PHYSICAL REVIEW B

VOLUME 44, NUMBER 23

15 DECEMBER 1991-1

Stimulated Raman scattering in a magnetized centrosymmetric semiconductor

A. Neogi and S. Ghosh
School of Studies in Physics, Vikram University, Ujjain 456010, India
(Received 21 December 1990; revised manuscript received 6 September 1991)

By considering the hydrodynamic model of semiconductor plasmas, we performed an analytical inves-
tigation of stimulated Raman scattering (SRS) of an electromagnetic pump wave in a transversely mag-
netized centrosymmetric semiconductor arising from electron-density perturbations and molecular vi-
brations of the medium both produced at the transverse-optical-phonon frequency. Assuming that the
origin of SRS lies in the third-order susceptibility of the medium, we investigated the growth of the
Stokes mode. The dependence of the stimulated Raman gain on the external magnetic field strength is
reported. The possibility of the occurrence of optical phase conjugation via SRS has also been studied.
The steady-state Raman gain is found to be greatly enhanced by the presence of the strong external dc

magnetic field.

I. INTRODUCTION

Stimulated Raman scattering induced by finite-
amplitude coherent electromagnetic waves has received a
great deal of attention in theoretical and experimental
nonlinear optics research. This topic has been extensive-
ly studied by several authors and there exist some excel-
lent reports on it.!”® The theory of the stimulated Ra-
man effect has been discussed by many authors*>’ both
from the classical and from the quantum-mechanical
points of view. In this paper a classical discussion on the
coupling of vibrational waves and light waves via a
molecular system is given. If there are many photons in
the radiation field it can properly be described by classi-
cal waves.” In the treatment of coupled-wave problems,
the classical description is even more appropriate since
then the decay or amplification of the waves depends on
the relative phases among them, whereas in the
quantum-mechanical description, if the number of quanta
is prescribed, the phases will be undetermined as required
by the uncertainty principle. The quantum analog of the
classical treatment is obtained from the so-called
coherent state of the field and has been recently investi-
gated in much detail by Sen and Sen’ in noncentrosym-
metric crystals.

Recently the present authors!® (hereafter referred to as
paper I) have analytically investigated the possibility of
optical phase conjugation via stimulated Brillouin
scattering in a transversely magnetized semiconductor
crystal. Motivated by this work!® and by the intense in-
terest in the field of stimulated Raman scattering (SRS) in
the present paper we have attempted to study the
phenomenon of stimulated Raman Stokes scattering in a
narrow-band-gap n-type moderately doped semiconduc-
tor crystal irradiated by an intense uniform pump wave.
The physical origin of the phenomenon lies in the non-
vanishing, nonlinear polarization due to the coupling of
the molecular vibrations having a frequency equal to that
of the transverse-optical-phonon frequency w; with the
pump frequency w,, as well as the electron plasma fre-
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quency op in the presence of a magnetostatic field such
that o <wp <wy and the electron cyclotron frequency
Q. (<wy) >0, [=Hot+03)”?]. The analysis is
based on the coupled mode theory which was employed
earlier by Ghosh and Dixit.!! The chief utility of the
analysis in achieving the nonlinear optical phase conjuga-
tion has been discussed subsequently.

II. THEORY

This section deals with the theoretical formulation of
the third-order nonlinear optical susceptibility ' for
the Stokes component of the scattered electromagnetic
wave in transversely magnetized semiconductors. We
have used the particular geometry where the incident
high-frequency spatially uniform laser radiation (pump
wave) Eqpexp(—iwgt) is applied parallel to the propaga-
tion vector of the density perturbation k (along the x
axis) and the external dc magnetic field B, is taken nor-
mal to k along the z axis. In order to study the effective
Raman susceptibility arising due to induced nonlinear
current density and the vibrational polarization, the hy-
drodynamical model of a homogeneous one-component
(with electrons as carriers) system is considered. The
semiconductor is assumed to possess an isotropic and
nondegenerate conduction band and being centrosym-
metric in nature the effect of any pseudopotential is
neglected for analytical simplicity. In a Raman-active
medium the scattering of the high-frequency pump wave
is enhanced due to the excitation of a molecular vibra-
tional mode. In the present analysis the Raman medium
is taken as consisting of N harmonic oscillators per unit
volume: each oscillator being characterized by its posi-
tion x, molecular weight M, and the normal vibrational
coordinate u(x,t).

The optical-phonon mode is represented in a one-
dimensional configuration as*

d%u (x,1) du(x,t) ) _ F(x,t)
oz LT g teruten=Tmm. M
13 074 ©1991 The American Physical Society



44 BRIEF REPORTS

where F(x,t) is the driving force per unit volume, which
can be obtained by considering the electromagnetic ener-
gy in the presence of the molecules and in polarizable ma-
terial it is given by

F(x,t)="1e(3a/3u )oE X(x,t) . (2)

The notations used in Egs. (1) and (2) are well explained
in Yariv.* The other fundamental equations employed
are Eqgs. (2)-(4) of paper I and

P=eN(da/du)u*Ey , 3)

0E;, nje
ox “:T—N(aa/au )OEetf . (4)

These one-dimensional equations are appropriate for non-
degenerate semiconductors. The molecular vibrations at
frequency w modulate the effective dielectric constant of
the medium leading to an exchange of energy among the
electromagnetic fields separated in frequency by integral
multiples of w [i.e., (wgTpw) where p=1,2,...]. The
electric induction in the presence of an external dc mag-
netic field is given by D=¢E4+P.!> The equations and
notations are explained in paper I.

The high-frequency pump field gives rise to a carrier
density perturbation within the Raman-active medium.
Now following the procedure of paper I for the theoreti-
cal development the perturbed electron density (ny) of
the Raman-active medium due to molecular vibrations
can be deduced from Eq. (4) as

_iek | 0F—o*+ioT —(eN /2M )(da/3u)3|E,|?
e (€/2M)(3a/9u ) E §
Xu* . ()
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The density perturbation associated with the molecular
vibrations at frequency w beats with the pump at frequen-
cy oy and produces fast components of density perturba-
tions. Following paper I the Stokes mode of this com-
ponent at frequency wg =w,— o can be obtained as

ikEqn}

. ’
B% —wi—ivog

ng= (6)
where subscripts T and S denote the components of the
perturbed carrier concentration associated with the
molecular vibrations and Stokes mode, respectively, and
Eo=[(e/m)E;—Q.vo,]; @%=Vok/(WV+Q2); o}
=(0p0} )/0r, op/or=V€ /e,; wb=nge?/myese;
and Q. =eB,/m. The components of v, are given in Eq.
(12) of paper 1.

Following paper I, the resonant Stokes component of
the current density due to finite nonlinear induced polar-
ization becomes

P22
Jaog)= iewpapE | (wg)

ws(wd—w?)
ek’E 2E,

(83+ivo)v—iwg)

(eN /2M)(da /du 3| E, |2
1— — , )
Sitiol
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The first part of Eq. (7) represents the linear com-
ponent of the induced current density while the latter
term represents the nonlinear coupling among the three
interacting waves via the nonlinear current density
Julwg). In this present investigation the effect of the
transition dipole moment is neglected in order to study
the effect of nonlinear current density on the induced po-
larization in a transversely magnetized Raman-active
medium.

Henceforth treating the induced polarization 7., as
the time integral of the current density J,;, we obtain the
nonlinear induced polarization due to perturbed current
density from Eq. (7) as

—e’k’ |E\|’E | (0g)
m2ogwg(83+ivay)
: (eN /2M )(da/3u )3 E,|?
81+iol

?cd(a)s )=

(8)

The induced polarization at the Stokes frequency wgy is
defined by

?’cd(ws)=€0)((R3)!E0|2E1(ws) . 9)

It is well known that the origin of the SRS processes
lies in that component of 7 ,(ws) which depends on
|Eo|?E, and the corresponding third-order susceptibility
of the Raman-active medium which is known as the Ra-
man susceptibility Yz can be obtained using Eqgs. (8) and
9),

—e’k%e 0}

wosm (8 +ivog)w3—Q2)?

X% ea = (10)

Besides Raman susceptibility, the system should also
possess a polarization created by the interaction of the
pump wave with the molecular vibrations generated
within the medium such that

Py (05)=€gXR Iy | Eo|’E (11
Using Egs. (3) and (11), we obtain
€, (eN /2M)(da /du 3o}
(8 +ioT Nw3—02)

XRD) o = (12)

Thus the effective Raman susceptibility of the centrosym-
metric medium is obtained as

(X(Its))eiT:(X(RS))mv +(X(R3))cd

€,.(eN /2M )(da /3u 3w}
(81 +ioT N w3—Q2)

e’k’e ]
- 2824 ; 2_ 022 ° 13
wsm (8 +ivog w5g—Q%)

We now estimate the Raman gain constant IgR (wg )| of
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the Stokes mode which is related to the imaginary part of

(xR (=xR)+ixR)) through

1)
grlog)=— ncS_ XRNEI*, (14)
0

grlog)= [6wa’s‘0(2)E(2)/2m 2"7"0(&%2)—93 )]
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where 7 is the refractive index of the medium and ¢, is
the speed of light in a vacuum.

Substituting the value of x%; from the imaginary part
of Eq. (13) one finds

X [wm*(eN /2M )(dc/du J}(wd— Q2 )83+ 0iv?) — e 2k 2wgv(§4 + w?T2) |

X [(8183—vwws T+ (vorg82+oT'82)2] ! .

The effect of the external magnetic field is thus found
to be quite significant on the Raman gain [gg (wg)] which
is also strongly dependent on the pump frequency
through the terms w3 and 3.

III. RESULTS AND DISCUSSIONS

In order to establish the validity of the present model
we have applied the analytical results obtained above to a
nearly centrosymmetric semiconductor like n-type InSb
at 77 K. The physical constants used are given in Ghosh
and Dixit.!!

From Eq. (15) we find

gr ~4.5%X107%1, , (16)

where we have defined Ip = 1nenc,|E,|% where c; is the
velocity of light in the crystal with I, in Wm™? and g,
in m~!. The steady-state gain constant g for InSb thus
obtained is found to be in agreement with that quoted by
Yariv.*

At high magnetic field the variation of g is found to
be fairly striking. Figure 1 represents the qualitative be-
havior of the steady-state Raman gain factor gz as a
function of cyclotron frequency (,) corresponding to
the transverse magnetic field B,. It has been observed
that g is nearly independent of feeble magnetic fields
(i.e., in the imposed cyclotron frequency regime Q, <10'3
s~ !). However, gr increases very rapidly for cyclotron
frequencies above 2X 10" s™! corresponding to a mag-
netic field greater than or equal to 1.0 T and attains ex-
plosive proportions.

To obtain a quantitative estimation about the effect of
the large transverse magnetostatic field on the Raman in-
stability, we can observe from Egs. (15) and (16) that the
threshold value of the pump can be greatly reduced by in-
creasing the value of B,. The effect of B, on the Raman
growth rate can be studied from Eq. (15) and is found for
chosen physical constants as

(gx)
CEBRIBEO 107, (17)

(gr)B =0
at k=10" m~!; E,=10" Vm™! with Q,=0.9w, which is
quite large.
In order to explore the possibility of the occurrence of
optical phase conjugation via stimulated Raman scatter-

ing (OPC-SRS) in the presence of a transverse magnetic
field, we have employed the theoretical formulation of the
Raman growth. The OPC threshold condition is given
by [g(wg)eg]L > 30,3 L being the cell length. However,
for pulse duration 7, > 1077 s, the cell length can be tak-
en to be equal to the interaction length x. It may be not-
ed that in order to reach the SRS threshold, either the
beam has to be focused in a nonlinear medium or a
sufficient interaction length has to be provided by direct-
ing the beam into a light guide. In both cases appreciable
amplification length is provided only in the longitudinal
direction. The geometry thereby permits either forward
or backward scattering. Thus one can achieve OPC-SRS
in n-type InSb, if the cell length L is taken ~30/gz(wy).
The external magnetic field induces a certain degree of
nonlinearity into the propagating electromagnetic waves,
which is favorable for the occurrence of phase conjuga-
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FIG. 1. Variation of the growth rate gz with the cyclotron
frequency Q. at k=5X10°m ™' and E,=10* Vm .
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tion. The optimum OPC length can therefore be
effectively reduced by the application of a strong magnet-
ic field. The cell length can be further reduced by in-
creasing the carrier concentration as well as the excita-
tion intensity, within the limit of the damage threshold.

IV. CONCLUSIONS

The present analytical investigation of SRS has yielded
interesting results which can be categorized as follows.

(1) The third-order Raman susceptibility is found to be
strongly dependent not only on the incident pump fre-
quency o, but also on the cyclotron frequency w, corre-
sponding to the transverse magnetic field B,,.

(2) In a magnetoactive semiconductor plasma one can

13077

obtain a considerable growth rate of the Stokes com-
ponent Raman mode at a much smaller values of the
pump amplitude E,. If B, is taken so large that w? > w3
then from Eq. (15) one can note that the gain due to
stimulated Raman scattering is not obtained.

(3) The possibility of OPC-SRS has been studied from
the analytical investigation of the steady-state Raman
growth and it has been found that the presence of a mag-
netostatic field effectively reduces the OPC threshold
conditions.
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