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ABSTRACT 

The purpose of this research is to compare and contrast the parametric amplification caused by 

acoustical phonons and optical phonons in magnetised doped III-V semiconductors. The threshold 

pump amplitude for the onset of optical and acoustic phonon-driven instability, as well as the related 

gain coefficients well above the threshold field, have been explicitly expressed using a hydrodynamic 

model of a semiconductor-plasma. A typical doped III-V semiconductor, n-InSb exposed to pulsed 10.6 

µm CO2 laser, has been numerically analysed to determine the relationship of threshold pump fields and 

gain coefficients for various values of externally supplied magnetostatic field and doping concentration. 

While acoustical phonon induced parametric instability occurs at a lower threshold than optical phonon 

induced parametric instability, we also discovered that the gain coefficients in acoustical phonon mode 

induced parametric amplification increase by a factor of 10 when compared to optical phonon induced 

parametric amplification. To lower thresholds and improve gain coefficients, a control parameter that 

applies a magnetostatic field externally can be used. These findings may be crucial for comprehending 

and enhancing the functionality of parametric amplifiers. The goal of this effort is to develop a low-cost 

parametric amplifier using the n-InSb-CO2 system. 

 
1.  Introduction 

It is considered a disturbance when phonons affect the 

velocity of electrons. Different forms of electron-phonon 

interactions are produced by these induced disturbances. The 

transport and optical characteristics of electrons in 

semiconductor media are significantly impacted by these 

interactions. Through their strain field, the low frequency 

acoustical phonon may modify the electron’s energy. 

Deformation potentials can be used to describe these 

interactions. It is possible to think of optical phonons as 

creating internal strain, and optical phonon deformation 

potentials can be used to describe how they interact with 

electrons. In polar semiconductors, the charges connected with 

moving ions allow high/low frequency optical/acoustical 

phonons to produce electric fields. The Frohlich interaction in 

case of optical phonons and the piezoelectric phonon-electron 

interaction in case of acoustical phonons are two examples of 

how strongly the electric field may interact with electrons. 

Inter-valley electron-phonon interactions can cause electrons at 

band extremes close to or at boundary of the zone to scatter 

from one analogous valley to the other. 

Different types of phonon-electron interactions, including 

piezoelectric interaction with acoustical phonons, the Frohlich 

interaction with the longitudinal optical (LO) phonons, the 

deformation potential interaction with both acoustical and 

optical phonons, are produced by these induced perturbations 

[1]. Through the piezoelectric effect, strain field creates 

electric field in non-centrosymmetric crystals. Certain 

directions can have piezoelectric activity from acoustic 

phonons. The electrical as well as optical characteristics of 

semiconductors have appreciably impacted via piezoelectric 

interaction of acoustical phonons with electron interactions to 

enhance device performance [2]. 

Because of the interesting application in photonic devices 

like ultra rapid optical switching and ultra dense memory, the 

phonon characteristics of bulk materials and reduced 

dimensional structures frequently catch the scientist’s interest 

[3–8]. Quanta of atomic vibrations known as phonons are 

found in crystalline materials. In a crystalline material having 

N atoms in each primitive cell, there exist three acoustical 

phonons and 3N-3 optical phonons. The optical phonons may 

be regarded as high frequency phonons, whereas the acoustical 

phonons are typically referred to as low frequency phonons. 

When attempting to comprehend the function of phonons in 

thermal and electrical characteristics of materials, acoustic 

phonons are crucial. They contribute significantly to the 

transport characteristics of technologically significant 

semiconductors along with optical phonons. In moderately 

doped semiconductors, they are the dominating heat carriers 

over the broad regime of temperature, from cryogenic to 

almost the melting point. A broad continuous spectrum regime, 

an almost linear dispersion curve, and the large carrier 

concentrations even at sufficiently lower temperature are 

characteristics of acoustic phonons in bulk materials [9]. It is 

well known that acoustical phonons impart greater role in 

scattering of carrier’s and can even outweigh optical phonons 

in a low temperature regime [10]. Carriers regularly experience 
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collisions with impurity atoms, crystal defects, and phonons 

(acoustic and optical), as they move through a device. The 

primary electron scattering mechanism for A
III

B
V
 

semiconductors is scattering by acoustical and optical phonons, 

which has attracted a lot of attention owing to their possible 

use in regulating the carrier’s relaxation to their band bottom, 

which is required for adequate lasing action, parametric 

amplification, and for transport and optical processes [11–13]. 

Because of their emerging uses in high speed tele-

communication as well as photonic devices, the devices based 

on parametric processes in light withstanding materials are 

thought to have a unique position in nonlinear optical 

technology [14–16]. 

According to the literature that is currently available, there 

have apparently been no attempts where the growth 

(amplification) and threshold (excitation) properties of optical 

phonon-induced parametric amplification and acoustical 

phonon-induced parametric amplification in magnetised doped 

A
III

B
V
 semiconductors have been compared. The output 

characteristics of parametric devices based on said interactions 

will be improved by theoretical comprehension of this 

comparison. As a result, we examine these interactions in this 

study and evaluate how they affect the gain coefficient of 

parametrically amplified signal as well as threshold electric 

field needed to initiate the parametric amplification process. In 

light of the foregoing, we have analytically examined the 

parametric amplification characteristics brought on by pump-

phonon interactions, specifically pump-acoustical phonon and 

pump-optical phonon interactions, using an n-InSb/CO2 laser 

system at 77K temperature under applied transverse magnetic 

field. 

 

2.  Objectives 

This work compares the effects of optical and acoustical 

phonons on parametric amplification in magnetised doped 

A
III

B
V
 semiconductors in order to determine the potential of 

the n-InSb/CO2 laser system for production of inexpensive 

parametric amplifiers. 

 

3.  Theoretical formulations 

This part ought to contain sufficient information to enable 

competent researchers to replicate the study in its entirety. New 

methods should have protocols, but established protocols can 

just be mentioned. 

We take into account an external magnetostatic field 

0 0
ˆB zB=

�

 and a homogeneous semiconductor medium with a 

spatially uniform ( 0 0k =
�

) pump electric field 

0 0 0
ˆ exp( )E xE i t= ω

�

. To simplify the expression for quadratic 

susceptibility through induced polarisation, the coupled mode 

technique is used. Considered is the fluid model of 

semiconductor-plasmas: 1kl << , which limits the applicability 

of our analysis to the limit (k is the wave number and l is the 

carrier’s mean free path). The fundamental equations as well as 

formulae for the lattice motion’s equation for both acoustical 

phonon generated and optical phonon generated parametric 

amplification in A
III

B
V
 semiconductors are used from Refs. 

[17] and [18] in order to explore the comparison between the 

two interactions. 

 

3.1. Threshold pump field and gain coefficient due to 

acoustical phonon induced parametric amplification 

Since the unit cell lacks a centre of symmetry in the A
III

B
V
 

type semiconductors having partially ionic bonds and unlike 

atoms, the scattering of carriers is caused by acoustical 

phonons as a result of piezoelectric scattering. An intense 

pump source creates the perturbation in an electron 

concentration (at frequency of acoustical field) in the process 

of acoustical phonon induced parametric amplification. This 

perturbation in electron concentration couples nonlinearly with 

pump field and generates an acoustical field. The pump field 

threshold needed to initiate parametric process and gain factor 

of parametrically amplified signal for pump fields significantly 

higher than the threshold field may be written as [17]: 

2
2 2 2 2 2 2 1/ 4

0, 2

0

( ) 1 [( )( )]c
th AP ps s pa a

m
E

ek

 ω
= − Ω + ν ω Ω + ν ω 

ω 
  (1) 

and 

4 2 2 2 2

0 0 0

4 2 2 2 2 2 2 2

0 0 0

[ ( ) ]
( )

( 4 )[( ) 4 ]

a s s a a c a
para AP

a a a c

k k
g

c

ω ω γ Γ ω ω − ω + Ω νω
= −

ε η ρ Ω + Γ ω ω − ω + ν ω
    

                                         
2

4

3 0

1
p

s

 ωδ
× + 
 δ ω ω 

,             (2) 

where  
2 2

3 2 2

( )( )
1

ps s pa a

s

i i

k E

Ω − νω Ω + νω
δ = − , 1 2

4

0

( / )
1

E

 β γ δ δ
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2 2 2 2

a a a ak vΩ = ω − , 2 2 2

ps p sΩ = ω − ω , 2 2 2

pa p aΩ = ω − ω , ( )
eff

e
E E

m
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2

1 2 2

0

1
( )

c
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2

2 2 2
1
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c
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ω
δ = −

ω − ω
, 

2 2 1/ 2( )

p

p

c

νω
ω =

ν + ω
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0
c

eB

m
ω =  (electron-cyclotron frequency), and 

1/ 2
2

0
p

n e

m

 
ω =  

ε 
 (electron-plasma frequency). 

 

3.2. Threshold pump field and gain coefficient due to 

optical phonon induced parametric amplification  

Only low frequency acoustical phonons were considered 

in previous section when considering the phonon-electron 

scattering. These may be distinguished via sound velocity that 

is frequency independent. It is also necessary to consider 

"optical phonons" in A
III

B
V
 semiconductors having two or 

more atoms in each unit cell. Compound semiconductors have 

an ionic binding property that allows electromagnetic radiation 

to induce oscillation of atoms in optical phonons. A powerful 

pump source creates an electron concentration disturbance (at 

frequency of optical field) in the process of optical phonon 

induced parametric amplification. This electron concentration 

perturbation links nonlinearly with the pump field and drives 

an optical phonon field. The pump field threshold necessary to 

initiate parametric process and gain factor of parametrically 

amplified field for pump fields significantly higher than 

threshold field may be written as [18]: 
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2 2

0

0 2 2

0

( )
( )

[( ) ]

rs rop c
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E

ek
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ω − ω + νω
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(2)( ) [ ]s
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ω
= χ

η
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e
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2 2

2

2
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ω ω
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ω
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2
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e
p

L

n e

m
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 and 

1/ 2

l L

t ∞

 ω ε
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ω ε 
.  

lω  is frequency of longitudinal optical phonon field. 
Lε  is 

lattice dielectric constant. 

 

4.  Results and discussion 

This section discusses in-depth numerical analysis for 

potential amplification of the parametrically amplified wave 

based on the study performed in section 3. It is anticipated that 

an n-InSb crystal will be exposed to a pulsed 10.6 µm CO2 

laser at 77 K; the pertinent parameters are provided in Ref. 

[17]. The conflict between the threshold and amplification 

properties of the parametrically amplified waves caused by 

acoustical and optical phonons is the major topic of this 

research. 

The ratio between the threshold pump field can be 

calculated using equations (1) and (3). One obtains 

20

0

( )
1.67 10

( )

th AP

th OP

E

E

−= ×  (at 0 14.2B = T and 
22

0 10n = m
-3

). 

The gain coefficients' relationship to the material 

parameters can be calculated using equations (2) and (4). As a 

result, in both situations, given fixed input pump field greater 

than the threshold field, one obtains 

2
( )

2 10
( )

para AP

para OP

g

g
= ×  (at 0 14.2B = T and 

22

0 10n = m
-3

). 

Figures 1 - 4 show the numerical estimates of the external 

parameters (such as the carrier concentration, the magnetic 

field, etc.) that affect the threshold and amplification 

characteristics. 

According to the externally applied magnetostatic field 0B  

for the doping concentration 
22

0 10n = m
-3

, Figure 1 shows how 

the threshold electric field necessary to excite the acoustical 

phonon induced and optical phonon induced parametric 

amplification varies. The threshold fields 0( )th APE  and 

0( )th OPE  in this diagram stand for the acoustical phonon 

induced and optical phonon induced parametric amplification, 

respectively. It can be observed that smaller values of 0B  (< 2 

T), both 0( )th APE  and 0( )th OPE  are extremely high and the 

curves nearly coincide. With increasing magnetostatic field (

02T 13.5TB< < ), both 0( )th APE  and 0( )th OPE  decrease very 

slowly. With further increasing magnetostatic field, both 

0( )th APE  and 0( )th OPE  decrease sharply attaining a minimum 

value at 0 14.2B = T. Beyond this value of magnetostatic field, 

both 0( )th APE  and 0( )th OPE  increase very rapidly, finally 

saturating at larger magnitudes of magnetic field ( 0 16B ≈ T). 

The dip at 0 14.2B = T occurs via resonance: 2 2

0~cω ω  

(between electron-cyclotron frequency and pump wave 

frequency). Moreover, for the regime of magnetic field plotted, 

we find 0 0( ) ( )th AP th OPE E< . As a result, we infer from this 

figure that the threshold electric field necessary to elicit the 

acoustical phonon-induced parametric amplification is 

significantly smaller than that required by the optical phonon-

induced parametric amplification. Additionally, by putting the 

semiconductor crystal in a transverse magnetostatic field 

around resonance condition (electron-cyclotron frequency ~ 

pump wave frequency), it is possible to lower the threshold 

electric field needed to excite the parametric amplification 

caused by both the acoustical and optical phonons. 
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Figure 1. Variation of the threshold electric field w.r.t. magnetostatic 

field B0 for doping concentration n0 = 1022 m-3. 

 

With respect to a large range of doping concentration 0n  (
1910 m

-3
 to 2410 m

-3
), Figure 2 illustrates the modification of the 

threshold electric field necessary to excite the acoustical 

phonon generated and optical phonon induced parametric 

amplification for externally applied magnetostatic field 

0 14.2B = T. Here, 0( )th APE  and 0( )th OPE  denote the threshold 

fields needed to elicit the parametric amplification caused by 

acoustical and optical phonons, respectively. With an increase 

in electron concentration, both 0( )th APE  and 0( )th OPE  drop 

parabolically. Additionally, we discover 0 0( ) ( )th AP th OPE E<
 

for the regime of doping concentration plotted. From this 
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figure, we infer that increased doping concentration is 

advantageous for reducing the threshold electric field needed to 

excite both the acoustical phonon induced parametric 

amplification and the optical phonon induced parametric 

amplification. 
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Figure 2. Variation of the threshold electric field required to incite the 

acoustical phonon induced and optical phonon induced parametric 

amplification w.r.t. wide range of doping concentration n0 (1019

 m
-3 to 

1024

 m
-3) for applied magnetostatic field B0 = 14.2T. 
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Figure 3. Nature of dependence of the gain coefficients due to 

acoustical phonon induced and optical phonon induced parametric 

amplification w.r.t. magnetostatic field B0 for doping concentration n0 

= 1022 m-3 at E0 = 1.2×108 Vm-1. 

 

For doping concentration 22

0 10n = m-3 at 8

0 1.2 10E = ×
Vm-1, Figure 3 depicts the relationship between the gain 

coefficients resulting from parametric amplification caused by 

acoustical phonon induction and optical phonon induction with 

respect to an externally applied magnetostatic field. The gain 

coefficients resulting from the parametric amplification caused 

by the acoustical phonon induced and optical phonon induced 

are shown in this figure as ( )para APg  and ( )para OPg , 

respectively. It is found that both ( )para APg  and ( )para OPg  are 

nearly independent of magnetostatic field except at resonance 

conditions. ( )para APg  shows sharp peaks around 0 10.6B = T 

(due to resonance condition 2 2~p sω ω ; 
4( )para APg ∝ δ  in 

confirmatory with Eq. (2)) and 0 14.2B = T (due to resonance 

condition 
2 2

0~cω ω ; 2 2 2

0( ) ( )para AP cg −∝ ω − ω  in confirmatory 

with Eq. (2)). However, ( )para OPg  shows sharp peaks around 

0 14.2B = T (due to resonance condition 
2 2

0~cω ω ; 
2 2 2

0( ) ( )para AP cg −∝ ω − ω  in confirmatory with Eq. (4)) only. A 

comparison between the two curves reveal that gain coefficient 

due to acoustical phonon induced parametric amplification is 

higher than due to optical phonon induced parametric 

amplification. 
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Figure 4. Variation of the gain coefficients due to acoustical phonon 

induced and optical phonon induced parametric amplification w.r.t. 

wide range of doping concentration n0 (1019

 m
-3 to 1024 m-3) for 

externally applied magnetostatic field B0 = 14.2 T at E0 = 1.2×108 

Vm-1. 
 

Figure 4 shows the variation of the gain coefficients due to 

acoustical phonon induced and optical phonon induced 

parametric amplification with respect to wide range of doping 

concentration 0n  ( 1910 m-3 to 2410 m-3) for externally applied 

magnetostatic field 0 14.2B = T at 8

0 1.2 10E = × Vm-1. Here, 

( )para APg  and ( )para OPg  stand for the gain coefficients due to 

the acoustical phonon induced and optical phonon induced 

parametric amplification. It is found that ( )para APg  shows 

sharp peak around 22

0 6 10n = × m-3 while ( )para OPg  shows 

sharp peak around 20

0 10n = m-3. A comparison between the 

two curves again confirms that gain coefficient due to 

acoustical phonon induced parametric amplification is higher 

than due to optical phonon induced parametric amplification. 

Hence, we conclude from this figure that the gain coefficients 

of acoustical phonon induced and optical phonon induced 

parametric amplification can be enhanced by suitably choosing 

the doping concentration. The results are well in agreement 

with the other theoretical observations made by S. Bhan et al. 

[19].  

 

5.  Conclusions 
This work compares the threshold and gain coefficients of 

optical phonon-induced parametric amplification and 
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acoustical phonon-induced parametric amplification. As 

opposed to optical phonon-induced parametric amplification, 
acoustical phonon-induced parametric amplification requires a 

substantially lower threshold electric field. Additionally, by 

putting the semiconductor crystal in a transverse magnetostatic 

field around resonance condition (electron-cyclotron frequency 

~ pump wave frequency), it is possible to lower the threshold 

electric field needed to excite the parametric amplification 

caused by both the acoustical and optical phonons. A high 

doping concentration helps to reduce the threshold electric 

field needed to excite the parametric amplification caused by 

both optical and acoustic phonons. While the gain coefficient 

for optical phonon mode induced parametric amplification can 
only be increased due to resonance between electron cyclotron 

frequency and pump frequency, it can be enhanced at 

resonance between coupled cyclotron-plasmon frequency and 

Stokes frequency as well as between electron cyclotron 

frequency and pump frequency. Acoustical phonon-induced 

parametric amplification has a greater gain coefficient than 

optical phonon-induced parametric amplification, in addition. 

By carefully selecting the doping concentration, the gain 

coefficients of both optical and acoustical phonon-induced 

parametric amplification can be improved. This study 

challenges the usual notion of employing high power pulsed 
lasers and emphasises the significance of extensively doped 

magnetoactive III-V semiconductors as viable candidate 

materials for parametric amplification. As a result of this work, 

a low-cost parametric amplifier using the n-InSb-CO2 system 

can be created. 
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