first- and third-order suscepti-
bilities due to induced current density, respectively. Thus
one can find out the intensity-dependent optical suscepti-
bility of the crystal by using Eqs. (12) and (13). Because
of inversion symmetry, x' ', x' ' etc. are all zero; more-
over we are not interested in these components as they
are responsible for various passive optical properties such
as parametric amplification, second-harmonic generation,
etc. x'", x' ', x' ', etc. account for the linear as well as
nonlinear refraction and absorption processes in semicon-

sessing the property of inversion symmetry in the form of
an expansion series

P,d(co, ) =eoxE, (co, )
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ductors. We have neglected the contribution of x' ', x' ',
etc. to the active nonlinear optical processes resulting
from x' '.

Using Eqs. (11) and (12), we will obtain an expression
for P,d(co, ), now equating the expressions corresponding
to the same power of E&(co, ) in this derived equation and
Eq. (13), we find

—
y k (ko —k, )I(E,s), I Ei

2 2 22p(co, —k, v, —2il, co, )

=&Ox I(E fr) (16)

Thus in a doped centrosymmetric crystal the effective
third-order optical susceptibility x' ' is given by

2

( )
lEiCOp

cd
~s(~0 ~cz )

x"'=x"'+x"' .xeff xcd xes
(14)

Using Eqs. (15)—(17) one obtains

(17)

and

2—2 2

x(3)— f co pk~

2ev pN co (co k v 2/ I co )
(15)

From Eqs. (14) and (15), one notices that both x,'z' and
x',d' are complex. The real part of x',d' is responsible for
the linear refraction of laser beam while the imaginary
part takes account of the linear absorption process within
the crystal. The optical nolinearities are explained by
6nite real and imaginary parts of x',d' considering that the
higher-order nonlinear susceptibilities contribute negligi-
bly.

The electrostrictive strain interacts with the pump
wave in the Brillouin active medium giving rise to an
electrostrictive polarization P„(co, ), analogous to the po-
larization due to molecular vibrations in the stimulated
Raman scattering phenomenon. Thus, besides the
nonlinear-induced polarization due to the perturbed
current density, the system should also possess an elec-
trostrictive polarization. This electrostrictive polariza-
tion P„(co,) is obtained from Eq. (6) as

2I 2

x(3)—
2pE (co, k, v—, 2il—,co, )

k0 —k, co'
+

k~ N0COs

C. Total refractive index and absorption coefBcient

The total refractive index of the system is given by'

(19)

in which gl and g„I are, respectively, the linear and non-
linear parts of the refractive index of the material. From
the real parts of x"' [ Re x"'] and x,a[Re x',z], one can
study the phenomenon of the total refractive index in
centrosymmetric crystals because gl and g„I are given by

and

q, =&[ I+RexI "] (20)

(18)

in which k, =[ko+k, —2kok, cosg]'~, where P is the
scattering angle, i.e., the angle between k, and ko.
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g„)=Rexea .(3) (21)

Now to study the total absorption coefficient a one
may use the following standard relation:

a =ai+a.(IE,gl', (22)

in which ai and a„i are the linear and nonlinear absorp-
tion coefficients. From the imaginary parts of
x"i[lmx"'] and x',&[Imx',&i], in the following relations,
one can study the phenomenon of total absorption in the
centrosymmetric crystals. These relations are

and

a =&lmx'"
I (23)

a„i= [Imx",s'] .
26i

(24)

Now Eqs. (19) and (22) can be safely employed to study
the nonlinear parameters (refractive and absorptive) of a
Brillouin active magnetized semiconductor plasma.

III. RESULTS AND DISCUSSION

Now we shall try to get the numerical appreciation of
the analytical results obtained. To do so an n-InSb crys-
tal is assumed to be irradiated by a 10.6-IMm Co& laser
and the physical parameters used are m =0.014mo, with

mo being the free-electron mass, e&
= 15.58, y =5 X 10

Fm ', p=5. 8X10 kgm, v=3.5X10" sec
I,=2X10' sec ', and n, =244X10 m . The re-
sults are plotted in Figs. 1 —4.

The nonlinear optical susceptibility [Eq. (18)] resulting
from the stimulated scattering process is found to in-

crease with a rise in the carrier concentration of the
medium via plasma frequency co&. The cubic Brillouin
suscepetibility with a carrier concentration of the order
of 10 m is found to be —8X10 " esu. In this
representative calculation, we have used the conversion
formula x' ' (SI)/x' ' (esu)=1.4X10 (see Ref. 2, p.
316). However, at lower doping level the magnitude of
x',z is lowered by about five orders and is potentially not
very useful in the fabrication of cubic nonlinear devices.
The third-order susceptibility due to electrostriction x,',,

'

is around SX10 " esu. The magnitude of the third-
order susceptibility agrees well with the experimentally
observed' and theoretically quoted values. ' '"

Figure 1 depicts the variation of the refractive index g
and the absorption coefFicient a with the effective electric
field E,z. It is seen from this graph that with an increase
in the effective electric field g increases while a decreases.
This result is quite obvious because with the increase in
the transmitted power, absorption should decrease. The
variation of the refractive index g and the absorption
coefficient a with the magnetic field via the cyclotron fre-
quency is depicted in Fig. 2. Here again the refractive in-
dex increases while the absorption coefficient decreases
with the increment in cyclotron frequency. It may be in-
ferred that a very slow rate of change is observed with
both parameters in the regime 2 X 10' sec
(cu, &5X10' sec '. Below and above this regime rates
of change are quite fast. This type of variation can be un-
derstood from the fact that the nonlinear parameters for
the Brillouin mode depend upon two factors: first the
coupling of the electron motion with the acoustic mode
responsible for induced current density and second the
nonlinear force due to the electrostriction responsible for

36

30

27 ji

15

FIG. 2. Variation of the re-
fractive index (q) and the ab-
sorption coefficient (a) with cy-
clotron frequency (co, ) when
0=45, E,ff = 10 V m ', and
/=60.
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change. Figure 3 depicts the variation of the refractive
index and the absorption coefficient with the inclination
of the magnetic field with respect to the direction of
propagation. It is found that the refractive index g in-
creases whereas a decreases down to 0&30' and for
0& 30 both become independent of it. This is quite natu-
ral as the cross magnetic field should have a greater effect
on the growth (negative absorption) and propagation
characteristics (refractive index) as compared to the
parallel magnetic field. This is why g increases and a de-
creases as 0~90'. It may be inferred from Fig. 3 that
when the magnetic field is directed with an angle 8~ 30'
to the incident photon propagation axis, the field
configuration becomes more profitable to obtain larger
values of the refractive index and smaller values of the
absorption coefficient. The dependence of g and a on
scattering angle P are shown in Fig. 4. Both decrease
with the increase in the scattering angle. This can be un-
derstood from the fact that increasing values of the
scattering angle tend to increase the coupling term

~k, (E,tt)„~ and hence the absorption decreases. Thus one
may get minimum absorption for the backscattered mode
(P = 180').

The above discussion reveals that the large refractive
index and small absorption coefficient can be easily
achieved in magnetized centrosymmetric semiconducting
crystals in the configuration for the magnetic field oblique
to the propagation direction of the incident photon. This
establishes its potential as a candidate material for the fa-
brication of phase conjugate mirrors, etc. when the crys-
tal is heavily doped.
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