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ABSTRACT

Recent progress in atomically thin two-dimensional Transition Metal Dichalcogenides
(TMDs) have led to the production of very small-scale semiconductors devices where a
controllable number of polaron are confined into a small volume. Unlike conventional materials
such as germanium and gallium arsenide, TMDs have interesting electronic and optical
properties and above all, the flexibility of their gap make them advanced materials for the new
generation of electronic devices. Optimizing the performance of quasi-particles in these

materials remains a key issue for the miniaturization of next-generation devices.

In this thesis, investigations on dynamic, decoherence and optical properties of polaron,
exciton-polaron and bipolaron in TMDs (molybdenum disulfide (MoS.), molybdenum
diselenide (MoSe), tungsten disulfide (WS2), and tungsten diselenide WSez) have been
presented. In order to achieve our goals, we have used different variational methods of
calculations such as Lee Low-Pines (LLP), Huybrecht and Pekar variational method. The
ground state and first excited state of the eigen energies of optical polaron, exciton-polaron and
bipolaron in different TMDs monolayer were calculated.

The study of polaron in TMDs reveals that external potential such as electric field,
amplitude of radiowave (RW) or amplitude of microwave (MW) increase the polaron ground
state energy, the first excited state energy, the mobility, the coherence of polaronic states, allow
information transfer and can be helpful to control the state of the system. Also, we showed that
electric field reduces polaron lifetime, while the amplitudes of RW or MW increase polaron
lifetime and reduces the magnitude of bandgap modulation. We also found that the frequencies
of RW or MW create fluctuation in the polaron states energies and in the magnitude of bandgap
modulation. Among the chosen monolayers, polaron moves more freely and lives longer in WS>
in the presence of electric field. Futhermore, study of exciton-polaron in TMDs showed that
magnetic barrier or magnetic field, strongly affected the states energies, reduce the effective
mass of exciton polaron and increase their mobility. We also observed that the magnetic barrier
length allows the transition from the valence band to conduction band, increases the information
transfer and can be used to adjust the decoherence of exciton-polaron state in TMDs. It is also
found that the optical absorption coefficient of exciton-polaron have a threshold value in the
presence of the magnetic field, it increase with the increasing of magnetic field and decrease
with internal distance between TMDs and polar substrates, optical absorption strongly depends

to the choice of the polar substrates, and to the electron phonon coupling. Besides, results on
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bipolaron in TMDs reveals that, the higher the coupling strength, the stronger is the magnetic
field effect on bandgap modulation, the highest bandgap modulation is obtained with MoS;
monolayer, we found that the bipolaron is stable in all chosen monolayer. Optical absorption
of bipolaron in presence of magnetic field also present a threshold values with correspond to
the energy of photon equal to the frequency of optical phonon and increase in the sequency of
WSe2, MoSez, WS, and MoS,. We also demonstrated that in presence of pseudo harmonic
potential, the chemical potential increases the mobility of bipolaron, the transition frequency
and decreases the decoherence time whereas the zero point of pseudo harmonic potential
decrease the mobility of bipolaron, transition frequency and increase decoherence time. Thus
decreasing the zero point of pseudo harmonic potential resulting to large transition frequency
which destroy the decoherence. We found that bipolaron moves more freely in WS, monolayer.
We also found that pseudo harmonic potential is useful to information transfer; to destroy the

decoherence of bipolaron state and permits to manage the state of a system.

The results obtained in this thesis are useful for society in general because they make it
possible to improve the performance of electronic devices such as transistors, LEDs logic gates
while reducing their size. also for the scientific community because the control of the polaronic
states in TMDs systems open a path towards the improvement of quantum computing by
proposing a new system for the design and construction of the quantum computer, for the

transfer and storage of quantum information.

Keywords: polaron, exciton-polaron, bipolaron, dynamic, decoherence, TMDs.
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RESUME

Les récents progrés dans le domaine des Dichalcogenures de Métaux de Transition
(Transition Metal Dichalcogenides (TMDs) en anglais), matériaux bidimensionnels de taille
atomique ont conduit a la fabrication des dispositifs semi-conducteurs de trés petites tailles dans
lesquelles un nombre de polaron est confiné dans un petit volume. Contrairement au materiaux
classiques tels que I’arsenuire de Galium et le Grermanium, les TMDs présentent des
prorpriétes électroniques intéressantes. La flexibilité de leur gap fait d’eux des materiaux de
pointes pour la nouvelles géneration de composants électroniques. L’optimisation de la
perfomance des quasi-particules dans ces matériaux reste un enjeu déterminant pour la

minuatirisation des appareils de nouvelle génération.

Dans cette thése, nous étudions la dynamique, la décohérence et les proprietés optiques
du polaron, de I’exciton-polaron et du bipolaron dans les TMDs (disulfure de molybdéne
(MoSy), disélénure de molybdéene (MoSe.), disulfure de tungtene (WS>), disélénure de tungténe
WSe>) via des méthodes variationnelles tel que la méthode de Lee-Low Pines (LLP), laméthode
de Huybrecht et la méthode de Pekar. Les énergies propres de 1’état fondamental et du premier
état excité du polaron, de I’exciton-polaron et du bipolaron dans les monocouches de TMDs

ont été calculées.

L’étude du polaron dans les TMDs révele que les potentiels externes tels que le champ
¢lectrique, I’amplitude de I'onde radio (RW) ou de la micro onde (MW) augmente 1’énergie de
I'état fondamental du polaron, 1’énergie du premier état excité, la mobilité, la cohérence des
états polaroniques, permettent le transfert de I’information quantique et peuvent étre utiliser
pour controler 1’état d’un systeme. En outre, nous avons montré que le champ électrique réduit
la durée de vie du polaron, par contre les amplitudes de la RW ou de la MW augmentent la
durée de vie du polaron et réduisent I’amplitude de la bande interdite modulée. Nous avons
également constaté que la fréquence de la RW ou de la MW crée des fluctuations dans les
énergies des états du polaron et dans I’amplitude de la bande interdite modulée. Parmi les
monocouches de TMDs choisies, le polaron se déplace plus librement et vit plus longtemps
dans le WS> en présence du champ électrique. De plus, 1’étude de I’exciton-polaron dans les
TMDs montre que la barriere magnétique ou le champ magnétique affecte fortement les
énergies des états, réduit la masse effective de 1’exciton-polaron et augmente leur mobilite.
Nous avons également observé que I’augmentation de la longueur de la barriere magnétique

facilite la transition de la bande de valence vers la bande de conduction, augmente le transfert
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de I’information ainsi, peut étre utilisée pour ajuster la cohérence des états de 1’exciton-polaron
dans les TMDs. On n’a aussi observé que le coefficient d’absorption optique de 1’exciton
polaron admet une valeur seuil, augmente avec 1’augmentation du champ magnétique mais
diminue avec I’augmentation de la distance interne entre la TMD et le substrat polaire.
L’ absorption optique dépend fortement du choix du substrat polaire ainsi que du couplage
électron phonon. En outre, les résultats sur le bipolaron dans les TMD montrent que plus le
couplage électron-phonon est élevée, plus I’effet du champ magnétique sur la modulation de la
bande interdite est fort, la modulation de la bande interdite la plus élevée est obtenue pour la
monocouche de MoSy, le bipolaron est stable dans toute les monocouches de TMD choisies.
L’absorption optique présente également une valeur seuil qui correspondent a 1’énergie du
photon égale a 1’énergie du phonon optique, il augmente a la séquence de WSez, MoSe,, WS;
et MoS,. Nous avons également démontré qu’en présence d’un pseudo potentiel harmonique,
le potentiel chimique augmente la mobilité du bipolaron, la fréquence de transition mais
diminue le temps de décohérence tandis que le point zéro du pseudo potentiel diminue la
mobilité du bipolaron, la fréquence de transition mais augmente le temps de décohérence. La
diminution du point zéro du pseudo potentiel entraine une fréquence de transition élevée qui
détruit la décohérence des états bipolaroniques. Nous avons constaté que le pseudo potentiel
harmonique est utile pour le transfert de 1’information, la destruction de la décohérence et la

gestion des états du systeme.

Les résultats obtenus dans ce travail sont utiles pour la societé en générale car ils
permettent d’ameliorer les perfomances des composantes électroniques tel que les portes
logiques, les transistors et les LED tout en reduisant leurs de tailles. Egalement pour la
communauté scientifique car Le control des états polaroniques des systémes a TMDs ouvre une
voie vers l'amelioration du calcul quantique en proposant un systeme nouveau pour la
conception et la realisation de ’ordinateur quantique, pour le transfert et le stockage de

I’information quantique.

Mots clés : polaron, exciton-polaron, bipolaron, dynamique, décohérence, TMDs
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GENERAL INTRODUCTION

CONTEXT

According to Christoph Tillman [1], advanced semiconductor expertise permits the
fabrication semiconductor nanodevices with small size. In the past decade research focusses on
many types of semiconductor nanodevices with dimensions of 10 nm or less. Even commercial
mass production of nanodevices has grasped a length scale of few nanometers and the
International Technology Roadmap for semiconductors predict a thinning of this scale below
10 nm over the next decade [1], but at these length scales, transport is conquered by quantum
mechanics phenomena such as quantum confinement, decoherence and quantum consideration
of some classical properties. furthermore, the discovery of graphene has ignited intensive
interest in a wide range of two-dimensional (2D) layer materials [2]. In general, there are a wide
range of layer materials in which the atomic layers are weakly bonded together by van der
Waals interactions and can be readily isolated into single or few-layer nanosheets through
mechanical exfoliation or liquid exfoliation processes [2]. These atomically thin 2D nanosheets
derived from the layer materials share many interesting characteristics of the well-known
graphene, such as exceptional electronic properties, extraordinary mechanical flexibility. With
the reduced dimensionality and/or quantum confinement effect, these 2D nanosheets can exhibit
unique properties distinct from their 3D bulk counterpart. The Transition Metal
Dichalcogenides (TMDs) are part of the large family of the 2D layer materials, it is call layer
material to show their surprising narrowness. TMDs have properties that are different from
those of the graphene, e.g. semiconducting TMDs monolayers have a direct bandgap and can
be used in electronic as transistor, in optic as emitters and detectors [3, 4], the crystal structure
has no inversion center, which allows to access a new degree of freedom of charge carriers,
namely the k-valley index, and open a new field of physics: valleytronics [4- 6]. TMDs are
often combined with other 2D materials like graphene and hexagonal boron nitride to make
Van der Waals heterostructures. These heterostructures need to be optimized to be possible
used as building blocks for many different devices such as transistors, solar cells, leds,
photodetectors, fuel cell, photocatalytic and sensing devices. Some of these devices are already
used in everyday life and can become smaller, cheaper and more efficient by using TMDs
monolayers [7, 8]. Others are still being developed and promise a huge impact on our
technology. A thorough understanding of electronic, optical and transport properties in

nanoscale devices are required to build a theoretical model of carrier in such nanostructures. As



GENERAL INTRODUCTION 20

these devices are never free of deficiency, any charge carrier is defied with its environment as
phonons. This is particularly true when the device is subjected to small temperatures which rise
the phonon vibrations. Therefore, a truthful model for transport in semiconductor nanodevices
must address carrier confinement, carrier dynamics, nanostructure properties and nanostructure

environments [9].

Then, it is well known that a local change in the electronic state of a crystal leads to
corresponding local changes in the interactions between the individual atoms of the crystal. And
mutually, any local change in the state of the network ions changes the local electronic state. It
is common in this situation to speak of electron-phonon interaction. Electron-phonon coupling
arises when polarization of the lattice vibration is coupled to electron charge [10, 11]. This
interaction even manifests itself at absolute zero temperature and results in a number of specific
microscopic and macroscopic phenomena. In TMDs as in others polar materials, a particular
coupling arises between electron and phonon, this phonon interacts with electron via
polarization density to form an entity called polaron. Polaron is a quasiparticle having particular
characteristics, such as effective mass, total momentum, energy [12]. And perhaps other
quantum numbers describing the internal state of the quasiparticles in the presence of an
external magnetic field or in case of very strong lattice polarization that causes the electron to
locate itself in the polarization with the appearance of discrete energy levels. The formation of
this polaron is a consequence of the dynamic of electron-lattice interaction that is also
responsible for the diffusion of charge carriers, the renormalization of the frequency of phonons
as well as the screening of the interaction between charge carriers in solid [13]. The concept of
the polaron was first studied by Pekar [14], who investigated the most essential properties of
the stationary polaron in the uncertain case of a very intense electron-phonon interaction, so

that the polaron behavior can be examined in what is entitled adiabatic approximation.

A polaron is a quasiparticle used in condensed matter physic to explain the interaction
between electrons and atoms in a solid material. For a local, 1D electron-phonon interaction,
there is permanently a polaron. On the other hand, in 2D and more, the establishment of a
polaron necessitate an adequately strong local coupling [15, 16]. In this case the polaron’s are
always very small, i. e. located on a single site. In the absence of Coulomb repulsion, two
polarons form a bipolaron. Its consists of two electrons in a singlet state, located on the same
site. If the repulsion between electrons becomes very strong, the bipolaron disappears to form
two unbound polaron’s. The exciton being a quasi-particle that can be seen as an electron-hole

pair linked by coulomb forces. We have two types of excitons, the Mott-Vanier excitons and



GENERAL INTRODUCTION 21

the Frenkel excitons. Indeed, the combination of phonon and exciton gives rise to another quasi-
particle name exciton-polaron. So exciton-polaron is formed when exciton interact with
acoustic or optical phonons via coupling to the deformation potentials associated to the
conduction and valence band. In other hand, the created bare exciton is further dressed with
phonons. This leads to the formation of a quasi-composite particle which is the coherent mixture
of the electron-hole and phonon pair that can be called exciton-polaron. So exciton-polaron can
be seen as the mixture of two polarons, one polaron form with electron an another polaron form

with hole.

Many researchers have devoted to the development of polaron theory [17-20]. But, even
if the formulation of polaron is simple, the polaron problem has not yet been fully solved and
continues to attract much attention especially in 2D materials. It plays an essential part in solid
state physic, statistical mechanic and quantum field theory due to the fact that it can be consider
as the simplest example of a non-relativistic quantum particle interacting with a quantum field.
This is why many mathematical tools have been skilled for the first time using this problem as
a model. One of the most important contributions to polaron theory is made by Bogolubov who
used various schemes such as adiabatic perturbation theory, the formalism of functional
integration, the T-product method [21-23] to solve polaron problem. As for polaronic theories,
several bipolaronic theories taking into account quantum fluctuations in the network have been
developed to try to explain superconductivity. With low electron-phonon coupling, the Barden
Cooper Schrieffer theory has proven the existence of pairs of electrons (Cooper’s pairs) formed
in a self-consistent manner in a superconducting phase. These pairs remain spatially very large
over a distance that is the length of coherence. For bipolaronic superconductivity, it is
speculated that pairs of electrons (small bipolaron) pre-exist and behave like a boson liquid.
These bipolarons would condense into a superfluid phase. However, this is not the case, a very
strong argument disproves this hypothesis: when a bipolaron exists in 2D and 3D its effective
mass is so high that it does not allow a condensation of Bose at a reasonable temperature. The
bipolarons would then correspond to chemical bonds and condense into a spatially ordered or
unordered phase. For a strong electron-phonon coupling, the bipolaronic system is modelled by
a network of 1/2 spins coupled with two types of interaction. The competition between electron
phonon coupling and electron repulsion can generate a high mobility of bipolarons with a

relatively strong binding energy.

Improvement of Coulomb interactions in 1D semiconductors leads to formation of

closely related excitations when electron-hole pairs are excited as well as to the improvement
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of the role of interactions involving several charge carriers. Excitons are electrically neutral
particles and can move freely through a crystal [24]. Nowadays, realization of device
components with impurities placed with atomic precision have been achieved [25], with these
single dopants strongly tailoring the behaviour of low-dimensional systems [26, 27]. So, it is
essential to understand the underlying mechanisms of donor impurities, both for transport and

for qubit applications.

MOTIVATION

Lately, as an interdisciplinary field of information science and quantum mechanic,
quantum computation and quantum communication have enlarged the research ranges of
quantum mechanic and significantly improved the development of quantum theory [28-31].
Experimental and theoretical researchers are attracted by some effects appearing in crystal and
in nanoscales systems such as the Jahn-Teller and polaronic effects [32-36]. So, we are more
interested in the polaronic effect in novel material as TMDs because it can help to provide
systems useful in quantum information science and also because of the importance of the
interaction between electrons and the crystal lattice in nanoscale. In quantum information
science, the construction and manipulation of a qubit in nanostructures are important subjects,
so that exploring those topics is necessary and valuable not only to understand quantum
mechanics but also to achieve extra information processing methods [37]. Quantum system
should be isolated for any interaction with its environment to preserve the destruction of its
states which lead to the loss of information, quantum systems are very frail and the interaction
of a quantum memory with its environment destroys the quantum coherence of the stored
information leading to the process named decoherence [38]. Therefore, quantum decoherence
plays a very important role in the formalism of quantum computing. So a great deal of
considerable efforts [39-42] have been made to investigate the quantum decoherence and how
to prolong coherence time in semiconductors in past years. In addition, Electron-phonon
interactions of polaron-type play a very important role in the properties of small-scale quantum
systems [43-48]. Thus, the interest in the polaron problem is growing in TMDs materials
because the electron-phonon interaction in TMDs monolayers systems is stronger than in others
semiconductors. So the decoherence process and the dynamic of the quasiparticles in these
materials need to be investigated.

In addition, in TMDs, Polaronic state can have long lifetimes and can be controlled and

manipulated, making them potential candidates for qubit implementations in quantum
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computers. However, there are some challenges associated with using of the polaronic state in
TMDs for quantum computation such as: the polaronic state that can be sensitive to external
environmental factors which can lead to decoherence and loss of quantum information,
guantum gate operation on polaronic qubits can be challenging due to their interactions with
the lattice vibrations and the polaronic qubit can be difficult to scale due to their interactions
with the lattice vibrations. So, ongoing research aims to address these limitations and explore
the potential of the polaronic state in TMDs for quantum computing

PROBLEMATIC

Supplementary properties of quantum confinement can be providing by the replacement
of particles with nano-sized by the layers with nano-sized, this can also give rise to new
components with new properties. Indeed, some nanoparticles factors such as its large
surface/volume ratio, its shape, its arrangement in one medium or another, its compatibility
with other components can modify the optical and electronic properties of materials containing
them. For all these factors, research on nanoparticles has taken off significantly over the last
two decades. A wide range of methods are required for quantum bit control. However, a strong
confinement offers much more possibilities on the quantum control of these quantum bits.
Modelling the behaviour of the quantum bit made up of polaron, exciton-polaron and bipolaron
under the action of external potential in TMDs monolayers is one of our tasks. Although several
works [49-52] have been done on the quasiparticles in TMDs, particularly on the bandgap
modulation where the results show that the bandgap can be modulated by varying different
polar substrates or internal distance between substrate and TMDs or by increasing electric field.
Also, lot of theoretical physics research on electron-phonon interaction in TMDs [51-53] and
bandgap engineering [54-56] has been done in order to build optoelectronic devices. Some
important aspects of the problem have not yet been solved such as dynamic properties (mobility,
lifetime...), decoherence properties (decoherence time, density probability...) or optical
properties of quasiparticles in the monolayer TMDs knowing that their presence can affect the
properties of materials. Thus, research on the effect of the polaron, exciton-polaron and
bipolaron in TMDs has become an essential topic in small-scale physics because it can be easily
integrated in the low dimensional systems. There is then a good reason to believe that
quasiparticles such as polaron, exciton-polaron and bipolaron can exhibit other new
characteristics in the presence of electric field, magnetic field, magnetic barrier, microwave,

radiowave; as well as in the presence of confinement as pseudo-harmonic potential.
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There are several attempts to solve the physical problems of the polaron, exciton-
polaron and bipolaron in the presence of external effects using different models proposed in the
literature. However, a complete description of the behaviour of these quasiparticles remains
incomplete using traditional methods like, Huybrecht method, particularly in TMDs
nanostructures. The dynamic, optical and decoherence properties of the polaron, exciton-
polaron and bipolaron in TMDs should be adequately studied to evaluate the effect of electron-
phonon coupling, electric field, magnetic field, magnetic barrier, pseudo-harmonic potential,
microwave and radiowave on dynamic and decoherence of these quasiparticules in TMDs.
Thus, what will be the effect of those external potential as same as the electron-phonon coupling
on dynamic, optical and decoherence properties of the polaron, the exciton-polaron and
bipolaron in TMDs? In addition, can electron-phonon coupling or magnetic field affect the
optical absorption of exciton-polaron and bipolaron in TMDs system? These questions are
studied in detail in this thesis, taking into account the imperfections observed in TMDs, while

solving the problem of bipolaron stability.

OBJECTIVES

Presently, the study of correlated quantum systems in TMDs monolayers as in others
semiconductors provides a new platform to explore new quantum properties. Our main
objective is to explore the behavior of polaron, exciton-polaron and bipolaron confined in
TMDs materials and explore their features, by examining new quantum phenomena with
theoretical methods, thus we will study the dynamic, optical and decoherence properties of
polaron, exciton-polaron and bipolaron in TMDs monolayers under various external potential.
The specifics objectives are to first of all model each of the system in order to theoretically
investigated the associated quantum phenomena; we will also study the effect of electron-
phonon coupling on dynamic and optical absorption of exciton-polaron and the optical signature
of bipolaron in TMDs. For the purpose we will propose models that will characterize the qubit
in TMDs with different quasi-particles under different external potential. Subsequently we will
calculate some parameters like ground and first excited states energies, effective mass,
absorption coefficient, stability, mobility, lifetime, magnitude of bandgap modulation,

transition frequency, probability density, decoherence time and Shannon entropy.

OUTLINES

This thesis is structured as follows: chapter one provides generalities on the recent

evolution on 2D TMDs; quasiparticles such as polaron, exciton-polaron, bipolaron and
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decoherence effect. In chapter two, the variational methods as LLP, Huybrecht and Pekar type
methods are presented in standard polaronic system. The LLP method describes the polaronic
effect in a weak electron-phonon coupling limit. Huybrecht method allow to solve polaronic
problems in all electron-phonon coupling and the Pekar variational method allow to solve
polaronic problem in strong electron-phonon coupling regime. Also, some parameters of
quasiparticles are presented, differents systems that polaron, exciton-polaron and bipolaron can
exist in TMDs materials are presented by a suitable Hamiltonian. Thus, the energies of the
ground and the first excited states energies are obtained in the different electron-phonon
coupling regime in TMDs. The effective mass and others dynamic properties of some
quasiparticles are also investigated. Chapter three is devoted to the numerical results achieved.
Here, expressions linking transition frequency to electric field, magnetic barrier, pseudo-
harmonic potential, microwave and radiowave are presented. To study decoherence, probability
density, Shannon entropy and decoherence time are also presented. The optical absorption,
lifetime and the magnitude of bandgap are also displayed in TMDs. Finally, this thesis ends
with general conclusion and perspectives are outlined for further researches.
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CHAPTER 1: LITERATURE REVIEW

INTRODUCTION

Nowadays nanotechnology has attracted a lot of research works due to the wide range
of domain in which it can be applied; in fact, nanotechnology has created opportunities for the
fabrication of new nanoscale systems. The aim of this chapter is to give a general concept on
nanostructures, polaronic quasiparticles that we have been working on throughout this thesis.
Thus we will focus on TMDs nanomaterials, we will present generalities on polaron, exciton-

polaron and bipolaron. At the end we will present decoherence concept.

1.1 GENERALITIES ON TRANSITION METAL DICHALCOGENIDES

The great success of graphene has been followed by an equally impressive surge for the
development of the other 2D materials that can form atomic sheets with extraordinary
properties. Interestingly, the 2D library grows every year and feature more than 150 exotic layer
materials that can be easily split into a sub-nanometer thick material [59-61]. These include 2D
TMDs (e.g. MoSz, MoSez, WS; and WSe;), h-BN, 2D boron, 2D silicon, 2D germanium, and
MXenes. Depending on their chemical composition and structural configuration, atomically
thin 2D materials can be categorized as metallic, semi-metallic semiconducting, insulating, or
superconducting. The first graphene descendants that sparked intense research activity are
TMDs, which are almost as thin, transparent and flexible as graphene [62-67]. TMDs belong
to the family of lamellar materials of formula MX.. M is a transition metal of group 4, 5, 6, 7,
9 or 10 of the periodic classification table and X is a chalcogen. Generally, TMDs materials
containing group 4 to 7 transition elements have a layered structure, while those with group 9
to 10 transition metals have non-layered structures. Fig.1 shows the possible layered and non-
layered structures of TMDs materials. Each layer has a thickness of 6 to 7 Angstrom, which
consists of a hexagonally packed layer of metal atoms combined by weak Van der Waals forces
[68]. Electronically, it covers a wide range of properties from insulator to metal trought

semiconductor [69]. Table 1 summarize the electronic character of different layered TMDs.
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Figure 1 : possible layered structure TMDs materials consist of 16 transition metals and 3
chalcogen atoms [68].

Table 1 : Electronic character of different layered TMDs [68]

Group M X Properties

4 Ti, Hf, Zr | S, Se, Te | Semiconducting ((Eg =02~ 2eV)

5 V,Nb, Ta | S, Se, Te | Narrow band metal or semimetals

6 Mo, W S, Se, Te | Sulfides and selenides are semiconducting. Telurides are
semimetal

7 Tc, Re S, Se, Te | Small gap semiconductors

10 Pd, Pt S, Se, Te | Sulfides and selenides are semiconducting. Telurides are
metallic. PdTe; is superconducting

2D TMDs is a new generation of thin atomic material with special physical properties.

Today, these materials are the focus of much scientific research. With the development of the

field of nanotechnology in recent years, a great deal of attention has been paid to study TMDs

from both theoretical and experimental aspects. 2D TMDs exhibit unique electrical and optical

properties that envolve from the quantum confinement and surface effects that arise during the

transition of an indirect bandgap to a direct bandgap when bulk materials are scaled down to

monolayers. This tunable bandgap in TMDs is accompanied by a strong photoluminescence

and large exciton binding energy, making them promising candidate for a variety of opto-

electronic devices, including solar cells, photo-detectors, light-emitting diode and photo-

transistors [70-73]. Another aspect of the weakly bonded 2D TMDs atomic layers is that they
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can be easily isolated and stacked with others TMDs to construct a wide range of van der Waals

heterostructures without the limitation of lattice matching [74, 75].
1.1.1 STRUCTURE OF TMDS

TMDs are layered materials in which each unit is composed of a transition metal (M)
layer sandwiched between two chalcogen (X) atomic layers. They are made of 2D sheets,
stacked along the crystallographic axis (C). Depending on the arrangement of the atoms, the
structures of 2D TMDs can be categorized as trigonal prismatic where the atom of metal is
sandwiched between two planes of atoms of chalcogen. Metal is linked to six chalcogen by
covalent bonds, the adjacent planes of two sheets contain only chalcogen, which leads to the
formation of weak bonds knowing as the VVan der Waals bond. The stacking of the sheets along
the C axis give rise to numerous polytypes, the common one for the studied compound are 2H
and the 3R polytypic. The 2H polytypic corresponds to a hexagonal stacking, it includes 2 layers

per unit cell it belong to the D, space group. The 3R polytypic corresponds to a rhombohedral

stack, it includes three layers per unit cell and belongs to the C., space group [76-78]. The planes

perpendicular to the C axis are defined by the (002) planes and they are called basal planes. The
basal surfaces are constituted by the external layer of chalcogen atom. The bonds of the
chalcogen atom on the surface of the sheet being saturated, the basal surfaces are little
chemically reactive. On the other hand, the dangling bonds at the edges of the sheets make the
non-basal surfaces chemically active. It should be noted that molybdenum and tungsten
disulfides exist in nature in the form of minerals called molybdenite and tungstenite, but the

selenides of these transition metals are not found naturally on the surface of the earth [79].
1.1.2 SYNTHESIS METHOD OF TRANSITION METAL DICHALCOGENIDES

In 2004, Novoselov et al. successfully produced various single-layer 2D crystals from
bulk materials, such as graphite, BN, NbSe> using mechanical exfoliation method [80]. This
method is typically adopted to prepare single-layer TMDs samples. The single crystal TMDs
prepared by this method are good quality, and can be used for studying their basic properties
[81, 82]. Fig.2 presents different steep of this method use in transition metal dichalcogenides.
However, the size of the TMDs materials prepared by the mechanical exfoliation method is
quite small approximately on tens of microns’ scale, posing a limitation to real devices
applications. To obtain large quantities of TMDs nanosheets or few-layer TMDs nanosheets, a
solution processing strategy would be more appropriate. Thus the first report on the liquid phase

exfoliation of sheets of clay materials in the early 1960s [83] has inspired many studies into
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methods of exfoliating nanosheets of TMDs [84-86]. Due to their layered structure, TMDs bulk
matreials can be intercalated by various kinds of intercalates such as organic molecules,
transition metal halides and lithium ions [86]. The resulting intercalated compounds can be
exfoliated in single and few layer 2D nanosheets by ultrasonication [87, 88]. However, this
method is time-consuming and the degree of intercalates insertion is not controllable, which
limit it feasibility. To apply TMDs materials to real devices, their large scale growth is essential.
The chemical vapor deposition (CDV) method is the most effective way to achieve large area
growth. This method can be divided into two tyes, the sulfurization of metal thin films and
vapor phase reaction of metal oxides with chalcogen precursor. In this method, the size and
thichness of the predeposited metal films determine the size and thikness of the TMDs thin film

respectively. However, it is challenging to deposit a uniform metal film.
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Figure 2 : Representation of the steps of mechanical exfoliation technique on TMDs [89]

Fig.3 is an illustration for the synthesis of the MoS: layers by MoOs sulfurization. A layer of
MoOs was thermally evaporated on the sapphire substrate, the MoOs is converted to MoS> by
a two step thermal process. Fig.4 present the synthesis procedure for the ALD-based WS,
nanosheets. The synthesis of the TMDs by the direct sulfurization of a metal oxide thin film
has several limitations, such as the difficulty to control the thickness of the predeopsited metal
oxide or metal thin film, which affects the wafer-scale uniformity. Thus to obtain high quality
TMDs with the desired number of layers, the thickness of the metal oxide needs to be precisely
controlled. Thus with the synthesis process by depositing metal oxide layers via atomic layer
deposition (ADL), we obtained a thin TMDs nanosheets with systemaic thickness

controllability and wafer-scale uniformity.
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Figure 3 : sulfurization of metal thin film (a) synthesis of MoS> layer by MoOs sulfurization;
(b) MoS: layer on a sapphire [90]
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Figure 4 : sulfurization of metal thin film: synthesis procedure for the ADL-based WS [91]

1.1.3 PHYSICAL AND THERMODYNAMIC PROPERTIES

The properties of the TMDs are often strongly linked to their lamellar structures. There
are therefore very anisotropic like graphite. Table 2 shows some physical and thermodynamic

characteristic of the four compounds. Fig.5 present the crystal arrangement of compound MXz
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Figure 5 : Crystal arrangement of compound MX> (M=W; Mo, X=S; Se) consist of a stack
monolayer coupled by weak bonds of VVan der Waals [92]
(a) Transverse view (the vertical arrow represents the crystallographic axis C)

(b) Top view of the monolayer

(c) Prismatic trigonal coordination of sulfur or selenide atoms around a metal atom

Table 2 : physical and thermodynamic characteristic of some TMDs [78]

compound | Molar mass(g/mol) | AH°(K.J.mol™) | AS°(J.K*.mol™) Temperature(C)
MoS; 160.07 -275.04 £ 502 | 625 570

MoSe2 253.86 -196/05 £41.18 | 87.78 =8.36 > 340

WS, 247.98 -259.16 £ 6.72 | 64.76 =6.27 1400

WSe: 341.17 -188.1 £ 62.7 89.87 £ 12.57 480

1.1.4 BAND STRUCTURE

The notion of the gap or bandgap is related to the representation of the dispersion of a

semiconductor, the behavior of semiconductors, such as metals and insulators, is described by

the theory of bands. The energy band structure defines the possible energy state that an electron

can take in a crystal as function of a wave vector. In the phase diagram, the energy is represented

according to the direction with the highest symmetry, it is divided into valence band, conduction



CHAPTER 1: LITERATURE REVIEW 32

band and band gap. The energy distance between the maximum of the valence band and the
minimum of the conduction band is called bandgap. in the phase diagram, the maximum of the
valence band and the minimum of the conduction band can correspond to the same value of the
wave or to different values of it; in the first case we speak of direct bandgap while in the second
case, we speak of indirect bandgap. Direct gap and indirect gap materials behave very
differently from the optoelectronic point of view because the charge carriers of the direct gap
materials can pass from one band to the other by simply exchanging a photon whose momentum
is negligible at this level of energy. While the charge carriers of the indirect gap materials have
to interact with both a photon and a phonon in order to modify their wave vectors which makes
the transition much less likely.

The TMDs are semiconductors characterized by an indirect band gap between 0.788-
0.917eV and direct transitions between 1.393-1.679eV [93]. The indirect band gap comes from
the upper part of the valence band located at the I point down to the halfway of the conduction
band between I"and the K points, while the direct transition are located at the K point of the
Brillouin zone. Fig.6 represent the band structure of different compounds in massif form where
Table 3 summarizes their indirect and direct band gap value obtained by the density functional
theory.

The structure of the energy bands of the TMDs in the form of the thin films show that
all these materials have a direct energy gap at the K point of the Brillouin zone. Fig.7 presents
the band structure of different compounds in the thin form. When the number of layer decrease,
the fundamental indirect gap increase due to confinement effects. In the case of monolayer it
becomes lager than the indirect bandgap located at K point. In the limit of a single layer, it
become direct at K point. Thus, the TMDs change from indirect gap semiconductors in the bulk

state to direct gap semiconductors in two dimensions.
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Figure 6 : Band structure of MX>; a: M0Sz, b: WS», c: MoSe2, d: WSe> [94]

Table 3 : Indirect and direct bandgap of some TMDs [93]

Material (solid)

Indirect bandgap (Ev)

Direct bandgap (Ev)

MoS: 0.788 1.679
WS, 0.917 1.636
MoSe; 0.852 1.393
WSe: 0.910 1.407
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Figure 7 : Band structure of MXz in monolayer form; a: MoSz, b: WS, ¢: WSe», d: MoSe>
[94]

1.1.5 APPLICATIONS OF TMDS

2D TMDs materials are considered attractive for diverse applications including
electronics, photonics, sensing, and energy devices. These applications are inspired by the
unique properties of layered materials such as thin atomic profile that represents the ideal
conditions for maximum electrostatic efficiency, mechanical strength, tunable electronic
structure, optical transparency, and sensor sensitivity [95]. Of particular interest for applications
is flexible nanotechnology, which is considered for potentially ubiquitous electronics and
energy devices that can benefit from the range of outstanding properties afforded by 2D
materials. Flexible technology comprises a wide array of scalable large-area devices including
thin film transistors, displays, sensors, transducers, solar cells and energy storage on
mechanically compliant substrates. As TMDs might be applicable for future generation large-
scale electronics [96], provided manufacturing and integration challenges can be resolved. 2D

TMDs are gaining significant attention as electrode materials for energy storages, such as super-
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capacitors and Li-ion batteries, due to their atomically layered structure, high surface area and
excellent electrochemical properties. Such layered structures provide more sites for ions in
energy storage while maintaining structure stability during charge and discharge cycles. The
high surface area of 2D materials when combined with surface functionality and electrical
conductivity, make them as an ideal electrode for energy storages [97—99]. Due to its excellent
semiconducting properties with direct bandgap of 1.83ev, the single-layer MoS; nanosheets are
seen as one of the most appropriate supplementing materials to graphene for the fabrication of
the low power electronic devices. The performance limit of MoS; transistor with HfO; as
dielectric has been theoretically studied [100] by Yoon et al., and showed that on/off current
ration exceeding 10 can be achieved. It was observed that the field effect transistor based
sensors fabricated using bilayer, trilayer and quadrilayer MoS; nanosheets exhibited high
sensitivity with the detection limit of less than 1pm. The large-scale production of single and
multi-layer MoS> nanosheets using exfoliation techniques can enable their wide spread
applications for energy storage devices such as batteries. MoS, nanosheets prepared by
chemical lithiation and exfoliation in stacking structure were fabricated for use as electrodes
for lithium batteries and compared with the electrodes made from the bulk MoS;, the stacked
MoS; nanostructure showed much better cycling stability than the bulk MoS: retaining a high
capacity even after 50 cycles [101]. The stability and Li-storage capacity of MoS2 based energys
storing devices can be improved to a greater extent by adding polymer molecules such as
polyethylene oxide to the Li-intercalation solution [102], as the presence of the polyethylene
oxide can increase in the interlayer spacing of the MoSz nanosheets. Much improved Li-storage
capacity and cycling stability are observed in the case of electrodes made from the MoS:-
polyethylene oxide nanocomposites. This improvement in performance is attributed to the fact
that large amounts of lithium ions can be accommodated over the polyethylene oxide. The MoS;
can be used for the fabrication of supercapacitors or bi-layer capacitors, as they possess a large
interlayer space, as well as a large specific surface area, that can be used for ion intercalation
and exhibit several stable oxidation states [103] Moreover, in this timeframe, several articles

have reviewed breakthroughs and perceived applications of 2D materials [104,105].

1.2 CONCEPT OF QUASI PARTICLES

1.2.1 CONCEPT OF PHONONS

1.2.1.1 DEFINITION OF PHONONS
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Quasiparticles are a type of particles that emerge as a result of interactions between
others particles in a material. There are not particles, but excitations that behave like particles
and have certain properties. Quasiparticles can help us understand and predict the behavior of
materials and their properties such as electronic, magnetic, and optical properties. There are
various types of quasiparticles, but some of the most well known include: electron holes that
can be seen as as lack of electron, and phonons, which are quasiparticles that arise due to the
collective vibrations of atoms in a material. The vibrations of atoms will form a vector field
called the displacement field, which can be quantized; the quanta of the displacement field are
called phonons [106]. Phonons are considered as quasiparticles, which means that they have no
physical existence as seperate materials entities, but as a collective excitation in a crystalline
solid. Phonons can be imagined as energy packets that propagate trough the solid, carrying
vibrational energy. A normal vibration mode is a mode in which all the element of a network
vibrates at the same frequency. The mode of vibrations of atoms in a crystal lattice are
essentially periodic oscillations of the positions of the atom around their equilibrium positions.
The phonons can be dispersive, which means that their speed and frequency can vary depending
on the direction of propagation and the properties of the material. Phonons are quasi-particles
of spin 0. We have many types of phonons such as acoustic phonons and optical phonons,
acoustic and optical Phonons exist only within a crystal lattice with a large number of particles,
and the only known physical structures corresponding to this definition are crystal solids. In the
following we will therefore only deal with phonons in this context and, for sake of clarity, we
will call the particles constituting the network atoms, although they may be ions in an ionic

solid.

The forces acting between the different atoms in the lattice lead to movement of one or
more atoms around their equilibrium position that will cause the vibration and propagation of
waves through the lattice. The Fig.9 below shows a vibration wave in a network. The amplitude
of the wave is given by the amplitude of the displacement of the atoms around their equilibrium
position. The wavelength corresponds to the smallest interval between two identical repetitions

of the arrangement of atoms, it is noted A on the figure.
1.2.1.2 TYPES OF PHONONS

In a real solid, there are two types of phonons: "Acoustic” and "Optical™ phonons [106].
Acoustic phonons are compression and decompression waves that propagate through a solid.
They are responsible for the propagation of the sound in materials. They are commonly found
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in metals, ceramics, and semiconductors. Optical phonons are present in solids that have several
atoms per mesh. They are called "optical™ because in ionic crystals they are very easily excited
by light waves. This is due to the fact that they correspond to vibration mode for which positive
and negative ions located on adjacent sites of the network approach and move away from each
other by creating an electric dipole moment oscillating with time. Optical phonons that interact
in this way with light are called active in the infrared. Noticed that they are others types of
phonons like amorphous phonons that propagate in amorphous materials such as glass. Unlike
crystalline materials, amorphous materials do not possess a periodic structure, which gives rise
to a broader and more complex phonon frequency distribution. The presence of different types
of phonons depends on the materials. For example, some materials exhibit only acoustic
phonons, while others may exhibit both acoustic and optical phonons. Also the nature of

phonons can vary depending on temperature and other environmental conditions.

In TMDs the phonon dispersion of a monolayer has three acoustics and six optical branches
inheriting from the nine vibrational modes at I" point. The three acoustics branches include the
in-plane longitudinal acoustic, the transverse acoustic and the out-of-plane acoustic. The in-
plane branches have a linear dispersion and higher frequency than the out-of-plane. The six
optical branches are two in-plane longitudinal optical branches, two in-plane transverse optical
branches and two out-of-plane optical branches [107]. These six optical modes atI” point
correspond to the irreductibble representation in Fig. 8. Since TMDs are slightly polar materials,
certains R-active phonons modes displays optical splitting due to coupling of the lattice to the
macroscopic electric field created by the relative displacement of M and X atoms in the long

wavelength limit.

For two-layers and bulk TMDs, there are 18 phonons branches which are split from 9
phonons branches in monolayers TMDs. Owing to the weak van der waals interaction in two-
layers and bulk TMDs, the frequency of the splitting corresponding for the two optical branches
is very small, resulting in resemblance of optical phonon dispersion curves among mono, two

layers and bulk TMDs. For example, the phonon dispersion of monolayer Fig. 8B and bulk Fig.

8C are much similar except three new branches due to interlayer vibration below100cm™"in
bulk due to interlayer vibrations. The general features of theses TMDs are similar to each other.
But, their phonon frequencies are more different. In comprarison to monolayer MoS; the
phonon bands, of monolayer WS, are shifted down to lower frequencies, which mainly due to
the larger mass of W atoms. Furthermore, the interlayer phonons in bulk are different from each
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other, which is due to their intrinsic differences in both the whole mass of TMDs and interlayer

coupling strengths.
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Figure 8 : phonon dispersion curves of (b) monolayer and (c) bulk layer TMDs [107]

1.2.1.3 PHONONS APPLICATIONS

The study of phonons continues to gain momentum because of its various domains of

applications such as

» Optical phonons can be used to detect chemical bonds and determine the compositions

of materials trought a process called infrared spectroscopy. They can also be used in
phonon assisted thermoelectricity to convert heat or mechanical energy into electricity.
Acoustic phonons are useful in thermal management which consist of avoiding heating
in electrical devices by removing heat from them. They are also used to set up materials
that absorb sound waves, thus limiting the propagation of noise. In TMDs, acoustic
phonons branch also contribute to the thermal conductivity

Phonons are used as phonons based sensors in sensoring to detect change in temperature,
pressure or other physical properties. Its can also be used in highttemperature
superconductivity. Its is used instead of photons to produce coherent sound waves in
process called phonon laser.

The amorphous phonons can be use in thermics, where phonons play an important role
in the conduction of heat in materials. Understanding and controlling the properties of
amorphous phonons can lead to the development of materials with high thermal

efficiency, useful in the fields of electronics, energy and heat management
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Figure 9 : Crystal lattice vibration [108]

1.2.2 CONCEPT OF POLARON
1.2.2.1 DEFINITION OF POLARON

To explain the concept of polaron, we begin first with the description of crystals. The
structure of all crystals can be described in terms of a lattice (a lattice is a regular periodic array
of point in space) with a group of atoms attached to every lattice point. The group of atoms is
called basis, when repeated periodically in space it forms the crystal structure. At room
temperature, the atoms are not fixed but vibrate around their equilibrium positions (the lattice
points). lonic polarization in the crystal occurs by the electric field of a conduction electron in
which the electric field of the electron displaces the positive and negative ions with respect to
one another (attracts the positive ions and repels the negative ions according to coulomb forces).
This displacement can be described as cloud of phonons. A conduction electron or hole together
with its self-induced polarization in a polar semiconductor or an ionic crystal forms a Polaron
[109]. As a result of the formation of a polaron, the electron polarizes the lattice producing a
potential well around itself in which it becomes trapped. The self-trapping is considered in ionic
(polar) materials, so the notation "polaron™ is due to this fact. This concept was first introduced
by Landau [110].

1.2.2.2 CONCEPT AND REPRESENTATION
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A charge placed in a polarizable medium is screened. Dielectric theory describes the
Phenomenon by the induction of a polarization around the charge Carrier. The induced
Polarization will follow the charge carrier when it is moving through the medium. The carrier
together with its self-induced polarization is considered as one entity (Fig.10), named a polaron
[111]. The physical properties of a polaron are different from those of a band-carrier. In
particular, the polaron is characterized by its binding (or self-) energy, an effective mass and its
characteristic response to external electric or magnetic fields (e.g. mobility and optical
absorption coefficient). We have two types of polaron: the large or Fréhlich polaron (when the
spatial extension of a polaron is large compared to the lattice parameter of the solid), and the
small or Holstein polaron (when the self-induced polarization caused by an electron or a hole
is of the order of the lattice parameter). The difference between the large polaron and small
polaron is that small polaron are governed by short-range interactions. Historically, Fréhlich
planned a Hamiltonian model to investigate a polaron in a continuum medium, he used the
second quantization form of the electron lattice interaction (Eq.1a). Later, Landau and Pekar
investigated the self-energy and the effective mass of the polaron, for what was shown by
Frohlich corresponding to the adiabatic or strong-coupling regime. This particular study made

with free electron interacting with a dielectric polarizable continuum, described by the static
dielectric constant &, and the optical (or high frequency) dielectric constant &, [110]. So we have

three cases of the coupling regime: the weak coupling regime, strong coupling and intermediate

coupling regime depending on the value of the coupling strength.

—p—+2hcoa a +Z(\/ ae" +Vv'a’ e"kr) (1a),
m Kk
v, _hoy, 47[05( n J (1b)
j k; vV (2me,
e’ 1 1
eyt (11 o
nr o6\ £, &

ris the position coordinate operator of the electron with band mass m, P is its canonical
conjugate momentum operator, k is the wave vector, a,and a,are the creation and

annihilation operators for longitudinal optical phonons of wave-vector and phonon energy

ho . With o the longitudinal optical frequency. TheV, are the Fourier components of the
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electron phonon interaction (Eqg. 1b). «is the dimensionless electron-LO phonon coupling

strength (Eqg. 1c). With &_(g, ), the high-frequency (static) dielectric constant of the medium

%
r, = (%mwm) is the polaron radius.

1.2.2.3 APPLICATIONS

We have many extensions of the polaron concept such as acoustic polaron, piezoelectric
polaron, electronic polaron, bound polaron, trapped polaron, spin polaron, molecular polaron,
solvated polarons, polaronic exciton, Jahn-Teller polaron, small polaron, bipolarons and multi-
polaron systems which are important [112]. These extensions of the concept are interested, for
example, to study the properties of conjugated polymers, colossal magneto-resistive
perovskites, high T superconductors, layered MgB: superconductors, fullerenes, quasi-1D
conductors, semiconductor nanostructures. The physical properties of multi-polaron system has
renewed interest due the fact that it is possible that polaron play a role in high-T
superconductivity which could have important implications for energy generation and storage
[113, 114]. Recents applications of polarons has been in the development of organic light
emetting diodes, which are used in the displays of many modern electronic devices. By
controlling the movement of polarons with the organic light emetting diodes, researchers have
been able to improve their efficiency and brightness. Another application of polarons is in the
development of quantum computing technologies by exploring the use of polarons as qubits
due to their long coherence time and strong coupling to their environement. Polaron could also
be used to transport information in electronic devices at a much higher speed than traditional
electrons, this opens the door to significant advances in the field of telecommunications and
computing. Due to its small size, polaron can be used to create nanoscale devices such as
transistors, sensors optoelectronics components. These potential polaron applications could
revolutionize the industry and open up new avenues for more advanced technologies. In
addition, the polaron exhibits unique properties when it comes to electrical conductivity so,
researchers are currently studying how to exploit these properties to improve the efficiency of
solar cells for conversion devices. It can also be used in the field of medecine to selectively

target and destroy certain cancer cells, providing new treatment approaches for cancer.
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Figure 10 : formation of the polaron due to deformation of the crystal [111].

1.2.3 CONCEPT OF BIPOLARON
1.2.3.1 PRESENTATION AND DEFINITION OF BIPOLARON

For certain system parameters, two polarons with the same charge can become mutually
coupled, forming a new type of a quasiparticle named bipolaron [115]. Therefore, the energy
gains for creating a bipolaron from two separated polarons (Fig.11a) is the sum of the Coulomb
repulsion which tends to separate polarons, and the lattice deformation energy gained by having
two particles in the same potential well (Fig.11b). The bipolaron can also be form with two
electrons or two holes localize at the same atomic site in the lattice. In this case, the bipolaron
obtained is so-called one-center bipolaron [115]. Electron or hole bipolaron has an electric
charge equal either to 2e- or 2e+, respectively. The bipolarons obey to the Bose-Einsten
stactistic because their spin is interger. Moreover, it is thought that at low temperatures they
form a Bose condensate similarly to Cooper pairs in superconductors. Due to their unique

properties bipolarons formation takes a special place in the polaron physics.
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(a) (b)

Figure 11 : Cartoon illustrating bipolaron formation. a) Two separated polarons each in its
own polarisation well. b) Bipolaron where two electrons are localized in the same potential
well [115].

A bipolaron is a bound pair of two electrons dressed with a cloud of virtual phonons [116].
Considering the electron-phonon coupling in bipolaron formation, the strong electron-phonon
coupling receive intensive study in recent years due not only to general theoretical interest in
the problem but also to its important applications. For a long time, calculation errors have been
calling into the question of the possibility of bipolaron existence. So, the description of the
bipolaron state start with the Hamiltonian proposed by Pekar and Frohlich made up of two
electrons or holes interacting with a phonon cloud. After that, several researchers used used
variational approach to describe the bipolaron with the wave function. Among those works, the
energy of bound bipolaron was achieved in [117] with the use of wave function chosen in
correlation with electron. Notice that there was no solutions in the case of weak and

intermediate coupling constant « . So, the bound bipolaron state exist only for sufficienly large

values of the coupling constanst (o = 5.2) [118].

1.2.3.2 STABILITY OF BIPOLARON

In the Frohlich approximation, a pair of electron or hole interacting with LO phonon in
the continuum limit; is referred as Frohlich bipolaron. The study is focused in optical phonon
because in this context the polaronic effects are extremely important and should therefore be
taken into consideration when making devices with them [116]. The stability of bipolaron in
2D and 3D in the Frohlich approximation has been examined with the use of operator
techniques where the center of mass of the bipolaron was approximately separated from the
relative electron motion [119]. The result was similar to those obtained in [120, 121] using the
Feynman path integral with bipolaron in 2D and 3D. Also, the stability of bipolaron was also
investigated [122] in the path-integral representation; in this work the combined effect of optical

phonons and acoustic phonons was analyzed. Early work on bipolarons had been based on
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strong-coupling theory in which case the bipolaron stability was expressed with parameter

n = &, / &, and the confinement length of the quantum dot. Recently, investigation in graphene

show that bipolaron stability depend on the strength of eletron-phonon interactions. Thus,
bipolarons are stable in graphene in presence of electric field lower than 3mV/A [123]. It turns
out that the stability criteria of bipolaron depend of various parameters such as coupling
constant & or others parameters of the system as confinement length, the electric field. The
stability of bipolaron is influenced by the force of the interaction between the particles which
compose it. A strong interaction favors the formation of a stable bipolaron, because it allows
the particles to remain bound together despite possible external disturbances. The stability of
bipolaron can also be affected by the environment it is in. temperature and density can play a
crucial role in the formation and stability of bipolarons. For example, at low temperature, the
interactions between the particles can be stronger and thus promote the formation of stable
bipolarons. It is also important to note that the stability of the bipolaron can vary depending on
the material in which it is formed. Some materials may promote the formation of

stablebipolarons, while others may be less conducive to their exixtence.
1.2.3.3 APPLICATIONS

The bipolaron problem is interesting for both academic reasons and for its practical
importance in polar semiconductors and semiconducting glass. However, above all, the
discovery of the high temperature superconductivity in CuO2 based layered ceramic materials
and the subsequent proposal of the bipolaronic mechanism for pairing has made the bipolaron
problem most fascinating and has brought it to the forefront of the current research [116]. In
particular, the search for alternative microscopic mechanism for higth Tc superconductivity has
stimulated a renewed interest in the bipolaron problem. So, bipolaron is useful in high
temperature superconductivity in the models with pierls-like coupling at low carrier density
[124]. Bipolaron is also helpful in tunneling experiments or in transport through molecular
dots, but also to its important applications, such as a treatment of high-temperature

superconductivity.

If many bipolarons form but are not too close, they are likely to form a Bose-Einstein
condensate. This led that bipolarons could be a mechanism for superconductivity at high
temperature. This could, for example, lead to a very direct interpretation of the isotopic effect.
The theory of bipolaron explains some thermodynamic properties of high-temperature

superconductivity such as availability and value of the jump in the heat capacity which is
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lacking in the theory of the condensation of an ideal gas. The theory explains the occurrence of
a gap and a pseudogap in high-temperature superconductivity materials. Bipolaron is necessary
to explain the experiments on high-temperature superconductors, the possible ways of raising
the critical temperature of the high- temperature supercondoctors [125]. Bipolarons are
responsible for electrical conduction in semiconductor polymers. The formation of bipolarons
is characterized by the appearance of states located on the chains and is manifested by the
appearance in the forbidden band of discrete states or even at higher concentrations of the

polaronic bands. These polaronic bands should allow a metallic behaviour.
1.2.4 CONCEPT OF EXCITON-POLARON
1.2.4.1 CONCEPT OF EXCITON

Excitons are very interesting physical entities that, in polarizable media, are relevant for
polarons: in polar systems, they can be apprehended as two polarons interacting with opposite
charges. The energy excentric from the ground in a polar crystal was determined taking into
account that the potential energy of the electron-hole interaction depending on the quantum
state of the particles in question [126, 127]. Later, many books have been devoted to this
problem. Similar considerations were applied [128] to explain the dependence of the binding
energy of an excited-ionized donor complex on the electron-hole mass ratio in CdS and TICI,
and to show that ratio of the binding energy of D-centers to that of neutral donors in AgBr and
AgCl is up to an order of magnitude larger than in the non-polar crystal [129]. An exciton is a
coulombically bound electron-hole pair that is generated in a material either by light absorption
or electrical charge injection. Excitonic materials can be very efficient absorbers of light,
possess high light emission yields, and exhibit a variety of unique optical phenomena, such as
up- and down- conversion, that can enable new technologies to move beyond the efficiency

limits of the existing material.

For an excitonic system with elementary charge in a medium with dielectric constant
and reduced mass, the ground state Bohr radius is given by:
hle
a= E (2)
There are two types of excitons which are characterized by the ratio between the excitonic Bohr
radius and the lattice constant: Wannier-Mott Exciton and Frenkel Excitons. When the Bohr

radius is larger than the lattice, we have the Wannier-Mott Exciton, it has a smaller binding
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energy and is delocalized over a number of lattice sites. Both the electron and the hole are
mobile. The underlying lattice of atoms is treated as a background field in which the electrons
and the holes exist as free particles, and an exciton consists of an electron and a hole orbiting
each other in this medium [130]. In contrast, if the Bohr radius is smaller than lattice, we have
Frenkel exciton; such exciton is strongly bound and usually localized on one site. The electron
and the hole do not move independently. The motion of Frenkel excitons is viewed as hopping
of both the electron and the hole from one atom to another. If an electron is excited from a
valence shell of an atom into an excited state of a nearby atom, the Coulomb repulsion of the
electron on the valence electrons of the new atom will be tied to push one of them into the hole

left in the valence shell of the original atom when the electron was excited.
1.2.4.2 FORMATION OF EXCITON POLARON

Exciton-polaron is a hypothetical many-body quasiparticle that involves an exciton
dressed with a polarized electron-hole cloud. the exciton-polaron is formed when exciton
interact with acoustic or optical phonons via coupling to the deformation potentials associated
with the conduction and valence band. The exciton and its accompanying lattice distortion can
be conceptualized as a dressed particle or excitonic-polaron, with a self-energy and a
renormalized mass. The formation of a composite exciton-polaron has been examined in
material systems of various configurations [131-133]. The theory of three-dimensional
excitonic polarons (excitons interacting with phonons in bulk) has been well developed and
have shown that the subsequent behaviour of an exciton gets modified depending on its strength
of interaction with phonons. Exciton—phonon interactions, in particular, play an important role
in the optical and intrinsic transport properties of material systems. The exciton effective mass

and energy undergo shifts which are dependent on the strength of the exciton—phonon coupling.

1.3 DECOHERENCE

1.3.1 DEFINITION

When a system interacts with its environment, a decoherence process occurs.
Decoherence is the process by which the quantum properties of a system interact with its
environment, causing the quantum state to become mixed or entangled with the state of the
environment. This process can cause the quantum state to collapse into a classical state and can
make it difficult to observe and manipulate quantum system. Decoherence is a process that
occurs in quantum systems whereby the coherence between different states become disrupted

by the system’s interaction with environment. Thus results in the loss of quantum information
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and the emergence of classical behavior. Whereas the quantum coherence is a property of
quantum systems that allows them to maintain a stable and coordinated state over time. It refers
to the ability of quantum particles to maintain their relative phase relationship, even as they
interact with their environment. In quantum mechanics, quantum decoherence is the loss of
coherence or ordering of the phase angles between the components of a system in a quantum
superposition. The study of decoherence, trough based at the heart of quantum theory, is a
relatively young subject. It was initiated in the 1070s and 1980 with the work of Zeh and Zurek
on the emergence of the classicality in the quantum framework. It is a ubiquitous phenomenon
in quantum systems, and it is often characterized by various parameters such as transition
frequency, density probability, Shannon entropy, decoherence time, coherence time,

environment coupling strength and decoherence rate.
1.3.2 DECOHERENCE PARAMETERS

Decoherence is characterize by various parameters: The transition frequency which
refers to the rate at which the quasiparticles transite between two states. The transition
frequency can be used to measure how quickly a quantum system loses coherence, and thus
how quickly decoherence occurs. The Shannon entropy is the measure of the amount of
uncertainty or information in a system. In the case of the quantum system, the Shannon entropy
can be used to measure how much information is lost due to decoherence. The higher the
entropy, the more information is lost and the greater the level of decoherence. Density
probability is the probability of finding a particle at a particular location in space. Decoherence
time and decoherence rate are terms used in quantum mechanics to describe the loss of
coherence in a quantum system due to its interaction with environment. Decoherence time refers
to the amount of time it taked for a quantum system to lose its coherence, while decoherence
rate refers to the rate at which coherence is lost. The coherence time is a measure of how long
the system can maintain its quantum state before it becomes too entangled with its environment,
causing it to lose its coherence and become a classical system. An example of quantum system
where the decoherence can occurs via those parameters is the well known quantum qubit which
is form by the superposition of two state in quantum system. In order to restrain the decoherence
processes, several authors achieved some useful results in investigating respectively the effects
of pseudo-harmonic potential [134], of temperature and electric field [135], and a magnetic
field [136] on the properties of quantum pseudodot qubit, and the properties of an
unsymmetrical parabolic quantum dot qubit [137] and a coulomb bound potential quantum rod

qubit [138]. However, most research works are focused on the properties of the ground and the
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first excited states, instead of the quantum transition of the electron in an anisotropic quantum
dot. To further reveal the factors and conditions which affect the state properties of the electron,
the influences of the transverse confinement length, the longitudinal confinement length, the
electron-phonon coupling strength, the oscillation period, and the transition probability of the

electron in anisotropic quantum dot are studied [139].

At the heart of quantum mechanical theory is the superposition principle. The power of
guantum computers lies in the quantum bit (qubit), a superposition of the classical bit of 1 and
0. The two level system is employed as an elementary unit in storing information. The name
qubit to two state memory cell formed from the superposition of states was first given by
Schumacher. It is employed as the elementary unit of storing information.

lv)=al0)+ A1) )

here  and 8 are complex numbers with normalization condition o+ 3% =1. The bra-ket

notation is tailor-made for the description of closed mechanical system. When considering an
open system, the ket notation becomes less suitable. The unlimited amount of states that a qubit
can take at any time can be traditionally represented by the sphere were the north-pole is 1 and
the south pole 0. Any amount of numbers can be between one and zero. A classical bit can have

only two states; 1 or 0. It can be represented by a transistor switch set of on and off
1.3.3 APPLICATION OF DECOHERENCE

Decoherence has a variety of applications in science and technology including quantum
teleportation, quantum information and computation, entangled states, and the quantum-
classical interface. Decoherence represents a challenge for the practical realization of quantum
computers since such machines are expected to rely heavily on the undisturbed evolution of
guantum coherences. The development of quantum computers is still in its infancy, but
experiments have been carried out in which quantum computational operations were executed
on a very small number of quantum bits [140, 141]. For the implementation of a quantum
computer, high quantum coherence semiconductors quantum dot is needed [142]. It is necessary
to note that the environment coupling for the case of atoms can be strongly suppressed by
ultrahigh vacuum and ultralow temperature. For the case of artificial atoms, the problem seems
to be different due to the fact that the atoms are intimately incorporated in the surrounding solid-
state environment and suffer from various decoherence channels. This happens even for optical

excitation of electron-hole pairs in the states of lowest energy, for example, the exciton or
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biexciton ground state, which causes the deformation of the surrounding lattice (i.e., formation
of a polaron state) whereas relaxation is completely inhibited because of the atomic-like carrier
density of states.

In coherent optical spectroscopy [143], which is sensitive to the optically induced
coherence, this partial transfer of quantum coherence from the electron hole state to the lattice
degrees of freedom (i.e. phonons), results in dephasing [142]. Since the electronic (or excitonic)
states in a system of quantum dots are designed to play the role of qubits which must be
manipulated with great precision, the exact knowledge of the energetic spectrum of a quantum
dot is of major importance. Moreover, because of the necessary quantum coherence during
quantum computing processes, the interaction between the localized electron and the
surrounding medium must be well understood. Also decoherence is use to determine the
system’s ability to perform quantum computation, to ensure the security of communication
channels by detecting and correcting errors caused by environmental noise in cryptography.
Qubits find applications in many fields as seen in the following: Quantum dots (nanocrystal)
are used in LEDs and Lasers [144] Quantum dots realized by epitaxy which are of interest in

our studies are frequently used in optoelectronics.

Decoherence is a difficult problem to solve, but there are some things we can do to
reduce theirs effects. For example, we can implement error correcting codes, which can be
necessary to protect the system against quantum noise and mitigate the effects of the
decoherence. We can also use tecnnique such as dynamical decoupling or quantum error
correction, which can help to suppress decoherence by actively working to to reduce the
interaction between the system and its environment. Another method is to try to improve the
coherence time of the system by using high quality qubits or by optimizing the experimental

setup.

CONCLUSION

In this chapter, we presented the generalities on nanostructures and quasiparticles,
precisely polaron, bipolaron and exciton-polaron. We have presented some notion on
decoherence. In the next chapter we will present an overview on mathematics tools, some
quasiparticles parameters useful to describe the dynamic and decoherence of those
quasiparticles. We will also model each of our system by an appropriate Hamiltonian, and by

using the above mathematics tools, we will investigate the states energy for each system.
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CHAPTER 2: MATHEMATICAL TOOLS AND
THEORITICAL MODELS

INTRODUCTION

In the earlier chapter, we presented the overviews on Transition Metal Dichalcogenides,
quasiparticles such as polaron, bipolaron and exciton polaron and decoherence parameters. This
chapter is devoted firstly, to present an overview on variational method such as Lee Low Pine
(LLP) method of a polaron in the weak coupling regime, the Huybrecht method well known as
the modified Lee Low Pine method proposed by Huybrecht for all coupling regime and the
Pekar variational method for strong coupling regime, secondly to present some parameters of
quasiparticles and finally to model each of our system and investigate some parameters by using
the above variational methods.

2.1 VARIATIONALS METHODS

The variationals methods make it possible to determine the energies of the ground and
first excited state using trial function which is a linear combinaison of basis function. These
methods are often used for complex system where it is difficult to solve the Schrodinger
equation exactly, so these methods find an approximate solution for the system using optimal
trial function. The limit of those variational methods depends on the accuracy of the
approximations used in the calculations, the complexity of the system being studied, and the
computational resources available. Althought more advanced methods such as the Monte Carlo
method, the desenty functional theory method are more precise and efficient than variational
methods in solving complex systems, they can be more expensive in terms of calculations time
and computing resources. Thus, to use variational method, it would be wise to choose a good
trial function for the system to be studied because this can have a significant impact on the
precision of the results, also optimizing the parameters of the trial function makes it possible to
improve the precision of the results using variational methods. So, the trial function is chosen

S0 as to minimize the total energy of the system.
2.1.1 HAMILTONIAN
2.1.1.1 HAMILTONIAN OF AN ELECTRON

The Hamiltonian of a free electron or free hole in a medium is given as follow:
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whith M being the mass of electron or hole and P the kinetic momentum of the electron or the

hole.
2.1.1.2 HAMILTONIAN OF PHONON

The energy of the phonon changes with the advancement of the lattice polarization vector is

given as:
M ([ A
Ep == | [B(0)+ 0 p*(r ) ®)
ﬁ(r)=4if>
. e
with 111 (6),
e &, &

D is the electric induction, I is the position of the electron, @ is the frequency of the phonon, ¢,
gy,and ¢ are respectively the polarizability of the medium, the polarizability of the vacuum and

the polarizability at infinity. The Hamiltonian of lattice vibration is equal to the phonon

Hamiltonian and can be written as follow:

M A2 22
Hop = [ 570+ 0" p (0 o)
L oH
Let us consider ir)= ap(r) Mp(r) 8),

H =lj{m+ Ma)zxz(r)}dr 9),

1 Mo, . 1 Mo . 1
H :_Eh ey —j \/ KX, +1 [——— 10),
= L w{( on X \/ Mha)kyk]( on <y Mha)kyk]] (10)
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K is the wave vector of phonon with frequency @, x, and y, are canonical variables then the

Hamiltonian of phonon takes the following form:
H,, =D hoaa, (11),
k

with

(12).

2.1.1.3 HAMILTONIAN OF ELECTRON-PHONON INTERACTION

Let us consider a model where an electron interact with the dielectric polarization

labelled by the polarizability of the vacuum &;and the polarizability at infinity €., . If the

carriers interact with optical phonons in the ionic crystal under the condition that the lattice
constant is small compared to the size of the self-trapped state, so the lattice discreteness is
unrelated. The ionic crystal can be considering as a polarizable dielectric continuum, notice that
only ionic part contributes to the polaron state formation. During the relaxation time, the
polaron can moves a distance less than the polaron radius, thus the polarization will follow the

polaron motion and is defined by the following expression:

p(r)=divP(r) (13),
the Hamiltonian of interaction between the field and the charge is given as:

H,. =-eV(r), e~0 (14),

WhereV(r)is the electron potential in the crystal field given as follow:

VAV(r)=—4zp = 42divi(r) (15),
Or
VV (r) = —470(r) (16).

Notice that in perfect crystal, due to translational symmetry, polaron can move, thus the

dynamical deformation does not perfectly follow the polaron motion. The delay is responsible
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for the polaron mass enhancement. Inside the continuum harmonic approximation, the energy

of the phonon changes with the progression of the lattice polarization vector p(r) :
M |52 252
H,, =?j P2(r)- w®P?(r)dr (17).

If we consider the ionic part of the total polarization we have a relation between IS(I‘) and 5(r)

as given in Eq. (6), this relation permits to find the deformation potential energy of the ionic
polarization of the crystal. By quantizing the phonon energy, we obtained the same expression
as in Eq. (11). In the second quantization, the electron-phonon interaction Hamiltonian is given
after using Fourier series for and is expressed through bosonic variables may now take the

following form:

int

Hiw =Ho =D Veage" +Voaze™ (18).
k

2.1.2 LEE-LOW PINES VARIATIONAL METHOD

Let us consider a free electron in movement in a polar crystal. The Fréhlich Hamiltonian
has three parts: The Hamiltonian of the electron; the Hamiltonian of the phonon and the
Hamiltonian of interaction (electron-phonon). Thus the total Hamiltonian can be write using
Egs. (4), (11) and (18) as follow:

A2 - .
) :;;+Zhwaga5 +Z(V;za;zeikr +Vi aEe_'kr) (19),
m % K
where
V. =i @(LM@) (20),
k k \2meo \Y;
and

2 7
e[ m 1 1
o=—|—||——— (21),
h\hew) e, &
« is the coupling element for electron-phonon interaction, I is the position coordinate operator

of the electron with massm, pis momentum operator,a,and a,are the creation and

annihilation operators for phonons of wave-vectork and phonon energy#s®, with o the
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frequency.V, are Fourier components of the electron phonon interaction,V is the volume of the

crystal.

We apply the LLP method [145] to Hamiltonian given by Eq. (19). The total momentum

operator is obtainecd as follows:

P=) nkaa; +p (22),

K

where the momentum of the electron is given by: p=—inV. Then we apply the unitary
transformation
®=U,¥ (23),
where the wave function @ is obtained by solving the following Schrédinger equation
H® = ED (24).

The first canonical transformation of LLP necessary to eliminate the electron coordinate from

Eq. (19) is given as:
U, = exp{%( p— ZhEaEaEJF} (25),
K

applying this first transformation on different operators we obtained:

The electron momentum operator is:

U"pU, = p- > 7ka.a} (26),
then we obtain:
2
U *pU, =(p —ZhIZaEaEJ (27),
k

the phonon operator is

UfalU, =ae™ (28),

U alalU, =U"a’UU;"a U, =ae™ale =a'a. (29),
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U, 1(\/EalzeiRF +V;akfe‘"&)J1 =V.U; lak.Uleilzr +V;U1‘lakfule‘iRF =V.a. +V a (30),

K

Combining egs. (26), (27), (28), (29) and (30), one gets

2
(ﬁ—ZhlzaEakf]
H, =U'HU, = ‘ +Shea'a +3 WV a +V'a’) (31).
k k

According to Frohlich perturbation analysis, the number of virtual phonon is not
negligible in the intermediate coupling regime then it is not possible to apply perturbation
theory to the Hamiltonian given by Eqg. (31). But it is possible to eliminate with the canonical
transformation the main part of the interaction term of Hamiltonian. For the case LLP we use a

variational method of calculation with a trial wave function chose as follow:

¥=U,/0) (32),
Where‘0> is the vacuum state of phonon satisfying the following condition:
a/0)=0, (0]0)=1, (33).

The second canonical transformation corresponding to this variationnal method is:

k

U, = exp{Z(akf fo+a f )} (34),
where f;z Is a variational function obtained by minimizing of the ground state energy. U, is use

to displace the operator a, and akf , thus we have:

U,'aU,=a_+f,
. e (35).
U, ak_U2 =a_+ fE
2.1.2.1 GROUND STATE ENERGY
The ground state energy is given as:
E =(¥|H|¥)=(0U,'H,U,|0) (36),

using Eq. (35), Eq. (31) is transformed as follow:
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{ﬁ—ZhE(akf + £ Na + fﬁ)}
H, :U2_1H1U2 = ‘ om (37),
+kZha)(akf + fE*XaR + fﬁ)+;M(alz + f;z)+V|z*(aE + fl;)]
after development, we obtain:
2
{ thakak th\f\ —th(a +f o+ f, )}
+Zhw(a a.+a f . +a f + fﬁ*fﬁ)+ZM(alz + fR)+VE*(akf + f;)]
K
then the expression in Eq. (38) can be separate into two part: H, = H'+H " where
{ﬁ—Zhﬁagak} {Zkk‘ " }
. K hk p Kok
H'= - Zk:(\/f+Vf)Z\f\{ Zm}
h2 2 Tk, h 2k? hZIZ
Zkakaka\f\ +Za[ { kD, Zk\f | H (39),
ZaV+f _kp S h—z ‘f‘ + heata,
m m < =k
and
n?kk’ -
aza.f f.+2a‘a. f fo+aza f f.
o (40),
[ak aga, fk +acaza;f.
k,
using Eq. (33), we obtain from Eqg. (36) that
2
z{zhﬂfﬂ )
% - 2 hk.p  h°k?
E- kzm +§(va§ VAL & )+§E:\fﬁ\ {hw—T+W} (41),
Then minimize Eq. (41) and setting that
oE oE 0 42),

of,  of;

K

we have
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V. + fk{ha)—T (Zk i J } (43,)
then
V.
fo=- g (44).

=R

Let introduce a new parameter 77 associated to p because the only prefered direction in this

problem is p
nb =Y nk|f,| (45),
k

thus, Eq. (44) becomes

\ vE
fr=— (46),

o tiPecn ]

the ground state energy of the system which is given by Eq. (41) satisfying Eq. (46). Using Eqg.

(46), EQ. (41) can be rewritten as follows:

2 2
p? +np Vi Vi [, #k.p hk}
E= -2y +y ho- (47),
hk.p h’k? A 22 m m
SRS &w—hkpa7n+z;jl
then we have:
2 2
)y i 5 i [y 1D hkz} 49),

K hIZfJ hzkz ’ K E h2k2 21 “” m 2m
ho-—"(1-1)+ ho-"CP 4y 4
m m 2m

introduising the parameter 77 in the Eq. (48) we obtain:

- y ‘vk.r(hawhzkz
e Plen) ps : 2m

3
2m . ha)—hk p(l_ - hzk2 7 [ha)—hk b hzkz] m

‘2

Ne—
U
N
—~
N
(o]
~

(L=m)+
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then Eq. (48) can be rewritten as follow:

2 n2k?
) w L o
E: 77 —ZZ X +Z 2 (50)’
2m : 7K. p h2k2 v 7K. p h°k?
ho——"Q1-n)+
m 2m
after a few calculations, we obtained:
2 n*k?  nk.p 7k.p
o W A
E ( z h|2f) k thZ t - |Z Zkz 2 (51)
‘ ~—@1-n)+ “ _hkpo, h
wm(ﬂ) om ha)m(ln)+2m
Finally, we obtain the ground state energy given by
P’(1-7%) vl 1-7 v, | 1k
E=— - ; Wb PR~ Zk‘, ey PR (52).
hor== "5 (1) ho-"P(1-p)
Let do the series expansion of Eq. (52) with respect to p in second order
| :_Z ‘VE‘Z :_EZE ‘VA‘Z (53&)
3 k. hzkz o 2 ’
‘ ha)——p(l— n)+ k (1+ LSS U)J
2ma) mae
then after some calculations we obtained
1ot M [ 2pKp  apipa-n)
== = e e S 0[P (53b)
oL Ik nL+BI) T n2 p2K?)
%
where S, = 1/ - then, |v| [ V4mj . The integral form of Eq. (53b) is:
(7

v [ameppe 2pk.p_ ABK.PA-n)’
I:(27r)3 hwsz(1+ﬂfk2)2mdek H A+ g2k B (s gy +0(P*)| (54)

then we obtain:
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hiwa P2 4
l=—————a(l-n)+0(P 55).
> oo =) + 0P (55)
From the expression of‘ fE‘ , We have:
2 -
g Ve[ kb [ 2pfp  4piKpa-n)?
pp=np? =S nkp|f.|" = ‘k 1+ ! + +0(P*)|(56a),
therefore, by integrating,
drafnw’K.p 2K B KB =n)?
ot = ZJ RO ansinatokidk| 1+ PP ABKPAZIT ope) (56,
(27) nek?V {1+ B2Kk?) L+ B2C) T n2e pik?)
finally, we have:
p2
o’ =g o= (56¢).
Then by simplification, we have:
1
77=606(1—77) (57),
therefore, we obtained
o
_— % (58).
(24
l+%
So, Eq. (55) become
1-n ‘VE‘ZhEﬁ 1-n
I—m — - —mnp (59).
k (hw_hk.p(l_ WL )
m 2m
Thus, the expression of the energy becomes:
E(p") = o2 (-nf + =+ 2 sofp?) )
2m m 2m ’

Then introduicing Eq. (58) into Eq. (60), the expression of energy becomes
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E(pZ)z—hwa—m+O(p4) (61),

then, the ground state energy is obtained as:

E, =—hoa (62).
2.1.2.2 EFFECTIVE MASS OF POLARON

The effective mass of polaron can be derived in Eq. (61), it is given as:
My = m(1+ %) (63).

2.1.3 HUYBRECHT VARIATIONAL METHOD

Other mathematic tools use for solving the problem of polaron in nanostructures is the
Huybrecht method also known as Lee-Low-Pines-Huybrecht method introduced by Huybrecht

[146]. It is an all coupling approach.
2.1.3.1 DETERMINATION OF THE GROUND STATE ENERGY

To determine the fundamental energy of the polaron, by the method of Huybrecht [146],
one start from Hamiltonian given in Eqg. (19). Let us transform this Hamiltonian by the

following unitary operator:

U, = exp(—ia[ﬁ—Zka;ak}Fj (64),
k
with
P=p-a) kaa, . (65).
k

The Hamiltonian in Eq. (19) can be rewritten as follow:

2
H= %[ p-ay. agaE] +Y hoala, + Z(\/Eage‘(l‘a)EF +V aze ‘a)EF) (66),
: 3 :

a is the Huybrechts parameter. when a = 0, this approach is corresponding for strong coupling

regime, whena =1, this approach is reduces to the LLP which is treated in the previous part.
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when0 < a <1 one can have a consistent theory encompassing the entire parameter space. We

introduce the creation and annihilation operators b; and b; by
P = (m;m)%z(bj+ +b, + Py, )
]

=1 2 %Z(bj_b;)
4mA

i

(67),

jdenotes the¥, Y, directions and 4; P, jare the variational parameter. Using Eq. (67), the Eq.

(66) is transformed as:

H =H,+H, (©%)
with

~  h .3 Kn’a® |, Ao

lezzj:[bj b; +2]+;[flw+ 4ma }akak +7;(bjbi +b; )+ (69),

+ ;[v;ag exp[— 4:}7 (1-a)k 2jexp{— [2:]/1]% (- a)% Kb; ] eXp[(Z:Mj% (- a)% Kb, J + h.cJ

% 2
~ Ah . a -
H,=-a — nk (b7 +b. Jata. + — > h’kk a‘a‘a.a. - 70),
2 [ij (R%k J(J J)ak k 2m§ k 7k Tk Tk ( )
where
Py; =0 (72).

Performing the second Lee- Low- Pines canonical transformation
U,= exp(ag fo—a.f ) (72),

where f{(&)are obtained by minimizing the energy. Applying all these operators on the Eq.

(68) we obtain:
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' =(U,"[H, +H,|u,)
222
=Mzb;bj+m(1—a)2+2[hw+k "2 J(a S o+ )+ hz(b by +b,b, )+
2 4 4 - am 4
+Z[ (a +f )exp(—mhl(l a)k jexp[ 1 aZkb*]exp[ 1 aZkb ]+h.c]+ﬁ

(73),

the part I:I20f Eq. (68) have some terms with no importance for supplementary calculations.

The phonon vacuum state ‘Oph> Is taken such as the below relations should be satisfies,

{bj)r 0ph>:a|; 0ph>:|l> (74)
b;|0,)=2,0,)=0

then the ground state energy is obtained as:

212 (75)1
:%+ (hawk h7a j‘f ‘ (v fe exp(_i(l ayk j+h.cj
= 4mA

the variationnal function f{(fE) are obtained by minimizing the above ground state energy;

then after minimizing Eq. (75) we obtain

v, exp(—4mh/1(l—a)2k2j

K kzhzaz
ho +
2m

v, exp(—h(l—a)zkzj

B dmA

Kk k2h2a2
ho +
2m

f

(76).

f

Replacing Eq. (76) into Eq. (75), the ground state energy becomes

2
M

3h Q /] 2, 2
T4 ;( kzhzazfx"(m(la) “ j 7

ho+——
2m

transforming the summation into integration after replacingV; by its expression given by Eq.

(20), we have
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lw
g 3 ha)( L jzj dk exp(_ h (1_a)2k2j (78).
4 2z7°\2me) 3 2( kZhZaZJ 2mA
k| 1+
2mw

2.1.3.2 FIRST EXCITED STATE ENERGY

In polar materials with intermediate coupling between electron and phonon, a strong
correlation between phonon is induced, therefore there appears a potential well created by the
virtual phonon field which implies that electron can be excited in a higher potential level. In
our model we will calculate the energy in the first approximation of the first excited state by
using the same parameters as those used for the calculation of the fundamental energy. To
calculate the energy in the first approximation of the first excited state, we evaluate the

following relation:
=(1H [1) (79),
where |1) =b;|0).

By doing the same calculation as in the ground state, the approximation energy of the first

excited state is obtained as follow:

E, ==%+ ha)+k hzaz |f |
8 =

(80),
.o n k? h
+Z( . k.( m(l—a)z?jexp(—m(l—a)2k2)+h.c]
then the variationnal function f{(fﬁ)are given by:
2 k?
v, exp(l— (1-a) j —— (1-a)’k )
3 4m/1
f.=-
k’h
hao +
2m (81),
V. exp[l—l a) k} ——1 a)k j
. 3 4m/1
fr=-
k*h*a
hao +
2m

thus the first excited energy becomes
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2
[1—;1(1—a)2 kjexp(—h(l—a)zkzj
5 7 2ma 3 4mA -
1_T_Z‘VE‘ k25232 : (82),
k [ha)-i- j
2m

finally Replacing V; by its expression and transforming summation into integration, we have:

1—h(1—a)2jexp(—4mh/1(l—a)2k2jdk

1

5Ah ho 1 200( 6mA

E = « ( j _[ k2h2a2
2Mmo

8 2722 2mw
2.1.3.3 DIFFERENCE BETWEEN LLP AND HUYBRECHT METHODS

(83).

The difference between the LLP and Huybrecht methods is in the first unitary operators. This

operator in the case of Huybrecht is given as follows:
U, = exp[— ia[ﬁ - > ka, a, }FJ (84),
k

ais the parameters calling Hubrecht parameter in the case of Huybrecht method, in the LLP

method, this parameter takes the values 1. Thus one can observe that Huybrecht method is an
all coupling method : strong coupling(a =0), intermediate coupling(0<a<0)and weak
coupling regime (a :1)Which the calculation is similar to LLP method which is also a weak

coupling method. Another difference is that in the case of Huybrecht method, new operators of

creation and annihilation related to position and momentum of electron are introduced.
2.1.4 PEKAR VARIATIONAL METHOD

We consider a polaron in presence of magnetic field and confining potential [147]. The
electron under this consideration is in movement in an asymmetric quantum dot with three-
dimensional Anisotropic harmonic potential, and interacting with bulk LO phonons, under the
influence of a magnetic field along the z-direction with vector potential of A=B(-y/2;x/2,0).
The Hamiltonian of  the polaron system can be written as:

1 52 Y 1 52 Y p? 1
H =—(pX —Tyj +—£py +—xj +—L+> hosa;a, +Ema)fp2
q

2m 2m 4 2m (85),

+%ma)§z2 +3 V,a, exp(igr)+ hc}
g



CHAPTER 2: MATHEMATICAL TOOLS AND THEORITICAL
MODELS 65

where 3 :(Ze/c), m is the band mass, @,and w,are the magnitude of the transverse and

longitudinal confinement strengths of the potentials in the x—y plane and the z-direction,
respectively. a; (aq)are the creation (annihilation) operator of the bulk phonon with wave
vector(, p:(px, P, pz)and rz(p,z)are the momentum and position vector of electron,

p= (x, y)is the position vector of the electron in the x — y plane. This Hamiltonian will be uses

to explicit the Pekar variational method, thus following this method the appropriate wave
function of strong coupling regime is divided into two part one describing the electron and other
for the phonon. This function is written as follow:

lw)=|8)V]0,) (86),

Whith|¢> depending only on the electron coordinate and‘O ph> represents the phonon’s vacuum
state satisfying the following relation aq‘Oph> =0, the coherent state of phonon is given by

ulo,, ) with

U= EXD{Z(‘E‘% fq +a, fq*)} (87),

q

fq(fq*)is the variational function. By solving the schrodinger equation using Eq. (85), we

obtained the following appropriate ground and first excited state wave function of the electron

% Y 2 2
o )

oA & /‘13 . /Ilpz ,ulzz
|¢1>_2(;j (7J zexp(— 5 jexp[— 5 J (89),

where A, 1,, A, and g are the variational parameters. These wave functions of the electron

satisfy the normalized relation given as:

<¢0|¢0>=<¢1|¢1>=1 and <¢o|¢1>=0 (90)-

The polaron ground state energy is obtained by minimizing the expectation value of the

Hamiltonian, thus we have:
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E, =<¢0|H|¢0> (92).

After some calculations, we obtain the ground state energy in the form

L
2m  4m 24, 84, 4y,

no Y 21, Y*
—( ] SJZhawLO[—O)J arcsin(l— A, /, )

2Ma, o (L= 2o/ 1

h’A, h* Mo’ mao?
E,=—2+ Ho , T

(92).

By the same sheme, the first excited state energy is given as:

2

E1:11+3’u1+[ 144+ 3;4 1+ 4
2 A A7 i T 16( 1 " 3 J (93)

21“14 #1“14 .

% |
_8ar0\/;(mJ arcsin(L— 4, /11, )’

2.2 SOME PARAMETERS OF QUASIPARTICLES
2.2.1 POLARON LIFETIME IN WEAK COUPLING REGIME

The effect of temperature and interaction between electron and phonon in a system give rise to
quantum transition, provided that the energy exchanges correspond to the energies necessary
for these transitions. The transition rate from fundamental to first excited state can be

investigated by using the Fermi golden principle [139], it is expressed as follow:

é:zn;Kn; (H, ol ), | S(E; ~E,) o,

He_ph is the Hamiltonian of electron-phonon coupling given by Eq.(18), ¥ is the electronic

wave function in the ground state or excited state and o is the kronecker, z is the lifetime of the
polaron in the ground or first excited states, E is the state energy as the polaron transite from
ground state to first excited state. The following expression can be written due to fact that

polaron absorbs phonon

ne =m; -1 (95),
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replacing Egs. (18) and (95) into Eq. (94), we obtain:

éz zﬂ;m ([H, ;)] = zz;\@ﬁ -1l ea; +vie a: ®) ) (o)

then after developing we have:

2_27{2‘ ¥y, e"“|‘P< —1‘a "7k> (¥ |v, e'kr|‘I’>< ~1la’

nk->\2] (97)
R>: /77R+1‘77g+1>,W9 have:

then using this assumption a.|7 ) = Jm; |7 -1) and a;

h ikr ikF
;zzﬁzkwvgek ) e (e =1 >‘ —87 ank—ﬂz ‘I’” “ ey (98),
k
with B, = ,|——, after integrating we obtained:
2Mmao
h’w? Vo odk® n’w® ¢ dk®
sran M o e = )
12
since ‘e'kr =1,
h no* dk®
then we have: ~= npo—- 3 (100,

and considering a quantum distribution of bososns, and the self coherence between 7w and the

difference of energy between of fundamental and first excited state, we have

ho N
n. = {exp(ﬁj - 1} (101).

2.2.2 EFFECTIVE MASS OF POLARON IN ALL COUPLING REGIME

In solid state physics, effective mass is a conceptual approach towards the investigation of the
transport of electrons. Rather than describing electrons with a fixed mass moving at a given
potential, they are described as free electrons whose effective mass varies. This effective mass

can be positive or negative, greater or less than the actual mass of the electron. Let us use the
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Hamiltonian described in Eq. (19) to present a method of calculation of the effective mass of

polaron this calculation is based on [145]. This Hamiltonian can be separated into two parts:

H=H,+H, (102),

where (103).

2
H. = 5—T+Zha)a a; +Z(\/ a.e™ +v a e"“)

To investigate the movement of the electron state in the plane xoy, we consider that the
movement along the z—direction is slow so the quantity of momentum and position can be

considering. As the movement is perpendicular to the xoy plane, we introduce the unitary

transformation given by Eqg. (67). Also, the linear combination of the creationbfand
annihilation operator bj are introduced to signify the position and momentum operators of the

electron and are satisfying the boson commutative relation [bJ ) bJ ] 1. The subscript j stands for

the x and y directions. Thus, the total momentum is given by:
P.=p,+ Yy hkala. . (104),
K

applying the unitary transformation given by Egs. (64) and (34) and using the linear

combination operator given by Eg. (104) we evaluate the momentum as follow:
P, =(0|U,U,) P, (U, )0) (105),

then we obtain:

o

0

_(mT“] B+ Q-2 K] (106),

Let us choose an arbitrary muItipIierU called the Lagrange’s multiplier which is used to

optimize the problem. This lead to the new variationnal function as:
F(f,e f.5: Bo;iUs 2)= Hy, ~Up, (107),

in the intermediate coupling regime (0 <a <1),
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et hA  hA h e
F(fns,fns,poj,u,/l) 7 —pO ;eXp[_m(l—a)zkz}(ngk‘+Vk‘fﬁ)
1 (108),
a’n’k® an(ni mhA )2
+ > | ho+ Poi —A(l—a)uk |[f.| —U|l —— | Po;
2o+ (ijp a-ayk |t (2jp°'
with
exp[—h(l—a)zkz}
fo = Vi (109),
2£21,2
ho+ 21K —ah(mj Ko, —h(L—a)U,
2m m \ 2m
Substituting these functions into Eq. (106) and using condition below,
OF(f: f g5 PosU /1):0 (110),

then expanding by f)oj andU up to the second-order, we have the relation with fioj andU as,

) ) 2 % 2 h 21,2 2
(ijz_ZZah (1—a)(nmj k exp[_w(l_a) k }<¢”VE‘ |¢>

hi R m a2h?k? )
ho+ om
Po = 21,2 h 21,2 2 i (D,
(o a’k exp[—zm/l(l—a) k }<¢HVE‘ )
m3 ZE: ( aZthZJS
hao+
2m

S0, as the total momentum is perpendicular to x-y plane, we can obtain:

P~ {of0U.0) B0, 10l = "5 | lne+ - Taklol o). a2

by expanding the above expression in the second-order term of fJUJ- andU , We obtain:
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exp[— thA 1 a)? kz}\vﬁf 4exp[— 2mh/1(1— a)’ kz}‘vgr

ahk?\’ " a2\’
ho+ how +
2m 2m
- 1 - (113),
2ah2(1—a)[mj2 k?p,
2m

‘2

[fe

]

223
AN 2p2 4 p2(1-a)?k2U? +
2m m

replacing Eq. (113) into Eq. (112) and assuming that the first order terms P andU are zero we

obtain:

h 2
~my 9 Jols 1o
3

k? exp
2ah’(1-a)
m—Z -
k

a’hk?
(ha)+ om ]
Po = 2,2 h 2),2 2 i .
1 o2 a’k exp{—m(l—a) k }@”Vg‘ o)
- me ; ( azhzsz
ho +
2m

In Eq. (114) U has the sense of the velocity which can be considered as the average velocity of

the polaron along the x-y plane. Then the effective mass is given by the term beforeU .

Transforming the summation into integration, the effective mass of polaron is given as:

h
- 1_ 2k2 2 2
| 4ma J-Zahz(l—a) ex'“[ omg @) }(colh ® ﬂv|¢>d3k
(272-)3 m ha)+a2h2k2 3
2m
T~ ; (115),
Ao (212 a’ eXp[_m(l—a)2k2}<(o|h2a)2ﬁv|¢)> 3
_(27r)3(m3 JI IFTRIPRT d’k
(ha)+ J
2m

by replacing wave functions into the Eq. (115), we obtain the effective mass of polaron as:
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h 21,2 2
4, I2ah (1-a) Xp[_zmza_a) : }(hw) ok
( m ( azhzkzj3
ho+
2m
2 ox0l — (1= a)2K? (he P
_471'0(ﬂv[2h2] a exp{ o (1-a)’k }(ha)) "

2z {m? hw+a2h2k2 ?
2m

by the same schemes, one can obtain the effective mass for the first-excited.

(116),

In the case of weak coupling regime (a =1), we have :

(f foip Ufl) hj ﬂ|0 ‘U(mhﬂ) Poj ~ Z(Vk‘fﬁkafk‘*)

k' 'k Foj»
4 kK

h’k®  h(hA _
+Zﬁlha)+2m ( )koj‘f‘

(117),

2m

then the variational function stands as:

V.
k 1 (118),

21,2 >
pos A (1Y,

=~y

2m 2m

replacing this function into Eq. (106) and expanding up to second order as in the case of
intermediate limit, we obtain the new form of variational parameter. And using the condition

given by Eqg. (110), we obtain:

‘2 U, (119),

thus the total momentum is written as:

N
=(p|(0|UY,) P, (LY, )0)p) = (ﬂj (o[Bo] @) (120),

2
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after calculations we have:

— m

Po = U
(2 Kobifle)
A ;[ hzkzjs
ho+
2m

In the case of weak coupling regime, the effective mass of polaron in fundamental state is given

(121).

as follows:
m
My = u . (122)
(207 Kl le)
m ;[ hzkzjs
fio+
2m

using Eq. (102) and doing a little transformation, we obtain:

m

m =
eff 1_47f0!ﬂ\, (thl[ (ha))4 N (123).
27F | me 222123
(27) kz[h Lk J
2m

For strong coupling regime (a = O)the variation parameter is given as:

1
T A hA maAd\2 h -
F(fk1fk,pojau,ﬁ):T'i‘—pg—U(Tj poj—Zexp{—mkz}(vifﬁ+vﬁfﬁ)

4 K (124),
+ 3 [ro—nUk]f,f
K
then we have:
ho o
exp[—k :|VE
£ = ama . (125),

« e —hUK
inserting into Eq. (106) the above expression and doing development up to second order term

ofU and using condition given by Eqg. (110), we obtain:

2m
5 [2m
Py ,/M (126),
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thus the total momentum is:

hA

B = (o0 B 0000 = | elpie) - TRleliflo).

assuming that the first order term inU is zero, then use the development of |fE|2we have:

eXp[ o }(P”VH(P i
Po =m| L+ > 1°k* m g (128),

(o)

The effective mass of polaron is given by the following expression after some developments:

meff =

(_hkz)
| 4rah’ ﬂ i 2md_ ) 4o |, (129).

2.2.3 MOBILITY OF POLARON

Charge carrier mobility is a concept used in physic to characterize environment that
conduct electric current. It shows the link between the average velocity of an electric charge
carrier of the medium (electron, hole, ion, etc.) to the average velocity of the medium. The
Mobility is used to describe the movement of the quasi-particles in nanomaterials. In the case

of polaronic quasiparticles the mobility can be investigated by formula below

_ e meff ’ h_a)
= 2maa)( - J f(a)exp[kBTJ (130).

This expression of the mobility was presented by Devreese [148]. It appears of this espression

of mobility that mobility strongly depends on the coupling constant, effective mass of the quasi-
particle and temperature. It also shows that the mobility varies with the frequency of the quasi-
particle characterizing the amount of energy in the system. For low temperature, this mean weak

electon-phonon coupling f («)=1,a < 3. For intermediate electron-phonon coupling regime

f(a) 4,3-<a-<6

The mobility can also be invstigated by using quantum statistic theory. So the average

number of phonons is given by [149]:
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E ) .| E ).
B {exp[kBTJ - l} + {exp(kBTj - 1}
N = 5 (131),

Wherek,andT are the Boltzmann constant and the temperature of the system, respectively. On
the other hand, g, and E, are respectively the ground state and first-excited state energy. The

mobility and the number of phonons are related by the following formula:

1_ 2 (132).

~ ﬁ E a e 1
exp| — = [-1| +|exp| —= |-1
kg T KT

2.2.4 SHANNON ENTROPY

U

Entropy, is a measurement of the number in which a thermodynamic system can be
arranged, generally understood like disorder measures. According to the second law of
thermodynamic the entropy of a closed system never decreases; such system will proceed
spontaneously towards thermodynamic balance, the configuration with the maximum entropy.
In this work, we deal with the Shannon entropy as in [150]. The entropy of Shannon, due to
Claude Shannon, is a mathematical function which, intuitively, corresponds to the quantity of
information contained or delivered by a source of information. This source can be an electric signal
or an unspecified computer file. The entropy indicates then the quantity of information
necessary so that the receiver can determine without ambiguity what the source
transmitted. To evaluate Shannon entropy, when the electron is in the superposition of ground
and first excited states, and its wave function is given by:

Vo) =%Q¢o>+|¢1>) (133),

with\¢0> is the electron ground state wave function and \ ¢1> the electron first excited state wave

function. Then the time evolution law of these wave function can be written as:

iEt

1 IE 1
Vilt X,9,2) =5 OB(-2) + o). (139)

so, the Shannon entropy of the system can be investigated as [150]:

S(t) = [ dxydzlyr (t, %, Y, 2] Iy (8%, Y. 2)f (135),
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where |1//01(t, XY, Z)|2 is the density probability and is given by the following expression:

eatx, 3, 2 = [+ + didh exp(icont) + ek exp(ico ) (136)

and w,, is the transition frequency given by:

(137).

2.2.5 DECOHERENCE TIME

The decoherence time is an essential parameter that enable us to know the period
during which our system is able to react in a favorable way or not; in the case of the polaron it
will enable us to know the time during which the system can enable us to make interesting
studies. In order to investigate de decoherence time, we will first evaluate the spontaneous
emission rate. So, we consider a system made of a two level atom in the free electromagnetic

field, the Hamiltonian of this system can be written as follow:
H=H_,+H,+H_, . (138a),
The Hamiltonian of the atom is given as: H,, = E,|a)(a|+ E,|b)(b|, aand b are

respectively the ground and first excited states of the atom. The free electromagnetic field is

given by, H, = Zhwk,s(al:sak,s + %) where @, =¢|K|=ck is the frequency of
k,s

electromagnetic field. The interaction between the atom and the electromagnetic dipole is

givenby H,, = —qr.E(r), wherer is the position operator of the electron orbiting around the

atom, q=—€ is the electron’s charge, and E(r)is the electric field operator given by:

_|Z

corresponding to each mode.

> ( 8 e -al e S.e'"”), and e,. . the unit polarization vectors
PAY, sk :

For allowed transitions, the transition rate is mostly coming from the leading order of

] ho,
this interaction, which isH,_; z—qr.E(O) with E(O):IZ ﬂ(a. e..—a. ) As we
k's

k,s k,s ksks
0

will use the Fermi’s golden rule, we choose the initial and final states describing the
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phenomena we intend to explain, namely spontaneous emission. Using the notation,

%; :|t//at>®‘t,//f > |, the initial and possible final states are|i) =|b) ®|0)and ‘ fk,s> =|a) ®‘1k,s>
where|0) is the vacuum state of the electromagnetic field, and |1, , ) = a; ,|0) is the state,
where a single photon occupies mode k, s . The energies of these states are E, = E, + E,and

E( +ho +E,whereE, = <0|H ‘ |O> is the (infinite) energy of electromagnetic vacuum. To

calculate the spontaneous decay rate of the atom we replace all information above in Fermi’s

A2 [ Ei—E¢
Ho o) 5( ' fk)

which has to be summed over the different final states to get the total decay rate out of the

golden rule. Thus, the transition rate for|i) —>‘ f S>|s As= 2—”‘<

fk,s

initial state|i), or in other words the transition rate from|b) — |a)is given by

r= kz A= ;%K fooHo |i>\25( = _th'k J (138b).
The most difficult part of evaluating this expression is the matrix element, so we have

Haoili) = (el @ . )(—qrE<o>)qb>®|o>)

{ ariy; 280 % (o, e, -a;s.e;ﬁ.)qu>®|o>)'

(fis
= (al® (L.

(138c),

here we are going to use the following rule of evaluating matrix elements between tensor
product states: Q )®|a) )(H ®H )([¢ ) B) ) (w|H,|p){a[H,| B). Sincer acts on the atomic
wave functionanda, .and a;‘,s' act on the field wave function, the matrix element can be

written in the following form:

o )= (o) E 5% (1. a9,

ks ks

a | 0>ek‘,s' N <1k~5

< fk s
(138d),
hao

LGN AR C) s b

where we used the followings, a,. .[0)=0,a" |0)= ‘1k‘,s > <1k“S Hlk',s> =6, 9, and

2 F(ap,, =F(s). Defining p = <a|r| b> and plugging this expression for the matrix element back

a
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. 2 ho . |2
to Fermi’s golden rule, we getl” == add k ‘ .

7 25y | P 5(w, —ck), where we introduced
k,s 0

E,-E
, = bh 2 and used thatE, — E, = E, —E, — o, =#i(e, —ck).

The next step is the evaluation of the sum over differentk, s modes. The free electromagnetic

field modes in a box with volumeV = L x L x L with periodic boundary conditions are

Modes = {(k, s):k e {ZTE(I sl ) l, e Z} Se (1,2)}. Thus there’s a volume of

x1'yriz

3 3
(ZTEJ = —(2\7;) , corresponding to each mode. In a real situation, L is much larger than any
relevant (atomic, or optical) size, thus the modes form a practically continuous set in k-space,

k € )®®. This allows us to turn the sum over the modes into an integral overk . The only thing

which has to be taken into account is above calculated volume per mode. So

\% s, _ VY 2
2 e 1 Ty

k

summation and Eq. (138c) in the Eq. (138b), we gets

27r Vv Ihwk

e ﬁ (ck)*d (ck)S(ck — @, }ﬁsin wﬁngoZ‘pe:’s

5w, - ck)kzdk]isin HderCDZ‘ Pe, 2
0 0 s

2} (138¢).

]Esméde_fdgoZ‘peks

" 8r? £,C7 %

The other thing we should deal with is the polarization sum. In order to make it controllable

1
Kx?

K x 7and

we use the following construction for polarization vectors: e, , =

A

e, =Kxe, = ! —K x (K ) where K and 7 are two unit vectors pointing to the
X

direction of z -axis andk vector, respectively. By definition of the cross product, this
construction ensures all properties ofe, namelye;i ee,; =0J; and e, « K =0. Because we
expressed K as K =k(sin&cos ¢,sin¢sind,cosd), the polarization vectors have the following

components: e, , =(sin@cosg,~singsing,0)and e, , =(cos@cosg,—singcosd,~sino).
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Now, consider a Cartesian coordinate system, where z-axis points to the direction of P,

(P =(0,0, p)). The dot products give the following results for the two polarizations:

0 \(sin@sing 0 )(cos@sing
P-e.,=|0|[—sinfcosg |=0and P-e,, =|0 || —cos@sing |=—psind, thus the
p/l0 p/{—sind

polarization sum yields Z‘p.ezls i =|0|2 +|— psin 9|2 = p?sin’ @ . Replacing this back to the
s=1,2

last expression of the Femi’s golden rules gives

I"‘_

2 3 2 3
jsm@d@jd(pp sin? g = 27 _[sm oo =P w‘)gﬂ: P w°3
8r%e,C 87%¢g,C Are,c’ 3 3me,C

so the spontaneous emission rate can be given by

23
r, - P @ (1386),
3ng,C
E, —E, N . o
where p =q(alr|b) and w, = . and ;" is the decoherence time which is similar to

that obtained [151]
2.3 THEORITICAL MODELS
2.3.1 POLARON IN TRANSITION METAL DICHALCOGENIDES

2.3.11 POLARON UNDER ELECTRIC FIELD IN TRANSITION
METAL DICHALCOGENIDES QUANTUM DOT

In order to investigate the states energies, the mobility, the lifetime, the decoherence
time, the density probability and the Shannon entropy of the polaron in presence of electric
field, we consider a single free electron moving in a monolayer of TMDs quantum dot
sandwiched between polar substrate and air, this cause an interaction between free electron and
optical phonon situated on the surface of TMDs layer. The Hamiltonian of the system in the
presence of an external electric field can be written as:

H :—2—V2 += mZa) X +ha)SOZa o (T, e""r'ak, +he) +eF > x; (139),
m 1) v i=1
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where I' (X, X,, X;) refers to the position vector of the electron, Mis the electron mass, ,;is

the frequency of the confining parabolic potential corresponding to the directioni, @y is the
surface-optical (SO) phonon frequency which is assumed to be dispersionless, ak+. (ak,) is the
creation (annihilation) operator for an SO phonon with wave vector k',Tk,‘U is the coupling
parameter between electron and SO phonon and F is the strength of electric field. It is
convenient to use the dimensionless units in which the energy is scaled by @y and the lengths

are scaled byr,. This scale is equivalent to put7 =1. Thus Hamiltonian in Eq. (139) becomes:

1 1 i
H= —Z—Vf +§m2a)i2xf‘ +wg Y ara + Y (T e a +hc)+eF Y x; (140).
m i k ko i

In Eqg. (140) everything is dimensionless, the dimensionless electron position vector

r(Xl, Xy, X3) and the phonon wave vector k are respectively given by r =:—and k= :—With
0 0

7 4
I :(—] and Kk, =[%} “the dimensionless frequency @. of the confining potential is
Wso

given by @, = —"= if we consider a symmetric quantum dot, in dimensionless units, we have
Ws

@, =@, = @y =@, thus the Hamiltonian in Eq. (140) becomes :

H = _%vf +%a)2r2 +wg Y aca, + > (T, ,e""a, +hc)+eFr (141).
k

k,0

The energies of polaron is evaluated by using the Lee-Low pines method. In order to
achieve our goal, a specific wave function of weak electron-phonon coupling regime is
choosing which can be separated into two parts describing individually electron and phonon.

Thus the energy is obtained as:
E=(v[(plU;"HU |)y) (142),

w (r)is a trial electronic wave function, \(0) is the phonon state given as:

|§0> = eXD{Z(fkaE + fk*ak ):|‘Oph> (143),
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U,is the first unitary transformation of LLP given by Eq. (25). the trial electronic wave

functions in the ground and first excited states can be chosen as:

32 -
wo(r) = (%j e /2"

12 (144),
2. -V pir?
(1) [—ﬂ‘?] e

where x4, and 1, are the variational parameters to be evaluated by minimizing energies with

respect to them. Eq. (144) satisfies the following normalized relations:

{<V/0|V/o> = <‘//1|l//1> =1

145),
<V/o |’//1> 0 (49)
by minimizing the expectation value of the Hamiltonian of Eq. (141), that is
{Eo = (wo(D e HU o)y, (1) .
E, :<(//1(I‘)|<§0|U1_1HU1|¢)>|l//l(l’)> ,

we obtain the ground and first excited state energies of polaron under electric field in the

following form:

3  3m  2eF  e*nhog,
0= +—t - I,
am 47 ﬂo\/; 4re,

(147),

2

7 Sm 8eF e’nhaog, I
0

E = + + 148),
to1om o 44t 3uNr Az, (148)

Withy ——i[ex (—2k.z )—1]+i exp(—2k.z,)| — ke ke 1 L1 (149).
° 2z, e om | SRt 2z, 212 41%) 4z

lis the effective confinement length of the quantum dot, K. is the cut-off wave vector, z,the

internal distance between TMDs monolayer and substrate, &, is the permittivity of the vacuum

and 77 is the polarizability of the substrate. On can remarked that the energies of the polaron is
proportional to the electric field and depends on others parameters as the internal distance
between TMDs and polar substrate, the cut-off wave vector and the confinement legth of the

guantum dot. So, those parameters can be necessary to modulate the states energies.
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e Lifetime of polaron under electric field

The transition rate from fundamental to first excited state is given by the Eq. (94), after

few developments we obtain:

-1
5.2
2 _ st e {exp( S J—l} (150),
T 4\/550207r5 kT

where T is the lifetime of polaron. The lifetime of polaron is a function of the parameters of
the system such as electric field, internal distance between monolayer and polar substrate and
wavelength of the phonon. Thus, those parameters are useful to control lifetime of polaron in
TMDs. And can also influenced others parameters such as docoherence time, Shannon entropy,
density probability, transition frequency and mobility which are linked to states energies of

polaron.

2312 EFFECT OF MICROWAVES AND RADIOWAVES ON
POLARON IN TRANSITION METAL DICHALCOGENIDES QUANTUM DOT

Let us consider a polaron in TMDs under the cumulative radiation of a microwave and a
radiowave and theoretically investigated the mobility, the Shannon entropy density probability
and the transition frequency. The Hamiltonian of the system can be written as follow:

H=H, +H, +H,, +He+H, (151a),
with:  H, =Y ho,a8, (151b),
k,0
P’ ’ mg*x? mg’y? P’
H, =V.» o O +VF7$ay +V oy 5 O +Voy o, +Ve)Go, +y - (151c),
He o = Z(TkyuakeiRF +T, a5 e“ﬁ) (151d),
k,0
H, = A,cos(Bt+¢)o, (151e),
Hy = A coséto, (1511).

In Eq.(151a), the first term describes the free electron (hole) momentum energy (H,)

in a parabolic quantum dot, where V. is the fermi velocity, (7/ = il) stand for the electron and
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hole respectively in the conduction and in the valence band, o, are Pauli matrices, P, is the

momentum of the carriers withi = x, y, z, m is the mass of the electron (hole), 2G is the
bandgap of the TMD [51] and $is the confinement strength of the parabolic quantum dot; the

second and third terms stands for phonon energy (H ;) and coupling between carriers and
phonon (H,_,,) respectively, with a, (ak) the creation and annihilation operators of the
phonon including LO and SO modes with frequency @, and wavelengthk, T, , the amplitude

of the interaction of charges with phonons [51], and r, is the position of the carriers; the
fourth and fifth terms stands respectively for radiowave energy (H) and microwave energy (
H,, ) taken in the cosine form, with & the frequency of the radiowave, g the frequency of the
microwave and ¢is his phase. In the radiowaves and microwaves, both the electric and
magnetic fields oscillate perpendicular to the direction of propagation, they are both present
and necessary for the wave to propagate through space. So A and A, are the amplitudes of the

electric field and magnetic field of respectively the radiowave and microwave. The
Hamiltonian in Eq. (151a) is transformed as follow:

H :VFg/Hak*ak +%)h9(ax +ay)+ozG}+7/hl9lZ + A, cos(ft+o)o,
(152),

+A cosbto, + > hwaa + Y. (Tkyuake‘” +T, are™ )
k,v k,vo

where 1, is the azimuthal quantum number. If we consider the case that y =1 and applying the
second LLP unitary transformation given by Eq. (34) on the Eq. (152) as follow H, =U,'HU,

we obtain:

H, =V K(a; + f[)(ak + fk)"’%jh‘g(o-x +Jy)+aze}+h‘glz +A COS(ﬂ[ +¢)O-y

+Acosto, + 3 ha, (@ + f; Ja, + f,)+ Z(Tkyu(ak + 1 4T (o + fk+)e-‘k7)
kv

kv

(153),

by minimizing the Hamiltonian of Eq. (153), that is:

{Em = (9, [(0|H.|0)] ¢, ) (154),
E, = <¢1 |<1|H2|1>| ¢l>
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% %
o[£ £ 5 o)
Vs s 2 Vs

where K (155).
o, = \/E(gj (‘“’Z—J exp(— 5 2 jz exp(— L1 zzj
/4 /4 2 V4

Notice that ¢, and ¢, satisfying the same normalisation condition as given by Eq. (145). After

some calculations, the expression of ground and first excited states energies are obtained as

follow:

22k22

Tk*,UTk,u exp[_ k Z

J\o +6, )+l + A cos(Bt+ o,

1 {2
E,. :EVFh3(0X+0y)+h3VFZ A
k,v
” +2 2 Z 2 2.0 2.2 (156),
T T exp—kz—kl TT*exp—kZ—kl
ko 'k,v é/ 2§ k,o"'k,v 24 45
+Alcosaax+azG+Zha)klu —22
kw (ha)u + \/EhSVF)Z ko (ha)u + \/EhS'VF)
T, EXp Kz —kzl —kzl
3 v ;o)\ x)
E, :EVFhlg(o-x+0y)+hlg\/FZ (h o )Z \ox+ay)+h9Iz+A2cos(/3t+¢)oy+ozG
ko
G : _ (157).
2,2 2 2,2 2.2 2 2
T exp—kl—kl Ky T T ex k k
+Acostto, +) ha, +)_ho o ¢ 2% % 2y o
0y v v -
s (ha, +209v, f m (ha; +I hSV )

Similarly if we consider the case thaty = -1, we obtained the following expression for the

ground and first excited energies :

k k'
E, =-=V:hdlo, +0, -1V, 0 +o,)-hdl, - Acos\ft+ 4o
o2 : F% (ha)u+\/§hl9\/F)z \ :

2 2 2 2 2 2 2 2 (158),
kauTk,u eXp(— k l k2 j Tk uTk*,u eXp[ kzl - k4z j
- Acostko, - 0,G - ha, d +2) ¢4
ko (ha)u 20V )2 kv (ha)u + ‘/Eh'gVF)
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2.2 2.2 2,2\
: R
E =-V.hd(o, +0,)-nN (6, +0,)-1dl, -, cos(ft + p)o, -0,G
1 2 F ( y) sz,u: (hwu+\/§h3VF)z \ y) 2 (ﬂt ¢)O-y (159)
2.2 2,2 2,2\ 2,2 2.2 2, 2\?
Tk*,uTk,u eXp[—ké{ _kzig j(l_ k2§ j Tk‘uTk*,u exp(—kg _kz}g ][1_ kzﬂé ]
-Acoséo, - ) ho,-) ho, +2
2h0 2 (10, +V2nav, | > (he, +20v,
Thus the Eigen values of those energies are given as follow:
2 k2 2 k2 2 _%
Tk‘u exp(_ Z - ZZ]
+2n9) Y. ¢ d +EWJ9f+Wh%&pma+&cmwu¢»+¥cwﬂi
ko (ha)l, +2n 9V, )Z 2
B = (160)
2.2 2.2 !
Tmzexp[—k x _ kZZ j
+ Ay cos* (Bt + )+ G? + 2n9(V 9+ A cos @k + A, cos(Bt + )Y ¢ . d
I ko (ha)u + x/EhSVF) |
2,2 2.2 2,2 2.2
P s WL
thdl, ) ho, F2
2 (oo, + 209V, | 2 (he, +V2n v, |
i 2.2 2.2 2 2\? 1k
Tkvvzexp(—k /4 _kzﬂt ][1—k21 j
209(Vh9+ A cost + A, cos(ft +¢))> ¢ 3 d +3V 7 9(A cosét + A, cos(ft +9))
ko (ha)“ + \/Ehlgv,;)z
E.=+ 2 2 2.2 2 22\
1 Tkyuzexp[_k 7 _kz;[ j[l_ k2;( j
+2(9)| Y ¢ d d +HWJ9¥+Ma#a+Aﬁm%m+M+d
w (e, + 21 v, f 2
2.2 2.2 2,22 2,2 2.2 2,2\?
e A S I e 8 (R
thdl, ) he, £) ho, F2
kZ kz (e, +v2n v, | kz (ho, + V205V, )
(161).

For the SO phonon the coupling element is given as in [51] by:

feznha)so
T, = [——2 exp(—kz
k,SO 2k p( 0)

where g, , is the frequency of SO phonon with two branches v =1,2. 77 is the polarizability of

(162),

substrate. A is the surface area of TMD, ¢, is the permittivity of vacuum and z, is the internal



CHAPTER 2: MATHEMATICAL TOOLS AND THEORITICAL
MODELS 85

distance between the monolayer TMD and polar substrate. Thus the Eigen values of ground and

first excited states energies are:

] ) -
e Uhngoso k X1 Lo ] 2 hosy , 1
2 Vi3
[ Az, {Z:‘ (oo, + 2ROV, )ZJ 2
(Es.)so = 2| +Veh9(A costt + A, cos(ft +¢))+ A cos” & + AL cos’ (Bt + )+ G (163)
+ (Vo1 9+ A cos@t + A, cos(ft + ¢))x [e 7 Rusolk, 2,2 ] Moo,
27, = thOU+\/§h3VF)
2 1
€ 77Qoso(k Xz ) hog,, e 77Qoso k 0 20) % hog, ,
+hdl, + ”
: Arg, Ul[hw500+fhgv ] i 27z, ;(hwso‘ﬁﬁhwj
with
k 2 2 2, 2
¢ k k
Qoso(K, 7, 25) = ! exp(—%—%— 2kzojdk (164),
and
_ ) -
k 2
Z[e Uhnglso A J Z hay,, +G2 +1(WFh9)2
47[80 v= (ha)so +\/—h19\/ ) 2
(EL)so = H +3Veh9(A cos@ + A, cos(Bt +¢))+ A’ cos” 6 + AZ cos? (3t + ¢)

)\ Uhnglso(k X Zo) : hag, (165),
218, o, +V2N, |

2
ihglz_e anso( AL ) [ hog,, ] izeanl,SO(kll’ZO)i hog,, _|_ZZ:
ol

+(3V. 19+ A cosét + A, cos(t + ¢

) o
dreg, hay,, +2hV 27, e~ hwso,ﬁﬁhwp il
with
K 2 2 2 2 2 2
¢ k k k
leso(k,;(,zo)=!exp(—%—%—ZkZoj(l— 22,5 ]dk (166).

For the LO phonon the coupling elements is taken as in [51]:

2
T o= enLaico o erfc(k—vj (167),
' 2As, 2
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where @), is the frequency of LO phonon. 7}, is the dielectric constant of the TMDs monolayer

and is also use to describe the intrinsic polarizability of monolayer TMDs. Lm is the atomic

thickness of the monolayer erfc is the complementary error function, in which V' denotes the
confinement effect between LO phonons and carriers in 2D materials. Thus the Eigen values of

ground and first excited states energies are:

, 2
o Ll __q (K, zv)| +20eh8)
47r80(ha)L0 +\/§hl9VF)Z 2
(Eoy ) =+ +Ven9(A cosé + A, cos(fBt + ¢))+ Al cos® & + A cos’(ft + ¢) +G?
2 (168),
+ (Voh9+ Acosa + A cos(pt+ g)) — b0 o )
Zﬂgo(hww + \/EhSVF)Z
e’n,L, (hoo o ) _ e’n,L 1o
+h9l + 0m ™™o Q ok, 7. v)F 00 QoK 1)
47zgo(ha)Lo+\/§h19VF)2 e Zﬂgo(ha)l_o+\/§h19\/,:) e
ke k2,2 K242 K 2
where _ _tx XX Ll 169),
Qoolk, z,v) ‘([kexp( ; 2 j[erfc( 5 ﬂ dk (169)
and
_ ; k ) %
2 e noLmhlgha)LOQl,LO( ,)(,V) +1(3\/Fh‘9)2
47r80(ha)L0 +\/§7’“119'\/F)Z 2
(En)o =1 + 3V h9(A cosk + A, cos(Bt + )+ A cos® & + AZ cos® (Bt + ¢ )+ G?
2 (170),
(V.m0 + A cosét + A, cos(gt + )| & e T @oQuolkoz,v)
21, (eoe + 20N,
e’n,L (ha) )2 _ el Q) LO(k!Z’V)
+hdl, + G 1o Quolk, z.v)tho,, F b ’
trzy(neo, +N2n N, f © 0 2oy, + V209V )
ke k2,2 K22 K 2 K22 2
where - xR X Ll _2Z 171).
Q.olk, zv) !kexp( ; 2 j[erfc( 5 ﬂ (1 Y j dk (171)

e Magnitude of Bandgap Modulation

The Magnitude of the Bandgap Modulation (MBM) is evaluated as follow [51]:

20G=2G-(E,, -E, ) (172),
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Where Ey(j/ = 0,1) stand for ground or first excited states energies of polaron including LO or

SO phonons modes.
e Lifetime of polaron under microwave and radiowave

The effect of temperature and interaction between carriers and phonon in a system give
rise to quantum transition. The transition rate from fundamental to first excited state can be
calculated based on the Fermi golden rule. Thus, the lifetime of polaron is given by Eq. (94),

then after little developments we obtain:

Then for SO phonon we obtained:

2 2
h_en|_ A 21 exp| — R kZy? -2k z, S > nhog,, (173),
T 2% {Z + 4 jk +212 & 2 2o |1
¢ 28)c
with
-1
(Eo. )so
n =|exp| ~2/0 |_1 174),
k [ p( o (174)
and for LO phonon
2 ke 2. 2 2 2 2
e _ &Lt 0M J'exp K KX e KV | (175),
T 2, 0 ¢ 2& 2
with
-1
(Eoo o
k { p[ ~ (176)

The lifetime of polaron in ground state obtained here are all influenced by the amplitudes
and the frequencies of both microwave and radiowave and also by the parameters of the
monolayers. This result is quiet similar to that obtained in [151]. So one can suggest that
radiowave and microwave can be use to control the lifetime, the motion of polaron and the
decoherence parameters of polaron in TMDs. The lifetime of polaron also depends on the type

of electron-phonon coupling.

2.3.2 EXCITON-POLARON IN TRANSITION METAL DICHALCOGENIDES
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2.3.21 MAGNETIC BARIER EFFECT ON EXCITON-POLARON IN
TRANSITION METAL DICHALCOENIDES

The overall Hamiltonian of the exciton, phonon and exciton-phonon interacting energy
operators is displayed in a non-diagonal manner and needs suitable diagonalization techniques
to obtain precise eigenvalues and eigenfunctions of the exciton-phonon composite system. In
this part, we considered an individual exciton that moves in panel depicting the monolayer, and
interacting with 2D phonons and calculate the ground state and first excited state energies, the
mobility and the effective mass of exciton-polaron. Thus the full Hamiltonian of the combined
exciton and LO-phonon composite scheme appears to be expressed as:

H= Hexc +H ph + Hexc—ph (177),

A

where H,,. denotes the quasi-two-dimensional Hamiltonian of exciton written as

Hoe = Y E™(K)B/B +H, (178),
k

where Bk+ (B,) denotes the creation (annihilation) operators for the 2D exciton wave vector k in

which occurring in the monolayer that represents the transition metal and the atomic planes of
the chalcogen. Note that the former term of Eq. (178) is arranged diagonally in the exciton
operators because the exciton spreads unobstructed in the monolayer plane. The exciton’s
energy is given by:

n’k’
E*(k)=E, +
K)=EB+=

- E, (p,, )"’ - (179),

where Egstands for the bandgap of the monolayer along the direction > —k ;cis a constant

%
. . . m, x m :
define as follow¢ _h i+i , z is the reduce mass given as: y = — kil , M is the
I\ 2M 2y me + M,

mass of exciton, 7 is the reduced Planck constant,eandh stand respectively for electron and

hole , E,(p,) represents 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. I—A|Z displays the
Hamiltonian of exciton polaron in Z direction defined as:

2 2
a1 Pe,z Ph,z

2m 2m,

e

+V(z.) +V, (z,) - E,(2) (180),

;=
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where P, ,and P, , denote the momentum related to electrons and holes respectively, V, (z,) and

V, (z,) stand for the trap of the electron and holes between inter-layers of the TMD materials.

These trapping potentials appear as:

V,(2,) = =m0
: (181),
Vi(z,) = EthZZE
with Q the confinement strength of the trap E, (z) represents the exciton binding energy in z-

direction. Hence we assume that the binding energy depends onr =z, —z, wherez,(z,)
represents the distance coordinate for electron (hole). We note m,and m, the respective electron
hole carrier mass supposing that we have anisotropic features, and H on represents the phonon

energy defined as:

H,, =Y habb, (182),
q

with bq+ (bq) being the phonon creation (annihilation) operators and |:|exc_ph gives the quasi-2D

exciton- phonon interaction expressed as:

|:| exc—ph = z E(q// ’ qz) BI:+q,, Bk (bq,, .0, + b:rq,,,qZ ) (183)1

k.G .9,
with 0y (qz)represents the component of the wave vector in X, Y plane (and Z direction),
E(0;,0,) denotes the exciton-phonon coupling function shown in Ref. [152]. Next, we apply
an accurate 2D form of the coupling function in which the Z component of the phonon wave

vector (, is removed from the coupling function. The latter is expressed as in Refs. [153]:

: ha,, D! D!
E = c __ v__ 184),
(a,) 2A,0U|:(1—b92)2 (1—b§)2} (184)

where A denotes the area of the layer plane, U denotes the velocity of the sound, o is the mass
density of the phonon, i = ac, op stands for the acoustic or optic phonons. DC(DV) is the constant

of the deformation trap for electron and optical (acoustic) phonon in the conduction band (for

hole in the valence band) respectively in the critical point (K,K'). We also have
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3 2a,m,
- 1
(m, +my)
2a,,m,

= 4
(m, +my)

e

(185),

h

with &, being the effective exciton bohr radius.

In order to obtain eigenvalues and eigenfunctions of the exciton-phonon composite

system, we need a suitable diagonalization technique to transform the Hamiltonian. Thus

diagonalization technique consist to transform the operator ﬁex,ph in Eq. (177) having a non-

is
diagonal form. Therefore, we apply the unitary transformations as in Ref. [154], Uex =€" where

S appears as:

S = z BI:rq,/ Bk[ fej( (ki q//)qu,/ + fex (k’ q// )bq// ] (186)

Ay 9,

notice that S=S" =S, then the function f_(k,q,)can be determined by minimizing the

energyU_"HU,, . Letus note by H' the new Hamiltonian. It is given by:

H'=e®He® =6 ™ (H, +H y + Hye_n)e” (187),
H'=H,+(i[H,,S]+ Hexfph)+|[(§[H0,S]+ Heeon)s ST+ (188),
with Ho=H, +H, +H,. (189),

to have a rough term of the transformed Hamiltonian, we will use only the first three term of

the series in Eq. (188). Using the expression of exciton-phonon interaction operator ﬁex,ph,

phonon operator H onand exciton phonon H.., we obtained the following expression of the

ex1

function f_ (k,q,) given by:

f k) = )

& E*(k+q,)-E*(K)-ho (190)
. E* ’

fex (k!q//) = (q”)

E*(k+q,)-E*(K)+he
for small values of f(k,q,) the series in Eqg. (189) is convergent, see Ref. [58]. The

transformed Hamiltonian H'=U_*HU_, is then evaluated as:

I-A|':UE‘X1I-A|U6XzI—A|EX+I-A|ph+I-A|Z+I-AIeTX_ph (191),
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where the term H;_ph is given by

1 1 N
ex ex T e ex Bk// Bk/ﬁﬂ//
E”(k, +9,)-E"(k,)-ho E”(k, +q,)-E"(k,) +ho

HeTx—ph = Z (Ei(q”))z

kg, 4y

B|://+q// Bk// (192)

In order to follow our calculations, we are going to make some approximations. For this
purpose, the Hamiltonian converted into Eqg. (191) is not entirely biased; this procedure is
therefore taken as an estimate but offers a quantifiably computed solution for evaluating the
energy of the exciton polaron (see Ref. [58]).

The fundamental state energy of an exciton-polaron is calculated through the state vector

[k,n(q)) = B,|0)|n(a)) with |0;n(q, ) =|0)|n(d), ) where |0} denotes the vacuum state vector of

the exciton and | n(q, )> = ‘ Ngy1 Ngi2 > represents the 2D acoustic or optical phonon state vector

with nq ; being the occupation number of phonon with wave vector 0;. The ground state

energy of exciton polaron is obtained at low thermalized phonon occupation, and it is expressed

as:

Eov o (0) = (n(a),k|H'[k, n(q)) (193),

after soms calculations the expression of the ground state energy is obtain as follow:

21,2

hek
Eex—pol (O) = Eg + Ez - Eb + M

+g2 _Tex (k) (194)1

where E, gives the energy obtained by transforming the Hamiltonian H,using Huybrecht

method and T, (k) is given by:

i 1 1
T (k) =Y (E'(q )2{ = = -— — } (195).
§( ) E*(k+0q,)-E*(K)-ho E*(k+q,)-E*(K)+ho
Transforming the summation over {; into integration we have:
S qy 2z 1 1
T, k)=—<19,d déE(q,.q,)’ - 196),
ex( ) (2”)2 Z[qﬂ q//_([ ,.9,) {Eex(k—kq”)—Eex(k)—ha} Eex(k+q,,)—Eex(k)+ha)}( )

after calculations one gets

A DI _DI ay 1 1
TEX(k)qu‘qzﬁdq” 2 o 2 BT 2 (197),
Adrpy 0 hq”+hkq”—ha) hq//+hkq//+hw
2M M 2M M

the above expression can be now transformed as follow:
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_ 2n%kq, ) |
ool % N TN & Ml i
Tex(k):—jq//dQ// 2 - (—+K)+hw| |1-
Aoy % heq, (qi—k)—ha) M 2 T,
M "2

(198),

ﬁ _ hqu// —ha)

2

where T, = 22|\/|2 2M T, = (h ay (% +Kk) + hw} (199),

hq”+hkq”—ha) M 2

2M M

In TMDs, b.(0,) <1, Considering this assumption, and at small wave vectors we can write

Tex = Texl +Tex2 (200),

ho(D® -D f €
iz 071

2 3
T _Bﬁ(DSp—DV"p) (m, +m, )z (hzkzj
o 4pyIno~?2 2M

Now, we evaluate the contribution of the energy in z-direction E,. We consider the

exl —

(201).

Hamiltonian H ,under the presence of the magnetic field barrier. The core structure of the
magnetic barrier is composed of the magnetic field strength B, along the Z direction describes

as a delta-like function [155]. This barrier can be constructed as in ref [41], thus Fig.12
illustrates the present case. Here, two long narrow magnetic stripes are placed perpendicular to
the TMD layer

B,(x) =Blg[0(X)—o(x—L)] (202),

where L is the width of the barrier, 1, is a length scale of the barrier. Form, =m, =1we have

R PZ P2 1
H =24+ 2 20%22+7° 203
=t TRt (203),
- . Pe — Py L2, o PPrap’
If we consider thatP=p, + p, ; p:Tthen we have: P, + P, D and
_ 2.+, 4R? 41°

2 2
R > , r=z,—2, then we have z; +z; = o



CHAPTER 2: MATHEMATICAL TOOLS AND THEORITICAL
MODELS 93

Figure 12 : Magnetic barrier using two long narrow magnetic stripes perpendicular to the
monolayer TMD

~  P?
Then we have H, = T+ Q°R*+E, (204),

1
with = =<p2 +ZQZr2> (205).

We minimize the Eq. (204) by the first unitary transformation of Huybrechts given by Eq. (64),

and introducing operators of creation and annihilation given by Eq. (67), we have:
2
! 1 hﬂ“ E + + h + +
H, :Z[(7)2(bj +bj)—a2hqaq aq} - ﬁ(bi —b;)(b; —b;)+E, (206),
q

developing the above equation w obtain:

% 2,2
' ﬁh +hht + + ﬂ’h + + h a 'AtAat
H, =223 [ojb; +bjb, +byb +bjbj)+ha(7j Y klb; +b, ya, + LKA,
j K, j k k¢
; (207),
-QZ[ﬂJZ(b;b;-b;bj-bjb;+bjbj)+ E,
J
with 4 =B then averaging in the vacuum state as E, =(0|H,|0) ,We obtain :
g - —Qz(h] +E, (208).
8 21

In Eq. (205) <> denote an averaging over the fundamental state wave function, thus chosing

the ground state oscillator wave function
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b4 (br?
| 2| expl 209),

Po (27[) p[ 4 J (209)
where b is a variational parameter, we finaly we obtain :

i Qb Q7
E,=—+h—+— 210),

8 24 4b (210)
thus, the fundamental state energy of the exciton-polaron is given as follows:

ha Q> QF n’k?

Eer o (0) = E, +?+g2 +hZ+E— E, + J ~Tou — Tz (211).

By the same schemes as in the ground state, we derive the first excited state energy of exciton-

polaron. The state vector used to derive the first excited state energy of exciton polaron is
|k,n(@)) = B¢ |[n(a)) with [1n(q,)=|1)|n(a,) where |1)represents the first state vector of
exciton and|n(g,)) =| Mgy, Ny, ) previously defined. The exciton-polaron’s energy in the
first excited state can be evaluated at lower thermalization of the phonon state

Eex—pol (l) :<n(q)’k“:|l‘k1n(q)> (212),

after some calculation we obtain:

3hA 0? 307 _. . Ar’k?  h’k*a’
Eer ol @) :T+4g2 +3h§+ o ~Toa —To +4E, + + —4E, +2ho (213),
with Texl = 8Tex1 ; TexZ = 8Tex2 (214),

where Texl and Tex2 are given in Eq. (201). The ground and first excited states energies are

independent of the width of the magnetic barrier; this is due to the fact that it is in the kronecker

delta function whcich usually takes either O or 1.
e Effective mass of exciton-polaron under magnetic barrier

In oder to investigate the effective mass of exciton-polaron, let’s consider the Hamiltonian
of the exciton-polaron given by Eq. (177), for the movement of exciton-polaron parallel to Z -

axis, we introduce the unitary transformation and the linear combination of creation and

annihilation operator bj+ (bj)given by the following expression [156]

A, .
P = (7)2(b1 +bj + pOj) (215),
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where Py j is the variational parameter and the index j refers to the three directions. Let us put:

1
O =-2gk (%jz (bj* +b; + poj), where §is a variational parameter. Then using

diagonilazation technique to evaluate the Hamiltonian via state vector as:

[k,n(a))=B;

0,n(q)), we have:

. 1 1

H, = > E(q,)’[= o - o ]
' kzq "B (k+0,) - E¥(K) +(ho—-10) E™(k+q,)—E*(K)—(hw-10) (216)
o , L QF QF nd o, h*k?

+—+¢ " +h—+—+—p; +E, + -E
3 S 21 b 8 Poj g 4 b(P//)

witho = (0[0]0) =2k %2 " (0[0; 10))+ (010, [0))+ (0] py 10)) thus 0 =20k 2 ',

the minimization problem is now achieved by using Lagrange multipliers. With the choice of

an arbitrary constant multiplier ¢ , we get: G(k,q,,,d,, Py ¢, 4)= I-AIl - uI50

where G(k,q,,q,, P,.c, A) represents a variationnal function and P, =(0JU,/U;*P,U,U,,|0)

where P, gives the total momentum of the exciton polaron then we have P, = [%)2 p, and

1 1

G k,q 1qzlp 1§iﬂ‘ = E(q )2[ ex ex - ex ex ]
(k.01 e 2) kzq: " TE*(k+q,) -E*(K) - (ho—-16) E*(k+0,)—E*(K)+(ho-h6) 017

2 2 21,2 : ( ),
Mmoo, 0 0 hd, nk (mjz
+—+¢"+h—+—+—p,+E,+—-E - —
s ¢ T e Mt TRl )
we can now do this approximation

1
hA\2 iA
(E(Q//))2 _ (E(q”))z 1- 2) " _ 2)"” + (218)
> nq; h*kq, h*q; n’kq, hq? h’k L

Ee*(k+q,,)—E“(k)—hmhn(’?)zpo e R [f”—hm zq”j

with 7 = 2gk

then the expression of G(k,q//,qz, po,g,/i) take this form:
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1
hA\2 2 o BAY)
hn| — h —
(E@))’ 77[ 2 J > ! ( 2 jpo
G(k,q,,,qz,po,g,/l)zzhz 2 g, | g ke, (g2 e
kay j// o+ 2q// f// ho+ 2q” (h a; +ha)+h kq//]
2 2 2,2 Z
QO W h YAY (219).
4t h—+——+—pl+E + -E =1 u
P ¢ YRR Po +E4 o (01) [2) Po
hA\2 hA
B (E(q”))z _ 2 i _ 2)"”
th 2 th l h2 2 th 2.2 2 2
kay f// Cho+ 2q” f// Cho+ 2Q// [h a, —ha)-l-h kq,,j

Deriving Eq. (219) with respect to p, and setting it equal to zero we obtain the below expression
for p, :

1
&l
4
Po =

u (220).
hA hA
WA (E(q//))zhznz(zj (E(q”))zhzﬂz(zj
7+22 3 3
4 a(nq; +hao+ h’ka, <o [ h*qy —ho+ n’ka,
4 2 4 2

The term U denotes the average velocity of the exciton-polaron in the z direction as the second
term is neglected. Then the mass of exciton polaron can be approximated as:

* 1
m =

(M) s,
1
(E(q//))zhznz[h;]z
5,=2) . 5
k,qy [h q/i +ha)+h k?”]
M
with ) (222).
(E(q”))zhzﬂz MJZ
2
S, =—2 .
kay [ q; ha)+h2kq//
2M” M "

Mobility of exciton polaron under magnetic barrier effect
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According to the Eg. (130), the mobility of exciton-polaron is given in table 4 for all
coupling range. These expressions of mobility are quiet similar for the case of polaron in weak
and intermediate coupling regime, where mobility depends on the coupling constant, the
effective mass of exciton-polaron, the energy of exciton-polaron and the temperature.

Table 4 : Coupling range and corresponding mobility [157, 158]

Coupling range Expression of the mobility
for weak coupling (%<2 and f(a)=1 ’
e Eex—pol (0) 1
A e E, (0 P kT o
am ex—pol ( ) B 1+ =
6
for intermediate coupling (3<« <6)and 8
5 5e Eo (0] 1
)=y 4 8am'E oep( T a
om ex—pol ( ) B 1+ —
6
for strong coupling (« > 6) [ Ee_pol (O)J
kgT

The states energies of exciton-polaron are influenced by the length of magnetic barrier, the
potententiel of deformation of electron in valence and conduction bands and others parameters
of the system. Also, the mobility, the Shannon entropy, de probability density and the transition
frequency which are related to the states energies are influenced by those parameters.

2.3.2.2 ELECTRON-PHONON COUPLING CONTRIBUTION ON
EXCITON- POLARON IN TMDs QUANTUM DOT

We consider the system constituted by an exciton-polaron in TMDs monolayer (the exciton
is formed by the interaction between an electron in the conduction band and a hole in the
valence; the exciton interacting with a cloud of phonon via electron form the exciton-polaron)
situated on polar substrate in a quantum dot under a uniform magnetic field, and investigate the
ground state energy for all coupling range for both LO and SO phonons modes, the effective
mass and the optical obsorption for weak and intermediate coupling regime. The total

Hamiltonian can be written as:
H=H, +Hy +H,_, +u(m)+U(r,-r|) (223),

e

H._,. describes the Hamiltonian of the exciton define as:
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Heo = Ve D) [6{%—2&%]“72 (%—ZeAyJﬂ;{%—ZeAzjﬂysGJ (224),

i=e,h i i

o,,0,,0,are the Pauli matrices, v_is the Fermi velocity, (7/ = il) stand for the electron and
hole respectively in the conduction and in the valence band, 2G is the magnitude of the bandgap
and A is the potential vector. It is convenient to use the dimensionless units in m, =m, =1.
The second term H on IS the Hamiltonian of the phonon including SO and LO phonons modes

define as:
H,, =D ho,aa, (225),
k,v

a,,a, are respectively creation and annihilation operators for phonon with wave vector k’a)u
is the phonons frequency. The third term H__ is the Hamiltonian of interaction between
electron and phonon, M, is the coupling element of Frohlich [51], and v stand for LO or SO

phonons modes

Hepn =2 T (afk +a, )exp(ikr) (226).
k,o

The term u(r) is the potential of confinement [159] in the quantum dot, whereas R , V

and L are respectively the length, the depth and the smoothness of the quantum dot. C is a

constant.
0 r<R-——
Vv tanh C(rL/zRJ L L
== 2141 R-—<r<R+—
u(r) 2 tanh ¢ 2 2 (227).
\Y r>R+ E
2

U
The last term U(r)=r—is the coulomb potential between the electron and hole. Since
eh

exciton-polaron is a composite particle, it is convenient to introduce the notion of the center of

mass and the relative coordinate and momentum, P, = p,, + Py, P, = p,, + p,y s P, = Pey + Py »
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r,=r,—r R = re;rh . Iy is the distance between the electron and hole, Ijand I are

respectively the hole position and the electron position. The distance between electron and hole

can be defined as followr,, = Vr? +D? with D the projection of the electron position in the
band valence band (where the hole is) and r is the distance between the position of the hole and
the projection of the electron position. Using relative coordinate relative to center of mass and
the momentum, the Eq. (223) can be rewritten as:

H=V, Z(Ulﬂ'ix +0,7y, + 0,7, +O_3G)+ZBk,u (ajk +a, )exp(ile) +> ho,a;a, +E, +u(r) (228),
k,0 k,0

i=e,h

k
withB, , = 2Mku<cos( ;eh j> E, = <£> whit symbol <> denoting an averaging over the
r-eh

wave function thus using oscillator wave vector given by Eq. (209). Then we obtain:

2
(2b)**T,, cos KD 1, rctan X
2 2 2b 272_ 3/2 eZ
B, - and g, -\ 2 2] reain? | (220)

b2 K2 ya r b &
7_’_7
4 16

performing the first Huybrecht and second LLP unitary operators given respectively by Eg. (70)

and Eq. (34) to the exciton-polaron Hamiltonian asH =U,'U,*HU,U,, the transformer

Hamiltonian is given by :

H :V{aﬂi —~ Zhaaiki<ak+ + fk*Xak +f )+ asG}L E, +u(r)

k,i=e,h

(230).
+kthoU(ak+ + fk*Xak + fk)+kz Bi<’u(a|(+ + fk*Xak + f, )exp[ikR (1- )]

The ground state energy is obtain by replacing into Eq. (230) P, and I; by the expression

0
given by Eq. (67), Then minimizing by the zero phonon |W0>e|0> oh = (| O> J| 0> on We obtain:
e

E=V. {age - hako, f, fk]+ Y hoo, £+ B, (f, + fk)exp{— 1-a) %kz} +U +E, (231),
k,i k,v k,o

where A =./eB/2% is the magnetic confinement length [51]and
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2
(Zb)wTkueXp —(1—05)2ik2 CcoS kD —EarctanL
’ 24 2 2 2b
(== VP (232),
Voank +ho,) =+
4 16
|
0 r<R—E
tanhc(_ZRj
233),
I 12 i S rolorerst (233)
v r-R+L
2

by replacing Eqg. (232) into Eq. (231), the eigenvalues of the energies in the Landau level can

now be obtained as:

2

2
T? exp[— 1-a) T } cos?| K" _ L aroan X
b A 2 2 2b

E=|(V.G)" +| 2bAV ) k
k;o

2 2 y
(Ve ok + 1o, )’ L
4 16

2
T2 exp —(1—05)2Ek2 cos? 2"~ Larctan
A 2 2 20 27 \*? e’
— +U + Z(T] +87°D? | (234).
b* k ] g

(VFahk +ha)u )2[4-'—16 N

+2b) ho,
k,v

2
T2 exp —(1—05)21k2 cos?| KO _ L arctan X
ke 21 2 2

2b
2 2 \Y4
(Ve ark + 1o, b—+k—
4 16

~4by
k,o

The third term in Eq. (223) represented respectively the interaction between carriers and
optical phonon, we obtain the following results for different coupling regime and for SO and
LO phonons:

The energies of SO and LO in the weak coupling (« =1) are respectively:
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kD? 1 k
exp(— 2kz, )cos? — Zarctan—
p( o) [ > 5 2b]

(Vo G) +| Ve 5y Sojkdk

272.80 v=1,2 b2 k2 2
(VFhk + hwsov )2 (4 + 16}
2

o «  exp(- 2kzo)cosz[|¢2)—;arctan2kb] 42 , (235a)
+ 2 S oy, ) [k SVI P Ry WL L
2778 2 2\¥2 b &

"o ° (Vork + haog P 2+ X .

F v’ 4 16

2

kD 1 k
exp(— 2kz, )cos? — —arctan —
ol 2kz,) ( > 1 ij

2 2\ Y4
(Ve rk + noogs, {b4 + ';6]

_ be? K
T3 haos, [ dk
0

TEy v=1,2

and

2

ke )’ ,(kD? 1 k
erfc] — cos ——arctan—
2 2 2 2b

(Verk +hew o ) g+E :
4 16

bVee’n, Lo, Tkzdk

Eo= (VFG)Z + 2 e
0

2 2
2 e (erfc[kzaD cosz(kz —%arctan 2kbj 32 i (235D).
+e bnoLm(ha)Lo Jkdk +U+[2(2ﬂ'j +872'2D2 i

2 2\¥2
(Verk +hew, o ) [b+kJ

27,

4 16
ke 1)’ ,(kD? 1 k
2 L he. . K erfc7 cos > —Earctan%
_ebn Lo J’kdk -
e 2 2
° ’ (VFhk+ha)Lo{b4+|;6j

The energies of SO and LO exciton-polaron in the intermediate coupling (0 <« <1) are

respectively:
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Eso = (VFG)Z +

2
h kD?* 1 k
exp(— 2kz. Jexp| - (1-a )} = k? |cos?| —— — ~arctan—
oy ooC2aen]-(a-ap oo S |

> ho, [kdk s 2
(Virak + hwso,u)z[4 + 16)

272-‘90 v=1.2 0

2

i, kD® 1
2o\ b K, exp(— 2kzo)exp[— (1— a)ZEk }cos (2 —zarctanj (236a),
+U +[2[€j +87° QJE cl Z( SOu)ZJ

£, 2mEy a0 b2 k? 12
(\/Fahk + 7‘1wso’v)z[£‘r T
7 kD* 1 k
exp(- 2kz. Jexp| - (1- ¥ —k? |cos?| ——— — ~arctan—
. exp( o)p[(a)u} [22 ]

2b
2 2 \V4
(V. hak + ha’w")z[iﬂ(ej

2 ) 2
HbaV-e2n L heo . (erfc{kzaD exp[—(l—a)zzkz}cosz(mz—;arctanzkbj
Eo = (VFG)Z + OVE® To=n" D10 Ikzdk

27 2 22
’ ’ (V, ok + oo, )Z(b4 + k)

16
2 2
oo T Lerfc{k;D exp[— (l—a)zzkz}cos [kIZ—;arctanzkb
+ € 770 m thO J.kdk
0

j 27 ¥z e’

+U+|2 == | +8z°D°|—

27g, ,(b? k2 V2 b &
(Ve hak + o) VBT

16

2 2
. erfc{kg} exp{—( af — hy }cos kD™ L aretan X
belyyL, ko, fk " 2 21 2 20 b

e 2 2\ V4
’ (V. fiak + oo, )[b4 + ‘IGJ

The energies of SO and LO exciton-polaron in the strong coupling (a =0) are respectively:

2
K exp(- 2kzo)exp{—hk2}cos kl—larctanL
e’n ¢ A 2 2 2b

Eg =VeG+—- | dk +U

27[50 0 b2 k2 12
7_1_7
4 16
h kD? 1 k
exp(— 2kz., Jexp| — — k? |cos®| —— — =arctan—
) p(- 2kz,) p{ > } ( >

ZDJ 32 2
> dk + (2”j +87°D? |
[bZ kZJ b £
7+7
4 16

0

(236D).

(237a),

7750 0

00
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2 2
.k k(erfc{kGD exp{—hkz}cos2 LOME P
e’n,L, 2 A 2 20 b

27g, ;'; (bZ kzjm

and

jdk+U

Eo=V:G+

+ -
4 16
(237b).

2 2

- Knk[erfc{ij exp{—;kz}cosz[mz—;arctanzkbj ¥2 ,

2o | - dk + 2(2—”j +872D% | &
&, 0 [bZ kZJ €

+7
4 16

0

e Effect of electron-phonon coupling on effective mass of exciton polaron
Many authors in literature have proposed various methods to evaluate the effective mass
of quasiparticles. The effective mass can also be obtained by using the second derivative of
energy of the state system. it is given as in [151]:
1 0°E

__OE, 238),
m ok? (238)

thus, we have used Eq. (238) to investigate the exciton-polaron effective mass in whic E,

is the energy exciton-polaron with LO or SO Phonons
e Optical absorption of exciton-polaron

The absorption coefficient T°(72) of the incident light with the energy 72 of a free

quasiparticles, according to Fermi's golden rule, is [160, 161]

- hcn—ZFZZK% Vo) 5(E, +hQ - E,) (239).

[(hQ)
For more details, based on the formula given by Eq. (239), readers should refer to [162]. The
calculation of the absorption coefficient is very difficult because the excited final state
comprises all excited states of the quasiparticles, which is not well known. Thus, to prevent

complicated summation on the final states, Devreese and his collaborators [160] have
developed a simple model in which the wave functions ¥; of the excited states have been

suppressed by the Lee Low Pines unit transformations. It was noted that Eq. (239) concerns the
weak and intermediate coupling regime. Considering the system of exciton-polaron describe by
the Hamiltonian of Eq. (223) and using the same formula established in the case of polaron to
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evaluated the optical absorption in the case of exciton-polaron for SO and LO phonon mode,

we obtain, in the weak coupling, the absorption coefficient for SO and LO exciton-polaron

4 _ 2
Vebe - Y haoyg, 0, expl 220@111/2 cos?| &2° _Lorrane
2enes,m’(1Q) T T (2 (@, ) 2 2 2b
7+ =
Y
— T2
ro)- (%) )
V. be’z,L ? 2 2
<D 7, mzwm@f ~7 cos’ 90" 1 rctan®e
2heneg,m?(hQ) (12 0,V 2 2 2b
7_}_ &
aH

finally, the absorption coefficient of SO and LO exciton-polaron in the intermediate coupling

gives:
exp{ 2206)1}
4 - 2 PR
_ Veben - Y hog 0, a 77 C08° 0D 1 oretan & exp —(l—aj E®1Z
2acnes,(hQf S5 2 (O, 2 20 2 2ba a ) A
7+ =
4 (4(1}
r(rQ)= )
0,0
Vbe'n L ha07 | 20 o,0° 1 0 1-a\ h
e T Mo”2 77 C08°| —2———arctan— |exp —(—j -0,
Zhacnggo(hQ) b (o, 2 20 2 2ba a ) A
vl
(241),
nQ—-hw _
Wlth @1 — SO,v @2 _ hQ thO .
nv, A

We observe that energies in weak coupling regime as same as optical absorption are
independant of the magnetic field which is differents from other coupling regime (intermediate
and strong coupling regime). So, the optical absorption and ground state energy in weak
coupling regime can not be altered by an external magnetic field. Both magnetic field and

electron-phonon coupling can be used to tuned state energy and optical absorption.

2.3.3 BIPOLARON IN TRANSITION METAL DICHALCOGENIDES

2.3.3.1 BIPOLARON IN TMDs: ALL COUPLING APPROACH
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Let us consider a bipolaron ungergoing the effect of an incident photon in monolayer of
TMDs situates on a polar substrate in presence of uniform magnetic field applied on the third
directions in a quantum dot illustrates by Fig.13. In this part we investigated the ground state
energie for all coupling range, and the optical absorption for weak and intermediate coupling

of the bipolaron. The total Hamiltonian of bipolaron can be written in this form

pr = He + th + He—ph +U(|r1 - r2|)+Uqr1 - r2|) (242)’

where H _is given as in Eq. (224) where the hole is replaced by another electron as bipolaron is
form by two electron interacting via coulomb repulsion H , H. , and u(r —r,)are

respectively given by Egs. (225), (226) and (227). The last term of Eq. (242) is the coulomb
interaction potential between the two electrons. Using the same schemes as in the case of
electron-phonon coupling contribution on the optical absorption and the dynamic of exciton-

polaron in monolayer TMDs to obtain the ground state energy, we obtain:

Magnetic Field

*eXQOM @ © ® o Bipolaron

Figure 13 : sketch of the optical absorption of the bipolaron in the monolayer TMDs [162]

Then we obtain the bipolaron energy:
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T exp{—(l—a)zrikﬂexp[—kbj T exp{_(l_a)z rr}?/i kz}exp[_kbj
bao i,k - dac, iV, k
bp0+ Z QO VK, (VFathrha)U)z ; AGNVEK, (Vpahk-l—ha)u)z
2 2
Tk,UT:U exp{—(l—a)znZKZ}exp[—lLJ Tk‘vT:,u exp{_(l_a)znzkz}exp[_iJ
-3 dacVk Y. U
zva63 - (Veak +10, ) kz " (V. atk + ho,
7.7 exp{—(l—a)zhkz}exp K
el S LB o
P 1
2r) b ig (Voatik + 1, ) 3F
(244).

Finally, the eigenvalues of the energies in the zero Landau Levels can be written as:

2

2

va exp{— l-a) hkz}exp[— kb} v,

Eppo: =% [VeG) +| 41V ad k mA +U i4ﬂ2(£) £
i o V.ark +ho, ) 27) e,b

T? exp[—(l—a)zhkz}exp _K T2 exp{—(l—a)zhkz}exp _k
kv mA b |_ K 2mA 2b

+4> h +8
kz,u: @ Vo atik + hao,) ) kz V.ark +ho, )
(245).

Replacing the coupling element for SO phonon and for LO phonon mode, we obtain the
following results for different coupling regime and for SO and LO phonons:
The energies of SO and LO in the weak coupling (a =1) are respectively :

K2))
. exp(—2kzo)exp[—bj

(Epri)So =% (VFG)2 Al —e= 1 Zh D50, Jkdk

Ey oo (VFhk +hog, )2 £,.0
k? k’
« exp(—2kz, )exp| — o exp(—2kz, )exp| —
£ S (o, ¥ [ ok b S o j dk 2
B ﬂ'go v=1,2 Sow 0 (\/Fhk + ha)soyu )2 7[80 v=1,2 00 (\/Fhk + ha)so,u )2
(246a),
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) 0 (Veik + heog - 2r

il e OO e
+ eznoLm(ha)LO )2 dek 2 b $262770Lmha)L0 ¢ k 2 2b
0

kd
e, (Verk + heoyg e, ! (Ve rk +ho,)
(246b).

The energies of SO and LO bipolaron in the intermediate coupling (0 < & < 1) are respectively:

n k)Y
exp(— 2kzo)exp{— 1-a) ) kz}exp(— j

b

K

hv 2 c
(Epri )so =z (\/FCB)2 + ﬂ zhwso,u J. kdk
0

- Vohk = homg, ]
2 2 e K
bV g o2 i ex(= 2k Jexp) —(L-a) K Jexp| - (247a),
+U J_r4;r2(j — =13 (hay, ) [ dk _ T
2r) &b me, 5% T (VFhakJrha)sovU)
exp(— 2kz )exp{—(l—oz)2 h kz}exp _K
e’ e ° 2mA 2b
2=1Y hog, [ dk _
7[‘90 v=1,2 v 0 (VFhak-Fha)SOYU)
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ko ]\ i 2l
) ’ (erfc{aD exp{—(l—a)zkz}exp[—]
N hoV e, L, o, szdk 2 mA b

Y2 o2
: U i47r2(j —
&y 0 (Vo ik + fio g ) 2r) €.

erfc{kﬂ 2exp{—(l—oz)zhkz}exp K erfc-ka} 2exp{—(l—oz)zkz}exp K
+ez770Lm(tho y dek 2 mA b ;zeZUoLmthO dek L2 2mA 20
) ) (Vo hok +hao, ) m, (Vo ok +ha, )

e,

(247D).

The energies of SO and LO bipolaron in the strong coupling (o = 0) are respectively :

e’n ¢ i k2
(Eppon )SO =4V G- _([exp(— 2kZo)eXp[—mk2]eXp[— F)dk

7T,

2 K. 2 ¥z 2
287 Iexp(—Zkzo)exp[—Lkz}exp ~ Kk +u i4ﬂ2(£j ©
TEY 2mA 2b 2r) &b

o0

(248a),

and
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0

(248D).

e Binding energy of bipolaron

The binding energy (BE) is evaluate using the following formula given as [163]:

BE=2E, -E, (249),
it characterises the stability criteria. Here, E  is the single polaron ground state energy in the
same approximation. In this, case the BE is given by:

BE =2E , — E,, (250).

From Eg. (246), we observe that E,,, and E,, are independant of the magnetic field which is
differents from other Landau levels energies in others coupling (Egs. (247) and (248)). So the
magnitude of bandgap modulation in weak coupling regime can not be altered by an external

magnetic field. This result is similar to the case of polaron [51, 164]. In others coupling regime

(intermediate and strong), the magnitude of the bandgap is a function of magnetic field.
e Optical absorption of bipolaron

The absorption coefficient I"(7<2) of the incident light with the energy 72€2 of a free polaron,
according to Fermi's golden rule, is given as in Eq. (239). Follow the same rule as in the case
of exciton- polaron in TMDs we obtain the absorption coefficient for the weak and intermediate
coupling regime. Thus, in the weak coupling regime, we obtain the absorption coefficient for

SO and LO bipolaron as

&'y . o [25,(10-hoy,, )] [ (10-10y,)
W™V cnee,m? (hQ)° Uzl;zhwso'”(m ) ex'{ hV, }Xp{ bV, 4

2
e L1000 (R~ ho ) {erf({(hg ~hoy, )Uj] exp{— (hQ-ho, )]

1V, cngs,m? (hQY)° 21V, bV,

T, (hQ) = (251),

in the intermediate coupling, the absorption coefficient of SO and LO bipolaron is given by:
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enoLmha)Lo(th—hwsLo) e (rQ -1, )o xp _(hQ-hey,) exp| - l-a) i (10—, ]

1V cnes,m? (hQ) 2haV, baV. i Veah | mA

(252).

The ground sate energy of bipolaron is not influenced by the magnetic field in the weak
coulpling regime, this remark is also true for the optical absorption and the magnitude of
bandgap modulation. So, the ground state energy, the optical absorption and the magnitude of
bandgap modulation are affected by magnetic field, electron-phonon coupling and others

parameters such as distance between TMDs monolayer and polar substrates.

2.3.3.2 BIPOLARON IN TMDs QUANTUM PSEUDODOT
The system considered here is constituted of two electrons confined in 2D-TMDs quantum
pseudodot interacting with SO-phonon, thus a quasiparticle called Fréhlich bipolaron can be

formed. So, we evaluate ground and first excited state energies. The Hamiltonian is written as

follow:
2
H= ZZB)—% + Z(Tkake‘”“ +T, a/e™™ )+ v(r, )} +Y hogaga, + u(]q -, |) (253),
v=l, k k
2
where v(r,)=V, [r—“ - &j (254).
rO ru

In the Eq. (253), p, (r,)are the operator’s momentum (position) of the vth electron (v =1,2),
m is the effective band mass of the electrons, a, (a,)stand respectively operators of creation
(annihilation) of SO-phonons with the wave vector k .v(r, )represent the pseudo-harmonic
potential with both antidot potential and harmonic quantum dot potential, v represent the
chemical potential of the two-dimensional electron gas and r is the zero point of the pseudo-
harmonic potential. u(r) =U/ris Coulomb interaction potential between the two electrons,

withU =e?/s_ , where ¢_represent the high-frequency dielectric constant of the substrate.

Considering bipolaron as composite quasiparticle, the expression in Eq. (253) can be

transformed by introducing the center of the mass coordinate as follows: P=p,+p,,
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R =(r, +r,)/2and relative coordinate r=r,—r, p=(p, — p,)/2for the two electron, thus we

can rewrite Eq. (253) as:

2 2
H :P—+Z(B ake"‘R+B*ak*e’ikR) Zha)soakak Mo pe —AV, +E, +8V 12 (4R ull )

~— 2 (255),
dm T ‘ ‘ I’O2 (4R2—|’2)2 (255)

k 2 V, . . .
where, B, = 2T, <COS[%)> andE, = <%+%+#r2> with <> denoting an averaging over
(0]

the fundamental or first excited states wave functions.

The first unitary transformation proposed by Huybrecht given above is used to
diagonalize Eq. (255) and the new creation bfand annihilation b j operator’s relative to mass

center coordinate and momentum given by Eq. (67) are introduced, thus Eq. (255) can be

rewritten as :
H =H,+H, (256),

with

j j

AV
+> Bkak13_(1_61)2(“:”)k2e(”)(4;MJ g amd " Baje

N[ h . N ( h .
[4mijz(bj by +b b, )+ =2 (sz(zbj b, +3)-4V, +E,

r5 \4ma )5

(257),

_ fia(man)* il , (1R +r?)
H,= o kz;k( +b, )a a, + ;kk aja‘aa, +8Vyrs —(4R2—r2)2 (258).

Then using the second LLP unitary transformation, we obtained:
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2422

K hma ](ak+ + fk*Xak + 1)

% % % %
a)’ b e —(1-a) i kb (@ a)L > Kby ~(1-a)? P e (1-a)i > kb —(1-a)i > kby
+Z ak L f )e [mj e [m] : [mj : +B;(ak*+ f[)e [W] e (mj < e [mj ;
2V h N,( h
bib; +bb; )]+ —> —— > (2bb; +3)+ 2V, b.—b)-4V, +E
ot o+ 22 S, + e 2 2] T, -07)-
(259).
The terms obtained with H,can be neglected, this because if we first perform the angular
integration they will vanish. Then to obtain the ground and first excited states energies, the
wave function is chosen as in [163]
By =lva(0)n),[n), (260),
w,1s oscillator wave function of an electron’s. For the ground state and first excited state, we
have the following wave function:
%
po=( L] (-1 )0,
AN (261),
2(p (1Y) M o
= /== |=| exp|-=r° |1 |1
b= 2] (2] ool -4e .1,
where 44 is a variational parameter which can be obtained by minimizing the state energies.
This waves function satisfying the normalization condition as given in Eq. (145). Performing
in the Hamiltonian given by Eq. (259) the above wave function for fundamental and first excited
states, we obtained the following expression of energies:
h k? 2k k'
3 IV, 3t N, (2u)'e ehay, EXP(_ (1_a)2[mjkz _4_2ky°][4_+42
Ep=— &N+ >+ S +(_ﬂj c_Eh so.[ H M) g
4 2emA 4m 2u \m ) ¢, dmg,

(262),
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(263).

The ground and first excited state energies are proportional ofv, and inversely
proportional tor,. These energies are also influenced by the coupling parameters aand the

mass of the electron in monolayers. Thus, others parameters related to states energies also

affected byv,andr, .

CONCLUSION

In this chapter, an overview on mathematics tools is are presented, some dynamic and
decoherence parameters which caracterises the quasiparticle are also presented. Therefore, we
model each of our system by appropriate Hamiltonian and using the variational methods
presented, we investigated the ground and first excited states energies of diffeents system in
TMDs under various external field, also others parameters of quasiparticles such as lifetime,
effective mass, optical absorption, bindng energy are also investigated. Decoherence proprieties
which is link to states energies such as transition frequency, density probability, Shannon
entropy and decoherence time can also be evaluated. Futhermore, we will later use these
analyticals results in the following chapter to obtain some numericals results on ground and
first excited states energies, lifetime, binding energy, effective mass optical absorption,
transition frequency, density probability, Shannon entropy and decoherence time that can help

to explain physics at the nanoscale level.
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CHAPTER 3: NUMERICAL RESULTS AND
DISCUSSIONS

INTRODUCTION

In the previous chapter, it was question for us to present different configurations where
polaron, exciton-polaron and bipolaron can exist in TMDs materials and study their new
properties in those systems. In this chapter, it is now question to present numerical results and
discussions of the above calculations. We will focus on four different monolayers (MoSy,
MoSez, WS> and WSe») because their proprerties have been studied and are well known in the
literature. Several properties characterizing these quasi-particles will be numerically presented.

Numerical results are presented for fundamental, first excited states energies, mobility,
effective mass, lifetime, transition frequency, probability density, Shannon entropy as well as
optical absorption, bindind energy and the magnitude of bandgap modulation. The parameters
using here have been taken in [58, 51, 164, 165, 166]. Others constants used in this section are
outlined in Table 5 and Table 6. The Fermi velocity is assumed to be equal for all TMDs since

it varies slightly for different TMDs [164], the value of internal distance adopted is equal to

z,=0.5nm. The fixed values of L, =0.5nm, o =0.6nm are taken in all TMDs monolayer

[167].

Table 5 : Parameters of different polar substrates and surfaces optical phonon modes [164]
i i - : i SiO, HfO, Zro,

Quantity (unit) | h—BN SicC AN i r ALLO,
ko(go) 5.1 9.7 9.1 3.9 22.0 24.0 125
k. (s,) 4.1 6.5 4.8 2.5 5.0 4.0 3.2
hog, 1(meV ) 167 146 84 25 101 94 53
ha, , (mev) 116 60 105 71 196 55 19
n 0.032 0.040 0.074 0.082 0.122 0.160 0.164

Table 6 : The magnitude of bandgap modulation for the different TMDs and the energies of
LO phonons of different TMDs [168]

Quantity (unit) | MoS> MoSe; WS, WSe;
2G(meV) 1870 1560 2100 1650
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3.1 DYNAMIC OF POLARON, EXCITON-POLARON AND BIPOLARON
TRANSITION METAL DICHALCOGENIDES

114
IN

3.1.1 GROUND AND FIRST EXCITED STATES ENERGIES
3.1.1.1 ENERGIES OF POLARON

e Polaron under electric field: The numerical results presented here are obtained
from Egs. (147) and (148).

In Figs.14-17, we have presented the plot of ground and first excited states energies of
polaron as a function of effective confinement length for different values of electric field
(Fig.14), wave vector for different values of electric field (Fig.15), electric field for different
values of internal distance (Fig.16), and electric field for different TMDs monolayer (Fig.17).
From Fig.14, one can observe that ground and first excited state energies are increasing function
of the effective confinement length, in this same figure we can remark that ground and first
excited state energies are increasing function of electric field strength. In Fig.15, one can
observe that the energies are the decreasing function of the wave vector in the case of ground

state energy, this behavior of energy is in accordance with [51].
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11 |
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Figure 14 : Polaron energies as a function of effective confinement length for : (a) ground
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Figure 16 : Polaron energies as a function of electric field: (a) ground state energy (b) first
excited.
Also, in this Fig.15, the energies are increasing function of electric field. In Fig.16, the ground

and first excited state energies increase with increasing the electric field, this result confirms
those obtained in Figs.14, 15. One can also observes in this plot (Fig.16) that the energies are

an increasing function of the internal distance between polar substrate and TMDs monolayer z,
, then as z, increases, the energies become less sensible to internal distance showing the fact

that the further the TMDs is from polar substrate, less its effect is felt on the state energies of

the polaron in TMDs. In Fig.17, the behavior of energies is the same as in Fig.16. One can also
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observe that energies varying with different TMDs monolayer which can be attributed to the
effective mass of electron in different monolayer, thus less the mass of electron in monolayer
is less the energies is. This result is similar to [58]. From these figures we can conclude that
increasing electric field allows us to increase the energies of polaron in different TMDs
monolayer and the better contribution of electric field to the energies is obtained with WS,
monolayer. The more electron is confined in presence of electric field, the higher are their
energies Other parameters allowing us to control the energies states of polaron in TMDs are
effective confinement length, the internal distance between polar substrate and monolayer and
the effective mass of electron in different monolayer. This result of modulating the state by

tuning its energies has a practical use in quantum information process.

0 0.5 1 1.5 2 0 0.5 1 1.5 2

Figure 17 : Polaron energies as a function of electric field for: (a) ground state energy (b) first
excited

e Polaron under radiowave and microwave: here, we presented numerical results
from Egs. (163), (165), (168) and (170).

Figs.18, 19 show the variations of E;, and E;_on the frequency of the RW and MW

respectively in MoS, monolayer on different polar substrates. It is observed that E0+ and EO_

oscillate with the increasing of frequency. In Fig.18 we have a smooth periodical oscillation
having the same amplitude whereas in Fig.19 we have a smooth periodical oscillation in
wchich the amplitude decrease with the increasing of the amplitude of the MW. In the both
case, RW and MW create the fluctuation in the ground state energy of polaron in MoS;

monolayer, thus the modulated band gap also fluctuates. The ground state energy of polaron is
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then affected by the presence of the RW and MW field. In this system, we can trap

quasiparticles involves in the system. We achieve a way to better confine the quasiparticles in
the system by tuning the frequencies of RW and MW. As the band gap characterizes the

conductivity of a material, the RW and MW can be use to control the conductivity of TMDs.
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Figure 18 : Ground-state energy of polaron with SO phonon mode as function of frequency of
RW on different polar substrates

a =4000khz; A, =5u.a; A, =3u.a

g I I i I I I I I I i

1 2 3 4 5 6 T 8 9 10 11
B(Ghz)

Figure 19: Ground-state energy of polaron with SO phonon mode as function of frequency of
MW on different polar substrates
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Also in these figures, the influence of different polar substrates is shown and it can be seen that
the ground state energy in both case decrease in the following order h-BN, SiC, AiN and Al>O3
which can be attributed to the polarizability parameter increasing from h-BN to Al2Os. This
result is in agreement with those obtained in ref [51]. Thus the TMDs is more conductive with
Al>O3 polar substrate. our result suggests that the conductivity of TMDs monolayer can be
modulated by tuning the frequencies of the RW or MW but also by changing different polar
substrates. This result on conductivity can be use in high performance field effect transistors to
allow charge carriers to move easily throught material which is important for the efficient
switvhing of signals and amplifications of electrical signals. It can also be use in energy storage

applications because concructivity of TMDs allow rapid charge and discharge rate

Figs.20, 21 presents the dependence of energies E,, and E,_as function of the amplitudes

of the RW and the MW respectively. One can see that the ground state energy increase sharply
with the increasing of the amplitude the RW and linearly with the amplitude of the MW. This
behavior of fundamental energy state is similar to those obtained in [169]. Thus as the RW and
the MW can be considering as a potential of confinement, their amplitude increases the ground
state energy of polaron in MoS; monolayer, thus increasing the modulated bandgap. Comparing
the modulated bandgap of the MoS, monolayer under the RW and those under MW, one can

observe that the radiowave modulated better than radiowave.

En(mev)
=
m
pd
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Figure 20 : Ground-state energy of polaron with SO phonon mode as function of amplitude of
RW for different polar substrate

In these figures are also presented the variation of the ground state energy as function of
different polar substrates. One can see that the polarizability of different polar substrate
influences the modulated bandgap of MoS2 monolayer which are in accordance with the

previous result obtained in Figs.18 and 19.

S =2Ghz; o = 4000khz, A1 75u.a

Figure 21 : Ground-state energy of polaron with SO phonon mode as function of amplitude
of MW for different polar substrate

The largest modulated bandgap is obtained with h-BN polar substrates which have the smallest
polarizability and the smallest bandgap modulation is obtained with Al>Os polar substrate which
have the largest polarizability parameter. As the polarizability parameter of polar substrate
increase the modulated bandgap decrease the TMDs monolayer become more conductive. Thus
the amplitude of both the microwave and the radiowave is viable tools necessary to increase the
energies of polaron thus, useful to control the bandgap modulation and conductivity of the

TMDs monolayer on different polar substrates.

In Figs.22, 23, we presented the dependence of energies E,. and E, as function of the

frequency of the RW and the amplitude of MW respectively for LO phonon mode. In Fig.22,
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on can observed that as in Fig.18, the energies oscillate periodically with the increasing of the
frequency of RW in all TMDs monolayer, thus the modulated bandgap fluctuates in all chosen
monolayer. In Fig.23, the energies increase with the increasing of the amplitude of the

microwave as in fig.20. In these figures the dependence of energies for different monolayer are
presented and it observed that the energies increase in the sequence of MoSe2, WSe2, MoS; and

WS, which can be attributed to the intrinsic band gap of these monolayer.
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Figure 22 : Ground-state energy of polaron with LO phonon mode as function of frequency
of RW for different TMDs monolayers

Figure 23 : Ground-state energy of polaron with LO phonon mode as function of amplitude
of MW for different TMDs monolayers
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The largest modulated bandgap is obtained with WS, monolayer where the lowest is obtained

with MoSe,. Comparing the ground state energy in the case of LO phonon with the case of SO
phonon it can be seen that the energy is more enhanced with SO phonon than in case of LO
phonon, the same is true for the modulated band gap. Thus in TMDs monolayer, the type of
phonons mode is important to the modulation of band gap as far as polar substrate, amplitude
and frequency of the RW and MW.

3.1.1.2 ENERGIES OF EXCITON-POLARON

e Magnetic barrier effect on exciton-polaron: The numerical results presented here
are obtained from Eqgs. (211) and (213).

Fig.24 presents the variation of the ground state energy of Exciton-polaron versus
magnetic barrier length for different TMDs monolayers. Fig.25 displays the first excited state
energy as function of magnetic barrier length for various TMDs. From those figures, one can
observe that both state energies enhance with increase in magnetic barrier length for various
TMDs. This behavior is similar to that obtained in [58]. Since the exciton-polaron energy is
very large, exciton-polaron are said to be stable quasiparticles. This stability is increased with
the presence of magnetic barrier. For instance, the connection with exciton-polaron energy level
through a magnetic field of a given length is easily identified.
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Figure 24 : Ground state energy of exciton polaron versus length of magnetic barrier for
different TMDs monolayers
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Figure 25 : First excited state energy of Exciton-polaron versus the length of magnetic barrier
for various TMDs monolayers in strong coupling regime

These findings also present some situations in which carriers are not strictly confined in two-
dimensional planes but rather trapped inside a narrow well. The highest ground state energy of
exciton-polaron is obtained with WS; and the lowest is obtained with MoSe;. Thus the exciton-
polaron ground state energy should vary according to the magnitude of the deformation
potentials of the different TMDs. We also observed in this figure that the monolayer with sulfur
displays higher ground state energy than selenide. Because the existence of a magnetic potential
equals an additional confinement potential, leading to a greater electron entanglement, the
exciton-polaron interaction is reinforced and the ground state energy becomes more obvious.
This result is in accordance with the analytically results obtained in the ground state, thus we
can conclude that with diagonalization technics and that from our analysis the electron phonon
coupling is a prominent parameter to enhance energy of exciton-polaron.

e Electron-phonon coupling contribution on exciton-polaron: the results presented

here come from Eqs. (235), (236) and (237).

Fig.26 shows the energy variation with the magnetic field of exciton-polaron coupling
with SO phonon in different TMDs monolayer deposited on SiO> polar substrate in intermediate
coupling regime. One can see that the energy decrease sharply in small magnetic field range,
then vary smoothly with increasing of magnetic field in all monolayer. This means that the
magnetic field behaves as a trapping potential. Thus with small range of magnetic field, we
have a better contribution to the correction of ground state energy of the Landau level.
Furthermore, we can also observe in this figure that the energy decrease in the sequence WSy,

MoS>, WSe,, MoSe2 which can be attributed to the width of the band gap of those monolayers,
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where their values are respectively 1050mev, 935mev, 825mev and 725mev. Thus the smaller
of the band gap width of monolayer is, smaller the contribution of correction of the ground state
energy of Landau level is.

The dependences of energy on magnetic field of exciton-polaron coupling with SO
phonon in various TMDs monolayer on SiO2 polar substrate in strong coupling regime are
shown in Fig.27. One can observe that the behavior of the energy is similar as in the
intermediate coupling regime (Fig.26). Comparing to this later regime, the magnitude of the
energy is greater in the case of strong coupling. This shows how the electron-phonon coupling
affects the correction of the ground state energy in the Landau levels. This result on the energies
of exciton-polaron is applicable is quantum information storage because lower ground state
energy can potentially lead to more stable electronic states.
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Figure 26 : Energy of exciton-polaron as a function of magnetic field for different TMDs
monolayer in intermediate coupling regime
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Figure 27 : Energy of exciton-polaron versus magnetic field for different TMDs monolayer in
strong coupling regime

In Fig.28, we presented the variation of energy on magnetic field in intermediate coupling
regime for LO phonon. The behavior of the energy is similar as in the case of SO phonon
presented in figure 26. Moreover, the LO phonon displays enough energy than SO phonon,
which means that the type of phonon coupling with electron affects the correction of zero
Landau level energy of exciton-polaron in TMDs monolayers. Thus the polaron with LO
phonon mode more impact the exciton than polaron with SO phonon mode, justified by the fact
that exciton polaron with LO phonon mode displays enough energy than exciton with SO
phonon. This result is in agreement with those of refs [170-172]. In weak coupling regime, the

ground state energy is independent of magnetic field, this result is in accordance with [51].
Thus, in Figs.29-31 we plot the variation of energy on internal distance Z, between polar

substrates and WS for weak coupling regime (Fig.29) intermediate coupling regime (Fig.30)

and strong coupling regime (Fig.31). One can observe that in weak and intermediate coupling

regime, for Z, <15, the energy decreases sharply and for Z, >1.5, the energy varies smoothly

with increasing of internal distance between TMDs and polar substrates.
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Figure 28 : Energy of exciton-polaron with LO phonon versus magnetic field for different
TMDs monolayers in the intermediate coupling regime
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Figure 29 : Variation of exciton-polaron energy versus internal distance Z; between WS;and
polar substrates in weak coupling regime for various polar substrates
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Figure 30 : Energy of exciton-polaron versus internal distance Z, in intermediate coupling
regime for various polar substrates
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Figure 31 : Energy of exciton-polaron versus internal distance Z, in strong coupling regime
for various polar substrates

Thus for small range of internal distance between monolayer and polar substrates, we have a

dominate contribution to the correction of the ground state energy of exciton-polaron. In strong

coupling regime, energy varies smoothly with increasing of Z,. For all this plot, as the internal

distance increase the energies become less sensible for this internal distance. Comparing the
three plots, the energies are more enhance in the case of a weak coupling regime showing how
the electron-phonon coupling affects the ground states energies of exciton-polaron in TMDs

monolayer
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3.1.2 MOBILITY

3.1.2.1 MOBILITY OF POLARON

e Polaron under electric field: the results presented here are obtained from Eq.
(132) where the expressions of energies are from Egs. (147) and (148).
Fig.32 is the 3D plot of the mobility of polaron as a function of wave vector and electric field.
It is observed that the mobility of polaron decreases with increasing of wave vector. Fig.33
displays the mobility of polaron as a function of internal distance between TMDs monolayer

and polar substrate z, and electric field.
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Figure 32 : Polaron mobility versus wavelength vector and electric field

One can observed that for small value of z,, mobility decreases sharply and then becomes linear
with the increasing of z,. This behavior of mobility is in accordance with those obtained in

graphene nanoribbon under laser control [151]. From these Figs.32 and 33, one can also observe
that the mobility increases smoothly with increasing of electric field. In Fig.34, we plot the
variation of mobility as a function of electric field for different TMDs monolayer. It is observed
that the mobility increases with the increasing of the electric field. This result is in accordance
with Fig.32 and 33. Also in Fig.34, one can remark that the mobility varying with different
TMDs monolayer, the polaron moves more freely in WS, monolayer. This result was
predictable in Fig.17 because it is in the same monolayer that we had the greatest energies.

From these figures, our result suggest that electric field can be useful to increase the movement
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of electron in different TMDs monolayer. But in order to minimize the displacement of electron
in a system of TMDs monolayer under electric field, we can either increase internal distance

between monolayer and polar substrate or increase the value of wave vector.
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Figure 33 : Polaron mobility versus electric field and internal distance between TMDs
monolayer and polar substrate
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Figure 34 : Polaron mobility versus electric field for different TMDs monolayers
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e Polaron under microwave and radiowave: the results presented from Eq. (132)

where the expressions of energies are from Eqs. (163) and (165).

Fig.35 presents the mobility of polaron for SO phonon as function of amplitude of RW
and MW for different TMDs monolayer. It is observed that the mobility increase with the
increasing of the amplitude. This means that the more amplitudes are greater, the polaron moves
faster in each TMDs monolayers. This shows that RW or MW field can be used to enhance the
motion of particles in confining TMDs. But small amplitudes of these field will favor less
mobility. So to reduce fast motion of quasi-particles in TMDs; it will be interesting to choose
RW or MW with low amplitudes. So the greater the amplitude of the
RW or the MW, the faster the mobility of the polaron, thus more the RW or the MW impact the
system, big the polaron behavior is captured. In the same plot is presented the mobility as
function of different TMDs and one can observed that polaron moves more freely in WS,. This
result reflects the fact that the polaron interacts effectively with other quasiparticles, thus
promoting faster energy transfer and hence good electrical conductivity. This result can be used
in electrical components where the electrical transition is desired such as electrical wires and

electronic devices.
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Figure 35 : Mobility of polaron with SO phonon mode as function of amplitude of RW
(fig.35A) and amplitude of MW (fig.35B) for different TMDs monolayers

This result was predictable because it is in the same monolayer that we had the greatest energies.
This result shows that the amplitude of the MW or the RW is helpful to varying the mobility of
the carriers in TMDs monolayer.
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3.1.2.2 MOBILITY OF EXCITON-POLARON

e Magnetic barrier effect on exciton-polaron: here, we presented the numerical
result from Eq. (130) with the energies given by Egs. (211) and (213).

The variation of the mobility of exciton-polaron versus magnetic barrier length is
presented in Fig.36. One can observe that the mobility increases in all TMDs monolayer with
increase in magnetic barrier length. We observe that the greater the magnetic barrier length, the
faster the motion of the polaron. This result has been obtained also by Djomou et al [171]. To
characterize environments that conduct electric current, we need to apply magnetic field in an
exciton-polaron system. By increasing the magnetic barrier length, the mobility of exciton-
polaron in TMDs monolayer become high in theory which is in accordance with [173]. Up to
now, within all TMDs, experimental mobility is much lower due to the combined influence of

external impurities becoming a major limitation in their applications.

Figure 36 : Mobility of exciton-polaron versus the length of magnetic barrier for different
TMDs monolayer

Here, we propose in order to increase the mobility in TMDs, to add magnetic field in the system
and taking into account the phonons that affect the system considerably. Taking WS, for
instance, this work examines the main reasons for the high mobility of TMDs, including the
vibration network, charge doping, magnetic disturbances and potential traps. The available
mobility results are good because we are capable of achieving trap and impurity densities for a
broad variety of transistor devices. It is clear from our investigation that the transport of charge
carriers in TMDs systems appears to be a quite sophisticated issue that needs to be handled with

attention.
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3.1.2.3 MOBILITY OF BIPOLARON

e Bipolaron in quantum pseudodot: here, we presented the numerical result from
Eq. (132) with the energies given by Eqgs. (262) and (233).

Fig.37 is the plot of the mobility of bipolaron as a function of the chemical potential for
different values of zero point of the pseudo-harmonic potential. It is observed that the mobility
is an increasing function of the chemical potential, this means that the more chemical potential
is greater, the bipolaron moves faster in TMDs. This shows that pseudo harmonic potential can
be used to enhance the movement of particles in TMDs monolayer by tuning the chemical
potential. But low chemical potential values will favor less mobility. So to minimize the motion
of quasi particles in the system; it will be necessary to choose pseudo harmonic potential with
small chemical potential. In this same plot one can observe that mobility decrease with
increasing of the zero point of the pseudo-harmonic potential. Fig.38 displays the mobility of
bipolaron as a function of the zero point of the pseudo-harmonic potential for different TMDs
monolayers. One can observe that mobility decreases with the increasing of the zero point of
the pseudo-harmonic potential. This result is in accordance with Fig.37. This behavior of

mobility is in accordance with those obtained in graphene nanoribbon under laser control [174].
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Figure 37 : Mobility of bipolaron versus the chemical potential for different values of zero
point of the pseudo-harmonic potential

From Fig.38, one can also remark that the mobility varying with different TMDs
monolayer, the bipolaron moves more freely in WS, monolayer. Our result suggests that both

chemical potential and the zero point of the pseudo-harmonic potential can be useful to increase
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the movement of electron in different TMDs monolayer. But in order to minimize the

displacement of electron in a system of TMDs monolayer in pseudodot, we can either increase
the zero point of the pseudo-harmonic potential or decrease the value chemical potential. Thus
the system consisting of the bipolaron in TMDs constitutes a stable and therefore durable

system and can be used for the storage of quantum information.
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Figure 38 : Mobility of bipolaron versus zero point of the pseudo-harmonic potential for
various TMDs monolayer

3.1.3 EFFECTIVE MASS OF EXCITON-POLARON

e Magnetic barrier effect on exciton-polaron: the numerical result is obtained from
Eq. (221).
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Effective mass

Figure 39 : variation of effective mass of exciton-polaron versus the length of magnetic
barrier for various TMDs monolayer

Fig.39 presents the effective mass of the exciton-polaron versus magnetic barrier
length. One can observe that the effective mass reduces with the increase of the magnetic
barrier length. For high values of the magnetic barrier length, the mass variation of the
exciton-polaron is higher, owing to the interplay of phonon and the electron (hole). This
behavior is in accordance with [171, 175]. This result suggests that the length scale of the
magnetic barrier can be necessary to tune the effective mass of exciton polaron in TMDs
monolayer. Often, research experiments use a series of external conditions like the magnetic
field to explore exciton dynamics in physical structures. As the present work is focused on the
exciton-phonon interaction due to high deformation trap related to phonon, the magnetic
barrier can contribute to the diffusion of charge carriers in monolayers. This result proves that
the transport properties of an exciton-polaron are robust. Since the deformation trap
characterizes the monolayers, we highlight differences that occur from monolayer TMDs
when evaluating the polaronic effect due to magnetic barrier. In MoSe;, the transport

properties can be more interesting than the one of WS,.

e Electron-phonon coupling effect on exciton-polaron: the numerical results are
obtained from Eq. (238).

In Figs.40 and 41, we present the variations of the effective mass of the exciton-polaron
coupling with SO phonon as a function of the magnetic field in a strong coupling regime
(Fig.40) and intermediate coupling regime (Fig.41) for different TMDs monolayer. One can
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observe that the effective mass decrease sharply with increasing of the magnetic field in all
TMDs monolayers. This suggest that the effective mass of exciton-polaron in TMDs monolayer
is greater than the mass of a free charged carriers. This is in accordance with [176]. Our result
reveals that in all TMDs monolayer, the exciton-polaron participates in transport, also that the
magnetic field can be used to control the motion of the exciton-polaron in TMDs monolayer
for both intermediate and strong coupling regimes. The results obtained here can be useful in
spintronic for the control and manipulation of the spin of charge carriers for the storage of

quantum information
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Figure 40 : Effective mass of exciton-polaron coupling with SO phonon as function of the
magnetic field in a strong coupling regime for various TMDs monolayer

x 107 107
51 : : 4

Effective mass
s
A
J
J
Effective mass
[e%
L
L

0 o fonemmmennak

. l—'—||
|z = 0.5nm; D =0.5nm,
A | V, =5.10°m/s, k=2

Effective mass
Effective mass

i
L.
' L = H
LR,

Figure 41 : Effective mass of exciton-polaron coupling with SO phonon as a function of the
magnetic field in intermediate coupling regime for various TMDs monolayer

3.1.4 LIFETIME OF POLARON
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e Polaron under electric field: the numerical results presented are obtained from Eq.
(150)

Fig.42 displays the lifetime of polaron in the ground state as a function of wave vector

for different TMDs monolayer. It is observed that the lifetime of polaron increases sharply with
the increasing of wave vector up tok. < 2. Then for k. > 2the variation of lifetime becomes
horizontal with the increasing of wave vector. Hence, the wave vector no longer influences the

lifetime of polaron in ground state. In this figure, the variation of the lifetime of polaron for

different monolayer are also presented and one can observe that polaron lives long in WS>

monolayer.
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Figure 42 : Lifetime of polaron versus wavelength for different TMDs monolayers for
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Figure 43 : Lifetime of polaron versus electric field and internal distance between TMDs
monolayer and polar substrate

Fig.43 displays the lifetime of polaron in ground state as function of electric field and

internal distance between TMDs monolayer and polar substrate z, . One can see that the lifetime
increases with the increasing of z,. In this figure, it is observed that the lifetime decreases

smoothly with the increasing of electric field strength and increase linearly with the increasing

of z,. Our results suggest that electric field reduces the lifetime of polaron in TMDs, which can

be due to the fact that electric field is a confinement potential in on hand, and the internal
distance between TMDs and polar substrates enhances the life time in oder hand. These results
show that the lifetime of polaron in TMDs monolayer can be controlled by electric field, internal

distance z, and wave vector. The lifetime of the polaron is in the other of milliseconds

e Polaron under microwave and radiowave: the numerical results presented are
obtained from Eq. (173) and (175)

Figs.44, 45 displays respectively the polaron lifetime in ground state as function of
amplitude for RW and MW for different TMDs for LO phonon mode and SO phonon mode.
One can observe that in both case RW (Fig.44A) and MW (Fig.44B), the lifetime increases with
the increasing of the amplitude. In case of SO phonon mode polaron lifetime increase with the
increasing of the amplitude of the RW (Fig.45A). In Fig.45B the variation of the polaron

lifetime has a parabolic behavior, it firstly decreases with increasing of the amplitude of the
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MW and secondly increase with the amplitude. This result is similar to that obtained in [151].

Thus in TMDs monolayer, due to presence of MW and RW polaron live for a long period due

to the fact that the lattice thermal motion becomes slow with the increasing of amplitude, so the

higher the amplitude, the longer the polaron live.
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Figure 44 : Life time of polaron with LO phonon mode as function of amplitude of RW

(fig.44A) and amplitude of MW (fig.44B) for different TMDs monolayer

This has the significance that the RW and the MW presence increase the lifetime of

polaron in ground state. Other reason of the increase in polaron lifetime with amplitude can be

explained by the fact that electron motion is increased due to the existence of the RW or the

MW as confinement potential. In these same figures the dependence of the polaron lifetime for

different TMDs are presented and it can be remarked that for SO phonon mode, polaron lives

longer in TMDs with disulphide than with diselenide whereas for LO phonon mode polaron

lives longer in TMDs with diselenide than with disulphide, which means that the type of

electron-phonon coupling also affects polaron lifetime in TMDs monolayers. These results on

the lifetime show that the system consisting of polaron in TMDs present a good stability due to

interaction between electron and phonon but also to the confinement. These results can be used

to the fabrication of electronic devices such transistors and LEDs
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Figure 45 : Life time of polaron with SO phonon mode as function of amplitude of RW
(Fig.45A) and amplitude of MW (Fig.45B) for different TMDs monolayer

3.2STABILITY, OPTICAL ABSORPTION AND BANDGAP MODULATION

3.2.1 STABILITY OF BIPOLARON
e The numerical result of the stability of bipolaron is obtained with Eq. (250).

In Fig.46, the binding energy with magnetic field is presented for intermediate coupling
regime. One can observe that the binding energy decrease with increasing of magnetic field.
The increase of magnetic field enhances the average of coulomb repulsion between the
electrons, this result is in accordance with the work of Brosens and Devreese [177]. Thus,
despite the enhances of coulomb repulsion, the phonon mediated attractive electron-electron
attraction still dominated. That is the reason that the binding energy remain positive and

indicated that in all selected TMDs monolayer, the bipolaron is stable. From Fig.47, the binding

energy decreases as 7], increases, then the bipolaron is stable in the different monolayer TMDs

as the binding energy remain positive. This result can be used to develop more efficient and
durable batteries, or to create new electronic devices that are more energy efficient and can

operate at high temperatures.
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Figure 47 : Binding energy of the bipolaron with parameter 77, in weak coupling regime for
different TMDs monolayer

3.2.2 MAGNITUDE OF BANDGAP MODULATION
3.2.2.1 CASE OF POLARON

e The numerical result of the magnitude of the bandgap modulation of polaron are
obtained with Eq. (172).

Fig.48 presents the variation of the magnitude of bandgap modulation as function of the

frequency of the RW for SO phonon mode. On can observed that the MBM oscillate
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periodically at same amplitude with the increasing of the RW frequency. Thus the MBM
fluctuate with the increasing of the frequency of the RW, this result was predictable in Fig.18

as the energies fluctuate with the frequency of RW. So RW can be necessary to create
fluctuation in the MBM of the MoS; monolayer.
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Figure 48 : The MBM of polaron with SO phonon mode as function of frequency of RW for
different polar substrates
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Figure 49 : The MBM of polaron with SO phonon mode as function of internal distance for
different polar substrates. (Fig.48A) without RW and MW, (Fig.48B) with RW and MW

Fig.49 shows the variations of the MBM for SO phonon as function of internal distance

between MoS; monolayer and different polar substrates in the case without radiofrequency and
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microwave (Fig.49A) and in the case with both microwave and radiofrequency (Fig.49B). It

can observe that the MBM decrease sharply with the increasing of the internal distance between
polar substrate and MoS:. This behavior is similar to that obtained in [51]. In Fig.49A the MBM
is positive whereas in Fig.49B the MBM is negative showing that the RW and MW increase
the modulated bandgap in MoS2 monolayer. These figures also present the dependence of MBM
as function of different polar substrates, it can be observed that the MBM increase with the
increasing of the of the polarizability parameters, thus the highest MBM is obtained with Al2O3

polar substrate and the lowest with h-BN polar substrate, this is in accordance with [51].

Fig.50 presents the MBM of LO phonon mode as function of amplitude of the RW and
MW for different TMDs monolayer. It can be observed that the MBM is a decreasing function
of the amplitude of the RW and the MW. As in the Fig.49, the RW or the MW increase the
ground state energy thus, increase the modulated bandgap of the monolayer. In this same plot
is presented the variation of the MBM as function of different TMDs monolayer and one can

remarked that the MBM decrease in all monolayer.
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Figure 50 : The MBM of polaron with LO phonon mode as function of amplitude of RW
(Fig.50A) and amplitude of MW (Fig.50B) for different TMDs monolayer

3.2.2.2 CASE OF BIPOLARON

e The numerical results of the magnitude of the bandgap modulation of bipolaron
are obtained with Eq. (172) with the energies given by Egs. (246) and (247)

In Fig.51 (a). we present the dependences of MBM on the magnetic field for bipolaron

in different monolayer TMDs at intermediate coupling regime. It can be seen that the MBM
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increases with magnetic field. For various TMDs, the MBM are also shown, one can observe

that it varies with TMDs monolayer. The most important MBM is obtained with WS and the
less with MoSe;, thus among the selected TMDs the latter strongly enhances the conductivity.
A significant change of MBM relates to each TMDs highlights the impact of the magnetic field
on the bandgap modulation in TMDs monolayer. Fig.51 (b). presents the dependence of MBM
on the magnetic field in different monolayer at strong coupling regime. As in the intermediate
regime we can see that MBM increases with magnetic field. We also observe that the MBM
varies with TMDs monolayer, then the most important is obtained with MoS; and the less with
WSe;which is not the case in intermediate coupling regime. Thus the electron phonon coupling

affect the MBM for different TMDs monolayer in the presence of bipolaron. Fig.51 (c). presents

the MBM versus 7], for different monolayers in weak coupling regime. One can observed that

MBM increases with increasing the coupling parameter 7,. Same result was obtained by [51].

These results show that the bipolaron strongly affects the bandgap of TMDs. Since the coupling
parameter characterizes the material, strong coupling favor the modulation of the bandgap. The

WSe; presents the highest MBM. In the investigation of carriers LO phonon coupling in

monolayer TMDs, defined a new parameter ; defined by sohier [178] as the coupling strength,

which is analogous to the parameter 7], and pointed out that the 2D Frohlich coupling is much

stronger in TMDs. Moreover, we noticed that the values obtained for the bandgap modulation
due to carrier-LO phonon coupling are very close to experimental results [179, 180]. Then, the
LO phonons increase the modulated bandgap then consequently decrease conductivity in
TMDs. Among the selected TMDs, the one with highest performance in conductivity is the
MoS..
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(a) Magnitude of bandgap modulation versus magnetic field in intermediate coupling regime

for (b) Magnitude of bandgap modulation versus magnetic field in strong coupling regime (c)

Magnitude of bandgap modulation Versus 7], for different monolayer in weak coupling regime

3.2.3 OPTICAL ABSORPTION COEFFICIENT
3.2.3.1 CASE OF EXCITON-POLARON

e The numerical results of optical absorption of exciton-polaron are obtained from
Egs. (240) and (241)

Figs.52 and 53 illustrate the behavior of the optical absorption of the exciton-polaron
coupling versus the incident photon energy for various TMDs monolayers with the LO phonon
and in a weak and an intermediate coupling regime respectively. One can notice that no

absorption can be observed for 2 <@, , then a minimum value for the absorption is at

" =hao,, . For this value, the absorption coefficient increase until a maximum value and

decrease slowly. Thus, optical absorption only occurs when the energy of the photon exceeds
the energy of the optical phonon. In fact, this behavior of the absorption of an exciton-polaron
is similar to those obtained in other quasi-particles in ionic crystal and polar semiconductor
[160-162]. It could be observed that in all TMDs monolayer, the peak of the absorption is
reached for the same value of the photon energy. The absorption peak corresponds to the
emission of a quantum of energy, thus in all TMDs monolayer this emission occurs at the value
of photon energy of around 1.6meV. The value of the absorption increases in the following
order MoSe2, MoS;, WSez and WS. This may be due to the fact that the absorption is inversely
proportional to the mass of electron in different TMDs. This highlights that smallest the
effective mass of carriers in monolayer is, highest the absorption of exciton-polaron is.

Mentioned that the parameter 7], in the formula of the absorption for LO phonon is assumed (
Mo =0.1) for all monolayer then the magnitude of the optical absorption of exciton-polaron

increases with the increasing of 7]5. This result is in accordance with that given in [162]. By

comparing the two coupling regimes, the particle is more absorbent in the intermediate coupling
regime than in the weak coupling regime, thus the electron-phonon coupling can be used to
improve the absorption of exciton-polaron in TMDs monolayer.
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Figure 52 : Absorption of exciton-polaron as function of photon energy in weak coupling
regime for LO phonon for different TMDs monolayer
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Figure 53 : Absorption of exciton-polaron as function of photon energy in intermediate
coupling regime for LO phonon for different TMDs monolayer
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Figure 54 : Absorption of exciton-polaron versus photon energy in weak coupling regime
coupling for different polar substrate

The plot of optical absorption of exciton-polaron coupling with SO phonon as function
of the incident photon energy is presented in the case of the weak coupling regime (Fig.54) and
the intermediate coupling regime (Fig.55) in WSz monolayer on different polar substrates. One
can observe that the behavior of the absorption is similar to the case of LO phonon. Moreover,
the intensity of the absorption is highest for certain polar substrates. The peak of the absorption
is at the photon energy of around 2meV for all polar substrate. According to the formula of the
optical absorption for SO phonon, the parameter 77 reflects the polarizability which is also the
coupling strength between electron and SO phonon. In this figure, the contribution of the
polarizability for different polar substrates is also presented. We can remark that the absorption
of an exciton-polaron does not increase linearly with the polarizability. This is in good
agreement with the result obtained in the case of polaron [162].

Fig.56 presents 3D plot of the optical absorption of the exciton-polaron coupling with
SO phonon as function of the magnetic field and internal distance between TMDs and polar
substrates for WS, monolayer in intermediate coupling regime. One can observe that the optical
absorption increase sharply with increasing of magnetic field, this means that the strength of
electron-SO phonon coupling is directly affected by magnetic field. Furthermore, the influence
of the internal distance between monolayer TMDs and polar substrates in presented in this
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figure. This result reveals that increasing the magnetic field may be useful in enhancing the
absorption of the exciton-polaron in TMDs.
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Figure 55 : Absorption of exciton-polaron versus photon energy for intermediate coupling
regime coupling with SO phonon for different TMDs monolayer
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The opical absorption of exciton-polaron versus the photon energy is presented in the
Fig.57 for LO phonon mode and for differentd TMDs monolayer. One can observe that the
optical absorption is higher in the case of intermediate coupling regime (a=0.5) and lower in
the weak coupling regime (a=1) for all the monolayers. This result confirm the comparison
made between Figs. 52 and 53, thus the particle absorbs better in intermediate coupling
regime than in weak coupling regime confirming that the electron-phonon coupling regime is

necessary to increase optical absorption of exciton-polaron in TMDs monolayer.
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Figure 57 : Absorption of exciton-polaron as function of photon energy for LO phonon for
different electron phonon coupling in differents TMDs Monolqyer

3.2.3.2 OPTICAL ABSORPTION OF BIPOLARON

The numerical results of optical absorption of bipolaron are obtained from EQs.

(251) and (252)

Fig.58 illustrates the optical absorption of the bipolaron versus the incident photon
energy for LO phonons in different layers of TMDs with a weak coupling regime. It can be
noted that there is no absorption for#Q <#hew, . The threshold value of absorption is at

hQ=hwo,,. At this value the optical absorption increases and arrives at a maximum and

decreases slowly with increasing of photon energy. In fact, these optical absorption behaviors
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are consistent with previous work on monolayer TMDs and others [160, 162, 181]. Optical

absorption is similar for different TMDs but the strength is not the same for each TMD. This
behavior may be attributed to the fact that the optical absorption is proportional to the phononic
energy of the bipolaron in the different TMDs. This suggests that the lower the phononic energy
of the bipolaron in the TMDs, the lower the optical absorption of a bipolaron. A number of past
works have been carried out to study the coupling force in such monolayers [178, 182] Then in
MoSz, bipolaron has enough energy to absorb photon than WSe;, this can be due to the
dominance of electron-phonon and photon-phonon interactions. Comparing the optical
absorption in intermediate coupling regime (not shown) with the one in weak coupling regime
we observe a similar behavior. This can explain why both couplings can be considered

identically in some cases.
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Figure 58 : Optical absorption coefficient of bipolaron versus photon energy in LO phonon in
different monolayer TMDs materials for bipolaron in weak coupling regime

Fig.59 displays the dependences of optical absorption with magnetic field and internal distance
between TMDs monolayer and polar substrates for the monolayer MoS; on SiO; substrate. One
can observe that the optical absorption increase with the increasing of the magnetic field,
increase slowly with the internal distance between TMDs monolayer and polar substrates. For
high value of magnetic field, the optical absorption increase slowly. We also observe that
optical absorption increase with internal distance separating the monolayer from polar
substrates, proving that the strength of the electron-SO coupling directly depends on the internal

distance between the TMDs and the polar substrates. This result is in agreement with that of Li
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and Wang [162]. In fact, in some studies [183, 184], carrier phonon coupling between 2D

materials and the polar substrate has also been recognized, where the trends are comparable for

the coupling strength with the internal distance.
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Figure 59 : Optical absorption coefficient of bipolaron (case of SO phonon) versus magnetic
field and interal distance between TMDs and polar substrates in MoS; intermediate coupling
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Figure 60 : Optical absorption coefficient of bipolaron (case of SO phonon) versus magnetic
field B in MoS: intermediate coupling regime for different polar substrate

The optical absorption of SO bipolaron at intermediate coupling regime in monolayer
MoS: for different polar substrates is shown in Fig.60 One can observe the variation of optical
absorption with the polar substrates. For B < 0.6mT , no absorption is observes in MoS; then
for B =0.6mT a significant change of absorption relates to each substrates highlights the
impact of the magnetic field on the optical absorption in MoS, monolayer. The greatest optical
absorption is observed in SiO: polar substrate this result is in agreement with those of Hein et
al. [185] and lowest for SiC.

3.3 DECOHERENCE OF POLARON, EXCITON-POLARON AND BIPOLARON

3.3.1 TRANSITION FREQUENCY
3.3.1.1 TRANSITION FREQUENCY OF POLARON

e Polaron under electric field: the results obtained is from Eqg. (137) with energies
given by Egs. (147) and (148)

Since the polaron states are shifted between the two states, it behaves as a qubit called polaron
qubit. The 3D plot of the transition frequency of polaron qubit is presented in Fig.61 as function
of effective confinement length and electric field. We observe that the transition frequency
increases with increasing of the confinement length, thus transition frequency can be controlled
by varying confinement length. In this qubit system formed by ground and first excited states,
the polaron qubit is confined. The increasing of effective confinement length resulting from the
large transition frequency destroys the superposition states. This result shows that decoherence
process can be reduced in system of polaron qubits by decreasing the effective confinement
length. In the same figure, one can remark that the transition frequency increases with the
increasing of electric field strength. Thus in TMDs system decoherence can also be destroyed

by increasing the strength of electric field.
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Figure 61 : Transition frequency of polaron qubit versus effective confinement length for
different value of electric field

In Fig.62, transition frequency as function of electric field strength is presented for
different TMDs monolayer. It is observed that the transition frequency increases linearly with
the increasing of the electric field. This confirms the result obtained in Fig.60. The variation of
transition frequency as function of different TMDs monolayer layer is also presented in Fig.62
and one can observed that greater the effective mass of electron in TMDs monolayer is greater

the transition frequency is.

e Polaron under microwave and radiowave: the results obtained is from Eq. (137)
with energies given by Eqgs. (163) and (165)

Fig.63 presents the variation of the transition frequency for SO phonon on the MoS;
monolayer as function amplitude of the MW for different polar substrates. From this figure it
is observed that the transition frequency is a decreasing function of the amplitude of the
microwave. Thus, the influence of the MW on the first excited state is weaker than on the
fundamental state. In this same plot on can see that the transition frequency decrease with the
increasing of the polarizability parameter. So the energy gap will increase with the increasing
of the amplitude of the MW or increasing the polarizability parameter of the substrates and lead

to reduction of transition frequency.
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Figure 62 : Transition frequency of polaron versus electric field strength for different TMDs
monolayer
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Figure 63 : Transition frequency of polaron with SO phonon mode as function of amplitude
of MW for different polar substrates

Fig.64 displays the dependence of transition frequency for SO phonon mode as function
of amplitude of the RW for different TMDs monolayer. From Fig.64, we can observe that the
variation of the transition frequency with amplitude are different in various ranges: when the
amplitude is small, the transition frequency increase sharply with increasing of the amplitude

and reaches a maximum, when the amplitude continues to increase, the transition frequency
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decrease from the maximum. This behavior of transition frequency is similar to that obtain in

ref [186]. The transition frequency is more significant when the amplitude of the RW is small.
In this same figure, one can observe that the transition frequency increases with the decrease of
the intrinsic gap of the monolayers. Thus the energy gap decrease with decrease of the intrinsic

gap of monolayers which leads to the increase of transition frequency.

In fig.65, the 3D plot of the transition frequency for SO phonon mode as function of the
frequency of the RW and the amplitude of the MW is presented. one can see that the transition
frequency oscillates periodically with the increasing of the frequency of the RW conserving the
same amplitude and period of oscillation, also the transition frequency oscillates with the
increasing of the amplitude of the MW. Both the frequency of RW and the amplitude of MW

create fluctuation in the transition frequency.
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Figure 64 : variation of transition frequency of polaron for SO phonon mode as function of
amplitude of the RW for different TMDs



CHAPTER 3: NUMERICAL RESULTS AND
DISCUSSIONS 154

0.5

169.5

B9

p=2Ghz; A =5ua |- E

B5.5

A2(nm) 0o 0

okhz)

Figure 65 : Transition frequency of polaron for SO phonon mode as function of frequency of
RW and amplitude of MW

3.3.1.2 TRANSITION FREQUENCY OF EXCITON-POLARON

e Magnetic barrier effect on exciton-polaron: the results obtained is from Eq. (137)

with energies given by Eqgs. (211) and (213)

In Fig.66, we present the feature of the transition frequency of exciton-polaron with
respect to magnetic barrier length for different monolayer TMDs. It is observed that the
transition frequency increases with high magnetic length values. This finding is in agreement
with Refs. [187-189]. The increasing of magnetic length resulting from the large transition
frequency destroys the superposition states as weel as quantum entanglement. So, the quantum
system tends to become classical system. This result shows that decoherence process can be

reduced in system of exciton-polaron qubits by decreasing the magnetic barrier length.
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Figure 66 : Transition frequency of exciton-polaron as function of the length of magnetic
barrier for different TMDs monolayer

Since the frequency is related to fundamental and first excited states, it permits us to
show that transition between one state to another is possible. This figure also shows that in all
chosen TMDs monolayer the transition is feasible and can be increased by varying the length
of the magnetic barrier. The monolayer that presents the great ability for electron to translate
from one state to another is WS, and that of the smaller ability is MoSe>. As seen above on the
energy results, it is easier to talk about electron population in the conduction band (first excited
state) and electron depopulation in the valence band (ground state). This result gives extremely
successful insight to the understanding of the optoelectronical properties of direct bandgap

semiconductors.

3.3.1.3 TRANSITION FREQUENCY OF BIPOLARON

e Bipolaron in quantum pseudodot: the results obtained is from Eq. (137) with

energies given by Egs. (262) and (263)

As the bipolaron states are shifted between the two states, it behaves as a qubit called
bipolaron qubit. The variation of transition frequency of bipolaron qubit is plotted in Fig.67 as
function of the zero point of the pseudo-harmonic potential for different values of the chemical
potential. We observe that the transition frequency decreases with increasing the zero point of
the pseudo-harmonic potential, thus transition frequency can be controlled by varying the zero
point of the pseudo-harmonic potential. In this qubit system formed by the two states, the
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bipolaron qubit is confined. The decreasing of the zero point of the pseudo-harmonic potential

resulting to the large transition frequency which destroys the superposition states.
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Figure 67 : Transition frequency of bipolaron versus zero point of the pseudo-harmonic
potential for various the chemical potential of the two-dimensional electron gas

This result shows that the decoherence process can be reduced in system of bipolaron qubits by
increasing the zero point of the pseudo-harmonic potential. In the same figure, the variation of
transition frequency versus the chemical potential is also presented and one can observe that
the transition frequency increases with the increasing of the chemical potential. Thus in TMDs
monolayer system the decoherence can also be destroyed by increasing the chemical potential
of the two-dimensional electron gas.

In Fig.68, transition frequency as function of the chemical potential of the two-
dimensional electron gas is presented for different TMDs monolayer. It is observed that the
transition frequency increases linearly with the increasing the chemical potential of the two-
dimensional electron gas, this result is in agreement with [190] who obtained a linear variation
of oscillating frequency in RbCI quantum pseudodot qubit under electric field. This increasing
behaviors confirms the result obtained in Fig.67. The influence of the chemical potential of the
two-dimensional electron gas on the ground state is smaller than that of the first excited state.
The variation of transition frequency as function of different TMDs monolayer layer is also
presented in Fig.68 and one can observed the behaviors of transition frequency is the same of

all chosen TMDs, but greater the effective mass of electron in TMDs monolayer is greater the
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transition frequency is. Here our results suggest that in TMDs pseudodot system the transition
frequency can be controlled either by tuning the chemical potential of the two-dimensional
electron gas or the zero point of the pseudo-harmonic potential.
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Figure 68 : Transition frequency bipolaron versus the chemical potential of the two-
dimensional electron gas for different TMDs monolayer

3.3.2 DENSITY PROBABILITY
3.3.2.1 CASE POLARON

e Polaron under electric field: the results obtained is from Eq. (136) with energies
given by Egs. (147) and (148)

Figs.69 and 70 display the electron probability density as function of time. It is observed
that the probability density oscillates periodically with time, this result is also obtained in [191].
Furthermore, in Fig.69, we observe that as the electric field strength increases period of
oscillation and decreases the amplitude. In Fig.70, we observe that the period remains constant
as we varying different TMDs monolayer. As the electron probability density is related to
transition frequency, our system can be used to transfer information when electron is in
superposition states. Thus our results exhibit an information transfer in the system and then as
we increase the strength of electric field, we increase the frequency of information transfer in
our system. For different TMDs monolayer we have the same frequency of information transfer.

This result is also important for the construction of logic gates and is in agreement with [192].
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It is also shown that the strength of electric field is useful to control the state of the quasi-

particle and increase information transfer, which is in accordance with [191, 147].

Figure 70 : Probability density of polaron versus time: (a) MoSez, (b) MoS,, (c) WSez, (d)

Figure 69 : Probability density of polaron versus time: (a) F =0.1mV /nm, (b)
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3.3.2.2 CASE OF EXCITON-POLARON

Magnetic field effect on exciton-polaron: the result obtained is from Eq. (136) with
energies given by Egs. (211) and (213)
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The electron probability density variation with respect to magnetic barrier length for

different TMDs monolayer is presented in Fig.71. One can observe that probability density
oscillates at same amplitude demonstrating an interstate transfer of information for all
monolayers. Carrier doping with good transport properties enables us to adjust the band pattern
of TMDs and control their features. By increasing the magnetic field impurities in monolayer
TMDs, holders are allowed to fill the conduction (valence) band to points K/K' resulting in the
Pauli blocking effect, as derived from the Pauli exclusions rule. This case is more feasible
because we showed that the exciton-polaron is influenced by the surrounding. As the
superposition state is the major cause of decoherence in a system, the magnetic barrier can be
used to control it. Because of efficient Coulomb interactions, monolayer TMD represent
systems that interact strongly, even with high carrier densities.

Q)

Qirh

B B=0.1ImT;Q =0.5mev B

Figure 71 : variation of probability of excitonic-polaron density as function of the length of
magnetic barrier for various TMDs monolayer

The probability density is linked to the transition frequency, then the electron is in superposition
state, thus the entire system of exciton-polaron can be used to transfer information. Thus a
localized state is observed. TMD monolayers modulated by magnetic barrier is an excellent
structure for information transfer and can be important in the conception of some electronic

component as logic gates [193].
3.3.2.3 CASE OF BIPOLARON

e Bipolaron in quantum pseudodot: the results obtained is from Eqg. (136) with

energies given by Egs. (262) and (263)
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Fig.72 presents the electron probability density as function of time. On can observed that

the probability density oscillates periodically with time, this result is also obtained in [191].
Still in Fig.72 we see that as the chemical potential of the two-dimensional electron gas
increases, period of oscillation decreases and the amplitude remains constants. In Fig.73, the
electron probability density versus the zero point of the pseudo-harmonic potential is presented,
we see that the probability density oscillates with the zero point of the pseudo-harmonic
potential. The period of oscillation increase with the increasing of the zero point of the pseudo-
harmonic potential and amplitude remains constant. The electron probability density is linked
to transition frequency; thus our system can be used to transfer information in superposition
states. The results unveil an information transfer between the ground and first excited states and
then as we increase the value of the chemical potential of the two-dimensional electron gas, we

increase the frequency of information transfer in our system.

k =10; y, =0.5nm,a=0,r, =0.5meV
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Figure 72 : Density probability of bipolaron as function of time for different values of the
chemical potential of the two-dimensional electron gas for
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Figure 73 : density probability of bipolaron versus the zero point of the pseudo-harmonic
potential
In the same way as we increase the zero point of the pseudo-harmonic potential, we

decrease the frequency of information transfer in our system. This result is besides significant
for the production of logic gates and is in agreement with [192]. As the chemical potential of
the two-dimensional electron gas equals to add extra confinement to the electron, which will
lead to an overlap of electron wave function, thus the electron probability density increase with
increasing of the chemical potential of the two-dimensional electron gas, this result is similar
to those obtained by Liang and Xiao with electric field [194]. Our result here suggests that the
chemical potential of the two-dimensional electron gas and the zero point of the pseudo-
harmonic potential is useful to control the state of the bipolaron in TMDs monolayer pseudodot

and improves the information transfer.
3.3.3 SHANNON ENTROPY
3.3.3.1 SHANNON ENTROPY OF POLARON

e Polaron under electric field: the results obtained is from Eq. (135) with energies
given by Eqgs. (147) and (148)

In Fig.74, the Shannon entropy is plotted as function of time for different values of the
electric field. One can observe that entropy changes with time conserving the same amplitude.
The amplitude of entropy is different to zero for Figs.74a and 74b showing that the system
totally losses it pure state this is in accordance with [190]. In Figs.74c and 74d, it is seen that

the polaron qubits can conserve its pure states since the entropy vanishes for some values of
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time and the electric field. This result shows that the control of the coherence of polaron qubits

in TMDs monolayer can be done by modulating the electric field. Fig.75 presents the entropy
of polaron as a function of electric field for different TMDs monolayer. It is observed that the

entropy evolves with electric field
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Figure 74 : Shannon entropy of polaron versus time: (a) F =0.1ImV /nm, (b) F =0.5mV /nm,
(c)F =ImV /nm, (d) F =1.5mV /nm
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Figure 75 : Shannon entropy of polaron versus electric field : (a) MoSe», (b) MoS>, (c) WSe,
(d) WS,
conserving the same amplitude and period. The TMDs monolayer with diselenide are in

opposition of phase with those with disulfide. The entropy is not zero showing that the system
entirely losses its pure state. Thus in TMDs monolayer under electric field, there is information
transfer between electron-phonon interactions showing that decoherence process is a
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consequence of this transfer of information. Therefore, electric field is a viable tool to control

the coherence of a system in TMDs monolayer.
3.3.3.2 SHANNON ENTROPY OF EXCITON-POLARON

e Magnetic barrier effect on exciton-polaron: the results obtained is from Eq. (135)

with energies given by Egs. (211) and (213)

The variation of Shannon entropy with respect to time and the length of magnetic barrier
are respectively displayed in Figs.76 and 77. In Fig.76, it is showed that entropy uniformly
oscillates over time with same oscillation amplitudes in all monolayers and the entropy of the
system is not zero. This implies that the exciton-polaron manages the decay of its pure states.
Indeed, entropy is a concept in Information theory that studies the quantification, storage, and
communication of information [191], thus amplitude of oscillations observed evolves with time
showing that there is sometimes a death and revival of quantum states. As Shannon's entropy is
a measure for examining quantum information theory, this behaviour may be the reason why
guantum states are stored in TMDs systems to transmit information. we observed that entropy
involves with time conserving their amplitude and period in all chosen TMDs monolayer. The
entropy is not zero showing that in all TMDs monolayer the system entirely losses it pure states.
Thus in all TMDs monolayer there is information transfer between electron-phonon interaction
demonstrating that decoherence is a consequence of information transfer. The amplitude of the
entropy is less different in all chosen TMDs monolayer proving that the deformation potential
of these monolayer also affect the coherence of the system in those monolayer. We also
observed in this figure that the monolayer with sulfur displays higher ground state energy than
selenide. In Fig.77, we can see that the entropy enhances with the magnetic barrier keeping a
constant amplitude for all monolayers. This shows that cohesive state overlay (i.e., quantum
coherence) is a fundamental property of quantum mechanics which makes the difference with
classical mechanics [195].
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Figure 76 : variation of the entropy of exciton-polaron versus time for various TMD
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Figure 77 : variation of Shannon entropy of exciton-polaron with respect to the length of
magnetic barrier for different TMDs monolayer

The process of decoherence may be regarded as a result of the transfer of information
between electron and phonon, whereas in the TMD monolayer, more transfer of energy takes
place between the electron (hole)-phonon interplay. Thus, the adjustment of the length of the
magnetic barrier is relevant to the coherency of the system studied. We note high fluctuations
in entropy in both situations, which is a sign of a damaging interference that induces a strong
decoherence. Thus both the length of the magnetic barrier and the deformation potential of
different TMD monolayer are important parameters useful to control the decoherence of a

system.

3.3.3.3 SHANNON ENTROPY OF BIPOLARON
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e Bipolaron in quantum pseudodot: the results obtained is from Eq. (135) with

energies given by Egs. (262) and (263)

Fig.78 illustrates Shannon’s entropy plot as a function the chemical potential of the two-
electron gas. One can observe that entropy fluctuates with the chemical potential of the two-
electron gas conserving the same oscillations amplitude and period. Fig.79 presents Shannon’s
entropy as function of the zero point of the pseudo-harmonic potential. We observed that
entropy oscillates with the zero point of the pseudo-harmonic potential conserving the same
amplitude and period of oscillation increase with the increasing of zero point of the pseudo-
harmonic potential. In both figures, the oscillations decrease and increase at certain periods,

showing that at certain moment, quantum state is loosed and appear after.

1.4f k =10;y, =0.5nm,a =0, r, =0.5meV

1.2

0.8

0.6

0.4

0.2

CWNWWW W W W

-0.4°-

(]

Figure 78 : Shannon entropy of bipolaron versus the chemical potential of the two-electron
gas
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Figure 79 : Shannon entropy of bipolaron versus zero point of the pseudo-harmonic potential

As Shannon entropy is a parameter useful in quantum information theory, the gains and losses
of entropy can explain the loses and gains of information’s when the decoherence process is
controlled. This result is in accordance with the one obtained by Kenfack et al. [191]. we can
also observe that the entropy is zero for some value of the chemical potential of the two-electron
gas or the zero point of the pseudo-harmonic potential, this means that the state is pure for this
value. Notice that the chemical potential of the two-electron gas and the zero point of the
pseudo-harmonic potential influences the Shannon entropy, our result also presented the
negative values of Shannon entropy which physically means that the density probability is
highly localized and the bipolaron is more stable in this region of the quantum system. A similar
result is obtained by Edet and Ikot [196] when studying Shannon information entropy in
presence of magnetic and AB fields. Studying the Shannon entropy proves that checking
the coherence of the system can be done by varying the value of the chemical potential of the

two-electron gas or the zero point of the pseudo-harmonic potential.
3.3.4 DECOHERENCE TIME
3.3.4.1 DECOHERENCE TIME OF EXCITON-POLARON

e Magnetic barrier effect on excition-polaron: the result obtained is from Eq. (138e)
with energies given by Eqgs. (211) and (213)

Fig.80 displays decoherence time versus magnetic barrier length. Decoherence time is
firstly constant with small length of magnetic barrier and then increases sharply with increasing
of the length of magnetic barrier. The magnetic barrier can be considered as an outer excitation
source, explaining that when the excitation increases, the system quickly loses coherence. This
behaviour for decoherence time is in accordance to that obtained by Fotue et al [187] in presence
of magnetic field. Thus, in TMDs monolayer, the magnetic barrier both increases the
confinement of the electron and the rate of decoherence in the system. In this plot one can also
observe that decoherence time is similar in both selenide and sulphide monolayers. In single-
layer TMDs, the high effective masses of the carriers, the large mobility and the robust quantum
confinement induce intense exciton resonances with high energies also in all Monolayers the
decoherence is in the other of milliseconds. Coherent exciton-polaron control for thin
optoelectronic atomic structures requires an appreciation and quantification of exciton
decoherence rates. In this study, we indicate how the magnetic barrier influences cohesive

quantum dynamics of exciton-polaron in TMDs monolayers. As the decoherence time of
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increase with magnetic barrier length, this result is applicable in the domain of quantum

information and the quantum computer which requires a long decoherence time.
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Figure 80 : Decoherence time of exciton-poalron versus the length of magnetic barrier for
different TMDs monolayers.

3.3.4.2 DECOHERENCE TIME OF BIPOLARON

e Bipolaron in quantum pseudodot: the results obtained is from Eq. (138e) with

energies given by Eqgs. (262) and (263)

Figs.81 and 82 displays decoherence time versus dispersion coefficient respectively for
different values of the chemical potential of the two-dimensional electron gas (Fig.81) and the
zero point of the pseudo-harmonic potential (Fig.82). Decoherence time increase linearly with
increasing of the dispersion coefficient. This result is similar to that obtained by Kenfack et al
[191] in Shannon entropy and decoherence of polaron in asymmetric polar semiconductor
qguantum wire. Thus when the dispersion coefficient increases, the system quickly loses
coherence. Also in Fig.81 are presented the variation of decoherence time as function of the
chemical potential of the two-dimensional electron gas, on can remarked that decoherence time
decrease with the increasing of the chemical potential of the two-dimensional electron gas. The
duration of the bipolaron in the superposition state is longer with small value of chemical

potential of the two-dimensional electron gas.
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Figure 81 : Decoherence time of bipolaron versus dispersion coefficient for different value of
the chemical potential of the two-dimensional electron gas

In Fig.82, on can also observed that the decoherence time increase with the increasing of the
dispersion coefficient and increase very little with the increasing of zero point of the pseudo-
harmonic potential. The duration of the bipolaron in the superposition state is longer with high
value of the dispersion coefficient. Our result suggests that decoherence process of bipolaron
in TMDs pseudodot can be controlled by the dispersion coefficient and the zero point of the
pseudo-harmonic potential. Thus, as the pseudodot potential can be consider as an outer

excitation source, it can affect the decoherence process of bipolaron in TMDs.

In Fig.83 is presented the variation of decoherence time as function of the chemical
potential of the two-electron gas for different TMDs monolayers. It is observed that
decoherence time decrease parabolically as the chemical potential of the two-dimensional of
electron gas increase. This result is in accordance with Fig.82. Decoherence time significantly
depends on value of the chemical potential of the two-dimensional electron gas. This result is
exciting because it shows that increasing the chemical potential of the two-dimensional of
electron gas shrinks the phenomenon of decoherence. Thus a system involving of a bipolaron
in TMDs monolayers in pseudodot can be used for the fabrication of a qubit which requires a
very small decoherence time. Furthermore, in this figure are also presented decoherence time
in function of different TMDs monolayers, one can observe that decoherence time is similar in
both selenide and sulphide monolayers. Our result can found it application in quantum

cryptographie which require a short decoherence time.
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We have therefore noticed that in TMDs under various configurations, the decoherence

time is of the order of milliseconds, which is fairly short time. Which mean that the system
remains coherent for a longer period of time, which is very favorable for quantum applications
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Figure 82 : Decoherence time of bipolaron versus dispersion coefficient and the zero point of
the pseudo-harmonic potential
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Figure 83 : Decoherence time of bipolaron as function of the chemical potential of the two-
electron gas for different TMDs monolayer

CONCLUSION

In this chapter, we have displayed the numericals results obtained from the study of the
properties of polaron, exciton-polaron and bipolaron in TMDs monolayer. Firstly, we display
the dynamic properties of quasiparticles versus various external potential. Secondly, we present
the optical properties such as optical absorption and conductivity of exciton-polaron and
bipolaron in TMDs. Finally, we highlighted the decoherence parameters of quasiparticles in
TMDs. Discussions made shown that the characteristics of these quasi-particle can be modified

and improve to build nanodevices with good efficiency.
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GENERAL CONCLUSION AND PERSPECTIVES

In this thesis, we have investigated the electric field, the pseudo harmonic potential, the
magnetic barrier and both microwave and radiowave on polaron, exciton-polaron and bipolaron
in Transition Metal Dichalcogenides (MoS,, MoSez, WS, WSe;) on one hand. These effects
were isolated in the different systems proposed. On the other hand, the electron phonon
coupling contribution on exciton-polaron and bipolaron in TMDs under magnetic field have
also been investigated. We have calculated the ground state energy, the first excited state
energy, the lifetime, the mobility, the MBM, the stability, the decoherence time, the transition
frequency, the probability density and the Shannon entropy in the ground and the first excited
states of those quasiparticles in TMDs by using various variationnals methods. We came out

that a single qubit can be obtained as a kind of two level system in TMDs.

In the case of polaron in TMDs, it was found that the ground and first excited state
energies are increasing function of the electric field, the effective confinement strength, polar
substrates, the effective mass of electron in different monolayers and the internal distance
between the monolayers and polar substrates. But these state energies are decreasing function
of the wave vector. The ground state energy oscillates with the increasing of the frequency of
microwaves and radiowave but is an increasing function of their amplitudes. The movement of
polaron in TMDs is increase by the increasing of the electric field, the amplitude of the
radiowave or microwaves, but this movement can be reducing by increasing the wave vector or
the internal distance between TMDs and polar substrates. Thus the polaron move more freely
in the WS, monolayer. The lifetime of polaron is reduce with the increasing of the electric field

and increase with the increasing of the wave vector up tok. <2, then fork. > 2 the lifetime

becomes linear with the increasing of wave vector. Also, lifetime of polaron is an increasing
function of the amplitude of the microwave and radiowave both with LO and SO phonons. The
polaron lives long in the WS, monolayer. Then in TMDs monolayer the lifetime of polaron in
the other of the milliseconds. According to the transition frequency, it was found that in
presence of electric field the transition frequency is an increasing function of the electric field
and effective confinement strength whereas in presence of both radiowave and microwave it
decrease with their amplitude and fluctuate with their frequency. Furthermore, the presence of
the polar substrates reduces the transition frequency to one state to another, also the effective

mass of electron in different monolayer affected the transition frequency. It has been found that
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the probability density oscillates periodically with time when the polaron is in the superposition
state of the ground and the first-excited state. The probability density increases with a decrease
of the electric field or the effective mass of electron in different monolayer. Thus, varying the
strength of the electric field on a polaron, our system can increase the probability density.
besides, entropy evolves periodically with time and also with the electric field and is not zero
proving that the system entirely losses it pure state. Thus in TMDs monolayer there is
information transfer between electron and phonon trough interaction showing that the
decoherence process is a consequence of information transfer. The magnitude of the bandgap
modulation was also investigated in presence of both the microwave and radiowave and it was
found that the MBM is a decreasing function of the amplitude of the microwave or radiowave,
it is also a decreasing function of the internal distance between TMDs monolayer and polar
substrates, then it is an increasing function of the polarizability of the substrates and also of the

effective mass of electron in monolayer.

For the case of exciton-polaron, since the binding energy of the exciton-polaron is very
important, exciton-polaron are said to be stable quasiparticles in the presence of a magnetic
field. This stability is increased by the presence of the magnetic barrier. Therefore, it is easier
to speak of electron population in the conduction band and electron depopulation in the valence
band. The dimensionality of the system has a key role to play in the development of the system.
The advantages of quantum confinement, the reduction of the dimensionality of the system are
revealed in the energy of the exciton-polaron. We showed that molybdenum has a higher ground
state energy than tungsten. We have seen that the effective mass decreases as the length of the
magnetic barrier becomes high. With large values of the length of the magnetic barrier, there is
a greater change in the mass of the exciton-polaron. This is due to the interaction between the
acoustic phonon and the exciton-polaron. This result proves that the transport properties of an
exciton-polaron are robust. In WS, the transport properties may be more interesting than those
of MoSe,. Those parameters evaluated inform on the efficient transport characteristics of the
studied system. We have also shown that mobility increases in all single-layer TMDs with
increasing of the length of the magnetic barrier. To characterize the environments that conduct
electric current, we need to introduce magnetism into an exciton-polaron system. It is desirable
to understand the physics of multiple bodies in TMDs in order to use 2D appliances to develop
optoelectronic systems. The results also reveal that the exciton-polaron is also interesting in
qguantum information theory due to the observed localized states. The outer magnetic barrier

therefore affects the system coherence. Decoherence process is reduced enabling the transfer of
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information in TMD monolayers. Finally, the modulation of the length of the magnetic barrier
is primordial to control the exciton-polaron transport and coherence of the system.

Concerning the bipolaron in pseudodot quantum qubit, it was found that mobility and
transition frequency of bipolaron are an increasing function of the chemical potential of the
two-dimensional electron gas and also an increasing function of the effective mass of electron
in TMDs, thus, bipolaron moves more freely in WS, monolayer; moreover, the mobility and
transition frequency decreases with the increasing of the zero point of the pseudo-harmonic
potential. Thus both the chemical potential of the two-dimensional electron gas and the zero
point of the pseudo-harmonic potential can be used to control displacement and the transition
of electron to one state to another in TMDs. The electron density probability oscillates with the
zero point of the pseudo-harmonic potential and the period increase with the increasing of the
zero point of the pseudo-harmonic potential. We also shown that the zero point of the pseudo-
harmonic potential and the chemical potential of the two-dimensional electron gas destroys
decoherence of bipolaron state in TMDs. The pseudodot effect on bipolaron will be a main
issue which can help to improve the control of the decoherence of bipolaron in TMDs.

We theoretically study the energy, the effective mass and the optical absorption of the
exciton-polaron and the optical absorption of the bipolaron and its effects on the bandgap
modulation in TMDs monolayer under the applied magnetic field. It was found that the energies
of Landau level of exciton-polaron are governed by the interaction between the intensity of the
electron-phonon coupling and the optical phonon energy. The type of electron phonon coupling
affects the zero energy of the Landau level. It was also shown that in the presence of the
bipolaron, the MBM of TMDs are flexible, the magnetic field strongly affects the MBM in
intermediate and strong coupling regime, thus enhances the conductivity of TMDs monolayer
and that in weak coupling regime, the magnetic field cannot be used to tune the MBM. It was
also found from the energy and optical absorption results that the LO phonon has always more
impact on those parameters than the SO one. The result of the optical absorption shows that it
increases in the following order MoSez, MoS2, WSez, and WS; for exciton-polaron in TMDs
whereas in the case of bipolaron MoS», has enough energy to absorb than WSe;. The absorption
can be increased by reducing the internal distance between monolayer and polar substrate or by
increasing the magnetic field, the magnetic field and the internal distance separating the
monolayer and polar substrates affects the optical absorption in the TMDs. By study the
stability of bipolaron, it was shown that despite the fact that the coulomb repulsion is enhances,

the phonon mediated attractive electron-electron attraction still dominated. Thus, the binding
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energy remain positive and indicated that in all selected TMDs monolayer, the bipolaron is

stable.

This thesis brings new ideas and offers a possible approach to developp new challenges
to further optimize the efficiency of TMDs in technology. Also, our results are meaningful for
the design and implementation of quantum computers both theoretically and experimentally
and also for the control of decoherence in quantum systems. The results obtained are also very
helpful in quantum optics, quantum cryptography, quantum information and electronic

nanodevices.

Nevertheless, there are still some unanswered questions which we think can be the

subject of future investigations:

X/

% Deal with applications, in future works we will study dynamic and decoherence of
polaron and bipolaron taking into account the influences of many parameters to bring
out these results in a realistic experimental system and show their significant implication
in quantum computation

% Study the relaxation of the particle that can be the cause of decoherence;

¢+ Extends the studies to TMDs multilayers and metallic TMDs

%+ Study the properties of polaron and bipolaron and exciton-polaron in TMDs multilayers
by taking into, the screening effect.

% Consider spins to investigate Zeeman effect when calculations are done in the ground

state;

% Study the stability of exciton-polaron in TMDs monolayers
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