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Abstract

An analytical investigation is made of hot carrier effects on real and imaginary parts of Brillouin
susceptibility (Re,Im(yg)) of magnetoactive doped I11-V semiconductors. Coupled mode approach is

used to obtain expressions for Re,Im(yg). Numerical calculations are made for n-InSh crystal —CO>
laser system. Efforts are made to obtain enhanced values of Re,Im(yg) and change of their sign under

appropriate selection of external magnetic field (Bo) and doping concentration (no). The hot carrier effects
of intense laser radiation modifies the momentum transfer collision frequency of carriers and
consequently the nonlinearity of the medium, which in turn (i) further enhances Re,Im(yg), (ii) shifts the

enhanced Re,Im(yg) towards smaller values of Bo, and (iii) widens the range of Bo at which change of
sign of Re,Im(yg) occurs. The change of sign of enhanced Re,Im(yg) of magnetoactive doped II1-V

semiconductors, validates the possibility of chosen Brillouin medium as a potential candidate material for
the fabrication of stimulated Brillouin scattering dependent widely tunable and efficient optoelectronic
devices such as optical switches and frequency converters.
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Introduction

The studies of nonlinear optical susceptibilities provide the important information of the
nonlinearity of a medium and impart an extensive role in the fabrication of various optoelectronic devices
[1-3]. In addition, the change of sign of nonlinear optical susceptibilities exhibit interesting nonlinear
optical phenomena [4,5]. The selection and operating frequency of a medium are the essential features in
designing the optoelectronic devices. Out of various nonlinear media, the I11-V semiconductors offer
greater flexibility in fabrication of optoelectronic devices. This is due to their compactness, provision of
control of (electrons/holes) carriers relaxation time via materials designing and device structuring,
operation of the devices under either oblique/normal incidence or in waveguide structures, highly
advanced fabrication technology, and integrating the devices with other optoelectronic components [6]. In
addition, these crystals exhibit large magnitude nonlinear optical susceptibilities in close proximity to the
band-gap resonant transition regimes [7]; which can be further enhanced by application of external
electric/magnetic fields [8-10]. Thus, the selection of doped semiconductors as nonlinear media for the
study of nonlinear optical phenomena is unquestionable.

Out of various nonlinear optical phenomena, the study of stimulated Brillouin scattering (SBS) is
currently a major field of research due to its vast potentiality over a broad range of optoelectronic devices
[11,12]. SBS occurs due to scattering of a laser radiation by acoustical vibrational mode of the medium. It
is a third-order optical phenomenon and its origin lies in third-order (Brillouin) susceptibility of the
medium. In the past, various aspects of Brillouin susceptibilities ofmagnetoactive doped IlI-V
semiconductors have been explored to study SBS and related phenomena by research group of one of the
present authors [13-16] and others [17]. Keeping in mind the overall performance of SBS based
optoelectronic devices, the knowledge of Brillouin susceptibility of doped I11-V semiconductors and its
characteristic dependence on various factors affecting is essential [18].
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It comes out from literature survey that no theoretical formulation has been made till now to explore
the influence of hot carrier effects (HCES) on Brillouin susceptibility ofmagnetoactive doped I11-V
semiconductors. In the present paper, we develop a theoretical formulation followed by numerical
analysis to study HCEs of intense laser radiation on real and imaginary parts of Brillouin susceptibility of
magnetoactive doped 111V semiconductors (acting as Brillouin media). The motivation for this study
arises from the fact that HCEs of intense laser radiation may remarkably modify the nonlinearity of the
medium and consequently the SBS process. Under high-power laser irradiation, this investigation
becomes more important as it leads to better understanding of SBS in magnetoactive doped IlI-V
semiconductors. Considering the origin of the phenomenon to lie in finite nonlinear induced polarization
(due to acoustical vibrational mode-laser radiation coupling) and using the coupled mode theory of
interacting waves, expressions for real and imaginary parts of Brillouin susceptibility of magnetoactive
doped I11-V semiconductors are obtained under hydrodynamic approximation. Efforts are made to
optimize the doping level and to find appropriate values of external magnetic field to enhance magnitudes
of Brillouin susceptibilities and alter of their sign for applications in efficient optoelectronic devices, such
as optical switches, frequency converters etc. Finally, complete numerical analysis is made with a set of
data available for n-InSb illuminated by a pulsed CO; laser.

Materials and methods

In this section, expressions are obtained for real and imaginary parts of Brillouin susceptibility (
Re,Im(yg)) of magnetoactive doped II1-V semiconductors under hydrodynamic approximation [19]
k,.I <<1, wherek, is the acoustical vibrational wave number, and I is the carriers mean free path. SBS

occurs due to nonlinear interaction among 3 coherent fields in a Brillouin medium, viz. an intense laser
radiation  field  Ey(x,t) = Ejexp[i(kyx—wpt)], an induced acoustical vibrational —~mode

u(x,t) =ugexpli(k,x—o,t)], and scattered Stokes component of incident laser radiation field
E, (x,t) = Eg exp[i(k;x —¢t)]. These fields are connected by energy and momentum phase matching
constraints 7w, = ho, + hogand hik, = ik, — 7k, respectively. The Brillouin medium is subjected to an

external magnetic field I§0 = 7B, (i.e. perpendicular to wave vectors IZO, IZa and IZS ). This configuration

is known as Voigt geometry [20].
The basic equations used in the formulation of Re,Im(yg) are:
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These equations have been used in analytical investigations of SBS in magnetoactive doped I11-V
semiconductors by research group of one of the present authors [13-16]. Here, C represents the elastic
stiffness constant of the Brillouin medium such that the speed of acoustical vibrational mode is given by
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Vv, = (C/p)llz. p is the mass density of Brillouin medium. In order to take account of acoustical damping,
the term 2I",0u(x,t)/ot is introduced in Eq. (1) phenomenologically. In Eqg. (1), p and y are the
piezoelectric and electrostrictive coefficients of the Brillouin medium, respectively. Here, these
coefficients are used phenomenologically; their effect on parametric and Brillouin nonlinearities of
magnetoactive doped IlI-V semiconductors is available in literature [13]. E; represents the perturbed
electric field and Esc stands for space charge electric field. n, (V,) and n, (V;) represent the carrier’s
equilibrium and perturbed concentrations (oscillatory fluid velocities), respectively. v, stands for
momentum transfer collision frequency (MTCF) of electrons. mis the effective mass of an electron. P,
is the polarization originating via electrostrictive property of the Brillouin medium. The asterisk ()

represents the conjugate of a complex entity.
The x- and y-components of equilibrium carrier’s fluid velocity are obtained from Eq. (2) as:

e(v+iog)

o m(wf — ®2 + 2ivey) 0

And

¢
V, =— VA, . 7b
0y (v+iog) O (7b)
In Egs. (7a) - (7b), o, =(e/m)By is the electron-cyclotron frequency.

The x- and y-components of perturbed carrier’s fluid velocity can be obtained from Eqg. (3) by using
the method adopted by Sharma and Ghosh [21]:
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In Egs. (8a) - (8b), E = (e/m)(|Ee|) , Ty is temperature of Brillouin medium, and kg is Boltzmann’s

constant.

In order to excite SBS, the basic need is to irradiate the Brillouin sample by an intense laser. Under
the influence of laser radiation field, the electrons (which are mobile charge carriers in n-type doped
semiconductor) gain energy and their temperature reaches a value T,(>T,) . Consequently, the MTCF of
electrons modifies via relation [22]:

1/2
T
ol 2)

In Eq. (9), the value of T,/T, can be determined from energy conservation relation under steady-
state operation. Following Sodhaet al. [23] and using Egs. (7a) - (7b), the time independent part of power
absorbed by a single mobile charge carrier (here electron) from the laser radiation field is given by:
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where Re(v,, .E.) denotes the real part of the quantity (vy,.E).

Following Conwell [24], the power dissipated by a single electron from the laser radiation field in
collisions with polar optical phonons (POPSs) is given by:

1/2
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where Xy, = ﬂ in which he, is the energy possessed by POPs given by ho, =kg6p, where 0y is
B'0e

meh o,
h2
potential field, in which ¢ and ¢, are the static and high frequency dielectric constant of the Brillouin

medium.

Under steady-state operation, the power absorbed by a single electron from the laser radiation field
is exactly equal to the power dissipated by it in collisions with POPs. Consequently, the electron-plasma
attains a steady temperature T,(>T,) . In case of average heating of the electrons-plasma, Egs. (10) - (11)

yield:

the Debye temperature of the Brillouin medium. E, = [i—% represents the POPs scattering
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Using Egs. (9) - (11), the modified MTCF of electrons is given by:
r2\2 1 I
v:vo(lﬂx‘Eo‘ ) zv0(1+§a‘Eo‘ j (13)

The laser radiation induces perturbations in electrons concentration in the Brillouin medium via
piezoelectric and electrostrictive strains. The coupled equation of these perturbations, including HCEs,
can be obtained by using the standard approach [25]. Differentiating Eq. (4), substitute the value of E;
from Eq. (6), first-order derivatives of v, and v; from Egs. (2) - (3), respectively and after mathematical
simplification, we obtain

2 2,.* 22
nyek A+vy°E . =
‘Ztr;lJrva;tlJra)inlJr €K U (BYrilSSZ +y 0)EOES _ink.E, (19)
1

2 2 2 2 1/2

() v Ny

where A= E__, (T)P:Z—pzﬂz’ 81:1—%, Szzl—#, and o, = =

(e/m)k, (V2 +@f) (05 —®2) (02 —0?) me

(electron-plasma frequency).

The perturbed electron concentration (n,) may be put forward as: n, =n(w,)+n; (o), where
n and n;; are known as low- and high-frequency components; oscillate at acoustical vibrational mode
frequency o, and electromagnetic waves at frequencies o, = po,, inwhichp =1, 2, 3, ...., respectively.
The electromagnetic fields at sum (i.e. o, + po,) and difference frequencies (i.e. o, — po,) are termed
as anti-Stokes and Stokes modes, respectively. In the present analysis, the electron concentration
perturbations at off-resonant frequencies (with p>2) are neglected and only the first-order Stokes mode
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(with p = 1) is considered [14]. Under rotating-wave approximation (RWA), Eq. (14) lead to following
coupled wave equations:

oy oy, +n0ek§u*(ﬁy6162A+y2E§)

7V B - E,E: = —in .k E (15a)

And
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Egs. (15a) - (15b) manifest that both n,, and n , are coupled to each other via laser radiation field
(E). Thus, it clearly illustrates that for SBS to take place, the presence of the laser radiation field is the

pre-requisite condition.
Solving Egs. (15a) - (15b) and using Eq. (1), an expression for n;; may be obtained as:
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The induced current density (J.4) of the Brillouin medium at Stokes frequency (o, ), including
HCEs, is obtained (by neglecting transition dipole moment) as:
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The nonlinear induced polarization of the Brillouin medium (which is time integral of induced
current density), including HCEs, is obtained as:
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Besides P (w,), the Brillouin medium also possesses a polarization P(w,) originating via
electrostrictive property of the Brillouin medium. Following Ref. [14], and using Egs. (1) - (5), we obtain:
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Using Egs. (18) - (19), the effective nonlinear induced polarization of Brillouin medium, including
HCEs, is given by:
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k
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Consequently, the effective Brillouin susceptibility of the Brillouin medium, including HCEs, is
given by:
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Eq. (21) reveals that yg is a complex quantity and it can be put forward as:
g =Re(xg)+ilm(yg), where Re(yg) and Im(yg) stand for real and imaginary parts of complex yg.
Rationalizing Eq. (21), we obtain:
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Egs. (22a) - (22b) show that both Re(yg) as well as Im(yg) are influenced by B, v, ny (via w,),
and B, (via ®.). Im(yg)account for nonlinear absorption coefficient while Re(yg) account for
nonlinear index of refraction of the chosen Brillouin medium. The knowledge of nonlinear absorption
coefficient and index of refraction of the Brillouin medium provide the information regarding the design
of various optoelectronic devices including amplifiers, oscillators, filters, and couplers [26].

Results and discussion

In order to make the numerical analysis, we choose n-type doped InSb crystal at 77g temperature as
a Brillouin medium and illuminated it by a pulsed CO; laser at 10.6 um wavelength. At 779 temperature,
the absorption coefficient of chosen Brillouin medium is negligible (around 10 pm wavelength) and the
effects of band-to-band transitions can be ignored safely [27]. The material parameters of n-InSh-CO,

laser system are as follows [14]: m = 0.014mp; mg is the electron’s rest mass, p:5.8><103 kg m3,
£=178, g, =15.68, v, =4x10°ms?, B=0.054 Cm?, y=5x10"s7?, ', =2x10"s?, v, =35x10"
s, w, =2x10" s, @y =1.78x10"s 1, To = 77g, 0, = 2784.

Egs. (22a) - (22b) represent Re,Im(yg) of the Brillouin medium with including HCEs. The
expressions for Re,Im(yg) of the Brillouin medium with excluding HCEs can be obtained by simply
replacing v by v, (at T, =T,) in these equations. The dependence of Re,Im(yg) on external magnetic
field B, (via ®.) and doping concentration n, (via o)p) with excluding and including HCEs are
explored. Aim is targeted at: (i) determination of appropriate values of B, and n, to enhance
Re, Im(yg), and (ii) searching the usefulness of optoelectronic devices based on Brillouin nonlinearities.

In Figures (1a) and (1b), Re,Im(yg) are plotted versus magnetic field B, for the cases: (i) without
HCEs, and (ii) with HCEs. These clearly show the substantial enhancements of Re,Im(yg) as well as
alter of their sign. The situation at which Re,Im(yg) alter their sign is known as ‘cut-off” or ‘dielectric
anomaly’ [28].
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Figure 1 (a); Variation of versus for the cases: (i) without HCEs, (ii) with HCEs for m™=, Vm™ and
(b); Variation of wversus for the cases (i), (ii) parameters given in Figure (1a).

When HCEs are excluded, with rising B,, Re(yg) is positive while Im(yg) is negative,
vanishingly small, and remain independent of magnetic field for 0 < B, <2.5T . The nature of the curves
of both Re,Im(yg) are very sensitive in the regime 2.5T < B, <4.5T . In this regime, with rising B,
Re(yg) starts increasing while Im(yg) starts decreasing achieving a peak positive value
(Re(yg) =3x10"m2v2) and a peak negative value (Im(yg)=-6x10"m2V?), respectively at
B, =3.4T. With slightly rising B, beyond this value, Re(yg) starts sharply decreasing while Im(yg)
starts sharply increasing. At B, =3.5T, both Re,Im(yg) vanish. With further slightly rising B, beyond
this value, both Re,Im(yg) alter their sign achieving a peak negative value (Re(yg) =—6x107%° m2\V/2)
and peak positive value (Im(yg)=2x10""" m?V?), respectively at B, =3.6 T. For 3.6T <B, <4.5T,
Re(yg) increases sharply while Im(yg) decreases sharply. For 45T <B, <10T, Re(yg) remains
negative while Im(yg) remains positive and vanishingly small. The nature of the curves of both
Re,Im(yg) is again repeated in the regime 10.8T < B, <11.8T like the regime 2.5T <B, <4.5T . For
the regime 11.8T <B; <13.2T, Re(yg) remains negative while Im(yg) remains positive and
vanishingly small. This distinct behavior of Re,Im(yg) occur due to following resonance conditions: (i)
(0505)/v? ~ o, and (i) vZeS /(vZ +of) ~ f . An important aspect of these resonance conditions is
the interaction between electron-plasmon mode and electron-cyclotron mode. Let we define this as
coupled plasmon-cyclotron mode. When the laser radiation field interacts with this coupled mode, as a
consequence, the coupled mode frequency dependent Stokes mode is generated. Here, it is beneficial to
shift the scattered Stokes mode frequency to an achievable spectral regime in proportion to w, (or ny)
for fixed o, (or By), o, (or By) for fixed w, (or ny), and combination of . and o, both. By
continuously increasing n, (via wp) and decreasing B, (via ) in the same proportion maintains the
resonance conditions at a fixed value of « . Further, by continuously increasing n, and decreasing B,
without maintaining their proportion shifts the value of o, . At B, =14.2T, the change of sign of both
Re,Im(yz) is observed due to resonance condition: (iii) oﬁ ~wZ. This resonance condition is
independent of w, (or ng).

When HCEs are included, the features of Re(yz) — By and Im(yg) — B, plots remain unchanged
except that:

1) The change of sign of Re,Im(yg) which previously occurring at B, =3.5T and 10.8 T have
now been shifted to B, =2.5T and 9.8 T, respectively;

2) The peak positive and negative values of Re,Im(yg) occurring due to resonance conditions (i)
and (ii) has been enhanced almost 5 times;

3) The range of B, at which the change of sign of Re,Im(yg) occurs has been widened.

4) The magnitude of Re,Im(yg) remains unaltered at resonance condition (iii) with including
HCEs; rather this resonance condition shifts the value of B, at which resonance occurs towards lower
values and widens the range of B, at which change of sign of both Re, Im(yg) occur.
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Around resonances, the electron’s drift velocity (which is the function of B,) increases, attains a
value higher than acoustical vibrational mode and due to this the rate of energy flow from laser radiation
field to acoustical vibrational mode increases, and consequently the amplification of acoustical vibrational
mode takes place in the Brillouin medium. Eventually, the interaction between laser radiation field and
amplified acoustical vibrational mode enhances the amplitude of scattered Stokes mode.

The most significant feature of the result is monitoring of Re,Im(yg) by properly selecting B, and
also attaining large values of Re,Im(yg) in a Brillouin medium consisting of 111-V semiconductors. The
results obtained in Figures (1a) and (1b) permit the tuning of scattered Stokes mode over a broad
frequency regime and reveal the opportunity of fabrication of frequency converters.

The magnetostatic field considered in the present numerical analysis (0< B, <18T) is easily
attainable in the laboratory. It should be worth pointing out that Generazio and Spector [29] studied the
free carrier absorption for n-InSh-CO; and n-InSh-CO laser systems at 77 g by placing the sample in an
external magnetostatic field Bo<20 T.

1x10™ 1x10*
5x10% n=2x10"m* ?\ 5x10"—
,,,,,, n= 3x10° m* h
1x10™ n=4x10* m* }i 1x10"°
I
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(@) (b)

Figure 2 (a); Variation of versus with excluding HCEs for 3 different doping concentration (m™=, m=
and m™3) at Vm™ and (b); Variation of versus with including HCEs for the parameters given in Figure
(2a).
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Figure 3(a)Variation of Im(yg) versus B, with excluding HCEs for the parameters given in Figure
(2a).
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In Figures (2a) and (2b), Re(yg) is plotted versus magnetic field B, with excluding and including
HCEs, respectively for 3 different doping concentration (n, = 2x10m=3, 3x10" m3and n, = 4x10"
m3) at E, =7x10" VmL. These give a picture of the enhancement of Re(xg) as well as alter of its
signs. For a fixed ny, the nature of curves is similar to as obtained in Figure 1a. An increase in n, does
not alters the magnitude of peak positive and negative values of Re(yg), rather it shifts the value of B,
at which change of sign of Re(yg) occurs towards lower values. A comparison between results of
Figures (2a) and (2b) reveals that for a fixed n,, the HCEs induced by laser radiation widens the range
of B, at which the change of sign of Re(yg) occurs; a result which supports the results of Figure(1a).

5x10"

1x10™

5x10™

1x10"°—

AEE————

> /
E 1
~ I
2"
£
T -1x107H
5x10™%
n=2x10"m?®
S1x10° . n=3x10"m? i)
n=4x10°m* b

-5x10"°

By (T)

(b)

Figure 3(b) Variation of Im(yg) versus B, with including HCEs for the parameters given in Figure
(2a).

In Figures (3a) and (3b), Im(yg) is plotted versus magnetic field B, with excluding and including
HCEs, respectively for the parameters given in Figures (2a) and (2b). These give a picture of the
enhancement of Im(yg) as well as alter of its signs. For a fixed n,, the nature of curves is similar to as

obtained in Figure 1b. An increase in n, does not alters the magnitude of peak positive and negative
values of Im(yg), rather it shifts the value of B, at which change of sign of Im(yg) occurs towards
lower values. A comparison between results of Figs. 3a and 3b reveals that for a fixed n,, the HCEs

induced by intense laser radiation widens the range of B, at which the change of sign of Im(yg) occurs;

a result which supports the results of Figure(1b).
From Egs. (22a) - (22b), it can be seen that apart from magnetic field dependence, laser radiation
field strength can also be employed to enhance Re,Im(yg). In Figure 4, magnitudes of both Re,Im(yg)

are plotted versus laser radiation field amplitude E, for the cases: (i) without HCEs, and (ii) with HCEs.
It can be seen that both Re,Im(yg) exhibit the similar nature of curves throughout the plotted range of
E, such that Re(yg)=2.5Im(yg). When HCEs are included, the shape of the curve is a parabola. For
smaller values of Eo (< 4x10”Vm™) when HCEs insignificant, both Re, Im(yg) increases in a parabolic
shape with increasing E,. However, they gradually start deviating from the parabolic shape as HCEs
become significant, in the region E, >4x10" Vm™. Both Re, Im(yz) become almost independent of E,

beyond E, ~10® Vm and as evident from this figure that both Re, Im(yg) become almost double when
HCEs are included in comparison to when they are excluded. This behaviour can be easily understood in
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terms of temperature dependence of Re,Im(yg) via MTCF of electrons in Egs. (22a) - (22b). This

deviation of Brillouin susceptibilities curves (from the parabolic shape) at high laser radiation field
emphasis the necessity of inclusion of HCEs in SBS processes.

50 20

——— Without HCEs /
45 /118

______ With HCEs !

40 -

35

30 H

25

Re(y,) (x10™° m*V?)
Im(ys) (X107 m*V?)

20

154

10

5 2

E, (x10' V)
Figure 4 Variation of Re,Im(yg) versus E, at By ~14.2T for the cases (i) and (ii) given in Figure(1a).

Conclusions

In the present paper, a theoretical formulation followed by numerical analysis is made to study
HCEs on real and imaginary parts of Brillouin susceptibility of magnetoactive doped IlI-V
semiconductors, applied to n-type doped InSb crystal. The analysis offer 3 achievable resonance

2

conditions: (i) (@502)/v> ~w?, (i) v’e) (v’ +o?)~w?, and (i) of ~of; at which significant
enhancement as well as change of sign of Re,Im(yg) occur. Resonance conditions (i) and (ii) offer the
tuning of scattered Stokes Brillouin mode over a wide range of frequencies by properly controlling the
doping level and/or external magnetic field.The HCEs of intense laser radiation; (a) enhances the peak
positive and negative values of Re,Im(yg) considerably, (b) shifts the enhanced peak positive and
negative values of Re,Im(yg) towards lower values of magnetic field, and (c) widens the range of

magnetic field at which the change of sign of Re,Im(yg) occur. For laser radiation field amplitude E,

<4x10"Vm, HCEs on Re,Im(yg) are absent. However, for E,>4x10"Vm™, HCEs become
significant and more pronounced.The analysis establishes the technological potentiality of I11-V
semiconductors as the hosts for the fabrication of SBS dependent widely tunable and efficient
optoelectronic devices such as optical switches and frequency converters.
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