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Abstract 

This study provides a comprehensive theoretical analysis of the electronic, magnetic, 

and thermodynamic properties of a double quantum wire (   ) system made of 

Indium Antimonide (    ), a material known for its high electron mobility and strong 

spin-orbit coupling. The study investigates the effect of the structural parameters of the 

confining potential, Rashba spin-orbit, external electric and magnetic fields, and 

impurity potential on the electronic, magnetic, and thermodynamic properties. We solve 

the Hamiltonian by using the exact diagonalization method, and then we compute the 

energy spectra, probability density distributions, local density of states (    ), 

magnetization, magnetic susceptibility, entropy, and magnetocaloric effect (   ) for 

the double quantum wire system.  

Our numerical results show that the presence of the dopant potential changes the 

electronic structure, causing energy level shifts and breaking the symmetry between the 

two quantum wires. The impurity causes selective energy shifts, so that one wire 

undergoes large spectral changes while the other wire remains largely unchanged. 

Furthermore, the energy spectra and the probability density distributions analysis 

indicates that the quantized energy levels strongly depend on the structural parameters 

of the confining potential. The observed energy splitting and redistribution of 

probability density shows that the external fields provide a mechanism for controlling 

electronic properties for the system. Additionally, The effect of Rashba SOC and 

magnetic field variations on LDOS and spin-split state formation is explained. 
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The influence of temperature, SOC strength, and electric field on the magnetic 

properties is analyzed, focusing on the transition from diamagnetic to paramagnetic 

behavior. The interplay between quantum and thermal effects is discussed. Our results 

highlight the critical role of spin-orbit coupling and external fields in controlling the 

magnetic responses.  

The     is studied by calculating entropy change and the refrigerant capacity (  ). 

We found that the refrigerant capacity (RC) increases nonlinearly with the Rashba spin-

orbit coupling (SOC) strength. It is further enhanced when the impurity is placed at a 

specific position and when the external electric field is increased up to a certain value. 

These findings offer valuable insights for optimizing magnetocaloric materials for 

advanced technologies. 

Keywords: Spin orbit coupling; Local density of states; Magnetization; Magnetic 

susceptibility; Magnetocaloric effect; Gaussian impurity; Entropy; Refrigerant capacity. 
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Chapter One 

Introduction 

The remarkable advancements in modern technology are deeply rooted in the intrinsic 

and tunable properties of semiconductors, which have become the foundation of the 

current technological era. Semiconductors possess unique electrical, optical, and 

thermal characteristics that can be precisely controlled through a variety of techniques, 

including chemical doping, strain engineering, quantum confinement, and the 

application of external fields. This precise control over material properties has allowed 

scientists and engineers to design electronic and optoelectronic devices with 

unprecedented performance, efficiency, and miniaturization. A key driving factor 

behind this technological progress is the ability to manipulate the behavior of charge 

carrier’s electrons and holes within these materials, enabling the development of 

smaller, faster, and more energy-efficient components. Over the past few decades, 

advances in fabrication and characterization methods have further expanded the 

possibilities, allowing the creation of complex nanostructures such as quantum wells, 

nanowires, and quantum dots, where quantum mechanical effects dominate and open 

entirely new avenues for device functionality. These developments have had a 

transformative impact on a wide range of applications, including high-speed computing, 

advanced communication systems, infrared and visible-light optoelectronics, sensors, 

and emerging quantum technologies. Beyond practical applications, the study of 

semiconductors also provides deep insight into fundamental physical phenomena, such 

as carrier dynamics, spin-orbit interactions, and low-dimensional effects, which 

continue to inspire both theoretical exploration and technological innovation. The 

ongoing ability to manipulate semiconductor properties not only drives progress in 

current technologies but also lays the groundwork for future breakthroughs in 

nanoscience, quantum information processing, and energy-efficient devices [1, 2]. 

When semiconductor materials reduced to nanoscale dimensions, their physical 

properties differ from those of bulk materials due to quantum confinement effect. In 

particular, low-dimensional semiconductor systems exhibit unique electronic and 

optical properties that make them highly attractive for novel device applications. 

Among these systems, quantum wires are a very important type in the world of 
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nanostructures in which charge carriers are spatially confined in two dimensions, 

allowing free movement along one dimension.  

Due to their exciting electronic, thermal, and optical characteristics, quantum wires have 

been the focus of extensive research, with a growing number of studies exploring their 

characteristics These structures have various technological applications, including 

quantum wire lasers, transistors, light-emitting diodes, sensors, solar cells, and optical 

filters [3-7] Over the years, various fabrication techniques have been developed to 

create quantum wires experimentally. Some of the most widely used methods include 

the vapor-liquid-solid (   ) growth mechanism, electron-beam lithography (   ), 

nano-sphere lithography, quantum well etching, and ion implantation [8, 9]. 

A double quantum wire (DQW) is formed when two nearly identical, quasi-one-

dimensional quantum wires are placed close to each other, this achieved by introducing 

additional lateral confinement, which influences the electronic coupling between the 

two wires [10]. By carefully tuning the confinement potential, researchers can fabricate 

double quantum wire heterostructures with adjustable tunneling barriers, allowing 

precise control over carrier interactions and transport properties. These advancements 

enable a new device applications and help the researchers to explore quantum effects in 

small semiconductor structures. 

1.1 Quantum confinement  

Quantum confinement is a fundamental concept in nanoscience and quantum 

mechanics, referring to the phenomenon that occurs when the dimensions of a material 

are reduced to a scale comparable to the de Broglie wavelength of its charge carriers, 

such as electrons and holes. When the material’s dimensions are reduced to the 

nanoscale, typically less than 100 nanometers, the electrons and holes can no longer 

move freely in all three dimensions. Depending on the degree of confinement, the 

charge carriers can be move freely in two dimensions (quantum wells), one dimension 

(quantum wires), or zero dimension (quantum dots). Each of these structures exhibits 

unique quantum behaviors, and the degree of confinement affects the energy 

quantization and the resulting physical properties [11-14]. 
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In bulk materials, the electronic states form continuous energy bands, enabling the free 

motion of charge carriers. However, in confined systems, the energy levels become 

discrete due to the boundary conditions imposed on the particle’s wavefunction. The 

smaller the dimensions of the confinement region, the larger the energy spacing 

between the levels, which directly impacts the material’s electronic and optical 

properties. For instance, the bandgap of a semiconductor material can be engineered by 

controlling its size, leading to size-dependent optical absorption and emission 

characteristics—a phenomenon widely exploited in quantum dot applications [15-17]. 

The quantum confinement effect is obviously observed in low-dimensional systems 

such as nanowires, nanotubes, graphene, and quantum dots. Due to the unique 

properties of these systems, they are used in many fields such as light-emitting diodes 

(    ), solar cells, biological imaging, quantum well transistors, and quantum 

computing [2, 18-21].  

The advances in nanofabrication techniques, such as molecular beam epitaxy, chemical 

vapor deposition, and colloidal synthesis, have enabled the production of high-quality 

nanostructures with controlled properties [8]. Moreover, advanced characterization 

tools, including atomic force microscopy, scanning tunneling microscopy, and ultrafast 

spectroscopy, are essential for probing the quantum-confined states and understanding 

their behavior [22]. 

1.2 Double quantum wires (   ) 

Double quantum wires are a specialized class of quantum confinement structures 

formed by two closely spaced potential wells, often separated by a thin barrier layer 

made from a different semiconductor material. This arrangement creates a coupled 

system where the behavior of charge carriers in one wire can be influenced by the 

presence of the other. Within such a configuration, electrons and holes are not strictly 

confined to their original wire; instead, they may tunnel through the barrier into the 

adjacent wire. The likelihood of this tunneling is strongly determined by the barrier’s 

thickness and material properties, which affect the degree of wavefunction overlap 

between the two wires. A thinner barrier promotes stronger coupling, enabling 

significant inter-wire carrier exchange, while a thicker barrier restricts tunneling and 

preserves more independent carrier dynamics in each wire. This tunable coupling plays 
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a key role in modifying the system’s transport and optical responses, making double 

quantum wires an attractive platform for studying quantum coherence, carrier 

interactions, and the influence of external fields in low-dimensional systems. 

When the energy levels of the two wires match, the probability of tunneling increases 

significantly. This effect is used in devices such as resonant tunneling diodes [23]. 

Additionally, double quantum wires are used in advanced optoelectronic devices like 

lasers [24]. Moreover, quantum wires have also played a major and important role in the 

field of quantum information technologies [25]. 

1.3 Spintronics 

Spintronics is a rapidly advancing research field which uses the spin of electrons rather 

than their charge. By studying spin dynamics, researchers aim to develop advanced 

electronic devices. The most promising applications of spintronics are the field-effect 

transistors and magnetoresistive random-access memory (    ) [26].  

The study of spin-orbit coupling in confined quantum structures is of great importance 

because it plays an important role in spintronics devices. These devices are designed to 

operate at very high speeds and efficiency while reducing energy consumption to the 

lowest possible level [20, 27-29].  The key princible behind these technologies is the 

ability to manipulate and control the spin orientation of electrons in semiconductor 

structures [30-32]. 

Rashba spin-orbit coupling (    ) is a fundamental quantum phenomenon that 

emerges in low-dimensional semiconductor systems due to the presence of a 

macroscopic electric field, which is itself a direct consequence of structural inversion 

asymmetry (   ) in the material. Structural inversion asymmetry occurs when the 

potential energy profile along the growth or confinement direction of the nanostructure 

lacks mirror symmetry, meaning that electrons on one side of the structure experience a 

different potential compared to the opposite side. This asymmetry generates an effective 

internal electric field that interacts with the motion of electrons in the plane of 

confinement, coupling their linear momentum to their intrinsic spin degree of freedom. 

As a result, the spin and orbital motion of electrons are no longer independent, leading 

to the characteristic Rashba spin splitting in the energy spectrum. 
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This spin splitting has profound implications for the electronic, optical, and transport 

properties of low-dimensional systems, such as quantum wells, quantum wires, and 

quantum dots. In these nanostructures,      modifies the subband structure, influences 

carrier scattering rates, and introduces spin-dependent transport channels, all of which 

are critical for spintronic applications where control over spin currents is required. One 

of the most remarkable aspects of      is its tenability, the strength of the spin-orbit 

interaction can be externally controlled by applying gate voltages, modifying 

asymmetric doping profiles, or engineering the heterostructure design. This tunability 

enables precise manipulation of spin states, allowing for the realization of devices such 

as spin transistors, spin filters, and elements for quantum computation, where the ability 

to coherently control electron spin is essential. 

Furthermore, in coupled systems like double quantum wires,      plays an even more 

complex and intriguing role. The interplay between tunneling, confinement, and spin-

orbit interaction can lead to unique phenomena such as spin-dependent interference, 

anisotropic spin splitting, and enhanced magneto-electric coupling. These effects not 

only provide a deeper understanding of fundamental spin physics in low-dimensional 

materials but also open pathways for engineering novel devices that exploit spin and 

charge simultaneously for advanced functionalities. The study of Rashba spin-orbit 

coupling therefore represents a critical intersection of condensed matter physics, 

nanotechnology, and device engineering, highlighting the importance of structural 

design and external field control in tailoring the quantum properties of modern 

nanoscale materials.      arises due to a macroscopic electric field, which is linked to 

the structural inversion asymmetry of the potential in the material. This inversion 

asymmetry means that the potential energy landscape along the growth direction of the 

structure is not symmetric. For this reason, an effective electric field is generated, which 

simultaneously interacts with both the electron motion as well as its spin, causing spin-

orbit coupling. The Rashba spin-orbit coupling strength can be controlled by an external 

electric field, making it an effective and practical mechanism for controlling spin-

dependent effects in spintronic devices [33].  
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1.4 The density of the states and the local density of states 

The density of states (   ) describes how many electronic states are available per unit 

energy in a material. The shape and behavior of the     strongly depend on the 

dimensionality of the system, meaning whether the electrons are confined in three, two, 

one, or zero dimensions as shown in FigureB1. 

1. Three-Dimensional (  ) Systems: Bulk Materials 

In a    system, such as a bulk semiconductor or metal, electrons are free to move in all 

three spatial directions. The density of states increases smoothly with energy. This 

means that in a    material, the DOS starts from zero at the bottom of the conduction 

band and increases with energy. The smooth increase allows for a continuous range of 

available states, leading to the electronic properties observed in bulk materials. 

2. Two-Dimensional (  ) Systems: Quantum Wells  

In a    system, such as a quantum well, electrons are confined in one direction but free 

to move in the other two. This confinement causes the DOS to take a step-like shape. 

Unlike the    case, where the     gradually increases with energy, in    systems, the 

DOS remains constant within each energy subband and jumps to a higher value when a 

new subband becomes available. This results in a layered electronic structure, which is 

essential in modern electronic and optoelectronic devices like MOSFETs and quantum 

well lasers. 

3. One-Dimensional (  ) Systems: Quantum Wires 

In a    system, such as a quantum wire, electrons are confined in two directions but 

free to move along the remaining one. As a result, the     in    systems exhibits 

sharp peaks at the onset of each energy subband. These peaks, significantly affect the 

electrical and optical properties of nanowires, making them highly sensitive to external 

perturbations such as electric and magnetic fields. 

4. Zero-Dimensional (  ) Systems: Quantum Dots 

In a    system, such as a quantum dot, electrons are confined in all three spatial 

directions, meaning they can only occupy discrete energy levels. This results in a 

discrete DOS, where states appear as a line at specific energy value. Since electrons can 
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only occupy certain quantized states, quantum dots behave like artificial atoms, leading 

to unique optical and electronic properties used in applications like quantum computing. 

Table 1 

The effect of spatial confinement on     as a function of energy   

System Dimensionality          

Bulk         √  

Quantum well                  

Quantum wire    
     

 

√ 
 

Quantum dot                   

 

In Table 1, the expressions for the     in different dimensionalities (  ,   ,   , and 

  ) are summarized. The general shapes of the materials corresponding to each 

confinement type are shown in Figure26 (Appendix B). In Conclusion, as the 

dimensionality of a system decreases, the density of states shifts from a continuous 

function in    materials to discrete energy levels in    systems. This transition leads to 

significant changes in the electronic, optical, and transport properties of nanomaterials. 

Understanding these effects is crucial in designing and optimizing nanostructures for 

advanced electronic and photonic applications.  

When a nanomaterial is subjected to an external magnetic field, the dynamics of its 

charge carriers, such as electrons or holes, are profoundly affected by the Lorentz force. 

This force causes the carriers to move in circular or spiral trajectories perpendicular to 

the direction of the applied field. In classical physics, these orbits are continuous, but in 

quantum mechanics, the motion of the carriers becomes quantized. This quantization 

arises from the restriction that only certain discrete energy states are allowed for 

electrons moving in a magnetic field, giving rise to what are known as Landau levels a 

phenomenon referred to as Landau quantization. Each Landau level corresponds to a 

quantized cyclotron orbit, and the spacing between these levels depends on fundamental 

parameters such as the strength of the applied magnetic field and the effective mass of 

the carriers. As the field strength increases, the separation between adjacent Landau 

levels widens, leading to more pronounced quantum effects. 



8 

 

The concept of Landau quantization fundamentally changes our understanding of the 

electronic structure of materials under magnetic fields. Instead of a continuous energy 

spectrum, electrons occupy discrete, highly degenerate energy states, each associated 

with a specific Landau level. This discretization has a direct impact on the density of 

electronic states in the system, producing sharp peaks at the energies corresponding to 

the Landau levels. These peaks significantly influence the material’s transport, optical, 

and thermodynamic properties. For instance, in two-dimensional electron systems such 

as quantum wells, Landau quantization is responsible for the formation of the integer 

and fractional quantum Hall effects, which have been observed experimentally as 

quantized plateaus in the Hall resistance. Similarly, oscillatory behavior in 

magnetoresistance, known as Shubnikov–de Haas oscillations, arises directly from the 

filling and depopulation of Landau levels as the magnetic field is varied. These 

phenomena are not only of fundamental interest but also have practical implications for 

high-precision metrology and the design of nanoscale electronic devices. 

In low-dimensional systems, including quantum wires, quantum dots, and double 

quantum wire structures, the effects of Landau quantization become even more 

pronounced due to the additional confinement of charge carriers. The combination of 

spatial confinement and magnetic quantization leads to a rich energy spectrum in which 

subbands of the system interact with Landau levels, producing complex splitting and 

shifting of energy states. In such systems, the interplay between confinement, magnetic 

field strength, and spin-orbit interactions, such as Rashba coupling, introduces new 

degrees of freedom for controlling the electronic and spin properties. For example, in 

double quantum wires, tunneling between the wires can couple with Landau 

quantization to produce spin-dependent energy dispersions, which are crucial for 

applications in spintronics and quantum information processing. These effects highlight 

the intricate connection between fundamental quantum phenomena and the engineering 

of nanostructured materials for advanced device functionality. 

Beyond their impact on electronic properties, Landau levels also play a central role in 

magneto-thermodynamic phenomena. When a system is exposed to varying magnetic 

fields, the occupancy of Landau levels changes, modifying the magnetic entropy of the 

system. This effect underpins the magnetocaloric response of low-dimensional materials 

and has direct relevance for emerging technologies in solid-state cooling. By carefully 
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tuning the magnetic field and exploiting the quantized energy levels, it is possible to 

enhance the efficiency of energy conversion processes and thermal management in 

nanoscale devices. Moreover, Landau quantization affects the optical response of 

materials: the discrete energy levels allow for sharp, well-defined optical transitions that 

can be probed using spectroscopic techniques. These transitions provide direct insight 

into the effective mass, carrier density, and interaction effects in the system, offering a 

powerful tool for both fundamental research and device characterization. 

In addition, Landau quantization is intimately linked to the quantum coherence and 

many-body interactions in low-dimensional systems. The high degeneracy of each 

Landau level enhances electron-electron interactions, giving rise to correlated 

phenomena such as Wigner crystallization, fractional quantum Hall states, and magneto-

excitonic effects in nanostructures. In quantum dots, the interplay between confinement, 

Coulomb interactions, and Landau quantization defines the addition energy spectrum 

and dictates the behavior of single-electron transport, which is essential for applications 

in quantum computing and single-electron transistors. These effects illustrate the 

profound role of Landau quantization in shaping the electronic, magnetic, and optical 

properties of nanomaterials, highlighting its significance not only as a fundamental 

quantum phenomenon but also as a practical tool for designing next-generation 

nanoscale devices. 

In summary, Landau quantization represents a cornerstone concept in condensed matter 

physics, providing a bridge between the fundamental behavior of charge carriers in 

magnetic fields and the rich physics of low-dimensional and nanostructured systems. Its 

influence extends across electronic transport, optical transitions, thermodynamic 

responses, and spin-dependent phenomena, making it a critical aspect of research in 

quantum wires, quantum dots, and double quantum wire systems. The ability to 

understand, control, and exploit Landau levels opens pathways for both fundamental 

discoveries and innovative applications, ranging from precision metrology to quantum 

information technologies and advanced magnetocaloric materials. By combining 

magnetic field control with nanoscale engineering, researchers can harness Landau 

quantization to explore novel physical effects and design devices with unprecedented 

performance and functionality. 
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The local density of states (    ) is the number of energy states per unit energy at a 

specific point within the material, it offers more specific insight into the electronic 

states at a particular location within the material, making it a highly localized measure 

of the system's electronic structure.  

Unlike the total density of states, which provides a global average over the entire 

system, the      captures spatial variations in the electronic structure, offering a more 

detailed and localized perspective. It reflects how the distribution of states changes from 

one position to another, which is particularly important in nanostructures, 

heterojunctions, and systems with spatially varying potentials. By focusing on a precise 

location, the      enables direct investigation of how factors such as impurities, 

defects, external fields, or quantum confinement influence the accessibility of electronic 

states in that region. This makes it an essential quantity for analyzing and interpreting 

the electronic behavior of low-dimensional systems, including double quantum wires, 

where the spatial modulation of electronic states plays a critical role in transport and 

optical properties. 

One of the most effective and versatile techniques for investigating the local density of 

states (    ) in materials is scanning tunneling microscopy (   ). scanning tunneling 

microscopy operates on the fundamental principle of quantum tunneling, where 

electrons can move across a potential barrier even when classical physics predicts that 

they should not. In the     setup, a sharp metallic tip is positioned extremely close to 

the sample surface typically at distances of just a few angstroms. When a bias voltage is 

applied between the tip and the sample, electrons tunnel through the vacuum gap, 

producing a measurable tunneling current. The magnitude of this current is highly 

sensitive to the electronic states available at the precise location under the tip. 

Specifically, the tunneling current is directly proportional to the      at the tip 

position, which allows     to probe the spatial distribution of electronic states with 

atomic-scale resolution. 

By systematically varying the bias voltage,     is capable of mapping the      as a 

function of energy, providing a direct visualization of the electronic structure across 

different regions of the material. This capability makes it possible to identify and 

characterize features such as energy gaps, impurity states, localized defect levels, and 

surface reconstructions. In low-dimensional systems such as quantum wells, nanowires, 
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quantum dots, and double quantum wire structures     has proven to be an invaluable 

tool because the      can vary significantly over very short spatial scales due to 

quantum confinement effects. For example, in quantum wires, the      may reveal 

discrete subbands associated with lateral confinement, while in quantum dots, scanning 

tunneling microscopy can directly image the spatial distribution of confined electron 

states. 

Furthermore,     is instrumental in studying more complex phenomena, such as 

Landau quantization in the presence of a magnetic field or Rashba spin-orbit splitting in 

asymmetric nanostructures. When combined with external perturbations like magnetic 

or electric fields, scanning tunneling microscopy can provide real-space and energy-

resolved insights into how these factors influence the     . This allows researchers to 

observe subtle effects such as spin-dependent energy splitting, edge states in topological 

systems, and electron localization around impurities or interfaces. The combination of 

atomic spatial resolution and fine energy resolution makes     one of the most 

powerful experimental techniques for connecting theoretical predictions with 

experimental observations in condensed matter physics. 

In addition to its spatial and energy-resolving capabilities,     can be operated in 

several modes to extract further information about a material. For instance, 

spectroscopic modes, such as scanning tunneling spectroscopy (   ), directly measure 

the differential conductance as a function of voltage, which is proportional to the 

     at a given energy. This enables precise characterization of electronic excitations, 

band edges, and energy-dependent phenomena at the nanoscale. scanning tunneling 

microscopy has also been used to study dynamic processes, such as electron-phonon 

interactions, local magnetic behavior, and charge transfer events, by monitoring 

variations in the tunneling current under controlled experimental conditions. 

The ability of scanning tunneling microscopy to probe the      with such high 

resolution has had a profound impact on both fundamental research and technological 

development. It allows for a detailed understanding of the electronic properties of 

nanostructures, facilitates the design of spintronic and quantum devices, and provides 

insight into the behavior of materials under external fields or structural modifications. 

By combining scanning tunneling microscopy measurements with theoretical modeling, 
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including density functional theory and tight-binding calculations, researchers can 

achieve a comprehensive understanding of how local electronic states influence 

macroscopic properties. In this way, scanning tunneling microscopy bridges the gap 

between atomic-scale physics and device-level applications, offering a direct window 

into the quantum world. 

Overall, scanning tunneling microscopy is not just a tool for imaging surfaces it is a 

critical technique for exploring the fundamental electronic structure of materials at the 

nanoscale. Its capacity to map the      with simultaneous spatial and energy 

resolution makes it indispensable for studying quantum confinement effects, spin-orbit 

interactions, magneto-thermodynamic phenomena, and other nanoscale properties. As 

nanotechnology and quantum device engineering continue to advance,     will remain 

a cornerstone method for understanding and manipulating the electronic behavior of 

low-dimensional and nanoscale systems, providing insights that are both scientifically 

profound and technologically transformative. 

Scanning Tunneling Microscopy (   ) is based on a quantum mechanical tunneling, 

small particles like electrons (show wave-like properties), penetrate potential barriers. In 

general,     involves a very sharp conductive tip that is brought within tunneling 

distance (few nanometers) of the sample surface, then the tunneling wave function of 

the sample electrons (  ) and the wave function of a     tip electrons (   ) overlap in 

the insulating gap as shown in figure 27 (Appendix B), (we consider the square 

magnitude of the wave function, which represents the probability of finding an electron 

at a given location), allowing a current to flow. 

In metals, electrons fill the continuous energy levels up to the Fermi level (  ), which 

defines an upper boundary, we can raise the Fermi level by applying a voltage. Thus, to 

observe the tunneling current   of electrons through the vacuum gap between the sample 

and the tip, a bias voltage,      , is applied, as shown in figure28 (Appendix B), at 

       , the electrons cannot flow in either direction ,when           (positive bias), 

the Fermi level of the sample is raised by      , and the electrons in the occupied state 

of the sample can tunnel into the unoccupied state of the tip. Similarly, when           

(negative bias), the electrons in the occupied state of the tip tunnel into the unoccupied 

state of the sample. 
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In semiconductor as shown in figure 29 (Appendix B), the filled area is not uniform, 

there is a variation in the electrons density, and the unoccupied levels have a variation in 

density of the energy levels that the tunneling electrons can occupy. 

The tunneling current strongly affected by the density of states (   ) of the sample at 

the surface [34], 

   ∫                                                           (1.1) 

Where         is the local density of states of the sample at the position of the tip,     is 

the tip density of states ,   is the electron charge,   is the voltage bias applied to the 

sample and      is the Fermi-Dirac distribution. 

The STM current is able to provide a local information,      rather than average    , 

where the tunneling current   is recorded at each location with bias voltage      , STM 

tunneling spectroscopy (    curve) generating a map of tunneling conductance 

        .Assuming that the tip density of state (    ) is flat in the choised applied energy 

range , by taking the derivative of the current with respect to the bias voltage (       ,  

we have the differential conductance found to be directly proportional to the sample’s 

local density of state [35]. 

   

      
            ∑ ∫   

   (       )                         (1.2) 

The scanning tunneling spectroscopy (   ), is a local way, that can be used to obtain 

information about the density of states of the nanomaterial sample. We vary the bias 

voltage and record the tunneling current.   

    is one of the most powerful techniques for probing the quantization of Landau 

levels (   ). These      appear as a clear  sequence of peaks in the differential 

conductance ( 
  

  
 ) spectra which is proportional to    of the sample. The measurements 

of     quantization have been observed and reported experimentally in different 

nanomaterial material systems like graphene presented in an applied magnetic field 

[36]. 
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1.5 Magnetocaloric effect 

The magnetocaloric effect (   ) is a fundamental thermodynamic phenomenon 

observed in magnetic materials, characterized by a change in temperature when the 

material is subjected to a varying external magnetic field. At its core, the 

magnetocaloric effect arises from the intimate coupling between the magnetic degrees 

of freedom of a material and its thermal energy. When a magnetic field is applied, the 

magnetic moments of atoms, ions, or electrons within the material tend to align with the 

field. This alignment reduces the disorder in the magnetic subsystem, effectively 

decreasing the magnetic entropy. Under adiabatic conditions, where no heat is 

exchanged with the surroundings, the reduction in magnetic entropy must be 

compensated by an increase in the thermal energy of the lattice, resulting in a 

measurable rise in temperature. Conversely, when the external magnetic field is 

decreased or removed, the magnetic moments tend to adopt more random orientations, 

increasing magnetic entropy and causing the material to cool. This reversible heating 

and cooling behavior forms the basis of the     and represents a direct manifestation 

of the interplay between magnetic order and thermal energy in condensed matter 

systems. 

The strength and magnitude of the     are influenced by several intrinsic and extrinsic 

factors. Intrinsic factors include the magnetic moment of the constituent atoms, the type 

of magnetic ordering present (ferromagnetic, antiferromagnetic, or paramagnetic), and 

the nature of the magnetic interactions within the material. Materials that undergo sharp 

magnetic phase transitions, particularly ferromagnetic-to-paramagnetic transitions near 

their Curie temperature, often exhibit the strongest magnetocaloric responses, as even a 

small change in the magnetic field can induce a substantial change in magnetic entropy. 

Extrinsic factors include the strength and rate of change of the applied magnetic field, 

the dimensionality of the system, and the presence of structural or compositional 

modifications. In low-dimensional systems, such as thin films, nanowires, quantum 

dots, and double quantum wire structures, quantum confinement and reduced 

dimensionality can significantly modify the density of magnetic states and amplify the 

sensitivity of the system to external fields, potentially enhancing the magnetocaloric 

effect compared to bulk counterparts. 
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The practical significance of the     extends beyond fundamental physics. One of its 

most widely studied applications is in solid-state magnetic refrigeration, which 

leverages the reversible heating and cooling of magnetocaloric materials under varying 

magnetic fields to transfer thermal energy without relying on environmentally harmful 

refrigerants. Compared to traditional gas-compression refrigeration systems, magnetic 

refrigeration offers higher energy efficiency, reduced mechanical complexity, quieter 

operation, and a smaller environmental footprint. By carefully engineering the 

composition, crystallinity, and nanostructure of magnetocaloric materials, it is possible 

to tailor the temperature range, entropy change, and thermal conductivity for specific 

cooling applications, ranging from household appliances to industrial-scale thermal 

management systems. 

Beyond refrigeration, the magnetocaloric effect plays a crucial role in biomedical 

applications, such as magnetic hyperthermia for cancer therapy. In this technique, 

magnetic nanoparticles, quantum dots, or nanowires are introduced into tumor tissue. 

When exposed to an external alternating magnetic field, these materials generate 

localized heating due to the magnetocaloric effect, raising the temperature of the 

targeted tissue to a level that can damage or destroy cancerous cells without affecting 

surrounding healthy tissue. The tunability of the     through material composition, 

particle size, and external field strength provides a high degree of control over the 

heating process, making it a promising tool for precision medical treatments. 

From a theoretical perspective, studying the magnetocaloric effect in low-dimensional 

and nanoscale systems, including double quantum wire structures, also offers deep 

insight into the interplay of quantum confinement, spin-orbit interactions, and magnetic 

ordering. For instance, in systems where Rashba spin-orbit coupling is present, the 

splitting of spin states can alter the magnetic entropy landscape, influencing the 

magnetocaloric response in ways that can be harnessed for advanced device 

applications. Similarly, the presence of Landau quantization in strong magnetic fields 

can modify the density of electronic states, further impacting the magnitude and 

behavior of the    . These considerations underscore the importance of carefully 

designed experiments and theoretical models to predict and optimize the magnetocaloric 

performance of nanostructured materials. 



16 

 

In conclusion, the magnetocaloric effect represents a unique and versatile bridge 

between magnetic, thermal, and quantum properties of materials. Its study not only 

deepens our understanding of fundamental condensed matter physics but also provides a 

pathway for innovative applications in energy-efficient cooling technologies, 

biomedical treatments, and nanoscale devices. By exploring the MCE in both bulk and 

low-dimensional systems, researchers can uncover new strategies to manipulate 

magnetic entropy, optimize thermal performance, and design next-generation materials 

with tailored magnetothermal properties, highlighting the continuing importance and 

transformative potential of this remarkable phenomenon. 

The magnetocaloric effect refers to the change in temperature of a magnetic material 

when it is exposed to a varying magnetic field. This effect can lead to either heating or 

cooling, depending on whether the magnetic field is applied or removed, as illustrated in 

figure30 (Appendix B). The fundamental reason behind this effect lies in the behavior 

of magnetic moments in response to an external magnetic field. 

When a magnetic field is applied adiabatically to a magnetic material, the magnetic 

moments within the material tend to align with the field. This alignment reduces the 

magnetic contribution to the total entropy of the system. Since the process is adiabatic, 

the total entropy 

                                                                      (1.3) 

must remain constant. When the magnetic field is applied, the decrease in the magnetic 

entropy  must be compensated by an increase in the lattice entropy, to keep the total 

entropy constant. This increase in lattice entropy corresponds to an increase in the 

temperature, causing the material to heat up. 

On the other hand, when the magnetic field is adiabatically removed, the previously 

aligned magnetic moments become disordered. This increases the magnetic entropy, 

requiring a decrease in the lattice entropy to keep the total entropy constant. As a result, 

the material cools down. 

The magnetocaloric effect is typically quantified using two main parameters: 

1. Isothermal entropy change (     ): This measures the change in entropy of the 

system when the magnetic field is varied while keeping the temperature constant. 
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2. Adiabatic temperature change (    ): This represents the change in temperature of 

the material when the magnetic field is altered under adiabatic condition (no heat 

exchange during field variation). 

The adiabatic temperature change,     , can be determined experimentally by directly 

measuring the temperature using a thermometer. Alternatively, it can be estimated 

indirectly using specific heat and magnetization data, according to the following 

relation: [37], 

      ∫
 

  
(
  

  
)
 
  

  

  
                                       (1.4)  

The isothermal entropy change,      , can be calculated by using the magnetization data 

as follows: [37], 

      ∫ (
  

  
)
 
  

  

  
                                           (1.5) 

One of the important applications of the magnetocaloric effect lies in the field of 

medical treatments, particularly in targeted cancer therapy. A specialized technique 

known as magnetic hyperthermia utilizes this principle to selectively heat cancerous 

cells without causing significant damage to surrounding healthy tissue. In this approach, 

magnetic nanomaterials—such as quantum dots, magnetic nanoparticles, or 

nanowires—are introduced into the tumor site. When subjected to an external,             

time-varying magnetic field, these nanomaterials dissipate energy in the form of 

localized heat due to magnetic relaxation and hysteresis losses. This controlled 

temperature rise, this can weaken or destroy cancer cells by disrupting their metabolic 

processes and structural integrity. The localized nature of the heating allows for precise 

targeting, making magnetic hyperthermia a promising complementary technique to 

conventional cancer treatments such as chemotherapy and radiotherapy, while 

potentially reducing systemic side effects [38].  

Another major and rapidly developing application of the magnetocaloric effect is in the 

field of magnetic refrigeration, which is currently considered one of the most promising 

alternatives to conventional cooling technologies. Traditional refrigeration systems rely 

on gas-compression cycles, typically using refrigerant gases such as hydrofluorocarbons 

(    ) or chlorofluorocarbons (    ), which not only consume significant amounts of 
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energy but also contribute to environmental problems, including global warming and 

ozone layer depletion. In contrast, magnetic refrigeration is based on the solid-state 

properties of magnetocaloric materials, eliminating the need for harmful refrigerants 

and offering a much more sustainable cooling approach. The principle relies on the 

reversible temperature changes of these materials when exposed to a changing magnetic 

field: as the field is applied, the magnetic moments of the atoms in the material tend to 

align, reducing magnetic entropy and causing the material to heat up; when the field is 

removed, the magnetic moments become disordered, increasing entropy and cooling the 

material. This cyclic process allows for highly efficient heat exchange with minimal 

energy losses. Beyond energy efficiency, magnetic refrigeration offers several 

additional advantages, including quieter operation, fewer moving mechanical parts, and 

the potential for miniaturization, which makes it suitable not only for household 

appliances but also for industrial, electronic, and medical cooling applications. Current 

research is focused on discovering and engineering materials with strong 

magnetocaloric effects near room temperature, optimizing their thermal conductivity, 

and designing practical devices capable of achieving large-scale, efficient, and 

environmentally friendly refrigeration. The development of magnetic refrigeration thus 

represents a significant step toward sustainable technology, combining fundamental 

physics, materials science, and engineering to address both energy efficiency and 

environmental concerns.  

The magnetocaloric effect (   ) in diamagnetic materials is generally very weak, 

especially when compared to the pronounced effects observed in ferromagnetic and 

paramagnetic materials. This disparity stems from the intrinsic magnetic properties of 

diamagnetic systems. Unlike ferromagnets, which possess permanent magnetic 

moments that can align under an external field, diamagnetic materials do not have 

inherent magnetic moments. Instead, their magnetic response is induced only in the 

presence of an applied external field and is typically small in magnitude, acting in 

opposition to the field. As a result, when the magnetic field is varied, the induced 

changes in magnetic entropy are minimal, leading to correspondingly tiny temperature 

variations. These changes are insufficient to generate the substantial heating or cooling 

necessary for practical applications such as magnetic refrigeration. In contrast, 

ferromagnetic materials exhibit strong alignment of their intrinsic moments under an 

external field, producing significant entropy changes and large temperature shifts, which 
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are critical for achieving efficient cooling cycles. Because of this, diamagnetic materials 

are rarely considered suitable for magnetocaloric applications where a pronounced 

thermal response is essential. Nevertheless, studying the weak     in diamagnets 

provides valuable insight into the fundamental mechanisms of magnetism and the role 

of intrinsic versus induced magnetic moments in determining a material’s 

thermodynamic response. Furthermore, this understanding underscores the importance 

of material selection in designing magnetocaloric devices: choosing materials with 

strong magnetic ordering and high susceptibility ensures a larger entropy change and, 

therefore, greater efficiency in magnetic cooling technologies. By highlighting these 

limitations, researchers can better focus on optimizing material properties, such as 

magnetic moment density, Curie temperature, and lattice interactions, to maximize the 

performance of magnetocaloric systems for practical applications. 

However, despite their weak    , diamagnetic materials have important applications 

in a high sensitive magnetic field sensor [39-41]. Such sensors can detect extremely 

weak magnetic fields with high sensitivity, making them valuable in various advanced 

technologies. 

Due to these advantages, researchers are actively working on developing high-

performance magnetocaloric materials and optimizing their properties for practical 

applications [37, 42].  

1.6 Indium Antimonide (    ) properties 

Indium antimonide (    ) is a binary compound semiconductor made of indium (  ) 

and antimony (  ). It belongs to the III-V group of semiconductors, which are widely 

studied due to their excellent electronic and optical properties [43].      crystallizes in 

the zinc blende structure. One of the most important characteristics of      is its narrow 

bandgap, which is approximately 0.17 eV at room temperature. Because of this small 

bandgap, electrons in      require only a small amount of energy to move from the 

valence band to the conduction band. This property allows      to be highly responsive 

to infrared radiation, making it one of the best materials for infrared detectors [44]. 

Some key properties of     , including its bandgap and electron mobility, are listed in 

Table 2. In addition to its narrow bandgap,      has very high electron mobility, 

meaning that electrons can move through the material with very little resistance. This 
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property makes      highly suitable for high-speed electronics, where fast response is 

required. Furthermore, the combination of its electronic properties and quantum 

mechanical effects makes      an important material for quantum devices, such as 

those used in quantum computing and spintronics [45, 46]. 

The unique characteristics of      arise from its small effective mass of charge carriers, 

high carrier mobility, and low bandgap energy. These properties enable efficient 

operation in the infrared spectral range, making      a preferred choice for thermal 

imaging cameras, spectroscopy equipment, and night vision systems [43, 47]. 

Furthermore, its high sensitivity to magnetic fields and low thermal conductivity make 

it a valuable material for Hall effect sensors and thermoelectric devices [48]. 

In recent years, significant advancements in material synthesis and characterization 

techniques have made it possible to fabricate high-quality indium antimonide (    ) 

nanostructures with remarkable precision and control. These developments have 

enabled the creation of a variety of low-dimensional systems, including quantum wells, 

nanowires, and quantum dots, each offering unique electronic and optical properties. 

The ability to engineer      at the nanoscale allows researchers to precisely tune 

parameters such as size, shape, composition, and confinement potential, which directly 

influence quantum confinement effects, carrier mobility, and spin-orbit interactions. 

High-quality fabrication also minimizes defects and impurities, ensuring that the 

intrinsic properties of      dominate the observed behavior, which is critical for both 

fundamental studies and technological applications. These nanostructures have attracted 

extensive interest for use in high-speed electronics, infrared optoelectronic devices, 

spintronic systems, and quantum information processing, highlighting the versatile and 

transformative potential of     -based nanoscale materials in modern condensed matter 

physics and device engineering. 
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Table 2  

Material Properties of InSb Quantum Wire [14, 49-52] 

Property Value/Description 

Crystal Structure Zinc blende 

Lattice Constant 6.479 Å 

Bandgap 0.17 eV (at 300 K) 

Electron Mobility ~77,000 cm²/V·s (at 300 K) 

Hole Mobility ~850 cm²/V·s (at 300 K) 

Dielectric Constant ~16.8 

Effective Mass Electron: 0.015mₙ; Hole: ~0.41mₙ 

Landé   factor ~ 50 

Melting Point ~525 °C 

Magnetic Properties Diamagnetic 

Density ~5.78 g/cm³ 

Refractive Index ~ 4.0 (at 10 µm) 

Intrinsic Carrier Concentration ~ 10
12 

 

1.7 Literature survey 

Researchers have been interested in the low-dimensional systems:  Quantum wells, 

single quantum Wires and quantum dots, and a large number of theoretical researches 

have been carried out to investigate the effect of external fields on thermal, magnetic, 

and optical properties of these nanosystems [53-57]. In Ref [53], Gumber et.al. have 

calculated the heat capacity and the entropy of the cylindrical quantum dot as function 

of temperature, confinement strength and magnetic field. In addition, they have 

displayed a contour plot for the magnetic phase transition in the zero-dimensional 

quantum dot system made for GaAs material.  

The researchers found that the presence of impurities has a significant effect on the 

properties of the systems [58-65]. Abu Alia et.al. have used the exact diagonalization 

method to calculate the effect of donor impurity and magnetic field on the heat capacity 

of quantum dot made from GaAs material. They found that the impurity had great effect 

on the   -heat capacity [55]. In Ref. [62], for single doped-quantum wire made of 

GaAs, Hosseinpour found that the attractive impurity reduces the energy eigenvalues, as 

compared to the repulsive impurity and influence significantly the thermal properties 

also. Many theoretical works have investigated the effect of Rashba and Dresselhaus 

spin-orbit coupling on the physical properties of the low-dimensional systems [66-70].  
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The influences of external fields upon both the electronic and transport properties of the 

    system, have been analyzed theoretically [71-73] and experimentally [74]. The 

effect of a tilted magnetic field on the modulation of tunneling, conductance and the 

magnetization is studied for GaAs double quantum wires in reference [72, 75]. 

Gudmundsson et al. have made a theoretical study of the magneto transport properties 

of a parabolic double quantum wires made of GaAs in an external perpendicular 

magnetic field [75], Yenal Karaaslan et al. have investigated the electronic structure, 

spin and transport properties of InAs double quantum wires subjected to an external 

magnetic field by taking into account Rashba and Dresselhaus spin-orbit couplings [76].  

The electronic transport properties of double     made of GaAs by considering 

impurity and external magnetic field were investigated by Korepov [77]. Sevil Sarikurt 

et al. investigated theoretically the effect of spin–orbit coupling on the energy level 

spectrum of      quantum wire with a parabolic confining potential subjected to the 

perpendicular magnetic field [78]. The effects of Rashba spin–orbit interaction on the 

electronic energy dispersion and zero-temperature conductance of      double quantum 

wire under the influence of perpendicular magnetic field had been investigated in 

reference [79], the computed results show that the competition between spin-orbit 

interaction and magnetic field modify strongly energy band structure of the     . 

Yenal Karaaslan et al. studied the influence of electric field on the electronic energy 

band structure and the optical properties of double quantum wire made of      exposed 

to a perpendicular magnetic field and Rashba and Dresselhaus spin-orbit interactions 

[80].  

The magnetocaloric properties of diamagnetic materials have been studied [81, 82]. It 

turns out that both entropy and temperature change cause oscillations when the applied 

field is varied. Alisultanov studied the effect of the diamagnetic film thickness on the 

magnetocaloric effect in presence of transverse magnetic field [83]. In addition ,anthers 

have been investigated the oscillating magnetocaloric effect on a quasi-one-dimensional 

electron gas with parabolic confinement potential, with and without applied magnetic 

field [84].  

Many researchers have been interested in studying the local density of states spectra and 

compare the reported experimental (    ) results [22, 85, 86], with the theoretical ones 

[87, 88] for various quantum systems. In reference [88] the effect of the dielectric 
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permeability on the local density of states of the superlattice have been studied. The 

researchers calculated the local density of states using Green’s functions for a photonic 

crystal of alternating air and semiconductor layers (                ) and then 

studied the effect of pressure on the local density of states [87]. Cristina Bena and 

Steven A. Kivelson calculated the local density of states in graphite theoretically in 

presence of impurity [89]. The authors in reference [90] obtained the local density of 

states in Graphene numerically by using the tight-binding model. 

The unique properties of      nanostructures make them highly suitable for various 

applications in optoelectronics and spin-based devices, attracting significant research 

interest in studying their characteristics. 

The effect of the applied magnetic field, Rashba and Dresselhaus spin orbit interaction 

on the photoconductivity of      single-nanowire has been experimentally studied in 

reference [91]. In reference [92] the authors theoretically calculated the conductivity of 

an InSb quantum wire subject to Rashba spin-orbit coupling and a perpendicular 

magnetic field. The authors in reference [93] calculated the binding energy of a 

hydrogen-like impurity in a thin size-quantized wire of the           semiconductors 

with presence of external magnetic field. The spin flip time has been theoretically 

studied for      nanowire with spin–orbit coupling in a magnetic field in reference 

[94]. In reference [95] the local density-of-state spectra in      micro grains have been 

studied experimentally using the scanning tunneling microscope. 

The exceptional material properties of      semiconductors, combined with their 

potential applications in next-generation quantum devices, make them an ideal 

candidate for theoretical investigation. In this study, we focus on an InSb-based double 

quantum wire (   ) system, a crucial step toward developing scalable quantum 

nanotechnology. 

1.8 Research gap 

Motivated by the unique material properties of      semiconductors and its device 

potential applications, we have chosen      as a research material to study theoretically 

a system consisting of       double quantum wire which is a key step in achieving 

scalable quantum nanotechnology devices. We have calculated the     which has not 

been studied before for a double quantum wires made from     . This research will be 



24 

 

a source of very important theoretical information about the roles of the impurities,     

and the electric field on MCE, magnetic, thermal, electronic properties as well as how to 

control them in a double quantum wire fabricated from      nanomaterial. The focus 

will be on obtaining noticeable changes, in both, the entropy and thus the change in 

temperature, at any small variation in the magnetic field. These results will have future 

device applications in sensitive magnetic field sensors. We have studied the magnetic 

susceptibility, and investigate the expected magnetic susceptibility oscillations and the 

magnetic phase transitions in the material sample. The dependence of these physical 

quantities on the applied fields, Spin-orbit interactions and impurity have been 

theoretically studied.  To our knowledge the     for     made from      

nanomaterials has not been studied before. This encourages us to investigate the     

in     made from one dimensional nanomaterial,     , as a research target in this 

work.  

1.9 Research objectives 

The main objectives of this research work can be summarized as follows: 

1. provide a numerical solution of single-particle full-Hamiltonian of an electron 

confined in the double quantum wire (   ) which is made of Indium Antimonide 

(    ) nanomaterial taking into consideration the Rashba spin-orbit coupling, the 

presence of an external magnetic and electric fields and the impurity potential. The 

computed eigenenergies and eigenfunctions, as an output significant spectroscopic 

data of the nanomaterial, will be used to display the dependence of the density of 

states as function of various physical quantities. 

2. Investigate the transport properties of the      -    by calculating the local 

density of states      of an electron in     which has close link to the 

differential conductance of the material quantum wire measured by scanning 

tunneling spectroscopy technique (   ). The      spectra will be displayed 

against the applied fields, Rashba terms and impurity effects. 

3. Study the quantum oscillation phenomena in the magnetic quantities of the     

like magnetization, magnetic susceptibility. The influence of the impurity position 

and strength of the Gaussian-type potential on the properties of     will be 

studied.  
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4. Study the behavior of the magnetocaloric effect (   ) under the influence of 

applied fields, impurities and Rashba Spin-Orbit terms. The change in the entropy of 

the     will be computed as function of the Hamiltonian physical parameters. 

1.10 Structure of dissertation 

The dissertation is structured into four chapters as follows: 

Chapter One: Introduction: This chapter provides a comprehensive introduction to the 

quantum confinement of charge carriers, spintronics, local density of states, and 

magnetocaloric effect. It also highlights the primary differences between the current 

research and previous studies in the research gap section. Additionally, it includes a 

literature review of prior work related to the confinement in double quantum wires, 

numerical methods, and spin-orbit interaction studies. 

Chapter Two: Theory: The second chapter details the construction of the Hamiltonian 

for an electron in a double quantum wire, including the effects of an external magnetic 

and electric field, the presence of a Gaussian impurity, and Rashba spin-orbit coupling. 

It also describes the numerical method used to solve the Schrödinger equation through 

the exact diagonalization method and explains the physical significance of the 

calculated properties, such as the energy spectra of the electron, probability density, 

statistical average energy, local density of states, magnetization, and magnetic 

susceptibility. Furthermore, this chapter presents all the necessary mathematical 

expressions and steps for simplifying the Hamiltonian matrix. 

Chapter Three: Results and Discussion: This chapter shows the calculated results 

through figures and tables, providing both physical and mathematical analyses of the 

properties of double quantum wires.  

Chapter Four: Conclusion: The final chapter summarizes the findings of the research, 

associating to the results presented in Chapter 3, and provides conclusive remarks on 

the implications of the study. 
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Chapter Two 

Hamiltonian Theory and Computation Method 

2.1 Hamiltonian and physical Interpretation 

The total Hamiltonian which describes the motion of an electron in a doped double 

quantum wire (   ) subjected to an external electric field along the x-direction and a 

magnetic field along the z-direction, in the presence of the Rashba spin-orbit coupling. 

The Hamiltonian is expressed as: 

 ̂  
  
 
   

 
  

     conf     electrical   imp          eeman                    (2.1) 

where each term represents a specific contribution to the electron's energy in the DQW 

system: 

The first term, 
  
 
   

 
  

   , describes the kinetic energy of the electron. Here,  
 

  is the 

momentum operator,   is the electron charge,  
 

 is the magnetic vector potential 

associated with the external magnetic field, and     is the effective mass of the electron 

in the      medium. 

2.1.1     confinement potential 

The confinement potential plays a critical role in shaping the electronic properties of the 

system. It governs the spatial confinement of the electron wavefunctions, determining 

the quantized energy levels in the nanostructure. For the    , the confinement 

potential is expressed as: 

 conf    
 

 
 (   

  

 
)
 

                                                 (2.2) 

where: 

  is a parameter that controls the strength of the confinement. A larger   results in a 

steeper potential well, leading to stronger confinement of electrons. 
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  represents the separation between the minima of the double-well potential, which 

corresponds to the spatial separation of the two wells in the     system.   is the 

position variable along the direction of confinement (typically the  -direction in this 

case). 

The DQW potential has the following Features: 

 Double-wire nature: The form of           ensures the potential has two symmetric 

minima located at    √    . These minima correspond to the locations of the 

two wells in the DQW system. 

 Barrier between the two wires: The barrier height, separating the two wells, is 

proportional to the parameter        . A larger   increases the separation between 

the wires and increases the barrier height, reducing tunneling between the wells. 

 Effective confinement for electron: near each wire's minimum, the potential can be 

approximated as a harmonic oscillator:       
 

 
          

  where      is an 

effective spring constant determined by   and the curvature of the potential at the 

minima. This leads to quantized energy levels in each wire. 

 The separation between quantized levels depends on      which is proportional to   

 Tunneling between the two wires: the finite barrier allows quantum tunneling 

between the wires. The tunneling rate depends on the barrier height. 

 2.1.2 Electric field  

The interaction of an electron in the double quantum wire (   ) with an external 

electric field applied along the  -direction is represented by the term: 

 ̂                                                                       (2.3) 

where: 

   is the electron charge, 

   is the strength of the electric field, applied along the  -axis, 

   is the position operator along the  -direction. 
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The electric field potential has the following Features: 

 Linear Potential from the Electric Field: the term     represents the potential 

energy of an electron in a uniform electric field. This arises because the electric field 

exerts a force on the charge, resulting in a linear energy gradient along the  -

direction. 

 Modification of the Confinement Potential: When the electric potential combined 

with the confinement potential         , the total potential experienced by the 

electron becomes asymmetric 

 This tilting of the potential leads to different energy levels for each wire of the 

   ; The well on the side closer to the negative  -direction (where      is lower) 

will have a lower potential energy. 

 Control of electron states: the electric field provides a tool to control electron 

dynamics in the    .  

2.1.3 Impurity Potential  

The impurity in the     is modeled as a Gaussian impurity 

The impurity potential is represented as: 

           
 

       

                                                    (2.4) 

where    represents the impurity strength,   denotes the impurity position, and   is a 

tunable parameter that controls the spatial extent of the impurity. The Gaussian form 

ensures that the impurity potential is localized, with its maximum value occurring at 

     and decaying smoothly away from this point. 

   determines whether the impurity acts as a potential well (    ), which attracts 

charge carriers, or as a potential barrier (    ), which repels them. The width of the 

impurity region is controlled by  , with smaller values leading to a sharply localized 

impurity and larger values resulting in a more extended potential. 
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Since this impurity potential introduces an additional energy contribution to the system, 

it significantly influences the electronic properties of the    . Depending on its 

position, the impurity may affect one or both wires, modifying charge distribution, 

tunneling processes, and quantum states.  

2.1.4 Rashba Spin-Orbit Coupling  

The Rashba spin-orbit coupling arises from structural inversion asymmetry in the 

double quantum nanowire (DQW), often induced by the external electric field apply on 

the nanostructure. The Hamiltonian for Rashba spin-orbit coupling is given as: 

 ̂   
  

 
[  (      )      ]                                                  

Where:  

   : Rashba spin-orbit coupling parameter, which quantifies the strength of the 

coupling. It depends on the applied electric field and the material's properties. 

 ℏ: Reduced Planck’s constant. 

   =(
  
  

),   =(
   
  

): x and y-components of the Pauli matrices, which 

describe the spin degree of freedom. 

   ,   : Components of the electron momentum operator. 

    : Term arising from the vector potential of the applied magnetic field along the 

z-direction, in the Landau gauge. 

The Rashba term couples the electron's spin with its momentum components   ,    and 

the magnetic field  . The coupling introduces spin splitting in the electron energy 

spectrum, even without an external magnetic field, due to the asymmetric potential 

environment. The     term reflects the orbital effects of the magnetic field on the spin-

orbit coupling. It modifies the spin-dependent energy levels and introduces a field-

dependent contribution to the Rashba interaction.  
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2.1.5 Zeeman Effect in the Double Quantum Nanowire (DQW) 

The interaction between the electron's spin and the external magnetic field is described 

by the Zeeman effect. This interaction is modeled by the Zeeman Hamiltonian: 

 ̂        
 

 
                                                            

Where: 

    is the effective  Lande  -factor, a material-dependent constant that characterizes 

the strength of the coupling between the magnetic moment and the external 

magnetic field. 

   : Bohr magneton, representing the magnetic moment of an electron due to its 

spin.  

   =(
  
   

):  -component of the Pauli matrices, which represents the projection of 

the electron spin along the  -axis (the direction of the applied magnetic field). 

The Zeeman interaction splits the electron’s spin states into two energy levels, 

depending on the spin orientation relative to the magnetic field,     
 

 
      where 

  is the magnitude of the external magnetic field. 

 The + corresponds to the spin state aligned with the magnetic field. 

 The   corresponds to the spin state anti-aligned with the magnetic field. 

The energy splitting between the two spin states is proportional to the applied magnetic 

field strength and the Landé   factor. In materials like         can be very large 

(      ) [96], resulting in a pronounced Zeeman effect even at low magnetic fields. By 

tuning the external magnetic field, the energy splitting can be controlled, providing a 

mechanism for manipulating spin states. This is essential for spin-based devices; such as 

spin filters or quantum bits in spintronic applications. 
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In     , the Zeeman effect works in conjunction with Rashba spin-orbit coupling. 

Rashba creates spin-splitting depends on the momentum, while the Zeeman effect 

provides a constant spin-splitting. The combined effects lead to a complex spin textures 

in the energy bands. 

2.2 Analytical expressions of the energy matrix elements 

The energy eigenfunctions of the Hamiltonian can be expressed in terms of plane waves 

due to translational invariance along the y-direction as: 

                                                               (2.7) 

where    represents the wave numbers of the plane wave along the y-direction. The 

Schrödinger equation becomes separable in x and y and accordingly the Hamiltonian 

(               ) can be rewritten as: 
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Where    is the harmonic oscillator frequency,   √  
    

  is the effective 

oscillator frequency and          is the cyclotron frequency.    √       is the 

characteristic length of the harmonic oscillator and     
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The set of eigenfunctions of    is given as: 
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Where        are the Hermite polynomials of integer order n,    are spinor functions 

with  

   ( 
 
) for spin-up and    ( 

 
)  for spin-down in the z-direction. 

 By using the set of eigenfunctions of    the matrix elements of the whole  Hamiltonian 

can be written as: 

⟨   | |    ⟩  

⟨   |  |    ⟩  ⟨   |  |    ⟩  ⟨   |  |    ⟩  ⟨   |    |    ⟩               (2.13) 

The energy eigenvalues corresponding to    are: 
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 And the matrix elements corresponding to    are: 

⟨   |
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The matrix elements of Rashba Hamiltonian    are given by:      
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Where:    
  

   

    . 

The matrix elements of  the Gaussian impurity Hamiltonian         are: 

⟨   |
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  |     ⟩                  (2.17)  

With the help of the standard integral [62],  
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The matrix elements of          can be written as: 
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. (2.19) 

2.3 Electronic, magnetic and thermal properties of the      

From the numerical outputs (the energy spectra), it becomes possible to calculate the 

partition function using canonical definition : 

𝑍  ∑     

 

 

                                                                

Where        ,    is a Boltzmann constant.  

The entropy ( ) can be achieved by the following formula [37]: 

  
 

  
      𝑍                                                   (2.21) 
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For the isothermal process, the quantity    is given by [97]:   

                                                                            

Which is used to characterize the magnetocaloric properties of the system. 

The electronic density of state (   ) is another physical quantity that can give 

important information about the electronic structure of the nanomaterial, which is given 

as the sum of a series of δ functions as, 

       ∑  

 

   

                                                        

The delta function which appears in the     can be replaced by a more practical 

expression in the computational process [98], 

       
 

√    
∑  

 
       

                                    (2.24) 

where   is the broadening factor and    is the energy value for the  th eigenstate 

The local density of states which can give information about the tunneling current and 

the tunneling conductance in the     spectroscopy. 

          ∑  

 

   

|  |
                                              

The magnetization ( ) of the double quantum wire serves as an indicator of the 

system’s magnetic response to external magnetic field. Defined as the derivative of the 

system-averaged energy ⟨ ⟩ with respect to the applied magnetic field  , 

   
  ⟨ ⟩

  
                                                               

where the average energy can be calculated by using the standard statistical expression: 

 ⟨ ⟩   
     𝑍 
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The magnetic susceptibility (χ) classifies a material as diamagnetic when (     and 

paramagnetic when (   ). The material's magnetic susceptibility can be obtained by 

computing the derivative of magnetization ( ) with respect to the magnetic field. 

  
  

  
                                                                    

It is important to note that obtaining the exact derivative in an analytical form is not 

possible, as the diagonalization process provides only numerical values for the energy 

spectrum. Consequently, the derivative is evaluated using its fundamental definition. 

For instance, the magnetization can be determined using the following finite difference 

approximation:  

      
    

⟨       ⟩  ⟨    ⟩ 

  
                                          

Similarly, magnetic susceptibility can be computed following the same approach, 

      
    

                

  
                                         

2.4 Energy spectra computation by exact diagonalization method 

The wavefunctions, which form the basis of the one-dimensional harmonic oscillator, 

form a complete set. This means that any function can be represented as a linear 

combination of these basis. 

In quantum systems, the exact energy spectrum can only be obtained by constructing a 

Hamiltonian matrix with an infinite number of dimensions. This is because an infinite 

basis set is required to fully describe all possible quantum states. However, in practical 

calculations, working with an infinitely large matrix is impossible. Instead, we must 

choose a finite basis size that is sufficiently large to ensure accurate results. Since the 

dimension of the Hamiltonian matrix is determined by the number of basis states 

included, selecting an appropriate basis is critical for achieving reliable numerical 

solutions.  
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As the number of basis states ( ), increases, the representation of the system improves, 

and the results become more accurate. However, beyond a certain point, further 

increasing   does not significantly change the computed low-lying excited states, as 

they have already reached their true values within a given accuracy. This means that for 

a sufficiently large  , the calculated energy levels become stable, and additional basis 

states only introduce negligible corrections. 

To ensure accuracy, we choose   such that the highest energy level of interest, labeled 

as   , approaches a fixed value as   increases. Mathematically, this condition of 

convergence can be expressed as, 

|               |     𝜖                                                

Where, 𝜖  represents the maximum acceptable tolerance for the energy value, which is 

determined by the required accuracy of the calculation. This tolerance ensures that the 

computed energy values do not change significantly when increasing the basis size from 

  to    . In other words, 𝜖  controls the difference between the energy values 

obtained for two successive basis sizes, ensuring that the results have reached a stable 

and convergent form. 

The method used to obtain these energy values is known as exact diagonalization. This 

numerical approach involves constructing the Hamiltonian matrix in a chosen basis and 

solving for its eigenvalues and eigenvectors.  

The eigenvalues correspond to the possible energy levels of the system, while the 

eigenvectors represent the associated quantum states. Since the Hamiltonian matrix has 

a finite dimension in practical calculations, the accuracy of the computed energy levels 

depends on how large the chosen basis is. 

By selecting an appropreate tolerance 𝜖 , we can systimatically check whether 

increasing N further has a noticeable effect on the results. If the difference in the 

computed energy values between   and     is smaller than 𝜖 , we consider the 

solution to have converged. This ensures that the numerical results are reliable without 

the need for unnecessary computational effort. Thus, exact diagonalization provides 

highly accurate solutions within the limits of a chosen. 
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Chapter Three 

Results and Discussions 

This chapter presents a detailed analysis of the physical properties of a double quantum 

wire (   ) system composed of     . The investigation is based on the Hamiltonian 

that describes the system. 

This chapter is divided into three main sections. The first section discusses the 

electronic properties of the    , including energy dispersion and the effects of 

external fields. The second section explores the magnetic properties, focusing on 

magnetization and magnetic susceptibility. The third section examines the 

magnetocaloric effect (   ), analyzing its behavior under varying magnetic fields and 

other parameters.  

3.1 Electronic Properties of Double Quantum Wire Systems 

In this section, we examine the probability density, energy spectrum, the local density 

of states, and the role of external influences such as electric and magnetic fields. The 

confinement potential and     significantly affect the sub-band structure and energy 

dispersion. Additionally, the presence of impurities modifies the local density of states. 

Understanding these electronic properties provides a foundation for analyzing the 

system’s magnetic and thermal behavior in subsequent sections. 

The changes in the confinement potential shape, influenced by structural parameters and 

varying across the x-coordinates, are illustrated in Figure1, while keeping the parameter 

  constant. In Figure1.a, it is evident that when    , the confinement exhibits a     

(single quantum wire) structure. However, for  ≠0, the potential confines the carriers 

within two narrower wires, resulting in a     (double quantum wire) confinement. To 

investigate the influence of the adjustable parameter μ, the confinement potential has 

been graphically represented for various   values in figure1.b. As μ increases, the 

barrier between the two wires becomes higher. Consequently, the probability of carriers 

tunneling from one wire to the other decreases. Therefore, the increase in   acts as a 

controlling factor, influencing the confinement potential and, in turn, limiting the 

probability of quantum tunneling events between the two distinct wires. 
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Figure 1 

Confinement potential profile versus the growth direction coordinate a) SQW and DQW 

profiles. b) DQW profile for different   values at fixed   value (                 . 
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Figure 2 

The confinement potential and square wave functions corresponding to the first few energy 

levels a) for SQW and b) DQW at           
 

     and                  c) DQW at 

         
 

      and                 .  
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In Figure2, the influence of the adjustable parameter   on probability density is 

apparent. When   is set to zero, as illustrated in Figure2.a, leads to the formation of a 

single quantum wire (   ) shape, Figure2.a presents a clear representation of the 

probability density distribution for the first few energy levels. However, in Figures2.b 

(          
 

    ) and 2.c (         
 

    ) (the values of μ and λ were chosen 

to be within the experimental range of the double quantum wire (   )), the 

introduction of a barrier results in a double quantum wires (   ) configuration, 

causing a noticeable change in the distribution of the probability density. The effect of 

the barrier on the probability density is evident, as it decreases the probability density in 

its location of effect, especially for states with initially higher probability density at the 

barrier position. The redistributed probability density is equally distributed in two wires, 

and the energy value for each state increases, and this increase is greater for the levels 

that had a higher probability at the location of the barrier's effect. For example, the 

barrier's impact on the first level is greater than its impact on the second level because 

the wave function for the first level has an antinode at the barrier's location. 

Consequently, the barrier divides the probability into two equal parts in each wire, and 

the energy increase for this level is significant. As for the second level, which originally 

had a node in its wave function in the barrier's location, resulted in a smaller energy 

increase compared to the first level. Therefore, the first and second levels become 

degenerate within each wire. Furthermore, as   increases, the barrier height also 

increases, affecting higher energy states. Therefore,   causes a degenerate state in each 

wire and also causes symmetry degeneracy in probability density across the two wires, 

as it is clear from the comparison between Figures2.a and 2.b. The symmetry 

degeneracy becomes more pronounced at higher energy levels as the value of   

increases, as illustrated in Figure2.c.  

Figure 3, provides insight into the effect of the impurity potential on the probability 

density within a double quantum wire system. The impurity was placed in the center of 

one of the wires (        ) as shown in Figure3.b, the impurity significantly 

influenced the probability density of the energy levels. 
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Figure 3 

The confinement potential and square wave functions corresponding to the first few energy 

levels a) DQW at          
 

     and    
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                without vaiation, b) DQW at          
 

      and      

                                  and       . 

A comparative analysis between Figure3.a, and Figure3.b, reveals a significant change 

in the probability density due to the impurity potential, which results in an elevation of 

the energy levels within the wire where it is situated. This effect leads to redistribution 

of the probability density, resulting in the elimination of the symmetry degeneracy 

which is clearly evident in the Figure3 a. 

 From the comparison, it becomes evident that the probability density has made a 

marked redistribution. For example, the first peak in the left wire now corresponds to 

the ground energy level, while the first peak in the right wire, represents the first exited 

energy level. So the energy levels have been extensively redistributed, and the 

symmetry degeneracy has been removed. 

The influence of the parameter   on merging energy levels is distinctly evident in 

Figure4.a. It is apparent that at higher values of  , the merging is exhibiting at higher 

energy levels. Additionally, the energy levels associated with the system have a 

degeneracy related to the spin of the electron, where each line in the figure represents 

two degenerate energy levels due to the spin of the electron.  

The external magnetic field has a significant effect, as shown in Figure4.b, the external 

magnetic field plays a dual role by removing the spin degeneracy and causing the 

separation of energy levels that were previously merged due to the confinement 

potential in each wire. 

This leads to a noticeable change in the levels of the energy and provides a clear 

illustration of the magnetic field's influence on the quantum characteristics of the 

system. The external magnetic field results in a shift up in the energy levels of the 

system. This shift is dependent on the magnetic field strength, and each energy level in 

the system will split into two sublevels due to the interaction with the external magnetic 

field this leads to the remove of the degeneracy in the energy levels.  
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Figure 4 

The energy dispersion versus   a) at      b) at            at                  . 
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Figure 5 

The energy dispersion at      as a function of   for          
 

          

            . a)      b)        meV.nm. 
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In conclusion, the external magnetic field has an essential effect on the double quantum 

wire system, causing the splitting of energy levels and giving rise to changes in the 

electronic structure. The ability to adjust the strength of the external magnetic field 

provides a technique to organize energy levels and control the electronic properties of 

the double quantum wire system. 

For a more focused analysis of the magnetic field and Rashba spin-orbit coupling effect 

on the     system, Figure5 has been introduced. Figure5.a. illustrates the effect of the 

magnetic field on certain energy levels within the system. It is observed in the figure 

that the energy levels are merged due to the influence of the barrier potential created by 

the confinement potential. Lower energy levels experience a more significant impact 

from the barrier since they are situated where its effect is stronger. In the higher energy 

levels, the influence of the barrier diminishes. Thus, in lower energy levels where the 

influence of the barrier is significant, the magnetic field needs more strength to separate 

the merged energy levels, while higher energy levels require a smaller magnetic field 

strength. 

 As illustrated in the figure, the magnetic field eliminates the spin degeneracy and 

separates the merged energy levels, raising the energy for all levels. This emphasizes 

the role of the magnetic field in redistributing and controlling the energy levels, thereby 

influencing and controlling the physical properties of the     system. 

The interaction between the magnetic field and Rashba spin-orbit coupling plays a 

critical role in creating a significant separation in spin-up and spin-down branches of the 

energy levels. When higher magnetic field values are applied, the behavior of the 

energy spectrum becomes complicated compared to the case where no Rashba spin-

orbit coupling is present.  

The interaction between the magnetic field and the Rashba spin-orbit coupling results in 

anti-crossings between the various sub-bands of energy states, leading to a more 

complex and rich structure in the overall energy spectrum of the system. These anti-

crossings represent points where the energy levels of different spin states intersect, 

providing a unique insight into the dynamics of the system under the influence of both 

magnetic field and Rashba spin-orbit coupling as demonstrated in Figure5.b. 
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Figure 6 

The energy dispersion at      versus    for (                    a)          

        

        . b)                   

           .  c)      
   

 
 

  
     

       

         d)      
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Figure‌ 6, illustrates the effect of the impurity position and strength, as well as the 

external magnetic field on the energy levels in two cases: when     (no barrier)     

and when      
   

 
 

  
 (barrier)    . Through a detailed examination of  figure6  (a 

and b) which represents the first case, the effect of the impurity on the energy levels at 

each position in the SQW system becomes evident. This effect will occur at the 

positions where there is a probability density of the energy level. Consequently, the 

extra potential will raise the energy levels in these positions. This also clarifies the 

probability density distribution in this case which we have previously discussed in 

Figure2. The magnetic field eliminates the spin degeneracy it separates the spin-up and 

spin-down branches of the energy levels. In Figure6 (c and d), the effect of the impurity 

's position and the external magnetic field for the second case (     
   

 
 

  
) is 

explained. Initially, the presence of the barrier re-distributes the energy levels, resulting 

in the merging of the first level with the second and the third level with the fourth. This 

phenomenon was previously illustrated in the second figure. Consequently, each 

spectral line corresponding to the energy levels represents a combination of four distinct 

levels: two merged due to the barrier and two due to spin degeneracy. The introduction 

of asymmetric impurity separates the merged levels caused by the barrier. Additionally, 

the application of an external magnetic field breaks the degeneracy associated with the 

spins. 
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Figure 7 

The energy dispersion at      as a function of   for       
   

 
 

  
            

   .  a) 

           b)     ,         . c)              ,          
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Figure‌7, presents the energy of the system as a function of the applied electric field. In 

part a, the electric field causes a shift in the energy levels. This shift is typically due to 

the electrostatic potential introduced by the external electric field, the energy levels are 

spin-degenerate there is no spin splitting due to the absence of magnetic field and 

Rashba spin-orbit coupling means there’s no splitting of energy levels based on spin. 

The energy levels for spin-up and spin-down states are degenerate.  

In part b the magnetic field causes a spin splitting in the energy levels. The spin-up and 

spin-down energy levels separated by a constant amount due to the magnetic field, the 

electric field causes a uniform shift in the energy levels, the electric field affects both 

spin-up and spin-down states equally. In conclusion the energy levels will shift down as 

the magnitude of the electric field increases, while the separation between spin-up and 

spin-down states remains fixed by the magnetic field. 

In part c both the Rashba spin-orbit coupling and magnetic field are present. Rashba 

spin-orbit coupling arises when there is a gradient in the potential, which can arise from 

structural asymmetry (such as different materials) or external electric fields. which 

couples the electron’s spin to its momentum, the energy spectrum becomes               

spin-dependent, meaning that spin-up and spin-down states will no longer be 

degenerate. Instead, their energies will be split depending on the Rashba spin-orbit 

coupling.  

The electric field can modulate the Rashba effect. This means that the strength of the 

spin-orbit coupling can change with the electric field, resulting in a variation in the 

energy splitting between spin-up and spin-down states. In general the increase in 

electric field strength leads to a stronger Rashba spin-orbit coupling, and therefore the 

energy splitting between the spin-up and spin-down bands becomes larger, so the spin-

split bands becoming more pronounced as the electric field increases.  

The magnetic field will cause additional splitting, in other words we have two types of 

splitting Rashba spin-orbit splitting and Zeeman splitting, this combined effect means 

that the spin-up and spin-down energy levels will no longer just be split by the Rashba, 

but also by the magnetic field. The total energy shift for each spin state will be the sum 

of these two effects. 
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Figure 8 

local density of states at     for    , dashed lines for                   

     solid lines for      
   

 
 

  
            

    . 
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In figure8, the local density of states has been plotted at (   ) as a function of energy 

for (   ) dashed line and for (     
   

 
 

  
) solid line at a fixed value of   (    

       

   
). The vertical lines in the LDOS figure reflect the quantized nature of the 

energy levels and the presence of localized quantum states, and it gives an idea about 

the spatial distribution of electronic wavefunctions in the confined system. These 

features offer valuable insights into the electronic properties of the quantum system.  

The vertical dashed lines in figure8 result from specific energy levels at (   ) 

position for a single quantum wire (   ), these lines represent energy levels with 

probability density at the center of the wire. This is evident when referring back to 

Figure2, where these vertical dashed lines in the figure correspond to the odd-numbered 

energy levels, such as the first and the third levels. These levels exhibit peaks in 

probability density at the center of the wire.  

The solid line represents the local density of states at (   ) position for a double 

quantum wire separated by a barrier (     
   

 
 

  
)  (see figure2). The presence of the 

barrier rearranges the probability density distribution as shown in Figure2. It is clear 

that the lowest energy levels, are significantly affected by the barrier and they lose the 

probability density at (   ) position compared with(   ) case. Consequently, the 

local density of states at (   ) position will not have vertical lines for these lower 

energy levels. On the other hand, higher energy levels that are not significantly affected 

by the barrier exhibit vertical lines in the local density of states at (   ) position. 

These lines represent levels that have a probability density at this position, as they are 

not affected by the presence of the barrier potential. 

Figure9, illustrates the effect of an external magnetic field and Rashba spin-orbit 

coupling on the local density of states, where the figure displays the local density of 

states as a function of energy at (         ) for a double quantum wire. 

 Figure9.a shows the local density of states in the absence of an external magnetic field. 

The first three vertical lines, each of them actually consists of four identical lines, 

meaning four degenerate energy levels, two because of the spin degenerate states and 

two due to the barrier. As for the remaining lines after the first three, each one 
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represents two degenerate energy levels due to the spin because the barrier's effect 

vanished and did not work to merge the energy levels.  

Figure 9 

local density of states at        ,       
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Figure 9.a for     and      b) for         and     . C) for         and 

             .   

Figure 9.b, illustrates the local density of states under the presence of an external 

magnetic field (        ). The effect of the external magnetic field becomes evident 

from this figure as it works to shift up energy levels, removes the spin degeneracy for 

all energy levels, and separates the merged energy levels caused by the barrier potential 

if they become higher than the barrier potential effective range. By raising the energy 

levels, the magnetic field effectively separates previously merged states that are pushed 

up higher than the barrier potential effective range. Consequently, states previously 

merged due to the barrier potential separate once more as evidenced by the four 

converging vertical lines in figure 9.b. The four converging vertical lines in the figure 

represent a single energy level before the magnetic field's influence, with the presence 

of the magnetic field, it separated into two levels, which were initially merged due to 

the barrier potential, and each level of these two levels split into two due to the removal 

of the spin degeneracy. The higher energy levels, which were not originally affected by 

the barrier potential, separate into two distinct levels upon the removal of spin 

degeneracy. The lower energy levels, such as the ground state, persist in their merged 

state due to the external magnetic field's insufficient strength to push it beyond the 

influence of the barrier potential, and the magnetic field only removed the spin 

degeneracy and separated it into two distinct levels. Rashba spin-orbit coupling 

generates a significant separation in spin-up and spin-down states in the energy spectra 

levels. This is clearly evident when comparing Figure3.b, where (        ) and ( 

    ), with figure 9.c, where (        ) and (              ), it is now 

evident how the Rashba spin-orbit coupling increases the separation between the spin-

up and spin-down states. 

Figure10, illustrates the Local Density of States (    ) as a function of energy for the 

double quantum wire. Figure10.a shows the      at the position(        ), 

corresponding to parameters,      
   

 
 

  
            

    and in the absence of 

impurity potential. Likewise, Figure 10.b exhibits the      at position (         ), 

maintaining the same parameter settings. 
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A notable observation lies in the remarkable symmetry between the      profiles 

presented in figure10.a and figure10.b. 

Figure 10 

local density of states for      
   

 
 

  
            

         a) For         , without 

impurity.  b)For          , without impurity. c) Dashed lines for         ,    

                        solid lines for                       
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A closer examination in Figure10.c which represents the      for the same parameter 

settings in Figure10.a and Figure10.b but in the presence of impurity potential           

(                          ) where the dashed line represents the LDOS 

plotted at the position (        ) and the solid line represents the      plotted at 

the position (         ), it becomes evident how the impurity effect the energy 

spectra. The introduction of the impurity potential brings a noticeable increase in the 

energy levels near its position. This observation implies that the adding impurity exerts 

a significant influence on the local electronic structure, resulting in changes to the 

energy levels within the quantum wire system. This observation aligns with the results 

discussed in figure3. Furthermore, when examining the dashed and solid lines in 

figure10.c, it becomes apparent that the two quantum wires exhibit different behaviors 

in response to the impurity potential. While one wire experiences notable shifts in its 

energy spectrum as a result of impurity potential, the other wire remains relatively 

unaffected. This selective effect can be attributed to the choice of the Gaussian 

distribution, which confines the impurity potential influence to specific regions within 

the quantum wire. Consequently, the difference in the energy profiles between the two 

wires confirms the localized nature of the impurity potential distribution and their effect 

on the energy levels of the double quantum wire system. 

3.2 Magnetic Properties: Magnetization and Susceptibility 

 This section presents a comprehensive analysis of the magnetic properties of a double 

quantum wire system, focusing on the statistical energy, magnetization, and magnetic 

susceptibility derived from the theoretical framework.  

In this work, the exact diagonalization method is employed to solve the Hamiltonian of 

the doped      double quantum wire (DQW) system. This method involves 

representing the Hamiltonian as a matrix in a chosen finite basis and then numerically 

diagonalizing the matrix to obtain all eigenvalues (energy levels) and eigenfunctions 

(wavefunctions), for this purpose, we use a one-dimensional shifted harmonic oscillator 

basis. 
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The Hamiltonian includes the kinetic energy, confinement potential, Rashba spin-orbit 

interaction, electric and magnetic field contributions, and impurity terms. Once the 

matrix form of the Hamiltonian is constructed, it is diagonalized numerically to obtain 

the complete energy spectrum and corresponding wavefunctions. 

Since the Hamiltonian is represented with a finite number of basis, it is essential to 

ensure that the results are numerically stable and do not significantly change with 

further increase in the number of basis states, this process is known as a convergence 

test. 

 Testing for convergence is essential, especially in the statistical energy calculations, 

because statistical energy is a key quantity in determining magnetic and thermodynamic 

properties such as magnetization, magnetic susceptibility, and entropy. If the statistical 

energy is not fully converged, errors can propagate into these quantities, leading to 

incorrect physical calculations, to quantify this, we used a tolerance threshold of 0.0001 

    between successive calculations. This value is sufficiently small to ensure that the 

result is accurate, but also helps to save computation time by avoiding unnecessary use 

of very large basis sets. 

Therefore, in table3 the convergence of the statistical energy is analyzed by varying the 

number of basis states in the exact diagonalization method. The statistical energy is 

calculated for two temperatures values,     and       , where        

represents the highest temperature considered in this study. The results demonstrate that 

at    , the statistical energy converges rapidly because the system is in its ground 

state. As the number of basis states increases, the statistical energy stabilizes, reaching 

its converged value at approximately 24 basis states. At       , the convergence is 

slower because thermal excitations cause higher-energy states to contribute to the 

statistical energy. 

 A larger number of basis states is necessary to accurately capture these contributions, 

with convergence occurring at approximately 28 basis states. To ensure numerical 

accuracy across all temperatures, 30 basis states are selected in this work. This choice 

guarantees that the statistical energy is fully converged. 
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Table 3 

The convergence of the statistical energy for          
 

                      . 

Number 

of basis 
〈 〉             
             
and without impurity 

〈 〉              , 

              
and without impurity 

〈 〉              , 

        
             
            
          
              

2 35.3897 45.3199 234.2198 

4 29.7261 33.7471 234.2173 

6 27.3561 32.4896 234.2171 

8 27.3366 31.8295 234.2171 

10 26.9049 31.4283 234.2170 

12 26.7937 31.495 234.2170 

14 26.7937 31.4965 234.2169 

16 26.7796 31.4862 234.2169 

18 26.7722 31.4915 234.2169 

20 26.7715 31.4949 234.2169 

22 26.7714 31.4953 234.2169 

24 26.7710 31.4954 234.2169 

26 26.7710 31.4957 234.2169 

28 26.7710 31.4958 234.2169 

30 26.7710 31.4958 234.2169 

32 26.7710 31.4958 234.2169 

 

Figure 11 (Appendix B), presents The statistical energy versus the external magnetic 

field at different temperature (   and         ), for low temperature (   ), the 

system occupies lower energy states due to the lack of sufficient thermal energy for 

significant excitations. The step-like behavior or the sharpness observed in the curve 

arises from transitions between discrete energy levels, which are a result of Landau 

quantization in the presence of the magnetic field. 

At high temperatures (       ), thermal energy enables population of higher energy 

states, the increased population of higher states reduces the influence of quantization 

leading to a smoother increase in the statistical energy curve.  
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The figure illustrates the dual nature of a double quantum wire system under varying 

magnetic fields and temperatures. At low temperature, the system exhibits strong 

quantum effect, while at high temperature, the behavior transitions to a thermally 

dominated system. 

Figure12 (Appendix B), illustrates the variation of  the statistical energy with   for two 

different electric field strengths values(     and            ). The electric field 

introduces an additional term in the Hamiltonian, which can shift the energy levels, 

leading to decrease the average statistical energy compared to the case without electric 

field. In conclusion, without the electric field, the system's statistical energy primarily 

arises from the magnetic quantization and thermal population of the Landau levels. 

However, with the electric field, the energy levels are shifted down. As a result, the 

statistical energy curve demonstrates a noticeable decrease. 

The Rashba spin-orbit interaction significantly affect the statistical energy curve in a 

double quantum wire system as shown in figure13 (Appendix B) which shows the 

statistical energy as function of   at (     and              ). The Rashba 

spin-orbit interaction induces spin splitting in the energy levels, creating two distinct 

spin subbands with different energies. This splitting affecting the statistical energy. 

Compared to the case without Rashba interaction, the statistical energy curve shows a 

reduction in the energy because Rashba make spin splitting, and this splitting modifies 

the population distribution among energy levels, leading to noticeable reduction in the 

statistical energy curve. For small magnetic fields, the splitting introduced by the 

Rashba interaction present a broader range of accessible low-energy states. This effect 

reduces the statistical energy at low magnetic fields. As the magnetic field increases, the 

energy contribution of Landau quantization dominates, reducing the effect of Rashba-

induced splitting. 

Figure14 (Appendix B), illustrates the behavior of the magnetization curve at low and 

high temperatures. At low temperature (   ), the magnetization curve exhibits 

sharper cusp. It arises due to the quantization of energy levels into discrete Landau 

levels. The thermal population of these levels is minimal, and only the lowest energy 

states are occupied, leading to sharp dip in the magnetization curve. At such low 

temperatures, quantum effects dominate the magnetization behavior. The sharp negative 

cusp indicates transitions where higher Landau levels become populated as the magnetic 



60 

 

field increases. At high temperature (       ), thermal excitation causes population 

increase of higher states, reduces the influence of quantization leading to reduce the 

sharpness of the cusp seen at low temperatures, so the magnetization curve becomes flat 

and continuous. This flattening occurs because of the thermal disruption of the energy 

states. 

 In summary, the magnetization behavior at low and high temperatures highlights the 

interplay between quantum and thermal effects in the system. At low temperature, the 

sharp cusp in magnetization is directly linked to the quantum confinement of electrons 

in discrete Landau levels, providing a window into the quantum mechanical nature of 

the system. At high temperature, the absence of the sharpness in the cusp reflects the 

dominant role of the thermal distribution of the energy levels.  

The effect of the electric field on the magnetization can be explained by considering its 

influence on the energy levels and the statistical energy as previously discussed. The 

electric field reduces the system's energy levels by introducing a potential gradient 

which shifts down the Landau levels. At low magnetic field the magnetization curve in 

the presence of the electric field shows a smoother variation. At higher magnetic field, 

the effect of the electric field diminishes as magnetic confinement dominates. Both 

magnetization curves (with and without the electric field) converge, as the system 

becomes dominated by the magnetic field as shown in figure15 (Appendix B). This 

behavior highlights the competing effects of electric and magnetic fields in the double 

quantum wire system. At higher magnetic field, the magnetization curves converge, 

indicating the dominance of magnetic field.  

The Rashba interaction introduces spin-splitting in the energy levels. At low magnetic 

field, the part of the Rashba term which independent of the magnetic field dominates, 

causing a noticeable redistribution of the energy levels. This redistribution creates a 

sudden enhancement of magnetization, leading to the observed sharp peak (the sharp 

peak of the dotted curve in figure16 (Appendix B)), so this peak is associated with the 

Rashba term that is independent of the magnetic field. Across the magnetic field range, 

the Rashba SOI reduces the overall magnetization as evident from figure16. This is 

referring to the energy splitting caused by Rashba SOI which has both magnetic 

dependent and independent terms in the Hamiltonian so this redistribution and splitting 
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of the energy levels caused by Rashba SOI weakens the net magnetic response of the 

system. 

Figure‌17 (Appendix B), illustrates the behavior of magnetic susceptibility as a function 

of   at two different temperatures. The blue dashed curve represents susceptibility at 

low temperature (   ), while the black dotted curve corresponds to higher 

temperature (       ). At low temperatures, the susceptibility exhibits a sharp peak 

at (        ), this sharp peak is a characteristic of the low-temperature curve, where 

the thermal fluctuations are minimal, and there is a transition between discrete energy 

levels. At high temperature, the susceptibility curve is smoother, with a broader peak 

and lower amplitude. 

Thermal population of higher energy levels causes broadens the discrete energy levels, 

reducing the system's sensitivity to changes in the magnetic field. This results into 

smooth variation in the susceptibility curve. At both temperatures, susceptibility 

transitions from negative to positive as   increase, mean the system transition from 

diamagnetic behavior to paramagnetic behavior, but the amplitude of susceptibility is 

significantly higher at low temperatures compared to high temperature and the transition 

at low temperature curve occurred at smaller magnetic field value compared with the  

high temperature curve. These differences are due to: at low temperature, the system 

occupies the lowest Landau levels, leading to a stronger response to magnetic field 

changes, while, at high temperature, Thermal excitation of higher energy levels 

broadens the discrete energy states, this reduces how strongly the system reacts to the 

change in the magnetic field, as a result reducing the susceptibility. 

Figure‌18 (Appendix B), shows the magnetic susceptibility as a function of   with and 

without an applied electric field. The susceptibility reflects the system's magnetic 

response to the changes in the applied magnetic field. In the presence of an electric 

field, the susceptibility curve exhibits broader features compared to the case without an 

electric field. The electric field reduces the energy levels, weakening the magnetic 

response of the system. This behavior results in less sharp peak. In the absence of an 

electric field, the susceptibility exhibits sharp peak. this feature is characteristic of 

Landau quantization, where the energy levels are highly discrete. The sharp peak in the 

susceptibility correspond to transitions between these quantized energy levels. Both 

curves converge at sufficiently high  , where the magnetic field becomes dominant. 
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Figure‌19 (Appendix B), presents the susceptibility as a function of  . The blue dashed 

line represents the case without Rashba     (    ), while the black dotted line 

includes Rashba     (             ). In the absence of Rashba     (blue 

dashed line), the susceptibility exhibits a sharp peak around(        ), which 

corresponds to the Landau level crossing. This peak reflects the system's strong 

response to the change in the magnetic field. When Rashba coupling is introduced, the 

susceptibility peak is broadened and reduced in amplitude. This behavior results from 

the splitting of spin-degenerate levels due to spin-orbit interaction. The Rashba coupling 

modifies the energy spectrum, reducing the sharpness of quantum transitions and 

weakening the system's magnetic response. 

At high values of ( ), the susceptibility curves with and without Rashba begin to 

converge. This indicates that the effect of Rashba coupling diminishes in strong 

magnetic fields, where Landau level quantization dominates. 

3.3 The Magnetocaloric Effect (   ) 

The magnetocaloric effect (   ) describes the temperature change in a material when 

exposed to a varying magnetic field. This property is particularly important for low-

temperature cooling technologies and sensitive magnetic sensors. In this section, we 

analyze the entropy change and adiabatic temperature variation in the      double 

quantum wire system. The influence of spin-orbit coupling, impurity effects, and 

external electric fields on the     is explored in detail. 

Figure20 (Appendix B), shows the magnetic entropy as a function of the temperature 

for two different values of the magnetic field (Blue curve    , Orange curve   

      ). For both curves, entropy starts near zero at very low temperatures and 

increases as temperature rises. This behavior is expected because, at low temperatures, 

the system is in more ordered state with most spins aligned. As the temperature 

increases, thermal excitations introduce disorder, increasing entropy. When a magnetic 

field is applied, the system tends to align its spins along the field direction, reducing 

randomness and lowering entropy, it is clear from the figure that the blue curve (   ) 

shows higher entropy compared to the orange curve (        ) at the same 

temperature. As the temperature increases, the difference between the two curves 

decreases. At high temperatures, thermal energy dominates over the effect of the 
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magnetic field, making both curves approach similar entropy values. This suggests that 

at high  , spin alignment due to   becomes less significant compared to the thermal 

disorder. The figure confirms that the magnetic field reduces the entropy at low 

temperatures, means that     is most efficient in this range. The entropy difference 

between the two curves indicates the efficiency of    , larger difference in   means 

stronger    .  

Figure‌21 (Appendix B), presents the variation of the magnetic entropy change (  ) as a 

function of the temperature for different magnetic field differences (  ) values. Each 

curve exhibits a peak at a specific temperature range. For all values of   , the entropy 

change initially increases as temperatures increase, reaches a maximum value, and then 

gradually decreases. This behavior reflects the interplay between thermal fluctuations 

and magnetic field-induced ordering. Each curve has a peak, indicating the temperature 

range where the maximum magnetocaloric effect (   ) occurs. As    increases, the 

peak shifts towards higher temperatures and broadens. This behavior indicates that 

increasing the magnetic field enhances the temperature range over which entropy 

change occurs. The width of the    curves is another important factor. While the green 

curve (         ) has a high    over a wider range of temperatures, its peak value is 

lower than the blue curve. This indecates that increasing    broadens the temperature 

response range but does not necessarily enhance the peak value in the entropy change 

curves, so that the material undergoes a more extended transition region under stronger 

magnetic field, making it more effective over a wider temperature range. The broader 

response is beneficial for applications requiring operation over a wider temperature 

range, while a sharper peak may be more effective for applications focused on 

maximizing cooling power at a specific temperature.  
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Table 4 

The refrigerant capacity at deferent    values for                          and 

for                         , for       
   

 
 

  
            

                 

and without impurity 

 

The refrigerant capacity (  ) is an essential parameter that quantifies the total amount 

of heat that can be transferred between the cold and hot reservoirs during a cooling 

cycle. High    (large area under the curve) indicates that the material can absorb and 

release more heat per each cycle. It is defined as: 

   ∫        
  

  
                                                   (3.1) 

                for      
                  

         for      
                  

0.01 3.49594 4.7025 

0.02 6.21568 9.05736 

0.03 8.0349 12.4436 

0.04 8.81014 14.2617 

0.05 8.28587 14.1607 

0.06 6.16403 12.3481 

0.07 2.69682 9.819 

0.08 0.748975 8.04223 

0.09 1.33477 11.992 

0.1 1.38314 13.7238 

0.11 0.0240493 13.8779 

0.12 1.59966 16.9303 

0.13 3.51707 20.3248 

0.14 4.89923 23.1133 

0.15 5.70542 25.1616 

0.16 5.99488 26.4758 

0.17 5.8499 27.1397 

0.18 5.35799 27.283 

0.19 4.62788 27.0743 

0.2 3.83336 26.7452 
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In the figure,    corresponds to the area under each curve, which indicates the total 

entropy change over a given temperatures range. The temperatures    and    correspond 

to the low and high temperatures , respectively.  

To gain a deeper understanding of the behavior of the system, the refrigerant capacity 

(  ) was calculated for two temperature intervals            and           . The area 

under each curve, which represents   , is presented in Table4.  

By analyzing the data in the table for    at the two temperature intervals, we can see 

how the magnitude of    affects the efficiency of the magnetocaloric effect. This 

analysis provides valuable vision into selecting the most appropriate    based on the 

operational temperature range of the system.  

For narrow temperature range           , where cooling is required within a narrow 

interval, a small    is more effective, where           has the highest RC value . 

This is because small    values lead to sharper entropy peaks, maximizing the cooling 

effect over a localized temperature window. The rapid variation in entropy ensures 

efficient heat absorption and release within the specific range. In contrast, for wide 

temperature ranges, a larger    is more suitable, where           has the highest 

RC value. As    increases, the entropy change curve broadens, spreading the cooling 

effect over a wider temperature range and  the peaks become slightly lower. 

Figure‌22 (Appendix B), illustrates the variation of the (  ) as a function of the Rashba 

parameter   . The figure shows that as    increases,    also increases in a nonlinear 

curve. This indicates that the strength of the Rashba spin-orbit interaction plays a 

significant role in enhancing the cooling performance of the system. Rashba spin-orbit 

interaction can be an effective strategy for improving cooling performance. Tuning 

  through various methods, such as selecting materials with strong Rashba coupling 

(e.g.     ), applying an external electric field or gate voltage in heterostructures, and 

modifying the structure or thickness of semiconductor layers, can enhance the Rashba 

spin-orbit interaction. This enhancement, in turn, could lead to more efficient    by 

optimizing the system’s thermal and magnetic response.  
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The increasing in Rashba     enhances the refrigerant capacity (  ), improving the 

efficiency of thermal energy exchange. This finding is vital for developing advanced 

magnetocaloric materials where spin-orbit interactions can be engineered to optimize 

cooling performance. The ability to control α presents an additional degree of freedom 

for designing next-generation cooling technologies based on quantum materials. 

The results of this study reveal a particularly interesting and important trend: as the 

strength of the Rashba spin–orbit coupling (   ) increases, there is a noticeable and 

consistent enhancement in the refrigerant capacity (  ) of the system. In simpler terms, 

the system becomes more effective at exchanging thermal energy, which is a central 

requirement for any cooling process. This improvement isn’t just a minor detail it 

actually opens up new possibilities for how we think about and design materials with 

strong magnetocaloric responses. What makes this especially significant is the fact that 

Rashba     is not a fixed property; rather, it can be tuned or controlled by external 

means, such as electric fields or structural modifications in the quantum wire. That 

means we’re not just observing a passive effect we’re identifying a practical way to 

actively manipulate and improve performance. The ability to control the Rashba 

coefficient, introduces a powerful and flexible tool into the field of quantum materials 

and nanoscale refrigeration. This added level of tunability makes it feasible to 

customize materials for specific applications, especially in environments where space, 

energy efficiency, and precision are critical. It’s not just about achieving low 

temperatures; it’s about doing so efficiently, reliably, and in a way that can be scaled or 

adapted to emerging technologies. When we talk about next-generation cooling systems 

whether in quantum computing, sensitive electronics, or miniature sensors the potential 

to engineer spin–orbit interactions directly into the design becomes changing advantage. 

Rather than relying solely on traditional material properties, we can now envision 

cooling technologies that are fundamentally rooted in quantum mechanical principles, 

giving researchers and engineers a much broader design space. This also aligns with 

current trends in condensed matter physics, where the interplay between spin, charge, 

and thermal properties is being explored not only for academic interest but for real-

world innovation. In that sense, the observed relationship between Rashba     and    

isn’t just a theoretical insight it’s a concrete step toward smarter, more adaptable 

cooling technologies shaped by the physics of spin orbit coupling. 
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Figure 23 (Appendix B), shows the variation of (  ) as a function of the impurity 

position (    in the double quantum wire system. From the figure, we can see that    is 

relatively not affected when the impurity is close to the central barrier, it increases as 

the impurity moves away from the barrier toward the center of one of the quantum 

wires, reaches a peak, and then decreases again as the impurity moves further toward 

the edge. 

Near the central barrier the impurity has a minimal effect because the barrier already 

strongly confines the electrons, the energy states and the probability density remain 

unchanged, leading to weak modifications in the entropy and, consequently, the   . As 

the impurity moving away from the barrier towards the wire’s center, the impurity starts 

to interact more effectively with the electronic states. It modifies the energy spectra and 

the probability density distribution. This results in enhancing the entropy change and as 

a result,    increases, reaching a maximum value at an optimal impurity position. As 

the impurity moves further away from the center of the wire, its influence on the system 

begins to weaken. The impurity’s effect is weak at the edges due to the low probability 

density and strong confinement potential in these regions, this causes    to decrease 

beyond the peak position. 

The behavior of    is directly related to how the impurity modifies the system’s energy 

states and the probability density distribution. When the impurity is optimally 

positioned, it leading to a peak in the    value. This suggests that tuning the impurity 

by carefully selecting the impurity position is an effective way to control cooling 

performance in the double quantum wire systems. 

In conclusion, the results clearly show that the position of the impurity has a strong 

impact on the system’s energy structure and charge distribution. By placing the impurity 

in the right spot, we can significantly enhance the RC value, which means better cooling 

performance. This highlights how impurity tuning can be a simple yet powerful tool for 

optimizing double quantum wire devices. 

Figure 24(Appendix B) presents the variation of refrigerant capacity (  ) as a function 

of the impurity strength (  ) in a double quantum wire system. The results show that    

increases steadily as the impurity strength increases before slowly saturating at higher 

values. This behavior suggests that the impurity strength enhances the system's 
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refrigerant capacity up to a certain point, beyond which further increases in impurity 

strength have no effect. 

A crucial factor in this analysis is the impurity position (  ), which is set at 

        This choice is based on the result of  Figure23, where    exhibited its strongest 

response when plotted against impurity position for a fixed value of   . Thus, selecting 

the impurity to be in this position ensures that the impurity has the most significant 

effect, which making it a key parameter in optimizing the refrigerant capacity of the 

system. 

Figure‌ 25 (Appendix B), presents the effect of the strength of the applied external 

electric field     on the refrigerant capacity (  ). The observed behavior of    as a 

function of   can be explained based on how the electric field influences the energy 

states in the double quantum wire system. At low values of  , RC increases rapidly. 

This refer to the fact that the electric field shifts the electron wavefunctions within the 

wire, modifying the energy levels and enhancing the entropy change   . Since RC is 

directly related to   , this leads to a noticeable increase in   . As   increases beyond a 

certain point (approximately       mV/nm), the    curve flattens, indicating that 

further increases in   no longer significantly enhance   . This saturation effect 

suggests that the electric field has already induced enough redistribution of electronic 

states, and additional increases in   do not contribute further to the entropy change. 

The results indicate that applying an external electric field can enhance   , but only up 

to a certain value. Beyond this value, increasing   does not provide further benefits.  
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Chapter Four 

Conclusion 

This theoretical study provides a detailed analysis of the electronic, magnetic, and 

thermodynamic properties of a double quantum wire (   ) system fabricated from 

indium antimonide (    ), a material distinguished by its strong spin-orbit coupling and 

high electron mobility. By solving the system’s Hamiltonian by using exact 

diagonalization method, we systematically explore how the structural parameters of the 

confinement potential, external electric and magnetic fields, Rashba spin-orbit coupling 

(   ), and impurity potential shape the electronic structure, magnetic response, and 

thermodynamic properties of the system. From the results we were able to identify the 

key factors that significantly influence the system’s performance and behavior. These 

factors include spin-orbit coupling, external electric and magnetic fields, and impurity 

potential, all of which play a critical role in shaping the electronic, magnetic, and 

thermodynamic properties of the system. The findings offer valuable insights into the 

design of advanced nanoscale devices, as they demonstrate how these parameters can be 

adjusted to optimize performance for specific applications. 

The electronic structure of the     system is highly sensitive to the structural 

parameters of the confinement potential (       ) and the Rashba    , which modify 

the energy dispersion and create spin-split quantum states. These spin-polarized states, 

arising from the     and the external magnetic field, enable exact control over electron 

spin which is critical feature for spintronic applications such as spin-based transistors or 

quantum memory devices. External magnetic fields further induce an oscillatory 

magnetization behavior, and causing a quantum phase transitions that depend on field 

strength.  

The impurity potentials introduce asymmetry into the system, breaking spatial 

symmetry between the two quantum wires and redistributing electron probability 

densities. This asymmetry leads to selective energy shifts, where one wire experiences 

significant spectral modifications while the other remains largely unaffected. Impurity 

also affect the local density of states (    ). The magnetic susceptibility and the 

magnetization are studied, the system show a transition from diamagnetic to 

paramagnetic behavior. 
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The magnetocaloric effect (   ) is investigated through the entropy changes (  ) and 

the refrigerant capacity (  ) under varying the magnetic field strength. Our calculations 

demonstrate that the Rashba     enhances the refrigerant capacity. Additionally, the 

influence of the impurity on the refrigerant capacity has been systematically 

investigated and the analysis shows that at a specific position, the impurity enhances the 

refrigerant capacity of the system, the calculations show that the presence of the 

external electric fields improved the refrigerant capacity of the system up to a critical 

value. Beyond this value further increases in the electric field do not yield additional 

enhancements in the refrigerant capacity of the system.  

In conclusion, this thesis has provided a detailed understanding of the electronic, 

magnetic, and thermodynamic properties of the InSb-based double quantum wire 

system. By examining the effects of impurity potentials, Rashba spin-orbit coupling, 

and external electric and magnetic fields, we have shown how these factors can be used 

to control the system’s properties. These findings offer valuable insights for the 

development of advanced quantum devices and materials. 
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List of Abbreviations 

Abbreviation Meaning 

    Spin-Orbit Coupling 

    double quantum wire 

     local density of states 

    Density of states 

   Two-dimension 

   One-dimensional 

   Three-dimension 

   

 

Zero-dimension 

     magnetocaloric effect 

  Entropy 

  Magnetization 

  Magnetic susceptibility 

  Principal quantum number  

   Cyclotron frequency  

   refrigerant capacity 

  Parameter that controls the strength of the confinement 

   Separation between the minima of double-well potential 

      Effective spring constant 

   Strength of the electric field 

       Confinement potential 

   Magnetic field 

  Electric field 
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   Isotropic radial confinement frequency  

   Effective mass 

  Reduced Plank constant  

  Electron charge 

   Impurity strength  

  Impurity stretches 

   Bohr magneton 

   Rashba coefficient  

  Pauli matrices 

  Kronic Delta  

  Wave function 

𝑍 Partition function 

  Broadening factor 

   Energy value for the  th eigenstate  

    Quantum wires 

     Vapor-liquid-solid 

     Electron-beam lithography 

      Light-emitting diodes 

      

 

Magnetoresistive random-access memory 

      Rashba spin-orbit coupling 

     Shubnikov–de Haas 

     Scanning tunneling microscopy 

    Fermi level 

       Bias voltage 
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    Scanning tunneling spectroscopy 

     Landau levels 

       Isothermal entropy change 

    

 

 

 

     

 

 

 

Effective  Lande  -factor 

Adiabatic temperature change   ,    X and y components of the momentum operator 

   Bohr magneton 

  Effective oscillator frequency 

   Characteristic length of the harmonic oscillator 

   Guiding center coordinate 

   Boltzmann constant 

⟨ ⟩ Averaged energy 

  Number of basis states 

   Highest energy level 

    Single quantum wire 

  Temperature 

   Refrigerant capacity 

   Impurity position 
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Appendix B 

Figures of Study 
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Figure 35 

The statistical energy versus B for      
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Figure 36 

The magnetization versus B for      
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Figure 37 

The magnetization versus B for      
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Figure 38 

The magnetization versus B for      
   

 
 

  
            

         and without impurity  

at           and                

 

 

 



87 

 

Figure 39 

The magnetic susceptibility versus B for      
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The magnetic susceptibility versus B for      
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Figure 3; 

The magnetic susceptibility versus B for      
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Figure 42 

The magnetic entropy versus T for       
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Figure 43 

The magnetic entropy change versus T for       
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Figure 44 

The refrigerant capacity versus    for       
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Figure 45 

The refrigerant capacity versus the impurity position for      
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Figure 46 

The refrigerant capacity versus the impurity strength for      
   

 
 

  
            

     

          ,                    . at           for                        

 

 

 

 

 

 

 

  



91 

 

Figure 47 

The refrigerant capacity versus   for       
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Figure 48 

The effect of the dimensionality on the density of states yields a different change in the system 

properties  
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Figure 49 

STM one-dimensional tunneling configuration  

 

Figure 4: 

Metal-insulator-metal tunneling junction  

 

 

Figure 4; 

Metal-insulator-semiconductor tunneling junction  
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Figure 52 

The magnetocaloric effect  
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 الممخص

تقجم هحه الأطخوحة دراسة نظخية شاملة للخرائص الإلكتخونية والسغشاطيدية والحخارية لدلكين كسهميين 

، السعخوف بحخية حخكة الإلكتخون العالية (InSb) مرشهعين من إنجيهم أنتيسهنيج (DQW) مددوجين

راشبا، والحقهل الكهخبائية  وارتباط الغدل والسجار القهي. تُحلل الجراسة تأثيخ معاملات جهج الحرخ، وارتباط

 .على هحه الخرائص في الشظام الجاوسية والسغشاطيدية الخارجية، والذهائب

تم حل دالة هاميلتهن باستخجام طخيقة التقديم القطخي الجقيق، واستُخخجت أطياف الطاقة، والكثافة 

 السغشاطيدي الحخاري ، وقابلية السغشطة، والاعتلاج، والتأثيخ (LDOS) السهضعية لسدتهيات الطاقة

(MCE)  للشظام. 

تُظهخ الشتائج أن الذهائب تُحجث تعجيلًا كبيخًا في البشية الإلكتخونية، مسا يدبب اندياحًا في مدتهيات الطاقة 

يظهخ الانقدام في مدتهيات  وكدخًا في التساثل بين الدلكين، مع اندياح انتقائي لطيف أحج الدلكين. كسا

 .الطاقة وإعادة تهزيع كثافة الاحتسال أن الحقهل الخارجية تهفخ وسيلة فعالة لزبط الخرائص الإلكتخونية

وقابلية السغشطة، وتحليل القابلية السغشاطيدية كجالة للسجال  LDOS تم تهضيح تأثيخ ارتباط راشبا على

ة، وقهة راشبا، والسجال الكهخبائي على الخهاص السغشاطيدية، السغشاطيدي. كسا دُرس تأثيخ درجة الحخار 

 .من الدلهك الجيامغشاطيدي إلى البارامغشاطيدي الشظام حيث لهحظ انتقال



 ج‌

 

نتيجة تغيخ  (ΔS) من خلال حداب التغيخ في الاعتلاج (MCE) دُرس التأثيخ السغشاطيدي الحخاري 

، وهي كسية تحجد انتقال الحخارة بين (RC) التبخيج السجال السغشاطيدي الخارجي، إضافة إلى تحليل سعة

، مسا يؤكج (   تدداد لا خطيًا مع زيادة معامل راشبا RC وسطين خلال دورة التبخيج. تُظهخ الشتائج أن

 .تأثيخ راشبا على كفاءة نقل الحخارة

قيسة معيشة، يُعدزان  تذيخ الجراسة إلى أن وجهد الذهائب في مهاضع محجدة، وزيادة السجال الكهخبائي حتى

 .إلى تحديشات إضافية الكهخبائي ، بيشسا لا تؤدي الديادة الإضافية في شجة السجالRC من

يُظهخ البحث أن تأثيخ راشبا، وتهزيع الذهائب، وشجة السجال الكهخبائي يؤثخ بذكل كبيخ على الخرائص 

هحه الشتائج رؤية قيسة لتحدين السهاد ذات التأثيخ  تقجم .الإلكتخونية والسغشاطيدية والحخارية للأنظسة الشانهية

السغشاطيدي الحخاري من خلال ضبط ارتباط الغدل والسجار، والتحكم في الذهائب، وتطبيق السجالات 

هحه التعجيلات تتيح إمكانية التحكم في تأثيخ التبخيج السغشاطيدي، مسا يجعل هحه  .الكهخبائية الخارجية

ت التكشهلهجية الستقجمة.السهاد واعجة للتطبيقا  

، الكثافة السهضعية ، شائبة جاوسيةارتباط الغدل والسجارسلك كسهمي مددوج، الكممات المفتاحية: 

، الاعتلاج، جهج الحرخ، التأثيخ السغشاطيدي الحخاري الطاقة، السغشطة، القابلية السغشاطيدية،  سدتهياتل

 .سعة التبخيج

 

 

 


