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Abstract—In the present analytical investigation, using
hydrodynamic model for one component plasma, we have
explored the threshold and gain characteristics of parametric
amplification of optically excited coherent collective mode in a
semiconductor magneto-plasma. Propagation of intense pump
beam in semiconductor plasma has been investigated by
considering induced second order optical nonlinearity. Coupled
mode theory has been applied to analyze coupling of electron
and longitudinal optical phonons and further pump, polaron
and signal modes in the medium. Theoretical model has been
developed with the help of rotating wave approximation method.
Numerical estimates have been made by considering n-InSb
crystal illuminated by CO2 laser in the presence of an external
magnetostatic field under Voigt geometry. The results indicate
that the second order optical susceptibility can be tailored by
varying magnitudes of external magnetostatic field and doping
concentration. It has been found that the proper selection of
magnetostatic field and doping concentration reduces the
threshold pump field for the onset of parametric amplification
and enhances the parametric gain coefficient. The results
strongly suggest the potential of n-InSb-CO2 laser system for the
fabrication of parametric amplifier and design of optical
switches.
Keywords—Parametric amplification, Fröhlich interaction,
Magneto-plasma excitations, Semiconductor plasmas.

I.
INTRODUCTION
Understanding and controlling the light-matter interactions
are of fundamental importance owing to their manifold
technological applications in science and engineering. More
than 100 years ago, puzzles over blackbody radiation and
atomic line spectra give rise the birth of quantum mechanics
and since there have been countless developments, not least
the laser. Since the development of the laser, a major area of
research, known as optoelectronics emerged. It has been
devoted to the development of optoelectronic devices capable
of providing tunable coherent radiation at optical frequencies
which are not directly available from laser sources [1]. Pulsed
lasers have been used in optical tweezers for biomedical
applications [2]. Surface plasmon polaritons have being
developed as bio-molecule sensors for detection of chemical
and biological species [3]. On the other hand, optical bistable
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studies in nonlinear surface-plasmon polaritonic crystals
explore possible ways to control light with light [4].
Parametric amplification in the radio as well as microwave
frequency regime was well studied before the development of
lasers [5]. The same process was also expected at optical
frequencies, but could be demonstrated only after the
development of laser [6]. Optical parametric oscillation
(OPO), an important extension of optical parametric
amplification (OPA) was first demonstrated in 1965 [7]. The
progress in OPA/OPO has been the subject of review papers
by Brunner and Paul [8], Peng [9], Ciriolo et.al. [10].
OPA/OPO provide an attractive way of generating coherent
infrared sources which could be tuned over a wide range of
frequencies in the spectral range where lasers simply do not
exist – for the need of spectroscopy, medical applications,
remote sensing etc. This fundamental but interesting process
in a solid-state plasma also plays an important role in
fabrication of low-noise amplifiers [11] and oscillators [12].
This process is widely used for the low-loss optical switching
in semiconductors [13].
In OPA, a weak signal is made to interact with a strong,
higher frequency pump and both the generated difference
frequency (known as the idler) and the original signal are
amplified. In a polar material, the electric field interacts with
both electrons and optical phonons. The scattered radiation
consists generally of two parts: (i) a single particle portion,
and (ii) a collective part. The single particle scattering is due
to individually moving electrons in the plasma and is nearly
elastic. This portion of the spectrum can be used to determine
the electron velocity distribution and presents a great interest
in transport theory. The collective mode of scattering is caused
by plasma waves (plasmons) in the electron gas. In solid-state
plasma, the collective modes interact with phonons and as a
result, a number of plasmon-phonon interactions arise [14],
such as (i) deformation potential interaction with both
acoustical phonons (APs) as well as optical phonons (OPs);
(ii) piezoelectric interaction with APs; and (iii) Fröhlich
interaction with LOPs.
In noncentrosymmetric crystals, the electrostrictive strain
gives rise to an electric field via piezoelectric effect. APs may
be active via piezoelectric effect in certain directions. The
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piezoelectric plasmon-AP interaction affects to a large extent
the nonlinear optical properties of semiconductor crystals for
improving the performance of optoelectronic devices [15].
The Fröhlich interaction is a Coulomb interaction between
itinerant electron and the longitudinal electric field produced
by the LOPs. It is considered to be the strongest exciton–
phonon interaction in polar semiconductor crystallites for
incoming photon energy in resonance with excitonic states
[16].
The interaction of free carrier collective excitations with
LOPs by macroscopic longitudinal electric fields in polar
semiconductors has been treated theoretically [17]. This
coupled wave approach can also be generalized to include
waves other than electromagnetic. However, in
noncentrosymmetric crystals, the idler electromagnetic wave
can be replaced by an optically excited coherent collective
mode (viz. acoustical, optical, polaron, polariton modes etc.),
and a strong tunable electromagnetic Stokes wave can be
obtained as a signal wave at the expense of the pump wave
using the coupled mode approach. A polaron is a quasiparticle the origin of which lies in the self-induced
polarization of the conduction electron (or hole) in an ionic
crystal or in a polar semiconductor [18, 19]. This polarization
is local in character and arises due to the displacements of ions
from the lattice positions caused by the field produced by the
electron density perturbations. The resulting interaction with
the polarized lattice changes the energy as well as mass of the
electron [20].
Earlier studies on polaronic effects arising due to Fröhlich
interaction were made by Lee and Pines [21], Feynman [22]
and Landau [23] on theoretical grounds recognized as
pioneering work in this field. Polaronic effects based on
Fröhlich interaction between electrons and LOP of a polar
semiconductor have been the subject of a number of research
groups [24-28] and have emerged as an explosive area of
research. The electron-phonon interaction based linear and
nonlinear optical properties of semiconductor microcrystallites
have been studied by Rink et al. [29]. It was observed by them
that the strength of the electron phonon coupling increases
with decreasing particle size. Blocking of polaron effect and
spin-split cyclotron resonance in a two-dimensional electron
gas has been studied by Wu et.al. [30]. They reported that due
to electron-phonon interaction large corrections are produced
on cyclotron resonance frequency not only in the resonant
region, but also in the off-resonant region. The polaron effect
well above the LOP energy was studied through cyclotron
resonance measurements in compound semiconductor in
presence of ultra-high magnetic fields by Miura and Imanaka
[31]. They reported that the resonant polaron effect manifests
itself when the cyclotron frequency approaches the LOP
energy at sufficiently high magnetic fields. The concept of
Fröhlich interaction and polaron mass was tested using
infrared magneto absorption measurements in doped GaAs
quantum well structures by Faugeras et.al. [32]. A study of
polar optical phonon modes and Fröhlich electron-phonon
interaction Hamiltonians in four layers Ga1−xAlxAs/GaAs
coaxial cylindrical quantum cables yield that the high
frequency phonon modes have more significant contributions
to the coupling of the electron-phonon interaction [33].
Fröhlich interaction based electron-phonon interaction in a
single modulation-doped GaInAs has been studied by Orlita
et.al. [34]. Resonant enhancement of Raman modes of nano
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structured copper oxide films showed the existence of strong
electron–phonon coupling mediated by Fröhlich interaction
[35]. Fröhlich interaction based parametric oscillations in
magnetized semiconductor plasmas have been studied by
Dubey and Ghosh [36]. They reported the feasibility of
achieving a polaron-induced single resonant parametric
oscillator through an n-InSb-CO2 laser system with a
transverse magnetostatic field. Recently, acoustical phonon
and polaron mode-induced OPA in transversely magnetized
III-V semiconductors have been studied by Jangra et.al. [37].
They reported the significance of Fröhlich interaction in
heavily doped transversely magnetized III-V semiconductors
and possibility of fabrication of optical parametric amplifier
using n-InSb-CO2 laser system.
Here, it should be worth pointing out that Fröhlich
interaction remains absent in covalent materials such as Ge
and Si, but it significantly affect the mobility of III-V
semiconductors. For this type of studies III-V semiconductors
happens to be obvious choice because of the possibility of
rendering them p-type or n-type conductors through doping.
At low doping levels, the interaction remains unscreened.
With increasing doping levels, plasmons and phonons will no
longer remain decoupled, rather the system will exhibit
oscillations at coupled phonon-plasmon modes with frequency
2 =

1
2
(2p +  2LO )  {( 2p +  2LO )2 − 4 2p TO
}1/ 2  ,
2

(1)

1/ 2

 n e2 
where  p =  0 
 m 

is the electron-plasma frequency.

 = 0  is the dielectric constant, in which  is the high
frequency dielectric constant of the medium. LO and TO
represent the longitudinal optical phonon frequency and
transverse optical phonon frequency, respectively.

Hence, it would be interesting to find out the doping levels
favorable for plasmon-LOP coupling in a degenerate polar
semiconductor plasma.
Since semiconductors may be regarded as universally
recognized materials with high optical nonlinearities which
can be easily controlled by externally applied electric and
magnetic fields [38, 39]. In the presence of externally applied
magnetic field, the collective cyclotron excitations – LOPs
coupling, via the macroscopic longitudinal electric field give
rise to modified normal modes. Under Voigt geometry,
modified normal modes frequencies at the center of Brillouin
zone (zero wave vector mode) is given by [40]
2 =

1
2
(2p + c2 + 2LO )  {( 2p + c2 +  2LO ) 2 − 4( 2p TO
−  c2  2LO }1/ 2 
2

(2)
where  c =

e
B0 is the electron-cyclotron frequency in the
m

presence of magnetostatic field B0.
 2 represent the modified normal mode frequency
corresponding to the magneto-plasma excitations. It is clear
that presence of magneto-plasma excitations modifies the
coupling of electron-LOP quiet distinctively.
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Hence, motivated by the present state of art, a study on the
effect of magneto-plasma excitations via Fröhlich interaction
has been carried out in compound semiconductor medium.
Study of inter-dependence of coupled plasmon-phonon modes
and magneto-plasma excitations during Fröhlich interaction in
the presence of an intense laser beam is the main focus of our
study. Nonlinear response of the medium leads to excitation of
coherent collective mode as a result of coupling between
pump wave and these optically excited coherent collective
modes (viz. acoustical, optical, polaron mode etc.). This three
wave mixing process has been considered as OPA process.
Expressions for the nonlinear polarization and second-order
susceptibility arising from the nonlinear induced current
density have been obtained. Threshold pump field for the
onset of OPA and parametric gain coefficient have been
obtained. Data of III-V direct band gap n-InSb semiconductor
subjected to pulsed CO2 laser have been used for the
numerical estimations.
II. THEORETICAL FORMULATIONS
In this section, using the hydrodynamic model of the
homogeneous one component (viz., n-type) semiconductingplasma, a theoretical depiction for evaluating expressions for
second-order optical susceptibility (2), threshold pump
amplitude 0,th for the onset of OPA and parametric gain
coefficient gpara has been developed. We consider the
propagation of an intense pump wave 0 = xˆ0 exp(−i 0 t )
applied along x-direction in homogeneous semiconductor
ˆ 0
medium subjected to an external magnetostatic field B0 = zB
along the z-axis. This considered field geometry is known as
Voigt geometry [41]. We also consider that the transfer of
energy and momentum among the pump (0, k0), polaron (pl,
kpl) and signal waves (1, k1) satisfy phase matching
conditions:
1 = 0 −  pl , and k1 = k0 − k pl .

We assume spatially uniform pump field ( k0  0 ) so that
k1  k pl = k (say).

The optical phonons are active only in infrared regime
[42], thus we consider here semiconductor plasma to be
irradiated by an infrared pulsed laser with pulse duration much
larger than the acoustic damping time, and thus the interaction
may be treated as a steady-state process.
The basic equations governing parametric interactions of a
pump with the medium are as follows:
v
n1
v
n
+ n0 1 + n1 0 + v0 1 = 0
t
x
x
x
 pl
x

=−

n1e  Nq  R
+
.

 0   0  x

(3)

The induced depolarizing field strongly couples the
longitudinal and transverse degrees of freedom of the medium
and shifts the natural frequency away from the cyclotron
frequency and hence induces the collective cyclotron
excitation with the resonance frequency  cc = ( 2p +  c2 )1/ 2 .
We proceed with the following equations of motion for
electron and polaron mode under one-dimensional
configuration (along x-axis) for n-type moderately doped
semiconductor magneto-plasma:
2 r
r
e
 r

+ (2p + c2 )r + 2 e
= − 0 +   B0  
t 2
t
m
 t


(5)

2 R
R
q
+ ( 2p +  c2 ) R + 2 pl
=
 pl .
t 2
t M pl

(6)

Here, pl = e + ph, in which e represents electronelectron collision frequency and ph (=10-2  + ) takes into
account the optical phonon decay constant. These loss
parameters have been introduced phenomenologically and do
not vary with the pump and the external magnetostatic fields.
q is the effective charge given by
1/ 2

 M  1 1 
q = L   0  −   ,
 N    s  

(7)

where M and N (= a-3) represent the reduced mass of the
diatomic molecule and number of unit cells per unit volume,
respectively, and a is the lattice constant of the crystal.
Mpl stands for polaron mass. If the coupling between
electron and phonon in the semiconductor plasma is strong
enough to form polarons and/or bi-polarons, one will expect a
substantial isotope effect on effective mass of charge carriers.
In a semiconductor plasma, moving electron drags the lattice
distortion with it thereby by creating a larger inertia. This
results in slight increment in polaron mass. For weak coupling
limit the polarization may be regarded as a small perturbation
[43] and quantum mechanical perturbation theory yields
polaron mass [44] as
 
M pl  m 1 +  , for 
 6

1.

(8)

Here  is Fröhlich coupling constant which is always
positive. Half of  gives the average number of ‘virtual
phonons’ carried along by electron [45].
The components of oscillatory electron fluid velocity in
presence of pump and magnetostatic fields may be obtained
from Eq. (5) as

(4)

Conservation of charge is represented by continuity
equation (Eq. (3)), in which n0 and n1 are the equilibrium and
perturbed electron densities, respectively. v0 and v1 are the
oscillatory fluid velocities of electrons of effective mass m.
Effective polaron electrostatic field pl arising due to the
induced electronic and lattice polarizations can be deduced
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from Poisson's equation (Eq. (4)) in which 0 is the
permittivity of free space.

v0 x =



and v0 y = c2 ,
0
2e − i0

where  = −

02
e
0 .
m (02 − c2 )
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The plasmon-phonon modes and magneto-plasma
excitations during Fröhlich interaction produces density
perturbation with in the semiconductor plasma, which can be
obtained by following the procedure adopted by one of the
present authors [46]. Differentiating Eq. (3) with respect to
time and using Eqs. (4), (5) and (6), we obtain
 n1
n qm
R Nq
+ 2e 1 +
12p n1 −
1 n0
2
t
t eM
x M pl 0
2

2

In deriving Eq. (11), we have neglected the effect of
transition dipole moment with an aim to concentrate only to
the contribution of nonlinear current density on the induced
polarization of the medium. The induced nonlinear current
density is given by
J (1 ) = −ev0 ns* ,

where * represents the complex conjugate of the quantity.
Substitutions of corresponding expressions in Eq. (12) yields

n 
 v
−2 ph  n1 0 + v0 1  = −ikn12  ,

x
x 


(9)

J (1 ) =

2+
where 1 = 2
,
+ − 2p − c2

2 =

− kq 3 N 0  2p 10 *pl
M pl2 (02 − c2 )[( 2+ + cc2 ) − 2i pl  + ]
−1

2


k 2 22 
2
 . (13)
 ( 2 + 2ie + ) − 2

(1 − 2ie 1 ) 



02
, and
 − 2p − c2
2
0

 2p =

The time integral of Eq. (13) yields an expression for
nonlinear induced polarization due to the perturbed carrier
density as

qm 2
p .
eM

The perturbed electron concentration n1 may be expressed
as: n1 = n1f (1) + n1s (pl), where the slow component n1s
(pl) is associated with polaron mode, while the fast
component n1f (1) oscillates at electromagnetic wave
frequencies 0  p pl , where p = 1, 2, 3, …. The higherorder terms at frequencies 1 (= 0  p pl ) , for p = 2, 3, …
being off-resonant, have been neglected. In the forthcoming
formulation, we shall consider only the first-order Stokes
component of scattered electromagnetic wave.
Under rotating wave approximation (RWA), Eq. (9) leads
to following coupled equations in terms of density
perturbations:
 2 n1 f
t

2

(12)

+ 2 e

Pnl (1 ) =  J (1 )dt .

(14)

By using Eq. (13) in the above equation, the expression of
polarization is obtained as
Pnl (1 ) =

ikq 3 N 0  2p 10 *pl
M pl2 1 (02 − c2 )[( 2+ + cc2 ) − 2i pl  + ]
−1

2


k 2 22 
2

 . (15)
 ( 2 + 2ie + ) − 2

(1 − 2ie 1 ) 



Nonlinear induced polarization is given by
Pnl (1 ) =  0  ( 2) 0 *pl .

n1 f

qm
R Nq 2
+
1 2p n1 f −
1 n0
t
eM
x M pl  0

n1 f 

v
*
−2 ph  n1 f 0 + v0
 = −ikn1s 2 

x

x



(16)

On comparing with Eq. (54), we get second-order optical
susceptibility as
(10a)

( 2) =

and
 2 n1s
n1s qm
R Nq 2
2
+
2

+


n
−
1 n0 = −ikn1*f  2  .
e
1
p
1
s
t 2
t eM
x M pl 0

ikq 3 N 0  2p 1
 0 M pl2 1 (02 −  c2 )[( 2+ +  cc2 ) − 2i pl  + ]

2


k 2 22 
2


 ( 2 + 2ie + ) − 2

(1 − 2ie 1 ) 


(2)
(2)
= ( ) r + i ( ) i .

(10b)

−1

(17)

Eqs. (10a) and (10b) reveal that the slow and fast
components (n1s, n1f)) of density perturbations are coupled to
each other via pump electric field  . That it is clear that for
OPA, the presence of pump field is the fundamental necessity.

In Eq. (17), ((2))r and ((2))i represent the real and
imaginary parts of complex (2), given by

Mathematical simplification of Eqs. (10a) and (10b) yield
the slow component of density perturbation as

((2) )r =

ns =

ikn0 Nq 3 1 pl
2
+

2
cc

−1

2


k 2 22 
2

 , (11)
 ( 2 − 2ie + ) − 2

(1 + 2ie 1 ) 



where 12 = 1 2p − 12 and  22 = 1 2p −  2+ .
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0 M pl2 1 (02 − c2 )[(+2 + cc2 )2 + 42pl 2+ ]
2


k 2 22 
2


 ( 2 + 2ie + ) − 2

(1 − 2ie 1 ) 



M  0 [( +  ) + 2i pl  + ]
2
pl

ikq3 N 0 2p 1 (2+ + cc2 )

−1

(17a)

and
((2) )i =

2ikq3 N 0 2p 1 pl +
0 M pl2 1 (02 − c2 )[(2+ + cc2 )2 + 42pl 2+ ]
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2


k 2 22 
2

 . (17b)
 ( 2 + 2ie + ) − 2

(1 − 2ie 1 ) 



The above equations reveal that ((2))r and ((2))i
characterize the steady state optical response of the medium
and govern the nonlinear wave propagation through the
medium in presence of transverse magnetostatic field.
Moreover, ((2))r is responsible for parametric dispersion
while ((2))i give rise to parametric amplification/absorption
and oscillation. The present paper deals with the study of
parametric amplification/absorption of optically excited
coherent collective mode in a semiconductor magneto-plasma
only. The study of parametric dispersion and parametric
oscillation will be the research work of future publication.
To incite parametric interactions in the medium, the pump
amplitude should exceed certain threshold value 0,th
necessary to supply minimum required energy to the medium.
This may be obtained from eq. (15) by setting Pnl (1) = 0 as
0,th =

m ( −  ) 1  2
.
ek
 02
2
2
0

2
c

(18)

The above equation reveals that 0,th is strongly influenced
by external parameters: wave vector (k), magnetostatic field
B0 (via c), and carrier concentration n0 (via p). It is evident
that threshold pump field is inversely proportional to wave
vector k, therefore, lower threshold could be achieved for
higher values of wave vector.

Utilizing the material parameters of n-InSb-CO2 laser
system, the numerical estimations depicting threshold and
amplification characteristics are plotted in Figs. 1 - 5.
Fig. 1 shows the variation of threshold pump amplitude
0,th with magnetostatic field B0 for two different doping
concentrations (n0 = 1.5  1023 m-3 and n0 = 3.1  1023 m-3) at k
= 2  108 m-1. It can be observed from this figure that in both
the cases, higher magnetostatic field reduces the pump
amplitude required to incite parametric processes. Moreover,
higher values of n0 lowers the 0,th required for the onset of
OPA. Thus, one may reduce the threshold pump field by
significant amount by increasing the externally applied
magnetostatic field even at different doping concentrations in
the semiconductor.
1.50
Threshold Pump Amplitude, 0 th (×107 Vm –1)

Published by :
http://www.ijert.org

n0 = 1.5×1023 m –3

1.45
1.40
1.35

n0 = 3.1×1023 m –3

1.30
1.25
1.20
1.15
1.10

In order to investigate the amplification characteristics in a
doped semiconductor, we employ the relation

0

g para

k
= 0 ((2) )i 0 ,
21

2

4

(19)

6

8

10

12

14

16

18

Magnetostatic field, B0 (T)

Fig. 1: Variation of 0,th with B0 at k = 2  108 m-1.

Substituting the value of ((2))i from equation (17b), the
expression of parametric gain coefficient becomes
50

20 1 M pl2 1 (02 − c2 )[(2+ + cc2 )2 + 42pl 2+ ]

45
−1

2


k 2 22 
2

 .
 ( 2 + 2ie + ) − 2

(1 − 2ie 1 ) 



(20)

The above equation reveals that gpara is strongly influenced
by external parameters: magnetostatic field B0 (via c), carrier
concentration n0 (via p) as well as pump field amplitude 0.
III.

RESULTS AND DISCUSSION

In order to establish the validity of present model, we have
chosen a weakly-polar narrow band-gap semiconductor crystal
viz. n-InSb) at 77 K as the medium; it is assumed to be
irradiated by a 10.6 μm (0 = 1.78  1014 s–1) pulsed CO2 laser.
Around this temperature, absorption coefficient of the sample
is low around 10 μm and one may safely neglect contribution
due to band-to-band transition mechanism. The physical
parameters of n-InSb at 77 K are given Ref. [36].
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Threshold Pump Amplitude, 0 th (×106 Vm–1)

g para =

2ik0 kq3 N 0 2p 1 pl + 0

B0 = 0 T

40
35
30
25
20
15
B0 = 11 T
10
5
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Doping Concentration, n0 (×10 23 m–3)

Fig. 2: Variation of 0,th with n0 at k = 2  108 m-1.
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Fig. 2 shows the variation of threshold pump amplitude
0,th with doping concentration n0 in the absence (B0 = 0T)
and presence of magnetostatic field (B0 = 11T) at k = 2  108
m-1. It can be inferred that in both the cases threshold pump
amplitude decreases on increasing carrier concentration up to
n0 = 1.5  1023 m-3 (for B0 = 11T) and n0 = 3.1  1023 m-3 (for B0
= 0T) and attains minima due to resonance between plasma
frequency and modified normal and normal mode frequencies
respectively. Beyond this value, plasma frequency becomes
greater than modified normal mode frequency, responsible for
enhancement in the value of threshold pump amplitude.
Further increment in carrier concentration reduces threshold
pump field. Presence of magnetostatic field reduces the
magnitude of pump field required to incite parametric
interactions.
40

Parametric Gain Coefficient, gpara (×108m–1)

30
n0 = 3.1×1023 m –3
20
10

0

-10

-20

n0 = 1.5×1023 m –3

-30

-40
0

2

4

6

8

10

12

14

16

18

Magnetostatic field, B0 (T)

Fig. 3: Variation of gpara with B0 at k = 2  108 m-1 and 0 =
1.3  107 Vm-1.
40
B0 = 11 T

Parametric Gain Coefficient, gpara (×108m–1)

30

20
B0 = 0 T
10

0
-10

-20
-30

-40
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Doping Concentration, n0 (×10 23 m –3)

Fig. 4: Variation of gpara with n0 at k = 2  108 m-1, B0 =
11T and 0 = 1.3  107 Vm-1.
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Fig. 3 shows the variation of parametric gain coefficient
gpara with magnetostatic field B0 for two different doping
concentrations (n0 = 1.5  1023 m-3 and n0 = 3.1  1023 m-3) at k
= 2  108 m-1 and 0 = 1.3  107 Vm-1. It can be observed that
in both the cases parametric gain coefficient is positive (which
indicates amplification) and remains almost constant with the
increase in magnetostatic field. However, as B0 ~ 14T, gpara
shoots up to its maximum value (3.8  109 m-1 for n0 =
3.1  1023 m-3 and 1.6  109 m-1 for n0 = 1.5  1023 m-3) followed
by a very sharp fall making gpara = 0 at B0 = 14.2T. Beyond
this point gpara becomes negative (which indicates absorption)
fall rapidly acquiring minimum value (-3.7  109 m-1 for n0 =
1.5  1023 m-3 and -0.8  109 m-1 for n0 = 3.1  1023 m-3). A rise
in gain constant is again witnessed if magnetostatic field is
further increased which may be explained as follows: For B0 <
14.2 T, c < 0 and the term ( 02 − c2 ) in the denominator of
Eq. (20) is positive and give rise positive values of gpara. As B0
~ 14.2T, the term 02 − c2 becomes smaller thereby
increasing gpara. Further, as B0 > 14.2T, c > 0 and the term
02 − c2 in the denominator of Eq. (20) becomes negative and
give rise negative values of gpara. A comparison between the
two curves infer that at low doping concentration, parametric
absorption is higher while at high doping concentration,
parametric gain is higher. Thus we conclude from this figure
that by suitably choosing the external magnetostatic field
around
resonance,
one
may
control
the
amplification/attenuation characteristics of the medium for the
optically excited coherent collective mode in semiconductor
plasmas. This feature can be utilized for the design of optical
switches.
Fig. 4 shows the variation of parametric gain coefficient
gpara with doping concentration n0 in the absence (B0 = 0T)
and presence of magnetostatic field (B0 = 11T) at k = 2  108
m-1 and 0 = 1.3  107 Vm-1. It has been found that the nature
of variation is almost similar in both the cases but presence of
magnetostatic field enhances magnitude of gain by a factor of
10. Initially gpara is positive exhibiting parametric gain, which
increases with increasing doping concentration till a particular
carrier density (n0 ~ 1.5  1023 m-3) at which maximum gain is
achieved. On elimination of magnetostatic field higher doping
concentration n0 ~ 3.1  1023 m-3 is needed for the same. The
maxima are due to resonance between plasma frequency and
coupled plasmon–phonon mode frequency. Beyond this
doping level a sharp increment shows absorption due to sign
reversal of gpara. So we realize that presence of magnetostatic
field leads higher gain at lower doping level. First cross over
point signifies a particular doping concentration n0 = 1.5  1023
m-3, up to which the presence of magnetostatic field leads to
gain whereas in the absence of magnetostatic field gain begins
at this doping concentration. Therefore n0 = 1.5  1023 m-3 is
found to be favourable for the efficient coupling between
phonon-plasmon modes in the absence of magneto-plasma
excitations. On the other hand coupling between plasma
frequency and modified normal mode frequency resulting into
amplification initiates at quite lower doping and this continues
till n0 = 1.5  1023 m-3. Favourable doping concentrations
reported in this figure are the same which are already
interpreted in Fig. 1 for both the cases. Beyond this
concentration an abrupt decrease of gain is observed. Such
behaviour can also be utilized in the construction of optical
switches.
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Fig. 5 shows the variation of parametric gain coefficient
gpara with pump field 0 at k = 2  108 m-1, B0 = 11T and n0 =
1.5  1023 m-3. It can be seen that the gain coefficients
increases quadrically with increasing pump amplitude. Hence,
we conclude from this figure that high pump field amplitude
yield larger gain coefficients.

phonon interaction and magneto-plasma excitations
depends strongly on doping concentration.
(ii) The presence of external magnetostatic field modifies
the
carrier
dynamics
effectively.
Higher
magnetostatic field is favourable for the parametric
interactions and also for significant enhancement of
amplification coefficient.

Parametric Gain Coefficient, gpara (×108m–1)

40

(iii) The coupled collective magneto-plasma excitations
tend to enhance the parametric amplification/
absorption coefficient and lower threshold pump
amplitude. At higher values of magnetostatic fields,
these favourable parameters shift towards lower
values of doping concentration.

35

30
25

20

ACKNOWLEDGMENT

15

The authors are thankful to Prof. S.K. Chaudhary,
Department of Physics, Baba Mastnath University, Asthal
Bohar, Rohtak-124021 for their kind cooperation.

10

REFERENCES
[1]

5

0
1.1

[2]
1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

Pump Amplitude, 0 (×10 7 Vm–1)

Fig. 5: Variation of gpara with 0 at k = 2  108 m-1, B0 = 11T
and n0 = 1.5  1023 m-3.

[3]

[4]

Using Mathematica software, we calculate the threshold
pump amplitude and parametric gain coefficient (for 0 =
1.3  107 Vm-1) for the onset of OPA in n-InSb crystal. The
calculated values are given in Table 1.
0,th
(Vm-1)
2.10  107
2.05  107
2.00  107
1.95  107
1.89  107
1.82  107
1.73  107
1.62  107
1.50  107
1.30  107
1.00  107
0.60  107

TABLE I.
gpara
(m-1)
1.60  109
1.65  109
1.70  109
1.75  109
1.81  109
1.92  109
2.12  109
2.33  109
2.58  109
2.85  109
3.26  109
3.80  109

B0
(T)
0
1
2
3
4
5
6
7
8
9
10
11

n0
(m-3)
3.10  1023
2.95  1023
2.81  1023
2.66  1023
2.52  1023
2.37  1023
2.23  1023
2.08  1023
1.94  1023
1.79  1023
1.64  1023
1.50  1023

[5]
[6]
[7]

[8]
[9]

[10]

[11]

[12]

IV.

CONCLUSIONS

The present paper deals with the analytical investigations
of parametric amplification of an intense electromagnetic
wave due to coherent collective mode in weakly-polar narrow
band-gap semiconductors. The role of cyclotron excitations
and coupled plasmon-phonon modes has been studied at
length. Numerical estimations made for n-InSb-CO2 laser
system enables one to draw the following conclusions:
(i) It has been found that the correction to the parametric
amplification/absorption coefficient due to electron-

IJERTV9IS010311

[13]

[14]
[15]

[16]

F.J. Duarte. Tunable Laser Microscopy, in F.J. Duarte (ed.) Tunable
Laser Applications (3rd ed.). Boca Raton: CRC Press, (2016) pp. 315328.
T. Sugiura, S. Maeda, and A. Honda, “Pulse laser assisted optical
tweezers for biomedical applications,” Proc. IEEE Eng. Med. Biol. Soc.
4479-4481, 2012. doi: 10.1109/EMBC.2012.6346961.
J. Homola, “Surface plasmon resonance sensors for detection of
chemical and biological species,” Chem. Rev. vol. 108(2), pp. 462-493,
2008.
G.A. Wurtz, R. Pollard, and A.V. Zayats, “Optical bistability in
nonlinear surface-plasmon polaritonic crystals,” Phys. Rev. Lett. vol.
97, pp. 057402:1-4, 2006.
W.H. Louisell, “Coupled and Parametric Electronics,” New York:
Wiley, 1960.
R.H. Kingston, “Parametric amplification and oscillation at optical
frequencies,” Proc. IRE, vol. 50, pp. 472-474, 1962.
J.A. Giordmaine, and R.C. Miller, “Tunable coherent parametric
oscillation in LiNbO3 at optical frequencies,” Phys. Rev. Lett. vol. 14,
pp. 973-976, 1965.
W. Brunner, and H. Paul, “Theory of optical parametric amplification
and oscillation,” Prog. in Opt. vol. 15, pp. 1-75, 1977.
J. Peng, “Developments of mid-infrared optical parametric oscillators
for spectroscopic sensing: a review,” Opt. Eng. vol. 53(6), pp.
061613:1-8, 2014.
A.G. Ciriolo, M. Negro, M. Devetta, E. Cinquanta, D. Facciala, A.
Pusala, S.De Silvestri, S. Stagira, and C. Vozzi, “Optical parametric
amplification techniques for the generation of high-energy few-opticalcycles IR pulses for strong field applications,” Appl. Sci. vol. 7, pp.
265:1-28, 2017.
Z. Tong, and S. Radic, “Low noise optical amplification and signal
processing in parametric devices,” Adv. Opt. Photon. vol. 5, pp. 318384, 2013.
I. Begleris, and P. Horak, “Efficiency and intensity noise of an all-fiber
optical parametric oscillator,” J. Opt. Soc. Am. B vol. 36, pp. 551-558,
2019.
R.J. Deri, and E. Kapon, “Low-loss III-V semiconductor optical
waveguides,” IEEE J. Quantum Electron. vol. 27(3), pp. 626-640,
1991.
P.Y. Yu and M. Cardona, Fundamentals of Semiconductors: Physics
and Material Properties, New York: Springer, 1996.
M. Dutta, M. A. Stroscio, and K. W. Kim, “Recent developments on
electron-phonon interactions in structures for electronic and
optoelectronic devices,” Int. J. High Speed Electron. Syst. vol. 9, pp.
281-312, 1998.
R.R. Suarez, E.M. Proupin, C.T. Giner, and M. Cardona, “Multiphonon
resonant Raman scattering in nanocrystals,” Phys. Rev. B vol. 62, pp.
11006-11016, 2000.

www.ijert.org
(This work is licensed under a Creative Commons Attribution 4.0 International License.)

481

Published by :
http://www.ijert.org

International Journal of Engineering Research & Technology (IJERT)
ISSN: 2278-0181
Vol. 9 Issue 01, January-2020

[17] R. Kaplan, E.D. Palik, R.F. Wallis, S. Iwasa, E. Burstein, and Y.
Sawada, “Infrared absorption by coupled collective cyclotronexcitation-longitudinal-optic phonon modes in InSb,” Phys. Rev. Lett.
vol. 18, pp. 159-162, 1967.
[18] J.T. Devreese, Proc. Int. School of Phys. “Enrico Fermi” CXXXVI ed.
G. Iodonisi et.al. Amsterdam: IOSS Press, 1998.
[19] T. Dekorsy, W. Kutt, T. Pfeiffer, and H. Kurz, “Coherent control of
LO-phonon dynamics in opaque semiconductors by femtosecond laser
pulses,” Euro Phys. Lett. vol. 23, pp. 223-228, 1993.
[20] X.Q. Zhu, J.J. Shi, Z.X. Liu, and S.H. Pan, “Energy and effective mass
of polaron in asymmetric semiconductor quantum well structures,” Z.
Phys. B vol. 102, pp. 207-216, 1997.
[21] T. D. Lee and D. Pines, “Interaction of a nonrelativistic particle with a
scalar field with application to slow electrons in polar crystals,” Phys.
Rev. vol. 92, pp. 883-889, 1953.
[22] R. P. Feynman, “Slow electrons in a polar crystal,” Phys. Rev. vol. 97,
vol. 660-665, 1955.
[23] L. D. Landau, “Electron motion in crystal lattices,” Phys. Z. Sowjet.,
vol. 3, pp. 664, 1933.
[24] M. Betz, G. Goger, A. Laubereu, P. Gatner, L. Banyai, H. Haug, K.
Ortner, C. R.Becker, and A. Leitenstarfer, “Subthreshold carrier-LO
phonon dynamics in semiconductors with intermediate polaron
coupling: a purely quantum kinetic relaxation channel,” Phys. Rev.
Lett., vol. 86, pp. 4684-4687, 2001.
[25] J.T. Devreese, “Fröhlich polarons from 0D to 3D : concepts and recent
developments,” J. Phys.: Condens. Mat. vol. 19, pp. 255201:1-23,
2007.
[26] P. Gaal, W. Kuehn, K. Reimann, M. Woerner, T. Elsaesser, and R.
Rey, “Internal motions of a quasistatic particle governing its ultrafast
nonlinear response,” Nature vol. 450, pp. 1210-1213, 2007.
[27] Yu. Chen, N. Regnault, R. Ferreira, B.F. Zhu, and G. Bastard, “Opticalphonon scattering and theory of magneto-polarons in a quantum well in
a strong magnetic field,” Phys. Rev. B vol. 79, pp. 235314:1-8, 2009.
[28] S. Dubey, A. Paliwal, and S. Ghosh, “Fröhlich interaction in compound
semiconductors, a comparative study,” Adv. Mat. Res. vol. 1141, pp.
44-50, 2016.
[29] S.S. Rink, D.A.B. Miller, and D.S. Chemla, “Theory of the linear and
nonlinear optical properties of semiconductor microcrystallites,” Phys.
Rev. B, vol. 35, pp. 8113-8125, 1987.
[30] X.G. Wu, F.M. Peeters, Y.J. Wang, and B.D. McCombe, “Blocking of
the polaron effect and spin-split cyclotron resonance in a two
dimensional electron gas,” Phys. Rev. Lett. vol. 84, pp. 4934-4937,
2000.
[31] N. Miura and Y. Imanaka, “Polaron cyclotron resonance in II-VI
compounds at high magnetic fields,” Phys. Stat. Sol. (b) vol. 237, pp.
237-243, 2003.
[32] C. Faugeras, G. Martinez, A. Riedel, R. Hey, K.J. Friedland, and Y.
Bychkov, “Fröhlich mass in GaAs based structures,” Phys. Rev. Lett.
vol. 92, pp. 107403:1-4, 2004.
[33] L. Zhang and H.J Xie, “Polar optical phonon modes and Fröhlich
electron-phonon interaction Hamiltonians in coaxial cylindrical
quantum cables,” Turk. J. Phys. vol. 28, pp. 325-340, 2004.
[34] M. Orlita, C. Faugeras, G. Martinez, S.A. Studenikin, and P.J. Poole,
“Electron-phonon interactions in a single modulation-doped GaInAs
quantum well,” Euro Phys. Lett. vol. 92, pp. 37002:1-6, 2010.
[35] N.A. Mohemmed Shanid, M.A. Khadar, and V.G. Sathe, “Fröhlich
interaction and associated resonance enhancement in nanostructured
copper oxide films,” J. Raman Spectrosc. vol. 42, pp. 1769-1773,
2011.
[36] S. Dubey and S. Ghosh, “Parametric oscillations of polaron modes in
magnetized semiconductor plasmas,” New J. Phys. vol. 11, pp.
093030:1-13, 2009.
[37] S. Jangra, H. Pal Singh, and V. Kumar, “Acoustical phonon and
polaron-mode induced optical parametric parametric amplification in
transversely magnetized III-V semiconductors,” Mod. Phys. Lett. B
vol. 33, pp. 1950271:1-16, 2019.
[38] J. Heyman, P.A. Crowell, T. Mueller, and K. Unterrainer, “Terhahertz
emission from GaAs and InAs in a magnetic field,” Phys. Rev. B vol.
64, pp. 085202:1-7, 2001.
[39] M.B. Johnston, A. Corchia, A. Wowd, and E.H. Linfield, “Magnetic
field-induced enhancement of terahertz emission from III-V

IJERTV9IS010311

[40]

[41]
[42]
[43]
[44]
[45]
[46]

semiconductor surfaces,” Phys. E: Low Dim. System. Nanostruct. vol.
13, pp. 896-899, 2002.
R. Kaplan, E.D. Palik, R.F. Wallis, S. Iwasa, E. Burstein, and Y.
Sawada,” Infrared absorption by coupled collective cyclotron
excitation-longitudinal-optic phonon modes in InSb,” Phys. Rev. Lett.
vol. 18, pp. 159-162, 1967.
J. Pozhela, Plasma and Current Instabilities in Semiconductors, Great
Britain: Pergamon Press, 1981, p. 65.
M.A. Omar, Elementary Solid State Physics: Principles and
Applications, Singapore: Pearson education, 2000, p. 12.
K. Seeger, Semiconductor Physics, Berlin: Spinger, 1973, p. 227.
J.T. Devreese, Polarons, In: G.L. Trigg (ed.) Encyclopedia of Applied
Physics, vol. 14, pp. 383-413, Weinheim: VCH Publishers, 1996.
C. Kittel, Quantum theory of solids, Singapour: Wiley, 1963, p. 137.
M. Singh, P. Aghamkar, and S.K. Bhaker, “Parametric dispersion and
amplification in semiconductor plasmas: effects of carrier heating,”
Opt. Laser Tech. vol. 41, pp. 64-69, 2009.

www.ijert.org
(This work is licensed under a Creative Commons Attribution 4.0 International License.)

482

