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Résumé: Les matériaux quantiques représentent une classe de systèmes physiques de la matière condensée dont la structure électronique possède de nombreuses propriétés exotiques, au-delà de la simple théorie des bandes dans les solides. Par exemple, les isolants topologiques présentent des cônes de Dirac avec le spin fixé par leur vecteur d'onde, et les composés de Weyl présentent des fermions chiraux qui apparaissent par paires avec une chiralité opposée. Une information clé pour comprendre les propriétés de ces matériaux est leur structure de bande électronique, qui peut être directement mesurée par ARPES.

Dans cette thèse, de nouveaux résultats sont présentés sur certains prototypes de matériaux quantiques, explorant leurs états transitoires suite à une excitation optique ultrarapide et modifiant leurs propriétés avec un dopage chimique de surface. En particulier, je me suis concentré sur les isolants topologiques Bi 2 Se 3 et Bi 2 Te 2 Se, le semimétal de Dirac BaNiS 2 et le semi-métal de Weyl de type II MoTe 2 , étudiés avec ARPES et ARPES résolues en temps.

Dans la première partie, je présente des résultats obtenus avec un détecteur ARTOF, fournissant une cartographie complète des bandes dans l'espace réciproque. Les mesures de dichroïsme circulaire sur Bi 2 Te 2 Se et Bi 2 Se 3 ont révélé que la texture de spin de ces composés possède des com-posants hors plan. La même approche a ensuite été utilisée pour étudier BaNiS 2 , et en exploitant les effets des éléments de matrice, j'ai obtenu de nouvelles informations sur le caractère orbital de ses bandes près du niveau de Fermi.

En suite, je présente les résultats d'expériences de dopage en surface par électrons et trous sur BaNiS 2 , montrant que ces méthodes chimiques permettent de changer la position des cônes de Dirac dans l'espace réciproque. En particulier, le dopage de surface en électrons peut déplacer les cônes de Dirac vers Gamma et vers le bas en énergie, et le dopage de surface en trous déplacera les cônes de Dirac dans la direction opposée, c'est-à-dire loin de Gamma et vers le haut en énergie. Cette manipulation de la position du cône de Dirac dans BaNiS 2 peut être expliquée par un modèle récemment proposé basé sur le rôle du gap de transfert de charge dans ce composé.

Dans le dernier chapitre je présente mes études sur les transitions de phase dans MoTe 2 . La transition de phase entre la phase 1T' et la phase T d a été confirmée par des mesures de diffusion Raman. La différence entre ces deux phases est également révélée par les données ARPES. Le dopage électronique de surface a été en suite utilisé sur les deux phases de MoTe 2 . Les résultats montrent que la fermiologie est modifiée dans T d -MoTe 2 après évaporation d'atomes de K à la surface. of condensed matter physics systems whose electronic structures possess many exotic properties, beyond the simple band theory of solids. For example, topological insulators present spin-momentum locked Dirac cones, and Weyl compounds present chiral fermions that appear in pairs with opposite chirality. A key information to understand these materials' properties is their electronic band structure, which can be directly measured by ARPES.

In this thesis, new results are presented on some prototype quantum materials, exploring their transient states following ultrafast optical excitation and modifying their properties with surface chemical doping. In particular, I focused on the the topological insulators Bi 2 Se 3 and Bi 2 Te 2 Se, the Dirac semimetal BaNiS 2 and the Type-II Weyl semimetal MoTe 2 , studied with ARPES and timeresolved ARPES.

In the first part, I present results obtained with an ARTOF detector, providing a complete mapping of the bands in reciprocal space. The circular dichroism measurements on Bi 2 Te 2 Se and Bi 2 Se 3 revealed that the spin texture of these compounds possesses out-of-plane components. The same approach was then used to study BaNiS 2 , and by exploiting matrix elements effects I obtained novel information on the orbital character of its bands near the Fermi level.

Later I present the results on surface electron and hole doping experiments on BaNiS 2 , showing that, these chemical methods make it possible to tune the Dirac cones in reciprocal space. In particular, surface electron doping can move the Dirac cones towards Γ and shift downwards in energy and surface hole doping will move the Dirac cones in the opposite direction, i.e., away from Γ and upwards in energy. This manipulation of the Dirac cone position in BaNiS 2 can be explained by a recently proposed model based on the role of the charge transfer gap in this compound.
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The physics of topological materials 1.1 Introduction

In 1928, Dirac proposed his famous Dirac equation in order to reconcile special relativity and quantum mechanics which led to the birth of quantum field theory [START_REF] Dirac | The Quantum Theory of the Electron[END_REF]. The solution to this equation consists of 4×4 complex matrices and a four component wave function which predicted the existence of antimatter and led to a new understanding of the concept of spin. There are two assumptions that are at the basis of the elegant solution to the equation: one is the constraint that space and time derivatives must appear in the same order in the equations of motion and the other is the probabilistic interpretation of the wave function that the equations of motion depend only on the first derivative of time. In 1929, Weyl proposed a simplified version of the Dirac equation by using 2×2 Pauli matrices which described massless fermions with a definite chirality (or handedness) [START_REF] Weyl | Gravitation and the Electron[END_REF]; in this way, a pair of opposite chirality Weyl fermions can be combined to obtain a Dirac fermion.

Modern particle physics has witnessed the great success of Dirac equation. However, even in condensed matter physics, when the slow electrons propagate through the periodic potential of a crystal, in certain cases the effective low-energy description of the dressing electronic states resembles the Dirac equation. The best known example is in graphene, where a linear momentum dispersion relation can be described by a massless two-dimensional Dirac equation. These solid-state realizations offer a platform where predictions made by relativistic theories can be tested, but at the same time entirely new properties that exist only in a condensed matter context emerge, such as Fermi arc surface states at the boundary of the material.

The prediction and discovery of two dimensional (2D) and three dimensional (3D) topological insulators (TIs) has led to the explosion of studies of topological aspects of band structures [START_REF] Bernevig | Quantum Spin Hall Effect and Topological Phase Transition in HgTe Quantum Wells[END_REF][START_REF] Haldane | Model for a Quantum Hall Effect without Landau Levels: Condensed-matter Realization of the "Parity Anomaly[END_REF][START_REF] Kane | Quantum Spin Hall Effect in Graphene[END_REF][START_REF] Fu | Topological Insulators in Three Dimensions[END_REF][START_REF] Moore | Confinement-induced Berry Phase and Helicity-dependent Photocurrents[END_REF][START_REF] Moore | Topological Invariants of Time-reversal-invariant Band Structures[END_REF][START_REF] Hsieh | A Topological Dirac Topological in a Quantum Spin Hall Phase[END_REF][START_REF] Roy | Topological Phases and the Quantum Spin Hall Effect in Three Dimensions[END_REF][START_REF] Hasan | Colloquium: Topological Insulators[END_REF][START_REF] Qi | Topological Insulators and Superconductors[END_REF]. The transition between topological and trivial phases proceeds through a gapless state, for example, a 3D topological to trivial insulator transition proceeds through the 3D Dirac dispersion in the presence of both time reversal and inversion symmetry [START_REF] Murakami | Phase Transition between the Quantum Spin Hall and Topological Phases in 3D: Emergence of a Topological Gapless Phase[END_REF].

For the case of 3D material systems which can be described by the massless Dirac equation, the stable fourfold-degenerate Dirac points (DP) were proposed by Abrikosov and Beneslavskii [START_REF] Abrikosov | Some Properties of Gapless Semiconductors of the Second Kind[END_REF] and more recently by Wang et al. (2012) [START_REF] Wang | Dirac Semimetal and Topological Phase Transitions in A 3 Bi(A= Na, K, Rb)[END_REF] and [START_REF] Young | Dirac Semimetal in Three Dimensions[END_REF] [START_REF] Young | Dirac Semimetals in Two Dimensions[END_REF]. Different from the case of Weyl points, this degeneracy is not topologically protected because its net Chern number is zero and residual momentum-conserving terms in the Hamiltonian can potentially mix and gap the band structure. However, in particular situations this mixing can be forbidden by space group symmetries. For example, this can happen at a phase transition between TI and non-TI phases in a crystal system that preserves inversion [START_REF] Murakami | Phase Transition between the Quantum Spin Hall and Topological Phases in 3D: Emergence of a Topological Gapless Phase[END_REF][START_REF] Murakami | Tuning Phase Transition between Quantum Spin Hall and Ordinary Insulating Phases[END_REF]. However, as pointed out by Wang et al. (2012) [START_REF] Wang | Dirac Semimetal and Topological Phase Transitions in A 3 Bi(A= Na, K, Rb)[END_REF], [START_REF] Young | Dirac Semimetal in Three Dimensions[END_REF] [START_REF] Young | Dirac Semimetals in Two Dimensions[END_REF], and [START_REF] Steinberg | Bulk Dirac Points in Distorted Spinels[END_REF] [START_REF] Steinberg | Bulk Dirac Points in Distorted Spinels[END_REF] a Dirac semimetal (DSM) can also appear as a robust electronic phase which is stable over a range of Hamiltonian control parameters and will be discussed further in the following sections.

Topological insulators

Topological insulators are electronic materials whose bulk bands have a gap like an ordinary insulator but whose edge or surface states are protected conducting states. These states originate from the combination of spin-orbit interactions and timereversal symmetry. In this section I will briefly introduce 2D topological insulators and 3D topological insulators.

Quantum Hall effect

The discovery of TI could not have happened without the discovery of quantum hall effect. In condensed matter physics, ordered phases require a spontaneous breaking of some symmetries according to Landau's paradigm. For instance, in the crystalline state, continuous translational and rotational symmetry are broken; in magnetic phases, time-reversal symmetry is broken. The first system that does not exhibit any symmetry breaking was found in 1980, called the quantum Hall (QH) state [START_REF] Klitzing | New Method for High-accuracy Determination of the Fine-structure Constant Based on Quantized Hall Resistance[END_REF]. In this system, the electrons are confined to a 2D interface between two semiconductors placed in a strong magnetic field at low temperature. The presence of the strong magnetic field will force the electrons to follow closed circular orbits unless they meet an interface on which they will be reflected, as shown in Figure 1.1. The quantization of the electrons' circular orbits will lead to quantized Landau levels with energy E m = ℏω c (m + 1/2), where ω c is the cyclotron frequency and m is an integer. Another feature of this system is that the edge states are conducting and do not disappear in the presence of disorder; the most remarkable resulting effect is that the Hall conductance takes quantized values, which can be expressed as following:

σ xy = n e 2 h (1.1)
where n is an integers, e is the electric charge and h is the Planck constant. Note that Thouless, Kohmoto, Nightingale, and den Nijs (TKNN) [START_REF] Thouless | Quantized Hall Conductance in a Two-dimensional Periodic Potential[END_REF] latter proved that n is a topological invariant called Chern number when the Hamiltonian varies smoothly.

Two-dimensional topological insulators

The 2D topological insulator is also called as quantum spin Hall insulator, which is closely related to the integer quantum Hall state. In the previous description of the QH effect, the spin of the electrons was not taken into account. When a 2D electron gas with all spins up is placed in an upwards magnetic field, a QH effect will occur which will generate a conducting edge channel where electrons propagate in one direction. Similarly, when a 2D electron gas with all spins down placed in an downwards magnetic field, the electrons in the edge channel will propagate in the opposite direction. By superposing these two, one can obtain what is called the quantum spin hall (QSH) effect. Although it is impossible to apply an external magnetic field acting on only one specific type of spin, this effect can be realized in materials composed of heavy atoms with a strong spin-orbit coupling (SOC). Due to the SOC, the electrons are subject to an effective magnetic field depending on their spin, which leads to the QSH effect. A quantum spin Hall edge state can be scattered by a nonmagnetic impurity in two directions. As shown in Figure 1.2 one is going clockwise along the blue curve, the spin rotates by π; the other is going counterclockwise along the red curve, the spin rotates by -π. Therefore, a quantum mechanical phase factor of -1 associated with that difference of 2π leads to destructive interference of the two paths, i.e., the backscattering of electrons is suppressed. Indeed, the QSH edge state is protected.

Three-dimensional topological insulators

A three-dimensional (3D) topological insulator supports novel spin-polarized 2D Dirac fermions on its surface. It can be characterized by four Z 2 topological invariants (v 0 ; v 1 v 2 v 3 ). Here, a trivial insulator is obtained when all four invariants are zero; if v 0 = 0 but at least one of the indices v 1 , v 2 , or v 3 is non-zero, the 3D material can be viewed as a stacking of 2D TIs, and it is referred to a "weak" TI which means its surface states are not protected by time reversal symmetry; For v 0 = 1, the system is considered as a "strong" TI in the sense that the system is robust against weak perturbations. The surface states of a 3D crystal can be labeled with a 2D crystal momentum. As shown in Figure 1.3(a)(b), there are four T invariant points Γ 1,2,3,4 in the surface Brillouin zone, where surface states must be Kramers degenerate if they exist. Away from these special points, the spin-orbit interaction will lift the degeneracy and therefore these Kramers degenerate points assemble 2D Dirac points in the surface band structure.

The interesting question is how the Dirac points at the different T invariant points connect to each other. Between any pair Γ a and Γ b , the surface state band structure will form either Figure 1.4(a) or (b). This determines the number of times that the Fermi surface intersects a line joining Γ a to Γ b . The parity of intersecting times is determined by the four bulk Z 2 invariants. When it is odd, then the surface states are topologically protected. An odd number of crossings leads to topologically protected metallic boundary states. adapted from [START_REF] Hasan | Colloquium: Topological Insulators[END_REF].

The surface states of a strong topological insulator is like half of ordinary metal due to the fact that these states are not spin degenerate at every point on the Fermi surface. T symmetry requires that states at momenta k and -k have opposite spin, so the spin must rotate with k around the Fermi surface (see Figure 1.3(b)). This leads to a nontrivial Berry phase acquired by an electron moving around the Fermi circle. When an electron circles a Dirac point, its spin rotates by 2π, which corresponds to a π Berry phase. Note that T symmetry requires that this phase is 0 or π. The Bi 2 Se 3 surface state has a nearly idealized single Dirac cone as seen from the experimental data in Figure 1.6 while the bulk states have a band gap of about 0.3 eV. Detailed and systematic investigations of Bi 2 Se 3 performed by D. Hsieh et al. [START_REF] Hsieh | A Topological Dirac Topological in a Quantum Spin Hall Phase[END_REF] and S. Park et al. [START_REF] Park | Quasiparticle Scattering and the Protected Nature of the Topological States in a Parent Topological Insulator Bi 2 Se 3[END_REF] have confirmed the topological band structure of this material.

Besides equilibrium measurements, some out-of-equilibrium measurements were also conducted. J. A. Sobota et al. [START_REF] Sobota | Distinguishing Bulk and Surface Electron-phonon Coupling in the Topological Insulator Bi 2 Se 3 Using Time-resolved Photoemission Spectroscopy[END_REF] identified the direct transitions and subsequent relaxation processes induced by optical excitation. They found that this optical excitation leads to a metastable population at the bulk conduction band edge, which feeds a non-equilibrium population of the surface state persisting for more than 10 ps. Their results also show that an unusually long-lived population of the metallic Dirac surface states with spin texture may possess a channel in which to drive transient spin-polarized currents. C. Cacho et al. [START_REF] Cacho | Momentum-resolved Spin Dynamics of Bulk and Surface Excited States in the Topological Insulator Bi 2 Se 3[END_REF] measured the out-of-equilibrium spin and electronic properties of Bi 2 Se 3 by means of spin-resolved, time-, and angle-resolved photoemission spectroscopy (ST-ARPES). In this study, the band structure in the unoccupied states was fully mapped and a spin-polarized surface resonance state with a topologically trivial character was identified. It was shown that this newly discovered surface resonance state plays a key role in the spin-dependent relaxation of the photoexcited electrons, by partially decoupling the bulk conduction band from the topological surface states.

As a prototype of topological insulator, two defining properties of topological insulators (spin-momentum locking of surface states and π Berry phase) can be clearly demonstrated in the Bi 2 Se 3 series compounds. The surface states are expected to be protected by T symmetry which indicates that the surface Dirac nodes should be robust against nonmagnetic disorder but open a gap in the presence of T breaking perturbations. Magnetic impurities such as Fe or Mn on the surface of Bi 2 Se 3 will open a gap at the Dirac point. The magnitude of the gap is likely determined by the interaction of Fe ions with the Se surface and the T breaking disorder potential introduced on the surface. Nonmagnetic disorder induced by molecular absorption NO 2 or alkali atom evaporation on the surface leaves the Dirac node intact.

Weyl semimetal

The Dirac equation in d spatial dimensions and effective speed of light c = 1 is

(iγ µ ∂ µ -m)ψ = 0 (1.2)
where ν = 0, 1, . . . , d depict time and space dimensions, and the d + 1 gamma matrices satisfy the anticommutation relation γ µ , γ ν = 0 for µ ̸ = ν and (γ 0 ) 2 = -(γ i ) 2 = I, where i = 1, . . . , d. I is the 2 unit matrix.

Weyl noticed that this equation can be further simplified in odd spatial dimensions in certain cases [START_REF] Weyl | Gravitation and the Electron[END_REF]. For d = 1, one needs only two anticommuting matrices, e.g., the 2 Pauli matrices (γ 0 = σ z and γ 1 = iσ y ). Therefore the Dirac equation in 1 + 1 dimension involves a two component spinor and can be written as i∂ t ψ = (γ 0 γ 1 p + mγ 0 )ψ, where p = i∂ x . When this equation is used to describe a massless particle, it can be further simplified by picking eigenstates of the Hermitian matrix γ 5 = γ 0 γ 1 = σ x , if γ 5 ψ ± = ±ψ ± . One then has the 1D Weyl equation:

i∂ t ψ ± = ±pψ ± (1.3)
The resulting dispersion is simple E ± (p) = ±p which defines a right (left) moving particle termed chiral or Weyl fermions. Analogous dispersions can be found at the one-dimensional edge of an integer quantum Hall state, but are not allowed in an isolated one-dimensional system where chiral fermions must appear in opposite pairs. For d = 3, the gamma matrices are 4 matrices and can be expressed as γ 0 = I τ x , γ i = σ i iτ y and γ 5 = -I τ z . Again, if we identify chiral components γ 5 ψ ± = ±ψ ± , where ψ ± are effectively two component vectors, for the massless Dirac equation we have

i∂ t ψ ± = H ± ψ ± H ± = ∓p • σ (1.4)
Thus Weyl fermions propagate parallel (or antiparallel) to their spin, which defines their chirality. A single chirality of Weyl fermions cannot be realized in 3D, but momentum separated pairs can arise in the Weyl semimetal. In Weyl semimetals, the conduction bands overlap with valence bands in energy over some region of the Brillouin zone creating at least a touching point. The band touching is robust to small perturbation. A crucial point in determining the conditions for such band touchings is the degeneracy of bands, which is determined by symmetry. If both time reversal T and inversion symmetry P are simultaneously present, then under the combined symmetry operation, crystal momenta are invariant and moreover (T P) 2 = -1, indicating the doubly degeneracy of bands. If only time reversal is present, bands are generally nondegenerate since crystal momentum is reversed under its action. Only at the time reversal invariant momentum (TRIM), where k = -k, is a Kramers degeneracy present. Similarly, if time reversal is broken and only inversion is present, the bands are typically nondegenerate.

As discussed above, it appears that to realize a WSM one needs to find a 3D crystal with nondegenerate bands by breaking appropriate symmetries. Another question is why the band touching points, so called Weyl nodes, should come in opposite chirality pairs. The reason is related with the Berry flux on a surface surrounding the Weyl point. When one considers the sphere surrounding a Weyl point and its 2D band structure, it has a nonvanishing Chern number C = ±1. However, the periodicity of the crystal requires that the net Chern number of the entire Brillouin zone is zero. Thus, the net Chern number of all Weyl points in the Brillouin zone must vanish by pairing Weyl points with opposite chirality. It is worth noting that the Berry flux must be an integer multiple of 2π allows band touching with C = ±2. In this case, it corresponds to "double Weyl" nodes which do not have a linear dispersion in all direction.

Weyl points are monopoles of Berry flux and are chiral due to a nontrivial topology. One strong manifestation of such topology is the emergence of spinpolarized surface states that connect two different Weyl points together. These so-called Fermi arcs are a direct consequence of the fact that Weyl nodes are sources and sinks of Berry flux [START_REF] Berry | Aspects of Degeneracy[END_REF], as shown in Figure 1.7. The most direct observation of Fermi arc surface states has been carried out by ARPES and and scanning tunneling microscopy studies on the WSM candidate TaAs [START_REF] Lv | Experimental Discovery of Weyl Semimetal TaAs[END_REF]. Another standard technique for probing Fermi surfaces is quantum oscillations which can also be used to study Fermi arc surface states.

Example: recent studies of the Weyl semimetal MoTe 2

In 2015, MoTe 2 was predicted to be a type II Weyl semimetal [START_REF] Sun | Prediction of Weyl Semimetal in Orthorhombic MoTe 2[END_REF] hosting tilted Dirac cones at its low temperature orthorhombic phase and the spectroscopic evidences were reported in 2016 [START_REF] Huang | Spectroscopic Evidence for a Type II Weyl Semimetallic State in MoTe 2[END_REF][START_REF] Deng | Experimental Observation of Topological Fermi Arcs in Type-II Weyl Semimetal MoTe 2[END_REF]. MoTe2 has three main phases and it can undergo a phase transition from WSM (orthorhombic) to trivial semimetal (monoclinc) whose transition temperature is about 250 K. This phase transition is hard to observe via regular ARPES techniques due to the fact that the Weyl point of MoTe2 lies above the Fermi level. Therefore, A. Crepaldi et al. [START_REF] Crepaldi | Enhanced Ultrafast Relaxation Rate in the Weyl Semimetal Phase of MoTe 2 Measured by Timeand Angle-resolved Photoelectron Spectroscopy[END_REF] managed to probe the unoccupied states and unveil the phase transition between Weyl semimetal and a trivial phase by means of time-resolved ARPES. As shown in Figure 1.8, the dynamics of the gapped state is slowed down with respect to the gapless phase. For the trivial phase, the local gap between the valence band and the conduction band is a bottleneck for the relaxation process of photoexcited electrons in the conduction band. While in the Weyl phase, the relaxation time is shorter due to the enhanced interband scattering from the conduction band to the valence band mediated by electron-electron scattering along the Weyl cone. Similar behaviors of the small band gap have also been studied on the Dirac fermions of the bilayer graphene [START_REF] Ulstrup | Ultrafast Dynamics of Massive Dirac Fermions in Bilayer Graphene[END_REF], which suggests a slower dynamics with respect to the monolayer graphene due to less efficient electron-phonon scattering in the presence of a gap close to the Fermi level. M. Y. Zhang et al. [START_REF] Zhang | Light-induced Subpicosecond Lattice Symmetry Switch in MoTe 2[END_REF] reported a photoinduced subpicosecond structural transition between the type-II WSM phase and normal semimetal phase in bulk crystalline MoTe 2 by using pump-probe technique combined with time-resolved second harmonic generation spectroscopy. The phase transition was revealed by characterizing the dramatic change of the shear oscillation mode and measuring the intensity loss of second harmonic generation.

H. Kim et al. [START_REF] Kim | Origins of the Structural Phase Transitions in MoTe 2 and WTe 2[END_REF] proposed a mechanism for explaining the phase transition between orthorhombic and monoclic phases of MoTe 2 by using van der Waals density functional method. Their calculations showed that the structural stability of MoTe 2 is related with the interlayer bonding states near the Fermi energy. According to this origination of phase transition, they predicted that a charge doping can control the transition by exploiting the relation between the structural phase transitions and the low energy electronic properties.

Dirac semimetal

As discussed above, Weyl points can appear in 3D materials only when either time reversal or inversion symmetry is broken. When inversion symmetry is present a Weyl point at k must be accompanied by a partner one at -k at the same energy but carries the opposite topological charge. Conversely, the presence of time reversal symmetry requires that nodes at these momenta are time reversed partners which carry the same topological charge. Since the net topological charge for the entire Brillouin zone is zero, this latter case further requires the existence of two additional compensating partner Weyl nodes. Therefore, the possibility of a twofold degeneracy at a Weyl point in the spectrum is excluded when both inversion and time reversal symmetries exist.

Nevertheless when both symmetries hold, energetically degenerate Weyl nodes with opposite charges can be stabilized at the same crystal momentum, leading to the composite point singularity hosting a fourfold degeneracy. This degeneracy is not protected by the topology properties since its net Chern number is zero and residual momentum-conserving terms in the Hamiltonian projected into the degenerate subspace can potentially mix these states and gap the electronic band structure. However, in particular situations, this mixing can be forbidden by crystal symmetries where the nodes remain intact as symmetry-protected degeneracies. In this case, the stable merger of two Weyl nodes provides a realization of new exotic states and materials that support this degeneracy are called Dirac semimetals. Two mechanisms have been suggested so far, one is the "band-inversion" mechanism and the other one is the "symmetry-enforced" mechanism.

The Dirac point results from an unavoidable band crossing that occurs in pair along a symmetry axis. The bands should belong to different representations. In this "band-inversion" mechanism, the Dirac semimetal is not truly symmetryprotected; it is possible to uninvert the bands and annihilate the Dirac points pairwise by gradually tuning the Hamiltonian without changing the space group. Figure 1.9 illustrates how this situation can happen naturally near a band inversion transition. The uninverted (see Figure 1.9(a)) and inverted (see Figure 1.9(b)) band structures reverse the parities and band curvatures of their k = 0 eigenstates. In general, these states are allowed to mix at k ̸ = 0 as shown in Figure 1.9(b) which produces an avoided crossing and fully gaps the state with a "Mexicanhat" dispersion. However, if these states transform along a symmetry direction according to different irreducible representations of the group of the symmetry line, the band structure undergoes a gap closure on the symmetry line as shown in Figure 1.9(c). Note that this mechanism generically produces pairs of fourfold degenerate points along this line. If one tunes parameters to uninvert the bands, these two Dirac points merge and annihilate and the system reverts to a fully gapped state shown in Figure 1.9(a). Generally Dirac systems are very sensitive to symmetry breaking terms. The Na 3 Bi is an example of such band-inversion mechanism that supports Dirac points on its six-fold symmetry axis [START_REF] Liu | Discovery of a Three-dimensional Topological Dirac Semimetal[END_REF][START_REF] Wang | Dirac Semimetal and Topological Phase Transitions in A 3 Bi(A= Na, K, Rb)[END_REF]. Ab initio calculations show that even a 1% compression in the y direction opens an approximately 6 meV energy gap in Na 3 Bi. Another well-known example is Cd 3 As 2 [START_REF] Wang | Three-dimensional Dirac Semimetal and Quantum Transport in Cd 3 As 2[END_REF][START_REF] Neupane | Observation of a Three-dimensional Topological Dirac Semimetal Phase in High-mobility Cd 3 As 2[END_REF]. In both families of compounds, the low-energy physics is controlled by a single band inversion occurring near the Γ point of the Brillouin zone. If the symmetries of the system is lowered, the resulting gapped phase will be a topological insulator. Although DSMs generated by the band inversion mechanism are generally stable to some range of Hamiltonian parameters, the presence of such a state is not necessarily assured since one can tune such a system through a band inversion transition and remove these Dirac singularities without changing the symmetry of the Hamiltonian. Fortunately, there are some space groups which require unremovable Dirac singularities in their band structures and the possible material realizations allow the chemical potential locate at or close to these singular points. This is called a "symmetry-enforced" mechanism [START_REF] Young | Dirac Semimetal in Three Dimensions[END_REF][START_REF] Young | Dirac Semimetals in Two Dimensions[END_REF] and makes a single Dirac point to appear at a time-reversal invariant momentum when the conduction and valence bands touch each other. In this way, removing the Dirac point is not possible without an explicit breaking of the symmetry. Space groups that allow such point degeneracies have been studied [START_REF] Michel | Connectivity of Energy Bands in Crystals[END_REF] and identified for specific crystal structures both with and without spin-orbit coupling in two [START_REF] Young | Dirac Semimetals in Two Dimensions[END_REF][START_REF] Damljanović | Existence of Dirac Cones in the Brillouin Zone of Diperiodic Atomic Crystals According to Group Theory[END_REF] and in three dimensions [START_REF] Young | Dirac Semimetal in Three Dimensions[END_REF][START_REF] Manes | Existence of Bulk Chiral Fermions and Crystal Symmetry[END_REF][START_REF] Steinberg | Bulk Dirac Points in Distorted Spinels[END_REF].

Example: recent studies of the Dirac semimetal BaNiS 2

BaNiS 2 was first grown and studied by Grey [START_REF] Grey | Crystal Structure and Properties of Barium Nickel Sulfide, a Square-pyramidal Nickel (II) Compound[END_REF] and then was developed as a precursor of quaternary compound BaCo 1-x Ni x S 2 which attracted much interest due to the similarities with high-T cuprate superconductors [START_REF] Lee | Doping a Mott Topological: Physics of High-temperature Superconductivity[END_REF]. BaNiS 2 has a quasi two-dimensional tetragonal crystal structure which belongs to p4/nmm space group. It consists of a nonsymmorphic square-pyramidal structure with a gliding plane symmetry that connects two edge-sharing upward-and downward-pointing pyramids of NiS 5 . The planar Ni-S distance is 2.35 Å, and the apical distance is 2.32 Å leading to a total vertical displacement of 0.77 Å for Ni atom towards the apical sulfur. The lattice constants for BaNiS 2 are a = 4.430 Å and c = 8.893 Å. BaCo 1-x Ni x S 2 is an important system because it shows a metal to insulator transition from an anomalous metallic state to an antiferromagnetic insulating phase upon doping in Co (x cr ≈ 0.22). The electronic and magnetic properties of the system in both phases show similarities with their counterparts in the normal state of high-Tc superconductors. However, no evidence of superconductivity is found in BaCo 1-x Ni x S 2 neither by changing temperature nor pressure [START_REF] Yasui | Strong Pressure Effect on the Electrical Resistivity of BaCo 1-x Ni x S 2[END_REF][START_REF] Sato | Evolution of Metallic States from the Hubbard Band in the Two-dimensional Mott System BaCo 1-x Ni x S 2[END_REF]. In order to figure out the critical properties of realizing the anomalous states of high-Tc superconductivity, one should naturally compare their electronic and magnetic properties to those of compounds with similar structure but do not reveal superconductivity.

This compound can undergo another MIT at higher temperature from the paramagnetic metallic to a paramagnetic insulating phase (x cr ≈ 0.17) without change of its structure. Yasui et al. [START_REF] Yasui | Phase Diagram and Pressure Effects on Transport Properties of BaCo 1-x Ni x S 2[END_REF] showed that a pressure-induced insulator to metal transition is possible starting from the antiferromagnetic insulating phase. For example, BaCoS 2 has critical pressure of about 13 kbar. The phase diagram as a function of x, T , and p is shown in Figure 1 In my thesis, I studied the orbital characters of BaNiS 2 and the tunability of the Dirac cone position in BaNiS 2 . Therefore, I would like to review some interesting features and recent progresses of BaNiS 2 here.

Rashba splitting from hidden crystal field

As mentioned above, the SOC is the crucial parameter in topological materials to adjust the band gap as well as band ordering. Besides SOC, another way to split electronic bands into spin-polarized states can be the Rashba effect. When an electric field is applied perpendicular to the plane containing spin, the band splitting will occur. The Rashba effect also takes place naturally in some crystals without an external field which led to the (hidden) spin-polarized band.

In uniaxial noncentrosymmetric crystals, the SOC can play a role as an effective magnetic field that is proportional to the crystal potential and momentum. This effective magnetic field thus will split the spin-degenerate bands and results into spin-polarized bands, which is known as Rashba effect. The discovery of spin-polarization in centrosymmetric nonmagnetic crystals [START_REF] Ishizaka | Giant Rashba-type Spin Splitting in Bulk BiTeI[END_REF][START_REF] Riley | Direct Observation of Spin-polarized Bulk Bands in an Inversion-symmetric Semiconductor[END_REF] extends the understanding of band splitting. Zhang et al. [START_REF] Zhang | Hidden Spin Polarization in Inversion-symmetric Bulk Crystals[END_REF] demonstrated that an atom of 3D crystal without inversion symmetry might feel a site dipole field and therefore the SOC at that site, plus the asymmetric potential surrounding it, led to a local Rashba effect. However, even without a polar field, the inversion asymmetry of that site is sufficient to cause degeneracy lifting. The net spin polarization of the crystal is the linear superposition of all these atomic spin-polarized states which vanish in total for centrosymmetric crystal. In fact, in this case the spin polarization of each atomic site is compensated by its inversion counterpart. Therefore, rather than being intrinsically zero, the spin-polarization is hidden by compensation.

Recently, a hidden spin-polarization was demonstrated in BaNiS 2 both experimentally and theoretically. As shown in Figure 1.11(a), the gliding plane symmetry breaks the local inversion symmetry for each Ni site inside the pyramids. This creates a crystal field of 1.4 VÅ -1 from Ni to apical sulfur pointing in different directions for each pyramids that are related by the inversion symmetry and are called sector 1 and sector 2. As a result, the valence band shows a band splitting with an amount of 150 meV at the R point of the Brillouin zone (see Figure 1.11(b)). A similar splitting was observed in the conduction band that only slightly crosses the Fermi level at R point, as shown in Figure 1.11(c). However, due to its very small electron pocket at the Fermi level, it is not possible to resolve the two branches experimentally with regular ARPES techniques.

Their results revealed that although Ni is not a heavy element, the spin-orbit coupling effect can be amplified by local Rashba effect and leads to spin-polarized band splitting in the centrosymmetric BaNiS 2 .

Photoinduced renormalization of Dirac states in BaNiS 2

Recently, N. Nilforoushan et al. [START_REF] Nilforoushan | Photoinduced Renormalization and Electronic Screening of Quasi-two-dimensional Dirac States in BaNiS 2[END_REF] reported a dramatic transient modification of the band structure of the quasi-2D Dirac semimetal BaNiS 2 induced by ultrafast light pulses.

Figure 1.12 (a) and (b) show the reference spectra of the d z 2 and d x 2 -y 2 bands, respectively. Figure 1.12 (c) and (d) show a series of difference spectra between positive and negative delay images taken with TR-ARPES. Those states display two distinct features: (i) an intensity loss (shown in blue) due to a transient depletion of the electron population and (ii) a remarkable intensity gain (shown in red), a signature of an ultrafast and time-dependent renormalization, i.e., a nonrigid shift, of the Dirac states.

These effects were theoretically explained by a dynamical change of the screening length of nonlocal interactions. While particularly important for the description of ultrafast dynamics in photoexcited materials, their scaling relation with temperature presents general relevance for the interpretation of screening effects in 

Manipulation of Dirac states in BaNiS 2 by chemical substitution

By means ARPES experiments and ab initio calculations N. Nilforoushan et al. [START_REF] Nilforoushan | Moving Dirac Nodes by Chemical Substitution[END_REF] show that Dirac states of BaNiS 2 can be effectively tuned by through Co/Ni substitution. 

Time-resolved studies of quantum materials

The notion of time-resolved experiments in an ultrafast fashion was first introduced in chemistry; indicating the act of initiating (pumping) and recording snapshots (probing) of chemical reactions with a femtosecond time resolution [START_REF] Zewail | Laser Femtochemistry[END_REF]. On this time scale, the vibration of atoms or molecules is "frozen out" and one is able to observe the complete evolution of an event stimulated by an ultrashort pulse. The same idea soon pervaded other fields of physics but with another perspective.

In parallel, the discovery of strong correlations in transition metal oxides evoked much intellectual and technological interest. However, the subtle interplay among their atomic structure, charge, spin, and orbital dynamics, c.f. section 1.1, was far complex to yield any fundamental understanding both from theoretical and experimental point of view. Among them the fundamental issues is, for instance, to determine the coupling strength among different degrees of freedom as well as the hierarchy of important couplings. In any experiment performed at equilibrium, all of these degrees change equally and simultaneously and one can only gain a time-integrated insight of the entire process. The key to tackle this problem is the application of ultrafast pump-probe techniques that transiently decouples different degrees of freedom by an ultrafast pulsed stimulus, and lets us observe the reaction that appears in others within an ultrashort time interval.

The study of these interactions and competitions between the relevant degrees of freedom gives insight into the macroscopic functionality of correlated materials. Particularly, femtosecond laser pulses act only on the electrons and set them to an out-of-equilibrium distribution inexplicable by the Fermi-Dirac distribution. The ensuing dynamics is followed by evacuating the excess of energy to the lattice via various processes and the rate at which this relaxation occurs is related to the coupling constants.

On the other hand, on the importance of quantum materials Orenstien says "it is precisely in such system -where complexity rules -that the most interesting and technologically important properties might emerge" [START_REF] Orenstein | Quantum Materials[END_REF]. In fact, the phase diagram of strongly correlated systems shows multiplicity of nearly degenerate ground states that some often lurk in slightly higher free energy inaccessible via adiabatic thermal pathways. Femtosecond laser pulses might act as an additional parameter to the control of the phase diagram different from thermodynamic parameters like temperature and pressure. They drive the material out of equilibrium in an ultrafast fashion and competing interactions might unveil and stabilize hidden metastable phases. This idea gives the opportunity of ultrafast control and manipulation of materials. However, one needs to learn about the optimal excitation pathways that can be, for instance, interband transitions or IR active phonons, to dynamically drive a phase transition in an efficient way. The role of the time-resolved spectroscopy is to precisely quantify the amount and the duration of the photoin-duced modifications achieved by different pathways.

The importance of time-resolved experiments on quantum materials is not only limited to strongly correlated materials. Topological materials reveal many interesting phenomena upon photoexcitation. For instance, their bulk and robust surface states can generate different ultrafast response [START_REF] Hajlaoui | Tuning a Schottky Barrier in a Photoexcited Topological Insulator with Transient Dirac Cone Electron-hole Asymmetry[END_REF][START_REF] Sterzi | Bulk Diffusive Relaxation Mechanisms in Optically Excited Topological Insulators[END_REF]. More interestingly, it has been demonstrated that it is also possible to manipulate their topological order and Berry phases only by applying appropriate light pulses. Recently, the discovery of Dirac/Weyl semimetals have also shown their potential for optoelectronic applications or fast photodetectors thanks to their very high mobility [START_REF] Lu | Ultrafast Relaxation Dynamics of Photoexcited Dirac Fermions in the Three-dimensional Dirac Semimetal Cd 3 As 2[END_REF][START_REF] Weber | Similar Ultrafast Dynamics of Several Dissimilar Dirac and Weyl Semimetals[END_REF]. Anyhow, before exploring the applications, a complete knowledge of a material's (sub-) picosecond response to an optical excitation such as relaxation dynamics of photoexcited carriers and their coupling with lattice should be acquired.

In this section, I first describe some general aspects of out-of-equilibrium dynamics by introducing relaxation processes as well as simple models to simulate the dynamics and extract some important parameters from that. Then I give some examples of the time-resolved studies on topological materials such as TIs. Then I present some time-resolved DSM. I also present few works on Dirac semimetals. While extensive studies have been carried out on numerous correlated materials, the time-resolved domain is relatively young for Dirac/Weyl semimetals and is yet to be explored experimentally as well as theoretically. Specifically, the study of photoinduced topological phase transitions offers one of the most exciting challenges for the field.

Electron excitation and relaxation processes

Two-temperature model

The phenomenological two-temperature model (2TM) was proposed by Allen in 1987 [START_REF] Allen | Theory of Thermal Relaxation of Electrons in Metals[END_REF], which describes the electronic dynamics after excitation with femtosecond laser pulses for systems like metals and conventional metallic superconductors.

The idea behind the 2TM is described as following. At first approximation, it considers that the temperature is well defined for the electrons at each instant, which means that they always follow a Fermi-Dirac distribution. In addition, the electrons and the lattice are two thermalized interacting baths with a coupling constant between them that describes the energy transfer rate between the two and determines the rapidity of the relaxation. The lattice is described by the Bose-Einstein distribution. The model neglects any diffusion driven by spatial inhomogeneities as well as any acceleration due to internal electric field and assumes that no other collision processes except electron-phonon scattering is possible. With this framework, the rate equations for the temperature of electrons T e and that of the lattice T l can be written as:

∂T e ∂t = γ T (T l -T e ) + P (t) C e ∂T l ∂t = γ T C e C l (T e -T l ) (1.5)
where C e = γT e and C l are the electronic and lattice heat capacities, respectively and P (t) is the laser pulse temporal profile. The mean energy of phonon is given by ⟨ℏω⟩. This equation implies that the electronic temperature evolution follows an exponential decay with time-constant equal to γ -1 T that is given by:

γ T = 3ℏλ⟨ω 2 ⟩ πk B T e (1 - ℏ 2 ⟨ω 4 ⟩ 12⟨ω 2 ⟩ k 2 B T e T l + . . . ) (1.6)
The equation is obtained by a Taylor expansion in the high temperature limit where both T e and T l are much higher than the phonon energy. The second term in the parenthesis is a first thermal correction factor which is negligible in most of the experiments along with other higher order terms.

The term P (t) can be calculated using the following equation:

P (t) = E V • τ 2 ln(2) √ π e -4ln2 t 2 τ 2 (1.7)
where E is the mean pump energy and related with the pump power, repetition rate and the reflectivity of the sample at the pump wavelength. τ is the pulse temporal FWHM and V is the volume where the energy is deposited. This volume can be considered as a cylinder with area equal to the pump pulse size (F HW M d ) and height equal to the penetration depth of the pulse. Therefore it can be written as V = π(F HW M d /2) 2 α -1 where α is the absorption coefficient. By solving the rate equations, one can eventually estimate the electron-phonon coupling strength λ. The electronic maximum temperature is about thousands of kelvin and the relaxation process can last from hundreds of femtoseconds to few picoseconds. A bigger electron-phonon coupling constant corresponds to a faster decay dynamics process, as shown in Figure 1.14.

At the end of this discussion, it is worth mentioning that in the 2TM the T e and T l are always higher than the initial equilibrium temperature T 0 because the heat diffusion effect is not taken into account.

Three-temperature model

The 2TM describes that the relaxation occurs with only one time constant which is related to the mean energy of all phonons to which electrons are coupled. However, some time-resolved experiments on high-temperature superconductors such as La 2-x Sr x CuO 4 [START_REF] Mansart | Temperaturedependent Electron-phonon Coupling in La 2-x Sr x CuO 4 Probed by Femtosecond X-ray Diffraction[END_REF] and Bi 2 Sr 2 CaCu 2 O 8+δ [START_REF] Perfetti | Ultrafast Electron Relaxation in Superconducting Bi 2 Sr 2 CaCu 2 O 8+δ by Time-resolved Photoelectron Spectroscopy[END_REF] suggest decay dynamics with two time constants. The dynamics consist of a fast decay (about 110 fs) with a Figure 1.14: The 2TM of electron-lattice interaction, as applied to metallic systems. (a) Conceptual sketch of the model. The laser acts as a heat source for the electron subsystem, which is assumed to thermalize instantaneously to a strongly elevated temperature. This electronic subsystem is in thermal contact with the lattice subsystem, and as time progresses, there is heat exchange as the two subsystems equilibrate. (b) One possible time-dependence for the electronic and lattice temperatures T e and T l , where the heat capacity of the lattice C l is constant and much larger than the electronic heat capacity C e . The decay of Te and the associated rise of the T l is determined by the coupling strength between the two subsystems. Figure adapted from [START_REF] Johnson | Watching Ultrafast Responses of Structure and Magnetism in Condensed Matter with Momentum-resolved Probes[END_REF].

subsequent energy bottleneck (about 2 ps) suggesting a strong anisotropy of the electron-phonon interaction. This phenomenon can be described as following.

The hot electrons start to relax by first getting coupled to a subset of strongly coupled phonons whose temperature is indicated by T h since they are also called hot phonons. These phonons constitute the fraction f of the total phonon density. After some time, the electrons and hot phonons are thermalized and the phononphonon anharmonic scattering takes over the dynamics. This scattering occurs between the strongly coupled phonons and the nearly non-interacting subset of phonons. To keep a similar terminology, we can call the latter subset cold phonons that can be viewed as the lattice at temperature T l and comprises 1 -f modes. With this approach, the rate equations involve three components: T e , T h , and T l . The corresponding equations for T h and T l describe how these subsystems are heated up by the energy that is lost in the electronic system. We have:

∂T e ∂t = - 3λΩ 3 0 ℏπk B n e -n p T e + P (t) C e ∂T h ∂t = C e C p 3λΩ 3 0 ℏπk B - T p -T l τ β ∂T l ∂t = C p C l T p -T l τ β (1.8)
where C p and C l are the heat capacity of the hot and cold phonons, respectively.

The distribution of electrons and hot phonons is given by n j = (e Ω 0 /k b T j -1) with j = e, h. The couple strength of electrons and hot phonons is labeled as λ 1 and the electron-phonon scattering with 1 -f lattice modes that are more weakly coupled contributes to the temporal evolution of T e with the coupling λ 2 . The decay time τ β describes the anharmonic decay of hot phonons and the relaxation of lattice due to diffusion takes place with a very long time constant τ C . Note that differently from the 2TM, in the derivation of the 3TM it is supposed that all phonons have the same energy Ω 0 which correspond to a delta function in the phonon spectrum. The specific heat of hot phonons and cold phonons are

C p = 3f Ω 0 ∂n p ∂ Tp and C l = 3(1 -f )Ω 0 ∂n p
∂ Tp , respectively. The total specific heat is given by C tot = C l + C p and can be found in the literature. On the other hand, C p is easily calculated as mentioned above but must be multiplied by a factor of proportionality so that when f → 1, C p satisfies C p → C tot . In the end, the cold phonon specific heat C l is deduced. Figure 1.15 shows the conceptual sketch of the model and one possible time-dependent evolution for the electronic, hot phonon and lattice temperatures. 

Ultrafast carrier dynamics

After absorbing the energy of a photon, a material will be driven to the out-ofequilibrium state and then undergo various stages of relaxation before going back to the equilibrium state. Here I will use a semiconductor as an example to explain the interaction process which can be distinguished into four regimes: (i) carrier excitation; (ii) thermalization; (iii) carrier removal and (iv) structural and thermal effects. Figure 1.16 illustrates the various electron and lattice dynamical processes and their corresponding timescales. 

Carrier excitation

When the valence band (VB) and the conduction band (CB) have a direct bandgap which means the smalles gap between VB and CB happens when they have the same wave vector k, the interband single photon absorption (Figure 1.17(a), left) is the dominant process for exciting electrons from the valence band (VB) to the conduction band (CB) when the photon energy is larger than the band gap. Some semiconductors, such as Si, possess an indirect bandgap, i.e., the CB minimum and the VB maximum have different wave vectors k in the Brillouin zone. In this case, single photon absorption can still happen when photons have an energy greater than the gap, but phonon assistance is necessary to conserve momentum. Conservation of crystal wave vector requires: k V B = k CB + q, where q is the phonon wave vector. Multiphoton absorption (Figure 1.17(a), right) is possible when the photon flux is large and the direct gap is greater than the energy of the photon or if single photon absorption is prohibited by conduction band filling. Carriers can absorb photons and move to higher energy states (intraband excitation by photons) after they have been generated in a semiconductor or a metal, as shown in Figure 1.17(b). This process will increase the energy of carriers in a semiconductor or that of the free electrons in a metal, but will not alter the amount of free carriers. Impact ionization (Figure 1.17(c)) takes place when some of the carriers in a semiconductor or insulator which are excited to an energy above the bottom of the CB that is larger than the bandgap (or Fermi level in a metal) lose energy and fall to a lower energy in the CB. The energy released by the excited electrons will excite an electron-hole pair. Therefore, the impact ionization is a process which will create additional excited carriers [START_REF] Sundaram | Inducing and Probing Non-thermal Transitions in Semiconductors Using Femtosecond Laser Pulses[END_REF]. 

Thermalization

After photoexcitation, there are two mechanisms leading to the redistribution of electrons and holes throughout the conduction and valence bands, which are carrier-carrier and carrier-phonon scattering.

(i) carrier-carrier scattering. The two-body process, carrier-carrier scattering is based on electrostatic interactions between two carriers, which does not increase or reduce the total energy in the excited carrier system and the total number of free carriers. Therefore, energy and wave vector are conserved in this process. Figure 1.18(a) illustrates the intravalley scattering where carriers remain in the same conduction or valence band valley. Carrier-carrier scattering can happen in less than 10 fs, but it takes hundreds of femtoseconds for the carrier to recover to a Fermi-Dirac distribution.The scattering of hot electrons, i.e., photoexcited electron whose energies are above the Fermi level, with other electrons can be considered from the energy-loss rate of a hot electron with energy E to a cold gas of other electrons of density n. The carrier-carrier scattering rate is can be written as:

[ dE Dt ] e ≈ 4πne * 4 √ 2mE (1.9)
where n is the electron density, e * 2 = e 2 /ϵ is an effective charge and ϵ is the dielectric of a semiconductor [START_REF] Sundaram | Inducing and Probing Non-thermal Transitions in Semiconductors Using Femtosecond Laser Pulses[END_REF]. We can see that the scattering rate is pro-portional to the density. However, when the densities of cold electrons are high, the screening effect should be taken into account since it reduces the Coulomb interactions between carriers. As a result, the scattering rate does not continue to increase linearly as the density increase, and the rate could decrease at some point. (ii) carrier-phonon scattering. In a carrier-phonon scattering process, indicated in Figure 1.18(b), the energy and momentum of free carriers can be changed by the emission or absorption of a phonon. In semiconductors, this process includes two kinds of scattering: intravalley and intervalley scattering. In the former one, the carriers stay in the same valley around a local minimum in the CB or a local maximum in the VB. In the latter one, the carriers transfer to a distinct valley, as shown in Figure 1.18(b). Therefore, the intervalley electron-phonon scattering plays an important role for coupling electrons from the bulk states into the surface states since they are in different regions of the Brillouin zone. Although carrier-phonon scattering does not change the number of carriers, it results in a net decrease of their energy via a spontaneous phonon emission which transfers energy to the lattice. In semiconductors and metals, carrier-carrier and carrier-phonon scattering can take place simultaneously within a few hundred femtoseconds after excitation. Because each phonon carries little energy, many scattering processes, and therefore several picoseconds, is necessary before the carriers and the lattice reach thermal equilibrium.

Carrier removal

The carriers and the lattice are in equilibrium state when the temperature of the material is well defined. However, even the carrier distribution and the lattice present the same temperature, there is an excess of free carriers with respect to that in the thermal equilibrium. There two possible routes to remove excess carriers out of the originally excited region in real space that a probe pulse incident: by recombination of electrons and holes and by diffusion. Although the carrier diffusion does not reduce the total number of free carriers in the material, it will remove them out of the excitation region. For high carrier densities, the recombination and diffusion both occur on the picosecond timescales. While for lower densities, diffusion is normally the dominant process for decreasing the excited carrier population. Since all recombination mechanisms are slow, therefore the order of timescale is in nanoseconds or longer. It is worth mentioning that even at low densities, the recombination of the carriers occur but in an area much larger than the one probed by the laser pulse.

Chapter 2

Experimental methods

In this chapter, I present concepts related with the experimental methods that I used during my PhD project. I start with the fundamental of angle-resolved photoemission spectroscopy (ARPES), then I present the experimental aspects of ARPES and also some developments of ARPES. Besides the measurements on equilibrium states of solids, out-of-equilibrium states ARPES performed by combining with pump-probe technique are also discussed here.

Angle-resolved photoemission spectroscopy

Basic principles

Photoemission spectroscopy is a kind of experimental method which includes many techniques (for example ARPES) based on the photoelectric effect. This effect was first observed by Hertz in 1887 [START_REF] Hertz | Ueber Einen Einfluss des Ultravioletten Lichtes auf Die Electrische Entladung[END_REF], and than explained as a manifestation of quantum nature of light by Einstein in 1905 [START_REF] Einstein | Über einem die erzeugung und verwandlung des lichtes betreffenden heuristischen gesichtspunkt[END_REF]. In Einstein's explanation, the light is composed of discrete quanta rather than continuous waves, and therefore the photoelectric effect results from the absorption of quanta. The quanta are later defined as photons by Gilbert N. Lewis [START_REF] Lewis | The Conservation of Photons[END_REF]. As shown in Figure 2.1(a), in a photoemission process, a light with frequency ν is incident on a surface of sample, if the photon energy hν is high enough to overcome the work function ϕ of the sample, one electron can absorb the energy of one photon and escape from the sample with a kinetic energy E kin and an emission angle, and is named photoelectron. Figure 2.1(b) shows the energetics of the photoemission process. From the energy conservation law, we could know that For the momentum ℏK of photoelectron, it can also be determined by applying momentum conservation law

E kin = hν -|E B | -ϕ (2.1)
|K| = 1 ℏ 2mE kin K x = 1 ℏ 2mE kin sinθcosφ K y = 1 ℏ 2mE kin sinθsinφ K z = 1 ℏ 2mE kin cosθ (2.2)
where θ is the polar emission angle and φ is the azimuthal emission angle. In a solid, when the electron is at the initial state, it has a momentum of k i and an energy of E i . After absorbing a photon, it has a momentum k f and an energy of E f . From the conservation law of energy, we have:

E f = E i + hν (2.3)
When we use the Fermi level as the new energy reference of the photoemission process, we have:

E kin = E f -E F -ϕ (2.4)
Combined with Equation. 2.3, we can get

E kin = hν -ϕ -(E F -E i ) (2.5)
The term E F -E i is the so-called binding energy, therefore we can express E kin as what we showed in Equation 2.1. According to the conservation law of momentum, we have

k p,s = nk p k f = k i + k p,s (2.6) 
where k p and k p,s are the wavevector of photon in the vacuum and solid, respectively, and n is the refractive index, normall it is between 1 and 2.45 and we take 1 here. For an ARPES measurement, most of the photon energies are less than 100 eV. The wavelength of 100 eV photon is λ = hc/100 eV ≈ 124 Å, and the wavevector is k p = 2π/λ ≈ 0.05 Å -1 , which is much smaller than the Brillouin zone (1.26 Å for a lattice with a ≈ 5 Å -1 ). Therefore the momentum of photon can be discarded and we have

k f ≈ k i (2.7)
Because the surface of sample does not perturb the translational symmetry in the x -y plane, k ∥ is conserved; while there is a barrier on the surface, k ⊥ is not conserved.

k ∥ = K ∥ = K x + K y = 1 ℏ 2mE kin sinθ E kin = E f -V 0 = ℏ 2 k 2 ∥ 2m + ℏ 2 k 2 ⊥ 2m -V 0 = E kin sin 2 θ + ℏ 2 k 2 ⊥ 2m -V 0 (2.8)
where V 0 is the inner potential which can be determined by measuring the dispersion as a function of photon energy. So we have

|k ⊥ | = 1 ℏ 2m(E kin cos 2 θ + V 0 ) (2.9) 
From the equations presented above, we obtained the relation between (E kin , θ, φ) and (E i , k ∥ , k ⊥ ), therefore the information of photoelectron obtained from ARPES can be mapped back to the band structure of the materials.

The three-step model

A more intuitive way to describe the photoemission process in solides is the "threestep model" [START_REF] Hüfner | Photoelectron Spectroscopy: Principles and Applications[END_REF]. In this model, the photoemission process includes three independent and sequential steps: (i). optical excitation of the electron from an initial state |Ψ i ⟩to a final excited state |Ψ f ⟩ in the bulk;

(ii). propagation of the excited electron to the surface; (iii). escape of the photoelectron into the vacuum after transmission through the surface potential.

Then the total photoemission intensity can be calculated as the product of probabilities of these three steps. Step (i) is related to the intrinsic electronic structure of the material and will be discussed in detail below. Step (ii) can be described by the probability that the excited electron will reach the surface without scattering or elastic-scattering, which gives rise to the concepts of effective mean free path. The inelastic-scattering processes will result in a continuous background in the spectra which is usually ignored or subtracted in practical. Step (iii) can be described by a transmission probability of the excited electrons pass through the surface, which depends on the energy of the excited electron and the work function of the material. It is worth mentioning that there is a more rigorous approach called "one step model" which considers the above mentioned steps as a single coherent process and considers all the possible interplay between the electrons which are neglected in the "three-step model" in the photoemission process. Nonetheless, the "three-step model" has been proved to be successful to discuss most of the photoemission processes. The pictorial representation of these two models are presented in Figure 2.2. Now let's look at the optical excitation process in detail.

For step(i), the Fermi's Golden Rule can be used to approximate the optical excitation process. For a ground state with N electrons, the initial states can be describe as Ψ N i with energy E N i , while the final states after optical excitation can be described as Ψ N f with energy E N f . The effect of photon field is weak perturbation, so the Hamiltonian can be:

Ĥ = Ĥ0 + Ĥint e -iωt (2.10)
where Ĥ0 is the Hamiltonian of unperturbed system, Ĥint is perturbation operator. The transition probability w f,i between N electrons ground state Ψ N i and a final state Ψ N f is:

w f,i = 2π ℏ Ψ N f Ĥint Ψ N i 2 δ(E N f -E N i -hν) (2.11)
where

E N i = E N -1 i + E k B and E N f = E N -1
f + E kin are the initial state and final state energies of the N-electron system.

For electromagnetic plane wave, electromagnetic vector potential is

A = A 0 êe i(k•rωt) (2.12)
where ê is the unitary vector in the direction of the light polarization.

Applying canonical replacement in unperturbed Hamiltonian (consider only single electron):

p → p -eA Ĥ = 1 2m (p -eA) 2 + V (r) = p 2 2m + V (r) - e 2m p • A - e 2m A • p + e 2 2m A 2 = 1 2m (-iℏ∇ -eA(r, t)) 2 + V (r) (2.13)
since we have

Ĥ0 = p 2 2m + V (r) - e 2m p • A - e 2m A • p = - e m A • p - e 2m (-iℏ∇ • A) ≈ - e m A • p (2.14)
Here we use the commutator relation [p, A] = -iℏ∇ • A and dipole approximation which assumes that A does not have spatial dependence,so ∇ • A = 0 and the last term e 2 2m A 2 describes two-photon processes. When the flux of light is week, A 2 is much smaller than A, so this term can be neglected. So

Ĥ ≈ Ĥ0 - e m A • p = Ĥ0 - e m (A 0 êe i(k•r-ωt) ) • p = Ĥ0 - e m e ik•r (A 0 ê • p)e -iωt
(2.15)

Compared to the former expression of Ĥ, we can know that

Ĥint = - e m e ik•r (A 0 ê • p) (2.16)
Because the wavelength of incident light is large compared to the lattice parameter, so k • r ≪ 1, therefore

e ik•r = 1 + ik • r + • • • ≈ 1 (2.17) so we have Ĥint = - e m A 0 ê • p (2.

18)

In order to simplify the problem, the sudden approximation is used here under the assumption that the photoemission process is a sudden event with no postcollisional interaction between the photoelectron and the remaining system. In this way, the wave function of a N-electron final state can be factorized into a photoelectron and a (N-1)-electron terms, and the later can be expressed by the eigenfunction Ψ N -1 m and energy E N -1 m . For the initial state, we can express it as the product of a one-electron orbital and an (N-1)-electron wavefunction.The N-electron's initial and final states can be written as:

Ψ N -1 f = Aϕ k f Ψ N -1 f Ψ N -1 i = Aϕ k i Ψ N -1 i (2.19)
It is worth mentioning that the Ψ N -1 i is not an eigenstate of (N-1)-electron Hamiltonian and should be expressed as

Ψ N -1 i = c k Ψ N i
, where c k is the annihilation operator for an electron with momentum k, so Eq. 2.11 can be rewritten as:

w f,i = m w m,i = 2π ℏ ϕ k f Ĥint Ψ k i 2 m Ψ N -1 m c k Ψ N i 2 δ(E k +E N -1 m -E N i -hν) (2.20)
the term ϕ k f Ĥint Ψ k i describes the transition probability of single electron from initial state to final state, which is also called "matrix element" M k f,i and can be expressed as

M k f,i = - e m ϕ k f A 0 ê • p ϕ k i (2.21)
Photoemission intensity is proportional to the transition probability:

I ∝ f,i w f,i = 2π ℏ f,i |M f,i | 2 m c k m,i 2 δ(E k + E N -1 m -E N i -hν) (2.22 
)

where c k m,i 2 = Ψ N -1 m Ψ N i
2 describe the probability that the (N-1)-electron in the state m after removing an electron in state i. When the system can be described by non-interacting picture, c k m,i will be unity for m = i and all the others will be zero. In this case, the delta function will give us E k kin = hν -E k B , and the ARPES data will be a sum of delta functions. This result is consistent with previous equations because it describes only the optical excitation step (i) in the "three-step model" model,i.e., without considering the work function of material.

For a strongly correlated system, there will be more non-zero c k m,i 2 terms, so the spectrum is not more a sum of delta functions but a principle peak with several satellite peak [START_REF] Damascelli | Angle-resolved Photoemission Studies of the Cuprate Superconductors[END_REF].

Matrix elements effects

In the previous section we have seen that the photoemission intensity is proportional to the square of one electron matrix element, here we discuss the role it plays in the modulation of ARPES spectra intensity. From the Equation 2.21 we could see that the matrix element term is a function of both momentum and kinetic energy, and depending on photon energy, polarization and experimental geometry. By using the commutation relation ℏp/m = -i[x, H], we can rewrite M k f,i as Here we use d x 2 -y 2 orbital as an example to illustrate matrix element effects. In general, the analyzer is located in the mirror plane in order to have an overall well-defined even/odd symmetry. Since the wave function ϕ k f is always in the mirror plane, it must be an even function, otherwise the overall intensity will vanish under the reflection with respect to the mirror plane. Meanwhile, this also implies that in order to have nonvanishing photoemission intensity, ê • x ϕ k i must be an even function with respect to the mirror plane. When d x 2 -y 2 orbital is measured in a geometry shown in Figure 2.3,ϕ k i is an even function, so the photoemission intensity is detectable for A even or in the mirror plane and the photoemission process is symmetry forbidden for A odd or normal to the mirror plane. For a general situation, the relationship between initial states and polarization conditions in order to have an overall even matrix can be summarized as:

M k f,i ∝ ϕ k f ê • x ϕ k i (2.23)
ϕ k i even ⟨+| + |+⟩ ⇒ A even ϕ k i odd ⟨+| -|-⟩ ⇒ A odd (2.24)
This relationship provides us a convenient way to determine orbital characters in the ARPES measurement which will be discussed in detail later.

ARPES experimental aspects

In the previous section we have seen that ARPES is a unique technique which can measure the band structure of materials directly. To perform an ARPES measurement, one needs to prepare a sample, transfer it to the vacuum chamber, send the photons with a certain light source and collect the photoelectrons with a certain analyzer. Figure 2.1(a) shows the trajectories of photoelectrons in an ARPES measurement. In this section we will discuss these core components mentioned above in detail.

Sample preparation and ultrahigh vacuum

In this section we discuss sample preparation and ultrahigh vacuum together because both are related with one characteristic of ARPES technique -surface sensitivity. In the "three-step" model, step (ii) states that photoelectrons after excitation need to propagate to the surface. During this process, some electrons will lose part of their energy due to the inelastic scattering mechanisms, and thus lose their initial state information and become continuous background when they reach the analyzer. Those electrons not undergoing inelastic scattering will not change their kinetic energies and momenta. The average distance that an electron can travel through a solid without changing kinetic energies is summarized by the well-known "universal curve" which describes the inelastic mean free path (IMFP) λ as a function of kinetic energy, see Figure 2 From the curve we could learn that for kinetic energies between 10 eV to 100 eV, the IMFP is below 1 nm, i.e., several atomic layers, which indicates high surface sensitive in this kinetic energy range. On the other hand, in order to be more bulk sensitive, one needs to choose low photon energy (less than 10 eV) or high photon energy (several thousand eV).

For the ultrahigh vacuum, it can be obtained and maintained by a series of pumps. Normally rotary pump, turbo pump and ion pump are needed to reach a vacuum level of 1 × 10 -9 mbar. In order to have a better vacuum, baking (heating the chamber at a temperature above 100 • C but below 150 • C for at least one day) is necessary. Figure 2.5 shows the experimental chambers of FemtoARPES lab. Since ARPES is a surface sensitive technique, the sample surface should be clean during the measurement. The fresh surface is normally obtained by cleaving sample in the ultrahigh vacuum which maintain a base pressure below 1 × 10 -10 mbar. Figure 2.6 shows the sample glued on a copper sample-holder ready to be cleaved in the UHV chamber. 

Light sources

With the development of new techniques, we have three kinds of light sources available for ARPES measurements: the gas-discharge lamps, lasers and synchrotron light. Although these light sources are generated by different mechanisms, they share some commons. First, they are monochromatic either from the beginning or selected by monochromator in order to use the energy and momentum conservation law to reveal the information of initial state; second, the photon energies are high enough to overcome the material work function; third, the photon fluxes are high enough so that the analyzer can detect reasonable counts of photoelectrons within certain time. The following will discuss their advantages and disadvantages individually.

Lamps

The earliest and most common light source is the gas-discharge lamps. As indicated by the name, in the lamps, the gas atoms will be excited by DC discharge or microwave discharge. Then the radiation will be emitted when the excited gas atoms decay to the ground state, and the photon energies correspond to the energies difference between excited states and ground state. Therefore, one can obtain different photon energies by selecting different gases, e.g., He, Ne, Ar, et al. and different transition lines. Among them, He I (21.2 eV) and He II (40.8 eV) are two popular choices and they can be selectively used in a helium lamp by adjusting the monochromator.

Generally, a discharge lamp has the advantage of being a relatively cheap lab light source providing a sufficiently high photon flux necessary for ARPES. Meanwhile, the discharge lamps can provide a suitable photon energy for typical ARPES measurements with negligible space charge effect. The limitations of the gas-discharge lamps include: the non-tunable photon energy which is limited by the gas atoms; the large beam size which requires large and flat surface and the unpolarized light.

Lasers

Lasers are another lab-based light sources besides lamps. Modern laser systems possess many advantages and are widely used in the ARPES measurements. For example, lasers are known for the high monochromaticity (narrow bandwidth), high photon flux and stable photon energy. The rapid development of high harmonic generation (HHG) provides more choices of photon energies, and the pulsed lasers make the pump-probe technique possible which will be discussed in the following sections.

As mentioned before, the light source of ARPES measurement should have a photon energy which can overcome the work function of the sample. However, a laser pulse produced by Ti:sapphire laser has a wavelength typically at around 800 nm, which is not sufficient enough to overcome the work function. Therefore, a nonlinear optical process is necessary. There are mainly two methods to up-convert the photon energy. One is using nonlinear optical crystals like BaB 2 O 4 (BBO) and KBe 2 BO 3 F 2 (KBBF) to realize harmonic generations. With BBO crystals, one can generate the 4th harmonics of 800 nm, which has a photon energy of 6 eV. While with KBBF, one can generate 7 eV from the fundamental of 355 nm [START_REF] Liu | Development of a Vacuum Ultraviolet Laser-based Angle-resolved Photoemission System with a Superhigh Energy Resolution Better than 1 meV[END_REF]. The other one is based on multi-photon excitations in the boble gases or HHG. For example, one can generate 9 eV or 11 eV light in a Ne [START_REF] Bromberger | Angle-resolved Photoemission Spectroscopy with 9-eV Photon-energy Pulses Generated in a Gas-filled Hollow-core Photonic Crystal Fiber[END_REF] or Xe gas cell, respectively. For example, a tunable light source with photon energies of 15-40 eV can be also realized based on HHG process [START_REF] Frietsch | A High-order Harmonic Generation Apparatus for Time-and Angle-resolved Photoelectron Spectroscopy[END_REF], as shown in the Figure 2.7. The advantages to use lasers as light sources in the ARPES measurements include: (a) low photon energy lasers (below 10 eV) provide the possibility to be more bulk sensitive compared with lamps and synchrotron light whose photon energies are usually above 20 eV; (b) low photon energies also provide the benefit of having better momentum resolution which can be derived from the relation between momentum and kinetic energy. One of the disadvantages is that the low photon energies put a restriction on the binding energy and momentum ranges of electrons that can be measured. The application of HHG can provide higher photon energy, but it will reduce the photon flux due to the low efficiency of this process.

Synchrotrons

Synchrotrons are large scale research facilities which can provide light from infrared to hard X-rays with extremely high brightness with variable polarization. The radiation is monochromatized by a grating monochromator in order to have the desired photon energy. For an ARPES end-station, the photon energies are normally between 20-1000 eV, and for some specific beamline, the photon energy can be lower than 10 eV.

The synchrotron radiation light comes from the electrons traveling with a speed close to the speed of light c. These electrons obtain their initial speed in the linac, a linear accelerator which makes the electrons have a energy level of 100 MeV. Then the electrons are directed to the circular accelerator called Booster, which brings the energy level up to GeV. After that, the electrons are injected into the storage ring. The trajectories of the electrons are bent by the Lorentz force originated from the magnetic fields, and thus the electromagnetic radiation (called synchrotron radiation) will be emitted in the tangential direction to the trajectories. The synchrotron radiation will be diverted, selected and shaped by optic systems in experimental end stations called beamlines after the generation and the energy lost of electrons in the emitting process is compensated by radiofrequency cavities. Figure 2.8 shows the general diagram of Synchrotron Soleil which is located in the Plateau of Saclay in Saint Aubin, France.

Since different beamlines focus on different aspects in ARPES, their advantages and disadvantages can be quite different, for example, some beamlines focus on low energy measurements, some beamlines focus on microfocusing measurements and some beamlines focus on spin-resolved measurements. In general, the beams of synchrotrons are highly polarized which can be used to have tunable polarization and the the photon energies can be tuned continuously. Meanwhile, from the "universal curve" we can learn that the energies between 10 eV to 100 eV are most surface sensitive region, which can be another advantage for synchrotron light sources. The disadvantages to use synchrotron as ARPES light sources are quite obvious because they are large scale facilities, which means the cost for construction, operation and maintenance is huge. The high cost limits the number of synchrotrons in the world and create competition to be allocated for a beamtime.

During my PhD, I had the opportunity to work in synchrotron facilities for performing ARPES measurements. Among them, The Band Dispersion and Electron-Phonon coupling (BaDElPh) beamline [START_REF] Petaccia | BaD ElPh: A 4m Normal-incidence Monochromator Beamline at Elettra[END_REF] at Elettra of Italy and Time Resolves Experiments on Materials with PhOtoelectrons (TEMPO) beamline [START_REF] Polack | A New Insertion Device Beamline at SOLEIL for Time Resolved Photoelectron Spectroscopy Experiments on Solids and Interfaces[END_REF] at SOLEIL of France are described below.

BaDElPh can provide photons in the energy range 4.6-40 eV with high flux and resolving power. The polarization of light can be chosen between linear horizontal and linear vertical. The beamline focuses on performing primarily high-resolution ARPES experiments in the low photon energy regime and the availability of photon energies below 15 eV makes BaDElPh unique among the other ARPES beamlines at Elettra and around the world. Photon with low photon energy provides enhanced bulk sensitivity, allows for the higher momentum and energy resolution, and are useful to tune the matrix elements which change rapidly at low energy.

TEMPO is a soft X-ray beamline optimized for dynamic studies of magnetic and electronic properties of solids using photoemission spectroscopy. The photons have a energy range of 50-1500 eV and variable polarization (circular, linear horizontal and vertical). Meanwhile, this beamline is able to perform the in situ evaporation of alkali metals or molecules on the sample.

Analyzer

The electron energy analyzer is one of the core components for an ARPES setup. There are mainly two kinds of analyzers used in ARPES: one is the hemispherical analyzer and the other is a time-of-flight analyzer. Both of them have a lens system and a microchannel-plate (MCP) detector which will gather the photoelectrons and record their kinetic energy and momentum information. MCP is a silicon wafer with many channels, and when a high voltage is applied across the plate, an electron entering the front of the MCP bombards the wall of a channel and produces a big amount of electrons which leads to the avalanche effect and amplifies the current. 

Hemispherical analyzer

Figure 2.9 shows the structure of a hemispherical analyzer. The photoelectrons escaped from the sample surface will enter the hemispherical analyzer through the entrance, and then the lens system will sort them to the entrance slits according to their emission angle. After that, the photoelectrons will travel through radial electrical field created by two hemispheres and arrive at the MCP. The inner hemisphere with radius R in and the outer hemisphere with radius R out have a potential V in and V out , respectively. The entrance slits and MCP are located at R 0 = (R in +R out )/2 of different sides of the hemisphere. When the photoelectrons enter the entrance slits and pass though the hemisphere by following the central trajectory (with radius R 0 ), their kinetic energies are defined as the nominal pass energy (E p ). When the kinetic energies are too high or too low, the photoelectrons will be deflected by the outer hemisphere or inner hemisphere, respectively. It is easy to know that the electrical field given by these two concentric hemispheres:

E r (r) = (V out -V in )R in R out R out -R in • 1 r 2 (2.25)
Here V in > V out because photoelectrons are negative charges. When photoelectrons pass through the central trajectory, the electric field force provides the centripetal force, so we can calculate that

E p = 1 2 e R in R out R out -R in 1 R 0 (V in -V out ) (2.

26)

This indicates that by controlling the voltages of V in and V out , one can select the range of kinetic energies of photoelectrons to be detected. It is worth noting that a higher pass energy will shorten the arrival time of photoelectrons but lower the energy resolution.

Angle-resolved time-of-flight analyzer

Angle-resolved time-of-flight (ARTOF) analyzer is another kind of analyzer used in the ARPES measurements. Different from hemisphere analyzer can only simultaneously measure two-dimensional cut of three-dimensional photoelectron distribution, ARTOF analyzer can capture 3D distribution (E kin ; k x ; k y ) at the same time. In this kind of analyzer, a pulsed light source with a proper repetition rate is needed to define time zero for the time of flight measurements. A full cone of photoelectrons within the acceptance angles will be gathered and pass through a TOF drift tube, and then the photoelectrons will be detected by the MCP combined with the delay-line detector (DLD). The momentum information k x and k y will be recorded according to the spatial distribution of photoelectrons on the DLD, and the kinetic energy information will be recorded according to the arrival time of photoelectrons after traveling through the meter long tube. Figure 2.10 shows the trajectories of photoelectron in the ARTOF analyzer.

Due to the fact that there is no filtering at the entrance of tube and the the flight time is recorded as an extra dimension, mapping of (E, k x , k y ) space of electrons can be achieved simultaneously without involving sample and detector rotation. As mentioned above, the photoelectrons are detected by the MCP combined with the DLD, but how does this work? As shown in Figure 2.11, the MCP is placed on top of the DLD, and therefore it pre-amplifies the hits of single electron and converts them into a short intense electrical pulse. The flight time of photoelectron is the time for electrons leaving the sample and arriving at the MCP. Since the time for electrons leaving the sample is hard to determine, it is replaced by the time when the photons arrive at the sample which is a good approximation given the time resolution of the electronics. When photons shine on the sample, scattered light will be generated and propagate to MCP, leading to a cascade as electrons do. This photon event will create a single peak in time which preceeds all electron events. Therefore the time of photons incident on the sample surface can be derived from the timing of MCP photon event subtracting the photon flight time in the tube. In this case, a pulsed light either from an ultrafast laser or a synchrotron light with a pulse duration less than 20 ps is needed for an ARTOF analyzer to determine the electron energy.

After knowing the energy of photoelectrons, the resolution of momentum will be carried out by the DLD. Figure 2.12 shows the schematic of the MCP combined with the DLD. The DLD is comprised of two perpendicularly-oriented thin copper wires one on top of the other. Each wire is responsible for one spatial dimension and both wires have the same length. When an electron hits the detector, it generates two counter-propagating current pulses along both wires. In one wire, the arrival times at the ends are recorded as t X0 and t X1 . In the other wire, they are recorded as t Y 0 and t Y 1 . The time difference ∆t x or ∆t y between the signal traveling to each end of each delay-line is proportional to the position on the MCP in the respective dimension. The electronics system of ARTOF setup perform calculations during the measurement and convert the timings (the flight time of electrons, the time difference ∆t x , and ∆t y ) into three dimensional data with (E, k x , k y ) information. In the reality, not all the current from the MCP are real due to the presence of the dark current. However, the fake signal can be excluded by performing a sum-check for t X0 + t X1 and t Y 0 + t Y 1 , which should be a constant determined by the length of the copper wires for a real signal.

It is worth noting DLD cannot distinguish two electron hits arriving at the MCP at the same time because the DLD determines the position of electron hit by the timing different of two ends. The electronic system relies on the "machine trigger" signal from the light source to separate electron hits. If more than one hits arrive at the MCP during one triggering period, all these events will be discarded. In this case, the signal acquisition rate is limited by the repetition rate of the photon source. A higher repetition rate laser will speed up the data acquisition process but it will cause timing problem for the electronics and may induce space charge effect.

Time-resolved ARPES

From previous introduction we have learned that ARPES can probe the momentum and binding energy of the electron in the solid. It is worth noting that for regular ARPES, it can only probe electrons in occupied states if we don't consider thermal excitation, therefore the band structure above the Fermi level becomes the "blind spots" for regular ARPES. In order to probe unoccupied states, pump-probe technique were introduced to the ARPES measurement and the ARPES combined with pump-probe technique is also called time-resolve ARPES (TR-ARPES)

Basic principles

Different from conventional ARPES, where three kinds of light sources described above can be used, TR-ARPES requires pulsed light which can be pulsed laser or pulse synchrotron light. The principle of a pump-probe technique can be described as following: two light pulses incident on the sample are controlled by a delay line with a difference of arrival time ∆t, the first light pulse is called pump beam which will pump the electron to the excited states and the second one will eject the electrons to the vacuum to be collected by the analyzer. If we define the moment when pump and probe arrive at the sample surface at the time as time zero t 0 , then by changing the delay time, we can obtain a series of spectra which can describe the evolution of band structure after photo excitation. Figure2.13 shows the general geometry of a TR-ARPES setup using a hemispherical analyzer [START_REF] Hajlaoui | Time Resolved Ultrafast ARPES for the Study of Topological Insulators: The Case of Bi 2 Te 3[END_REF].

There are several parameters that should be well considered for a TR-ARPES measurement. First, the photon energy of pump beam should be smaller than the work function of the material since the electron is needed to be excited but not escaped from the surface. Normally it is the fundamental or the second harmonic of near infrared light. Second, the photon energy of probe beam should be larger than the work function which has been described as before. Third, the energy resolution and the temporal resolution are important. Since they are limited by the uncertainty principle, a compromise between these two is necessary. A higher temporal resolution can distinguish more behaviors of electrons after excitation.

FemtoARPES setup

The TR-ARPES setup of FemtoARPES lab is located at synchrotron SOLEIL. The experimental setup includes a pulsed laser system, a 4th harmonic generation optical setup, ultra high vacuum chambers, a 5-axis manipulator and an hemispherical analyzer. Figure 2.14 shows the geometry of the setup at the measuring position. The light sources is a commercial Ti:Sapphire laser system (RegA Coherent), which delivers pulsed light with a high repetition rate of 250 kHz and a duration of 40 fs at full width half maximum (FWHM). The laser wavelength can be tuned between 780 nm and 820 nm, and currently we work at 800 nm. The output near-infrared pulses with a wavelength of 800 nm were split into two replicas, the pump and the probe. The probe replica is used to generate ultraviolet (UV) pulses of 6.28 eV by cascade frequency mixing in β-BaB 2 O 4 non-linear crystals, as shown in Figure 2.15. First, the fundamental pulse is focused on the 1st BBO crystal to generate second harmonic. Then, the third harmonic is generated by mixing the second harmonic pulsed and the fundamental pulse in the second BBO crystal. Finally, the fourth harmonic is obtained by mixing the third harmonic and the fundamental pulses at the third BBO crystal. Several delay lines (DL) are used here in order to have best temporal overlap in the non linear process. The highest photon flux for the 4th harmonic is about 10 14 photons/s, which is comparable to the synchrotron light. The polarization of light can be tuned using half wave plate. The spot size of the fourth harmonic beam is about 50 × 50 µm 2 and the one for pump beam is about 200 × 200 µm 2 which is enlarge on purpose in order to have a better spatial overlap. Both beams were focused almost collinearly on the sample surface. The overall energy resolution and temporal resolution are 60 meV and 90 fs, respectively. The base pressure of measurement chamber is a few 10 -11 mbar which ensures a relatively long life time of clean surfaces. The 5-axis manipulator (x, y, z, θ, and ϕ) is connected to a cryostat which can provide low temperature condition for the measurement (35 K using liquid helium and 130 K using liquid nitrogen). The photoelectron will be collected by a commercial hemispherical analyzer Phoibos 150 of Specs, which provides an angular resolution better than 0.05 • .

Time-resolved ARTOF setup of PULS group

The time-resolved ARTOF (TR-ARTOF) setup of PULS group is in Laboratoire de Physique des Solides (LPS) of Université Paris-Saclay. The experimental setup includes a pulsed laser system, a 4th harmonic generation optical setup, ultra high vacuum chambers, a 6-axis manipulator and an ARTOF analyzer, as shown in Figure 2.16.

The ARTOF-2 analyzer is purchased from Scienta Omicron company. This analyzer can handle a light source with a repetition rates up to approximately 3.0 MHz. The acceptance angle is ±15 • for wide angle mode and the angular resolution is below 0.06 • . The 6-axis manipulator (x, y, z, θ, and ϕ) is connected to a cryostat which can provide low temperature condition for the measurement (10 K using liquid helium and 80 K using liquid nitrogen). The light source is a femtosecond Ti:Sapphire laser system FemtoSource XL 300, which delivers 50 fs near-infrared pulses at 1.55 eV of photon energy and at 5 MHz of repetition rate. The repetition rate has been subsequently reduced to 500 kHz by using a pockels cell thus to make it suitable for the analyzer's DLD. The 4th harmonic generation process is similar with the one of FemtoARPES setup. The beam sizes of pump and probe beams at focusing position are shown in Figure 2.17, which gives a spot size of 40 × 40 µm 2 for the probe and 50 × 50 µm 2 for the pump at their FWHM. During the measurement the pump beam is defocused in order to a larger beam size for the sake of better spatial overlap.

Complementary techniques 2.4.1 Low-energy electron diffraction

Low-energy electron diffraction (LEED) is a standard technique for obtaining structural information about surfaces. As in all diffraction experiments, LEED can be used to determine the periodicity of the system. Particularly, the diffraction pattern of LEED corresponds to the surface reciprocal lattice, which can be quite useful to distinguish high symmetry directions of crystal. The standard experimental setup for LEED consists of an electron gun to generate an electron beam with energies in the range of 20-500 eV and a display system to observe the Bragg diffraction patterns. From Figure 2.4 we have learned that electrons in this range are of high surface sensitivity. A typical three-grid LEED system is presented in Figure 2.18. The electrons are generated in the filament, and accelerated by the potential between the cathode and apertures A and D. The electrons beam achieves its initial collimation with the help of Wehnelt cylinder which has a negative bias with respect to the cathode. Apertures B and C have potential intermediate between A and D, which are used to focus the electron beam. The last aperture D, usually has the same potential as A and the sample, together with the fact that first and last grids in front of the fluorescent screen has the same potential, establish a field-free space between the sample and the display system. The fluorescent screen is biased positively (5-7 kV) to achieve a final acceleration of the slow electrons. Besides elastic scattering, inelastic scattering also takes place which produces electrons of lower energy. These electrons are scattered, normally produce a relatively homogeneous background and can be suppressed by giving the middle grid a proper negative bias.

Surface charge doping technique

Surface charge doping is a simple but efficient way to realize charge transfer between dopants and sample surface. The carrier concentration of the sample can be tuned in a nondestructive manner with the help of surface charge doping. For surface electron doping, it is implement by the evaporation of alkali metals like Na, K, or Cs. The large electronegativity difference between alkali metal and substrate atoms can make alkali metal atoms an ideal choice to achieve electron doping because alkali metal atoms can ionize easily and donate their valence electrons to the substrate. Meanwhile, electrons from alkali metal atoms can fill the empty states of substrate, providing another routine to access the unoccupied states besides pump-probe technique in ARPES measurement. In practice, the deposition of alkali atoms are usually controlled by a resistive heating of the getter cartridge with nominal current value. The SAES dispenser, as shown in Figure 2.19, will evaporate alkali metal when the current applied on the dispenser passes the threshold.

Contrary to electron doping, hole doping will remove electrons from the substrate, therefore the dopants of hole doping consist of some high electronegativity elements, e.g., O 2 , NO 2 , 1,4,5,8-naphthalene tetracarboxylic dianhydride (NTCDA), et al..

Conclusion

This chapter presents a general description of the techniques used in this thesis for the study of band structure of quasi-2D systems. I have showed the theoretical and experimental principle of an ARPES measurement in equilibrium states and out-ofequilibrium states. The experimental setups and some complementary techniques are also introduced.

Chapter 3

Dichroism in the ultrafast photoemission yield for the study of quantum materials

In this chapter I show how dichroism in time-resolved photoemission can be applied to the study of quantum materials, in particular to the orbital and spin texture of Dirac fermions, both for their filled and empty electronic states electronic states using a ToF analyzer. First, I present a comparison between prototype topological materials such as Bi 2 Se 3 and Bi 2 Te 2 Se : my results show that the excited topological surface states of Bi 2 Te 2 Se present a stronger out-of-plane spin component with respect to Bi 2 Se 3 . Next, by using the same techniques, I extend the studies to the investigation of the orbital character of BaNiS 2 with various light polarizations.

Probing spin chirality of photoexcited topological insulators Bi

2 Te 2 Se and Bi 2 Se 3 with circular dichroism ARPES

Introduction

Three dimensional topological insulators (TIs) are bulk insulators with conducting Dirac surface states (DSS) protected by time-reversal symmetry [START_REF] Qi | Topological Insulators and Superconductors[END_REF]. One of the essential features of their topological states is spin-momentum locking: as theoretically predicted [START_REF] Fu | Topological Insulators in Three Dimensions[END_REF][START_REF] Fu | Hexagonal Warping Effects in the Surface States of the Topological Insulator Bi 2 Te 3[END_REF][START_REF] Zhang | First-principles Studies of the Three-dimensional Strong Topological Insulators Bi 2 Te 3 , Bi 2 Se 3 and Sb 2 Te 3[END_REF][START_REF] Yazyev | Spin Polarization and Transport of Surface States in the Topological Insulators Bi 2 Se 3 and Bi 2 Te 3 from First Principles[END_REF][START_REF] Basak | Spin Texture on the Warped Dirac-cone Surface States in Topological Insulators[END_REF][START_REF] Mirhosseini | Spin Texture and Circular Dichroism in Photoelectron Spectroscopy from the Topological Insulator Bi 2 Te 3 : First-principles Photoemission Calculations[END_REF] and soon experimentally confirmed [START_REF] Miyamoto | Topological Surface States with Persistent High Spin Polarization across the Dirac Point in Bi 2 Te 2 Se and Bi 2 Se 2 Te[END_REF][START_REF] Wang | Observation of a Warped Helical Spin Texture in Bi 2 Se 3 from Circular Dichroism Angle-resolved Photoemission Spectroscopy[END_REF][START_REF] Kung | Observation of Chiral Surface Excitons in a Topological Insulator Bi 2 Se 3[END_REF][START_REF] Park | Chiral Orbital-angular Momentum in the Surface States of Bi 2 Se 3[END_REF] DSS possess a helical spin texture, i.e. the spin of the electrons is locked to their momentum and electrons with opposite momentum have opposite spin.

All the most promising technological perspectives for TIs [START_REF] Hasan | Colloquium: Topological Insulators[END_REF] are intimately related to this feature, because it implies that back-scattering of electrons in DSS induced by non-magnetic impurities is suppressed [START_REF] Zhang | Experimental Demonstration of Topological Surface States Protected by Time-reversal Symmetry[END_REF][START_REF] Alpichshev | STM Imaging of Electronic Waves on the Surface of Bi 2 Te 3 : Topologically Protected Surface States and Hexagonal Warping Effects[END_REF]. Consequently, the measurement of spin texture in momentum space is a crucial element for the experimental study of the electronic structure of TIs.

Among the methods that give simultaneously access to both spin and wavevector, spin-resolved ARPES allows a direct measurement of the electron spin [START_REF] Jozwiak | Widespread Spin Polarization Effects in Photoemission from Topological Insulators[END_REF][START_REF] Miyamoto | The Gigantic Rashba Effect of Surface States Energetically Buried in the Topological Insulator Bi 2 Te 2 Se[END_REF][START_REF] Cacho | Momentum-resolved Spin Dynamics of Bulk and Surface Excited States in the Topological Insulator Bi 2 Se 3[END_REF]. An alternative approach is represented by Circular Dichroism (CD) in the photoemission yield, that has also been extensively used for TIs [START_REF] Jung | Warping Effects in the Band and Angular-momentum Structures of the Topological Insulator Bi 2 Te 3[END_REF][START_REF] Park | Chiral Orbital-angular Momentum in the Surface States of Bi 2 Se 3[END_REF][START_REF] Sánchez-Barriga | Photoemission of Bi 2 Se 3 with Circularly Polarized Light: Probe of Spin Polarization or Means for Spin Manipulation[END_REF][START_REF] Sánchez-Barriga | Ultrafast Spinpolarization Control of Dirac Fermions in Topological Insulators[END_REF][START_REF] Sánchez-Barriga | Subpicosecond Spin Dynamics of Excited States in the Topological Insulator Bi 2 Te 3[END_REF][START_REF] Hedayat | Ultrafast Evolution of Bulk, Surface and Surface Resonance States in Photoexcited Bi 2 Te 3[END_REF], even though extracting quantitative information on the electron spin is much more challenging: for instance, the information on its initial spin state can be altered by the polarization of the incident photon [START_REF] Neupane | Oscillatory Surface Dichroism of the Insulating Topological Insulator Bi 2 Te 2 Se[END_REF]; the spin texture of a TI system can also be affected by the surface itself [START_REF] Henk | Complex Spin Texture in the Pure and Mn-doped Topological Insulator Bi 2 Te 3[END_REF][START_REF] Mirhosseini | Spin Texture and Circular Dichroism in Photoelectron Spectroscopy from the Topological Insulator Bi 2 Te 3 : First-principles Photoemission Calculations[END_REF]; furthermore, due to its intrinsic surface sensitivity, at certain photon energies, ARPES can only probe a layer-integrated spin texture [START_REF] Zhu | Layer-by-layer Entangled Spinorbital Texture of the Topological Surface State in Bi 2 Se 3[END_REF].

The main advantage of CD-ARPES -the possibility of effectively providing the overall view of spin texture behavior in momentum space -can be fully exploited when performed with a multi-dimensional electron detection scheme (i.e. the simultaneous measurement of E, k x and k y ). For instance, CD in the photoemission yield measured with an angle-resolved time-of-flight (ARTOF) detector has been used to probe the intrinsic spin texture of the filled electronic states of Bi 2 Se 3 [START_REF] Wang | Observation of a Warped Helical Spin Texture in Bi 2 Se 3 from Circular Dichroism Angle-resolved Photoemission Spectroscopy[END_REF]. Since with multi-dimensional detection the kinetic energy (E) and the two parallel components of the photoelectrons momentum (k x , k y ) with respect to the surface are all measured without rotating the sample [START_REF] Carpene | A Versatile Apparatus for Time-resolved Photoemission Spectroscopy via Femtosecond Pump-probe Experiments[END_REF], one can easily discriminate between matrix element and experimental geometry effects [START_REF] Wang | Observation of a Warped Helical Spin Texture in Bi 2 Se 3 from Circular Dichroism Angle-resolved Photoemission Spectroscopy[END_REF]. Extending the same approach to time-resolved ARPES makes it possible to translate all these experimental possibilities to the study of out-ot-equilibrium topological materials and to their excited electronic states.

In this section, I will present a comparative study of the excited electron spin texture for two prototype TIs, Bi 2 Te 2 Se and Bi 2 Se 3 whose structure are presented in Figure 3.1, with multi-dimensional time-resolved ARPES. Our I(E, k x , k y , t) data provide a complete description of the strong warping characterizing the DSS above the Fermi level of Bi 2 Te 2 Se, in agreement with previous indications [START_REF] Neupane | Topological Surface States and Dirac Point Tuning in Ternary Topological Insulators[END_REF]. The analysis of the CD-ARPES evolution as a function of the electron's binding energy from the Dirac point (DP) to the bulk conduction band (BCB) indicates that the in-gap DSS of Bi 2 Te 2 Se present a strong out-of-plane spin polarization compared to those of Bi 2 Se 3 [START_REF] Wang | Observation of a Warped Helical Spin Texture in Bi 2 Se 3 from Circular Dichroism Angle-resolved Photoemission Spectroscopy[END_REF]. This experimental configuration makes it possible to directly observe the overall spin texture behavior of photoexcited electronic states, ruling out spurious effects related to the experimental geometry.

Experimental methods

The high-quality stoichiometric Bi 2 Te 2 Se and Bi 2 Se 3 single crystals are grown by the standard Bridgman-Stockbarger method using a vertical temperature gradient pull. Bi 2 Se 3 is a naturally grown n-type TI whereas the Bi 2 Te 2 Se has shown high resistivity [START_REF] Ren | Large Bulk Resistivity and Surface Quantum Oscillations in the Topological Insulator Bi 2 Te 2 Se[END_REF] and a surface chemical potential lying within the bulk band-gap [START_REF] Neupane | Topological Surface States and Dirac Point Tuning in Ternary Topological Insulators[END_REF][START_REF] Papalazarou | Unraveling the Dirac Fermion Dynamics of the Bulk-insulating Topological System Bi 2 Te 2 Se[END_REF]. Indeed, Bi 2 Te 2 Se is considered as a prototype intrinsic TI.

The multi-dimensional ARPES experiments were performed using a Scienta ARTOF-2 analyzer in PULS group, and detailed information of experimental setups are describe in chapter 2. During the pump-probe measurements, the incident pump fluence was fixed at 120 ± 5 µJ/cm 2 . The fresh surfaces were cleaved in situ and measured at 85 K. Circularly polarized light is generated using a quarter waveplate placed right before the last mirror that sends the UV beam into the vacuum chamber. The degree of polarization is up to ≈ 90% including birefringence from the vacuum window.

TOF-ARPES on Bi 2 Te 2 Se and Bi 2 Se 3

The photoelectrons from the sample surface are collected by the ARTOF analyzer which enables the direct measurement of the photoelectron intensity as a function of energy E simultaneously over a two-dimensional momentum space (called I(E, k x , k y )) without rotating the sample. DSS of Bi 2 Te 2 Se show a strong degree of hexagonal warping which come from the higher order terms in the k • p Hamiltonian proposed by L. Fu [START_REF] Fu | Hexagonal Warping Effects in the Surface States of the Topological Insulator Bi 2 Te 3[END_REF]. As a result, the isoenergy contours go from nearly circular to hexagonal for energies E -E F > +0.1 eV. For energies close to BCB the hexagon is further warped outwards forming a concave hexagon. The BCB minima along Γ M hybridize with DSS due to the threefold crystal symmetry along the [001] direction. It is worth noting that the hexagonal warping of DSS has been previously observed in Rbcovered Bi 2 Te 2 Se using static ARPES, exploiting the downwards band bending induced by alkali metal deposition on the surface [START_REF] Michiardi | Strongly Anisotropic Spin-orbit Splitting in a Two-dimensional Electron Gas[END_REF]. Nevertheless, the dispersion of the two-dimensional gas on the surface follows the crystal symmetry but the subsequent potential gradient creates Rashba-type spin-split states. Hence, the dispersion of the electronic states is not equivalent to that of a pristine surface. Recently, a work on a photo-excited pristine surface [START_REF] Munisa | Ultrafast Dynamics of an Unoccupied Surface Resonance State in Bi 2 Te 2 Se[END_REF] using time-resolved ARPES has shown isoenergy contours of unoccupied states, but without a clear indication of the aforementioned warping. To the best of our knowledge, our results provide the first clear and direct measurement of the warped DSS in Bi 2 Te 2 Se. with previous studies [START_REF] Chen | Massive Dirac Fermion on the Surface of a Magnetically Doped Topological Insulator[END_REF], DSS display a circular shapes for the entire energy range up to BCB minimum and become warped for energies above that point. Note that the warped DSS do not deform as much as in Bi 2 Te 2 Se.

CD-ARPES on Bi 2 Te 2 Se and Bi 2 Se 3

From previous section we have learned that the DSS of both Bi 2 Te 2 Se and Bi 2 Se 3 are affected by the warping effect. This effect not only changes the shape of the constant energy contour, but also alters the spin texture, which will be revealed by the CD-ARPES in this section.

It was theoretically [START_REF] Fu | Hexagonal Warping Effects in the Surface States of the Topological Insulator Bi 2 Te 3[END_REF][START_REF] Zhou | Theory of Quasiparticle Scattering in a Two-dimensional System of Helical Dirac Fermions: Surface Band Structure of a Three-dimensional Topological Insulator[END_REF][START_REF] Lee | Quasiparticle Interference on the Surface of the Topological Insulator Bi 2 Te 3[END_REF] and experimentally shown [START_REF] Alpichshev | STM Imaging of Electronic Waves on the Surface of Bi 2 Te 3 : Topologically Protected Surface States and Hexagonal Warping Effects[END_REF] that an accentuated hexagonal warping of DSS may substantially affect the quasi-particle interference around non-magnetic impurities on the surface of TIs. Indeed, non-convex warped surfaces provide additional nesting vectors [START_REF] Fu | Hexagonal Warping Effects in the Surface States of the Topological Insulator Bi 2 Te 3[END_REF] enhancing Friedel oscillations around non-magnetic impurities. Detailed studies of warped DSS will provide deeper insights on the transport properties of DSS in the presence of non-magnetic defects. Moreover, the spin texture of such helical and hexagonally warped states represent an out-of-plane spin component. To investigate the CD in Bi 2 Te 2 Se, we measure the photoelectron intensity with L-and R-circularly polarized UV light, ∆I(E, k x , k y , t) = (I L -I R )/(I L + I R ), while keeping the IR pump beam linearly polarized. obvious for energies inside the band-gap. This may be attributed to an in-plane and out-of-plane spin texture along M -Γ-M ′ and K-Γ-K′ , respectively [START_REF] Wang | Observation of a Warped Helical Spin Texture in Bi 2 Se 3 from Circular Dichroism Angle-resolved Photoemission Spectroscopy[END_REF]. However, a recent spin-resolved ARPES study showed the bulk sensitivity associated to low photon energies affects the out-of-plane component of the electron spin during the photoemission process [START_REF] Sánchez-Barriga | Photoemission of Bi 2 Se 3 with Circularly Polarized Light: Probe of Spin Polarization or Means for Spin Manipulation[END_REF]. This result implies that CD studies alone do not permit to recover quantitative information about the intrinsic spin structure of the system under investigations. Looking at the entire momentum contour for DSS at various energies inside the band-gap (see Figure 3.6(b)), the CD flips signs along consecutive K-Γ-K′ directions. This suggests that the out-of-plane electron spin vector along K-Γ-K′ flips sign as it varies from parallel to k x -k y plane to out of the plane [START_REF] Sánchez-Barriga | Photoemission of Bi 2 Se 3 with Circularly Polarized Light: Probe of Spin Polarization or Means for Spin Manipulation[END_REF]. To certify this behavior we have also investigated the CD in Bi 2 Se 3 under similar geometry and experimental conditions. Similarly, Figure 3.6(c) and (d) depict normalized E -k cuts along the high symmetry directions and momentum CD contours, respectively. The spin texture of DSS changes sign when is measured along k y while the flip contrast along k x is less obvious. In stark contrast to Bi 2 Te 2 Se, the CD is preserved in positive and negative k y values for energies of DSS inside the gap. However, it gradually evolves to follow a similar trend to that of Bi 2 Te 2 Se. This implies that the spin texture of DSS inside the gap is purely in-plane and it is gradually deformed as energies get closer to BCB. This effect can be seen in Figure 3.7(a) and (b) for selected isoenergy contours inside the gap and close to BCB, respectively. It has been suggested that these TIs possess a clear in-plane DSS spin texture for energies close to DP [START_REF] Wang | Ternary Tetradymite Compounds as Topological Insulators[END_REF]. Hence, it is possible that the measured spin texture in Bi 2 Te 2 Se for in-gap energies may be affected by final state effects that alter the CD.

Angle dependence of CD-ARPES on Bi 2 Se 3

The spin texture in DSS is further investigated as a function of the sample's azimuthal rotational angle ϕ. Figure 3.8 shows non-normalized CD contours at E -E F = +0.04 eV in Bi 2 Se 3 . One can directly notice that while ϕ rotates 30 • from the initial incidence angle, the CD of DSS follows the same trend whereas that of BCB remains unchanged. Consistently with the work presented by Wang et al. [START_REF] Wang | Observation of a Warped Helical Spin Texture in Bi 2 Se 3 from Circular Dichroism Angle-resolved Photoemission Spectroscopy[END_REF] for filled electronic states, this is a clear indication that what is measured here is the real spin texture of the electronic states; the BCB states do not exhibit CD regardless of the sample rotation, while DSS do.

Conclusion

By measuring the CD of the pump-probe 4-dimensional ARPES yield, we show that the excited topological surface states of Bi 2 Te 2 Se present a stronger out-ofplane spin flipping with respect to Bi 2 Se 3 . Our instrumental configuration allows the simultaneous collection of the whole I(E, k x , k y , t) signal without moving the sample, making it possible to unambiguously discriminate genuine matrix element from experimental geometry effects, and represents an effective approach towards the study of spin texture in photoexcited topological materials. 

Orbital characters of the Dirac semimetal

BaNiS 2 revealed by dichroism in TR-ARPES

Introduction

BaNiS 2 has recently generated increasing attention because of its peculiar properties related to the combined effects of crystal field and strong spin-orbit coupling [START_REF] Santos-Cottin | Rashba Coupling Amplification by a Staggered Crystal Field[END_REF][START_REF] Sławińska | Hidden Spin Polarization in Nonmagnetic Centrosymmetric BaNiS 2 Crystal: Signatures from First Principles[END_REF][START_REF] Yuan | Uncovering and Tailoring Hidden Rashba Spin-orbit Splitting in Centrosymmetric Crystals[END_REF], resulting in hidden Rashba-split spin-polarized bands. More importantly, the presence of tunable quasi two-dimensional Dirac cones stemming from a nonsymmorphic symmetry of the lattice has been demonstrated [START_REF] Nilforoushan | Photoinduced Renormalization and Electronic Screening of Quasi-two-dimensional Dirac States in BaNiS 2[END_REF]. It has been shown that the tunability of Dirac cones origins from the charge transfer generated by the hybridization between p and d orbitals [START_REF] Nilforoushan | Moving Dirac Nodes by Chemical Substitution[END_REF], which makes BaNiS 2 a promising system to functionalize Dirac stats by manipulating the strength of electron correlations. Furthermore, BaNiS 2 is the metallic precursor of BaCo 1-x Ni x S 2 , which presents great similarities with high-Tc cuprates, but no superconductivity [START_REF] Santos-Cottin | Anomalous Metallic State in Quasitwo-dimensional BaNiS 2[END_REF][START_REF] Mansart | Orbital Nature of the Hole-like Fermi Surface in Superconducting Ba(Fe 1-x Co x ) 2 As 2[END_REF][START_REF] Brouet | Impact of the Two Fe Unit Cell on the Electronic Structure Measured by ARPES in Iron Pnictides[END_REF]. Understanding electron-electron correlations will help obtain further insight about all these peculiar properties. In Figure 3.9(a)(b), we show the crystal structure of BaNiS 2 [START_REF] Grey | Crystal Structure and Properties of Barium Nickel Sulfide, a Square-pyramidal Nickel (II) Compound[END_REF][START_REF] Jain | Commentary: The Materials Project: A Materials Genome Approach to Accelerating Materials Innovation[END_REF] and in Figure 3.9. (c) the two-dimensional projection of its Brillouin zone. The advent of time and angle-resolved photoemission spectroscopy (timeresolved ARPES) makes it possible to explore empty electronic states and their ultrafast dynamics, extending to the study of excited states the distinctive features of ARPES. This technique provides a direct way towards the studies of band structure of crystalline solids, and to the effects of electron-electron correlations [START_REF] Damascelli | Angle-resolved Photoemission Studies of the Cuprate Superconductors[END_REF]. In photoelectron spectroscopy, electrons in solids can be excited into the vacuum when they absorb photons with an energy larger than the work function -an extension of the photoelectric effect. Here I recall some concepts introduced in the chapter2. A spectrum measured with this technique contains information on the momentum and kinetic energy of photoelectrons; the intensity of the yield is proportional to the overlap integral between an initial state wave function Ψ i transformed according to the interaction operator H int and the final state wave function Ψ f , and depends on the geometry of the experimental setup, the photon energy and the polarization of light [START_REF] Damascelli | Angle-resolved Photoemission Studies of the Cuprate Superconductors[END_REF][START_REF] Damascelli | Probing the Electronic Structure of Complex Systems by ARPES[END_REF][START_REF] Sobota | Angle-resolved Photoemission Studies of Quantum Materials[END_REF], which can be written as following:

I(E k , k) ∝ |M k f i | 2 (3.1) M k f,i = ϕ k f H int ϕ k i ∝ ϕ k f A • p ϕ k i (3.2)
where A is the electromagnetic vector potential, and p is the electronic momentum operator.

Having a better understanding of the relation between photoemission and spectral functions is crucial to extract more information on the electronic states, beyond the band structure E = E(k), such as for instance band degeneracy and correlations. Furthermore, the photoelectron yield presents additional modulations in its intensity coming from matrix element effects [START_REF] Lindroos | Matrix Element Effects in Angleresolved Photoemission from Bi 2 Sr 2 CaCu 2 O 8 : Energy and Polarization Dependencies, Final State Spectrum, Spectral Signatures of Specific Transitions, and Related Issues[END_REF]. The selection rules stemming from these effects can be actually exploited to obtain information on the initial state by controlling some parameters used in the measurement [START_REF] Beaulieu | Unveiling the Orbital Texture of 1T-TiTe 2 Using Intrinsic Linear Dichroism in Multidimensional Photoemission Spectroscopy[END_REF][START_REF] Chen | The Orbital Characters of Low-energy Electronic Structure in Iron-chalcogenide Superconductor K x Fe 2-y Se 2[END_REF][START_REF] Wang | Orbital Characters Determined from Fermi Surface Intensity Patterns Using Angle-resolved Photoemission Spectroscopy[END_REF], either suppressing or emphasizing the photoelectron yield from specific electronic states.

Selection rules state that since the final state is an even function with respect to the mirror plane (we assume that the photoelectron energy analyzer is in the mirror plane), orbitals that are odd (even) with respect to the mirror plane can be detected only with light polarization that has the same parity with respect to that plane. Here we use d x 2 -y 2 as example. Figure 3.10(a)(b) shows the experimental geometry. In our geometry, a photon with p polarization has an incoming electric field that lies within mirror plane, while an s polarized photon has an electric field perpendicular to the mirror plane, i.e., parallel to the sample surface: as a result, p polarization is even while s polarization is odd with respect to the mirror plane. A d x 2 -y 2 orbital has even parity when its xz plane coincides with the mirror plane, therefore it can be detected with p polarization light. The overall matrix elements for d orbitals when the mirror plane is aligned with two high symmetry directions of the crystal are summarized in Table 3.1. By using state of the art electron analyzers, e.g., ARTOF analyzers, one can simultaneously measure E, k x and k y without rotating the sample, making it possible to discriminate between matrix element and experimental geometry effects. By combining the rotation of the crystal and the control of light polarization, one can get a clear and unambiguous relation between the modulation of the photoemission intensity and the orbital characters. In this section, I present the study of the orbital character of the filled and excited electronic states of the Dirac semimetal BaNiS 2 use polarization dependent pump-probe ARPES. This information is obtained thanks to detailed measurements 

Experimental methods

High quality single crystals of BaNiS 2 were grown by a self-flux method [START_REF] Shamoto | Single Crystal Growth of BaNiS 2[END_REF], and the fresh surfaces were obtained by cleaving in-situ along the (001) plane under ultrahigh vacuum, at a base pressure of 2 × 10 -10 mbar. The time-resolved ARPES experiments were performed at 85 K using a Scienta Omicron ARTOF-2 analyzer which is described in chapter 2. Complementary measurements have been performed on the FemtoARPES setup and on the TEMPO beamline at Synchrotron SOLEIL.

The experimental geometry for the ARPES measurements is shown in Figure 3.10(a)(b). For sake of simplicity, when the sample's ΓX (ΓM) direction is in the mirror plane, we call it ΓX (ΓM) configuration, respectively. Various light polarization configurations were used during the measurements. Besides linearly polarized s and p photons (Figure 3.10(a)(b)), we also used left and right circularly polarized photons generated by using a quarter-wave plate.

TOF-ARPES on BaNiS 2

The data presented in Figure 3.9(d) show the Fermi surface of BaNiS 2 with reference to the indicated high symmetry directions in the a-b plane. It is possible to see the Fermi surface over the whole BZ, featuring four Dirac nodes along ΓM, four oval pockets at X and one pocket at the Γ point. The data were obtained with 70 eV photon energy at 80 K on the TEMPO beamline at the SOLEIL synchrotron.

As underlined by recent studies [START_REF] Nilforoushan | Photoinduced Renormalization and Electronic Screening of Quasi-two-dimensional Dirac States in BaNiS 2[END_REF][START_REF] Nilforoushan | Moving Dirac Nodes by Chemical Substitution[END_REF][START_REF] Santos-Cottin | Anomalous Metallic State in Quasitwo-dimensional BaNiS 2[END_REF], the most important electronic properties of BaNiS 2 are related to the Dirac cones and to the electron pocket at Γ. We consequently focused on these bands when exploring in detail the polarization dependence of the whole angular photoemission yield, by using the ARTOF photoelectron detector of our ultrafast time-resolved ARPES setup. From the E -k plots (Figures 3.11(a) and 3.12(a) we can see that both bands A and C appear intense in s polarization in ΓM configuration and in p polarization in ΓX configuration, while they cannot be observed in p polarization in ΓM configuration and in s polarization in ΓX configuration. This means that the orbital character in these two bands is even with respect to mirror plane in ΓX configuration and odd with respect to mirror plane in ΓM configuration, which point to the d x 2 -y 2 orbital character based on Table 3.1. This result is consistent with the study of Santos-Cottin et al. [START_REF] Santos-Cottin | Rashba Coupling Amplification by a Staggered Crystal Field[END_REF]. Note that both band A and band C have square shapes in constant energy contours (CECs) at selected energies E -E F = 0 eV and E -E F = -0.25 eV, as shown in Figure 3.11(b,f) and Figure 3.12(b,f), but the orientation of two bands has 45-degree difference. The band B shows opposite behaviors, as it can be observed in p polarization in ΓM configuration and in s polarization in ΓX configuration (Figures 3.11(a) and 3.12(a)). Therefore, the orbital character is even with respect to mirror plane in ΓM configuration and odd with respect to mirror plane in ΓX configuration, which could be attributed to d xy orbital character according to Table 3 It should be emphasized that these conclusions can be extended to the empty electronic states that we have been able to access by optically pumping the system during the time-resolved ARPES measurements. In Figure 3.13 we present pumpprobe ARPES data at a delay where we have maximum counts above Fermi level (Figure 3.13(e)) and the relative linear dichroism contrast for CEC at E -E F = +0.05 eV.

From ARPES data we could see that the electron pocket A and hole pocket C have square shapes in CECs, and from the crystal structure we could know that Ni atoms are surrounded by two pyramids, one formed by S atoms, and the other formed by Ba atoms (see Figure 3.9). These two pyramids have a 45-degree difference in real space, and interestingly, the two bands A and C point at two directions with 45-degree difference. This naturally indicates a correlation between the directions of d-bands A and C, essentially, and the position of the S and Ba atoms with respect to the Ni atom.

With our 6.2 eV photon energy and manipulator rotation angle, we could reach the Dirac cone by changing the polar angle in ΓM configuration. Figure 3.14 shows the polarization-dependent data around one of the Dirac nodes. We could see that in p polarization only the left branch was observed while in s polarization both branches show up with different intensities, therefore the left should be dominated by d z 2 orbital with some trace of d x 2 -y 2 orbital and the right branch should be attributed to d x 2 -y 2 . This is consistent to what we observed in ref. [START_REF] Santos-Cottin | Rashba Coupling Amplification by a Staggered Crystal Field[END_REF][START_REF] Nilforoushan | Moving Dirac Nodes by Chemical Substitution[END_REF]. 

CD-ARPES on BaNiS 2

Circular Dichroisms (CDs) of BaNiS 2 around Γ point and Dirac cone were investigated and plotted in Figure 3.15(a)(b). The data were obtained in ΓM configuration. The CD we showed here were defined as:

I CD = I CR /I max1 -I CL /I max2 (3.3)
where I max1 and I max2 are the maximum of I CR and I CL , respectively. We can see that there were strong CD in B bands around Γ point and Dirac cone. Even though the formation mechanism of Dirac cone in BaNiS 2 is different from topological insulators [START_REF] Nilforoushan | Moving Dirac Nodes by Chemical Substitution[END_REF], it shows a similar CD pattern compared to well-known topological insulators like Bi 2 Se 3 [START_REF] Zhang | Probing Spin Chirality of Photoexcited Topological Insulators with Circular Dichroism: Multidimensional Time-resolved ARPES on Bi 2 Te 2 Se and Bi 2 Se 3[END_REF][START_REF] Park | Chiral Orbital-angular Momentum in the Surface States of Bi 2 Se 3[END_REF]. In Figure 3.15(c)(d) we plot the difference data between s and p polarization for comparison. It shows that around the Γ point and the Dirac cone the linear and circular dichroism patterns have remarkable similarity, which strongly suggests that also the circular dichroism is related to the orbital nature of the bands. 

Conclusion

We can conclude that by applying the selection rules, the orbital characters of three bands around Γ and two branches of Dirac cones which are located in the ΓM direction are determined. The data indicate that the three bands A, B and C around Γ point consist of d x 2 -y 2 , d xy and d x 2 -y 2 orbitals, respectively; where as the Dirac cones in ΓM direction have a d z 2 and d x 2 -y 2 character. These results demonstrate that dichroism in the time-resolved ARPES yield can be a valuable tool to investigate the orbital nature of filled and photoexcited electronic states in quantum materials.

Conclusion

In this chapter, by using TOF-ARPES and CD-ARPES, I have investigate in detail the band structures of two TI Bi 2 Te 2 Se and Bi 2 Se 3 and one Dirac semimetal BaNiS 2 . My results show that the spin texture of Bi 2 Te 2 Se and Bi 2 Se 3 possess out-of-plane components and the one of Bi 2 Te 2 Se is larger than Bi 2 Se 3 . The orbital characters of BaNiS 2 are determined by exploiting the matrix elements effects, and the CD-ARPES of Bi 2 Se 3 near Γ point and Dirac cone are revealed for the first time, which suggests that CD-ARPES is also sensitive to the orbital characters.

Chapter 4

Surface doping with electron donors and acceptors on BaNiS 2

During the last decades, thanks to intensive experimental and theoretical efforts, many new phases of matter hosting novel physical properties related to the topological character of the Bloch electron wave function have been found. In this context, Dirac semimetals are among the most studied materials, due to their peculiar electronic structure that presents linearly dispersing bands around the touching point of conduction and valence bands [START_REF] Young | Dirac Semimetals in Two Dimensions[END_REF].

In the literature there are extensive studies focusing on the realization of electronic devices utilizing topological properties, and a key issue towards this goal is the control of the Dirac states. ln particular, one can use chemical substitution to study phase transitions involving topological states. For example, Mo x W 1-x Te 2 is a system with a tunable Weyl state whose Fermi arc length can be adjusted as a function of Mo concentration [START_REF] Chang | Prediction of an Arc-tunable Weyl Fermion Metallic State in Mo x W 1-x Te 2[END_REF][START_REF] Belopolski | Fermi Arc Electronic Structure and Chern Numbers in the Type-II Weyl Semimetal Candidate Mo x W 1-x Te 2[END_REF]. Another notable example is BaCo 1-x Ni x S 2 system, whose Dirac cones stem from a non-symmorphic symmetry of the lattice. Recent studies show that these Dirac cones can be tuned in k-space by changing the stoichiometric ratio between Co and Ni atoms and thus the strength of hybridization between p and d orbitals. By increasing Ni concentration, the Dirac cones will move away from Γ and shift down in energy [START_REF] Nilforoushan | Moving Dirac Nodes by Chemical Substitution[END_REF]. These examples suggest that chemical substitution is an effective way to manipulate the Dirac states in these compounds, and that charge transfer is an essential physical parameter towards this goal. This approach requires a precise control of the chemical composition, and in some cases it may introduce defects in the lattice and in general increase the complexity of crystal growth conditions.

An alternative way to act on the charge transfer can be based on a surface science approach, namely by alkali metal deposition on the sample surface. The large electronegativity difference between alkali metal and substrate can make alkali metal atoms ionize easily and donate their valence electrons to the substrate -a method which is commonly used to tune the carrier concentration in semiconductor substrates. Furthermore, electrons from alkali metal atoms can induce a surface band bending, thus filling at the surface conduction electronic states that are normally empty in the bulk. This charge transfer creates a dipole electric field at the surface. There are some successful applications of surface doping which show that dipoles play an important role in the modification of the band structure of substrate materials [START_REF] Huš | Dipole Effect on Ethylene Epoxidation: Influence of Alkali Metals and Chlorine[END_REF][START_REF] Pinto | Electronic and Electrochemical Doping of Graphene by Surface Adsorbates[END_REF]. It should be noted that by using completely different overlayers (electron acceptors like NTCDA [START_REF] Bendounan | Role of the Shockley State in Doping of Organic Molecule Monolayer[END_REF]), the mirror case of hole doping at the substarte surface can be realized. 

Experimental methods

Part of the measurements were performed with synchrotron radiation based ARPES: The experiment was performed on crystals freshly cleaved in situ within the ab-plane at 100 K in ultra-high vacuum, at a base pressures of 10 -11 mbar, at the BaDElPh beamline of the Elettra synchrotron in Trieste, Italy, and at the TEMPO beamline of the SOLEIL synchrotron in Saint-Aubin, France. In the former experiment, we used an incident photon energy hν = 26 eV with a 5 meV photon energy resolution. For the experiments conducted at SOLEIL, the photon energy was 70 eV and the photon energy resolution was better than 10 meV.

For the TR-ARPES experiments, the same high quality single crystals of BaNiS 2 , grown by a self-flux method were cleaved and kept at a base pressure of 8 × 10 -11 mbar and 130 K during the measurement. The experiments were carried out on the FemtoARPES setup, using a Ti: Sapphire laser system which delivers 6 µJ pulses with a 250 kHz repetition rate. The laser beam (50 fs pulses, 1.57 eV) were separate into two parts, one used to pump the sample, while the other was employed to generate 6.28 eV photons as a probe pulse. The overall energy resolution of the measurement was about 30 meV, and the cross correlation between pump and probe pulses has a full width at half maximum (FWHM) of 150 fs.

Surface electron doping was realized by deposition of potassium (K) atoms. The evaporations were performed by resistive heating of the getter cartridge (SAES Getters S.p.A.) with typical current values of 4.8-5.2 A. No sample transfer or manipulation were needed between subsequent deposition steps, which minimized the possibility of temperature fluctuations on the sample.

The surface hole doping of the sample was realized by evaporating 1,4,5,8-Naphthalenetetracarboxylic dianhydride (NTCDA) molecules on the surface. NTCDA is a strong electron acceptor, and can be used to hole-dope the substrate, as recently demonstrated [START_REF] Bendounan | Role of the Shockley State in Doping of Organic Molecule Monolayer[END_REF]. The deposition of NTCDA was controlled by a resistive heating of a homemade crucible. Our calibration procedure showed that by applying a voltage of 2.4 V and a current of 1.6 A, the evaporation rate is about 0.3 Å/min. The K atom coverage can be calibrated by checking the core levels. Since the 3p orbital of K and 5p orbital of Ba have a binding energy of about 18 eV, they can be accessed with 31 eV photon energy. Figure 4.4 shows the evolution of the core level peaks with K evaporation time. As expected, from the figure we can see that the intensity of the K 3p peak increases while the intensity of Ba 5p peaks decreases when the evaporation time increases. Note that K and Ba have similar cross sections for photon energy around 30 eV [START_REF] Yeh | Atomic Calculation of Photoionization Cross-Section and Asymmetry Parameters Gordon and Breach Science Publishers[END_REF][START_REF] Yeh | Atomic Subshell Photoionization Cross Sections and Asymmetry Parameters: 1 ≤ Z ≤ 103[END_REF]; taking into account the photoelectron escape depth at this energy, on the basis of this data we can estimate that 6 minutes of evaporation corresponds to 1 monolayer of K.

Surface charge doping effects in BaNiS

I present now the laser based TR-ARPES data, obtained for different K doping levels on BaNiS 2 in the FemtoARPES laboratory. One of the advantages of these measurements is that at low photon energy the momentum resolution is better (we notice that the shift in momentum of the Dirac cone is quite small). Figure 4.5 shows the data measured with 6.28 eV photon energy. The pump probe data were measured at the delay time of +200 fs, corresponding to the maximum intensity for the photoexcited states. Figure 4.6(a) shows the shift of two branches of the Dirac cone after selected doping time of K atoms. We can see that the Dirac cones shift towards Γ and to higher binding energy with increasing doping time. 

Hole doping effects in BaNiS 2

In order to have a full description of surface charge doping, the hole doping effects in BaNiS 2 was also investigated by performing molecular doping with NTCDA. The evolution of the Dirac states is investigated following a similar approach as the one used in the electron doping case. One can immediately notice that the shift in momentum is very small. In order to increase the sensitivity of the measurement, I measure the distance in wavevector between two Dirac cones and I take half of this distance as the shift in k for each cone, and then I plot the evolution of the Dirac states as a function of hole doping. Indeed, the hole doping drive the Dirac moving away from Γ and shift upwards in energy, which is contrary to the surface electron doping effect. 

Discussion

As revealed by a recent study of N. Nilforoushan et al. [START_REF] Nilforoushan | Moving Dirac Nodes by Chemical Substitution[END_REF], the Dirac states of BaNiS 2 have their origin from a p-d hybridization mechanism. Ab initio calculations also showed that the position evolution versus the chemical substitution is related to the on-site energies and the relative position of the p and d states, called the charge-transfer gap ∆ CT and defined as the energy difference between the average energy of the full d manifold and the average energy of the p manifold. By substituting Ni with Co atoms, the charge transfer gap increases, and the Dirac cones move towards Γ and shift up in energy. The chemical substitution of Ni with Co is equivalent to a bulk hole doping; consequently, the shift in momentum of the Dirac cones due to bulk hole doping goes in the same direction as the shift in momentum due to surface electron doping (K evaporation). binding energies at the surface. Our results showing that the Dirac cone shift down in energy indicates the latter seems to be the dominating effect for surface electron doping.

While in the case of surface hole doping, NTCDA molecules extract electron from Ni atoms, which creates holes in Ni plane. The electrostatic potential reverses its sign with respect to the one induced by surface electron doping, and thus increase the energy of p orbital of S out more than the one of d orbital of Ni, which leads to a smaller charge transfer gap. As explained before, a smaller charge transfer gap will drive the Dirac cone move away from Γ and shift down in energy. The fact that the shift in energy is upwards can be explained by the fact that it is a combined effect of reducing charge transfer gap and hole-doping induced rigid band shift. The upwards shift of energy indicates the dominating role is surface hole doping effect, similar to the case of electron doping.

Conclusion

In this chapter, I presented the results of a series of experiments on BaNiS 2 , showing that its Dirac states can be manipulated by surface science methods. Specifically, the charge at the surface is modified by evaporating dopant adsorbates on the sample, and the Dirac cone evolution is studied by combining both synchrotron based ARPES and time-resolved laser ARPES measurements. The most important result is that the position of the Dirac cones can be moved in a controlled fashion in reciprocal space, both in momentum and in energy.

These behaviors can be explained by a recently proposed model, where the charge transfer gap is the main physical parameter responsible of this effect. The modification of electron correlation induced by alkali metal results in the movement of Dirac cones towards Γ, and its combination with rigid-band-shift explain the shift in energy. The hole doping moves the Dirac cones in another direction, i.e., the Dirac cones shifted away from Γ and shifted upwards in energy. These results indicate that BaNiS 2 can be a promising platform to study Dirac states and their potential functionalization in devices.

Chapter 5 Surface charge doping effects in MoTe 2

MoTe 2 belongs to the family of layered transition-metal dichalcogenides (TMD). This group of materials attracts a lof of interest, since it presents a lot of rich physical phenomena such as charge density waves [START_REF] Rossnagel | On the Origin of Charge-density Waves in Select Layered Transition-metal Dichalcogenides[END_REF][START_REF] Lin | Patterns and Driving Forces of Dimensionalitydependent Charge Density Waves in 2H-type Transition Metal Dichalcogenides[END_REF][START_REF] Xu | Topical Review: Recent Progress of Charge Density Waves in 2D Transition Metal Dichalcogenide-based Heterojunctions and Their Applications[END_REF][START_REF] Koley | Charge Density Wave and Superconductivity in Transition Metal Dichalcogenides[END_REF], superconductivity [START_REF] De La Barrera | Tuning Ising Superconductivity with Layer and Spin-orbit Coupling in Two-dimensional Transition-metal Dichalcogenides[END_REF][START_REF] Yan | NbSeTe-a New Layered Transition Metal Dichalcogenide Superconductor[END_REF][START_REF] Koley | Charge Density Wave and Superconductivity in Transition Metal Dichalcogenides[END_REF], topological nontrivial states [START_REF] Ghosh | Observation of Bulk States and Spinpolarized Topological Surface States in Transition Metal Dichalcogenide Dirac Semimetal Candidate NiTe 2[END_REF][START_REF] Ma | Quantum Spin Hall Effect and Topological Phase Transition in Two-dimensional Square Transition-metal Dichalcogenides[END_REF][START_REF] Huang | Spectroscopic Evidence for a Type II Weyl Semimetallic State in MoTe 2[END_REF][START_REF] Deng | Experimental Observation of Topological Fermi Arcs in Type-II Weyl Semimetal MoTe 2[END_REF], etc. In particular, MoTe 2 has recently attracted a lot of attention due to the fact that it hosts Type-II Weyl fermions in its noncentrosymmetric orthorhombic (T d ) phase [START_REF] Huang | Spectroscopic Evidence for a Type II Weyl Semimetallic State in MoTe 2[END_REF][START_REF] Deng | Experimental Observation of Topological Fermi Arcs in Type-II Weyl Semimetal MoTe 2[END_REF]. Moreover, it has been demonstrated that this material can undergo a phase transition between the topological nontrivial phase and trivial 1T' phase via various pathways. Specifically, the transition between these two phases can be driven by temperature, and the transition between the low temperature T d phase and the high temperature 1T' phase takes place at about 250 K [START_REF] Berger | Temperature-driven Topological Transition in 1T′-MoTe 2[END_REF]. Y. Cheon et al. [START_REF] Cheon | Structural Phase Transition and Interlayer Coupling in Few-layer 1T′ and T d MoTe 2[END_REF] revealed that for few layer MoTe 2 , the transition temperature is related with the thickness which indicates that the interlayer coupling plays an important role in the phase transition. M. Y. Zhang et al. [START_REF] Zhang | Light-induced Subpicosecond Lattice Symmetry Switch in MoTe 2[END_REF] reported a photoinduced subpicosecond structural transition between the type-II Weyl semimetal phase and normal-semimetal phase in bulk crystalline MoTe 2 . By using ab initio calculation, H.-J. Kim et al. [START_REF] Kim | Origins of the Structural Phase Transitions in MoTe 2 and WTe 2[END_REF] investigated structural stability of MoTe 2 and uncovered that the disparate phase transitions originate from delicate differences between their interlayer bonding states near the Fermi energy. By exploiting the relation between the structural phase transitions and the low energy electronic properties, they showed that a charge doping can control the transition substantially. In this chapter, I will present the work on MoTe 2 studying two phases of MoTe 2 by means of ARPES and surface doping techniques. Since the phase transition from T d phase to 1T' phase breaks the inversion symmetry, and Raman spectra are sensitive to lattice vibrational modes, Raman spectra can be an effective way to characterize structural phase transition. The Raman scattering measurements were carried out using crystals with freshly cleaved surfaces in a cryostat with optical access. A continuous Argon laser with a wavelength of 514 nm is used to excite the sample. Figure 5.2 shows the general scheme of Raman measurements: the incident light passing through a linear polarizer (LP) is reflected by a beam splitter (BS). A half-wave plate is positioned between the BS and the objective lens in order to rotate the polarization of the incident light. Another half-wave plate is positioned in the collection path, followed by a LP to select the polarization of interest from the scattered light, which is subsequently detected by a CCD camera. The temperature dependence measurements are performed in back scattering geometry with incident and scattered light polarization in Horizontal-Horizontal (HH) configuration. By comparing these spectra, we could see that there is a phase transition happening between 240 K and 260 K, which is consistent with previous results [START_REF] Deng | Experimental Observation of Topological Fermi Arcs in Type-II Weyl Semimetal MoTe 2[END_REF][START_REF] Cheon | Structural Phase Transition and Interlayer Coupling in Few-layer 1T′ and T d MoTe 2[END_REF]. Only one vibration mode between 120 and 130 cm -1 is observed at room temperature when MoTe 2 is in 1T' phase, while there are two modes for the same range at a temperature lower than 240 K when MoTe 2 is in the T d phase. Before performing the ARPES measurements, a LEED measurement was carried out in order to identify the orientation of the crystal according to the bulk and projected surface Brillouin zone of T d -MoTe 2 shown in Figure 5.1(d). which is adapted from ref [START_REF] Liang | Electronic Evidence for Type II Weyl Semimetal State in MoTe 2[END_REF]. From the figures, we can see that the ARPES spectra intensity markedly depends on light polarization, as an effect of matrix element effects on the initial state. Around the Fermi level, there are two electron pockets along the ΓX direction. Below the Fermi level, several hole pockets can be resolved. h1, h2 and E can be seen in both light polarizations. γ can be seen only with p polarization while δ can be better visualized in s polarization. Note that bands h1, h2, δ and E are splitted which may be attributed to the existence of broken inversion symmetry induced spin-polarized bands [START_REF] Kim | Origins of the Structural Phase Transitions in MoTe 2 and WTe 2[END_REF].

Phase transion in MoTe

The band structure of T d -MoTe 2 along Y -Γ -Y is presented in Figure 5.6. The dispersion in this high symmetry direction is simpler than along the X -Γ -X direction. The hole pockets h1 and h2 can be measured with s-polarized light and the hole pockets h3 and h4 can be seen in p-polarized light. δ and E are visible in both p and s light polarization.

For the sake of comparison, the same measurements were carried out on 1T'-MoTe 2 at 298 K with 21 eV synchrotron light. The band structure of 1T'-MoTe 2 along X -Γ -X is presented in Figure 5.7. We could notice that band δ and band E have different energies for T d -MoTe 2 and 1T'-MoTe 2 . For T d -MoTe 2 , the maximum energies of band δ and band E are -0.438 eV and -0.614 eV, respectively. For 1T'-MoTe 2 , the maximum energies of band δ and band E are -0.384 eV and -0.592 eV, respectively. The bands in 1T'-MoTe 2 are broader than those in the T d phase, and therefore some bands resolved in T d -MoTe 2 cannot be resolved clearly, for instance the electron pockets near the Fermi level. Similar behaviors can be also seen for the dispersion along Y -Γ -Y of 1T'-MoTe 2 , as shown in Figure 5.8. The bands along Y -Γ -Y are less distinguishable in general for the data acquired with p-polarized light. With s-polarized light, two hole pockets can be distinguished which corresponds to the h1&h2 and δ bands mentioned before. All the differences mentioned above could be useful signatures for identifying these two phases. 

Dynamics of MoTe 2 revealed by TR-ARPES

Several studies have predicted that the Weyl points of T d -MoTe 2 are located at 5 meV and 50 meV above the Fermi level where the VB and CB touch each other at k x ∼ 0.2 Å -1 , which cannot be accessed by conventional ARPES. The touch points are slightly off the ΓX direction. I performed TR-ARPES on T d -MoTe 2 and 1T'-MoTe 2 to explore their excited electronic states as well as their out-of-equilibrium dynamics.

A. Crepaldi et al. [START_REF] Crepaldi | Enhanced Ultrafast Relaxation Rate in the Weyl Semimetal Phase of MoTe 2 Measured by Timeand Angle-resolved Photoelectron Spectroscopy[END_REF] recently performed a TR-ARPES on MoTe 2 and argued that in the WSM phase, the VB and the CB touch , therefore electrons can scatter from the CB to the VB through electron-electron scattering along the Weyl cone; while in the topologically trivial 1T' phase, a small local gap appears between the VB and the CB, which becomes a bottleneck for the relaxation process of the photoexcited electrons in the CB. Electrons can thermalize within the CB via electron-electron scattering, but interband scattering requires the exchange of energy and momentum and is mediated by phonons, which leads to a corresponding longer relaxation time. The effect of optical excitation can be better visualized by taking the difference between data taken at negative delay and positive delay. In Figure 5.10 I present the difference between ARPES images taken with 300 fs and -100 fs delay time for both 1T' phase and T d phase. The red color means a gain of electron density and the blue color means a lost of electron density, therefore the color scale indicates the transfer direction of electrons is from the occupied states to the empty states, mainly from the hole pocket to the electron pocket. The information on the empty electronic states obtained by TR-ARPES will be very useful for the next steps in my studies, since it provides an overall view of the electronic bands prior to alkali metal deposition -as already mentioned, one of the effects of alkali metal surface doping is to shift the chemical potential within the electronic band structure. Figure 5.11 shows the temporal evolution of the electronic population extracted in region of interest from the ARPES differential intensity for a series delay. The signal is integrated in a small rectangular regions labeled 1-6. The comparison between dynamics of electrons and holes of 1T'-MoTe 2 and T d -MoTe 2 shows that the relation time for electrons and hole are quite close. The dynamics in region 2 is slower than region 1 but comparable with region 3 indicates that photoexcited electrons with higher energy relax faster while those with energy close to the Fermi level will relax a bit slower. For the holes in region 4-6, a similar trend for the relaxation can be observed. It is worth noting that the holes survive for a longer time in general, as shown in the Figure 5.11(d)-(f). As already evident from the previous study of A. Crepaldi et al. [START_REF] Crepaldi | Enhanced Ultrafast Relaxation Rate in the Weyl Semimetal Phase of MoTe 2 Measured by Timeand Angle-resolved Photoelectron Spectroscopy[END_REF], the differences in decay time between the two phases are small and quite dependent on the choice of the integration region in (E, k). 

Surface electron doping in MoTe 2

In this section I investigate the evolution of the electronic structures of MoTe 2 in the T d phase and in the 1T' phase with the surface modification by systematic in situ K dosing. In all these measurements, we verified that the change of electronic band structure started right after the surface K evaporation, excluding significant contamination effect from other residual gases. Since the electron doping is performed by using the same evaporator as the one used on BaNiS 2 , here we can say that 6 minutes of evaporation corresponds to 1 monolayer of K. Figure 5.12 shows the band structure of 1T'-MoTe 2 along the X -Γ -X direction with increasing K evaporation time measured with p and s light polarization. We could see that the bands in the X -Γ -X direction shifted downward gradually. Besides the shift of bands, there is not significant effects for X -Γ -X direction by evaporating 15 min K atoms on the surface of 1T'-MoTe 2 . The band shift around Γ can be quantified by taking the EDCs, especially for those hole pockets. Figure 5.15 and Figure 5.16 show the EDCs taken at Γ and Y high symmetry points with a width of 0.02 Å -1 , respectively. We could notice that different bands have different shift after the electron doping. The shift of the band is can be a combined effect of band bending and some other, more articulated change of the electronic structure. The band bending can be explained by the electrostatic dipole on the sample surface induced by the alkali metal, but this translates in a rigid shift of the bands. The changes that are not a rigid shift indicate the presence of another phenomenon. S. Beaulieu et al. [START_REF] Beaulieu | Ultrafast Dynamical Lifshitz Transition[END_REF] have recently shown that a Lifshitz transition can be realized in T d -MoTe 2 by a nonequilibrium dynamical route. They revealed that this ultrafast Lifshitz transition finds its microscopic origin in the dynamical modification of the effective electronic correlations. For a different material, and using alkali metal deposition rather than photoexcitation, Q. Zhang et al. [START_REF] Zhang | Lifshitz Transitions Induced by Temperature and Surface Doping in Type-II Weyl Semimetal Candidate T d -WTe 2[END_REF] have reported that surface doping can induce a Lifshitz transition in Type-II WSM T d -WTe 2 . In our case, it is consequently natural to attribute the appearing of electron pockets (as shown in 

Conclusion

In this chapter, I have presented a study of the effects of surface charge doping on MoTe 2 . The phase transition between the topological non trivial phase T d -MoTe 2 and the nontrivial phase 1T' was first confirmed by Raman scattering; both phase were then studied in detail with ARPES and TR-ARPES, obtaining an overall view of the electronic structure of the filled and empty states. A detailed comparison on the band structures of these two phase was carried out, and the differences in the band structure were revealed. A systematic surface electron doping was performed by evaporating an alkali metal, K, on the sample surface. The change of band structure after the evaporation of K atoms is different for 1T'-MoTe 2 and T d -MoTe 2 , and suggests that the band structure of the pristine surface is different in the concerned region and surface doping may induce a Lifshitz transition in T d -MoTe 2 . In MoTe 2 , alkali metal deposition on the surface appears to be a powerful method to induce important changes in the material Fermi surface, that go beyond rigid shifts, and that indicate the possibility of inducing a Lifshitz transition.

Chapter 6

Conclusion and perspectives

The band structure of quantum materials contains key information to understand their unconventional properties. Manipulating or engineering the band structure of these novel materials is a crucial step towards their development as devices. In this thesis, I have used angle-resolved photoemission spectroscopy to investigate the electronic band structures of various systems, namely the topological insulators Bi 2 Se 3 and Bi 2 Te 2 Se, the Dirac semimetal BaNiS 2 and the Type-II Weyl semimetal MoTe 2 .

In the first part of this work, I have presented circular dichroism measurements on the two prototype topological insulators Bi 2 Te 2 Se and Bi 2 Se 3 . The circular dichroism pattern obtained by making difference between spectra taken with left and right circularly polarized light reveals that the spin texture of Bi 2 Te 2 Se and Bi 2 Se 3 possess out-of-plane components. The same approach was then used to study BaNiS 2 , and by exploiting matrix elements effects I obtained novel information on the orbital character of its bands near the Fermi level. These two studies show that ARPES based on time-of-flight detection is a powerful and intuitive technique to characterized the electronic band structure of solids.

In the second part, I have studied the effects of surface chemical doping on the band structure of BaNiS 2 and MoTe 2 . By evaporating an alkali metal (K) on the surface, the electrons of K are donated to BaNiS 2 . By means of ARPES and TR-ARPES, I have observed that the Dirac cones of BaNiS 2 move towards Γ and downwards in energy. I have also explored an opposite and complementary approach, by evaporating the electron acceptor NTCDA. Once absorbed on the surface, this molecule will extract electrons from BaNiS 2 and lead to a surface hole doping effect, which moves the Dirac cones to the opposite direction as the one driven by surface electron doping. This manipulation of the Dirac cone position in BaNiS 2 can be explained by a recently proposed model based on the role of the charge transfer gap in this compound. The tunability of Dirac cones shows that BaNiS 2 could be a platform for testing new mechanism to form a Dirac cone and for engineering highly tunable Dirac materials. For MoTe 2 , first I confirmed the phase transition between 1T' and T d phase by means of Raman scattering. Some difference in band structure between these two phases were found by using ARPES and TR-ARPES. And then I performed surface electron doping on both 1T' and T d phase MoTe 2 . For the T d phase MoTe 2 , an electron pocket appeared along ΓY direction after doping with certain amount of K atoms, while this phenomenon is not observed in 1T'-MoTe 2 , showing the difference between the original band structures of these two phases.

The results presented in this thesis disclose many interesting opportunities and perspectives. For instance, theoretical predictions of the circular dichroism photoelectron pattern are at this stage necessary to obtain further insight into its relation with the orbital character of BaNiS 2 and in particular of its Dirac cones. More in general, this approach could be applied also to other materials. From the material point of view, the study of the effects of surface charge doping (both donor and acceptor) could be extended to other Dirac materials, in particular in the presence of correlations, to explore the possibility of finding other interesting effects on the topological states. In terms of instrumental perspectives, TR-ARPES experiments with higher photon energy in the VUV seem to be the natural step forward for these experiments, in order to get a more complete view of the whole Brillouin zone for all the excited states: this will be very useful to investigate the dynamics of the electrons in the electron pocket which appeared after electron doping on T d phase MoTe 2 and to determine the gap between this pocket and the Fermi level, and more in general to study the out-of-equilibrium ultrafast dynamics of all quantum materials.

Résumé

Les matériaux quantiques représentent une classe de systèmes physiques de la matière condensée dont la structure électronique possède de nombreuses propriétés exotiques, au-delà de la simple théorie des bandes dans les solides. Par exemple, les isolants topologiques présentent des cônes de Dirac avec le spin fixé par leur vecteur d'onde, et les composés de Weyl présentent des fermions chiraux qui apparaissent par paires avec une chiralité opposée. Une information clé pour comprendre les propriétés de ces matériaux est leur structure de bande électronique, qui peut être directement mesurée par ARPES.

Dans cette thèse, de nouveaux résultats sont présentés sur certains matériaux quantiques prototypes, explorant leurs états transitoires suite à une excitation optique ultrarapide et modifiant leurs propriétés avec un dopage chimique de surface. En particulier, je me suis concentré sur les isolants topologiques Bi 2 Se 3 et Bi 2 Te 2 Se, le semimétal de Dirac BaNiS 2 et le semi-métal de Weyl de type II MoTe 2 , étudiés avec ARPES et ARPES résolues en temps.

Dans la première partie, je présente des résultats obtenus avec un détecteur ARTOF, fournissant une cartographie complète des bandes dans l'espace réciproque. Les mesures de dichroïsme circulaire sur Bi 2 Te 2 Se et Bi 2 Se 3 sont présentées dans la Figure 6.1. On voit que pour des contours isoénergétiques proches du point de Dirac, le dichroïsme circulaire de Bi 2 Se 3 est symétrique par retournement temporel, ce qui correspond à la distribution des spins lorsque la texture de spin est purement dans le plan ; pour les contours d'isoénergie proches de la bande de conduction, le dichroïsme circulaire renverse son signe plusieurs fois, et la périodicité est cohérente avec la polarisation de spin hors du plan dans les états déformés des états de surface de Dirac prédits par Fu L. Par conséquent, nos résultats ont révélé que la texture de spin de ces composés possède des composants hors plan dans les états déformés et que le dichroïsme circulaire peut être un moyen efficace de détecter qualitativement la texture de spin de ces prototypes d'isolants topologiques.

La même approche a ensuite été utilisée pour étudier BaNiS 2 , et en exploitant les effets des éléments de matrice, j'ai obtenu de nouvelles informations sur le caractère orbital de ses bandes près du niveau de Fermi. En suite, je présente les résultats d'expériences de dopage en surface par électrons et trous sur BaNiS 2 , montrant que ces méthodes chimiques permettent de changer la position des cônes de Dirac dans l'espace réciproque. En particulier, le dopage de surface en électrons peut déplacer les cônes de Dirac vers Gamma et vers le bas en énergie, et le dopage de surface en trous déplacera les cônes de Dirac dans la direction opposée, c'est-à-dire loin de Gamma et vers le haut en énergie. Le déplacement des noeuds de Dirac sous l'effet du dopage électronique est résumé dans 6.5. Cette manipulation de la position du cône de Dirac dans BaNiS 2 peut être expliquée par un modèle récemment proposé basé sur le rôle du gap de transfert de charge dans ce composé. 
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 11 Figure 1.1: The trajectories of electrons under strong magnetic field

Figure 1 . 2 :

 12 Figure 1.2: (a)The superposition of two QH effects generates the QSH effect. Figure adapted from [80]. (b) A quantum spin Hall edge state can be scattered in two directions by a nonmagnetic impurity. Figure adapted from [68].

Figure 1 . 3 :

 13 Figure 1.3: Fermi circles in the surface Brillouin zone for (a) a weak topological insulator and (b) a strong topological insulator. (c) In the simplest strong topological insulator the Fermi circle encloses a single Dirac point. Figure adapted from [38].

  Figure 1.3(a) shows a possible surface Fermi surface for weak topological insulators. In this case a single surface band intersects the Fermi energy between Γ 1 and Γ 2 between Γ 3 and Γ 4 leading to the nontrivial connectivity in Figure 1.4(b). While in a strong topological insulator, an odd number of Kramers degenerate Dirac points are enclosed by the surface states in a Fermi cut. The simplest case is with a single Dirac point, as shown in Figure 1.3(c).
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 14 Figure 1.4: Electronic dispersion between two boundary Kramers degenerate points Γ a = 0 and Γ b = π/a. In (a) the number of surface states crossing the Fermi energy E F is even, whereas in (b) it is odd.
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 24232 Example: recent studies of the topological insulator Bi Se Se 3 is a 3D topological insulator with a rhombohedral crystal structure, as shown in Figure1.5. It is a strong topological insulator discovered in 2008[START_REF] Xia | Observation of a Large-gap Topological-Topological Class with a Single Dirac Cone on The Surface[END_REF][START_REF] Zhang | Topological Insulators in Bi 2 Se 3 , Bi 2 Te 3 and Sb 2 Te 3 with a Single Dirac Cone on the Surface[END_REF] with Z 2 topological invariants (1; 000).

Figure 1 . 5 :

 15 Figure 1.5: (a) Crystal structure of Bi 2 Se 3 with three primitive lattice vectors denoted as t 1,2,3 . A quintuple layer with Se1-Bi1-Se2-Bi1-Se1 is indicated by the red square. (b) Top view along the z-direction. The triangle lattice in one quintuple layer has three different positions, denoted as A, B and C. (c) Side view of the quintuple layer structure. Figure adapted from [137].

Figure 1 . 6 :

 16 Figure 1.6: High-resolution ARPES measurements of surface electronic band dispersion on Bi 2 Se 3 (111). Electron dispersion data measured with an incident photon energy of 22 eV near the Γ-point along the Γ -M (a) and Γ -K (b) momentum-space cuts. Figure adapted from [125].

Figure 1 . 7 :

 17 Figure 1.7: (a) Chern number, Weyl points and surface Fermi arcs. Figure adapted from [5]. (b) Fermi arc connects two Weyl points. Figure adapted from [117].

Figure 1 . 8 :

 18 Figure 1.8: (a) Band dispersion of MoTe 2 along ΓX at low (left) and high (right) temperatures, measured with 17.5 eV HHG photons 200 fs before optical excitation. (b) Effect of optical excitation on 1T' MoTe 2 . Difference between ARPES images acquired 80 fs after and 200 fs before the arrival of a 2 eV optical excitation. Red and blue indicate the increase and decrease in the electron population, respectively. (c)-(f) Dynamics in the regions 1-4 of panel (b) near the WPs for the 1T' (blue) and 1T" (red) phases. A fit to the traces (dashed green and black lines) yields quantitative estimates of the characteristic relaxation times, τ . Figure adapted from ref [22].

Figure 1 . 9 :

 19 Figure 1.9: Development of a Dirac semimetal in an inverted band structure. The band inversion transition reverses the parities (±) level orderings. (b) The inverted bands are twofold degenerate of the k = 0 eigenstates in the (a) uninverted and (b) inverted and undergo an avoided crossing at k ̸ = 0 which gaps the spectrum. (c) The mixing is forbidden along a symmetry line by the different rotational symmetries of the intersecting bands. This leaves two points each with a fourfold point degeneracy at k = ±k D . Uninverting the bands produces a pairwise annihilation kk D along the symmetry line that is lifted to linear order in of the Dirac points and the system reverts to the conventional insulating state as shown in (a).Figure adapted from [4].

  Figure adapted from[START_REF] Armitage | Weyl and Dirac Semimetals in Three-dimensional Solids[END_REF].
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Figure 1 .

 1 Figure 1.10: (a) Phase diagram of BaCo 1-x Ni x S 2 in the T -p -x space. (b) Phase diagram in the T -x plane. Figure adapted from [129].

Figure 1 .

 1 Figure 1.11: (a) Two sectors of BaNiS 2 . (b) the band dispersion along RA direction shows a energy splitting of 150 meV (c) Schematics of the conduction band splitting near R point. The contribution of the electronic wave function from each sector is shown for each sub-band. K R indicates the k-shift due to the band splitting. Figure adapted from [103].

Figure 1 .

 1 Figure 1.12: ARPES reference image for the d z 2 (a) and d x 2 -y 2 (b) bands. Difference TR-ARPES images (after photoexcitation minus before photoexcitation) for each linear band are shown in (c) and (d). Red and blue in the color scale indicate gain and loss of photoemission yield,respectively. (e) and (f) show the band dispersion E(k) of the d z 2 and d x 2 -y 2 bands before and after arrival of the pump pulse, respectively. The photoinduced band renormalization for different time delays is depicted on the right: the curves are obtained by subtracting the E(k) curves at the negative delay from the E(k) curves at positive delays. In both cases, the photoinduced renormalization effect reaches a maximum around 250 fs. Figure adapted from [85].

Figure 1 .

 1 13 shows the evolution of the Fermi surface and the electronic band structure as a function of doping level. The Fermi surface of BaNiS 2 consists one electron pocket at the Γ point and four hole pocket along ΓM. By replacing Ni with Co atoms, the area of hole pockets at Fermi level increases, and the positions of Dirac cones move towards Γ. Their calculation show that the position of Dirac cones are related with the charge transfer gap between d and p orbitals. The replacement of Ni with Co will increase the charge transfer gap and thus move the Dirac cone towards Γ. The tunability of Dirac states makes BaCo 1-x Ni x S 2 a model system to functionalize Dirac materials by varying the strength of electron correlations.

Figure 1 .

 1 Figure 1.13: Experimental ARPES evolution of Dirac states with doping x, in BaCo 1-x Ni x S 2 . (a) and (b) Dispersion of these states for x = 1. (a) shows the iso-energy contours with increasing binding energy. (b) shows the dispersion along the high-symmetry directions ΓM and ΓY . Note the anisotropy of the dispersion, which is due to the oval shape of the pockets at the Fermi surface. Dashed lines are a guide to the eye that represent schematically the dispersion. (c) and (d) are the same as in (a) and (b) for the x = 0.75 samples. (e) and (f) are the same as in (a) and (b) for the x = 0.3 samples. All spectra are obtained with a photon energy of 70 eV. Figure adapted from [86].

Figure 1 .

 1 Figure 1.15: The 3TM proposed by Mansart et al. to describe electron-phonon interactions in La 2-x Sr x CuO 4 . (a) Conceptual sketch of the model. In contrast to the 2TM, the electronic subsystem is assumed to interact predominantly with a subset of the phonon modes that form their own subsystem. These "hot phonons" then give heat more slowly to the remainder of the lattice. (b) One possible time-dependence for the electronic, hot phonon, and lattice temperatures T e , T h , and T l . The intermediate hot phonon subsystem delays the heating of the lattice. Figure adapted from [49].

Figure 1 . 16 :

 116 Figure 1.16: Timescale of the physical phenomena in photoexcited solids. The green bars stand for an approximated time range for the relevant process. Figure adapted from [114].

Figure 1 .

 1 Figure 1.17: Mechanisms for exciting carriers in a direct bandgap material. Yellow pulses stand for the photons and the phonons are maked in red. (a) Single and multiphoton absorption. (b) Free-carrier absorption. (c) Imapct ionization. Figure adapted from [114].

Figure 1 . 18 :

 118 Figure 1.18: Mechanisms for carriers scattering in a solid. (a) Carriercarrier scattering. (b) Carrier-phonon scattering. Figure adapted from [114].

Figure 2 .

 2 Figure 2.1: (a) Schematic of ARPES process. (b) The energetics of the photoemission process. Figure adapted from [24].

Figure 2 . 2 :

 22 Figure 2.2: Illustration of the one-step and three-step model of the photoemission process. Figure adapted from [45, 23].

Figure 2 . 3 :

 23 Figure 2.3: Geometry of ARPES measurement.
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Figure 2 . 4 :

 24 Figure 2.4: Inelastic mean free path of electrons as a function of kinetic energy. Figure adapted from [106].

Figure 2 . 5 :

 25 Figure 2.5: Experimental chambers of FemtoARPES lab.

Figure 2 . 6 :

 26 Figure 2.6: Sample prepared to be cleaved under UHV.

Figure 2 . 7 :

 27 Figure 2.7: Layout of the IR-pump-XUV-probe tr-ARPES experimental setup. Figure adapted from [30].

Figure 2 . 8 :

 28 Figure 2.8: Schematic of Synchrotron Soleil.

Figure 2 . 9 :

 29 Figure 2.9: The cross section of a hemispherical analyzer.

Figure 2 . 10 :

 210 Figure 2.10: The trajectories of photoelectron in the ARTOF analyzer.

Figure 2 . 11 :

 211 Figure 2.11: The structure of ARTOF detector.(a) MCP stacked on top of DLD. (b) MCP (c) DLD with its Cu anode and wires.

Figure 2 . 12 :

 212 Figure 2.12: Schematics of a DLD. A delay line detector consists of two copper wires wound perpendicular to each other forming a mesh. When an electron hits the detector, it generates two counterpropagating current pulses along both wires. In one wire, the arrival times at the ends are recorded as t X0 and t X1 . In the other wire, they are recorded as t Y 0 and t Y 1 . The time difference between the signal traveling to each end of each delay-line is proportional to the position on the MCP in the respective dimension. Figure adapted from [42].

Figure 2 . 13 :

 213 Figure 2.13: Schematic of a TR-ARPES experimental setup. The red pulse stands for the pump beam and the blue pulse stands for the probe beam. Figure adapted from [35].

Figure 2 . 14 :

 214 Figure 2.14: Experimental chamber of FemtoARPES setup.

Figure 2 . 15 :

 215 Figure 2.15: The fourth harmonic generation optical alignment. L: lens; DL: delay line; DM: dichroic mirror.

Figure 2 . 16 :

 216 Figure 2.16: The time-resolved ARTOF setup of PULS group.

Figure 2 . 17 :

 217 Figure 2.17: The spot sizes of pump and probe beams. (a) UV pulse. (b) infrared pulse

Figure 2 . 18 :

 218 Figure 2.18: Schematic of a three-grid LEED setup. The integrated electron gun consists of a heated filament, a Wehnelt cylinder (W) and the electron optics containing the apertures A-D. B and C are usually held at potentials between those of A and D.

Figure 2 . 19 :

 219 Figure 2.19: The structure of a SAES dispenser.

Figure 3 . 1 :

 31 Figure 3.1: Crystal structure of (a) Bi 2 Se 3 (b) Bi 2 Te 2 Se.

Figure 3 . 2 :

 32 Figure 3.2: Isoenergy contour maps of Bi 2 Te 2 Se taken from the direct measurement of the photoelectron intensity I(E, k x , k y , t) with Slinearly polarized light at (a) t = -500 fs and (b) at t = +250 fs after photo-excitation.

Figure 3 . 3 :

 33 Figure 3.3: (a) E -k cuts along Γ K et Γ M taken by integrating I(E, k x , k y , t) data in k space ±0.02 Å -1 around Γ at a delay of t = -500 fs and t = +250 fs.

Figures 3 .

 3 Figures 3.2(a)(b) show isoenergy contours from a freshly cleaved Bi 2 Te 2 Se surface at various energies before and after excitation with IR pulses, respectively. The main character in the figure is the cone called Dirac cone which come from the Dirac surface states. The touching point between the upper cone and the lower cone is called the Dirac point. The chemical potential of the photo-excited surface
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  Figures 3.2(a)(b) show isoenergy contours from a freshly cleaved Bi 2 Te 2 Se surface at various energies before and after excitation with IR pulses, respectively. The main character in the figure is the cone called Dirac cone which come from the Dirac surface states. The touching point between the upper cone and the lower cone is called the Dirac point. The chemical potential of the photo-excited surface

Figure 3 . 4 :

 34 Figure 3.4: Isoenergy contour maps of Bi 2 Se 3 taken from the direct measurement of the photoelectron intensity I(E, k x , k y , t) with Rcircularly polarized light at +250 fs after photo-excitation.

Figure 3 .

 3 [START_REF] Armitage | Weyl and Dirac Semimetals in Three-dimensional Solids[END_REF] shows the isoenergy contour maps and Figure3.5 presents the E -k cut along two high symmetry directions of a freshly cleaved Bi 2 Se 3 surface before and after photo-excitation for comparison purposes. From the E -k cut we could know that the chemical potential lies at ≈ 350 meV above the DP. Consistently

Figure 3 . 5 :

 35 Figure 3.5: E-k cuts along Γ K et Γ M taken by integrating I(E, k x , k y , t) data in k space ±0.02 Å -1 around Γ at a delay of t = -500 fs and t = +250 fs, respectively.

Figure 3 .

 3 6(a) shows the normalized difference E -k cuts along k x ( K-Γ-K′ ) and k y ( M -Γ-M ′ ) directions in Bi 2 Te 2 Se obtained by integrating ∆I in k-space ±0.02 Å -1 around Γ. Along k x , ∆I flips sign whereas along k y it is less

Figure 3 . 6 :

 36 Figure 3.6: (a) Normalized difference energy distribution ∆I(E, k x , k y ) maps measured using L-and R-circularly polarized light in Bi 2 Te 2 Se at a delay of +250 fs. (b) Difference isoenergy contour maps at different energies. (c) Similar normalized difference energy distribution maps and (d) isoenergy momentum curves in Bi 2 Se 3 .

Figure 3 . 7 :

 37 Figure 3.7: Normalized CD isoenergy contours of Bi 2 Se 3 and Bi 2 Te 2 Se for energies close to (a) DP and close to (b) BCB.

Figure 3 . 8 :

 38 Figure 3.8: Non-normalized isoenergy contours at +0.04 eV for a sample rotation angle of (a) ϕ = 0 • and (b) 30 • , respectively. Hexagons in the inset represent the Brillouin zone of Bi 2 Se 3 .

Figure 3 . 9 :

 39 Figure 3.9: (a) 3-dimensional view of the unit cell. (b) Top view of 2×2 unit cells. (c) (2D) projection of the Brillouin zone in the k x -k y plane. (d)Fermi surface of BaNiS 2 acquired with 70 eV photon energy.

Figure 3 . 10 :

 310 Figure 3.10: Illustration of the spatial symmetry of d x 2 -y 2 with respect to the mirror plane (b) in ΓX configuration. (b) The same but in ΓM configuration.

Figure 3 . 11 (

 311 Figure 3.11 (Figure 3.12) shows photoemission data taken around Γ in ΓM (ΓX) configuration, respectively. The data taken with s polarization are presented in the upper panels, while lower panels show the corresponding spectra taken in p polarization, respectively. Three bands can be resolved in Figure 3.11 and Figure 3.12: one electron-like band A, two hole-like bands B and C. All three bands undergo very strong intensity variations when the light polarization is changed.

Figure 3 .

 3 Figure 3.11: ARPES in ΓM configuration. (a) E -k cut with s polarization. (b)-(d) CECs with s polarization at E -E F = 0 eV, -0.15 eV and -0.25 eV, respectively. (e) E -k cut with p polarization. (f)-(h) CECs with p polarization at E -E F = 0 eV, -0.15 eV and -0.25 eV, respectively.

Figure 3 .

 3 Figure 3.12: ARPES in ΓX configuration. (a) E -k cut with s polarization. (b)-(d) CECs with s polarization at E -E F = 0 eV, -0.15 eV and -0.25 eV, respectively. (e) E -k cut with p polarization. (f)-(h) CECs with p polarization at E -E F = 0 eV, -0.15 eV and -0.25 eV, respectively.

Figure 3 .

 3 Figure 3.13: Pump-probe ARPES along ΓM at a delay of 250 fs (a) E -k cut with s polarization. (b) CECs with s polarization at E -E F = +0.05 eV. (c) E -k cut with p polarization. (d) CECs with p polarization at E -E F = +0.05 eV. (e) Time evolution of the intensity of the photoelectron yield above the chemical potential.

Figure 3 .

 3 Figure 3.14: ARPES of Dirac cone states. (a) E-k plot with s polarization. (b) The CEC measured with s polarization at E -E F = -0.05 eV. (c) E -k plot with p polarization. (d) The CEC measured with p polarization at E -E F = -0.05 eV.

Figure 3 . 15 :

 315 Figure 3.15: Comparison between difference data taken with (a) CR and CL polarization around the Γ point. (b) CR and CL polarization around the Dirac cone. (c) s and p polarization around the Γ point. (d) s and p polarization around the Dirac cone.

Figure 4 . 1 :

 41 Figure 4.1: Schematic of the time-resolved ARPES measurement on BaNiS 2 with in-situ surface K doping.

2 with an electron donor In Figure 4 . 2 I

 42 present the band evolution with surface doping measured with 25 eV photon energy on the BaDElPh beamline. From the spectra we can see that near the Fermi level, the band structure consists of an electron pocket at Γ and a Dirac cone located along the ΓM direction, whose orbital characters have been discussed in the previous chapters. In this figure, the black dashed curves are the position of Dirac cone dispersion which were extracted by fitting the MDCs with Gaussian functions. The red curves are the polynomial fitting of black dashed curves, which were used to extrapolate the position of the Dirac point above the Fermi level. There are vertical lines indicating the momentum position of the Dirac point measured on the pristine surface of BaNiS 2 , which can be a guideline to visualize the shift of the Dirac cone. Other guidelines are marked on the electron pocket around the Γ point, which shows the shift of the band structure in energy.

Figure 4 . 2 :

 42 Figure 4.2: The evolution of the band structure of BaNiS 2 with surface K dosing. (a) Pristine surface. (b) After 18 minutes' K evaporation (c) After 36 minutes' K evaporation.

Figure 4 .

 4 Figure 4.3 shows the evolution of the Dirac states with surface K dosing.Figure 4.3(a) shows the shift of two branches of the Dirac cone after selected doping time of K atoms. We could see that the Dirac cone shift downwards and also shift towards Γ with increasing doping time.Figure 4.3(b) summarizes the variation of Dirac point position with increasing doping level.

  Figure 4.3 shows the evolution of the Dirac states with surface K dosing.Figure 4.3(a) shows the shift of two branches of the Dirac cone after selected doping time of K atoms. We could see that the Dirac cone shift downwards and also shift towards Γ with increasing doping time.Figure 4.3(b) summarizes the variation of Dirac point position with increasing doping level.

  Figure 4.3 shows the evolution of the Dirac states with surface K dosing.Figure 4.3(a) shows the shift of two branches of the Dirac cone after selected doping time of K atoms. We could see that the Dirac cone shift downwards and also shift towards Γ with increasing doping time.Figure 4.3(b) summarizes the variation of Dirac point position with increasing doping level.

Figure 4 . 3 :

 43 Figure 4.3: The evolution of the Dirac states of BaNiS 2 with surface K dosing measured with 25 eV photon energy. (a) Curves fitting the experimental Dirac states for different K dosing time. (b) Variation of the Dirac points with respect to different doping level.

Figure 4 . 4 :

 44 Figure 4.4: The evolution of the core level of BaNiS 2 with surface K dosing.

  Figure 4.6(b) summarizes the variation of Dirac point position with increasing doping level.

Figure 4 . 5 :

 45 Figure 4.5: The evolution of the Dirac states of BaNiS 2 with surface K dosing. (a)-(d) Pump-probe signal measured at a delay time of +200 fs on surfaces with doping time of 0, 10, 20 and 30 s, respectively. (b) Regular ARPES signal without pumping measured on surfaces with doping time of 0, 10, 20 and 30 s, respectively.

Figure 4 . 6 :

 46 Figure 4.6: The evolution of the Dirac states of BaNiS 2 with surface K dosing measured with 6.28 eV photon energy. (a) Curves extracted from the experimental Dirac states for different K dosing time. (b) Variation of the Dirac points with respect to different doping level.

Figure 4 .

 4 [START_REF] Beaulieu | Ultrafast Dynamical Lifshitz Transition[END_REF] shows the ARPES data along ΓM direction measured with 70 eV photon energy on the TEMPO beamline for different doping levels. From the spectra we can see that the Dirac nodes is shifting up in energy when increasing doping time, which is consistent with the hole doping effect.

Figure 4 . 7 :

 47 Figure 4.7: The evolution of the band structure of BaNiS 2 with surface NTCDA dosing. (a) Pristine surface. (b) After 1 minutes' NTCDA evaporation (c) After 2 minutes' NTCDA evaporation.

Figure 4 . 8 :

 48 Figure 4.8: The evolution of the Dirac states of BaNiS 2 with surface NTCDA dosing measured with 70 eV photon energy. (a) Curves extracted from the experimental Dirac states of negative momentum for different NTCDA dosing time. (b) Similar with (a) but extracted from the experimental Dirac states of positive momentum. (c) Variation of the Dirac points with respect to different doping level.

Figure 4 . 9 :

 49 Figure 4.9: The evolution of the core level with surface NTCDA dosing. (a) The evolution of HOMO and LUMO of NTCDA. (b) The evolution of the core level of 5s orbital of Ba.

Figure 4 . 10 :

 410 Figure 4.10: Surface doping model. On the left panel is the side view of BaNiS 2 crystal with potassium absorbed on the surface, and the right panel is the distribution of charge with surface chemical doping.

Figure 4 . 11 :

 411 Figure 4.11: The changes of potentials and on-site energies after surface charge doping. (a) The electrostatic potential induced by electrons and holes. (b) The on-site energies of p and d orbitals with surface chemical doping.
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 2 revealed by Raman spectroscopy MoTe 2 is a polymorphic compound which can crystallize in three different structures: hexagonal (2H), monoclinic (1T') and orthorhonbic (T d ) phase. 2H phase is a semiconductor while the other two are semimetals and they will be studied in this chapter and their structures are shown in Figure 5.1. The 1T' phase belongs to the centrosymmetric space group P 21/m, forming the zigzag chains along the b axis. The stacking of layers along the c axis incline at an angle of 93.9 • [21]. The T d phase has the same a -b plane crystal structure as the 1T' phase, but the stacking angle along c axis is 90 • and it belongs to the non-centrosymmetric space group P mn21.

Figure 5 . 1 :

 51 Figure 5.1: Crystal structures of MoTe 2 in the 1T' (a) and T d (b) phases. Green balls are Mo atoms and red balls are Te atoms. (c) The in-plane crystal structure. (d) Bulk and projected surface Brillouin zone. Figure adapted from [27].

Figure 5 . 2 :

 52 Figure 5.2: Schematic of the experimental setup for Raman scattering.

Figure 5 .

 5 Figure 5.3 presents the Raman spectra of MoTe 2 measured at 6 different temperatures during the cooling process.By comparing these spectra, we could see that there is a phase transition happening between 240 K and 260 K, which is consistent with previous results[START_REF] Deng | Experimental Observation of Topological Fermi Arcs in Type-II Weyl Semimetal MoTe 2[END_REF][START_REF] Cheon | Structural Phase Transition and Interlayer Coupling in Few-layer 1T′ and T d MoTe 2[END_REF]. Only one vibration mode between 120 and 130 cm -1 is observed at room temperature when MoTe 2 is in 1T' phase, while there are two modes for the same range at a temperature lower than 240 K when MoTe 2 is in the T d phase.

Figure 5 . 3 :

 53 Figure 5.3: Raman spectra of MoTe 2 measured at 6 different temperatures during the cooling process.
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 2 Band structure of MoTe 2 revealed by ARPES The band structure of T d -MoTe 2 is characterized by synchrotron ARPES on high quality single crystal purchased from 2D semiconductors. The measurements were conducted at the BaDElPh beamline at synchrotron Elettra at 80 K with linearly p-polarized and s-polarized light with a photon energy of 21 eV. Single crystals of MoTe 2 were cleaved in situ within the ab plane with a top-post under UHV conditions.

Figure 5 .

 5 4 present the LEED pattern of T d -MoTe 2 . The sharp diffraction pattern also indicates the high quality of sample surface, which means the surface is flat and homogeneous in a certain area.

Figure 5 . 4 :

 54 Figure 5.4: LEED pattern taken in the T d -MoTe 2 at beam energy of 123 eV.

Figure 5 . 5 :

 55 Figure 5.5: Band structure of T d -MoTe 2 measured with 21 eV synchrotron light. Dispersion along X -Γ -X direction measured with (a) p-polarized and (b) s-polarized light. (c) Calculated bulk band structure along X -Γ -X with k z fixed at 0 and the Fermi level is shifted downwards by 30 meV. The calculated band structure was adapted from [60].

Figure 5 . 6 :

 56 Figure 5.6: Band structure of T d -MoTe 2 measured with 21 eV synchrotron light. Dispersion along Y -Γ -Y direction measured with (a) p-polarized and (b) s-polarized light.

Figure 5 . 7 :

 57 Figure 5.7: Band structure of 1T'-MoTe 2 measured with 21 eV synchrotron light. Dispersion along X -Γ -X direction measured with (a) p-polarized and (b) s-polarized light.

Figure 5 . 8 :

 58 Figure 5.8: Band structure of 1T'-MoTe 2 measured with 21 eV synchrotron light. Dispersion along Y -Γ -Y direction measured with (a) p-polarized and (b) s-polarized light.

Figure 5 . 9 :

 59 Figure 5.9: Band structure of MoTe 2 measured with 6.2 eV. (a)-(d) Dispersion along Γ -X direction measured at a delay of -100, 100, 300, 500 fs for 1T' phase. (e)-(h) the same but for T d phase.

Figure 5 .

 5 Figure 5.9 presents the band dispersion along ΓX direction measured at delays of -100 fs, 100 fs, 300 fs, 500 fs for 1T'-MoTe 2 and T d -MoTe 2 . The comparision of the spectra shows no significant difference between the occupied states for two phases except the position of the δ band. For the unoccupied states, the intensity increases for the delay time changed from -100 fs to 300 fs, and then decreases

Figure 5 .

 5 Figure 5.10: ARPES difference data. (a) Dispersion along Γ -X direction measured at the delay 300 fs for 1T' phase. (b)the same but for T d phase.

Figure 5 . 11 :

 511 Figure 5.11: Dynamics of electrons and holes for 1T'-MoTe 2 and T d -MoTe 2 in regions 1-6 indicated in Figure 5.10.

Figure 5 . 12 :

 512 Figure 5.12: The band structure of 1T'-MoTe 2 along X -Γ -X direction (a) on pristine surface measured with p polarization light. (b) on the surface with a K evaporation time of 6 min measured with p polarization light. (c) on the surface with a K evaporation time of 15 min measured with p polarization light. (d)-(f) similar to (a)-(c) but measured with s polarization light.

Figure 5 . 13 :

 513 Figure 5.13: The band structure of 1T'-MoTe 2 along Γ -Y direction (a) on pristine surface measured with p polarization light. (b) on the surface with a K evaporation time of 6 min measured with p polarization light. (c) on the surface with a K evaporation time of 15 min measured with p polarization light. (d)-(f) similar to (a)-(c) but measured with s polarization light.

Figure 5 . 14 :

 514 Figure 5.14: The band structure of T d -MoTe 2 along Γ -Y direction (a) on pristine surface measured with p polarization light. (b) on the surface with a K evaporation time of 6 min measured with p polarization light. (c) on the surface with a K evaporation time of 15 min measured with p polarization light. (d)-(f) similar to (a)-(c) but measured with s polarization light.

Figure 5 .

 5 Figure 5.15: (a) EDCs at Γ for different doping level measured with p and s polarized light in 1T'-MoTe 2 . (b) Similar with (a) but in T d -MoTe 2 .

Figure 5 .

 5 Figure 5.16: (a) EDCs at Y for different doping level measured with ppolarized light in 1T'-MoTe 2 . (b) Similar with (a) but in T d -MoTe 2 .

Figure 5 .

 5 14 and Figure 5.
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  ) in our experiments to a Lifshitz transition. This may also suggest that electron doping can modify the effective electronic correlations -inducing the changes in the electronic structure that go beyond rigid shifts. The change of band structure show that this established surface modification process provides a feasible method to manipulate the electronic band structure of MoTe 2 .

Figure 5 . 17 :

 517 Figure 5.17: The schematic of the modification of Fermi surface induced by surface electron doping. (a) The Fermi surface of T d -MoTe 2 for the equilibrium self-consistently calculated value of U ef f = 2.05 eV. Figure adapted from [7]. (b) The position of electron pockets on the Fermi surface, the one we presented in Figure 5.14.

Figure 6 . 1 :

 61 Figure 6.1: Contours d'isoénergie CD normalisés de Bi 2 Se 3 et Bi 2 Te 2 Se pour des énergies proches de (a) DP et proches de (b) BCB.

Figure 6 . 2 :

 62 Figure 6.2: ARPES dans la configuration ΓM. (a) Coupe E -k avec polarisation s. (b)-(d) CEC avec polarisation s à E -E F = 0 eV, -0,15 eV et -0,25 eV, respectivement. (e) Coupe E -k avec polarisation p. (f)-(h) CEC avec polarisation p à E -E F = 0 eV, -0,15 eV et -0,25 eV, respectivement.
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  (a) et 6.3(a), nous pouvons voir que les deux bandes A et C apparaissent intenses en polarisation s dans ΓM configuration et en polarisation p en configuration ΓX, alors qu'ils ne peuvent pas être observés en polarisation p en configuration ΓM et en polarisation s en ΓX configuration. Cela signifie que le caractère orbital dans ces deux bandes est pair par rapport au plan miroir dans la configuration ΓX et impair par rapport au plan miroir dans ΓM configuration, qui pointe vers le caractère orbital d x 2 -y 2 basé sur le tableau 3.1. Notez que les bandes A et C ont des formes carrées dans des contours d'énergie constante (CEC) à des énergies sélectionnées E -E F = 0 eV et E -E F = -0.25 eV, comme le montrent la Figure 6.2(b,f) et la Figure 6.3(b ,f), mais l'orientation de deux bandes a une différence de 45 degrés. La bande B montre des comportements opposés, comme on peut l'observer en polarisation p en configuration ΓM et en polarisation s en configuration ΓX (Figures 6.2 (a) et 6.3(a)). Par conséquent, le caractère orbital est pair par rapport au plan miroir dans la configuration ΓM et impair par rapport au plan miroir dans la configuration ΓX, ce qui pourrait être attribué à d xy caractère orbital selon la table 3.1.

Figure 6 . 3 :

 63 Figure 6.3: ARPES dans la configuration ΓX. (a) Coupe E -k avec polarisation s. (b)-(d) CEC avec polarisation s à E -E F = 0 eV, -0,15 eV et -0,25 eV, respectivement. (e) Coupe E -k avec polarisation p. (f)-(h) CEC avec polarisation p à E -E F = 0 eV, -0,15 eV et -0,25 eV, respectivement.

Figure 6 . 4 :

 64 Figure 6.4: L'évolution de la structure de bande de BaNiS 2 avec le dosage de K de surface. (a) Surface vierge. (b) Après 18 minutes d'évaporation de K (c) Après 36 minutes d'évaporation de K.

Figure 6 . 5 : 114 Figure 6 . 6 :

 6511466 Figure 6.5: L'évolution des états de Dirac de BaNiS 2 avec un dosage de K de surface mesuré avec une énergie photonique de 25 eV. (a) Courbes correspondant aux états expérimentaux de Dirac pour différents temps de dosage K. (b) Variation des points de Dirac en fonction des différents niveaux de dopage.

  

  

  . . . 3.2 Orbital characters of the Dirac semimetal BaNiS 2 revealed by dichroism in TR-ARPES . . 3.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.3 TOF-ARPES on BaNiS 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.4 CD-ARPES on BaNiS 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 Surface doping with electron donors and acceptors on BaNiS

Table 3 .

 3 1: Possibility of detecting 3d orbitals along two high symmetry directions with p and s polarization light

	High symmetry	Light polarization	d x 2 -y 2	3d orbitals d z 2 d xz	d yz	d xy
	direction ΓM	p s	No Yes	Yes Yes Yes Yes No Yes Yes No
	ΓX	p s	Yes No	Yes Yes No No	No Yes Yes No
	with well-chosen crystal rotation angles and different light polarizations and by
	comparing the results with theoretical electronic band calculations.		

The adsorption of NTCDA was confirmed by valence and core level measurements. The signatures of the NTCDA molecule are the peaks called "Highest Occupied Molecular Orbital" (HOMO), and "Lowest Unoccupied Molecular Orbital" (LUMO), which have been characterized in other studies[START_REF] Bendounan | Role of the Shockley State in Doping of Organic Molecule Monolayer[END_REF]. The appearance of LUMO also shows the "metal" properties of BaNiS 2 , which provides electrons to fill the LUMO of NTCDA. The hole doping also induces an upwards band bending, and this is confirmed by the fact that the Ba's 5s level shifts to lower binding energy, i.e., shifts towards the Fermi level direction.

This can be interpreted as follows: the bulk hole doping acts directly on the Ni plane in the crystal structure, while the surface K doping is adding extra charges to the Ni atoms and leaving K + on the surface, therefore the energies of p orbital of S and d orbital of Ni are affected by a dipole electric field, as shown in Figure4.10.According to preliminary calculations by Thibault Sohier and Michele Casula, the electrostatic potential induced by this electric field has a bell-shape over one BaNiS 2 layer, as shown in Figure4.11(a), and the variation of the electrostatic potential within the layer explains how the energies of the orbitals are shifted.In the case of surface electron doping, the p orbitals of S out go down in energy with respect to the d orbitals of Ni, and thus increases the charge transfer gap. The on-site energy of p orbital and d orbit are presented in Figure4.11(b). The increase of charge transfer gap leads to the fact that the Dirac cones move towards Γ. Concerning the shift in energy, it results from the combined action of two effects: on one hand the effect of the charge transfer gap, that on the basis of the results of N. Nilforoushan et al.[START_REF] Nilforoushan | Moving Dirac Nodes by Chemical Substitution[END_REF] tends to shift the Dirac node up in energy; and the electrostatic surface dipole, which results in a rigid shift of all levels towards more
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