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ABSTRACT 

	In the present paper, the spin effect in parametric amplification and dispersion characteristics are determined by implementing the quantum magnetized hydrodynamic (QMHD) model.  The QMHD model is extended for spin dynamics and the spin effect is analytically investigated in a n-type piezoelectric semiconductor plasma. We have considered that the origin of the parametric amplification and dispersion relation lies in the second-order susceptibility arising from the nonlinear induced current density. The study shows that the parametric process is modified by including the quantum effect, especially the spin effect in the formulation. Furthermore, the results indicate that the spin effect can significantly alter the nonlinear optical response of materials, making it an important consideration in the design and optimization of nonlinear optical devices. The findings obtained from this study can be useful in designing and optimizing semiconductor devices for various quantum applications, such as sensors and actuators. Additionally, the study provides a deeper understanding of the fundamental quantum plasma physics behind the nonlinear optical response of materials.
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1. INTRODUCTION 

[bookmark: _Hlk169642348][bookmark: _Hlk169642298]Electron spin effects [1-5] have widened the emerging interest in plasma physics and opened new avenues for studying the behaviour of plasmas, particularly magnetic properties, and collective behaviour. The interest in spin also sparked research into novel applications such as spin-based plasma diagnostics and control techniques, which have the potential to revolutionize various fields including fusion energy, materials science, and quantum computing. Furthermore, the spin effect has also led to advancements in the field of spintronics, where the manipulation and control of electron spins are utilized for information storage and processing. This has paved the way for the development of more efficient and faster electronic devices, with potential applications in areas such as data storage and communication technology. Spin effects are crucial for developing advanced plasma-based technologies and improving our knowledge of astrophysical plasmas.
The spin of electrons causes the spin-current interaction, i.e., the interaction of the magnetic moments and electric currents via the magnetic field. These interactions change the dispersion and absorption characteristics of plasma and develop a deeper understanding of how waves and instabilities spread out in the plasma medium. Ever since then, various phenomena have been studied for spin-1/2 quantum plasmas [6-10]. These phenomena include spin waves, spin vortices, and spin-charge separation, which have all been observed in experiments and simulations. Understanding these phenomena is crucial for developing new technologies, which rely on the manipulation of electron spins in solid-state devices. Additionally, the study of spin has also led to advancements in the field of quantum magnetohydrodynamics, further enhancing our understanding of the complex behaviour of plasmas at the quantum level.
The QMHD model comprises a set of equations that show how charge, momentum, and energy move through systems of charged particles that interact through an electrostatic potential [11-12]. Mathematically, the QMHD model generalizes the fluid model for plasmas with the inclusion of quantum forces: i) quantum diffraction; ii) spin force with Fermi pressure. Quantum diffraction is considered Bohm's potential in electron motion under the influence of fields. The inclusion of quantum forces in the QMHD model allows for a more accurate representation of plasma behaviour, particularly at small scales where quantum effects become significant [13-15]. 
In the presence of an external magnetic field, the electron spins tend to align in the direction of the field. The variation of the magnetic field occurs on a timescale shorter than the characteristic spin-relaxation time. The degree of spin alignment can be approximated as a constant, which produces density fluctuations. The density fluctuation in the medium leads to the emergence of spin forces, which leads to our interest in studying the spin effect in piezoelectric semiconductor plasma dynamics. 
The spin forces play a crucial role in determining the overall behaviour of the plasma, as they contribute to the momentum transfer equations in the QMHD model [16-18]. The collective motion of quantum particles in magnetic fields gives a natural extension to the classical magnetohydrodynamic (MHD) theory in terms of the spin effect. Spin-1/2 quantum magnetohydrodynamic (QMHD) was recently proposed [19-21] with the spin effect due to electrons by using Pauli equations of individual particles.
In this paper, we use analytical methods to investigate the spin effect in an n-type piezoelectric semiconductor plasma medium via parametric processes, and this approach allows us to investigate the impact of spin on the behaviour of quantum particles. We have considered that the origin of the dispersion and amplification characteristics lies in the second-order susceptibility arising from the nonlinear induced current density. The spin effect modifies the amplification characteristics by introducing an additional term in the governing equations, which accounts for the spin polarization of the particles. This modification leads to significant changes in the wave propagation and energy transport properties of the system. Additionally, our analysis reveals that the spin effect can also influence the stability and dynamics of quantum particles in this medium, opening new possibilities for controlling and manipulating their behaviour.

2. Theoretical formulation

[bookmark: _Hlk169642580]The parametric characteristics of highly doped magnetized semiconductors, arising due to nonlinear effective optical susceptibility , a spatially uniform pump electric field (i.e. pump wave vector is applied to semiconducting plasma. The classical hydrodynamic model of homogeneous semiconductor plasma of infinite extent (i.e., k is the wave number of the acoustic wave and  the mean free path of the electron) has been extended to include essential quantum corrections resulting in one component quantum plasma described by the QMHD model.
When plasma is cooled to an extremely low temperature, the de Broglie wavelength of the charge carriers can be comparable to the dimensions of the system. In such situations, ultra-cold plasma behaves like a Fermi gas, and quantum mechanical effects are expected to play a central role in the behavior of charged particles [22].
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Equation (1) and (2) describe the electron motion of the fields associated with the pump and the side band waves under the influence of a magnetostatic field, respectively.  and  are the equilibrium and perturbed magnetic fields and oscillatory fluid velocities of the electrons of effective mass  and charge .The effect due to  is neglected in this study by assuming that the acoustic wave is propagating along such a direction of the crystal as to produce a longitudinal electric field and spin states of the particles will be perturbed by the presence of EM waves. The P represents the degenerate pressure , where  is the Fermi velocity.  is the degree of spin-polarization given by  with spin polarization ( defined by . The quantum force  on an electron in Eq. (2) includes two terms. The first term represents the Bohm potential associated with quantum diffusion of electrons and the second term is the spin magnetization energy due to the spin interaction with magnetic field. Here  is the spin of species ,  denotes the spin up and spin down electrons respectively with  is the electron  factor,   is the perturb number density of species . It is well known that the linearly polarized transverse electromagnetic wave is not affected by the quantum effects.
		(6)
Where 
In the derivation of Eq. (6), we have neglected the Doppler shift under the assumption that is the modified plasma frequency strongly influenced by Bohm potential and Fermi Pressure. The quantum forces and Fermi Pressure both are included in the second term on LHS of eq. (6). In further calculations authors shall study the combined effect of both the quantum correction terms. The perturbed electron concentration  has two components, known as  fast  and slow .The slow component  (viz., is associated with the phonon mode () and the fast component  (viz., is associated with  the high frequency scattered electromagnetic wave (, arising due to the three wave parametric interaction.These waves will propagate at generated frequencies  and respectively. We assume that the energy transfer between the pump and produced signal and idler waves satisfy phase matching conditions which are  and . Now for spatially uniform laser radiation, one obtained. By resolving Eq. (6) into two components (fast and slow) under the rotating wave approximation, we obtain the respective coupled equations as
                 	 			(7a)
			(7b)                                        
Subscript  and  stand for slow and fast components, respectively. Asterisk (*) represents complex conjugate of the quantity.  We restrict our analysis only for the Stoke’s component ( of the scattered electromagnetic waves. It is inferred from eq. (7) that the slow and fast components of the density perturbations are coupled to each other via the pump electric field. Thus, the presence of the pump field is a fundamental necessity for parametric interactions to occur. From Eq.(7a), (7a), and (5), we get.
                    (8)
The number density of our expected piezoelectric quantum plasma medium is influenced by both spin-up and spin-down species and quantum Bohm potential and component of piezoelectricity. Now here we also clarified our analysis by assuming that the medium is sufficiently cooled, the temperature is below Fermi temperature, and the degenerate plasma state is reached [17]. 
 and   . 
These assumptions allowed us to focus on the key interactions and behaviours of the particles in the system, providing a clearer understanding of the overall dynamics. The effect of spin electrons in the Stoke’s component of induced current density is given by.
     								(9)
Substituting Eq. (8) into Eq. (9) we get 
	(10)     
  and   ,    and 
The components of oscillatory electron fluid velocity  are obtained from eq. (1). Henceforth, treating the induced polarization  as the time integral of , we can write . Using this approach, we obtain the nonlinear induced polarization due to the perturbed density. 
   (11)     
Now the second-order polarization is defined as 
				 (12)
Using equation (11) and (12) the Second order nonlinear susceptibility is as follows. 
	 (13) 
It is evident from equation (13) that the second-order nonlinear susceptibility  ) is a complex quantity, that includes real and imaginary parts. The imaginary parts can be employed to steady state growth and gain characteristics, while the real part is used to explore the dispersion characteristics of the medium. The steady-state gain coefficient of the parametrically excited waveform of the pump field exceeding the threshold value is obtained through the relation [23].
  								(14)
3. results and discussion

[bookmark: _Hlk169643383]In this section, the author analytically studies second-order nonlinearity by employing the QMHD model for the electron dynamics in the semiconductor plasma. The electron dynamics in the semiconductor is highly influenced by the external magnetic field and spin plays a vital role in exposing the plasma to an external magnetic field, which interacts with the magnetization in the plasma due to the electron spin.  To the best of the author's knowledge, no work has been done to observe the spin effect in parametric interaction in semiconductor plasmas. The numerical estimations have been made for n-type InSb assumed to be duly irradiated by pulsed  laser at .The physical parameters used are: 
Using the above parameters we have studied the spin effect in optical parametric dispersion and amplification characteristics originated by real and imaginary part of optical  respectively. The optical susceptibility of the medium  is depends on the different parameters like wave vector (k), pump amplitude (, number density  and magnetic field (. The parametric gain of the generated acoustic wave requires the pump field to exceed a certain threshold value. 
As an illustration, Fig. 1 shows the dependence of gain constant with the pump amplitude . The gain constant increases linearly with the pump amplitude  indicating a direct relationship between the two variables. This graph demonstrates how changes in pump amplitude directly impact the gain constant in the system. It is also found that gain constant for parametric amplification is affected by the spin effects. The solid, dashed line showed the variation for fully spin-polarized (η=1) and partially spin-polarized (η=0.5) respectively. In this case, amplification decreases with increasing spin-polarization. It is observed that in both cases gain constant increases with increasing value of and Spin effects sufficiently increase the required gain constant to an appreciable extent. 
[bookmark: _Hlk169689580][image: ]Fig.1: Variation of  with pump amplitude  at and . 
[image: ]
[bookmark: _Hlk169689760]Fig.2. Variation of Gain constant   with number density  at     and .
[bookmark: _Hlk169689803]Fig. 2, depicts the variation of gain constant with free carrier density . It is found that the doping concentration significantly alters the nonlinear susceptibility of the semiconductor medium. It may be inferred that gain reduces parabolically with increases in carrier density. The solid, dashed line showed the variation for fully polarized (η=1) and partially polarized (η=0.5) respectively and in this case, amplification increases with increasing spin-polarization. 

[bookmark: _Hlk169691589][image: ]Fig.3. Variation of Gain constant   with wave vector   at   and  .
[bookmark: _Hlk169691661]Fig. 3 illustrates the variation of gain constant  with wave vector . In both cases gain constant decreases on increasing . The fully spin-polarization is found to decrease the magnitude of gain constant. The dependence of the gain constant on the wave vector in the regime of large particle concentration and large magnetic field. Large concentration allows to reach large magnetization and rather small wavelengths. Increasing the external magnetic field increases the cyclotron frequency and the resonance frequency. 
The real part of optical susceptibility leads to the properties of the dispersion relation of the medium. The wide range of doping concentrations results in a correspondingly wide range of nonlinear optical properties, making it a versatile material for various applications in photonics and optoelectronics. 

[bookmark: _Hlk169691720][image: ]Fig.4. Variation of Real  with plasma frequency modified by number density   at   and .
[bookmark: _Hlk169691757]As an illustration, Fig. 4 illustrates the variation of the real part of susceptibility with number density via normalized frequency. The nature of both curves is the same, showing an increase in susceptibility with increasing number density that reaches a higher value and then, starting, decreases as frequency increases. This behavior indicates a critical point where the susceptibility reaches a maximum value before decreasing. The relationship between number density and susceptibility is crucial for understanding the material's response to external applied fields. The solid, dashed line showed the variation for fully polarized (η=1) and partially polarized (η=0.5) respectively. The nature of both curves is the same, but with the fully spin-polarized, medium reaching a higher maximum susceptibility compared to the partially spin-polarized. This distinction highlights the impact of polarization on the material's response to external fields. Overall, the behaviour of the medium in response to external fields is directly influenced by the level of spin-polarization present. Understanding this relationship is essential for predicting and manipulating the material's susceptibility in various applications. 
[bookmark: _Hlk169691801][image: ]Fig.5. Variation of Real  with cyclotron frequency   at   and .
As an illustration, Fig. 5 illustrates the variation of the real part of susceptibility with cyclotron frequency  which depends on the externally applied magnetic field. Spin plays a vital role in exposing the plasma to an external magnetic field, which interacts with the magnetization in the plasma due to the electron spin. The solid, dashed line showed the variation for fully polarized (η=1) and partially polarized (η=0.5) respectively. The nature of both curves is the same, but with the partially spin-polarized, medium reaching a higher susceptibility compared to the fully spin-polarized. In magnetized plasmas, electrons align their spin along the external magnetic field, which enhances the strength of the external magnetic field. This alignment of spin leads to an increase in the overall magnetic properties of the plasma. In the analysis, the magnitude of the real part of second-order susceptibility is found to be of the order of  SI units while considering  and    with carrier density . 


4. Conclusion

Based on the above discussions, the following conclusions may be drawn: 
1. This analysis established that the spin properties of electrons may be studied by employing a quantum hydrodynamic (QMHD) model via quantum correction, including Fermi pressure, Bohm potential, and spin effect in optical parametric processes. 
2. It establishes that the spin of electrons plays a crucial role in exposing the plasma to an external magnetic field and modifies the dispersion characteristics. These modified dispersion characteristics can lead to changes in transport properties and increase the overall magnetic properties of the plasma.
3. The magnetic properties of any medium depend on the number of unpaired electrons and how they interact with one another. In our analysis, this spin-polarization plays a crucial role in the understanding of the behaviour of semiconductor plasma in the presence of an external field. 
4. It is found that the magnitudes of the threshold electric field for the onset of parametric amplification are  (which is easily obtainable frequency-doubled CW and pulsed 10.6 µm CO2 lasers.
5. The calculated value of second-order optical susceptibility (Imaginary and Real part) agrees well with values theoretically quoted by Shen [36] using band-charge model and empirical pseudo-potential method. Those quoted values of Shen [24] are in fair agreement with experimental values [25]. 
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