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Abstract 

The magnetocaloric Effect (MCE) and magnetic properties of exciton-polaron in transition metal dichalcogenides quantum well 

was investigated. Using the Lee Low Pines method and an approximate diagonalization of exciton-phonon operators is achieved to 

investigate the ground and first excited states energies. Moreover, the partition function has been calculated using the grand 

canonical ensemble. Then, the entropy change well known as MCE, the magnetic susceptibility and the magnetization have been 

derived. Our results reveal that there is competition between thermal, magnetic field and quantum well contribution on the MCE, 

the magnetization and magnetic susceptibility. Dependent of the range of those parameters, this competition can exhibit interesting 

behavior such as high conventional magnetocaloric effect and local paramagnetism. We also found that magnetic field significantly 

affect the magnetic moment alignment and yield to statistical redistribution and reorganization of different states, moreover magnetic 

field drastically reduces disorder in the system. Likewise, results demonstrated that transition metal dichalcogenide materials offer 

several advantages such as magnetic stability, energetic robustness, gradual thermal control, predictable response, and a 

magnetocaloric effect exploitable over a wide temperature range due to its robustness and strong confinement. Tungsten disulfide 

(WS2) material is more robust and sensitive whereas molybdenum diselenide (MoSe2) material is more stable. The results obtained 

in this study can be used on sensitive thermomagnetic sensors, refrigerators and in data storage. 
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1. Introduction 

Condensed matter physics aims to establish a link between 

the macroscopic properties of solids and the microscopic in-

teractions between a very large number of particles, particu-

larly electrons and ions in the crystal lattice. The intrinsic 

complexity of these systems, described by a quantum many-

body problem, generally makes any exact solution unattaina-

ble. In this context, the concept of quasiparticle emerges as a 

fundamental tool for describing the elementary excitations of 

interacting systems [1, 2]. It allows these excitations to be re-

formulated in terms of effective entities, analogous to inde-

pendent particles but whose properties are renormalized by the 

surrounding medium [3]. Historically, the notion of qua-

siparticles was formalized within the framework of Fermi liq-

uid theory developed by Landau to describe interacting elec-

tron systems [4, 5]. In this formalism, low-energy excitations 

near the Fermi surface can be interpreted as long-lived qua-

siparticles whose properties are modified by interactions with 

the rest of the system. This approach has successfully de-

scribed the electronic properties of metals and now constitutes 

a central conceptual framework in the physics of many-body 

systems [5-7]. From a physical perspective, quasiparticles 

emerge as collective excitations resulting from the coupling 

between a local perturbation and the system's degrees of free-

dom. When an excitation is introduced, for example, by pho-

ton absorption, charge carrier injection, or the application of a 

magnetic field, the system's response is intrinsically collective 

[8]. The quasiparticle then corresponds to this composite en-

tity, consisting of the bare particle and its cloud of excitations, 

providing an effective description of the system's dynamics 

[9]. 

Several fundamental quasiparticles play a central role in 

solid-state physics. Among the most emblematic examples is 

the phonon, which corresponds to the quantization of the col-

lective vibrations of the crystal lattice [10]. Phonons are cru-

cial in describing thermal conduction, electron-phonon inter-

actions, and many transport phenomena in solids [11, 12]. An-

other important quasiparticle is the polaron, which arises from 

the strong coupling between a charge carrier and the vibra-

tions of the crystal lattice. The displacement of this carrier in-

duces a local deformation of the lattice, generating a polariza-

tion that feeds back on its dynamics. The resulting composite 

entity, formed by the charge carrier and the accompanying de-

formation cloud, constitutes a polaron whose effective prop-

erties, in particular mass and mobility, differ significantly 

from those of a free particle in the crystal [13]. 

In two-dimensional materials, such as semiconducting tran-

sition metal dichalcogenide monolayers, Coulombic interac-

tions between an excited electron and the hole left in the va-

lence band can lead to the formation of a quasi-neutral particle 

called an exciton. Excitons play a fundamental role in the op-

tical properties of two-dimensional systems, particularly by 

dominating the absorption and emission of light near the elec-

tron gap [14]. In doped semiconductor systems, the presence 

of free carriers profoundly modifies excitonic physics by pav-

ing the way for the formation of more complex correlated 

states. In particular, the interaction between a photo-generated 

exciton and excess charge in the medium can lead to the for-

mation of a trion, that is, a three-body bonded complex con-

sisting of either two electrons and one hole, or two holes and 

one electron, depending on the nature of the doping [15-17]. 

However, trion formation is highly dependent on carrier den-

sity, temperature, and the dielectric environment. At low dop-

ing levels, the description in terms of bound trions generally 

remains appropriate, while at higher densities, the effects of 

many bodies, Pauli blockade, and coupling with the Fermi sea 

can profoundly alter the nature of optical excitations. In this 

regime, the boundary between the bound trion state and the 

dressed quasiparticle becomes subtler, and the optical re-

sponse can evolve toward a description in terms of excitonic 

polarons rather than strictly defined trions [18, 19]. This tran-

sition illustrates the fact that optical excitations in doped sem-

iconductors are not solely a matter of few-body physics, but 

also result from the interaction between excitonic complexes 

and the collective electronic environment [18, 19]. In transi-

tion metal dichalcogenide (TMD) monolayers, where exci-

tonic effects are particularly pronounced, trions play a major 

role in optical dynamics, excitation relaxation, and valley-spin 

properties, making them central to understanding the optical 

response of doped systems [20]. 

Furthermore, these quasiparticles can also interact with 

each other to form other quasiparticles. This is the case, for 

example, in many two-dimensional materials where the inter-

action between excitons and phonons leads to the emergence 

of coupled states called exciton-polaron states, which play a 

central role in the dynamics of optical excitations and in the 

mechanisms of energy relaxation [20]. These states, arising 

from the interaction of excitons and phonons or an electron 

bath, lead to the formation of exciton-polarons. 

In two-dimensional TMD monolayers, excitons dominate 

the optical response due to quantum confinement and the 

strengthening of Coulomb interactions [20, 21]. However, 

these excitations cannot be described independently of the 

crystal lattice, and their interaction with phonons leads to a 

substantial modification of their properties. This coupling is 

manifested, in particular, by a renormalization of exciton en-

ergies, a broadening of spectral lines, and the appearance of 

phonon replicas in absorption and photoluminescence spectra 

[22-24]. Thus, exciton-phonon coupling is a key element for 

understanding the optical and dynamic properties of two-di-

mensional materials [23-25]. At the microscopic level, exci-

ton-phonon coupling results from the interaction between the 

electronic polarization associated with the electron-hole 
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bound state and the ionic shifts of the crystal lattice. The for-

mation of an exciton induces a local perturbation of the elec-

trostatic potential, which can generate a lattice response in the 

form of collective vibrations. In turn, these lattice fluctuations 

modify the energy landscape in which the exciton evolves, af-

fecting its coherence, mobility, and relaxation mechanisms. 

The resulting quasiparticle is thus no longer a bare exciton, 

but a composite excitation whose effective properties incor-

porate the dynamic influence of the crystalline medium [26, 

27]. A detailed understanding of this coupling is therefore es-

sential for describing diffusion, thermalization, and decoher-

ence processes in two-dimensional systems, and constitutes a 

major challenge for the development of optoelectronic and 

photonic devices based on the control of excitonic excitations 

[27]. 

TMD constitute a major class of layered materials that now 

occupy a central place in the physics of two-dimensional sys-

tems. Although these compounds have been known in bulk 

form for several decades, the isolation of atomically thin crys-

tals has profoundly renewed their study by revealing qualita-

tively new electronic and optical properties. Following pio-

neering work on two-dimensional crystals exfoliated from 

laminated solids [28], TMD have emerged as an alternative to 

graphene due to the presence, in many of them, of an exploit-

able band gap. The demonstration of the direct nature of the 

band gap in the MoS2 monolayer [29, 30] notably marked a 

turning point, showing that a layered material could become, 

at the atomic scale, a leading optically active semiconductor. 

This transition is accompanied by a significant strengthening 

of light-matter interactions and places TMD at the heart of re-

search in optoelectronics and excitation physics in low-dimen-

sional systems [31, 32]. From a structural and chemical per-

spective, TMDs are generally described by the formula MX2, 

where M is a transition metal and X is a chalcogen (S, Se, or 

Te) [33]. Each layer consists of a metallic plane sandwiched 

between two chalcogen planes, forming a strongly bonded X-

M-X unit within the plane, while interlayer interactions are 

dominated by van der Waals forces. This structure confers 

marked anisotropy to TMD and allows their exfoliation down 

to the monolayer. Several crystalline phases can be stabilized, 

notably the 2H phase with trigonal prismatic coordination, 

which is generally semiconducting, as well as the 1T and 1T′ 

phases, associated with metallic or semi-metallic behavior [34, 

35]. This structural diversity, coupled with the rich chemical 

composition of possible combinations, offers a particularly 

wide range of engineering possibilities for modulating the 

electronic and optical properties of these materials. The phys-

ical properties of two-dimensional TMD exhibit remarkable 

characteristics, particularly in the monolayer regime. The 

transition from an indirect band gap in the bulk to a direct band 

gap in the monolayer is accompanied by a strong increase in 

photoluminescence and enhanced light-matter coupling [29, 

30]. Furthermore, quantum confinement and weak dielectric 

screening lead to the formation of strongly bound excitons 

with high binding energies, making excitonic effects dominant 

even at room temperature [32]. In addition, strong spin-orbit 

coupling and valley physics due to the absence of an inversion 

center in some monolayers pave the way for phenomena such 

as spin-valley locking. These properties make TMD a prime 

platform for studying Coulomb interactions, correlation ef-

fects, and collective excitations in two-dimensional (2D) sys-

tems. TMD synthesis can be achieved using complementary 

approaches, ranging from top-down methods, such as me-

chanical or liquid exfoliation, to bottom-up approaches, in-

cluding chemical vapor deposition (CVD), molecular beam 

epitaxy (MBE), and atomic layer deposition (ALD). The for-

mer allows for the production of very high-quality crystals 

suitable for fundamental studies, while the latter are essential 

for large-scale production and integration into devices. Con-

trolling growth, crystalline phase, thickness, defects, and dop-

ing is a major challenge for optimizing the properties of mag-

netic flux-cored transistors (MFTs) and their technological ex-

ploitation. MFTs are attracting considerable interest due to 

their potential applications in numerous fields. Their band gap 

and atomic thickness make them promising candidates for 

next-generation field-effect transistors, while their strong 

light-matter interactions make them particularly well-suited 

for optoelectronic devices such as photodetectors, light-emit-

ting diodes, and modulators [31, 36]. Their large specific sur-

face area and chemical reactivity also open up possibilities in 

catalysis, sensors, and energy storage. Furthermore, their me-

chanical flexibility and sensitivity to stress allow for fine en-

gineering of their properties through controlled deformation 

[37]. This unique combination of physical richness, structural 

versatility, and application potential explains the central role 

occupied today by TMD in research on 2D materials. 

The application of a magnetic field is a fundamental tool for 

probing and controlling quasiparticles in condensed matter 

systems. In the presence of an external field, electronic and 

excitonic degeneracies are lifted, giving rise to Zeeman and 

diamagnetic energy shifts, as well as the quantization of en-

ergy levels into Landau levels in certain regimes. These ef-

fects provide access to intrinsic parameters of quasiparticles, 

such as the g-factor, effective radii, and renormalized binding 

energies. In two-dimensional systems, and particularly in 

TMD, the magnetic field also allows manipulation of spin and 

valley degrees of freedom, providing direct control over the 

fine structure of excitonic and correlated excitations [20, 38]. 

Confinement is another key parameter in quasiparticle physics, 

especially in low-dimensional systems. Dimensionality reduc-

tion and the modified dielectric environment lead to enhanced 

Coulomb interactions and decreased screening, favoring the 

formation of strongly correlated bound states. This confine-

ment can be geometric, electrostatic, or dielectric in origin, 

and allows for increased spatial localization of quasiparticles, 

extended lifetimes, and modification of their dispersion. In 

two-dimensional materials, it plays a crucial role in stabilizing 

excitonic excitons, trions, and polarons, as well as in the emer-

gence of new correlated phases absent in three-dimensional 

systems [39, 40]. The magnetic properties of quasiparticles 
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provide essential information about their internal structure and 

their coupling to the spin and valley degrees of freedom. They 

allow the exploration of spin-orbit coupling effects, degener-

acy lifting, and interactions with a magnetic environment. In 

some systems, quasiparticles can also serve as probes of the 

material's magnetic order, offering an indirect way to charac-

terize magnetic phases. These properties are particularly im-

portant for spintronic and valleytronic applications [41, 42]. 

The MCE which refers to the change in magnetic entropy 

of a system when an exterior magnetic field is applied to a 

magnetic material, is a remarkable property of a magnetic ma-

terial. It was first discern by Emil Warburg in 1881 while 

grinding the application of magnetic field to iron materials. 

The use of an exterior magnetic field on magnetized materials 

generates a change in the magnetic state as well as on the 

structural rearrangement which may clue to the production of 

the variation in magnetic entropy [43]. It is necessary to note 

that the MCE is straight linked to the entropy change insti-

gated by the exterior magnetic field. The MCE is one of the 

most mesmerizing and noteworthy portents in the field of 

quantum thermodynamics, engineering and materials sciences. 

It has gathered inordinate kindness due to wide range of ap-

plications, such as in magnetic refrigeration. This effect has 

sparked extensive research and exploration due to its promis-

ing potential in revolutionizing refrigeration technologies 

based on magnetic principles. Since the discover of the MCE 

many research have been done, both theoretically and experi-

mentally [44-46]. Numerous remarkable works have been 

steered in this domain. For example, Alisultanov et al. [47] 

explored the MCE using a quasi-one-dimensional electron gas 

and derived analytical relationships for entropy changes. 

Rastegar et al. conducted a study on the magnetocaloric effect, 

magnetic susceptibility, and specific heat of tuned quantum 

dot/ring systems [48]. Their findings revealed that specific 

heat, magnetic susceptibility, and entropy change are all pa-

rameters that are influenced by variations in the magnetic field. 

They also observed that the entropy change exhibits a distinct 

minimum at low temperatures. Donfack et al. [49] investi-

gated the magnetocaloric Effect (MCE) of a quantum pseudo-

dot considering the influence of spin-orbit interaction, the en-

tropy and internal energy change have been calculated using 

the Tsallis formulation. the results reveal that both the SOI ef-

fect and external parameters have a significant impact on the 

entropy and internal energy changes of a quantum pseudodot. 

It is important to note that the MCE is closely linked to the 

behavior of the magnetic dipoles, and the presence of external 

magnetic fields and SOI exert considerable influence on the 

entropy change. Nguepnang et al. [50] also studied the mag-

netocaloric effect (MCE) and the thermodynamic properties 

of the magnetopolaron in TMD using the canonical ensemble 

approach. They found that increasing the magnetic field sig-

nificantly affects the alignment of the magnetic moment or 

provides additional energy in the monolayers of 2D TMD. In 

connection with the observed energy exchange, they also 

demonstrated how conventional TMD can have practical ap-

plications in magnetic refrigeration. 

To date, several studies have been conducted on TMD, for 

example: Kenfack-Sadem and al. [51] studied the dynamics 

and decoherence of exciton-polaron in common transition 

metal dichalcogenides under the influence of a magnetic field 

barrier. They found that the motion of the excitonic polaron is 

accelerated by increasing the length of the magnetic barrier; 

Its transition from the valence band to the conduction band 

and its decoherence can be modulated by the magnetic field 

barrier. On the other hand, Temguimfouet and al. [52] studied 

the influence of a magnetic barrier and temperature on the op-

tical and dynamic properties of the exciton-polaron in TMD. 

They found, among other things, that the magnetic barrier sta-

bilizes the exciton-polaron system subjected to thermal per-

turbations. The entropy of the system is highly sensitive to the 

type of TMD monolayer, the length scale of the barrier, and 

the temperature. They also showed that the greater the mag-

netic length, the greater the disorder in the exciton-polaron 

system, and that the mobility and lifetime of the exciton-po-

laron decrease with increasing magnetic length. However, the 

magnetic properties of exciton-polarons in TMD remain 

largely unexplored. So, the current research work aims to 

study both MCE and magnetic properties of exciton-polaron 

embedded in 2D TMD quantum well through canonical en-

semble approach. The rest of the article is organized as follows. 

In section 2, we describe the Hamiltonian of the system and 

use the diagonalization technique to determine its energy, then 

the canonical ensemble approach to derive its magnetic prop-

erties using the partition function. In section 3, the results and 

their discussion are presented, and we conclude in section 4. 

2. Theoretical Model and Calculations 

Let suppose an exciton-polaron in movement in a semicon-

ducting TMD quantum well monolayer. The total Hamiltonian 

describing such system can be written as in Equation (1) be-

low: 

, ,ex ph ex ph ex zH H H H H             (1) 

To the right hand side of Equation (1), the Hamiltonian of 

the exciton in the ,x y  plane is represented by the first term, 

given by Equation (2) where gE  stands for the bandgap of 

the monolayer along the ,x y  direction, M  is the mass of 

exciton,  is the reduced Planck constant, bE  the binding 

energy of exciton owing to the coulomb action that takes place 

between the electron and the hole in the surface plane of the 

monolayer and 
† , kkC C  are respectively creation and annihi-

lation operators of exciton with the wave vector k . The Ham-

iltonian of the Phonon is presented by the second term and 

described by Equation (3), in which 
† ,q qb b  are respectively 
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creation and annihilation operators of phonon with the wave 

vector q and energy  . The third term is the aid of the elec-

tron and hole in the z-direction set by Equation (4), with 

, ,i z iP m  respectively the momentum and mass of electron (i=e) 

and hole (i=h) and  U z the quantum well potential expressed 

by Equation (7). The last term is the Hamiltonian of the exci-

ton-phonon interaction set by Equation (5), with  opE q  the 

exciton-phonon coupling function given by Equation (6) with

S the normalization area,   the area mass density and u the 

sound velocity of the phonon mode, cD  and vD  denote re-

spectively, the deformation potential constant for electron 

phonon interaction at the critical points  ',K K  in the con-

duction band and the corresponding expression for hole in the 

valence band. 

2 2
† †

,
2

ex
ex k k g b kk k

k k

k
H E C C E E C C

M


 
     

 
     (2) 

†
ph q q q

q

H b b                  (3) 

 ,

; 2

i z
z i i

ii e h

P
H U z

m


 
  

 
 

            (4) 

 † †

,

( )OP
ex ph k q qq k

k q

H E q C C b b  
     (5) 

   
2

op
c v

q
E q D D

S u
 

          (6) 

 
0 i

i i

ifz L
U z

else


 


               (7) 

With the help of the Lee-Low-Pines operator [29, 30] given 

by Equation (8), and using the Baker-Campbell-Hausdorff 

formula as indicated by authors of [30], the Hamiltonian of 

Equation (1) can be diagonalized and given by Equation (9). 

𝑈 = 𝑒
𝑖 ∑ 𝐶𝑘+𝑞

†
𝐶𝑘[𝑓𝑒𝑥

∗ (𝑘,𝑞)𝑏−𝑞
† +𝑓𝑒𝑥(𝑘,𝑞)𝑏𝑞]𝑘,𝑞           (8) 

2
, ,

T D
ex ph ex z ex phH H H H H    

        (9) 

With 

2
2

, ',

1 1
( )T D OP

ex ph ex ex ex ex
k q k k q kk k q

H E q
E E E E 



 

 
  

     
  

† †
''q q k kq kC C C C               (10) 

In order to obtain the states energies, we follow the authors 

of ref [15], Then using the waves functions given by Equation 

(11), where 0n  stand for the fundamental state, 1n   for 

the first excited state and k given by Equation (12), we ob-

tained the fundamental and first excited states energies given 

Equation (13) and Equation (14). 

† ,n k ph e hkC n n n n            (11) 

sin sine h
k

kz kz

L L

 


   
    

   
          (12) 

 
2 2 2 2

2
0 2 1 2

1
2 2

g b ex ex

k
E E E B B

M L





                                  (13) 

 
2 2 2 2

2
1 2 1 2

2
4 4 4 4 1 2 8

2
g b ex ex

k
E E E B B

M L





                              (14) 

where  is the reduced mass of the exciton defined by 

e h

e h

m m

m m






 

2
2 23 1 1

8 2 2

exa
B

M




 
  

 
         (15) 

 
 

   

2
3

21 2

3
2 2 22

2

2

3

24 2

c v
ex e h

c v e h
ex

D D
B m m

u

D D m m k
B

M

 





 

 
  



   

   
  

    (16) 

From these results and following the Tsallis formalism, the 

partition function can be derived as in Equation (17). 
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 
11

1

0

1 1 j

j

Z E 
   



            (17) 

Thus the magnetic properties such as magnetization and 

magnetic susceptibility are calculated and given respectively 

by Equation (18) and Equation (19). 

 

 

2 2 2 2 2 1
2

2 1 2

2

2 2 2 2 2
2

2 1 2

3 1 1
(1 ) 1

16 2 2
1

3 1 1

8
3 1 1 2

(1 ) 4 4 4 1 2 8
4 2

4 1

ex
g b ex ex

B

ex
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F
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a k
B E E B B
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k T

a
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a k
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 
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1

1

2 2 2 2 2 1
2

2 1 2
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2 1

3 1 1
(1 ) 1

16 2 2
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4 2
1

ex
g b ex ex

B

ex
g b ex ex

T

a k
B E E B B

M M L

k T

a k
B E E B B

M M








 










 
 
 
 
 
 
 
 
 

  
  
  
  
  
  
  

   
           

   
 

 
 
 

 
        

 
 

1

2 1

2

B

L

k T







 
 
 
 
 
 
 
 
 

   
    
   
  
  
  
  

  (18) 

 

 

2

2

1

2 2 2 2 2 1
2

2 1 2

1

2 2 2 2 2 1
2

2 1 2

1

3 1 1
(1 ) 1

16 2 2
1

3 1 1 2
(1 ) 4 4 4 1 2 8

4 2
1

ex
g b ex ex

B

ex
g b ex ex

B

F

B

a k
B E E B B

M M L

k T

a k
B E E B B

M M L

k T











 




 






 





   
           

   
 

 
 
 

   
           

   
  
 
 
 




 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

http://www.sciencepg.com/journal/ajmp


American Journal of Modern Physics http://www.sciencepg.com/journal/ajmp 

 

128 

 

 

2 1

2 2 2 2 2 1
2

2 1 2

2
2

2

2 2 2 2 2
2

2 1 2

3 1 1
(1 ) 1

16 2 2
1

3 1 1

8

3 1 1 2
(1 ) 4 4 4 1 2 8

4 2
16 1

ex
g b ex ex

B
ex

B

ex
g b ex ex

a k
B E E B B

M M L

k Ta
B

M

k T
a k

B E E B B
M M L

k






 







 



   
              
 

    
     

    

  
          

  
 

 

2 1

1

2 2 2 2 2 1
2

2 1 2

2

2
2

3 1 1
(1 ) 1

16 2 2
1

3 1 1

8
3 1 1

(1 ) 4 4 4
4

4 1

B

ex
g b ex ex

B

ex

ex
g b

T

a k
B E E B B

M M L

k T

a

M
a

B E E
M










 












 
 
 
 
 
 
 
 
 

  
  
  
  
  
  
  

   
              
 

 
 

   
  

 
 

     
 

 

 

 

2 2 2 2 1

2 1 2

2
2

2

2 2 2 2 2
2

2 1 2

2
1 2 8

2

3 1 1

8

3 1 1
(1 ) 1

16 2 2
1

ex ex

B

ex

ex
g b ex ex

B

B

k
B B

M L

k T

a
B

M

a k
B E E B B

M M L

k T

k T












 



 
 
 
 
 
 
 
 
 

   
         
  
  
  
  

  
   

  


   
           

   








 

 

1

1

1

2 2 2 2 2 1
2

2 1 2

2 2 2 2 2
2

2 1 2

3 1 1 2
(1 ) 4 4 4 1 2 8

4 2
1

3 1 1
(1 ) 1

16 2 2
1

ex
g b ex ex

B

ex
g b ex ex

a k
B E E B B

M M L

k T

a k
B E E B B

M M L






 




 






 

 
 
 
 
 
 
 

 
    

            
    

   
  
  
  

  
        

 


 

2

1

2 2 2 2 2 1
2

2 1 2

3 1 1 2
(1 ) 4 4 4 1 2 8

4 2
4 1

B

ex
g b ex ex

B

k T

a k
B E E B B

M M L

k T










 


















































 
  
      
  
  
  
  
 

    
                

   
  
  
  














































 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 (19) 

http://www.sciencepg.com/journal/ajmp


American Journal of Modern Physics http://www.sciencepg.com/journal/ajmp 

 

129 

 

 

2 2 2 2 2 1
2

2 1 2

2 2 2 2 2
2

2 1 2

( , 0, ) ( , 0, )

3 1 1
(1 ) 1

16 2 2
1

3 1 1 2
(1 ) 4 4 4 1 2 8

4 2
1

1

1

ex
g b ex ex

B

ex
g b ex ex

S S T B L S T B L

a k
B E E B B

M M L

k T

a k
B E E B B

M M L

  






 




 





    

   
              
 

 
 
 

  
         

 
 






 

 

1

1

2 2 2 2 2 1
2

2 1 2

2 2 2
2

2

3 1 1
(1 ) 1

16 2 2
1

3 1 1
(1 ) 4 4 4 1 2 8

4 2
1

B

ex
g b ex ex

B

ex
g b ex ex

k T

a k
B E E B B

M M L

k T

a k
B E E B B

M M








 








 
 
 
 
 
 
 
 
 

  
    
  
  
  
  

   
           

   
 

 
 
 

 
       

 
 

 

 

1

2 2 1

1 2

2 2 2 2 1

2 1 2

2 2 2 2

2 1 2

2

(1 ) 1
2 2

1

2
(1 ) 4 4 4 1 2 8

2
1

B

g b ex ex

B

g b ex ex

B

L

k T

k
E E B B

M L

k T

k
E E B B

M L

k T

























 
 
 
 
 
 
 
 
 

   
    

   
  
  
  
  

  
        

  
 

 
 
 

  
        

  
 




 

 

1

1

2 2 2 2 1

2 1 2

1

2 2 2 2 1

2 1 2

(1 ) 1
2 2

1

2
(1 ) 4 4 4 1 2 8

2
1

g b ex ex

B

g b ex ex

B

k
E E B B

M L

k T

k
E E B B

M L

k T

























 
 
 
 
 
 
 
 
 

 
 
 

  
  
   


  

         
    
 
  



  
         

  
  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
   

      (20) 

3. Results and Discussions 

This section presents numerical results and discussions of 

the theoretical formalisms and analytical results obtained in 

the previous section through calculations of some magnetic 

properties of exciton polaron in monolayers TMD quantum 

well such as magnetic susceptibility, magnetization and mag-

netocaloric effect. The values of the constants used here are 
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the same as in Refs. [20, 28]. For The numerical results, we 

consider all the TMD materials of 2H types comprising mo-

lybdenum diselenide (MoSe2), molybdenum disulfide (MoS2) 

tungsten diselenide (WSe2) and tungsten disulfide (WS2) [33]. 

We start this section with three dimensional representation of 

the magnetization versus magnetic field and quantum well length 

(Figure 1), then versus temperature and magnetic field (Figure 2), 

and versus temperature and quantum well length (Figure 3) for 

different TMD monolayers. These figures indicate that magneti-

zation of the system is negative, characteristic of diamagnetism. 

The negative magnetization proved that the magnetic moment in 

the materials are on average, aligned antiparallel to the external 

field. We also observe a competition between thermal, magnetic 

and quantum confinement contributions on magnetization. In 

Figure 1, one can observe three regions: in the first region, the 

magnetization decreases until reaches a minimum, then increases 

in the second region and stabilizes in the third region. Thus, it can 

be suggested that the introduction of magnetic field contributes to 

the system to switch from its initial state, but also affects the sys-

tem’s electronic states. This alters the trajectory of the electrons 

and causes the direction of the orbital current to oppose that of 

the magnetic field, and generating a negative magnetization 

known as diamagnetism. Energy levels are shifted and Free en-

ergy become more sensitive to magnetic field, making the slope 

of magnetization becomes strongly negative. others reasons of 

free energy change are the change of energy level due to electron-

hole confinement in the quantum well and the magnetic field ef-

fect on magnetic moment alignment. Contrary to other system 

where magnetization is monotonous, the non-monotonous mag-

netization here shows the competition between parameters de-

pendent on magnetization. These parameters are temperature 

which led to population change, magnetic field and quantum con-

finement which favor one state over another. The minimum ob-

served in the first region can be interpreted as the equilibrium of 

the competition between those parameters, also where the exci-

ton-environment coupling is maximal, energy renormalization is 

strongest and represents the area where populations are changing 

most rapidly. In the second region, the magnetization increase, 

this increase in the magnetization is due to the fact that magnetic 

field opposition become less strong because the states most sen-

sitive to the field are already occupied and the system has ex-

hausted most of its reorganization capacity, making it enters a sat-

uration regime. In the third region, we observed a saturation, this 

means that all the magnetic potential of the materials has been 

used up, every possible atomic spin is already aligned with field. 

The populations hardly change anymore, the system is practically 

static and further variations in the field no longer bring about sig-

nificant changes. Magnetic sensitivity gradually disappears and 

the material becomes robust against further disturbances. This re-

gion corresponds to a highly polarized regime; and quasi-stabi-

lized state. This type of response has several advantages, such as 

stability at high fields due to its predictable behavior and low sen-

sitivity to fluctuations, which is very useful for quantum devices. 

Furthermore, it exhibits a high sensitivity region near the mini-

mum, which is very important, making the material an excellent 

sensor because even small external variations produce a measur-

able response. Such a system also allows for adjustment because 

the minimum can be shifted by modifying the confinement, tem-

perature, or magnetic field, thus fine-tuning the magnetic re-

sponse. Moreover, In Figure 2 and Figure 3, in addition to the 

previous competition observed, it is clear that thermal contribu-

tion dominates and the magnetization ends as a decreasing func-

tion. However, MoSe2 material requires higher field before reach-

ing its maximum response, which gives it greater energy rigidity, 

allowing it to be more resistant to disturbances and making it 

more stable. This is due to its strong confinement and strong elec-

tron-phonon coupling. Its redistribution between states is there-

fore gradual and less sensitive than others material, even though 

its response remains more robust. Another observation is that 

WS2 material exhibits a stronger opposition to the field because: 

its diamagnetic response is more intense, and its electronic states 

are more sensitive, making it the best magnetic detector because 

a small change in magnetic field produces a larger change in en-

ergy. This is justified by the strong coupling between the exciton 

and the field, creating a greater renormalization. WS2 material is 

therefore the one that remains strongly magnetic for a long time. 

The results on magnetization can be used in magnetic refrigera-

tion where materials with compensation points have huge entropy 

change, also in data storage where the magnetization can be 

switched from positive to negative value with just a laser pulse. 

We depicted magnetic susceptibility versus magnetic field and 

quantum length (Figure 4), versus temperature and magnetic field 

(Figure 5), and versus temperature and quantum length (Figure 

6). It is observed that contrary to pure diamagnetism system 

where the magnetic susceptibility is negative, our plots show a 

local Paramagnetism. On can also observe a competition between 

thermal, magnetic field and quantum confinement contributions 

on susceptibility. In Figure 4, we observe 4 regions. In the first 

region, the magnetic susceptibility reaches its absolute minimum, 

exhibiting negative values corresponding to a maximal diamag-

netic state and showing high sensitivity resulting from the redis-

tribution of populations. Then, the magnetic susceptibility in-

creases in the second region passing through zero. This region is 

called a sign change in magnetic susceptibility characterize by the 

presence of two opposing magnetic mechanisms, and at that par-

ticular point where magnetic susceptibility is zero the two oppo-

site mechanisms are cancel out. In the third region the magnetic 

susceptibility reaches it maximum, so after the contribution of the 

two opposing magnetic mechanisms, one wins and gives a peak 

before thermal disorder kills it. In this region, local Paramag-

netism saturates. in the fourth region magnetic susceptibility de-

creases until reaches it second minimum at relaxation this means 

that thermal disorder is winning over magnetic ordering and fifth 

region it is stabilize. The stabilization means that the strong co-

operative magnetism is gone. Only weak independent spins or 

constant electron contributions are left. The materials are now in 

a paramagnetic state, there are no more phase transitions. The in-

troduction of magnetic field makes the system left it reference 

state and affect the electronics states. In these regions, diamag-
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netic activity reaches its maximum efficiency, population redis-

tribution becomes significant, and energy competition begins and 

gradually intensifies. This competition increases magnetic sus-

ceptibility until it cancels out, thus marking the point at which the 

competitions balance each other out. The negative diamagnetic 

contribution is compensated by the positive contribution of local 

Paramagnetism due to confinement effects and the magnetic field. 

This effective local Paramagnetism is amplified with the increase 

in the field, which affects the energy and population of the levels, 

but also with progressive confinement, which modifies the en-

ergy separation, thus making the susceptibility positive. The sys-

tem becomes momently more sensitive to the field, but the peak 

decreases slightly once the local paramagnetic contribution also 

begins to saturate, corresponding to relaxation. The populations 

stabilize, but in a strong field, the system retains a residual posi-

tive sensitivity; in other words, the competitive mechanism sur-

vives even when the main diamagnetism is saturated. The domi-

nant diamagnetic contribution is progressively challenged and 

then locally overtaken by a positive contribution linked to the re-

organization of the system's states. Such a system is very useful 

for sensors because it provides magnetic control, as the system 

can be driven between a strong diamagnetic, quasi-neutral, and 

local paramagnetic response. Furthermore, it can provide fine-

tuning because the peak can be shifted by the coupling as well as 

by the (L, B, T) parameters. Comparing the susceptibility of four 

materials with the same general topology is more informative 

than comparing magnetization, as it is a response parameter that 

directly indicates how the material reacts to magnetic perturba-

tions. WS2 Material exhibits a stronger local diamagnetic re-

sponse because before competitive mechanisms come into play, 

WS2 material opposes the field more strongly, making it more 

sensitive in the diamagnetic regime with excellent stability 

against weak magnetic perturbations. This could be explained by 

more effective confinement, greater orbital curvature, and its ex-

citonic properties. Since the energy levels of MoSe2 material is 

more widely spaced and its binding energy is higher, more mag-

netic energy is required to modify its internal structure, making it 

more rigid, unlike WS2 material, which appears to be the most 

tunable with a more robust energy structure. However, at the peak, 

the redistribution of populations is greater in WS2 material, which 

gives it very good magnetic sensitivity against less good stability. 

In Figure 5, the same competition is observed but principally 

dominated by the magnetic contribution of susceptibility. This 

is explained by the fact that the magnetic field contributed to 

alignment of magnetic moment thus contribute to statistical re-

distribution, exciton-phonon renormalization and reorganiza-

tion of energy levels. Unlike Figures 4 and 5, Figure 6 shows a 

completely negative or diamagnetic magnetic susceptibility 

with a competition between thermal and confinement contribu-

tions. Two regions are distinguished: the first, where suscepti-

bility increases for molybdenum materials dominates by con-

finement, and the second, dominates by the temperature. The 

maximum corresponds to an equilibrium point of statistical re-

distribution and reorganization. Furthermore, for tungsten ma-

terials, there are three regions: the first is characterized by the 

dominance of thermal effects, the second by the confinement 

effect and the minimum corresponding to an equilibrium be-

tween energy levels and reorganization, and the last, a relaxa-

tion corresponding to a decrease in magnetic susceptibility. 

Entropy change well known as magnetocaloric effect are 

shown in Figures 7-9. as function of quantum well length and 

magnetic field (Figure 7), of magnetic field and temperature 

(Figure 8), and quantum well length and temperature (Figure 9) 

for different 2D monolayers TMD of 2H types. These figures 

indicate that the entropy change decreases with both magnetic 

field and quantum well length whereas entropy change is in-

creasing considerably with temperature. In Figure 7 and Figure 

8, the entropy change is negative. We observe that upon the in-

troduction of the magnetic field, the magnetic moments are 

aligned and the system is ordered, thus drastically reducing dis-

order, which explains the very rapid decrease observed. Indeed, 

before the field was applied, several states were accessible, but 

after its application, some states become energetically disad-

vantaged, and the number of actually occupied states decreases 

since the field partially lifts the degeneracies. Thus, the popula-

tion concentrates in the lowest levels, and entropy decreases. At 

its minimum, the system reaches its maximum loss of disorder, 

and at that point, the field becomes most effective at reorganiz-

ing the populations. This is the region where the magnetocaloric 

effect is maximal. Since the field has already accomplished 

most of the ordering, the populations are almost fixed, and 

given that few states remain accessible, entropy cannot continue 

to decrease because it cannot more order the system which is 

already highly ordered. It is also noted that when the field is 

applied, disorder decreases under adiabatic conditions and the 

system temperature increases, leading to a regime known as the 

robust conventional magnetocaloric effect. This mechanism 

finds application in magnetic refrigerators, such as for heat con-

version and thermal management using magnetic fields. WS2 

material, exhibiting a deeper minimum, appears to be the one 

whose field is most effective at reorganizing the system, making 

it the material with high magnetic response, high population 

variation, and significant energy competition among the four 

materials. It therefore has a greater magnetocaloric effect and 

can find applications in magnetic cooling, thermal control and 

thermomagnetic sensors. In Figure 9, The magnetic field thus 

reduces the number of accessible states, and the system be-

comes more ordered because it lifts degeneracies, selects certain 

energy states, and concentrates populations in a smaller number 

of states, thereby decreasing disorder. Another factor that 

makes the field extremely effective is that at low temperatures, 

thermal fluctuations are small, and populations are already con-

centrated in a few states. Therefore, temperature has virtually 

no effect on the order created by the field, and it acts almost 

independently, strongly ordering the material. As temperature 

increases, thermal excitations appear, the system begins to ac-

cess more states, the order imposed by the field becomes less 

dominant, and the entropy change rises rapidly. A competition 

arises between magnetic order and thermal disorder. These ma-
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terials offer several advantages: magnetic stability (the sign re-

mains negative everywhere), energetic robustness (the field re-

tains its influence even at high temperatures), gradual thermal 

control (the response can be finely tuned), predictable response, 

and a magnetocaloric effect exploitable over a wide temperature 

range due to its robustness and strong confinement. WS2 mate-

rial has the highest disappearance temperature at low entropy 

change, making it the excellent candidate of the four, as it re-

tains its magnetocaloric properties for the longest period. 

 
Figure 1. Magnetization versus quantum well length and magnetic field for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) WS2 and (d) 

WSe2. 

 
Figure 2. Magnetization versus magnetic field and temperature for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) WS2 and (d) WSe2. 
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Figure 3. Magnetization versus quantum well length and temperature for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) WS2 and (d) 

WSe2. 

 
Figure 4. Magnetic Susceptibility versus quantum well length and magnetic field for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) WS2 

and (d) WSe2. 
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Figure 5. Magnetic Susceptibility versus magnetic field and temperature for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) WS2 and (d) 

WSe2
. 

 
Figure 6. Magnetic Susceptibility versus quantum well length and temperature for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) WS2 

and (d) WSe2. 
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Figure 7. Magnetocaloric Coefficient versus quantum well length and magnetic field for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) 

WS2 and (d) WSe2. 

 
Figure 8. Magnetocaloric Coefficient versus magnetic field and temperature for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) WS2 

and (d) WSe2. 
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Figure 9. Magnetocaloric Coefficient versus quantum well length and temperature for different TMDs monolayers: (a) MoS2; (b) MoSe2; (c) 

WS2 and (d) WSe2. 

4. Conclusion 

In conclusion, the aims of this study was to investigate the 

of MCE and magnetic properties of exciton polaron in TMD 

quantum well. We use the grand canonical ensemble to eval-

uate the partition function and derived the magnetic suscep-

tibility, the magnetization and the entropy exchange. Numer-

ical results have shown that high magnetic field significantly 

affect the magnetic moment alignment and yield to statistical 

redistribution and reorganization of the level states. The ex-

citon polaron magnetic properties are function of quantum 

length, magnetic field and temperature parameters which are 

always in competition. We also shown that dependent of the 

range of parameter, this competition can exhibit interesting 

behavior such as high conventional magnetocaloric effect, 

potential applications to sensitive thermomagnetic sensors, 

refrigerators. We also found that our system exhibits local 

paramagnetism and WS2 material was more robust and sen-

sitive whereas MoSe2 material was more stable between the 

four materials studied. In addition to the temperature and the 

external magnetic field, the choice of quantum well length 

can also be used to control/modulate the variation magnetic 

properties and MCE of exciton polaron in 2D monolayer 

TMD. 
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MCE Magnetocaloric Effect 
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