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A B S T R A C T   

We theoretically investigate the properties of exciton-polaron moving through a magnetic barrier in monolayers 
(1Ls) transition metal dichalcogenides (TMDs): MoS2, WS2, MoSe2, and WSe2. We find that the exciton-polaron 
has the highest ground state energy in WS2 and the lowest one in MoSe2. It is seen that the magnetic barrier 
stabilizes the excitonic polaron system subjected to thermal perturbation. We demonstrate that the entropy of the 
system is very sensitive to the type of monolayers TMDs, the length scale of the barrier, the temperature. We 
observe that the higher the magnetic length, the greater the disorder in exciton-polaron system and the highest 
entropy is in MoSe2. Also, the mobility and the lifetime of exciton-polaron decrease with the enhancement of the 
magnetic length. We observe the highest mobility and lifetime in WS2. Moreover, We show that the optical 
absorption appears when the photon energy is more than twice phonon energy and the absorption coefficient is 
higher when the incident photon induces an in plane field. MoS2 presents the highest amplitude of optical 
absorption.   

1. Introduction 

In both molecular lattices (agregats) and large molecules, excitons 
play important roles as transmitting of informations, carrying energy 
and activating some chemical reactions. More recently, excitons in 
monolayers (1Ls) transition metal dichalcogenides (TMDs) [1,2] have 
grown very rapidly due to the optical and electronic characteristics. 
These structures are considered as one of the most interesting 2D ma
terials due to their large band of applications such as fabrication of 
electronic devices [3], spintronics and valleytronic [4], preparation of 
qubit [5]. Additionally, the magneto-optical mechanisms of 1Ls TMDs 
[6–8] have stimulated some new opportunities for applications where a 
comprehensive insight of the action of a magnetic field affecting the 

excitons is desired. Indeed, excitons in TMD’s monolayers submitted to a 
magnetic field show interesting optical and electronic characteristics 
[9–11] due to the large binding energy of the excitons [12–14]. It has 
been shown that the external magnetic field applied to a 1L TMD pro
vides an experimental understanding of the characteristics of excitons, 
such as their spatial extent [15,16]. 

Unfortunately, in practice, the exciton does not spread freely, but it is 
constantly interacting with the other degrees of freedom in the crystal 
lattice. At a finite temperature, a strong coupling appears with low in
ternal vibrations so called as phonons or polaronic effects [17,18]. The 
main idea is to say that phonons cause random fluctuations of energy 
from each local state. Therefore, identifying the nature and properties of 
the exciton’s motion appear to be a difficult task, crucial for 
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understanding its role in various transport processes. 
The principle of exciton-polaron has been elaborated extensively by 

a number of authors who have demonstrated that the exciton behavior is 
modified according to the coupling with phonons [19–25]. In confined 
system, this interaction is more obvious and presents some interesting 
futures mainly in 2D materials. It has been thoroughly explored both 
theoretically and experimentally by several authors [26–30]. In low 
dimensional system, the interaction between electron-hole pair and 
phonon is recognized to change the real apparent mass of exciton and 
reduces its energy, leading to a shift of the energy difference. Confined 
particles are relevant in nanostructures applications [31–33], so, several 
potential models have been developed in order to describe and control 
the dynamics of quasiparticles. Several parameters as the width, the 
depth of Gaussian well and temperature turned out to be significant in 
the study of energy levels and lifetime of polaron [34]. In the latter, it is 
found that lifetime decays with temperature. Also, Li [35] revealed that 
one can adjust the polaron ground state lifetime by changing the tem
perature, the polaron radius, the pseudoharmonic potential and the 
external field. This is interesting for application in quantum 
computation. 

Inspired by the invention of an exceptional optical and electronic 
system [36–38], the class of 2D monolayers TMDs has attracted the 
attention of the scientific community. The dynamics of excitons and 
carriers in monolayers TMDs were examined by absorption or reflec
tivity of the pump-probe experiences [39–43]. Owing to a high temporal 
resolution (~100 fs), these experimental results have highlighted a 
complex dynamic generally described by multi-exponential decay times 
[44]. Wu et al. [45] examined the optical absorption of cross-layer ex
citons in TMD heterolayers, they showed a diversity of cross-layer ex
citons in the two directions of optical activity and energies occur at any 
given valley. It has been demonstrated that excitons between layers 
possess a long-lived and easily electro-tunable energy due to their 
spatially indirect character [46]. However, they continue to exhibit a 
fairly high electron-hole binding energy. Moreover, the large band gap 
confers to TMD materials the possibility of high charge carrier mobility 
and high absorption coefficient [47]. From the work of Li et al. [48], the 
optical absorption appears when the incident photon energy exceeds the 
energy of optical phonon. Also, Thilagam [49] studied the ground state 
energy and the mass change of exciton-polaron for some monolayers. It 
is shown that under impurity effect, the exciton is localized in a quantum 
well. In this nanostructure, the transport of excitons is mostly quasi-2D 
and the variation in the size of the exciton alters the impact of its 
interplay with phonons. Consequently, it is advisable to explore how the 
features of an exciton-polaron in TMDs subjected to magnetic barrier. 

As mentioned by several authors, exciton-polarons are ideal candi
dates for transmitting information and carrying energy. This inspires us 
to derive the lifetime, mobility, Tsallis entropy and the optical absorp
tion coefficient. These are important properties necessary to describe the 
behavior of exciton-polaron in TMDs in order to ameliorate and un
derstand the transport properties. In this paper, we determine theoret
ically the above properties of exciton-polaron in various monolayer 
TMD materials under magnetic field characterized by a magnetic length 
scale. The paper is organized as follows: in Sec. 2, we present the theory 
in which we describe the model of exciton-polaron system and derive the 
analytical expressions while in Sec. 3, we present our main results on 
energy, lifetime, mobility, entropy and optical absorption coefficient for 
the common 1Ls TMDs (MoSe2, WSe2, WS2, MoS2). Finally, in Sec. 4, we 
provide the conclusion. 

2. Theoretical model 

2.1. Hamiltonian of the system 

Let us consider the motion of an exciton through a panel depicting a 
1L TMD which interacts with longitudinal optical (LO)-phonons in 
presence of a magnetic strength. The total Hamiltonian of the system can 

be written as: 

Ĥ = Ĥ
2D
ex + Ĥph + Ĥ

2D
ex− ph (1)  

where Ĥ
2D
ex is the Hamiltonian of electron and hole [50,51] taken here as: 

Ĥ
2D
ex =

1
2m*

e

(
P→e + e A→e

)2
+

1
2m*

h

(

P→h − e A→h

)2

−
e2

ε
⃒
⃒
⃒ ρ→e − ρ→h

⃒
⃒
⃒

(2)  

where P→e ( P→h) is respectively the momentum vector of electron (hole) 
while ρ→e ( ρ→h) represents the electron (hole) position-vector in the xy- 
plane. m*

e (m*
h) is the effective mass of electron (hole). The last term of 

Eq. (2) is the coulomb interaction between electron and hole in the 
monolayer TMD. The magnetic barrier [52] is characterized by the field 
B→= (0,0,Bz) with Bz(x) = B0 lB[δ(x) − δ(x − L)]. L is the barrier width 
taken at 150 nm, lB indicates a length measure based on a standard 
magnetic flux field given by B0 = ℏ/(el2B). 

From the definition of the Dirac delta function, this magnetic field 
can also take the form: 

Bz =

⎧
⎨

⎩

B0 lB ; if x = 0
− B0 lB ; if x = L
0 ; otherwise

(3) 

Such barrier can be constructed as shows Ghosh et al. [53] and Fig. 1 
illustrates the present case. Here, two long narrow magnetic stripes are 
placed perpendicular to the TMD layer respectively at x = 0 (with B0 lB) 
and x = L (with − B0 lB). It is convenient to use the relation B→= rot A→ to 
obtain the vector potential of the magnetic barrier as A→ = (0,Ay,0): 

Ay(x)=B0 lB [Θ(x) − Θ(x − L)] =
{

A ; 0 < x < L
0 ; otherwise (4)  

where A = ℏ/(elB) and Θ is the Heaviside function. 
The phonon energy operator appear as: 

Ĥph =
∑

q
ℏω b+

q bq (5)  

with b+q and bq denote the creation and annihilation operators of 
phonon, q the phonon wave vector with component q// in the xy-plane. 

The last term of Eq. (1) stands for the Hamiltonian of exciton-phonon 
interaction given by Ref. [49]: 

Ĥ
2D
ex− ph =

∑

K,q//

Ξop
(

q//

)
C+

K+q//
CK

(
bq// + b+

− q//

)
(6)  

where C+
K (CK) denotes the creation (annihilation) operator of an exciton 

Fig. 1. Magnetic barrier using two long narrow magnetic stripes perpendicular 
to the monolayer TMD. 
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and K is the two-dimensional exciton wave vector. The exciton-optical 
phonon coupling function is taken as: 

Ξop
(

q//

)
=
(
Dop

c − Dop
v

)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏq//

2ηuS2D

√

(7)  

where S2D represents the area of the layer plane, η denotes the area mass 
density and u is the sound velocity of the mode. Dop

c and Dop
v are 

respectively the deformation potential constant for electron-LO phonon 
coupling at some critical points (K,K′

) inside conduction band and the 
corresponding expression for hole in the valence band. These critical 
points are used to better estimate the polaronic effect on excitons. 

Eq. (2) can be rewritten as: 

Ĥ
2D
ex =

(
P2

e,x + P2
e,y

)

2m*
e

+

(
P2

h,x + P2
h,y

)

2m*
h

+
e2A2

2μ* −
e2

ε
⃒
⃒
⃒ ρ→e − ρ→h

⃒
⃒
⃒

(8)  

μ* is the effective exciton reduced mass given by: 

1
μ* =

1
m*

e
+

1
m*

h
(9) 

Using the center of mass ( R→ =
m*

e
M* ρ→e +

m*
h

M* ρ→h) and the relative coor
dinate ( ρ→ = ρ→e − ρ→h),Eq. (8) becomes:  

H2D
ex =

− ℏ2

2M*∇
2
R −

(
ℏ2

2μ*∇
2
ρ +

e2

ερ −
e2A2

2μ*

)

=HR − Hρ,A (10)  

M* = m*
e + m*

h represents the effective mass of an exciton. Let us check 
the 2D energy so that: 

Ĥ
2D
ex =

∑

K
λC+

K CK (11) 

This leads to the Schrodinger equation: 

H2D
ex Ψex = λ Ψ ex (12) 

The exciton wave function is considered as [51,54]: 

Ψ ex =φ (R) φ1s(ρ) = exp
(

iK→
*
. R→

)
̅̅̅̅
2
π

√
1
a

exp
(
−

ρ
a

)
(13)  

with K→
*
= K→− e

ℏ A→ and a the exciton Bohr radius. 
For the center of mass, we have: 

− ℏ2

2M*∇
2
R φ(R)=E(K, lB) φ(R) (14)  

Thus 

E(K, lB)≈Eg +
ℏ2

2M*

(

K2 +
1
l2
B

)

(15)  

Eg stands for the gap energy in the MX2 monolayer. 
Also, for the relative coordinate, we have: 

− 〈φ1s|Hρ, A |φ1s〉 = − Eb +
ℏ2

2μ*l2
B
= Eb(lB) (16) 

Here, Eb comes from the general formula Eb =
Ry

(n− 0.5)2 , n = 1 being the 
principal quantum number and Ry the Rydberg’s constant. Then ac
cording to Eqs. (15) and (16), one gets:  

λ=E(K, lB) + Eb(lB) (17) 

We obtain the expression of the exciton eigen energy as: 

λ(K, ξ)=Eg +
ℏ2K2

2M* − Eb + ξ2 (18)  

where ξ is the magnetic parameter given by: 

ξ=
ℏ
lB

(
1

2M* +
1

2μ*

)1 /

2

(19) 

It is seen that the magnetic barrier contributes on kinetic and binding 
energies respectively. 

We use the following unitary transformation [49] to diagonalize the 
Hamiltonian of the system: 

Uex = exp(iS) (20)  

with 

S=
∑

K,q//

C+
K+q//

CK

[
f *
ex

(
K, q//

)
b+
− q//

+ fex

(
K, q//

)
bq//

]
(21)  

Uex is called the displaced-oscillator which is related to the phonon 
operators via Eq. (20). This transformation enables us to consider the 
dressed electron states due to the phonon field. It generates coherent 
states from the phonon vacuum. The variational functions fex and f*

ex 
provide the phonon distribution function induced by the electron dy
namics are determined as: 

f *
ex

(
K, q//

)
=

Ξop
(

q//

)

λ
(

K + q//, ξ
)
− λ(K, ξ) + ℏω

and fex

(
K, q//

)

=
Ξop

(
q//

)

λ
(

K + q//, ξ
)
− λ(K, ξ) − ℏω

(22) 

Theses functions shift the position of the vibrational modes quanti
fying the strength of the coupling between electron and lattice 
displacement. 

According to Eq. (20), the transformed Hamiltonian gives: 

Ĥ
T
=U− 1

ex ĤUex ≈ Ĥ
2D
ex + Ĥph + Ĥ

T2D
ex− ph (23)  

where   

We can now use the approximate diagonalized form of the Hamil
tonian given by Eq. (23) to easily obtain the properties of the system like 
energy, mobility, entropy, optical absorption. Let us proceed by the 
calculation of entropy. 

2.2. Tsallis entropy 

In this section, we will evaluate the Tsallis entropy which depends of 

Ĥ
T2D
ex− ph =

∑

K,K′
,q//

⃒
⃒
⃒Ξop

(
q//

)⃒
⃒
⃒

2

⎡

⎣ 1

λ
(

K + q//, ξ
)
− λ(K, ξ) + ℏω

−
1

λ
(

K + q//, ξ
)
− λ(K, ξ) − ℏω

⎤

⎦ C+
K+q//

CKC+

K′
+q//

CK′ (24)   
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a degree (j) [55–58] as: 

Sj =

1 −
∑

i=1
Pj

i

j − 1
(25) 

The probabilities are P1 for ground state and P2 for the first excited 
state given by: 

P1 =

[
1 − β(1 − j)E0

ex− pol

] 1
1− j

Zj
and P2 =

[
1 − β(1 − j)E1

ex− pol

] 1
1− j

Zj
(26)  

and the partition function is defined as: 

Zj =
[

1 − β(1 − j)E0
ex− pol

] 1
1− j

+
[

1 − β(1 − j)E1
ex− pol

] 1
1− j (27)  

the parameter j is a real number and represents the entropy degree and β 
is the inverse of temperature. E0

ex− pol and E1
ex− pol are respectively the 

fundamental state and the first excited level energies of the excitonic 
polaron. For the ground state, we have: 

E0
ex− pol = 〈Ψ 0|Ĥ

T
|Ψ 0〉 (28)  

with the ground state wave function 

|Ψ 0〉=C+
K |0〉k|0〉ph (29)  

|0〉k and |0〉ph represent respectively the exciton’s and phonon’s vacuum 
state vectors. The state energies are obtained after straightforward cal
culations made in Eq. (23). 

E0
ex− pol =Eg +

(
ℏ2K2

2M

)

(1 − G̃ex2) − Eb − Gex1 + ξ2 (30)  

where 

Gex1=
π

̅̅̅̅̅̅̅
ℏω

√ (
Dop

c − Dop
v

)2

̅̅̅
2

√
ℏ2ηu

(
m*

e +m*
h

)3 /

2 and G̃ex2=
3π

(
Dop

c − Dop
v

)2

4
̅̅̅
2

√
ℏ2ηu

(
m*

e +m*
h

)3 /

2

̅̅̅̅̅̅̅
ℏω

√

(31) 

Using |Ψ1〉 = C+
K |1〉k|0〉ph, the first excited state energy is obtain as: 

E1
ex− pol = 4Eg + 4

(
ℏ2K2

2M

)

(1 − 2G̃ex2) − 4Eb − 8Gex1 + 4ξ2 (32) 

Inserting Eqs. (30) and (32) in Eq. (23), we obtain the entropy of the 
system. 

2.3. Lifetime and mobility of the excitonic polaron 

The form of energies obtained allows to investigate the lifetime of 
exciton-polaron in TMDs under magnetic field. To calculate this prop
erty, the following expression [59] is used: 

ℏ
τ = 2π

∑

q

⃒
⃒
⃒〈n q′ ,K

⃒
⃒H2D

ex− ph

⃒
⃒K, nq〉

⃒
⃒
⃒

2
δ
[
λK − λK+q +ℏω

]
(33)  

where 

nq′ = nq − 1 (34) 

For the ground state, we have: 

ℏ
τ = 2π

∑

q

⃒
⃒
⃒〈n q − 1

⃒
⃒〈0|CK H2D

ex− ph C+
K |0〉

⃒
⃒nq〉

⃒
⃒
⃒

2
δ
[
λK − λK+q +ℏω

]
(35) 

After averaging, Eq. (33) gives: 

ℏ
τ = 2π

∑

q//

n
(

Ξop
(q//)

)2
δ
[

ℏ2

2M

(

q2
// + 2K. q// −

2Mℏω
ℏ2

)]

(36) 

According to Eq. (7) and converting the summation into integration, 
we obtain: 

ℏ
τ =

M
2ℏπηu

(
Dop

c − Dop
v

)2
∫2π

0

dθ
∫∞

0

dq// n q2
// δ

[

q2
// + 2Kq// cos θ −

2Mℏω
ℏ2

]

(37) 

The Dirac function is transformed by using δ[g(q)] =
∑

i

δ(q− qi)

|g′ (qi)|
with qi 

the roofs of g. 
One gets:  

where 

q1 = − k cos θ +
1
ℏ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√
and q2

= − k cos θ −
1
ℏ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√
(39) 

The mean number of phonons in the ground state is taken from the 
quantum statistics as: 

n=
[
exp

(
β E0

ex− pol

)
− 1

]− 1
(40) 

The integration over q// gives: 

ℏ
τ =

M
(
Dop

c − Dop
v

)2

4πηu
n
∫2π

0

dθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√
(
q2

1 + q2
2

)
(41) 

Thus, the expression of exciton-polaron lifetime is: 

1
τ =

M
(
Dop

c − Dop
v

)2

ℏ3πη u
n
∫2π

0

dθ
(
ℏ2K2cos 2 θ + Mℏω

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√ (42) 

The mobility can be related to the mean number of phonons as [60]: 

μ≈
1
n
=
[
exp

(
β E0

ex− pol

)
− 1

]
(43) 

From here we observe that the lifetime and the mobility depend on 
the magnetic barrier and the TMD’s characteristics. Thus, these prop
erties can be affected by those parameters. 

2.4. Optical absorption coefficient 

When the exciton-polaron absorbs the light of frequency (Ω), the 
optical absorption coefficient Γ(ℏΩ) is related to the probability P(ℏΩ)

of absorbing a photon in the ground state [61]:  

ℏ
τ =

M
(
Dop

c − Dop
v

)2

4πηu

∫2π

0

dθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ℏ2K2cos 2 θ + 2Mℏω

√

∫∞

0

dq// n q2
//

[
δ
(

q// − q1

)
+ δ

(
q// − q2

)]
(38)   
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Γ(ℏΩ)=
Ω

cnε0
(
2E2

)P(ℏΩ) (44)  

where ε0 is the vacuum’s permittivity, c is the light’s velocity, n is the 
medium’s refractive index and E represents the strength of the electric 
field vector of the incident photon. The transition probability is taken as 
[48]:  

P(ℏΩ)= 2π
∑

f
〈Ψ | V

⃒
⃒Ψf 〉〈Ψ f

⃒
⃒ V|Ψ〉δ

(
E0 +ℏΩ − Ef

)
= 2Re R(ℏΩ) (45) 

Ψ (Ψ f ) is the ground state (possible final) wave function with energy 
E0 (Ef ) and R(ℏΩ) is given by: 

Re R(ℏΩ)=

(
1

ℏΩ

)2 ∫0

− ∞

dt e− it(iε+ℏΩ)〈Ψ | [H,V]0[H,V]t|Ψ〉 (46)  

V is the time-dependent perturbation describes by the electric dipole 
interaction V = eE. r. 

According to Eq. (8), the previous equation gives [62]: 

ReR(ℏΩ)=
( e

ℏΩ

)2
∫0

− ∞

dte− it(iε+ℏΩ)〈Ψ |E.
{

pe(0)
me

+
ph(0)

mh

}

E.
{

pe(t)
me

+
ph(t)
mh

}

|Ψ〉

(47) 

Now, let us apply the unitary transformation:  

We have for P = 0: 

U− 1
ex pUex=p+[iS,p]=p+i

[
∑

K,q
C+

K+qCK

(
f *
exb

+
− q+fexbq

)
,P−

∑

q
ℏωqb+

q bq

]

=p− iℏω
∑

K,q
qC+

K+qCK

(
fexbq − f *

exb
+
− q

)

(49) 

Therefore:  

By using the relation dC(t)
dt = i [H, C(t)], the time dependence of the 

different operators is 
Obtained as: 

C+
K+q(t)CK(t)=C+

K+qCK e− it(λK − λK+q) : b+
− q(t) = b+

− q eitℏω and p (t) = p (0)

= p
(51)  

with the previous relation and after averaging with respect to Eq. (29), 
the real part is written as: 

ReR(ℏΩ)=
( e

ℏΩ

)2
∫0

− ∞

dt e− it(iε+ℏΩ)

⎧
⎨

⎩

2ℏ2E2K*2

M2 −
ℏ2E2

(
m2

e + m2
h

)

m2
em2

ha2

+
ℏ2ω2

μ2

∑

q//

(
E. q//

)2
fexf *

ex e− itg

⎫
⎬

⎭
(52)  

where 

g=
(

λK − λK+q// − ℏω
)

(53) 

We consider the ratio of frequencies χ = Ω/ω. The optical absorption 
coefficient reads: 

Table 1 
The performed physical parameters of 1L TMD materials used in calculation 
taken from Refs. [63,64]. ℏω, Dop

c , Dop
v , Eb and Eg are given in unit of (eV); me and 

mh are in unit of free electron mass.  

Materials me mh ℏω Dop
c Dop

v Eb Eg 

MoSe2 0.64 0.71 0.0365 5.2 4.9 0.174 1.56 
WSe2 0.39 0.51 0.0291 2.3 3.1 0.231 1.65 
WS2 0.31 0.42 0.0435 3.1 2.3 0.19 2.10 
MoS2 0.51 0.58 0.0443 5.8 4.6 0.313 1.87  

Fig. 2. Exciton-polaron ground state energy versus the length scale lB of 
magnetic barrier for various 1Ls TMDs. 

Re R(ℏΩ)=
( e

ℏΩ

)2
∫0

− ∞

dt e− it(iε+ℏΩ)〈Ψ |E. U− 1
ex

{
pe(0)

me
+

ph(0)
mh

}

Uex E. U− 1
ex

{
pe(t)
me

+
ph(t)
mh

}

Uex|Ψ〉 (48)   

R(ℏΩ) =
( e

ℏΩ

)2
∫0

− ∞

dt e− it(iε+ℏΩ)〈Ψ | E.

⎧
⎨

⎩

pe

me
+

ph

mh
−

iℏω
μ

∑

K,q//

q//C+
K+q//

CK

(
fexbq// − f *

exb
+
− q//

)
⎫
⎬

⎭
×

E.

⎧
⎨

⎩

pe(t)
me

+
ph(t)
mh

−
iℏω

μ
∑

K,q//

q//C+
K+q//

(t)CK(t)
(

fexbq// (t) − f *
exb

+
− q//

(t)
)
⎫
⎬

⎭
|Ψ〉

(50)   
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Γ(χ) = πe2

cnε0ℏ(ℏω)2χ

{
2ℏ2K*2

M2 −
ℏ2( m2

e + m2
h

)

m2
em2

ha2

}

δ(χ)

+
πe2ω

cnε0μ2E2χ
∑

q//

(
E. q//

)2
fexf *

ex δ
[

−
ℏ2

2M

(
q2
// + 2kq// cos θ

)
+ ℏω(χ − 1)

]

(54) 

Transforming the summation into an integration, one gets:  

γ is the angle between the field induced by incident photon (E) and the 
normal of TMD. 

Let us take q2
0 = 2Mℏω(χ − 1)/ℏ2 for χ > 1 ; 

We first integrate over q// in Eq. (55), it gives:  

where 

q3 = − k cos θ +
1
ℏ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏ2k2cos 2 θ + 2Mℏω(χ − 1)
√

: q4

= − k cos θ −
1
ℏ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏ2k2cos 2 θ + 2Mℏω(χ − 1)
√

(57) 

This leads to:  

Fig. 3. Exciton-polaron entropy as function of the temperature for various 1L TMDs at j = 1.1 (a) lB = 5 nm and (b) lB = 50 nm.  

Γ(χ) = πe2

cnε0ℏ(ℏω)2χ

{
2ℏ2

M2

(

k2 +
1
l2
B

)

−
ℏ2( m2

e + m2
h

)

m2
em2

ha2

}

δ(χ)

+
Mℏωe2( Dop

c − Dop
v

)2

4πcnε0ηuℏ2μ2χ
sin 2(γ)

∫2π

0

dθ
∫∞

0

dq//

q4
// δ

[

q2
// + 2kq// cos θ −

2Mℏω(χ − 1)
ℏ2

]

ℏ4

4M2

(
q2
// + 2kq// cos θ

)2
− (ℏω)2

(55)   

Γ(χ) = e2 ̅̅̅
π

√

cnε0ℏ(ℏω)2

{
2ℏ2

M2

(

k2 +
1
l2
B

)

−
ℏ2( m2

e + m2
h

)

m2
em2

ha2

}
exp( − χ2/α2)

|α|χ +
Mℏωe2( Dop

c − Dop
v

)2

8πcnε0ηuℏμ2 ×

sin 2(γ)
χ

∫2π

0

dθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏ2k2cos 2 θ + 2Mℏω(χ − 1)
√

⎧
⎪⎪⎨

⎪⎪⎩

q4
3

ℏ4

4M2

(
q2

3 + 2kq3 cos θ
)2

− (ℏω)
2
+

q4
4

ℏ4

4M2

(
q2

4 + 2kq4 cos θ
)2

− (ℏω)
2

⎫
⎪⎪⎬

⎪⎪⎭

(56)   
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The final expression of the absorption coefficient is obtained by 
integrating the previous equation over θ. It is proportional to the pho
ton’s incidence, the photon’s frequency, the magnetic length and the 
TMD’s parameters. 

3. Results and discussion 

We have derived the analytical expression of Tsallis entropy, 
mobility, lifetime and optical absorption coefficient of an exciton- 
polaron in 1L TMDs submitted to a magnetic barrier. The Fröhlich 
unit and the data of each material are given in Table 1. 

Fig. 2 displays the fundamental state energy of an exciton-polaron 
versus magnetic length for different monolayers. As we can see from 
this figure, the exciton polaron ground state energy is very sensitive to 
the applied magnetic field in all considered 2D materials. The variation 
of magnetic field in the increasing direction enhances the ground state 
energy of the system. Therefore, since the magnetic length is a function 
of 1/B, the exciton-polaron interaction becomes stronger as well as the 
magnetic length reduces and inversely. It is seen that the fundamental 
state energy drops with the expansion of lB and there is a shift between 
the monolayers. The magnetic field plays an interesting role on the en
ergy of an exciton-polaron in TMDs. Due to magnetic barrier, the 
interaction between particles is strengthened and the exciton-polaron is 
more confined in TMDs. This result is in accordance with what was 
found by Myoung et al. [52]. The authors have proved that magnetic 
gate is suitable for use as base elements for one-electron tunneling sys
tems or spin-polarized devices. In fact, the decrease in the length scale 
enhances the barrier height and the exciton-polaron is well confined in 
the ground state. This assumption is found spectacularly in systems like 

TMDs where the electronic structure changes abruptly when they are 
stripped down from few to a single atomic layer [65]. WS2 has the 
highest ground state energy and MoSe2 the lowest one. 

In Fig. 3, we have plotted the entropy of an excitonic polaron versus 
temperature for some monolayers respectively for lB = 5 nm Fig. 3a and 
lB = 50 nm Fig. 3b. Each figure shows the increase of entropy with 
temperature and an approximately change in evolution for all consid
ered monolayers when the magnetic length is modified. From the fig
ures, it becomes evident that the entropy for all compounds expands up 
to T = 25 K and then remains constant. The entropy starts from zero and 
increases until reaches the thermodynamic equilibrium which confirms 
the principle of the third law of thermodynamic and it is in accordance 
with physics laws and the work of [19]. The main explanation of the 
increasing entropy can also be due to the fact that phonons cause 
random fluctuations of energy from each local state. These fluctuations 
break the coherence of the excitonic states and lead to a process of 
relaxation at the origin of various phenomena like decoherence. Then, as 
a result, the system is decoherent for T < 25 K, coherent for T > 25 K and 
MoSe2 has the highest entropy. From Fig. 3b, it can be seen that the 
magnetic barrier modifies the entropy behavior. We may see that, the 
entropy of the system is very sensitive to monolayers TMDs, magnetic 
length and temperature. We find that the magnetic barrier controls the 
system disorder. This result is in accordance with the one obtained by 
Fobasso et al. [66]. 

We observe in Fig. 4 that entropy increases and reaches an equilib
rium state with the enhancement of magnetic length. The higher the 
magnetic length, the longer the disorder until a certain period and then, 
coherence can be restored in the system. Then it is possible to control the 
information of the system. This means that it is possible to encode 
quantum information on the high-frequency vibrations of excitonic 

Fig. 4. Excitonic polaron entropy versus the length scale (lB) of the magnetic barrier for various monolayers TMDs for j = 1.1 (a) T = 2K and (b) T = 20K.  

Γ(χ) = e2 ̅̅̅
π

√

cnε0ℏ(ℏω)2

{
2ℏ2

M2

(

k2 +
1
l2
B

)

−
ℏ2( m2

e + m2
h

)

m2
em2

ha2

}
exp( − χ2/α2)

|α|χ +
Me2( Dop

c − Dop
v

)2

8πcnε0ηuℏ(ℏω)μ2×

sin 2(γ)
χ2(χ − 2)

∫2π

0

dθ
16k4cos 4 θ + 32Mℏω(χ − 1)k2cos 2 θ

/
ℏ2 + 4M2(ℏω)

2
(χ − 1)2/ℏ4

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ℏ2k2cos 2 θ + 2Mℏω(χ − 1)
√

(58)   
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polaron in quantum communication protocol. The exciton-polaron is 
confined in TMD materials when lB decreases (as seen in Fig. 2) and the 
disorder can be control by the temperature and magnetic length. It is 
well recognized that an accumulation of entropy signifies the deficiency 
of information within the system. The variation of the magnetic length 
plays an essential role in the coherence control of systems [67–69]. 

In Fig. 5, we present the exciton-polaron mobility as function of the 
temperature. It is observed that the mobility of exciton-polaron de
creases with the increase in temperature. This behavior is understood 
when we look at the entropy. In fact, as the temperature enhances that 
generates disorder in excitonic network and then perturbs the motion of 
particles. In presence of temperature, the exciton-polaron has a random 
movement leading to the reduction of this transport property. Also, as 
for Fig. 3, at very high temperatures (T > 25 K) the mobility becomes 
constant and the movement of electron (hole) is dominated by high 
disorder contributing then to the lowest values of mobility. The result is 
in agreement with [70] and with Djomou et al. [71] who show that it is 
possible to accelerate the movement of a quasiparticle in nanostructures. 
Contrary to the entropy case, the highest mobility is obtained for WS2 
and the lowest for MoSe2. In addition, Fig. 6 represents the mobility of 
an excitonic polaron versus magnetic length. It is observed that mobility 
decreases slowly with the magnetic length. As it was seen for energy, the 
exciton-polaron in TMDs is localized and its motion is modified by the 
magnetic barrier. In fact, from Eq. (15), it follows that low values of the 
magnetic length (high magnetic field) enhance the kinetic energy of 
exciton-polaron and as the magnetic length increases its influence on 
kinetic energy vanishes. One can say that for high values of the magnetic 

length, the magnetic barrier doesn’t more act on the excitonic polaron 
mobility. Among the selected TMD materials, the mobility is most sen
sible for WS2 and this result is in accordance with the one of Pouthier 
[72]. 

Fig. 7 presents the exciton-polaron lifetime as function of the mag
netic length for the four TMDs. It is observed that the exciton-polaron 
lifetime decreases with the increase of the length scale. This is in 
agreement with [28]. This can be explained through the confinement of 
exciton motion. In the presence of magnetic field, the distance between 
particles is reduced, the binding energy is enhanced and electron (hole) 
better interacts with the structure. This interaction is reduced when 
enhances the magnetic length and then the existence of excitonic 
polaron becomes weak in the barrier. We can confirm that the change in 
exciton-polaron can alter the interplay effects with phonons, thus affects 
the decay time. The more the particle is confined in the barrier, the 
higher the mobility and the higher the lifetime. As it was predicted with 
mobility, the monolayer with long decay time is WS2. At low magnetic 
length, the exciton-polaron has a long decay time and great energy, this 
result is in agreement with [47,48]. These characteristics make the TMD 
sheets a robust system for performing indirect exciton-polaron 
condensation in space. 

Fig. 8 displays the behavior of the optical absorption as function of 
the photon incidence. It is observed that the peak of absorption appears 
at γ = π/2 corresponding to the incident photon in the plane. In fact, for 
this value of the angle, the total strength of the field induced by incident 
photon interactes with exciton-polaron in TMD materials. Also, the 
lowest absorption of photon by excitonic polaron is obtained for 

Fig. 5. Exciton-polaron mobility versus the temperature for different 1L TMD 
materials at lB = 5 nm. 

Fig. 6. Exciton-polaron mobility versus the magnetic barrier length (lB) for 
different 1L TMD materials at T = 5 K. 

Fig. 7. Exciton-polaron lifetime versus the length scale (lB) of the magnetic 
barrier for different monolayers TMDs. 

Fig. 8. Optical absorption coefficient versus the incidence angle of photon for 
different TMDs at χ = 2.01 and lB = 10 nm. 
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incidence normal to the plane. The result indicates that as the angle 
varies from the normal to π/2, the stronger the interaction with photon 
and then increases the probability of absorbing photon. Moreover, from 
Eq. (58) one can see that for χ < 2 it is negative values of absorption 
coefficient and also χ = 2 leads to Γ→∞. It is also convenient to take χ >

1 − (ℏ2k2cos 2 θ /2Mℏω) due to the presence of the square root. There
fore, the result reveals that the absorption of light by exciton-polaron 
starts when the photon energy is more than twice phonon energy (χ >

2) and it falls as shown Fig. 9. This is in agreement with the recent work 
of [62]. We can say that exciton-polaron may have similar properties as 
polaron alone. The result also quantifies the photonic impact on the 
exciton. This result is linked with the experimental one of Lengers et al. 
[73]. The optical absorption coefficient is highest for MoS2 and lowest 
for MoSe2. 

Fig. 10 presents the reduction of the optical absorption with the in
crease of magnetic length since it is proportional to 1/ (l2B) as shows Eq. 
(58). The spectra of absorption in 1Ls TMDs exhibits strong signatures of 
the unusually pronounced exciton-polaron interference in such mate
rials of short magnetic length. This good absorption at low magnetic 
length delivers a useful utility for quantifying absorption spectra in 
popular monolayers materials. This result is in agreement with existing 
theoretical explanations of optical devices that are focused mainly on 

basic excitonic resonances by using a simple Wannier scheme for 
correlated electron-hole couples [74–76] or the Ab-initio Bethe-Salpeter 
equation [77–79]. But in these works, the linear form of the excitonic 
resonance tends to be incorporated phenomenologically like a Lor
entzian. As the source of line forms is diverse [80], some works are 
dedicated to the description of the impact of excitonic phonon interac
tion [81]. Here, we add the influence of magnetic barrier on the spectra 
since the presence of magnetic field enhances the probability of 
absorbing the photon by exciton-polaron in the ground state. Thus, the 
results show that as the electron and hole need more phonon energy to 
absorb light, the absorption can be adjusted by the magnetic barrier. 

4. Conclusion 

The exciton-polaron properties have been studied in monolayers 
TMDs. We precisely investigated the Tsallis entropy, the mobility, the 
entropy and the optical absorption coefficient of the system through 
magnetic barrier. The results are obtained for different TMD materials 
(MoSe2, WSe2, WS2, MoS2) for comparison. We found that the exciton- 
polaron is confined in the magnetic barrier and the energy of exciton- 
polaron is lower than that of the polaron states. This favorable energy 
could have impact on other properties of the excitonic polaron. Also, the 
entropy increases with temperature and approximately changes in 
evolution for the different monolayers when the magnetic length is 
modified. We showed that the entropy of the system is very sensitive to 
monolayers TMDs, magnetic length and temperature. The magnetic 
barrier can be used to restore order in a system subject of thermal 
perturbation, control experimental disorder and influence quantitative 
measurements. It is seen that the exciton-polaron lifetime decreases with 
the increase of the length scale. We confirm that the transport of exciton- 
polaron affects the decay time. A good absorption at short magnetic 
length supplies a valuable tool for quantifying the absorption spectra in 
widely used single-layer substrates. The orientation of the field induced 
by the incident photon modifies the amplitude of the optical absorption 
coefficient. These results are useful for the improvement of electronic 
and optic devices. 
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Fig. 9. Optical absorption coefficient as function of the incident photon energy 
for different TMDs at lB = 10 nm and γ = π/2. 

Fig. 10. Optical absorption coefficient versus the magnetic length for various TMDs at χ = 2.01 and γ = π/2.  
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