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A detailed analytical investigation of second-order optical susceptibility has been made in moderately doped IlI-V weakly
piezoelectric semiconductor crystal, viz. n-InSb, in the absence and presence of an external magnetostatic field, using the
coupled mode theory. The second-order optical susceptibility arises from the nonlinear interaction of pump beam with
internally generated density and acoustic perturbations. Effect of doping concentration, magnetostatic field and pump
intensity on second-order optical susceptibility of Ill-V semiconductors has been studied in detail. The numerical estimates
are made for n-type InSb crystals duly shined by pulsed 10.6 pm CO; laser and efforts are made towards optimizing the
doping level, applied magnetostatic field and pump intensity to achieve large value of second-order optical susceptibility and
alteration of its sign. The enhancement and change of sign of second-order optical susceptibility in weakly piezoelectric Ill-V
semiconductor under proper selection of doping concentration and externally applied magnetostatic field confirms them as
potential candidate materials for the fabrication of nonlinear optical devices. In particular, at Bo=14.1 T, the second-order
susceptibility was found to be 3.4x 107 (SI unit) near resonance condition.
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1. Introduction

The study of nonlinear optical susceptibility (NLOS)
provides important information about optical properties of
the materials and also plays pivotal role in fabrication of
efficient optoelectronic devices, to name a few, amplifier,
oscillator, frequency converter, sensors [1,2], pulse
squeezing and signal processing, etc. [3]. In addition,
change of sign of NLOS leads to phenomena like self
focusing/defocusing, amplification/attenuation and are
being utilized in fabrication of optical switches, optical
limiters and amplifiers [4, 5].

The choice of a nonlinear medium and operating
wavelength are crucial aspects in design and fabrication of
efficient opto-electronic devices. Amongst different types
of nonlinear medium, semiconductors offer considerable
flexibility for fabrication of optoelectronic devices
because: (i) the large number of free electrons/holes
available as majority charge carriers in doped
semiconductors manifest many more exciting nonlinear
optical processes [6]; (ii) carrier relaxation times can be
altered through design of materials and device structures;
(iii) large optical nonlinearities in the vicinity of band gap
resonant transitions [7, 8]; (iv) either absorption changes
or refractive index changes can be utilized; (v) devices
may operate either at normal incidence or in waveguides;
(vi) devices are integrable with other optoelectronic
components.

So far, resonant optical nonlinearities, due to their
large magnitudes, have been implemented to improve the
efficiency of nonlinear optical devices [9]. However,

speed of devices, based on resonant nonlinearities are
slow. Because resonant optical nonlinearities depend upon
population changes during the real transition and energy
built up as well as relaxation times of charge carriers. In
contrast, the semiconductors nonresonant optical
nonlinearities (SNON), which occur in the off-resonant
transition regime, are typically of much smaller in
magnitude but exhibit much faster response times, since
they do not involve in the generation and relaxation of
charge carriers.

Ultrafast optical switching devices play an
increasingly —important role in modern optical
communication systems where signals are transmitted at
high speed and high-bit-rate. Although many materials
with higher nonlinear refractive index have been reported
[10], but there is a need to explore alternatives,
particularly those compatible with semiconductor
technology, due to the rapid growth of planar devices such
as wavelength division multiplexers and add-drop filters in
advanced networks. To achieve compact low-power high-
speed switching devices, a large optical nonlinearity with
fast response time is required. In addition, materials with
minimal loss and absorption at the operating wavelength, a
fast response, low toxicity with highly thermal and
mechanical stability are preferred.

Above discussion clearly manifests that SNON is
potential phenomena in high speed optical communication
systems and its enhancement and manipulation are
important issues to improve the efficiency and
performance of devices based on it. Doping (free carriers),
composition and micro-structuring have been mostly
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exploited for enhancing SNON and the performance of
related optoelectronic devices [11, 12]. In addition, optical
nonlinearities of semiconductors can be easily modified by
externally applied electric and magnetic fields. This
mechanism is being exploited to understand the
mechanisms involved in several nonlinear processes such
as electro-optic and magneto-optic effects [9]. Several
research groups [13, 14, 15] have observed a large
enhancement in surface field terahertz (THz) emission
from a variety of III-V semiconductors when subjected to
an externally applied magnetic field. Apart from this,
noncentrosymetric semiconductors support many new
modes and offer many new channels for scattering in the
presence of external fields, which have been utilized in
optoacoustic diagnostics [16].

It is well known fact that noncentrosymetric crystals
possess both even (3@, ¥, --) and odd (¥, ¥, ---) order

optical  nonlinearities. =~ The second-order optical
susceptibility (3 ) is the lowest order optical nonlinearity
and is larger than the other higher-order optical

susceptibilities. The origin of fundamental nonlinear
phenomena, (to name a few; frequency conversion,
frequency tuning, parametric oscillation/ amplification,
filtration, pulse compression and cascaded nonlinear
process), lies in ¥® and hence y® has been utilized in the
fabrication of fundamental optoelectronic devices such as
frequency converter, parametric oscillator/ amplifier and
switch etc [17].

Recently, a long period linear grating are imprinted on
semiconductor waveguide and frequency conversion is
experimentally demonstrated [18]. Using the finite-
difference beam  propagation method, nonlinear
propagation and wave mixing characteristics of pulses in
semiconductor optical amplifiers are also analyzed [19].
Koshevaya et. al. [20] discussed two different mechanisms
of amplification of hypersound waves in bulk n-GaAs,
namely (i) travelling wave mechanism (piezoelectric
effect, deformation potential and electrostriction), (ii)
negative differential mobility (Gunn effect) and proposed
realistic construction of filters and delay lines etc. for
communication and control system. Optical second
harmonic generation has been induced in single and
polycrystalline InAs by acoustic wave and it was found
that ¥ depends on acoustic power [21]. A layered
periodic structure of ITI-V semiconductor-plasma has been
utilized for significant increase in efficiency of nonlinear
interaction near nonlinear resonances [22].

To the authors knowledge, it appears from available
literature that no systematic attempt has so far been made
to explore the influence of free carrier concentration,
externally applied magnetostatic field and excitation
intensity on second-order susceptibility in weakly
piezoelectric n-type III-V semiconductors and which is
the subject of the present article. Using the coupled-mode
theory, expression for effective second-order optical
susceptibility in the III-V semiconducting crystals is
derived. Finally, exhaustive numerical analysis is
performed with a set of data appropriate for weakly
piezoelectric  semiconductor- plasma (n-InSb) duly
irradiated by a 10.6 um CO, laser to establish the validity

of the present model. The results indicate that the second-
order optical susceptibility can be tailored by varying
carrier concentration, externally applied magnetic field
and pump intensity; and open up possibilities of fast
nonlinear optical devices.

2. Theoretical formulation

The present section deals with the determination of
complex effective optical susceptibility in weakly
piezoelectric doped III-V semiconductors plasma under
off-resonant transition regime in the absence and the
presence of external applied magnetostatic field. Here, it is
worth pointing out that there are many advantages of

choosing weakly piezoelectric homogeneous III-V
semiconductor ~ possessing  isotropic = nondegenrate
parabolic band structure, as opposed to strong

piezoelectric semiconducting crystals such as CdS and
ZnO. In particular, in narrow band-gap weakly
piezoelectric semiconductors such as InSb and InAs, the
high mobility of electrons (due to their low effective mass)
allows one to work at drift velocities several times the
sound velocity and thus keep the effects of
inhomogeneities to a minimum [23].

The model used in the analysis is the well-known
hydrodynamic model of the homogeneous one component
(viz., n-type) semiconducting-plasma, satisfying the
condition k, ~ 1 (k, and | being the acoustic wave

number and the electron mean free path, respectively).
This condition implies that the sound wavelength is much
greater than the average distance the electron travels
between collisions so that the motion of the carriers under
the influence of the external field is averaged out. In
addition, it allows neglecting the nonuniformity of the
high frequency electric field wunder the dipole
approximation [24]. We also consider relaxation-time and
large quantum number approximation in which the
periodic motion in the plane normal to the axis of
magnetostatic field may be neglected and the effect of
magnetic field on the electronic properties can be obtained
readily from a simple generalization of the classical model
[25].

Let us assume the pump (laser) energy (ha)p) is

smaller than the band gap energy of semiconductor and
associated electric field is defined

asE (x,0)=E_ exp[i(k X - @,1)]. Further we assume

the pump to be an infrared pulsed laser with the pulse
duration much larger than the acoustic damping time such
that the interaction is treated to be of a steady-state type.
The coupled mode approach is being used to determine
effective  nonlinear  optical  susceptibilities  of
semiconducting plasma. Here it is worth pointing out that
in the treatment of coupled wave problems, the classical
description is even more appropriate because the decay or
amplification of the waves depends on the relative phases
among them. Besides, the classical electromagnetic
approach yields valuable information regarding the
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threshold value of pump electric field and gain mechanism
of  stimulated scattering phenomena like stimulated
Brillouin and Raman scattering [26, 27].

For electromagnetic treatment, we assume there are
many photons in the pump wave and it can be described
by plane wave. The pump wave produces stress in the
medium and the linear relationship between stress and
electric field is described by piezoelectricity. The origin of

oE

piezoelectricity lies in the first order force (f,=/ v
X

where P is piezoelectric coefficient). Here it is worth
mentioning that the piezoelectric behavior of the
ferroelectric materials has been treated extensively due to
their applications in sensors, electromechanical actuator
and acoustic transducers [28].

The schematic scheme of the mixing of pump wave,
acoustic wave and scattered wave in the presence of an
external magnetostatic field is shown in Fig. 1 under one
dimensional configuration. The magnetostatic field (By) is
applied along the z direction. We assume the pump wave
propagates along x-direction and incident on the crystal.
Let us assume the electric field of pump wave produces
longitudinal acoustic wave

u(x, t) =u, exp[i(k,x -@,t)] and in turn it scatters
the pump wave. We further assume that stoke component
of scattered wave, say E_(x, t) = E_ exp[i(k x - o,t)],

also propagates in the opposite direction (backward
scattering) of the pump wave. In general,
noncentrosymetric crystals under an externally applied
electric and magnetic field, the piezoelectricity
coefficients are no longer isotropic and therefore off-
diagonal components of the susceptibility tensor are non-
zero. The linear and nonlinear response of such systems
should be treated in three-dimensional space and will be
the subject of future publication.

By

v

) |

Fig. 1. Schematic diagram for interaction of pump with
111-V semiconducting crystal in the presence of
magnetostatic field.

In the present study, for simplicity, we consider
generation of longitudinal acoustic wave in a cubic media

possessing 4 3m symmetry and for such mode the
piezoelectric and photo-acoustic tensor may be reduced to
single component [23, 29]. It is well known fact that the
piezoelectric force drive the acoustic wave in the

crystalline medium [30]. The presence of acoustic wave

(ka, ®,) modulates the optical dielectric constant and thus
can cause an exchange of energy between the
electromagnetic waves whose frequencies differ by an
amount equal to acoustical frequency. The momentum and
energy transfer between electromagnetic and acoustic
waves can be described by phase matching conditions:

hk, =k, + 1k, andhe, = ho, + ha, .

Let us start with equation of lattice vibration. If the
deviation be u(x, t), then the strain can be expressed as
Ou/ oX. After including the effects of piezoelectricity, the
modified equation of motion for u(x, t) of lattice vibrations
in the presence of a magnetostatic field may be given as

o°u C du ou OE
—2———2+2Fa—=£— 1
ot~ pox ot p oX

Let V, is the oscillatory fluid velocity of an electron of

scalar effective mass M and charge -€. The oscillatory
electrons, due to the oscillating pump electric field, feed
energy to the lattice vibration of the medium and when
electrons are further accelerated by an external magnetic
field such that v,>>v, (near the resonance between the
stokes wave and the modified cyclotron frequency) which
results in strong interaction between electron fluid velocity
and lattice vibration. Here v, is the velocity of the acoustic
wave. It is a well-known fact that the effective mass of an
electron in III-V semiconductors is smaller than the
effective mass of a hole and therefore the drift velocity of
a hole is less than the drift velocity of an electron and
hence the contribution of the drift velocity of a hole to free

carrier nonlinearity can be neglected. O, C, Fa and E

being the mass density, material’s elastic constant,
acoustic phonon damping parameter and space charge
electric field of the medium, respectively.

The other basic equations of present formulation are:

N - I —
o GG LY @)
o, - _ - =
Eﬂ/vl+v0><(V.vl)=—(e/m)(E+v1><BO) 3)
ai+n0%+nlaﬁ+voaﬂ:0 4)
ot OX OX OX
ou
P=xp|— 5
& ®
E__nme 10P ©
X e Cox

Egs. (2) and (3) are the zeroth- and first-order electron
moment transfer equations under the influence of magnetic
field. vy and v; are, respectively, the zeroth- and first-
order oscillatory fluid velocities of the electron, V' being
the electron collision frequency. Eq. (4) is the continuity
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equation, where ny and n; are the initial and perturbed
electron concentrations in the n-type-doped
semiconductor, respectively. Eq. (5) describes induced
polarization due to piezoelectricity in the presence of an
external magnetic field. In Poisson’s eq. (6), € is the

dielectric constant of the crystal material.

Now we shall concentrate on obtaining an expression
for perturbed carrier-density due to piezoelectric force.
Differentiating Eq. (4) and then substituting the first-order
differential coefficient of the equilibrium and perturbed
electron fluid velocities through Egs. (2) and (3) and
induced electric field through Eq. (4).

Under rotating-wave approximation, using eqgs. (1-6),
expression for the density perturbation is obtained as

on,, on neA OB, _eAE, o _neA OB, v _
ot "ot mo ox m X m X X o
(7
. . , o’n
In deriving eq. (7), higher order terms like v —L and
oxot
OV has b lected
NV, - as been neglected.
X

Using above formulations and after mathematical
simplifications, we obtain

o on IFICOAE, | KQE e  f K QE KE

Z 1 Z1 QZ I + P~ P "paa
e TV TRMAT peA? A PMAZAL,
dn, .

—elA)Epd—X‘—e,mlA)kap =0

(®)

2 172

where Q, =(ne”/me) (electron-plasma
frequency) ,o, =(e/m)B, (electron-cyclotron
frequency), e=e/m, 5p =y- ia)p ,

5 =v—-io,+iky,, A =1-(@ (S +aD)),
A=1-(@ (5 +a)

Ve =V +IK )V,

A} =-@ +V2k: =2il o, and
A2 = (8, + &) + ;)
P 5,5

The density perturbation N, oscillate at induced wave
frequency components (i.e. ®, and ®s) and that can be
expressed as: N, =N (@,)+ N, (@) , where N, (low-
frequency component) is associated with the acoustic-
wave vibration at ®, and the I (high-frequency

component) oscillates at electromagnetic wave frequencies
(0pEoy). The higher-order terms with

frequencies @, (= W, = qa,), forq>2 will be off-

resonant and are neglected in the study of second-order
nonlinearities in doped semiconductors.

Now we are interested to obtain first-order backward
Stokes component of nonlinear current density

(Jy (@) of the

conditions, low and high frequency density perturbation
components can be obtained from eq. (8) as

piezoelectric phase matching

o’n,,
atz

on,,
ot

2 _
+ Vg +QpnlsA1+

i3 Q2AKE .
ﬂ"ii'zaa—ika(e/m),%n”Ep =0

(%)
and

azn” ann 2 . 2
pre Vg ?Jern” A +iek QA

L PR OQKEE .
o ¢ﬂ$ﬁfﬂ—iel%ksn,£p =0
PMAAL,

(9b)

Eq. (9) reveal that the density perturbation
components are coupled to each other via the pump
electric field. By solving simultaneous egs. 9(a) and 9(b),

expression of N, and N, ; can be obtained as well as their
values may be computed by knowledge of material
parameters and electric field amplitudes. The expression of

N, is obtained as

1s

. * . * 2
n* :_Iﬂzgikan + A1 —eAPkPka Ep| (10)
e PO | T eAY  mPAIQN AL

2 2 2 .
Q, =Q A -, -V, and

2 A2 2 -
Qu=Q A -0, —lvgo,.

From eq. (10) magnitude of density perturbation (n;)
can be computed in weakly doped III-V semiconductors
both in the absence and presence of externally applied
transverse magnetostatic field.

We now address ourselves to the theoretical
formulations for the nonlinear polarization at Stoke’s
frequency arises due to the nonlinear induced current
density. The backward Stoke’s component of the nonlinear
current density can be given as

Ja (@) =n v, +nev,. (11a)

Treating the induced nonlinear polarization as a time

integral of the nonlinear current density, one may express

Pi(@)=[du(@)dt.

After further solving effective second-order

polarization is obtained as
. . . . . 2 .
| ip QK Aed,ELE, . i Qe Ak k5, |E,| EE,
PATQ (S + ;) PAQLOLAL (5, + @)

(12)

Peff

Finally effective second-order optical susceptibility
may be obtained as
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Ze(é)(a)s) = i(;((2)(a)s))ﬂ $(Z(Z)(a)s))ﬂ,l (13)

where
i 2O ICA
Z2(@,), = 'ﬁ A6,
SO A2*92 () + @)
@ _ i2p8 sz3e3Apkpka5plp
(@), = AZQZ Qz A2 (52
‘90770p 1( p+a)c)
with I, 257780C‘Ep‘ .

In the forthcoming section eq. (13) is being utilized for
detailed analysis.

3. Results and deiscussion

The analytical result obtained has been applied to
moderately n-type doped III-V semiconductor such as n-
InSb. To make the estimation compatible with requirement
such as off-resonant laser excitation, we consider the
irradiation of n-InSb sample by 10.6 pm CO, at 77 K. It is
worth pointing that at liquid nitrogen temperature (77 K),
the dominant mechanism for transfer of momentum and
energy of the electron in scattered mode is due to the
acoustic phonon scattering in semiconductors [31, 32].

The following material parameters are taken as
representative  values to establish the theoretical
formulation:

o, =1.78x 1057, @,=2x 10" s, 0, = 1.77 x 10"
s m = 0.014m, (my being the rest mass of an
electron), & =158, p=5.8 x 10’ kgm >, p = 0.054 Cm 2,
vV =3x10"s", v,=4x10ms ", k=5x10"m", I, =2
x 105"

Eq. (13) shows that effective second-order nonlinear

optical susceptibility ( ¥ (2)(a)s ). ) at Stokes frequency
is a complex quantity. The present theoretical model
explains the dependence of ( ¥®(@,)), on controllable

physical parameters such as wave number/frequency, free
carrier concentration (through plasma frequency, ),
external applied magnetostatic field (through cyclotron
frequency, o.) and pump intensity (I,). Eq. (13) is used to

study (¥?(@,)).; by varying controllable parameters:

ny, By and I,. Efforts are made to find out appropriate
values of controllable parameters and to explore the
possibility of fast optoelectronic devices based on second-

order nonlinearity. Eq. (13) reveals that ( ;((2)(a)s e 1s

finite if B (piezoelectric coefficient) is finite and is the pre-
condition for the occurrence of second-order nonlinearity.
The first term of this equation arises solely due to
piezoelectricity (first-order force) while the second term is
finite if both piezoelectricity and pump intensity are finite.

The second term may be defined as intensity-dependent-
second-order susceptibility.
Using straight forward ion for real and imaginary

parts of (¥ (®,)), can be obtained. It is well known

fact that real and imaginary part of optical susceptibility
describes refraction and gain/absorption phenomena in the
crystal, respectively. By knowledge of propagation of light
in refractive medium various optical devices have been
designed and fabricated such as optical wave guide, filters,
amplifiers, coupler etc [13].

Figs. 2 and 3 depict the behavior of real part of eq.
(13). Fig. 2 shows behavior of the second-order

susceptibility ((¥* (®,)) 1 )> obtained from the first term.

In this figure externally applied magnetostatic field (By)
and free carrier concentration (ng) varied simultaneously.
The figure clearly shows substantial enhancement of

(@) s as well as change in its sign. This typical

behavior arises due to two resonance conditions: (i)
2 _ 2 2 2 2

@] = (;+v")/[(1A(Q,/ 4@])) (resonance

scattered stokes wave frequency and modified electron-

between

. 2 2
cyclotron wave frequency) and (ii) @, = @, (resonance

between scattered stokes wave frequency and electron-
cyclotron frequency). The condition at which

(;(r(z)(a)s)) pchanges sign is referred to as ‘dielectric

anomaly’ or ‘cut-off’ and the excitation near resonance
condition is called anomalous dispersion [33]. Near the
resonance conditions, magnetostatic field dependent drift
velocity becomes many times larger than the acoustic
wave velocity and due to which more energy is transferred
from the carrier wave to the acoustic wave, and eventually
the acoustic wave amplifies. In turn the intense acoustic
wave strongly interacts with pump wave and as a result the
strength of scattered stokes mode enhances substantially.

G oo 1S umity

Fig. 2. Variation of (3 (a, ) 5 with magnetostatic
field (Bo) and free carrier concentration (ng).

By selecting appropriate value of B, (say 9.0 T) and
ny (say 1.5 x 10" m™) we obtained (}(r(z)(a)s))ﬁ~ 3.7 x
10° (SI unit). When we varied both B, and n
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simultaneously, the change in sign of U{r(z)(a)s)) 5 is
observed between 0.0 T to 10.5 T. Besides, it is also
noticed that the value of (¥ (a,)) ; Varies almost

parabolically with rising ny. This figure also exhibits,
when €, (through ny) approaches to 2w,, the frequency of
coherent scattered stokes mode shift towards higher value
of By (i.e. blue shift). Interestingly, with further increase of
Q,, due to departure from resonance, the coherent
scattered stokes mode shift towards lower value of
magnetic field (i.e. red shift).

Fig. 3. Variation of (3 (a, ) .1 With magnetostatic
field (B) and free carrier concentration (n).

For 10.5 T < By <14.0 T, the sign of (7\”(®,)), is
negative and its value is comparatively small. At By=14.1
T, the sign of (¥ (®,)) s changes due to the second

resonance condition and the magnitude of (;(r(z)(a)s )y is

~3.4 x 107 (SI Unit) and which is 10 times larger than the
reported value in GaAlAs [34]. In particular, this result
indicates that in the presence of strong externally applied
magnetic field (~14.1T), the effect of free carrier

concentration on (¥ (,)) pis weak since Q[ @, .

However, in the absence of external magnetostatic field
_ _ 19 -3 @ .
(Bo=0) and ng= 1.5 x10” m” the value of (y,”(®,)), is

3.1 x 10" (ST unit) which is much smaller than the value
obtained around above mentioned resonance conditions.
At By=0.0T, the pump wave scatters from acoustic wave
and plasmon density in doped semiconductors.

The salient feature of result is the tailoring

(x? (@,)); by varying independently/simultaneously B,

and ny and also achieving large value of (;(r(z)(a)s ) 5 in

IMI-V weakly piezoelectric semiconductors. The result
allows tuning of strong coherent backward Stokes wave
over a wide frequency range and opens up possibility of
fabrication of frequency converters.

Fig 3 shows variation of the real part of intensity-

(7 (@) 4,

(second term of eq. 13) with respect to By and ny. This

dependent-second-order  susceptibility

figure also depicts the enhancement of (¥ (,)) s as
well as change in its sign. However, in this case typical

behavior of (¥ (@,)) . arises due to three resonance
conditions: (i) a)sz =(Ql§a)c2 +v3)/v2, (i) (052 =2 a)c2 and

(iii) a)s2 :a)f . Interesting feature of this case is the

interaction between plasmon oscillator and electron-
cyclotron oscillator. Let us define this oscillator as hybrid-
oscillator. The hybrid-oscillator interacts with electric field
of pump wave and as a result plasma and electron-
cyclotron frequencies dependent coherent scattered stokes
wave is produced. It is often advantages, moving the
frequency of coherent stokes wave to higher and more
accessible spectral region in proportion to: (a) plasma
frequency (or ng) for fixed electron-cyclotron frequency
(or By), (b) electron-cyclotron frequency for fixed plasma
frequency and (c) combination of both frequencies. For
example, in  moderately doped semiconductor
(np=1.5x10""m"), low externally applied magnetostatic

field (1.5 -3.5 T) yields a large value of (Zrm(a)s))m

and also alters its sign as well as shifts the stokes
frequency towards higher frequency (Blue shift).
One may notice that between 4.0 to 9.0 T, the sign of

(x* (@,)) 4, is negative and its value is almost constant
because in this region the resonance condition does not
occurs. However, between 9.5 to 14.1 T, second
(a)s2 N 20)c2 ) and third (a)s2 g a)c2 )  resonance
condition yield, sharp enhancement and change of sign of
()(r(z) (@,)) 4, atBy=10.0 T and 14.1 T, respectively.

Here it is worth pointing out that in case of
U(r(z) (,)) .1 apart from By and ny dependence, intensity
dependence can also be utilized for the enhancement
OfU[r(z)(a)s))/}J- The value of (;(r(z)(a)s))ﬁ,, can be
increased linearly with increasing pump intensity for a
given value of By and n,. At certain pump intensity I, the

magnitude of ( )(r(z)(a)s ). is comparable to the value

of()(r(z)(a)s))ﬂ. For example when By= 00 T,

(Zra) (@, ))ﬂ,l

intensity I~ 1.6 x 10" W/m®. Here it is worth mentioning
that practically the excitation intensity can not be
increased arbitrarily because it may damage the sample.
Mayer et al [35] pointed out that when semiconductor is
irradiated with intense laser light with long pulse duration
a frequent consequence is the production of heat.
However, the damage threshold can be lowered by
reducing the pulse duration or through free carrier
nonlinear absorption mechanism.

~ (Zr(Z) (COS ))ﬂ at excitation pump
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In fig 4 and 5 the imaginary part of eq. (13) has been
analyzed. Fig 4 shows the variation of

(@) p(imaginary part of first term) with

magnetostatic field at two different free carrier
concentrations 1.5x10" m™ and 2.4x10" m™. For both

concentrations initially the (¥>(@,)) p is positive and
grows very slowly with increasing B,. When
O =@+ (14Q 14@?)) , the (72 (@,)) yrises
abruptly and reaches to its peak value and change of sign
occurs at sharp resonance. Further  negative
Q’i(z)(a)S ) g decreases sharply due to departure from
resonance and attains small value. On further increase in
magnetostatic field an abrupt rise in (7*(®,)) pand its
observed due to

change of sign is resonance

.. 2 2
condition®; = @, .

0 2 4 6 8 10 12

Fig. 4. Variation of (;(i(z)(a)s))ﬂ with magnetostatic

field at free carrier concentrations (ag ny=1.5x10'° m
and (b) ng=2.4x10%° m>.

20

6
Bo

Fig. 5. Variation of (7" (@,)) .1 With magnetostatic

field at free carrier concentrations (a) ny= 1.5x10*° m*
and (b) np=2.4x10*° m?,

Above results infer when Q;~2w,, reversal of sign of
(? (@,)) 5 can be achieved in low doped piezoelectric

semiconductor by applying low magnetic field. Hence,
externally applied magnetostatic field dependent behavior

of (Zi(Z)(a)s)) p Oof moderately doped piezoelectric

semiconductor sample may be utilized to design
parametric switch (gain/loss) in the far infrared regime

because positive/negative (7> (@,)) 4 leads to gain/loss

phenomenon.

Fig. 5 shows the variation of imaginary part of second
term with magnetostatic field at two different free carrier
concentrations 1.5x10" m™ and 2.4x10" m>. For both

concentrations, initially O(i(z)(a)s)) sy is positive and

grows very slowly with increasing By. When electron
cyclotron frequency approaches to stokes frequency,
(@) 5.1 Tises abruptly and reaches to its peak value.

A change of sign occurs at sharp

condition 6()52 = (Qéa)c2 +v%)/v?and saturate to small

reésonance

value due to departure from the resonance. Further
increase in magnetostatic field gives rise to sharp

enhancement of ( )(i(z) (@,)) 45, and changes of sign due to

resonance condition ;> ~ 2a.”. This figure also shows that
the first resonance condition shifts toward lower
magnetostatic field with increase in carrier concentration,
while the second resonance condition (around B;=10.0 T)
is independent of free carrier concentration. For example
for ny= 1.5x 10" m™ resonance occurs at 2.9T and it shifts
to 1lgowe}er magnetostatic field (By= 2.3T) when ny= 2.4x
107 m™.

4. Conclusions

In the present paper, using electromagnetic treatment
the effective second-order optical susceptibility has been
studied in weakly piezoelectric narrow direct-gap III-V
doped semiconductors like n-InSb subjected to a
transverse magnetostatic field under off-resonant transition
regime. The following important conclusions may be
drawn:

1. The hydrodynamic model of semiconductor-plasma has
been successfully applied to study the effect of doping
level, magnetostatic field and pump intensity on second-
order optical susceptibility in piezoelectric III-V doped
semiconducting crystals duly illuminated by slightly off-
resonant not-too-high-power pulsed lasers with pulse
duration sufficiently larger than the acoustic phonon
lifetime. Moreover, the present analysis appears to be the
first of its kind with detailed incorporation of convective
nonlinearity and explored the possibility of intensity
dependence of second-order optical susceptibility in III-V
semiconductors.

2. Resonance between (i) lattice frequency and plasma
frequency (ii) stokes frequency and electron-cyclotron
frequency (iii) stokes frequency and hybrid frequency can
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lead to large tunable effects specifically related to
scattering phenomena and frequency tuning which can be
utilized for spectroscopic measurement and frequency
converters.

3. Near resonance conditions, significant enhancement of

7? (@,) as well as change in its sign can be achieved in

weakly piezoelectric doped III-V semiconductors. This
study may be utilized in observation of different
phenomena such as self focusing/defocusing and
absorption/gain. A strong transverse magnetostatic field

(14.1T) enhances the y** (@,) by a factor of 10* as in its

absence.

4. By proper selection of doping concentration, externally
applied magnetostatic field and intensity of pump, the
value of second-order optical susceptibility in III-V
semiconductors can be substantially enhanced and its
behavior can also be tailored. The proposed model opens
up possibilities for the fabrication of efficient and fast
nonlinear optical devices.

Acknowledgement

One of the authors (PA) acknowledges financial
support from Department of Science and Technology
(FIST), New Delhi, India.

References

[1] H. J. Gerritsen, Appl. Phys. Lett. 10, 239 (1967).

[2] B. I. Stepanov, E. V. Ivakin, A. G. Rubanov, Dok
Acad Nauk SSSR 196, 567 (1971).

[3] A. Yariv, P. Yeh, Optical waves in crystals, New
York: Wiley, 1984, p. 549.

[4] G. Banfi, V. Degiorgio, D. Ricard, Advances in Phys.
47,447 (1998).

[5] H. Haug, S. W. Koch, Quantum Theory of the Optical
and Electronic Properties of Semiconductors, 4th edn,
Singapore: World Scientific, 2004.

[6] D. A. B. Miller, Laser Focus 19, 61 (1983).

[7]1R. K. Jain, Opt. Eng. Bellingham 21, 199 (1982).

[8] S. D. Smith, Nature London 316, 319 (1982).

[9] E. Garmire, IEEE J. Quantum Electron
6, 1094 (2000).

[10] C. Y. Tai, J. S. Wilkinson, N. M. B. Perney,
M. C. Netti, F. Cattaneo, C. E. Finlayson,
J. J. Baumberg, Optics Express 12, 5110 (2004).
[11] G. Lutz, Semiconductor Radiation Detectors: Device
Physics , Berlin: Springer, 1999.
[12] Y. Fu, M. Willander, Physics Models of
Semiconductor Quantum Devices, Berlin: Springer,
1999.

[13] G. Meinert, L. Banyai, P. Gartner, H. Haug, Phys.
Rev. B 62, 5003 (2000).

[14] J. N. Heyman, P. Neocleous, D. Hebert,

P. A. Crowell, T. Muller, K. Unterrainer, Phys. Rev.
B 64, 85202 (2001).
[15] M. B. Johnston, D. M. Whittaker, A. Corchia.,
A. G. Davis, E. H. Linfield, J. Appl. Phys.
91,2004 (2001)

[16] V. E. Gusev, A. A. Karabutov, Laser Optoacoustics
(American Institute of Physics, New York, 1993)
pp- 93-128.

[17] R. W. Boyd, Nonlinear Optics San Diego (Academic
Press, 1992) Ch. 9.

[18] A. Hayat, Y. Elor, E. Small, M. Orenstein, Appl.
Phys. Lett. 92, 181110 (2008).

[19] S. Faez, P. M. Johnson, D. A. Mazurenko,

Ad. Lagendijk, J. Opt. Soc. Am. B 26, 235 (2009).

[20] S. V. Koshevaya, V. V. Grimalsky, A. Garcia-B,

D. M. Fernanda, Ukr. J. Phys. 51, 593 (2006).

[21]J. M. Makowska, K. J. Plucinski, A. Hruban,

J. Ebothe, J. I. Fuks, I. V. Kityk, Semicond. Sci.
Technol. 19, 1285 (2004).

[22] A. A. Bulgakov, O. V. Sharmkova, J. Phys. D: Appl.
Phys. 40, 5896 (2007).

[23] D. L. Spears, Phys. Rev. B 2, 1931 (1970).

[24] P. K. Kaw, J. Appl. Phys. 44, 1497 (1973).

[25] A. O. E. Animalu, Intermediate Quantum theory of
crystalline solids, (Prentice Hall of India Pvt. Ltd,
1977.

[26] P. Aghamkar, M. Singh, N. Kishore, S. Duhan,

P. K. Sen, Semicond. Sci. Technol. 22, 749 (2007).

[27] M. Singh, P. Aghamkar, N. Kishore, P. K. Sen,

M. R. Perrone, Phy. Rev. B 76, 012302 (2007).

[28] W. Maa, C. L. Eric, Appl. Phys. Lett.

82,3293 (2003).
[29]J.J. Wynne, N. Bloembergen, Phys. Rev.
188, 1211 (1969).

[30] A. Yariv, A quantum electronics, New York: Wiley,
1975, p. 491-97.

[31] D. L. Rode, Semiconductors and Semimetals ed
Willardson R K and Beer A C, New York:
Academic, 1975, p-1 vol 10.

[32] G. E. Stillman, C. M. Wolfe, J. O. Dimmock, J. Phys.
Chem. Solids 31, 1199 (1970).

[33] E. D. Palik, J. K. Furdyna, Rep. Prog. Phys.

33, 1193 (1970).

[34] X. H. Qu H. Ruda, IEEE J. Quant. Electron.
31,228 (1995).

[35]J. M. Mayer, F. J. Bartoli, M. R., Kruer, Phys. Rev. B,
21, 1559 (1980).

*Corresponding author: prasut2003@yahoo.co.in,
vishudup1181@gmail.com,



