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An important goal of this work has been to assess the potential of the LaAlO 3 /SrTiO 3 (001) quasi-two-dimensional electron system (q2DES), as a prototypical oxide-based platform, for the prospect of achieving the transport and control of spin-based information. A prerequisite to this long-term challenging goal is to demonstrate the generation and detection of nonequilibrium spin accumulation at the LaAlO 3 /SrTiO 3 (001) heterointerface. In this thesis, we explore the possibility to generate and detect spin accumulation in this nonmagnetic oxide q2DES. This is achieved by means of (i ) electrical tunneling spin injection combined with the Hanle effect, and (ii ) through spin pumping experiments combined with the electrical control of the spin-orbit interaction within the q2DES.

1 Uhlenbeck and Goudsmith postulated the existence of the electron intrinsic angular momentum [23].

2 n, , and m being the principal quantum number, the azimuthal quantum number, and the magnetic quantum number, respectively. The fourth quantum number is denoted s or by its projection m s , such that Ŝ |s, m s = s |s, m s = m s |s, m s .

3 We try to maintain, throughout the manuscript, the following codes: vector quantities are depicted in bold, and quantum mechanical operators A are indicated by a hat Â. 4 The spin-orbital wavefunction χ(x ) = Φ(r )α of a single particle is the product of its spatial orbital wavefunction Φ(r ) by its spin coordinate α. The overall many-body wavefunction Ψ(x ) is then constructed through the Hartree product of the N individual spin-orbital wavefunctions: Ψ(x ) = χ(x 1 )χ(x 2 )...χ(x N ), and can be conveniently written as a Slater determinant.

Introduction

The current strategy consisting of scaling down the size of charge-based electronic devices is reaching its fundamental limits in terms of integration capabilities and performances. While alternative device architectures are being sought, a new -beyond CMOS -paradigm is required to tackle these stringent limitations [START_REF] Hutchby | [END_REF]2]. To this end, spintronics (or spinelectronics) has emerged as a very active field of research that aims at developing a new generation of devices whose operation relies on the manipulation of the electronic spin degree of freedom [3,4]. Spintronic devices have already had a considerable technological impact, as highly sensitive magnetic field sensors implemented as readout heads in magnetic data storage devices [5,[START_REF] Parkin | Applications of Magnetic Nanostructures[END_REF].

Ultimately, spintronic devices, such as the craved and actively sought spin field-effect transistor (spin-FET) [START_REF] Datta | [END_REF][START_REF] Sugahara | Proc. IEEE[END_REF], which do not require charge currents to operate, will lead to improved energy efficiency (lower power consumption), enhanced data processing speed, and increased integration of memory and logic with substantial impacts on information technology. To successfully incorporate spin-based electronics into existing semiconductor technology, technical issues, as well as fundamental obstacles to allow efficient generation, transport, manipulation, and detection of spin-based information need to be resolved. It is therefore desirable to seek materials that have the tunability and functionalities to enable new types of spintronic devices.

Owing to their remarkable multifunctional and strongly correlated character, oxide materials already provide such building blocks for charge-based devices such as ferroelectric i field-effect transistors, as well as for spin-based two-terminal devices like magnetic tunnel junctions, with giant responses in both cases, to be exploited in oxide-based spintronics and electronics architectures [START_REF] Bibes | [END_REF]10]. The extraordinary properties of ternary oxides are possibly best exemplified by the discovery of a high-temperature superconducting ground state in cuprates (copper oxides) [11], or by the colossal magnetoresistance behavior found in manganites [12].

Remarkably, a large variety of ternary oxides crystallizes in the perovskite ABO 3 crystal structure, and which can exhibit a wide range of ground states spanning from paramagnetic insulators and semiconductors to metals and superconductors, from dielectrics and piezoelectrics to ferroelectrics, and from antiferromagnetic to ferromagnetic, and even multiferroic materials. Additionally, perovskite materials possess the desired closely matched lattice parameters which makes them naturally suitable for heteroepitaxy. Recent advances in materials synthesis have made possible the experimental realization of such oxide heterostructures, where two or more complex oxides are combined with atomic-scale precision. In more exotic cases, such an approach may result in emergent properties absent in the parent bulk compounds [13][14][15].

Until now, the lack of suitable oxide-based channel materials and the uncertainty of electrical spin injection conditions in these compounds has however prevented the exploration of similar giant responses in oxide-based lateral spin transport structures. The striking discovery in 2004, by Ohtomo and Hwang, of an emergent interfacial quasi-two-dimensional metallic conduction between two perovskite band insulators, LaAlO 3 and SrTiO 3 , has provided such a conducting oxide channel [16].

Outline of this Thesis

The first chapter of this dissertation is dedicated to a general introduction to the field of spintronics, with an emphasize on the fundamentally important concepts related to spindependent conduction in magnetic metallic multilayers, and spin-dependent tunneling in magnetic tunnel junctions. We also present some of the relevant mechanisms (viz. spin-orbit interactions, and the hyperfine interaction) responsible for the loss of spin information in solid state materials. Overall, this first chapter gives an overview of the historically prominent works, exemplified by the discovery of giant magnetoresistance in 1988 [17,18], and basic concepts, which have shaped the field of spintronics, and contributed to its flourishing development over the past three decades.

In chapter two, we give a topical overview of the LaAlO 3 /SrTiO 3 (001) heterointerface and its hallmark properties. We recall, and critically discuss, various mechanisms (polar catastrophe, oxygen vacancies, cationic substitutions, etc) that have been proposed to explain the origin of the observed emergent interfacial metallicity. The quasi-two-dimensional nature of the conduction is discussed. This opens up the possibility of efficient electrostatic fieldeffect, which has been exploited to tune the two-dimensional superconducting ground state in this system [19,20]. At last, we present results of the growth optimization of LaAlO 3 thin films on SrTiO 3 (001) substrates by the pulsed laser deposition technique. The hence realized heterostructures exhibit state-of-the-art crystalline and electrical properties (with high-electron mobility), as inferred from structural and magnetotransport characterizations.

In chapter three, we aim to assess the efficiency of electrical spin injection in LaAlO 3 /SrTiO 3 heterostructures. We first recall fundamental results of electrical spin injection theory, and introduce the central concept of non-equilibrium spin accumulation. We then present experimental results of electrical spin injection in the LaAlO 3 /SrTiO 3 system. In a three-terminal detection scheme, we make use of the Hanle effect to probe the magnitude of spin accumulation signals in Co/LaAlO 3 /SrTiO 3 tunnel junctions. We report on large amplification of the spin signal, with respect to theory, which we discuss in terms of enhanced spin lifetimes on localized states. We further demonstrate a large modulation of the detected spin signal by electrostatic field-effect, which evidences the successful generation of spin accumulation inside the q2DES. These results are discussed in the framework of a spin-conserving sequential tunneling model. Finally, we identify the very large tunnel barrier resistance, arising from the 4 unit cell thick LaAlO 3 layer, as a basic obstacle for the prospect of electrical spin detection in lateral spin valve structures. This in turn motivates the investigations of chapter four.

Although controversy exists regarding the precise origin of the metallic conduction at LaAlO 3 /SrTiO 3 (001) interfaces, it was universally found that a q2DES only appeared beyond an LaAlO 3 thickness threshold of four unit cells, dubbed the critical thickness, and which has become a hallmark feature of the system [21]. In chapter four, we study the effect of metallic capping layers on the conduction properties of LaAlO 3 /SrTiO 3 heterostructures. Through magnetotransport, and X-ray absorption spectroscopy experiments, we demonstrate that the thickness threshold for the onset of a q2DES can be reduced to just one unit cell of LaAlO 3 when a metallic film of cobalt is deposited on top of it. Ab initio calculations indicate that Co modifies the electrostatic boundary conditions and induces charge transfer toward the Ti 3d bands, hence the interfacial conductivity. Through a systematic magnetotransport study of LaAlO 3 /SrTiO 3 heterostructures with various metal capping layers, we tentatively identify the possible mechanisms (electrostatics, chemistry defects, redox reactions, etc.) driving the formation of the q2DES in those systems.

In the fifth and last chapter of this dissertation, we explore the possibility to generate non-equilibrium spin accumulation in Ni 79 Fe 21 /LaAlO 3 /SrTiO 3 systems by resorting to spin pumping experiments. Magnetization dynamics causes the transfer of a constant flow of angular momentum, viz. a spin current, from the ferromagnetic permalloy layer (spin source) to the adjacent q2DES (spin sink). We find that the induced spin accumulation is converted into a sizeable charge current, which we ascribe to the inverse Edelstein effect, and which derives from a Rashba-like spin-orbit interaction within the q2DES. We further demonstrate a large modulation of the effect in back-gating experiments. Our findings expand the field of interest from planar charge transport to the exploration of spin transport phenomenon in a nonmagnetic two-dimensional oxide-based systems with electronic correlations.
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Chapter 1

An Introduction to the Field of Spintronics In the past three decades, the research on spin transport and magnetism has led to remarkable scientific and technological breakthroughs [5,[START_REF] Parkin | Applications of Magnetic Nanostructures[END_REF]. A prominent example is the discovery of giant magnetoresistance in magnetic metallic multilayers [17,18] that was recognized by the 2007 Nobel Prize in Physics awarded to Albert Fert and Peter Grünberg. It has in turn fast-tracked a very active field of research on non-equilibrium spin populations and magnetization dynamics in solid-state materials.

This chapter is dedicated to an overview of some of the key historical and fundamental developments of this field, which is known as the field of spintronics (or spin-electronics). We start by introducing the very general concepts of electron spin and of magnetic ordering in solids, and then proceed to present some of the basic concepts of spintronics that are spin-dependent conduction in ferromagnetic metals, and spin-dependent tunneling. This allow us to give a brief account of the associated effects of giant magnetoresistance (GMR) in magnetic metallic multilayers, and of tunneling magnetoresistance (TMR) in magnetic tunnel junctions. Because spin is a non-conserved quantity in solids, we need to consider the main mechanisms responsible for spin relaxation as a result of interactions of the spins with its environment. This is done in the last part of this chapter.

Ferromagnetism in Solids:

Fundamental Concepts

In the first part of this chapter, we give an introduction to the theory of itinerant ferromagnetism in solids, and introduce key features of the band structure of paramagnetic and ferromagnetic metals. Before proceeding to do so, we begin by a brief introduction to the notion of spin and specifically centered on the case of spin-half electrons, to which follows an introduction to the concepts of symmetry exchange and (magnetic) exchange interaction.

The Electron Spin

In quantum mechanics, the total angular momentum J of an elementary particle is obtained by combining its orbital angular momentum L and its intrinsic angular momentum S, such as J = L + S [START_REF] Cohen-Tannoudji | Quantum Mechanics[END_REF]. While the orbital angular momentum L is analogous to the classical notion of angular momentum, the intrinsic orbital momentum S , called spin 1 , has no classical counterpart. The quantization of angular momentum was first revealed by Stern and Gerlach using spin-half (yet unknown at this time) silver atoms [24]. In order to account for fine-structure spectral lines of atoms, unaccounted for in the framework of the Bohr-Sommerfeld atomic model, Pauli phenomenologically introduced the so-called Pauli matrices [25], which translates into the postulate of a fourth number 2 , and led to the formulation of the Pauli exclusion principle. The concept of spin was later put on a firm theoretical footing by Dirac who showed that spin emerged as a direct consequence of the correct application of special relativity to the quantum mechanics of the electron (or of any spin-half particle) [26].

Quantum mechanics states that a measurement gives access to the component of angular momentum given by its projection along an i-axis ∈ {x, y, z}. The eigenvalues of the spin operator 3 Ŝ i are m s , where m s is the secondary spin quantum number, and is the Planck constant divided by 2π. In the case of an electron, m s can only take on the values ± 1 2 . Conventionally the z direction is the chosen projection axis and the quantum states m s = + 1 2 and m s = - 1 2 are therefore often referred to as spin up and spin down. The total (spin) magnetic moment operator of an electron is expressed as:

μ = -γ Ŝ = - g e e 2m e Ŝ , (1.1) 
where γ is the gyromagnetic ratio, e is the elementary charge, m e and g e are the electron mass and dimensionless electron g-factor, respectively. It follows that the projection of the spin magnetic moment along the z axis is given by µ z = -gee 2me m s ∓µ b , with g e 2, m s = ± 1 2 and where µ b = |e| 2me 9.274 × 10 -24 J.T -1 is the Bohr magneton. Due to the negative charge of the electron, its magnetic moment µ is antiparallel to its spin angular momentum.

Throughout the entire manuscript, the term spin will implicitly refer to either the intrinsic orbital momentum S (or S, in units of ) of electrons, or to the projected component of electron spin (m s = ± 1 2 ).

Symmetry Exchange and the Direct Exchange Interaction

In order to describe the origin of (ferro)magnetism in solid-state materials, we must first introduce the concepts of spin and of symmetry exchange, as the exchange interaction is found to be responsible for the existence of ferromagnetic ground states. For a comprehensive introduction to magnetism, the reader may refer to e.g., the very pedagogical book on the topic by Stephen Blundell [START_REF] Blundell | Magnetism in Condensed Matter[END_REF].

In quantum mechanics, identical particles, i.e. characterized by the same quantum numbers (such as mass, charge and spin), are (in principle) indistinguishable. As a consequence of their indistinguishability, the exchange of any two particles must leave the N -particles quantum state unchanged, either totally symmetric or antisymmetric. Not only the spatial symmetry of the many-body wavefunction must be considered, but one must also take into account the spin function in order to construct the total spin-orbital wavefunction 4 . It can be shown that neglecting the spin part (and therefore the Pauli exclusion principle) leads to the spatial wavefunction of a two-particles system to vanish under the exchange of the spatial coordinates of two identical particles [START_REF] Bruus | Many-Body Quantum Theory in Condensed Matter Physics: An Introduction[END_REF].

From the indistinguishability principle follows that elementary particles whose principal spin quantum number can only take on half-integer (integer) values are described by overall antisymmetric (symmetric) states. They then obey the Fermi-Dirac (Bose-Einstein) statistics. The previous arguments immediately lead to the well-known Pauli exclusion principle which states that two identical fermions (such as electrons) cannot occupy the same quantum state. We note that a two-particles spin state can take on the values S=1 or S=0, leading to antisymmetric spin-triplet or symmetric spin-singlet states, respectively. This way the exchange of two fermions can leave the total spin-orbital wavefunction antisymmetric.

A simple way to describe, in quantum mechanics, spin-spin interactions between neigh-boring atoms is accounted for by the Heisenberg-Dirac-van Vleck Hamiltonian5 [START_REF] Van Vleck | The Theory of Electric and Magnetic Susceptibilities[END_REF]:

ĤHDVV = - ij J ij Ŝ i . Ŝ j , (1.2) 
where Ŝ i is the spin operator on atomic site i, and J ij is the (Heisenberg) exchange integral, i.e. the strenght of the interaction between the magnetic moments on sites i and j. When the exchange interaction proceeds directly between electrons located on neighboring magnetic atom, this is known as the direct exchange. It follows that a positive (negative) exchange interaction J ij favors nearest neighboring magnetic moments to lie parallel (antiparallel) to one another, i.e. leading to a ferromagnetic (an antiferromagnetic) ground state. However, very often, direct exchange is not the unique mechanism controlling the magnetic properties, due to the insufficient overlap of neighboring magnetic orbitals. It is therefore necessary to consider some alternative exchange interactions to account for (anti)ferromagnetic ground states in solids.

We do not intend to review the different mechanisms of magnetic interactions taking place in solids 6 which include e.g., the RKKY interaction in metals where itinerant (conduction) electrons mediate an (anti)ferromagnetic coupling between localized magnetic ions, superexchange interaction in ionic solids through metal-oxygen-metal bounds, and double exchange interaction between metal ions in different valence states (the latter both coexist in e.g., oxides or ferrites), or anisotropic magnetic interaction, such as the Dzyaloshinskii-Moriya interaction. Together with direct exchange, they illustrate the large variety of mechanisms which drive (ferro)magnetic interactions in solids.

Theory of Itinerant Ferromagnetism: An Introduction

The measured magnetic moment of iron is about 2.2 µ b per atom, and that of cobalt and nickel are about 1.7 µ b and 0.6 µ b per atom, respectively. These non-integral values cannot be understood on the basis of localized moments on atoms. In order to solve this discrepancy, it is desirable to take into account the delocalized nature of conduction electrons in metals. A better suited picture is found on the basis of itinerant ferromagnetism (also known as band ferromagnetism or Stoner ferromagnetism) where the ferromagnetic ground state arises from spontaneously spin-split bands. The effect of electronic correlations cannot be neglected when considering transition metals (e.g., Fe, Ni, Co) with narrower d or f bands, and where electrons interact more strongly than in the more spread out s or p bands. The Hamiltonian to consider is no longer the one of the Heisenberg model, but the Hamiltonian of the Hubbard model [START_REF] Hubbard | [END_REF][31][32] expressed in the formalism of the second quantization:

ĤH = - <ij>,σ t ij ĉ † iσ ĉjσ + U i ni↑ ni↓ , (1.3) 
where t ij is the hopping integral between nearest neighboring sites i and j, σ =↑, ↓ is the band spin index, U is the on-site Coulomb interaction, ĉ † iσ and ĉiσ are the creation and annihilation operators, respectively, and niσ = ĉ † iσ ĉiσ is the electron density operators. The increase in the value of the hopping parameter7 t yield a reduction of the kinetic energy term, while U sets the strength of the interaction between electrons. The Hubbard model cannot be solved analytically in arbitrary dimension. Nevertheless, one can use a mean field approach (e.g., the Hartree-Fock approximation) using appropriate assumptions and simplification to treat a given problem 8 .

It is convenient to define the degree of spin polarization P of the ground state such as:

P ≡ n ↑ -n ↓ n ↑ -n ↓ = εf N ↑ (ε)dε - εf N ↓ (ε)dε εf N ↑ (ε)dε + εf N ↑ (ε)dε , (1.4) 
where n σ = 1

V k ĉ † k σ ĉkσ is the (mean-field) averaged spin density, and N σ (ε) is the density of states (DOS) for the spin σ subband. P is hence defined as the imbalance in the electronic DOS integrated over all occupied spin states. Depending on the value taken by P , we can distinguish three interesting regions of the phase diagram: (i) the unpolarized paramagnetic metal at P = 0, (ii) the partially spin-polarized ferromagnetic ground state for 0 < P < 1, and (iii) the fully spin-polarized ground state (or so-called half-metallic phase9 ) at P = 1. All three cases are depicted in Fig. 1.1. The transition from a paramagnetic metal to a spinpolarized (ferromagnetic) ground state occurs roughly when the on-site Coulomb interaction U exceeds the value of the hopping integral t [32]:

U t > 1 .
(1.5)

The relation given in Eq. (1.5) is a revisited expression of the famously known Stoner criterion 10 .

Although the mean-field treatment of the Hubbard model provides a good qualitative understanding of the nature of the transition, the Stoner criterion itself has to be regarded with caution. Indeed, at the Stoner transition where U/t ∼ 1, the system enters the strong correlated phase where the interaction cannot simply be considered a small perturbation. In practice, the Stoner transition, toward a ferromagnetic state, tends to appear in materials with significantly enhanced DOS near the Fermi energy (or equivalently of enhanced magnetic suceptibility) [36].

The origin of the paramagnetic to ferromagnetic transition in interacting electron system is found to reflect the competition between the interaction potential energy and the kinetic energy. The Pauli exclusion principle ensures that electrons with identical spin do not occupy the same site, which leaves interactions between electrons of opposite spin only provided that the interaction is sufficiently short-range. The potential energy of the system is lowered because electrons of identical spin escape the local Coulomb (Hubbard U ) interaction. However, the same exclusion principle forces electrons to occupy single-particle states of higher energies. Therefore increasing, at fixed DOS, the kinetic energy part. This discussion qualitatively translates into the criterion given in Eq. (1.5).

We have considered an idealized model with solely a single exchange-split d band. It is a too simplified picture in view of the strong hybridization between sp and d states in transition metals. The sp-d exchange interaction plays a particularly important role in magnetization dynamics, as well as when considering systems such as diluted magnetic alloys. In particular, sp electrons have an essential role in carrying electronic currents due to their inherent delocalized nature (with low effective masses and high mobilities), and in consequence actively participate to e.g., spin-dependent conduction and spin-dependent tunneling phenomenon, two topics that we address in the next two sections ( §1.2 and §1. 3).

It is fascinating to realize that the macroscopic manifestation of magnetic phenomena is deep-rooted in the microscopic quantum statistical 11 behavior of elementary particles, and in how spin-half electrons interact with one another. Magnetism is thus found to be of purely quantum nature, alike the electron spin from which magnetism is an emergent collective manifestation.

Spin-Dependent Conduction

The field of Spintronics takes its roots in some early works on the electrical conductivity of ferromagnetic metals and alloys, conducted by Lord Kelvin (in the mid-19th century) [37], and later on by Sir Nevill Mott (in the first part of 20th century) [38]. In particular, the work of Mott led to the conceptual idea that in some solids, namely in ferromagnets, the two spin populations can be responsible for carrying a very different amount of the total electrical current. Following this general observation, we first introduce the canonical two-current model which puts Mott's conception on a firmer theoretical ground, and then give a brief overview of the giant magnetoresistance effects whose discovery has, better than any other observation, exemplified the role of spin-dependent conduction in magnetic/nonmagnetic metallic heterostructures.

The Two-Current Model

Sir Nevill Mott was the first to emphasize the role of the electron spin in controlling the transport properties of transition metals and their alloys. He formulated the idea that in ferromagnetic metals and alloys, below the Curie temperature (T c ), the electrical conductivity depends on the magnetization state due to inequivalent spin ↑ and spin ↓ populations at the Fermi energy. He suggested a two-current model, in which the conductivity is expressed as the sum of two unequal contributions from the two different spin projections [38].

It was not until three decades later that Albert Fert and Ian Campbell where able to experimentally confirm the proposition formulated by Mott for series of iron-and nickel-based alloys, and to provide a quantitative analysis of their results [39][40][41]. Fert and Campbell derived (solving a system of coupled Boltzmann equations for spin ↑ and spin ↓) an expression for the electrical resistivity of a ferromagnetic metal:

ρ = ρ ↑ ρ ↓ + ρ ↑↓ (ρ ↑ + ρ ↓ ) ρ ↑ + ρ ↓ + 4ρ ↑↓ , (1.6) 
where ρ ↑ (ρ ↓ ) is the resistivity for spin ↑ (spin ↓) conduction electrons, and ρ ↑↓ the spinmixing resistivity 12 . ρ ↑↓ arises from the scattering processes responsible for spin-flip events which result in momentum transfer (current transfer) between the two spin channels. Fert et al. have shown that the spin-mixing term could not be accounted for by collisions between electrons with opposite spins. Rather, spin mixing should be ascribed to electronmagnon collisions 13 [START_REF] Fert | [END_REF][44][45], which is a significant electron scattering process at temperatures 12 As pointed out notably by Fert: "the spin mixing mechanism by spin-flips should not be confused with the spin relaxation mechanism transferring spin to the lattice and due mainly to spin-orbit scattering" [START_REF] Fert | Historical Overview: From Electron Transport in Magnetic Materials to Spintronics[END_REF]. We discuss spin relaxation mechanisms in Section 1.4.2. 13 Yamashita and Hayakawa calculated (in the case of Ni) that the contribution of electron-magnon scattering to the resistivity is very small in the absence of impurities or phonon scattering, but become significant in their presence when the mean free paths of spin ↑ and spin ↓ electrons are sufficiently different [45].

comparable to the Curie temperature. At temperatures such that T T c , the spin-flip scattering of conduction electrons by magnons is frozen out (that is ρ ↑↓ → 0). The expression of the electrical conductivity for a ferromagnetic metal, neglecting spin-flip processes, reduces to: σ = 1 ρ = 1 ρ ↑ + 1 ρ ↓ . This corresponds to the situation of a conduction in parallel by two independent spin channels, as discussed early on by Mott [38].

They are several origins for the differences between ρ ↑ and ρ ↓ . Schematically, the resistivity ρ σ for a given spin channel can be written as a function of the effective mass m σ , the electron density n σ , and the momentum relaxation time τ p,σ of spin σ electrons in the following way:

ρ σ = m σ n σ e 2 τ σ . (1.7) 
For a given scattering potential Vσ without spin-flip, the relaxation time τ σ , within a spin channel, can be estimated from Fermi's golden rule (in the Born approximation):

τ -1 σ ∼ 2π k f | Vσ |k i 2 N σ (ε f ) , (1.8) 
where N σ (ε f ) is the DOS at the Fermi energy, |k i and k f | the initial and final states respectively. There are intrinsic origins of the spin dependence of that are related to the spin dependence of m σ , n σ , or N σ . In transition metals, the most important of these intrinsic origins comes from the proportionality of the relaxation rate to the DOS N σ (ε f ) in Eq. (1.8).

In transition metals, the largest intrinsic contribution to the asymmetry in the spin resistivity parts ρ ↑ and ρ ↓ arises from the difference in N d,σ (ε f ) between the spin-split d subbands. In first approximation, one can reasonably assume that a major part of the current is carried by light electrons of s character and that these electrons are more strongly scattered when they can be scattered into states of the d band for which the DOS is large. In the exemplified case of Fig. 1.1(b), the DOS at the Fermi energy is greater for the spin ↓ subband than for the spin ↑ subband [N d,↓ (ε f ) > N d,↑ (ε f )], so that there is a general intrinsic tendency for stronger scattering and larger resistivity in the spin ↓ channel. Remarkably, even stronger asymmetries between ρ ↑ and ρ ↓ can result from extrinsic effects, in particular by doping (or alloying) with impurities presenting a strongly spin-dependent scattering cross section [39,[START_REF] Campbell | Transport Properties of Ferromagnets[END_REF]. The two-current model, although relatively simple, provides a useful basis for a qualitative understanding of the spin-dependent conduction in transition metals. It has been applied to tentatively shed light on various transport properties of metals and their alloys, such as spontaneous anisotropic magnetoresistance, or the anomalous Hall effect. The two-current model has been further developed and extended by Valet and Fert [47] to account for giant magnetoresistive effects in multilayers consisting of ferromagnetic and nonmagnetic metals. We introduce and discuss the latter phenomena in the following section.

Giant Magnetoresistance

The term magnetoresistance refers to the change in a materials electrical resistance in response to an applied magnetic field. Lord Kelvin was the first to report, already in 1856, such a change in the resistance of iron and nickel under the influence of an external magnetic field [37]. Nevertheless, the relative change in resistance was limited to about 5%. In the mid-80's the development and rapid improvement of deposition techniques such as molecular beam epitaxy and sputtering, enabled the realization of superlattices composed of very thin individual layers of metals, with a thickness control at the atomic scale. The study of such ferromagnetic(F )/nonmagnetic(N ) metallic multilayers led to the discovery of a large magnetoresistance effect (up to ∼ 80% [17]) called giant magnetoresistance (GMR). The seminal work on GMR conducted in Orsay (on (Fe/Cr) n mulilayers) [17] and in Jülich (on Fe/Cr/Fe trilayers) [18] was recognized by the 2007 Nobel Prize in Physics awarded to Albert Fert and Peter Grünberg [48]. (Modified from [START_REF] Tsymbal | Perspectives of Giant Magnetoresistance[END_REF].)

We consider a F/N/F/N multilayer as depicted in Fig. 1.2(b, c). Within each ferromagnetic layer, the electron spin can be either parallel or antiparalell to the magnetization direction. In the former case, the electron is locally a majority spin electron and in the latter case a minority spin electron. Assuming that the mean-free path is sufficiently long, the total scattering probability is the sum of scattering probabilities within each layer. The total resistance of a given spin channel is then the sum of resistances of each layer 14 . The resistance of a F/N bilayer can be written (neglecting ρ ↑↓ ):

R ↑(↓) = ρ n t N + ρ ↑(↓) t F , ( 1.9) 
where ρ n and t N are the resistivity and the thickness (respectively) of the nonmagnetic spacer layer, t F is the thickness of the ferromagnetic layer, and ρ ↑ (ρ ↓ ) the majority spin (minority spin) resistivity within the F layer. It follows for the expression of the total resistance of multilayers with parallel(P) [Fig. 1.2(b)] and antiparallel(AP) [Fig. 1.2(c)] magnetization configurations (in CPP):

R p = K R ↑ R ↓ R ↑ + R ↓ , (1.10a) 
R ap = K R ↑ + R ↓ 2 , (1.10b) 
where K is the number of repetitions of the (F/N/F/N ) unit cell in the superlattice.

If we consider the situation illustrated in Fig. 1.1(b), minority spins have a stronger scattering probability than majority spins [see the discussion following Eq. (1.8)]. For the Paligned multilayer spin ↑ electrons flow through the structure almost without being scattered, whereas spin ↓ electrons are strongly scattered within both F layers. Since conduction occurs in parallel for the two spin channels, the total resistance of the multilayer is relatively low (due to 'short-circuiting' the spin ↓ channel). For the AP-aligned multilayer both spin ↑ and spin ↓ electrons are scattered within one of the F layers, thus leading to a higher resistance state. This translates into R ap being smaller 15 than R ap . Finally, the figure-of-merit (∆R/R) for the giant magnetoresistance effect, known as the GMR ratio is given by (making use of the expressions for R ↑ ) 16 :

GMR ≡ R ap -R p R p = (R ↓ -R ↑ ) 2 4R ↑ R ↓ . (1.11)
It is worth noting that normalizing by the lowest resistance value (generally R p ) can lead to GMR ratios greater than 100 %.

Requirements for large magnetoresistance (MR) values include low enough resistivity of the nonmagnetic spacer layer (in the CPP geometry), and large asymmetry in the spin resistivity parts (ρ ↑ /ρ ↓ 1 or 1). The spin-polarized band structure of the multilayer remains the decisive contributor to the GMR effect as long as random scattering potentials (induced by various defects 17 ) average to being almost spin-independent. Valet and Fert derived, from a Boltzmann equation approach, an extension of the two-current model taking into account both spin-conserving and spin-dependent scattering terms [START_REF] Valet | [END_REF]. They showed than in the appropriate limit for experiments, i.e. for layer thicknesses (t F , t N ) much smaller than the corresponding layer spin relaxation lengths (l N sf , l F sf ), spin accumulation induced by successive interfaces interfere differently, irrespective of P and AP states, and partly balance each other 18 , and do not simply add up [START_REF] Valet | [END_REF]49]. In the limit of large layer thicknesses, the series-resistor model predicts a saturation of the GMR ratio in the CPP geometry. In 15 When the multilayer consists of identical F layers. However, F 1 /N/F 2 /N x multilayers, consisting of different ferromagnetic metals F 1 and F 2 , can lead to R p > R ap , see discussions related to the inverse-GMR effect [51]. 16 In CIP, R p and R ap are both ∝ K -1 . Yet, the same expression for the GMR ratio holds 17 Misfit dislocations, impurities, interfacial intermixing of atoms, grain boundaries, etc. 18 The concepts of spin relaxation length and spin accumulation are properly introduced in Section 3.1.1.

contrast, the model proposed by Valet and Fert predicts that the GPP-GMR decreases exponentially with a decay length set by the spin diffusion length. The reader interested by detailed theoretical and/or experimental reviews of the GMR effect can refer to e.g., Refs. [START_REF] Barthélémy | Giant Magnetoresistance in Magnetic Multilayers[END_REF][START_REF] Bass | Giant Magnetoresistance: Experiment[END_REF][START_REF] Tsymbal | Giant Magnetoresistance: Theory[END_REF].

It was soon recognized that large MR values, such as those obtained in the GMR effect, were appealing in view of building magnetic sensors. The larger the MR value, the greater the sensitivity to magnetic (stray) fields. Thus, the read of magnetically stored information could be performed solely through a measurement of the device resistance state. Following fundamental, technical and conceptual 19 improvements, scalable GMR based sensors were implemented as read-heads for hard disk drives 20 (HDD), which led to HDDs with unprecedented data storage capacities and reduced dimensions [5,[START_REF] Parkin | Applications of Magnetic Nanostructures[END_REF].

Spin-Dependent Tunneling

Though a complete historical and conceptual background for spin-dependent tunneling, with all its subtleties, is beyond the scope of this short overview, and has been discussed thoroughly by various authors, we briefly introduce the concepts of electron tunneling and spin-dependent tunneling. Those topics appear both useful and relevant to some later discussions, particularly to those related to electrical spin injection phenomenon. Finally we give a brief overview of the tunneling magnetoresistance effect, as it is a very active subfield of research in Spintronics and has strongly participated to the latter's booming development. While doing so, we take the opportunity to highlight some subtle features of spin-dependent tunneling, such as its drastic sensitivity to interfacial electronic structures.

An Introduction to Electron Tunneling

Evidence for the quantum tunnel effect is now so ubiquitous that it is presented in virtually every introductory quantum mechanics lectures and textbooks. Nevertheless, it remains a complicated theoretical problem, and a conceptually (one might say intellectually) puzzling one as well. Tunneling of electrons in solids, and related spin-polarized currents have often been interpreted, within the free-electron picture, using models based on Bardeen's view of tunneling 21 . On this basis, tunneling processes are viewed as resulting from the overlap of electrons wavefunctions from each electrode penetrating inside the barrier. In Bardeen's transfer Hamiltonian approach [59,60], the transmission probability of a tunnel barrier is assumed to be small, so that the coupling between the electrodes can be regarded as a small perturbation. The tunneling rate at which electrons are transferred from one side of the tunneling region (in states |k ) to the other side (in states q |), can be obtained from Fermi's golden rule:

Γ l→r = 2π k ,q |T kq | 2 f l (ε k ) [1 -f r (ε q )] δ(ε k -ε q ) , (1.12) 
where l and r indices refer to the right and left electrodes respectively, f l,r (ε) is the Fermi-Dirac distribution in the corresponding electrode, and δ(ε k -ε q ) reflects the energy conservation. Thus, the expression given in Eq. (1.12) simply translates the fact that an electron from the left electrode requires an unoccupied available state in the right electrode for the tunneling process to occur. T kq are the tunneling matrix elements 22 between states |k and q |, and |T kq | 2 gives the corresponding transmission probability across the barrier. By introducing the spin-dependent densities of states in the left and right electrodes N σ l (ε) and N σ r (ε) respectively, one can transform the sums over k and q in Eq. (1.12) into energy integrals. Thus, the tunneling rate from the left to the right electrode can be written:

Γ l→r = 2π |T | 2 σ +∞ -∞ N σ l (ε)N σ r (ε)f l (ε) [1 -f r (ε)] dε , (1.13) 
where σ is the sum over spin configurations σ = ↑, ↓. The tunneling matrix elements T σ kq ≡ T are assumed to be the same 23 for all single-particle states and relatively energy independent in the low bias region, which allow to move the corresponding factor outside the integral 24 .

The steady-state current flowing through the barrier results from the difference between the backward and forward tunneling rates I = e (Γ l→r -Γ r→l ), which in definitive gives the following expression for the total tunnel current:

I = 2π e|T | 2 σ +∞ -∞ N σ l (ε)N σ r (ε -eV ) [f l (ε) -f r (ε -eV )] dε , (1.14) 
where V is the applied bias between the left and right electrodes.

In pioneering experiments, published in 1960, Giaever investigated the current-and conductance-voltage characteristics of nonmagnetic metal(N )/insulator(I)/superconductor(S) (Pb/Al 2 O 3 /Al) and S/I/S (idem) tunnel junctions [63]. He found that when Pb was in the superconducting state, the tunnel current was dramatically reduced (with respect to when in the normal state) in the low voltage region, independently of the current polarity. The tunneling experiments he carried out allowed him to probe the low energy region around ε f , i.e that of the superconducting energy gap. Strikingly, he found that the conductancevoltage characteristics closely resembled the Bardeen-Cooper-Schrieffer (BCS) quasiparticle 22 T kq = q | Ĥt |k vanishes unless the transverse component of the wave number is conserved through the tunneling process (i.e. specular transmission), and where Ĥt is the so-called transfer Hamiltonian describing the tunneling process. 23 This is no longer a valid assumption in the presence of spin-filtering effects whereby T σ = T -σ . 24 In the simple case of a square barrier of thickness d and average height ϕ, the matrix elements can be evaluated exactly, and one finds for the tunnel current I ∼ |T 2 | ∼ exp (-d √ m e ϕ), which shows the (wellknown) exponential decay of the tunnel current on barrier thickness and on the square root of the barrier height and the electron mass m e .

DOS [64], therefore strongly suggesting that tunneling processes depend on the electrodes DOS 25 . The work of Ivar Giaever on electron tunneling was recognized by a shared Physics Nobel Prize in 1973, together with Leo Esaki and Brian D. Josephson. Giaever's initial conception of tunneling processes was that the tunnel current originates from the DOS, near or at the Fermi energy, in both electrodes. Though intuitive and almost straightforward in view of the experimental evidences, when addressing the problem theoretically, such conception must come under scrutiny. Harrison first made the apparent puzzling observation that, in a WKB treatment of quasi-particle tunneling, the tunneling current appears not to depend on the DOS of the two electrodes [60]. Indeed when evaluating the tunneling matrix elements |T | 2 , he obtained that they are inversely proportional to the product of the DOS in the two electrodes, therefore canceling the DOS terms in Eq. (1.12). This apparent contradiction could be lifted, as discussed early on by Bardeen [59], and later on by other authors [61,62], by resorting to many-body arguments when describing electron tunneling processes.

Experiments involving tunneling of spin-polarized electrons, which were found to be even more sensitive to fine details of the band structure, led to the conception that tunneling is particularly sensitive to the local DOS at electrode/barrier interfaces, with essentially the Fermi wavelength setting the relevant length scale. The key point is that the dependence of the tunnel current on the electrodes DOS does not come as simply as one might expect from Eq. (1.12). Spin-dependent tunneling experiments, and theoretical attempts to model and interpret them, contributed to put on a firmer ground the above striking observations. In the following two sections, we introduce the field of spin-polarized tunneling into superconductors, and into ferromagnetic metals.

Tunneling Spin Polarization

About a decade after Giaever's pioneering work on electron tunneling, Meservey and Tedrow conducted a series of experiments to investigate the influence of spin paramagnetism on super-conductors [65,66]. To this end, they studied ferromagnetic metal/insulator/superconductor (F/Al 2 O 3 /Al) tunnel junctions in the presence of a Zeeman splitting of the superconductor's DOS. If the tunnel current is proportional to the DOS (in both electrodes), as suggested by Giaever's experiments, and by considering a two-current model in the ferromagnetic metal, one expects a spin-dependent tunneling current (see Fig. 1.3). This simple picture (provided that tunneling is a spin conserving process), combined with unique properties of superconducting films to act as spin detectors, launched the prolific field of spin-dependent tunneling. This is the description of the spin-polarized tunneling (SPT) technique.

Making use of the SPT technique, Tedrow and Meservey determined positive tunneling spin polarization values, i.e. majority-spin dominated, for Fe, Ni and Co [66]. Tunneling spin polarization values are estimated from the heights of the conductance peaks of F/I/S tunnel junctions such as [66]:

P T ≡ N ↑ (ε f ) -N ↓ (ε f ) N ↑ (ε f ) + N ↓ (ε f ) (G 4 -G 2 ) -(G 1 -G 3 ) (G 4 -G 2 ) + (G 1 -G 3 ) , (1.15) 
where the quantities G 1→4 are the conductance peaks as defined in Fig. 1.3. The positive values of spin polarization reported by Tedrow and Meservey were at first theoretically puzzling since, for the considered ferromagnetic metals, the DOS is in fact strongly minority-spin dominated at the Fermi level. Though, it was soon recognized by Stearns that one must account for the specific band character (e.g., s-or d-like) of electrons involved in the tunneling process [67]. Already within the free-electron treatment of tunneling [59,60], the transmission probability (through the tunneling matrix elements) depends on the electron effective mass which in turn sets the decay rate of evanescent states in the barrier region for wavefunctions of corresponding band character. Itinerant (s-like) electrons have much smaller effective masses than the more localized (d-like) electrons responsible for carrying the essential of the total magnetic moment. As a consequence, despite contributing quite little to the electrode's magnetic moment, itinerant electrons whose spin polarization is opposite to that of 'localized' electrons, contribute to most of the tunneling current due to their wavefunction decaying much less rapidly in the barrier region.

Moreover, and quite strikingly, both negative and positive spin polarization have been measured for Co [68,69], depending on the insulating barrier used. The effect was first predicted by Tsymbal and Pettifor who showed that different interface bonding between Co or Fe and the insulating barrier could result in either positive or negative tunneling spin polarization [70]. These findings stressed out the definitive requirement to consider, in calculations, the electronic structure of not only the electrode but of the entire F/I/M (M =N , F or S) heterostructure in order to provide meaningful predictions and interpretations. They further highlighted how sensitive electron tunneling and spin-polarized tunneling (to an even larger extent) are to the electrode/barrier interface. It led to the conclusion that one should consider the notion of tunneling DOS at the ferromagnet/insulator interface (as opposed to considering solely the bulk DOS of F ).

It turns out that despite decades of research on electron tunneling, an accurate description of spin-polarized tunneling processes, carefully accounting for the full electrode/insulator /electrode band structure, was achieved only in recent years (see e.g., Belaschenko and Tsymbal [START_REF] Belashchenko | Tunneling Magnetoresistance: Theory[END_REF], and references therein). For instance, it was shown that states arising from similar bands but of different symmetry may in turn have a different tunneling probability. A scenario giving rise to spin-filtering (viz. for Bloch states of given symmetries, and near the Fermi level) through an appropriately chosen tunnel barrier, exemplified by the Fe/ZnSe/Fe system(001) [START_REF] Maclaren | [END_REF]73].

The SPT technique developed by Meservey and Tedrow led to the experimental estimation of tunneling spin polarization values at various F/I interfaces. It allowed to draw comparisons with values of P T reported in the literature, using at that time spin-resolved photoemission spectroscopy, and later on confronting it with values obtained from tunneling magnetoresistance (TMR) experiments, and point contact Andreev spectroscopy [74,75]. Experiments consisting of either SPT or TMR (the physics of the latter is presented in the following section) both motivated important theoretical works on spin-polarized electron tunneling, and led to substantial advances in the fabrication of tunnel junctions. Much more could be discussed concerning SPT, nevertheless full details is beyond the scope of the present overview, and the interested reader may refer to Meservey and Tedrow's extensive review on the topic [76]. 
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Tunneling Magnetoresistance

The observed dependence of tunneling current on the DOS, together with spin conservation during tunneling processes, made it reasonable to anticipate that spin-polarized tunneling effects could be observed without resorting to the use of a superconducting spin detector. One should be able to make use of the exchange-split DOS in a second ferromagnetic electrode, in place of the Zeeman-split DOS in the superconductor, to serve as a spin detector. The tunneling current should then depend on the relative magnetization orientation of the two ferromagnetic electrodes, giving rise to a magnetoresistance effect. This is the very idea lying at the basis of the tunneling magnetoresistance effect in so-called magnetic tunnel junctions. In 1976, Slonczewski proposed such concept [77], which was independently realized by Jullière [78] fortuitously at about the same time (1975).

Tunneling magnetoresistance (TMR) corresponds to the change of electrical resistance of a magnetic tunnel junction (MTJ) under the influence of an external magnetic field [82]. An MTJ is a tunnel junction consisting of two ferromagnetic metallic electrodes separated by a thin insulating barrier (provided by e.g., a metal oxide). Similarly to GMR structures (see section 1.2.2), MTJs are expected to exhibit high and low resistance states depending on the relative orientation of the magnetization in the two ferromagnetic electrodes [see Fig. 1.4(a)].

In 1975, Jullière reported the first observations of tunneling magnetoresistance through the relative change in tunnel conductance between parallel-aligned and antiparallel-aligned magnetization configurations in Fe/Ge/Co tunnel junctions [78]. Following Jullière's approach, and in the formalism of the previous section, we derive a simple expression of the TMR ratio as a function of the tunnel conductance in the P and AP states. First, an expression of the tunnel conductance can be obtained by taking the first voltage derivative of Eq. (1.14), which leads to:

G(V ) ≡ dI dV = 2π e σ |T | 2 +∞ -∞ N σ l (ε)N σ r (ε -eV ) df (ε -eV ) dV dε . (1.16)
We assume that majority-and minority-spin electron tunneling are independent processes [as illustrated in Fig. 1.4(c,d)], and we presume spin conserving tunneling processes 26 . Hence, the expression of the conductance for parallel (P) and antiparallel (AP) electrodes magnetization configuration, may be given for vanishing bias by 27 :

G p = 2πe 2 |T | 2 N ↑ l (ε f )N ↑ r (ε f ) + N ↓ l (ε f )N ↓ r (ε f ) , (1.17a) 
G ap = 2πe 2 |T | 2 N ↑ l (ε f )N ↓ r (ε f ) + N ↓ l (ε f )N ↑ r (ε f ) . (1.17b)
Within the approach taken here (see also Refs. [START_REF] Maekawa | Theory of Tunnel Magnetoresistance[END_REF][START_REF] Fabian | Semiconductor Spintronics[END_REF]), and with the assumptions mentioned before, the tunnel conductance is found to be proportional to the product of the spindependent DOS at the Fermi energy N σ (ε f ) in the left and right electrodes. Finally, one arrives at the Jullière's formula for TMR 28 (at zero bias):

TMR ≡ G p -G ap G ap = R ap -R p R p , TMR = 2 P l P r 1 -P l P r , (1.18) 
with P n=l(r) the electronic spin polarization in the left (right) ferromagnetic electrode,

P n = N ↑ n (εf)-N ↓ n (εf) N ↑ n (εf)+N ↓ n (εf) .
In practice, Jullière's formula allows one to link the values of spin polarization obtained from TMR to those obtained by Meservey and Tedrow's technique making use of spin-polarized tunneling into superconductors. The relation holds relatively well (at least qualitatively) as long as comparisons are made between experiments performed on similar F/I interfaces. Nevertheless, as pointed out at the end of the previous section, one should 26 Bearing in mind that the tunneling probability can itself be spin-dependent. In particular, subtle considerations involving band-structure symmetries of both the electrodes and the tunnel barrier may result in symmetry-filtering effects [START_REF] Maclaren | [END_REF]73,79]. 27 As a reminder, the total derivative of f (ε, V, T ) is: df /dV = (∂f /∂V )(dV /dV ) + (∂f /∂ε)(dε/dV ) + (∂f /∂T )(dT /dV ), where dε/dV = 0 and dT /dV = 0. In the low temperature limit, the energy derivative of the Fermi-Dirac distribution can be approximated by a Dirac delta function of characteristic width k B T and centered around ε = ε f ± eV . Therefore, substituting [∂f (ε -eV )/∂V ] by [eδ(ε -eV )] allows to evaluate the integral of Eq. (1.16) according to the theory of distributions: 28 Similarly to GMR ratios, TMR ratios can, by far, exceed 100 %.

+∞ -∞ f (x)δ(x -x 0 )dx = f (x 0 ).
not hold to the notion of bulk DOS, but rather resort to the notion of interfacial tunneling DOS. For that reason, a more accurate expression of P T may be obtained by taking into account the specific tunneling probability |T σ | 2 for each spin-subband, such that [85]:

P T = |T ↑ | 2 N ↑ (ε f ) -|T ↓ | 2 N ↓ (ε f ) |T ↑ | 2 N ↑ (ε f ) + |T ↓ | 2 N ↓ (ε f ) , (1.19)
with P T the tunneling spin polarization. We note that the tunneling spin polarization defined here is a meaningful quantity for a given F/I interface, and should be distinguished from the bulk spin polarization of the ground state [Eq. (1.4)]. The expression given in Eq. (1.19) is a step closer to a realistic treatment of spin-polarized tunneling, taking into account the spin-dependent probability of tunneling (for each state), as |T ↑ | 2 and |T ↓ | 2 need not be equal. Though, Eq. (1.19) still neglects the band character (s, d, etc.) and the symmetry of each tunneling state. Important theoretical efforts have been made over the past decade in order to compute realistic electronic structures including the aforementioned parameters, and to shine light on their contribution to spin-polarized tunneling [START_REF] Belashchenko | Tunneling Magnetoresistance: Theory[END_REF].
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Hallmark features of MTJs include their conductance behavior as a function of bias voltage, the temperature and bias dependence of the TMR signal, as well as the critical role played by the FM/I interfaces and the barrier material [START_REF] Leclair | Tunneling Magnetoresistance: Experiment (Non-MgO Magnetic Tunnel Junctions)[END_REF]. Hereinafter, we only comment briefly on probably the more remarkable one, that is the typical resistance versus magnetic field behavior observed in so-called spin valves. Within Jullière's model [Eq. (1.17)], the conductance of an MTJ, whose spin polarization is of the same sign for both electrodes, is higher (smaller) when the two electrodes magnetizations are parallel (antiparallel). A straightforward way of realizing it is to use ferromagnets with different coercive fields [see Fig. 1.4(a)], taking e.g., two different ferromagnetic materials, or ferromagnets having significantly different thicknesses. An other way, is to realize a trilayered structure in which one of the two ferromagnets' magnetization is pinned by the coupling with an antiferromagnetic (AF ) layer (e.g., NiO, FeMn, IrMn), while the magnetization of the second ferromagnetic layer can be switched by moderate external magnetic field, such as to access P and AP magnetization configurations [see Fig. 1.4(b) ]. As expressed by LeClair and Moodera: "The exchange-biased MTJ is the most commonly studied configuration by far. Technologically, exchange biasing is advantageous because the resistance transition takes place near the zero magnetic field, [...] while from a fundamental point of view, it allows one to study MTJs with nominally identical electrodes" [START_REF] Leclair | Tunneling Magnetoresistance: Experiment (Non-MgO Magnetic Tunnel Junctions)[END_REF].

Even though Jullière's early experiments are today considered groundbreaking, they did not attracted much attention 29 until the late 80's and the discovery of GMR in metallic magnetic multilayers [17,18]. Later on, in 1995, the 'resurgence' of TMR was triggered by the first observation of room temperature TMR effects (∼ 10 %) by Moodera et al. [89], and independently by Miyazaki and Tezuka [90], both in Al 2 O 3 -based MTJs. Since then, TMR and MTJs have known an outburst of interest in the spin-electronics community, and alongside participated to the latter's rapid expansion.

Following theoretical predictions of very large TMR effects in Fe/MgO/Fe MTJs [80,81], several groups fabricated Fe/MgO-based MTJs and reported moderate TMR ratios (of few tens of % at room temperature) [91][92][93], whose limited performances were attributed to intrinsic metal/MgO interfacial defects and contaminations, and later on addressed and solved by subtle fabrication processes improvements. Resorting to high-quality fully epitaxial Fe/MgO(001)/Fe MTJs [94,95], CoFe/MgO(001)/CoFe MTJs [96] and ultimately to CoFeB/MgO(001)/CoFeB MTJs [97][98][99] allowed for the observation of giant TMR effects up to more than 200 % at room temperature, due to symmetry filtering tunneling effects. The potential of MTJs for dense, fast, and non-volatile magnetic random access memories (MRAM), as well as for magnetic sensors, was recognized early on [START_REF] Parkin | Proc. IEEE[END_REF]. In 2006, it led to the commercialization of MgO-based MTJs with ultra-low resistance-area products for their use as TMR read-heads for ultrahigh-density HDDs [START_REF] Yuasa | Tunneling Magnetoresistance: Experiment (MgO Magnetic Tunnel Junctions)[END_REF], subsequently supplanting GMR-based technology.

Spin-Orbit Interaction and Spin Relaxation

Spin relaxation and spin dephasing refer to processes that bring an unbalanced population/ensemble of spins into equilibrium. At issue is the physics of spin transport in solids, which differs fundamentally from the physics of charge transport in that spin is a non-conserved quantity in solids. The spin of electrons decay due to their coupling with spin-orbit and hyperfine interactions. We first introduce the concept of spin-orbit coupling and then proceed to describe the main relevant mechanisms responsible for the loss of spin information in solids.

The Spin-Orbit Interaction

The intrinsic spin-orbit interaction (SOI) between an electron and its atom nucleus arises as follows. We consider the semi-classical picture of an electron orbiting an atom (at a velocity |v |), in the nucleus rest frame. If instead the atom is considered in an inertial frame, comoving with the electron, the nucleus thus appears to be orbiting the electron. The electron experiences a magnetic induction B in its rest frame which arises from the Lorentz transformation of the static local electric field (in the framework of Einstein's special relativity). The resulting magnetic field (magnetic induction) is given by:

B = 1 c 2 E × v , (1.20) 
with c the speed of light in vacuum, and where

E = -∇V (r) = - r r dV (r) dr , (1.21) 
is the local electric field at the electron due to the nucleus, and V (r) is the corresponding electron-ion potential in spherical symmetry. A general expression relevant to SOI in solids, and which accounts for Rashba SOI is considered in Eq. (1.24). This magnetic field interacts with the total spin magnetic moment of the electron to give the following additional spinorbit (SO) term in the Hamiltonian 30 :

Ĥso = - 1 2 µ • B , (1.22) 
where the factor of 1 2 is the relativistic Thomas-Wigner factor [START_REF] Thomas | [END_REF]103]. After a little bit of algebra, it can be shown that Eq. (1.22) takes the form:

Ĥso = - g e e 4m 2 e c 2 1 r dV (r) dr Ŝ • L , (1.23 
) 30 The SOI can be treated as a perturbation of the Hamiltonian Ĥ0 = Ĥkin + Ĥpot = p2 2me + e V (r ), consisting of the kinetic (kin) and potential (pot) energetic contributions, where V (r ) is the periodic crystal potential.

where the orbital angular momentum is given by L = r × p, and considering the expression of µ = γS given by Eq. (1.1). In its current form, Eq. (1.23) explicitly reveals the coupling between the spin (S ) and orbital (L) angular momentum. The SOI notably (and very importantly) appears when considering relativistic corrections applied to the electron. It explains in particular the fine structure of the Hydrogen atom, i.e. the energy splitting of otherwise degenerate spectral lines [START_REF] Cohen-Tannoudji | Quantum Mechanics[END_REF]. The spin-orbit coupling term Ĥso can in fact be derived from the relativistic Dirac-Schrödinger equation.

The form of Ĥso given by Eq. (1.23) requires to obtain an (approximated) expression for the electron-ion potential V (r) and to calculate the Ŝ • L coupling term, which remains a solvable problem for the case of the Hydrogen atom. Instead, in solid-state physics, it is convenient to consider the Hamiltonian arising from the SOI, which can take either of the following forms:

Ĥso = - eg e 8m 2 e c 2 (∇V × p) • σ , (1.24a) Ĥso = - 2 eg e 8m 2 e c 2 E × k • σ , (1.24b) 
where p = k ≡ -i ∇ is the linear momentum operator, and σ are the Pauli matrices, 31 such that Ŝ = 2 σ. Thus, the SOI is found to couple the electron spin degree of freedom σ to its momentum k . Seen from the perspective of the electron spin, the spin-orbit coupling gives rise to spin precession, while momentum scattering makes the precession to fluctuate randomly both in magnitude and in orientation. In the following section, we present some of the representative spin relaxation mechanisms in solids (and in particular the Elliott-Yafet and D'yakonov-Perel' mechanisms, which arise from the SOI).

The importance of the SOI in solid-state physics (as well as in atomic physics) cannot be overstated, as it provides an anisotropic exchange interaction and plays a fundamental role in various spin-dependent phenomenon such as e.g., anisotropic magnetoresistance (AMR) and tunneling anisotropic magnetoresistance (TAMR), the anomalous Hall effect (AHE), the physics of the spin Hall effect (SHE) and the inverse spin Hall effect (ISHE), as well as that of the (inverse) Edelstein effect ( §5.2), to name only few of them.

Mechanisms of Spin Relaxation

We introduce the conceptually important spin relaxation and spin dephasing times, considering the general situation of an electron spin in a fluctuating magnetic field. We then present two of the main mechanisms for the spin relaxation of conduction electrons 32 , that is the Elliott-Yafet mechanism and the D'yakonov-Perel' mechanism. Last but not least, we present the mechanism of spin relaxation arising from hyperfine interactions between electron spins and nuclear spins. For further details, the reader can refer to the extensive (up to the year 2004) review article on Spintronics by Žutić et al. [4], and to references therein.

31 σx = 0 1 1 0 , σy = 0 -i i 0 , σz = 1 0 0 -1 .

Electron Spin in a Fluctuating Magnetic Field

The spin relaxation and spin dephasing times (T 1 and T 2 respectively) are traditionally defined in the framework of the Bloch-Torrey equations for magnetization dynamics. One can derive the same quantities by resorting to a 'toy model' of an electron spin in a fluctuating magnetic field (following the approach of Fabian and Wu [START_REF] Fabian | Spin Relaxation and Spin Dynamics in Semiconductors[END_REF]). Lets consider an electron spin S in the presence of an external magnetic field B(t) = B 0 u z + B ⊥ (t) [see Fig. 1.5(a)] with a static longitudinal component B 0 (oriented along the z direction) and a time-dependent oscillating component B ⊥ , transverse to u z , which fluctuates about zero 33 . The spin dynamics in such a magnetic field is then described by the following set of Bloch equations [START_REF] Fabian | Spin Relaxation and Spin Dynamics in Semiconductors[END_REF][START_REF] Bloch | [END_REF]:

∂S x ∂t = -ω 0 S y - S x T 2 , (1.25a 
)

∂S y ∂t = -ω 0 S x - S y T 2 , (1.25b 
)

∂S z ∂t = - S z -S 0 z T 1 , (1.25c) 
where S 0 z is the thermal equilibrium 34 value of the spin in the presence of the static magnetic field B 0 (of the Larmor frequency ω 0 = |e|ge 2me B 0 ). The spin components S x and S y which are perpendicular to the static field component B 0 , decay exponentially on the timescale of T 2 . The characteristic time T 2 is called spin dephasing time, as it classically describes the loss of the phase 35 of the spin components perpendicular to the static field B 0 . The second characteristic time T 1 is termed the spin relaxation time, as it relates to the time necessary for the longitudinal spin component to reach thermal equilibrium. It thus requires to extract energy from the spin system, which in solids is generally achieved by transferring it to the lattice, through specific spin relaxation mechanisms.

In isotropic and cubic solids, T 1 = T 2 (for a nonmagnetic conductor) 36 as long as the inequality ω 0 τ c 1 is satisfied, where τ c is the correlation time such that τ -1 c is the rate of change of the effective dephasing magnetic field (or, in other words, phase losses occur during intervals of τ c ). In electronic systems (besides p-type semiconductors), τ c is generally given by τ p the momentum relaxation time. Those times are typically smaller than a picosecond, thus the equality T 1 = T 2 is fulfilled for magnetic fields up to several tesla. A qualitative reason for T 1 = T 2 is that, in classical terms, spin that is oriented along the direction of the static magnetic field can precess a full period about the transverse fluctuating field, and experiences the same dephasing fields as transverse components. As the external field |B 0 | 33 In some cases, it can be convenient to consider B(t) = B 0 u z + B ⊥ (t) as arising from two effective sources of magnetic field: an external static magnetic field B ext 0 , and an internal source of fluctuating magnetic fields B ⊥ (t). Fluctuating magnetic fields arise quite naturally in the context of electron spins in solids. 34 Precisely, at the temperature at which the fluctuating fields giving rise to ω(t) are in equilibrium. 35 An ensemble of transverse electron spins, initially precessing in phase about the longitudinal field, lose their phase due to spatial and temporal fluctuations of the precessing frequencies. 36 If the system is anisotropic, the equality T 1 = T 2 no longer holds, and Yafet showed that the inequality T 2 < 2T 1 holds, and that T 2 changes with the direction by at most a factor of 2 [START_REF] Yafet | G-factors and spin-lattice relaxation of conduction electrons[END_REF].

increases, the precession angle of the longitudinal component (S z ) is reduced, which inhibits dephasing.

In the limit of weak static magnetic field (ω 0 τ c 1), the model describing spin in a fluctuating magnetic field [Eqs. (1.25a -c)] predicts the following generic result:

1 T 1 = 1 T 2 = ω 2 τ c , (1.26) 
where the overline denotes averaging over random realizations of B(t). At first sight, Eq. (1.26) gives the surprising result that the spin relaxation time is inversely proportional to the correlation time τ c . That is the more random the fluctuating field appears, the less the spin decays. This is in fact explained by the so-called phenomenon of motional narrowing, (or dynamical narrowing), which is an inhibition of phase change by random fluctuations. It can be understood as follows. A spin experiencing a fluctuating magnetic field of random direction (and constant magnitude) will rotate about it by an angle δϕ = ωτ c , with a typical time interval set by τ c the correlation time of the fluctuating field. After n steps, that is after a time t = nτ c , the phase progresses by φ(t) = δϕ √ n, the well-known result for a random walk. The spin dephasing time t φ is then defined as the time it takes for φ(t) to reach unity. It happens after a time t φ = τ c /(ωτ c ) 2 , that is t φ = 1/(ω 2 τ c ), which is the result of Eq. (1.26).

Throughout this manuscript, we adopt the widely used notation τ sf = T 1 = T 2 , where τ sf refers to a unique characteristic time known indifferently as the spin-flip time, spin relaxation time, or spin lifetime.

Elliott-Yafet Mechanism

Elliott [107] realized that electrons spin can relax (get randomized) through momentum scattering processes, typically by phonons at high temperatures or impurities at low temperatures. To do so, it requires the spin part of the electron wavefunction to couple to the lattice ions through spin-orbit coupling. Elliott considered the case of elementary metals, which posses a center of inversion symmetry, and showed that in the presence of a SOC of the form of Eq. (1.24a), the single-electron Bloch wavefunctions are no longer eigenstates of σz but rather an admixture of the spin up |↑ and spin down |↓ states (the Pauli spinors). It should be noted that Elliott only took into consideration the scalar, spin-independent, part of the periodic electron-ion potential. Within the Elliott-Yafet mechanism [Fig. 1.5(c)], spin relaxation of conduction electrons is caused by probabilist spin-flip events occurring after, typically for metals, about one thousand scattering events [108].

Elliott derived a relation which relates the spin relaxation time T 1 to δg = (g -g 0 ), the shift of the electron g-factor from the free-electron value of g 0 = 2.0023. The Elliott relation reads [107]:

1

T 1 = ξ (δg) 2 τ p , (1.27) 
where τ p is the momentum relaxation rate, and ξ ( 1 -10 for elemental metals) is a numerical coefficient introduced later on by Beuneu and Monod [108] and whose value depends on the dominant scattering mechanism (phonons, charge or neutral impurities). δg can be experimentally measured using the so-called (conduction) electron spin resonance technique (CESR or ESR), also commonly known as electron paramagnetic resonance spectroscopy (EPR). The Elliott relation only gives a rough estimate of the spin relaxation time, and the relevant experimentally measured ratio τ p /T 1 depends on the involved scattering mechanism(s). After Elliott's work, Yafet derived for band-structure systems with a center of inversion symmetry, a non-trivial qualitative relation, named after him. The Yafet relation which connects the temperature dependence of the spin relaxation rate to that of the resistivity ρ [109]:

1

T 1 (T ) ∼ ρ(T ) , (1.28) 
knowing that τ -1 p (T ) ∼ ρ(T ). Yafet carefully showed that in centrosymmetric conductors, and in the presence of electron-phonon scattering processes, T 1 (T ) ∼ T -5 at low temperatures, similarly to the Bloch-Grüneisen law for the resistivity of metals (provided that Umklapp processes do not substantially contribute [START_REF] Ashcroft | Solid State Physics[END_REF]), thus justifying the formulation of Eq. (1.28). Within Elliott's mechanism, electron-phonon scattering leads to spin-flips when the lattice ions induces spin-orbit coupling in the electron wave function. Within Yafet's mechanism, the gradient part of the electron-ion spin-orbit potential is responsible for spin relaxation as a result of typically electron-phonon scattering as well. The two processes are generally of similar order of magnitude, and one needs to consider both contributions (which interfere destructively) in order to avoid a rough overestimation (by orders of magnitude) of the spin relaxation rate [START_REF] Fabian | Spin Relaxation and Spin Dynamics in Semiconductors[END_REF]. Indeed, the Yafet relation can be found invalid, as in the case of silicon for which T 1 (T ) ∼ T -3 [START_REF] Cheng | [END_REF]. Both the Elliott and Yafet relations have been tested early on, in the case of elementary metals, by Beuneu and Monod [108,112].

The Elliott-Yafet (EY) spin relaxation mechanism is generally inferred from the determination of the temperature dependence of the spin relaxation time τ sf ≡ T 1 , which is expected to follow that of the momentum relaxation time τ p , such that [START_REF] Pikus | Spin Relaxation under Optical Orientation in Semiconductors[END_REF]:

1 τ ey sf (ε k ) = ξ (λ so ) 2 (∆ε) 3 ε k τ p (ε k ) , (1.29) 
where 37 ξ is a numerical prefactor [see Eq. (1.27)], λ so is the atomic SO coupling constant (the energy splitting for spin up and spin down electrons) in a specific band, and ∆ε is the average energy separation from the conduction band to the nearest unoccupied (valence) band (i.e. the energy gap in a semiconductor) to which it is coupled by the SOI. From Eq. (1.29), it follows for centrosymmetric conductors that the smaller the spin-orbit induced spin splitting and the larger the energy bandgap, the smaller the Elliott-Yafet spin relaxation rate 38 .

D'yakonov-Perel' Mechanism

D'yakonov and Perel' [START_REF] Zakharchenya | [END_REF]115] derived a mechanism of spin relaxation relying on spinorbit coupling, for systems lacking inversion symmetry. Prominent examples of such systems include those with a zinc-blende crystal structure 39 such as groups III-V (e.g., GaAs, InP) and II-VI semiconductors, as well as heterostructures where the interface is responsible for breaking the inversion symmetry of the system. We hereby stress the importance of the latter class of systems to this thesis, which is devoted to the study of spin related phenomena in the canonical LaAlO 3 /SrTiO 3 oxide heterostructure.

In solids without a center of inversion symmetry, spin-orbit coupling is responsible for spin-splits electronic subbands: ε k ,↑ = ε k ,↓ , but preserves the Kramers degeneracy due to time reversal symmetry: ε k ,↑ = ε -k ,↓ . The spin-orbit coupling is then conveniently described by an intrinsic effective spin-orbit field B so (k ), which derives from the band structure, and introduces a momentum-dependent (Zeeman-like) term in the Hamiltonian:

Ĥdp so = eg e 4m e B so (k ) • σ = 2 Ω k • σ , (1.30) 
where Ω k = ege 2me B so (k ) is analogous 40 to the Larmor frequency at which electron spins precess around B so . In particular, time-inversion symmetry requires that the effective SO field is an odd function of the momentum: Ω k = -Ω -k . We conveniently refer to Ω k as an effective spin-orbit field. Similarly to what happens in the EY mechanism, in the DP mechanism, the presence of SOC causes the spin part of the conduction electron wavefunctions to no longer be a pure Zeeman state but to become an admixture of the spin up and spin down states.

Within the D'yakonov-Perel' (DP) mechanism, electron spins (which obey the differential equation ∂S ∂t = Ω k × S ) experience a fluctuating effective field such that 41 Ω k τ p ≤ 1, and slowly precess about it [Fig. 1.5(c)]. This corresponds to the situation of small precession angles for the spin, where motional narrowing takes place as described at the end of section 1.4.2.1. Thus, the spin phase experiences a random walk in a time interval set by the momentum scattering time τ p (which plays the role of the correlation time τ c ). After an average time τ p , an individual electron spin having been scattered from a momentum k to a momentum k' experiences a different effective field Ω k' . It follows for the expression for the D'yakonov-Perel' spin relaxation rate [see also Eq. (1.26)]:

1 τ dp s (ε k ) = ξΩ 2 k τ p (ε k ) , (1.31 
) 39 The zinc-blende structure consists of two interpenetrating face-centered cubic lattice, such as in the well-known rock-salt(NaCl) structure, and for which the inversion symmetry is broken by the presence of two distinct atoms in the Bravais lattice.

40 Ω k is not fully equivalent to a real Larmor frequency. Indeed, while an applied magnetic field produces a net macroscopic magnetization and spin polarization, the term given by Eq. (1.30) preserves the same number of spin up and spin down states. 41 Where the overline denotes the value of Ω k averaged over the momentum distribution (or equivalently over angles). In the limit where Ω k τ p ≥ 1, individual electron spins precess a full cycle before being randomly scattered to another momentum state. In such case, the spin is irreversibly lost after a time set by τ p . The regime where Ω k τ p ≤ 1 is the most appealing one in view of the resulting longer spin lifetimes, typically τ sf ≥ 10 τ p . where ξ is a numerical coefficient which depends on the specific mechanism of momentum relaxation. Eq. (1.31) is valid for Ω k τ p ≤ 1.

The effective SO field Ω k specifically arises from the band structure of the considered material, and two main terms play a role42 : the so-called bulk inversion asymmetry (BIA, or Dresselhaus) term [START_REF] Dresselhaus | [END_REF], and the structure inversion asymmetry (SIA, or Bychkov-Rashba) term [118,119].

On one hand, Dresselhaus considered the case of bulk zinc-blende crystals and showed that the spin-orbit induced spin-splitting is proportional to the cube of the lattice momentum [START_REF] Dresselhaus | [END_REF]. D'yakonov and Perel' further showed that the effective SO field arising from BIA can be written [115]:

Ω bia k = 2 α d 2m 3 c ε g κ(k ) , (1.32) 
where α d is a dimensionless parameter specifying the strength of the SOI, m c is the electron effective mass in the conduction band, ε g is the energy bandgap, and

κ(k ) = [k x (k y -k z ) 2 , k y (k z -k x ) 2 , k z (k x -k y ) 2 ]
, with k i the lattice wave-vector components along the crystal principal axes.

On the other hand, Bychkov and Rashba treated spin-orbit induced spin-splitting arising from an asymmetric43 confining electrostatic potential normal to the interface, as it is the case for heterostructures, quantum wells (QWs) and deformed bulk systems (see footnote 39). Considering the Hamiltonian of Eq. (1.30), the effective SO field resulting from SIA is given by [119]:

Ω sia k = 2α br (k × z ) , (1.33) 
where z is the unit vector normal to the interface (which also sets the momentum and spin quantization axis in the QW), and α br is the Bychkov-Rashba SOI strength 44 (in units of eV.m). It should be noted that when Ω sia k and Ω bia k are of the same order of magnitude, it leads to in-plane anisotropic spin dephasing rates, as shown for [001] QWs [121,122], a phenomena beyond the scope of the present overview.

Among the features that differ between the Elliott-Yafet and D'yakonov-Perel' spin relaxation mechanisms, the most prominent one is probably their opposite dependence on the momentum relaxation time τ p . Indeed, comparing Eqs. (1.29) and (1.31), it comes for the EY mechanism τ ey sf ∼ τ p , at odds with the DP mechanism where τ dp sf ∼ τ -1 p . Furthermore, substituting Eq. (1.32) in Eq. (1.31), it follows that τ dp sf (bia) ∼ (1/ε g ), while τ ey sf ∼ (ε g ) 3 , where ε g is the energy bandgap. Another striking distinction between the two mechanisms is highlighted by their respective dependence of the spin diffusion length l sf = Dτ sf (with D the diffusion constant), on momentum scattering. Since D ∼ τ p , it comes for the EY mechanisms l ey sf ∼ τ p , while for the DP mechanisms it results that the spin diffusion length does not depend on the momentum scattering time. To conclude this section, we should emphasize that in systems Each change in the electron trajectory is caused by electron scattering (of off, e.g., phonons, impurities) with an average time between collisions set by the momentum scattering time τ p . Spin relaxation occurs as the electron spin can flip (with a given probability for such occurrence) due to spin-orbit coupling, while it is conserved between two scattering events. (c) D'yakonov-Perel' mechanism (Ω k τ p ≤ 1). The electron spin slowly precesses about the k-dependent effective spin-orbit field Ω k between two scattering events. Phonons and/or impurities scatter the electron from a state k to a different momentum k' , thus causing the spin to precess about a different axis Ω k' , and so on and so forth. Spin is preserved during scattering events. (d) Hyperfine interaction mechanism. Electron-nucleus spin-exchange interaction modeled through the concomitant action of effective magnetic fields B e and B n of electronic and nuclear origin respectively, where the latter leads to spin ensemble dephasing.
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lacking inversion symmetry, the Elliott-Yafet spin relaxation mechanism competes with the D'yakonov-Perel' one. The dominance of one mechanism over the other depends on the considered material, its crystal structure and orientation, as well as on specific conditions, such as temperature and doping.

Hyperfine Interaction Mechanism

The hyperfine interaction corresponds to the exchange interaction between an electron spin and a nuclear spin. It provides an important mechanism for spin ensemble dephasing [123] as well as for the decoherence of individual spins on donor sites [START_REF] Paget | Optical Investigation of Hyperfine Coupling between Electronic and Nuclear Spins[END_REF] or confined in quantum dots [START_REF] Khaetskii | [END_REF]126]. To a very large extent, investigations of the hyperfine coupling between electronic and nuclear spins have been carried out in semiconductors, in the context of optical orientation (optical pumping)/detection of spins through the use of circularly polarized light [127]. In the context of Spintronics, the hyperfine interaction can play an important role in the mechanisms of spin depolarization involved in electrical spin injection experiments [START_REF] Chan | [END_REF], as discussed in the third chapter of this manuscript.

The static hyperfine interaction between a single electron of spin S at position r and a nuclear spin I j at position R j (where j labels the j-th nucleus) is described by the Fermi contact Hamiltonian [123,129]:

Ĥ = 8π 3 µ 0 4π g 0 µ b γ n Ŝ • Î j δ(r -R j ) , (1.34) 
where µ 0 is the vacuum permeability, g 0 = 2.0023 is the free-electron g-factor, µ b is the Bohr magneton, γ n is the nuclear gyromagnetic ratio, and the spin operators are expressed in units of .

The wavefunction envelop of a localized electron (in an s orbital) typically spreads over a few nanometers in semiconductors (on a shallow donor/acceptor). Thus even a localized electron experiences the combined magnetic moments of a large number of nuclei (typically 10 4 -10 6 lattice sites). It can be showed that due to the hyperfine interaction, an electron spin experiences an effective magnetic field B n given by [129]:

B n = 2 3 µ 0 g 0 g γ n I |ψ k (R j )| 2 , (1.35) 
where g is the electron g-factor, and ψ k (R j ) is the electron envelope wavefunction at the site of the nucleus. Eq. (1.35) corresponds the case of uniformly polarized nuclei of average nuclear spin I throughout the probed volume of interaction. When all the nuclear spin are aligned, |B n | can reach values up to several tesla. Nonetheless, when interacting with randomly oriented nuclear spins, the phase of an electron spin will experience a random walk, leading to an effective field strongly reduced by a factor of 1 √ N , where N ∼ 10 4 -10 6 . Conversely to the mechanism decribed above, a nucleus at position R j will experience an effective magnetic field B e (named the Knight field, after Walter D. Knight) of electronic origin arising from the hyperfine interaction with electron spins [129]:

B e = - 2 3 µ 0 g 0 µ b k S k |ψ k (R j )| 2 . (1.36)
In experiments consisting of dynamic nuclear polarization45 (DNP), Paget et al. have determined that in p-doped GaAs, an electron spin can experience magnetic fields arising from the hyperfine interaction as large as 5.2 T for fully polarized nuclei in GaAs46 [129].

In metals and in semiconductors, the hyperfine interaction mechanisms is negligible in causing effective spin relaxation as compared to the SO induced mechanisms (EY, DP). Due to their inherent delocalized nature, conduction electrons are weakly coupled to the nuclei and the efficiency of spin relaxation induced by the hyperfine interaction is strongly inhibited by the phenomena of motional narrowing [START_REF] Overhauser | [END_REF]. The hyperfine interactions is found to play a significant role in dephasing localized electron spin, which is the case for spins on dangling bounds, donor sites and quantum dots, corresponding to a confined volume.

Concluding and Opening Remarks

The present overview of the field of spintronic is far from being a state-of-the-art account of the field. We have rather focused on some of the early and fundamental concepts of spindependent conduction and spin-dependent tunneling. In turn, chapters 3 and 5 of this thesis bring about more conepts, and more recent developments of the study of non-equilibrium spin physics in solids. Instead of a conclusion to this chapter, let us make some opening remarks, that will help us put in context the remainder of this dissertation.

After early works on electrical spin injection in metals [START_REF] Aronov | [END_REF]389,391,401], most of the theoretical attention and experimental efforts devoted to the prospect of materials suited for the transport of spin information have been directed toward semiconductors, and more recently toward graphene. These materials are the hosts of two-dimensional electron gases (2DEG), and 2D hole gases (2DEH) with very high-electron mobility (in excess of 10 4 cm 2 .V -1 .s -1 for graphene, and in excess of 10 6 cm 2 .V -1 .s -1 for semiconductor-based 2DEGs). Moreover, their electrical conductivity can be tuned by resorting to electric field-effect, forever impossible in metals. Alongside, they are particularly appealing for the prospect of spin-logic devices (such as the prototypical Datta & Das spin-FET [START_REF] Datta | [END_REF]), as they can exhibit very long spin lifetimes (as long as 100 ns in GaAs [132]) and much longer spin diffusion lengths than in metals (as large as 100 nm in graphene [400]). A new class of 2D (or quasi-2D) conducting materials has yet emerged, as exemplified by the discovery of a high-mobility quasi-2D electron system (q2DES) at the interface between two insulating oxides: LaAlO 3 and SrTiO 3 [16]. In the search of new materials that have the tunability and functionalities to enable new types of spintronic devices, oxide heterostructures hosting q2DES appear as very exciting candidates, if not for near-future applications, surely for fundamental studies of non-equilibrium spin physics in those systems.

In chapter 2 we give a topical overview of the LaAlO 3 /SrTiO 3 (001) system, which has become the prototypical example of high-mobility emergent q2DES at oxide heterointerfaces. Chapter 3 is devoted to the study of non-equilibrium spin accumulation generated electrically by tunneling spin injection and detected by the Hanle effect. All the necessary theoretical background is introduced within the same chapter.

At last, we should mention that a number of alternative and very promising route to generate and detect spin(-polarized) currents, in metals and semiconductors with strong SOC, include the spin Hall effect (SHE) and inverse spin Hall effect(ISHE), which lead to the so-called spin injection Hall effect (SiHE). Other approaches rely on the optical manipulation of magnetizations and out-of-equilibrium spin ensembles, as well as on the generation of spin currents via magnetization dynamics induced by spin-transfer torque or ferromagnetic resonance (FMR). In chapter 5, we make use of FMR-driven spin pumping, and we exploit the recently observed inverse Edelstein effect for the detection of spin current conversion in the LaAlO 3 /SrTiO 3 'Rashba 2DES'.

Crystals with comparable lattice parameters can be combined in heteroepitaxial structures, which in a naive way mimics the Lego ® construction game. Most interestingly, flavors can be added to the simple construction game, as elemental constituents also exhibit a diversity of ground states. Artificially fabricated heterostructures offer virtually unlimited combinations to engineer competing orders and proximity effects at heterointerfaces, resulting in novel emergent properties and functionalities. This has been exemplified by the discovery, in 2004, of a high mobility quasi-two-dimensional electron system (q2DES) at the interface between two band insulators, namely lanthanum aluminate (LaAlO 3 ) and strontium titanate (SrTiO 3 ) [16]. This discovery has fast-tracked a very active field of research on oxide-based low-dimensional conducting heterostructures, and after a decade of intensive research, the LaAlO 3 /SrTiO 3 q2DES has become the prototypical example of this field.

In the present chapter, we give an overview of experimental and theoretical studies of the canonical LaAlO 3 /SrTiO 3 (001) heterointerface, and share our current understanding of the correlations between the structural and electronic properties of the quasi-two dimensional electron system it hosts. In light of some of the hallmark features of the LaAlO 3 /SrTiO 3 (001) system, we discuss various mechanisms (polar discontinuity, oxygen vacancy doping, cationic intermixing) proposed and debated over the years, to account for the emergent interfacial conduction, and tentatively explain its origin. In the last part of this chapter, we report on the pulsed laser deposition, structural characterization, and transport properties of LaAlO 3 /SrTiO 3 (001) heterostructures realized as part of this thesis work.

The Canonical

LaAlO 3 /SrTiO 3 (001) Heterostructure

In this first section, we highlight some of the key structural and electronic properties of stoichiometric and doped SrTiO 3 compounds, followed briefly by those of the LaAlO 3 crystal. We then present the ground-breaking discovery, made by Ohtomo and Hwang, of an emergent metallic state at the LaAlO 3 /SrTiO 3 heterointerface [16]. At room temperature, SrTiO 3 has a cubic perovskite structure [Fig. 2.1(a)] with a lattice parameter a sto =3.905 Å (P m3m space group). The SrTiO 3 crystal undergoes a cubicto-tetragonal phase transition at around 105 K [135-137], driven by an antiferrodistortive (AFD)1 displacement of the oxygen atoms. In its stoichiometric form, SrTiO 3 is an insulator with a large bandgap of 3.3 eV [138][139][140], which separates oxygen 2p (valence) bands from empty Ti 3d (conduction) bands [141]. In the insulating state, 3d 0 Ti atoms have a 4+ valence state, with a three-fold degenerated t 2g ground state [see Fig. 2.1(b,c)]. In SrTiO 3 , low levels of impurities or oxygen defects can lead to the formation of an impurity-band, with a suspected crossover in conduction mechanisms toward a conduction band at higher carrier densities [142]. Transport properties of SrTiO 3 are readily affected by slight compositional changes, giving rise to a bulk metallic state at -exceptionally low -carrier concentrations ∼ 8.5 × 10 15 cm -3 , and all the way up to much higher carrier concentrations in the mid-10 20 cm -3 range [142]. SrTiO 3 is in fact an n-type semiconductor, and electron doping can be achieved through the substitution of Sr with La, or of Ti with Nb (both Nb and Sr donate nominally 1 electron), as well as by removing oxygen (each oxygen vacancy donates nominally 2 electrons). In practice, electrons are added to the Ti 3d conduction band, inducing a change in Ti valency from 4+ to 3+. Hence, the electrical conduction properties of SrTiO 3 are intimately connected to the remarkable property that Ti atoms can access a mixed valence state. In contrast, Sr atoms are always in a 2+ valence state in SrTiO 3 . According to Mott, in a doped semiconductor, when the average distance (d) between the dopants becomes a sizeable fraction of the effective Bohr radius a * b (that of the impurity orbital), a metal-insulator transition occurs, with d ∼ n 1/3 , n the carrier density. Quantitatively, this translates into the so-called Mott criterion [START_REF] Mott | Metal-Insulator Transitions[END_REF] 

SrTiO

n 1/3 c a * b 0.25,
where n c is the critical concentration at which the insulating to metallic state transition occurs. Experimentally, the Mott criterion has been observed to hold for a wide range of semiconductors and of carrier concentrations [START_REF] Edwards | [END_REF]. Since the effective Bohr radius is proportional to the dielectric constant, the transition is expected to occur at low carrier densities in doped SrTiO 3 . This is indeed the case, and electron-doped SrTiO 3 displays a finite zero-temperature conductivity down to carrier concentrations as low as 8 × 10 15 cm -3 [142]. That is, orders of magnitude lower than in silicon (3.5 × 10 18 cm -3 ) or germanium (3.5 × 10 17 cm -3 ) [START_REF] Edwards | [END_REF].

Moreover, SrTiO 3 undergoes a transition toward a superconducting state at a critical temperature (T c ) of about 300 mK [145], where T c exhibits a dome-shaped behavior as a function of the carrier concentration [146,147]. Discovered in 1964 [145], it is the first member of a loose family of "semiconducting superconductors" [148], which now includes column-IV elements [149]. Much more recently, SrTiO 3 has been shown to exhibit superconductivity down to carrier concentrations as low as 5.5 × 10 17 cm -3 [150]. Strikingly, this makes SrTiO 3 the most dilute superconductors known to date, with a Fermi energy, in the metallic normal state, as small as 1.1 meV. This concludes a short overview of the remarkable electronic and structural properties of SrTiO 3 , which, despite of its insulating nature in the bulk, has been shown to exhibit a rich phase diagram. Besides, SrTiO 3 has been dubbed a quantum paraelectric. At low temperature, ferroelectriclike instabilities are in competition with AFD distortions [151][152][153]. This has been shown to bring about an extraordinary phenomenon. Indeed, although pure bulk SrTiO 3 remains a paraelectric at any finite temperature, the presence of quantum fluctuations of an incipient ferroelectric phase results, at low temperatures, in a large increase of the dielectric constant [see Fig. 2.2(a)]. While the static dielectric constant of SrTiO 3 is ∼ 300 -310 at room temperature, it becomes as large as 20 000 -24 000 below 4 K [154,155]. An other striking phenomena is that the dielectric constant of SrTiO 3 shows a several orders of magnitude reduction of its value upon the application of large static electric fields at low temperature [156], as displayed in Fig. 2.2(b).

LaAlO 3 Bulk Crystal

LaAlO 3 , the second building block of the LaAlO 3 /SrTiO 3 heterostructure, has a rhombohedral perovskite structure (R3c space group), with a pseudo-cubic lattice parameter of a lao = 3.790 Å, and interior angles of α = β = γ = 90.5 • . It undergoes a rhombohedral-tocubic phase transition at ∼ 820 K [157,158]. Thus, when epitaxially grown on top of SrTiO 3 (a sto = 3.905 Å), the LaAlO 3 film is subjected to a tensile strain, with a lattice mismatch of -2.9%. LaAlO 3 is a band insulator with a large bandgap of 5.6 eV [159] determined by the energy difference between the filled O 2p valence bands (hybridized with Al p bands) and empty bands composed of Al 3s -3p and La 5d states. The dielectric constant of LaAlO 3 is ∼ 24 between 4 K and 300 K [160,161]. In contrast with SrTiO 3 , none of the cations in LaAlO 3 can access a mixed valence state, and LaAlO 3 turns out to be a robust insulator in which electronic states associated with defects remain strongly localized.

Discovery of a Metallic Conduction at the Interface Between Two Band Insulators

In a seminal experiment published in 2004, Ohtomo and Hwang studied the heterointerface formed between two band insulators, namely the LaAlO 3 and SrTiO 3 perovskites. They used (001)-oriented SrTiO 3 substrates, which were prepared following a previously developed methods combining chemical and high temperature annealing treatments [162,163], in order to obtain a single TiO 2 -terminated surface, as opposed to a mixed TiO 2 /SrO termination. Such procedure results in an SrTiO 3 substrate presenting atomically flat terraces, separated by unit cell high steps. On top of those substrates, they performed the epitaxial growth of closely lattice-matched LaAlO 3 thin films, by pulsed laser deposition (PLD). When the SrTiO 3 substrate is TiO 2 -terminated (that is, BO 2 -terminated), the LaAlO 3 film is expected to start growing by the (A'O) plane, that is (LaO), to insure the continuity of the (BO 2 )/(A'O) stacking of the perovskite crystal structure.

Transport measurements carried on LaAlO 3 /SrTiO 3 (001) heterostructures, with a (LaO) /(TiO 2 ) interface, showed a steady decrease of the sheet resistance when lowering the temperature down to 2 K [Fig. 2.3(a)], indicative of the formation of a metallic conduction. Together with Hall effect measurements, they determined electron mobilities as high as 10 4 cm2 .V -1 .s -1 , typically below 10 K [Fig. 2.3(c)], reminiscent of values found in electrondoped and in reduced bulk SrTiO 3 [START_REF] Frederikse | [END_REF]166]. Such high electron mobilities were obtained for 60 Å thick samples (that is 16 LaAlO 3 unit cells) grown at 800 • C and low oxygen partial pressure of 10 -6 Torr. For such samples, Hall effect measurements yield a sheet carrier density n s ∼ 10 16 -10 17 cm -2 [Fig. 2.3(c)], with n s = 1 eR H (e = 1.6 × 10 -19 C). In light of the current knowledge of the system, those correspond to oxygen deficient SrTiO 3 substrates (the oxygen having been "pumped out" of the substrate during the growth process), and in turn was shown to yield a three-dimensional bulk-like metallic conduction [168,169]. In contrast, samples grown at 10 -4 Torr exhibited moderate electron mobilities (less than 50 cm 2 .V -1 .s -1 below 10 K), and areal carrier densities of ∼ 10 14 cm -2 .

In 2004, Nishimura et al. conducted a detailed follow-up study of (AlO 2 )/(SrO) interfaces (dubbed p-type interfaces 2 ) in LaAlO 3 /SrTiO 3 heterostructures [170]. Previous to the deposition of the LaAlO 3 layer, they deposited an SrO layer, making use of a sliding mask technique in order to produce a gradient of SrO coverage (θ SrO ranging from 0 to 1) of the TiO 2 -terminated SrTiO 3 substrate. They observed that upon increasing θ SrO , the low tem- perature resistivity was progressively increasing as well, with a sudden insulating behavior at θ SrO = 1 [see Fig. 2. 3(d)]. Together, those study highlighted the importance of substrate termination on the formation of the conducting system at LaAlO 3 /SrTiO 3 interfaces, and put stringent constraints on prospective explanatory models.

In the following section, we first discuss the mechanism proposed by Hwang et al. [16,171] to account for the observed properties of LaAlO 3 /SrTiO 3 interfaces, namely in the framework of the polar discontinuity scenario. We then discuss a variety of alternative proposed mechanisms.

Doping Mechanisms at LaAlO 3 /SrTiO 3 (001) Interfaces

In Ohtomo and Hwang's seminal paper [16], LaAlO 3 /SrTiO 3 heterostructures whose growth were performed at low (∼ 10 -6 mbar) versus moderate (∼ 10 -4 mbar) oxygen partial pressures exhibited two very different kinds of metallic conduction: bulk-like vs. interfacial, with high vs. low electron mobilities, respectively [see Fig. 2.3]. An initial report which may have fueled early controversies regarding the involved mechanisms of formation of the metallic state. Most of the interest regarding the LaAlO 3 /SrTiO 3 (001) heterostructure came from the striking fact that the electronic conduction was shown to be of a quasi-two-dimensional character in the normal state [21,[172][173][174][175][176][177][178], and two-dimensional in the superconducting state [19,20,[179][START_REF] Reyren | Oxide Superconducting Thin Films and Interfaces Studied Using Field Effect[END_REF][START_REF] Caviglia | Two-Dimensional Electron Gas in Functional Oxide Interfaces[END_REF], when the LaAlO 3 growth is performed under appropriate conditions [172,[START_REF] Cancellieri | [END_REF]183].

The origin of the formation of the quasi-two-dimensional electron system (q2DES) at LaAlO 3 /SrTiO 3 interfaces has been intensely debated over the last decade, and despite theoretical efforts and a tremendous amount of experimental works and reports, a consensus is still lacking3 . We review and discuss the proposed scenarios that have emerged over the years, from an electronic reconstruction mechanisms (as discussed early on, in the framework of the polar catastrophe scenario) to defect-induced formation mechanisms. We should note that, in the course of this chapter, discussions regarding plausible scenarios inevitably reflect my biased personal inclinations, at the time of the writing.

The Polar Catastrophe Scenario

In order to explain the origin of the metallic conduction for TiO 2 /LaO interfaces, and account for the drastic impact of the insertion of an atomic SrO layer, a mechanism based on the existing polar discontinuity at the LaAlO 3 /SrTiO 3 (001) interface has been proposed [171].

An Unstable Polar/Non Polar Heterointerface

In the [001] direction, the perovskite crystal consists of a stacking of alternating (AO) and (BO 2 ) planes, where each oxygen atom carries a formal -2 charge. Here, charges are expressed in units of the elementary charge (per unit cell area). In bulk SrTiO 3 , where Sr and Ti valence states are 2+ and 4+ respectively, (SrO) 0 and (TiO 2 ) 0 are charge-neutral sheets, assuming pure ionicity. In contrast with LaAlO 3 , where La and Al are both in a fixed 3+ valence state, which results in (LaO) + and (AlO 2 ) -having, in the ionic limit, ±1 charged sheets. Thus, it turns out that LaAlO 3 is a polar crystal.

The respective polar and nonpolar nature of the heterostructure's constituents is responsible for a polar discontinuity at the atomically abrupt LaAlO 3 /SrTiO 3 interface. Two interfaces are then possible along the [001] direction, viz. the (LaO) + /(TiO 2 ) 0 or (AlO 2 ) -/(SrO) 0 interface. They correspond to type II interfaces in Tasker's classification [184], and are found to be intrinsically unstable. Indeed, the alternatively charged sheets in LaAlO 3 are responsible for the existence of a dipole within each unit cell, thus giving rise to a non-zero electric field E. In virtue of V (z) = -E(z)dz (where z is along [001]), the electrostatic potential, which is set at zero at the interface, builds-up as the number of LaAlO 3 layers increases [see Fig. Along the [001] direction, SrTiO 3 possess neutrally charged planes (ρ = 0), while in LaAlO 3 successive planes have net charge densities of ρ = ±1. As a result of the polar discontinuity at the interface, the electrostatic potential V builds-up as the polar LaAlO 3 film thickness increases. In (c), the polar catastrophe is avoided by supplying half-an-electron per unit cell area at the TiO 2 interfacial plane. In (d) the polar discontinuity can be reconciled by removing oxygens from the interfacial SrO layer, thus inducing negative charges (Modified from [171].)

The continuous increase in electrostatic energy causes the polar/nonpolar interface to be unstable. Thus, one way or another, viz. atomically or electronically, the interface needs to get reconstructed. In fact, polar/nonpolar interfaces have been known for decades, as exemplified by the GaAs/Ge(001) heterojunction [185]. Could the polar-discontinuity at LaAlO 3 /SrTiO 3 (001) interfaces thus be the "re-discovery" of an old problem? If analogies can fairly be made, it soon appears that SrTiO 3 adds an ingredient of versatility with respect to GaAs or Ge. Indeed, in semiconductors where ionic charges are fixed to a unique value (Ga 3+ , Ge 4+ , As 5+ ), polar/non-polar interfaces are usually stabilized through atomic reconstructions, a scenario discussed, already in 1978, by Harrison et al. [186]. However, in transition metal oxides, the possibility for transition metal ions to access different valence states, offers the alternative of a purely electronic reconstruction to reconcile the instability. This is the subject of much current excitement, as well as debate, in the field of complex oxide heterointerfaces. On this perspective, one can refer to Higuchi and Hwang's review of the stability of covalent crystal surfaces, and ionic crystal surfaces in the context of oxide heterostructures [START_REF] Higuchi | General Considerations of the Electrostatic Boundary Conditions in Oxide Heterostructures[END_REF].

Accommodating the Polar Discontinuity Problem

In practice, the divergence of V (and of the corresponding electrostatic energy) can be fully compensated by "inducing" half-a-negative charge at the (LaO) + /(TiO 2 ) 0 interface (hence n-type), or half-a-positive charge at the (AlO 2 ) -/(SrO) 0 interface (hence p-type). At the n-type interface, doping the interfacial (TiO 2 ) layer with electrons is accessible through the change in valence state, from 4+ to 3+, of the Ti atoms (and specifically at the Ti 3d level). A feature which has received an important number of spectroscopic evidences [171,174,[START_REF] Siemons | [END_REF][189][190][191][192][193]195]. In contrast, at the p-type interface, it has been argued that due to the difficulty of accommodating holes (e.g., through the formation of Ti 5+ ), positive charges are realized by the formation of oxygen vacancies in the direct vicinity of the interface (ideally in the interfacial SrO layer), without the concomitant (mobile) electron doping mechanism usually associated with oxygen vacancies [171,[START_REF] Higuchi | General Considerations of the Electrostatic Boundary Conditions in Oxide Heterostructures[END_REF]. This is a subtle argument which could explain the robust insulating character of p-type interfaces [16,170].

Due to the inevitable existence of oxygen vacancies in perovskites, it is delicate to attribute their presence at p-type interfaces to the unequivocal need to accommodate the polar discontinuity. At best a comparative study between p-and n-type interfaces is relevant. This is precisely the kind of study carried out by Nakagawa et al. who, based on EELS profiles in cross section geometry, have observed an excess of oxygen vacancies (V O ) in concentrations substantially higher at p-type interfaces ( 0.3 V O /uc), than at n-type interfaces ( 0.1 V O /uc), and distributed over ∼ 2 nm at the p-type interface, whereas they are found on a narrower region (∼ 1 -2 uc) in the vicinity of the n-type interface. Nonetheless, it rises a central question regarding specific oxygen background gas conditions during the growth procedure, and the associated ease (or difficulty) of creating (or avoiding) oxygen vacancies. We address these points in the following section ( §2.2.2).

On the Existence of a Critical Thickness

One of the key corollaries to the polar discontinuity picture is that the conductivity of the LaAlO 3 /SrTiO 3 (001) interface should exhibit a specific dependence on the LaAlO 3 thickness. As long as the LaAlO 3 film is thin enough, the potential build-up within the film can be sustained (through e.g., the polar distortions in LaAlO 3 [196][197][198][199], or surface reconstructions (such as a ferroelectric-like Ti-O buckling in the interface region) [198][199][200][201][202]), whereas at a given thickness the system should undergo an insulator-to-metal transition. The problem can be formulated in the framework of the modern theory of polarization [203], for which LaAlO 3 (LAO) has a formal polarization P 0 lao = e/(2S) = 0.53 C.m -2 (where S is the unit-cell cross-section in the plane of the interface), whereas in nonpolar SrTiO 3 (STO), P sto = 0. In the absence of surface and interface charges, the component of the electric displacement field D must be conserved along the growth axis [202,203] (that is, D [001] = 0), which imposes the existence of a macroscopic electric field in LaAlO 3 given by E lao = P 0 lao /( 0 lao ) = 0.24 V. Å-1 . Here, 0 is the vacuum permittivity, and lao 24 is the dielectric constant of LaAlO 3 [160]. The electric field in LaAlO 3 is thus responsible for a progressively increasing band bending as a function of the LaAlO 3 thickness. At a critical thickness t c [204]:

t c = ∆φ eE lao = 0 lao ∆φ eP 0 lao (2.1)
of the polar LaAlO 3 layer, the valence band minimum (VBM) of LaAlO 3 crosses the conduction band maximum (CBM) of SrTiO 3 (or its Fermi energy, located about 0.3 eV below the CBM), where ∆φ 3.4 eV4 is the energy gap between LaAlO 3 VBM and SrTiO 3 CBM. This yields a Zener breakdown accompanied by a charge transfer toward the Ti 3d bands at the interface [see Fig. 2.5(a)], which explains the onset of the conductivity at the polar/nonpolar interface, and altogether the dependence of the insulator-to-metal transition on the thickness of the polar film.

In 2006, Thiel et al. have indeed demonstrated the existence of a critical thickness t c for LaAlO 3 , equals to 4 unit cells, at which n-type LaAlO 3 /SrTiO 3 interfaces become conducting [21] [see Fig. 2.5(b)]. Below 4 units cells of LaAlO 3 , n-type LaAlO 3 /SrTiO 3 heterostructures are found to be robustly insulating. The critical thickness threshold for the onset of conductivity has since then become a, if not -the -hallmark feature of the LaAlO 3 /SrTiO 3 (001) heterostructure.

More recently, Reinle-Schmitt et al. have demonstrated that the thickness threshold for the onset of interfacial conductivity could be tuned by varying the formal polarization of the polar film on SrTiO 3 [204]. They deposited an intermixed (LaAlO 3 ) 1-x (SrTiO 3 ) x compound, such that the formal polarization of the film was proportional to x. They demonstrated that the critical thickness t c for the onset of conductivity scales with the formal polarization of the film such as t c = t th. c /x, and where t th. c was calculated to be equal to 3.5, according to Eq. (2.1). In particular, they obtained experimental values of t c = 5 and 7, for films with x = 0.75 and 0.5 respectively, in good agreement with their polar discontinuity model.

The critical thickness has provided a rather strong foundation in favor of the polar discontinuity scenario, and since then, whenever alternative mechanisms have been proposed, they had to provide a sensible reason for this hallmark feature. It is worth mentioning also the influence of polar adsorbates at the surface of LaAlO 3 on the q2DES conduction properties. Xie et al. have shown that adsorbates such as e.g., water, acetone or propanol, whose nature is precisely polar, lead to a substantial change in interfacial conductivity (and yield enhanced electron mobilities) ascribed to an electrostatic field-effect [205,207,225]. Polar adsorbates were shown to induce a finite interfacial conduction for only 3.δ uc thick LaAlO 3 layers on SrTiO 3 [205], an effect ascribed to originate from an increased effective polar field. Those studies hence provided further support to the polar discontinuity picture.

In the next three subsections, we review alternative mechanisms. We conclude by critically addressing some of the discrepancies between the various scenarios and experimentally gathered results on the LaAlO 3 /SrTiO 3 (001) system ( §2.2.5).

Electron Doping by Oxygen Vacancies

It is well known that SrTiO 3 crystals are prone to accommodate oxygen vacancies, resulting in a bulk metallic phase with high electron mobilities [START_REF] Frederikse | [END_REF]166]. Oxygen vacancies are readily created during the growth procedure, due in part to the inherent low oxygen partial pressures used in pulsed laser deposition (PLD). In PLD, kinetic bombardment of the substrate by incoming ablated species is an inherent defects and vacancies formation driving mechanism that cannot be ignored 5 .

In the early years of the system, a number of studies have suggested that oxygen vacancies formation could be the driving mechanism behind the striking conducting LaAlO 3 /SrTiO 3 interfaces [168,169,[START_REF] Siemons | [END_REF]211]. In 2007, Kalabukhov et al. reported on the observation of blue cathode-and photo-luminescence in LaAlO 3 /SrTiO 3 samples grown at 10 -6 mbar of O 2 [168], a behavior reminiscent of reduced SrTiO 3 by Ar + bombardment [209]. The same year, and for similarly prepared samples (further quenched in the absence of a background oxygen gas), Siemons et al. observed a concomitant large Ti 3+ signal, as inferred from photoemission and X-ray absorption spectroscopy [START_REF] Siemons | [END_REF]. The Ti 3+ signal could be substantially lowered by growing at a slightly higher oxygen partial pressure (2 × 10 -5 Torr), or by a post-growth in situ annealing procedure at T ≥ 500 , and grown at 10 -6 Torr of O 2 , displayed a high-mobility (10 4 cm 2 .V -1 .s -1 below 10 K) electronic conduction with sheet carrier densities ∼ 10 16 cm-2 [211]. In contrast, bare SrTiO 3 substrates submitted to the same thermodynamic conditions (∼ 800 • C, 10 -6 Torr of O 2 ), but without performing the growth of an LaAlO 3 film, were found to be insulating [211]. Thus clearly demonstrating the oxygen-getter role of LaAlO 3 films in reducing the SrTiO 3 substrates. Indisputably an extrinsic doping mechanism. Schneider et al., starting from an O 18 rich SrTiO 3 substrate, further showed that O 18 gets incorporated into the LaAlO 3 as a consequence of the growth process [212]. These observations can be understood by recognizing that oxygen deficient LaAlO 3 films lower, during the growth, the surface barrier energy for the formation of oxygen vacancies in SrTiO 3 , with respect to that at the bare SrTiO 3 /vacuum interface [213].

Early studies, reporting on a strong dependence of the transport properties of LaAlO 3 / SrTiO 3 (001) interfaces on the oxygen partial pressure [16,[START_REF] Siemons | [END_REF]211,214] during the growth [see Figs. 2.3 and 2.6(a)], have certainly contributed to blur the exact contribution of oxygen vacancies to the formation of the q2DES, as exemplified by the numerous (yet non exhaustive) aforementioned studies.

A decisive (and appreciably very visual) study contributed to clarify the situation [172]. Basletic et al. looked at the depth-resolved conductivity of LaAlO 3 / SrTiO 3 heterostructures, using conducting-tip atomic force microscopy (CT-AFM) in a cross-section geometry. They mapped the resistance spatial profile at the interface, and away from it, for two distinct sample fabrication procedures. Fig. 2.6(a) shows the CT-AFM mapping of a 5 uc LaAlO 3 /SrTiO 3 sample grown at 10 -6 mbar of O 2 . The 'as-grown' sample is found to exhibit a finite conduction on a region extending far beyond the interface region (actually extending all the way to the bottom surface of the substrate, that is 500 µm away from the interface). A second sample was, following the growth at P (O 2 ) = 10 -6 mbar, subsequently cooled in 300 mbar of oxygen. The 'annealed' sample was found to be robustly insulating (in the bulk), apart from a narrow conducting region at the interface between the LaAlO 3 film and SrTiO 3 [see Fig. 2.6(b)]. In particular, high-resolution mapping of the interfacial region revealed that the width of the highly conductive layer was at most ∼ 7 nm at room temperature, with a spatial resolution limited by the radius of the probing tip. Prior to that study, in situ annealing procedures had already been used to successfully obtain a high mobility q2DES [21], and are now an integral part of a standard growth process in many groups, including ours. n n s n = 6x10 = 6x10 18 18 cm cm - cm -3 n n n s = 6x10 = 6x10 = 6x10 = 6x10 cm μ = 2260 cm μ = 2260 cm μ = 2260 cm 2 cm cm μ = 2260 cm μ = 2260 cm 2 /( cm cm cm cm 2 /( /( /( /( /( /(V.s V.s V.s) n s = 3x10 13 cm -2 μ = 650 cm 2 /(V.s) More recently, the group of J. Levy has exploited to an unprecedented extent, the versatility of reduced conducting SrTiO 3 [215][216][217][218][219][220][221][222][223] (see also Refs. [224,225]). In an insulating matrix of only 3 uc of LaAlO 3 on SrTiO 3 (001), they used a CT-AFM technique to "write" and "erase", at the nanoscale, conducting structures by attracting and repealing oxygen vacancies (through the application of a negative and positive bias on the tip, respectively). It allowed them to design, among other artificially sketched devices, lateral tunnel junctions and field-effect transistors [216], as well as a single-electron transistor [221].

Cationic Interdiffusion Across the Interface

So far, we have considered atomically abrupt interfaces. However, in real system, the local exchange of cationic species is an inevitable process, particularly across heterointerfaces, as demonstrated experimentally for the LaAlO 3 /SrTiO 3 interface [167,171,199,[228][229][230][231][232][233]267]. Willmott et al. have studied 5 uc thick LaAlO 3 films grown by PLD at 5 × 10 -4 mbar of O 2 on TiO 2 -terminated SrTiO 3 (001) substrates. They conducted thorough structural refinements of surface X-ray diffraction (SXRD) spectra, using coherent Bragg rod analysis (COBRA) [228]. Their analysis revealed the interdiffusion of the cations (La, Sr, Al, Ti) in the direct vicinity of the interface, on a narrow ±2 uc region away from it [see . By invoking the minimization of the total electrostatic energy of the system, they inferred the concentration profile of Ti 3+ [see Fig. 2.7(a)]. They concluded to the formation of an La 1-x Sr x TiO 3 compound extending about 2 uc on the SrTiO 3 side [228]. Because La 1-x SrxTiO 3 is known to be metallic for 0.05 ≤ x ≤ 0.95 [226,227], they attributed the interfacial conduction to the formation of a metallic La 1-x SrxTiO 3 layer. As pointed out by Higuchi and Hwang: "This explanation can be considered a diffused version of local bonding arguments i.e., that even in the abrupt limit, the Ti at the interface has La on one side, and Sr on the other" [START_REF] Higuchi | General Considerations of the Electrostatic Boundary Conditions in Oxide Heterostructures[END_REF]. A structural and stoichiometry study, combining scanning tunneling electron microscopy (STEM) with element specific electron energy loss spectroscopy (EELS), on LaAlO 3 /SrTiO 3 samples grown by the "gentle" molecular beam epitaxy (MBE) growth technique, concluded essentially to a marginal interdiffusion process, as shown in Fig. 2.7(c) [167].

Higuchi and Hwang have discussed the effect of interdiffusion on the electrostatic stability of polar/nonpolar heterointerfaces [START_REF] Higuchi | General Considerations of the Electrostatic Boundary Conditions in Oxide Heterostructures[END_REF]. These authors state that: "Interdiffusion is a process where atoms are locally exchanged, and does not change the charge neutrality conditions around the interface, except for the finite dipoles induced by the modulation of charges." They continue: "Since the instability of polar interfaces can be derived from the lack of charge neutrality around them, simple interdiffusion in a finite region cannot compensate it. That is, local stoichiometric interdiffusion can neither create, nor remove, a potential divergence." [START_REF] Higuchi | General Considerations of the Electrostatic Boundary Conditions in Oxide Heterostructures[END_REF] This point is illustrated in Fig. 2.7(d). One considers a dipole-free unit cells (a simple arbitrary change of unit cell representation), and a sufficiently large heterostructure, so that the electrostatics of the bulk can be neglected. As a result, half-a-positive charge per 2D uc is present at the interface. When, at the vicinity with the interface, half of the negatively-charge layer (e.g., in SrTiO 3 ) is exchanged with half of the neutral-charge layer (e.g., in LaAlO 3 ), the interfacial +1/2 charge is solely displaced while the total amount of charge is kept unchanged. It results that interdiffusion only causes a shift of the electrostatic potential, as well as creates an extra dipole moment. It however does not lead to a compensation of the potential divergence. Harrison et al. already showed that, in the ionic picture based on a fixed assignment of charges (that is, without charge transfer), the polar discontinuity at GaAs/Ge(001) interfaces could not be reconciled by a simple roughening of the interface [186]. A more drastic reconstruction is needed, and as a result the numbers of Ge, Ga, and As atoms are different compared to those in the abrupt model, thus causing a substantial stoichiometry change at the GaAs/Ge(001) interface [186]. In contrast, in transition metal oxides, thanks to the accessible variable valence states (of e.g., Ti 3+/4+ ), the picture may be quite different, as an electronic reconstruction is possible.

It should be noted that the energy associated with a band offset, such as the one existing at the band edges of LaAlO 3 and SrTiO 3 [208,231,234], can be reduced by forming this dipole, which in turn acts as a driving force for the interdiffusion process. Thus, the latter phenomenon may be considered, in part or completely, as an intrinsic mechanism favoring an electrostatically lower energetic state.

A Polarity-Induced Defect Mechanism

So far, first-principle calculations carried out on the LaAlO 3 /SrTiO 3 system, have focused on stoichiometric, defect-free films and substrates [208,[235][236][237][238], with nonetheless an attention given to the presence of oxygen vacancies at the surface of the LaAlO 3 [239][240][241][242][243][244], for the purpose of providing charges and reconciling the polar discontinuity [171]. Only very recently, Yu and Zunger have performed calculations addressing the influence of cation substitutions, cation vacancies and oxygen vacancies, all together, on the properties of n-type and p-type interfaces [245].

The polar discontinuity at the interface remains a key ingredient of the approach taken by Yu and Zunger, and needs to be compensated by charge transfer. However, the mechanism they propose does not consist in a pure electronic reconstruction, but instead the LaAlO 3 internal polar field (which increases as a function of the LaAlO 3 thickness) is argued to favor thermodynamically the formation of deep and shallow donors and deep acceptor states 6 .

At the n-type interface, below a critical thickness t c [see Fig. 2.8(a)], the energetically favorable defects formed are Ti-on-Al substitutions (Ti + Al (S)) which yield deep electron donors at the surface (S) of LaAlO 3 , and Al-on-Ti substitutions (Al - Ti (I)) which form deeper acceptors in SrTiO 3 , at the vicinity of the interface (I). Electrons are transferred from donors to acceptors at the interface, in order to reduce the internal polar field. However, as both defect states are located below the conduction band minimum (CBM) of SrTiO 3 , electrons remain bonded on the deep acceptor states, which leaves the system insulating. Above the critical thickness t c , oxygen vacancies V +/2+ O (S) are created at the surface of LaAlO 3 . They lie in energy above the SrTiO 3 CBM, and act as shallow donors, thus supplying electrons toward the interfacial Ti 3dbands [Fig. 2.8(b)]. Concomitantly, the Fermi level is moved from the mid-gap of the SrTiO 3 to the CB edge of the SrTiO 3 and the system is turned conducting. It begs the question: "Why are oxygen vacancies formed at the surface of LaAlO 3 only above a given thickness?".

In their supercell calulations, the formation energy ∆H(V O (S)) of an oxygen vacancy at the surface of LaAlO 3 is given by:

∆H(V O (S)) = H 0 w + en lao E -H 0 w/o + en lao E + µ O , (2.2) 
where H 0 w and H 0 w/o are the total energy of the supercell structures in the absence of an electric field across the LaAlO 3 film with (w) and without (w/o) the oxygen vacancy, respectively. Here, µ O is the oxygen chemical potential. The second term in each of the brackets corresponds to the electrostatic energy rise due to the presence of an internal electric field E and E with and without V O , respectively. In the supercell they have considered, the presence of a single V O cancels the polar field (E = 0 for all n lao ). Thus, Eq.(2.2) reduces to:

∆H(V O (S)) = µ O + H 0 w -H 0 w/o -en lao E = ∆H 0 -en lao E .
(2.

3)

The internal polar field in LaAlO 3 decreases the formation energy of V O (S) linearly as the film thickness is increased. Below the critical thickness, the V O (S) has a too high formation energy to spontaneously form. Thus, the onset of the q2DES coincides with ∆H(V O ) < 0, and the critical thickness can be expressed as [245]:

t c = 0 lao ∆H 0 eP 0 lao , (2.4) 
where ∆H 0 is the energy formation of V O (S) at the interface, and all the other quantities are the same as defined in Eq. (2.1). Based on Eq. (2.4), Yu and Zunger predict t c 4.2 -5.3 uc [245]. Coincidentally, ∆H 0 3 -4 eV and ∆φ 3.4 eV (the gap between Al (not shown in c,d) also form and induce local moments. The superscripts (0, +, ++, -) denote the defect charge states, not the oxidation states. (Modified from [245]).

LaAlO 3 VBM and SrTiO 3 CBM) have comparable values 7 , so that t c is predicted to be about 4 uc for both mechanisms.

At the critical thickness, and above, 0.25 oxygen vacancy per unit cell area (that is, one of eight surface oxygen missing) is expected to form, which would provide the required 0.5 electron per unit cell area to cancel the polar field and reconcile the polar discontinuity.

The insulating character of the p-type interface is explained by the absence of shallow donor states located above the CBM of SrTiO 3 . Instead, below t c , the reconciliation of the polar discontinuity is achieved by exchanging La and Sr cations positions, and electrons are transferred from La + Sr (I) deep donors at the interface to deeper Sr - La (S) acceptors at the surface [Fig. 2.8(c)]. Above t c , La vacancies are created at the surface of LaAlO 3 and act too as deep acceptors [Fig. 2.8(d)]. The system remains insulating, whatever the LaAlO 3 thickness.

Can We Reconcile the Different Mechanisms?

At present, it is our belief that no one scenario can completely explain the vast and growing body of experimental work on this system. Even theoretical calculations have shown an extreme sensitivity to the choice of boundary conditions and assumptions of site-occupancy. In the present section, we attempt a short critical discussion of the mechanisms presented previously.

Oxygen Vacancies and Interdiffusion

While it is undeniable that oxygen vacancies are a very efficient electron doping mechanism for SrTiO 3 , their abundance in oxygen deficient samples must be ascribed to an extrinsic doping mechanism. The amount of oxygen vacancies can be reduced to a minimum level by resorting to appropriate post-growth in situ annealing procedures in high oxygen partial pressures and sufficiently high temperatures (typically above 450 • C). Reduced SrTiO 3 substrates, whether covered with LaAlO 3 or not, and which exhibit bulk-like conduction, are very distinct in nature from LaAlO 3 /SrTiO 3 heterostructures exhibiting a quasi-twodimensional interfacial conduction.

In the framework of the interdiffusion scenario, it is puzzling to account for the onset of conductivity at precisely 4 unit cells of LaAlO 3 . Moreover, it does not provide, either, a sensible scenario for the insulating behavior at p-type interfaces, where interdiffusion is present to a similar extent as for n-type interfaces [171,246]. The fact that interdiffusion is present in real systems, and LaAlO 3 /SrTIO 3 makes no exception, is undisputed [167,171,199,[228][229][230][231][232][233]267], but it is not thought to be the driving mechanism behind the q2DES formation. One should rather question the origin of, and the role played by interdiffusion processes. Willmott et al. have remarked that La and Sr cations, in spite of possessing larger ionic radii than the Al and Ti ions, were diffusing within a deeper region than the latter [228].

The opposite is actually expected if interdiffusion is the result of kinetic bombardment of the substrate by the ablated species. Thus, one can reasonably dismiss the latter phenomena as the main driving force for the observed interdiffusion. As we have noted at the end of section 2.2.3, an interdiffusion phenomenon, while unable to fully compensate for the polar discontinuity, is nonetheless a way of creating an additional interface dipole. The latter contributes to reduce the electrostatic energy of the system through the partial compensation of inherent band offsets at heterointerfaces.

In practice, the polar/nonpolar LaAlO 3 /SrTiO 3 interface is found to be neither atomically abrupt [167,171,228], nor perfectly stoichiometric [167,229,232,254,257,[265][266][267], as both interdiffusion, cation and oxygen vacancies are present. We cannot completely rule out their contributions, even as 'intrinsic' processes to some extent, in minimizing the total energy of the polar/nonpolar system.

Polar Discontinuity and Polar Catastrophe

At the atomically abrupt polar/nonpolar interface, for the polar discontinuity to be fully compensated, a negative charge of 0.5 electron per unit cell area needs be induced/transfered at the abrupt n-type interface. In the ideal defect-free scenario, this should yield a sheet carrier density n s = 0.5 (asto) 2 = 3.3 × 10 14 cm -2 (with a sto the in-plane lattice parameter of SrTiO 3 ), and formal valence state of 3.5+ for titanium. However, such a large amount of Ti 3+ (50 % of all interfacial Ti atoms) is never observed. At the same time, typical q2DES sheet carrier densities at conducting LaAlO 3 /SrTiO 3 interfaces are of order few 10 12 -10 13 cm -2 , as inferred from transport measurements [21,177,178,[START_REF] Cancellieri | [END_REF]183,[249][250][251][252][253][254][255][256][257][258][259][260][261][262]264] such as Hall effect and Shubnikov-de Haas experiments. That is, both the ratio Ti 3+ /Ti 4+ and characteristic sheet carrier densities are only a fraction of what is expected in the ideal polar discontinuity picture, a puzzle generally referred to as the 'missing charge problem'. Moreover, the specific origin of the Ti 3+ signal must come under scrutiny, as it is neither a signature of a conducting system, nor an evidence in favor of the polar discontinuity scenario. Some of the spectroscopic studies assessing the valence state of Ti have found a Ti 3+ signal below the 4 uc critical thickness [174,[192][193][194], while the system is still insulating.

From these apparent discrepancies, two naive, yet fundamental questions have arisen:

-"Where do the electrons come from?", and -"Where are the missing electrons?".

In the prevailing models, electrons at the n-type interface are ascribed to originate from oxygen vacancies at the surface of the LaAlO 3 film [239][240][241][242][243][244][245], leaving an extra 0.5 positive charge per unit cell area at the top-most AlO 2 plane. Conversely, for p-type interfaces, an extra 0.5 negative charge per unit cell area should be left at the LaAlO 3 surface (through an La deficient surface?). To tackle the issue related to surface oxygen vacancies, one could resort to a local probe technique, such as scanning tunneling microscopy (STM), which would need to be performed in situ. Indeed, inherent surface reconstructions [198][199][200][201][202], surface adsorbates [205,207,225] during ex situ exposition to air, as well as off-stoichiometry within the film, would all thwart the ideal picture of a free, and unreconstructed LaAlO 3 surface.

The answer to the question "where are the missing electrons?" could be: "electrons get localized". It however begs additional questions regarding the specific charge localization mechanisms. It turns out that second harmonic generation (SHG) experiments have found that even samples which appear to be insulating from transport measurements display a precursor of electronic reconstruction, already for 3 uc of LaAlO 3 [269][270][271]. Moreover, a variety of experiments have pointed toward the existence of localized carriers [251,268,270,272,273], for which various trapping mechanisms have been speculated. It is known that the d xy orbitals are prone to disorder-induced localization [208,236,239,261] so that local disorder may in turn reduce the number of mobile carriers. Alternatively, the LaAlO 3 may stabilize a self-trapped polaron in SrTiO 3 (which is at least transiently present when exposed to UV illumination) [274].

The mechanism proposed by Yu and Zunger ( §2.2.4) has the merit to account, in a self-consistent way, for the critical thickness for the onset of conductivity, for the missing charge problem (deep Al Ti acceptors at the interface trap part of the electrons), as well as for the observed charge transfer below the critical thickness. It predicts a continuously growing amount of surface oxygen vacancies as one keeps increasing the LaAlO 3 thickness above 4 unit cells. Below 4 uc, it predicts a large amount (50 %) of Ti and Al cations exchange (between the surface and the interface) [245]. Both predictions can be tested experimentally, in particular the latter one, by resorting to e.g., high-resolution transmission electron microscopy.

Perspectives: Beyond the LaAlO 3 /SrTiO 3 (001) Heterointerface

The discovery of a quasi-two-dimensional electron system at the LaAlO 3 /SrTiO 3 (001) interface has fast-tracked a very active field of research on emergent conducting oxide heterostructures. Since then, metallic conduction (of reduced dimensionality) has been reported in LaTiO 3 /SrTiO 3 , LaGaO 3 /SrTiO 3 (001), NdAlO 3 /SrTiO 3 (001), PrAlO 3 /SrTiO 3 (001), GdTiO 3 /SrTiO 3 (001), and γ-Al 2 O 3 /SrTiO 3 heterostructures, as well as in (110)-and (111)oriented LaAlO 3 /SrTiO 3 heterostructures. This large collection of systems does not fall into a unique category though, as we shall briefly comment hereinafter.

LaGaO 3 , NdAlO 3 , PrAlO 3 , LaTiO 3 , and GdTiO 3 all are, similarly to LaAlO 3 , polar crystals with alternatively +1/-1 charged (AO)/(BO 2 ) planes in the [001] direction. The first three are band insulators, whereas LaTiO 3 and GdTiO 3 are Mott insulators, with respectively an antiferromagnetic and a ferrimagnetic ground state. When any of all five perovskite compounds are heteroepitaxially grown on SrTiO 3 (001), it results in a polar/nonpolar interface. Incidentally, the band insulator γ-Al 2 O 3 spinel compound is possibly a polar crystal (in the ionic limit) in the [001] direction, such that the γ-Al 2 O 3 /SrTiO 3 (001) also leads to a polar/nonpolar interface. At last, the LaAlO 3 /SrTiO 3 [START_REF] Cheng | [END_REF] heterointerface forms an -unstable -'type IV' polar/polar interface (see Ref. [START_REF] Higuchi | General Considerations of the Electrostatic Boundary Conditions in Oxide Heterostructures[END_REF]) 8 . Hence, all of the aforementioned systems appear to corroborate the importance of the polar discontinuity as a driving force for the q2DES formation. Nonetheless the specifics of the formation mechanism(s) are still debated, as for the canonical LaAlO 3 /SrTiO 3 (001) interface.

In contrast, the heterointerface between the (110)-oriented LaAlO 3 and SrTiO 3 compounds, and which hosts a q2DES (an a two-dimensional superconducting ground state), does not form a polar discontinuity. Indeed, the charge of alternating (ABO)/(O 2 ) planes are, in the [START_REF] Ashcroft | Solid State Physics[END_REF] direction, +4/-3 for both LaAlO 3 and SrTiO 3 , which results into a -stable -'type III' polar/polar interface [START_REF] Higuchi | General Considerations of the Electrostatic Boundary Conditions in Oxide Heterostructures[END_REF]. This begs the question regarding the fundamental mechanism(s) behind the q2DES formation in this system, further complicating the quest for a prospective unified mechanism accounting for the emergence of q2DES in a growing number of oxide heterostructures.

To conclude, we hope the reader will agree that for real systems, the unequivocal attribution of various experimental results to purely the polar discontinuity, as opposed to chemical defects, is not really a valid separation. The outcomes of experiments is rather governed by the response of the total system to the electrochemical potential (in the chemistry sense), subject to specific thermodynamic, kinetic, and electrostatic boundary conditions. Future works will hopefully help to clarify even further the relative weight of the various contributions discussed in this section, as well as the role of electronic correlations [275], in order to pave the way toward a better understanding of the closely -intertwined nature -of structural and electronic properties (exemplified in Refs. [276,277,[521][522][523]) at polar/nonpolar, and at polar/polar oxide heterointerfaces. Such accomplishments are strong prerequisites for the realization of prospective technological applications, but also toward discoveries of new fundamental phenomenon.

Quantum Confinement

The LaAlO 3 /SrTiO 3 (001) interface is the host a quasi-two-dimensional electron system. It exhibits striking phenomena as exemplified by weak-(anti)localization and two-dimensional Shubnikov-de Haas oscillations, which relate to quantum confinement of the electronic wavefunctions at the interface. In this section we discuss the important implications of quantum confinement effects on the system's electronic band structure and transport properties.

Electronic Band Structure

As introduced in section 2.1.1, the cubic crystal field experienced at Ti 3d sites leads to a three-fold degenerated t 2g ground state for bulk SrTiO 3 crystals [see Fig. 2.1(b)]. At the LaAlO 3 /SrTiO 3 (001) interface, however, a tetragonal crystal field leads to a degeneracy lifting of the d xy and d xz/yz states, as inferred from X-ray linear dichroism (XLD) performed at synchrotron facilities [201,277,278]. It was shown that states with predominantly d xy symmetry have, on average, a lower energy than states derived from d xz/yz orbitals [201,277,278].

Here, we present a simple model which captures the essential ingredients accounting for the band structure at LaAlO 3 /SrTiO 3 interfaces. We consider a triangular confining potential, as a result of the band bending of the SrTiO 3 conduction band at the interface [202,279]. In a triangular well approximation, the potential energy is given by an infinite barrier for z < 0, and by V (z) = (V 0 + eEz) for z > 0, where E is the strength of the effective electric field along z, with z the direction transverse to the interface9 [see Fig. 2.9(a)]. The carriers motion is thus constrained in the z direction, while they remain free to move in the x and y directions. The quantitized eigenenergies in the quantum well are in very good approximation given by [280,286]:

ε n = V 0 + 2 2m * z 1/3 3π 2 n - 1 4 eE 2/3 , (2.5) 
where n = 1, 2, 3, ... and m * z is the effective mass along the z direction. The lobes of d xy orbitals are oriented in the (x, y) plane, such that they overlap in both x and y directions, giving rise to an isotropic (circular) Fermi surface in the (k x , k y ) plane [see Fig. 2.9(c)]. In contrast, when considering the z direction, two successive d xy orbitals have low hopping matrix elements, leading to a high effective mass along z. For the d xz and d yz orbitals, the situation is reversed. Their orbital lobes are oriented in the (x, z) and (y, z) planes, and thus efficiently overlap in the z direction, which results in low effective masses along z. The d xz and d yz orbitals thus give rise to elliptic ('cigare-shaped') anisotropic Fermi surfaces, whose long axis are oriented along k x and k y , respectively [see Fig. 2.9(c)]. From Eq. (2.5), it follows that the larger the effective mass along z, the deeper in energy the corresponding electronic state will lie in the well. Given that m * z (d xy ) m * z (d xz/yz ), the fundamental energy for d xy states is lower than that of d xz/yz states. Thus, the quantum confinement of electronic states along the out-of-plane direction is responsible for the hierarchy in energy of bands with different orbital symmetries, as exemplified in Fig. 2.9(b). This specific two-dimensional subband structure has been observed at the surface of fractured SrTiO 3 substrates, by angle-resolved photoemission spectroscopy (ARPES) [286][287][288][289][290]. Subbands with different effective masses have also been inferred from transport experiments [251-253, 258, 261, 284]. The electronic density is expected to peak close to the interface, with a strong d xy band character. Whereas, when moving away from the interface, one expects a mixed d xy and d xz/yz band character and the electrons to spread further in the SrTiO 3 [as showed in Fig. 2.9(a) and (d)]. It should be noted that the ordered subband structure due to quantum confinement of electrons will only hold as long as the energy separation between the subbands is greater than the combined intrinsic and extrinsic energy broadenings of the subbands, where the former is given by: Γ = /τ p , with τ p = µm * /e the momentum relaxation time. Quantitatively, taking typical values (at low temperatures) for the LaAlO 3 /SrTiO 3 q2DES, of electron mobilities µ ∼ 10 3 cm 2 .V -1 .s -1 and carrier effective masses m * ∼ 2 m e , it follows Γ ∼ 500 µeV, orders of magnitude lower than the energy spacing between subbands (∼few tens-100 meV) found experimentally in SrTiO 3 -based q2DES [201,277,278,[286][287][288][289][290] For the sake of simplicity, we do not present at the moment more advanced calculations taking into account the Rashba and atomic spin-orbit interactions, and their impact on the band structure of q2DES at oxide heterointerfaces [291][292][293][294][295][296]. This topic is addressed in details in chapter 5.

A Quasi-Two-Dimensional Electron System

The physical behavior of an electron system depends strongly on its spatial extension compared to the system-inherent length scales such as the elastic or inelastic mean free paths, phase coherence lengths, cyclotron radius, quasi-particle wavelengths, or the Fermi wavelength. The system changes dimensionality with respect to a physical phenomenon if the spatial extension of the electron systems drops below the length scale of the corresponding physical system.

Quasi-Two-Dimensional Conduction

The quasi-two-dimensional character of the conduction at LaAlO 3 /SrTiO 3 (001) interfaces was inferred from X-ray photoemission spectroscopy (XPS) [174,175], infrared ellipsometry [176], conducting-tip AFM [172,173], as well as from Shubnikov-de Haas quantum oscillations of the conductance [177,178,[260][261][262].

In 2009, Sing et al. analyzed the photoemission spectra of Ti 2p core-levels. They identified spectroscopic signatures of a Ti 3+ signal, and compared the intensity ratio of Ti 3+ over Ti 4+ signals as a function of the emission angle θ (with respect to the surface normal), according to [174]:

I(3+) I(4+) = p 1 -exp -d λesc cos θ 1 -p 1 -exp -d λesc cos θ . (2.6)
Here, p is the fraction of Ti 3+ ions per unit cell, d is the thickness of the region containing those Ti 3+ ions, and λ esc = 40 Å is the escape depth for the electrons in the SrTiO 3 according to the NIST database.

If one attributes the Ti 3+ signal to the formation of a conducting layer in the SrTiO 3 , then, due to the finite escape depth of electrons, the angular dependence offers a unique way to probe the spatial extension of such a conducting layer. Indeed, the greater the emission angle θ, the more sensitive the XPS signal is to the interface, while if d λ esc (viz. for a bulk-like conduction), no angular dependence is expected as the right-hand term of Eq (2.6) reduced to p/(1 -p). Sing et al.'s fit to the experimental data set [see Fig. 2.10(a)] resulted in 0.02 ≤ p ≤ 0.06 and 1 ≤ d ≤ 4 uc. That is, the extension of the conducting layer away from the interface is determined to be only about 1-2 nm. Moreover, the fraction of Ti 3+ ions (∼ 5 %) is far less than the expected 50 % from the polar discontinuity scenario, in rather good agreement with sheet carrier densities determined by transport experiments. Recently, Cancellieri et al. have similarly performed an angular dependent XPS study of insulating and conducting LaAlO 3 /SrTiO 3 (001) heterostructures with 2.5 uc and 4.5 uc thick LaAlO 3 films respectively, and obtained for conducting samples a Ti 3+ signal originating from a thickness of about 1 ± 0.5 uc [175]. From resonant photoemission (Ti 2p → 3d) they further observed the onset of a sizeable spectral density near the Fermi energy for the conducting 4.5 uc sample, a feature absent in the insulating 2.5 uc sample, and indicative of a quasi-particle DOS.

From an infrared ellipsometry study, Dubroka et al. were able to estimate the carrier distribution profile n(z) away from the interface. They obtained, at 10 K, a fast decay of n(z) over about 2 nm, followed by a pronounced tail extending to about 11 nm [such as represented schematically in Fig. 2.6), with p = 0.05, d = 1 uc. The sample's sheet carrier density was measured to be 3.9 × 10 13 cm -2 . (Modified from [174].) (b) Conducting-tip atomic force microscopy (CT-AFM) mapping, in cross-section geometry, of the conducting region near the LaAlO 3 /SrTiO 3 interface, at 8 K. The spatial extension of the electron system away from the interface ( 12 nm) is inferred from the width at half-maximum of the conductance peak G versus tip position. (Modified from [173].) in Ref. [173]. We discuss their results hereinafter.

Copie et al. used a CT-AFM technique identical to that already employed by Basletić et al. [172] [see Fig. 2.6(b,c)], and showed that the spatial extension of the conducting system is ∼ 12 nm at 8 K [see Fig. 2.10(b)], and ∼ 4 nm at room temperature (not shown here), in good agreement with XPS studies discussed hereinabove. Siemons et al. had initially argued that the very large ( 20 000) dielectric constant of SrTiO 3 at low temperatures would spread the electron system away from the interface and prevent any two-dimensional conduction [START_REF] Siemons | [END_REF]. This apparent discrepancy was discarded by Copie et al. who highlighted the necessity, when performing calculations, to recall the drastic field dependence of as a result of the large internal electric field present in the vicinity of the interface. At low temperatures, the Fermi wavelength of the three-dimensional system λ 3D f was estimated to be about 16 nm from SdH oscillations analysis of doped SrTiO 3 [263]. When d, the out-ofplane spatial extension of the conducting layer, becomes smaller than λ 3D f /2 10 , the system enters the two-dimensional regime. As discussed hereinabove, experimentally d was found to be of the order of 10 nm for the LaAlO 3 /SrTiO 3 (001) system, which puts the electron system of the verge of two-dimensionality (and thus the quasi-2D denomination).

Electrostatic Field-Effect

Thiel et al. have, early on, demonstrated the possibility to tune the carrier density of the q2DES through electrostatic field-effect experiments [21]. The key to the electrostatic doping of the q2DES relies on the very large static dielectric constant (or relative permittivity) of SrTiO 3 crystals. For an infinite parallel-plate capacitor (S L 2 ), the capacitance C is given by:

C(V ) = 0 (V ) S L , (2.7) 
where V is the voltage across the dielectric medium, 0 = 8.854 × 10 -12 F.m -1 is the vacuum permittivity, S is the surface of the plates and L is the separation between the plates. The charge resulting from an applied gate voltage V g is then:

∆Q = Vg 0 C(V )dV .
It follows that the areal carrier density that can be brought to the surface of the plates is given by:

∆n s = 1 eS ∆Q = ε 0 eL Vg 0 ε(V )dV . (2.8) 
In field-effect experiments, a so-called back-gate voltage can be applied between the conducting LaAlO 3 /SrTiO 3 interface and the bottom of the SrTiO 3 substrate which plays the role of the dielectric medium. Commercially available SrTiO 3 substrates are typically 0.5 mm thick (which sets L). Typical voltage values that can be sustained by SrTiO 3 substrates, previous to dielectric breakdown, are in the range of 1000 V. However in low temperature experiments, voltages are limited to about ±250 V instead, as set by the dielectric breakdown of liquid Helium. A 250 V gate voltage in turn gives rise to an electric field E 0.5 MV.m -1 (for L =0.5 mm). It is known that the dielectric constant of SrTiO 3 is strongly temperature dependent, as well as electric field dependent at low temperatures [see Fig. 2.2(a,b)]. It follows that taking sto (E = 0.5 MV.m -1 ) 18 000 at about 4 K [156], results in ∆n s (T < 10 K) 2 × 10 13 cm -2 . Characteristic carrier densities of the q2DES are in the range of few 10 12 -10 13 cm -2 [21,177,178,[START_REF] Cancellieri | [END_REF]183,[249][250][251][252][253][254][255][256][257][258][259][260][261][262]264], thus implying that electrostatic fieldeffect across the SrTiO 3 is an efficient way to modulate the electron carrier density at low temperatures. In contrast, at room temperature where sto 300, the expected ∆n s drops by two orders of magnitude, which has virtually no effect on the q2DES carrier density. We should note that Bell et al. have demonstrated that upon depleting the q2DES sheet carrier density, the electron mobility concomitantly dropped (from about 10 3 to 10 2 cm 2 .V -1 .s -1 ), thus preventing the realization of a low areal carrier density state (few 10 12 cm -2 ) with high electron mobilities [249], at least in a back-gating geometry. We should not that one cannot overlook the complex concomitant modulation of the q2DES' confinement potential, carrier density and carrier's orbital character (d xy , d xz/yz ), electron mobility, etc, in field-effect experiments.

More recently, a few groups have demonstrated efficient electrostatic field-effect in a top-gate geometry [297][298][299][300][301][START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF][START_REF] Liu | [END_REF]. This is a strong prerequisite for LaAlO 3 /SrTiO 3 -based prospective technological applications. Indeed, top-gating offers the possibility to design devices for lateral charge (and spin) transport with on-demand gates geometries that back-gating can simply not access, with potentially very steep subthreshold swings and low electrical power requirements. Using the insulating LaAlO 3 film as the dielectric medium ( lao 20, L = t lao 5 nm), results in ∆n s ∼ ×10 13 cm -2 values similar to those obtained via backgating. It several groups, ongoing research is devoted to the simultaneous use of top-and back-gating schemes [301][START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF][START_REF] Liu | [END_REF], which should help unravel the complex behavior of electrostatic modulation at SrTiO 3 -based q2DES and pave the way toward enhanced devices performances with larger electron mobilities.

The importance of efficient field-effect modulation of the q2DES cannot be overstated as it has opened up a vast field of investigation of the fundamental properties of the q2DES with respect to its electron doping level, both in the normal state [20,249,253,[282][283][284], and in the superconducting state [19,20,249], as discussed in the following section. Importantly, such investigations could be conducted in an isostructural system, without resorting to cation substitution, a mean usually required to access variable doping levels in bulk (super)conducting systems.

On the LaAlO 3 /SrTiO 3 Ground State

In the present section, we discuss experimental results, as well as briefly, theoretical considerations, regarding the LaAlO 3 /SrTiO 3 electron system's ground state. The consensus regarding the existence of a superconducting condensate below typically 300 millikelvins (for a given range of carrier concentrations) contrasts with the ongoing debate regarding possible magnetic order(s), if any, at LaAlO 3 /SrTiO 3 interfaces. This is particularly intriguing, as the occurrence of coexisting superconducting and ferromagnetic phases have not yet been reported in a two-dimensional system. We hereby attempt a none exhaustive overview, which holds no ambition in bringing further fundamental understanding to either superconductivity or magnetism at LaAlO 3 /SrTiO 3 interfaces, but rather presents some of the memorable experimental reports on the two topics.

Two-Dimensional Superconductivity

In 2007, Reyren et al. reported on the condensation of a two-dimensional superconducting ground state at LaAlO 3 /SrTiO 3 (001) interfaces [19], for temperatures of about 200 mK and less. Little time later, Caviglia et al. showed that the superconducting ground state could be, very efficiently, electrostatically tuned [20] (through back-gating field-effect), with the T c following a dome-like behavior as a function of back-gate voltages as showed in Fig. 2.11(b). Such behavior of T c versus doping levels, as well as values of T c , are reminiscent of what is found in oxygen deficient SrTiO 3 single crystals [145][146][147]. However, the LaAlO 3 /SrTiO 3 ground state is singular in that it corresponds to a two-dimensional superconducting condensate with important corollaries as discussed briefly hereinafter.

In their seminal papers reporting on the discovery of superconductivity at LaAlO 3 / SrTiO 3 (001) interfaces [19,20], the authors analyzed their findings in the framework of a Berezinskii-Kosterlitz-Thouless (BKT) transition model11 . Reyren et al. showed that the system undergoes a continuous quantum superconducting-to-insulating phase transition under the influence of a magnetic field applied transverse to the interface [see Fig. 2.11(a)].

They estimated the thickness of the superconducting layer to be at most 10 nm, thinner than the determined in-plane superconducting coherence length ξ 70 nm for the same sample [19], thus implying that the superconducting system is strictly in the two-dimensional (2D) regime. Finally, the same group gave yet another proof of the 2D nature of the superconducting state by studying its angular field dependence. The superconducting coherence length (∼ 30 -100 nm) was indeed found to be (much) smaller than the thickness of the superconducting layer (∼ 7 nm) [179,[START_REF] Reyren | Oxide Superconducting Thin Films and Interfaces Studied Using Field Effect[END_REF].

Caviglia et al. later showed that a similar quantum phase transition (QPT) could be driven by an electric field, viz. through the modulation of the areal superfluid density n 2D ∝ (1 -T /T c ) 2 . In particular, they showed that in the underdoped regime, the transition from a 2D superconducting ground state to an insulating state brings about a quantum critical point (QCP) at zero temperature, by definition.

According to the scaling theory of quantum critical phenomena [START_REF] Schneider | Phase Transition Approach to High Temperature Superconductivity[END_REF], in the vicinity of the QCP 12 , the phase transition line T BKT (δV ) displayed in Fig. 2.11(b) is expected to scale according to:

T BKT ∝ (n 2D -n c ) zν ∝ (V -V c ) zν , (2.9) 
where n c is the areal superfluid density at the QCP (at the corresponding back-gate voltage V = V c ). The authors showed that the approach to quantum criticality is well described by an exponent zν = 2/3. According to the authors: "the value zν = 2/3 is compatible with the 3D-XY model, and is possibly indicative of a clean (or weakly disordered) 2D system in which quantum fluctuations dominate ((2+1)D-XY)" [20]. More recently, some authors have reported on the electrostatic tuning of both the normal and the superconducting state, in a attempt to bring further understanding of the system's complex phase diagram. Joshua et al. determined from field-effect dependent Hall measurements the existence of an intrinsic areal carrier concentration (n * s ) at which the q2DES undergoes a transition (referred to as a Lifshitz transition by the authors) from a predominant d xy symmetry to a d xz/yz orbital character, together with the concomitant rise of the spin-orbit interaction (SOI) [253,284]. The authors observed that at n * s (1.68±0.18)×10 13 cm -2 , the superconducting T c reaches its maximum value (the summit of the superconducting dome), which retrospectively agrees with experimental data collected earlier by Bell et al. [249].

Stornaiuolo et al. have further determined that the superconducting dome is always found in the carrier concentration range where weak-antilocalization regime is observed in the normal state (in contrast with the weak-localization regime at lower carrier concentrations), which one coincides with the onset of a stronger SOI [285]. Both reports echo to Ben Shalom et al.'s observation that the evolution of the superconducting transition temperature is found to follow the spin-orbit energy extracted from the superconducting state properties [283]. Altogether those studies point toward a -yet unclear and puzzling -link between the (Rashba) SOI strength and the superconducting condensate in the LaAlO 3 /SrTiO 3 system, which might bring about an exotic phase such as the hotly-pursued Majorana fermions (requiring the breaking of spin-rotation and time-reversal symmetries) [317].

High expectations of an emergent unconventional 2D superconducting state at LaAlO 3 / SrTiO 3 interfaces further thrived on reports of the possible coexistence of magnetism and superconductivity [318][319][320], which has been suggested to lead to finite-momentum pairing [309,310] (in case the phases or not mutually exclusive). Nonetheless, recent studies have pointed, so far, toward a mechanism consistent with a s-wave BCS single-gap scenario [START_REF] Bert | [END_REF]311]. Richter et al.'s tunneling spectroscopic study showed a pseudogap behavior, for temperatures above T c in the underdoped regime [311], reminiscent of what is found in high-T c copper oxide superconductors [312][313][314], but which could reflect a more general behavior shared by 2D superconductors [315,316].

Which Magnetic Order at LaAlO 3 /SrTiO 3 Interfaces?

A relatively important number of experimental studies have reported on magnetic features at LaAlO 3 /SrTiO 3 interfaces [214,[START_REF] Bert | [END_REF][318][319][320][321][322][323][324][325][326][327], which have in turn stimulated theoretical investigations of the potential magnetic ground states and underlying mechanisms [239,245,293,[328][329][330][331][332][333][334][335]. We hereafter attempt a short critical overview of some of those studies. We make clear beforehand that studies reporting on X-ray magnetic circular dichroism (XMCD) at LaAlO 3 /SrTiO 3 interfaces [327,336], and other techniques applied to superlattices [337,338], are discussed elsewhere in the manuscript (see section 4.3.3.2), in relation with XMCD results of ours.

In 2007, Brinkman et al. were the first to report on magnetic features at LaAlO 3 /SrTiO 3 heterointerfaces [214], and specifically prepared at 10 -3 mbar of oxygen (without post-growth annealing). They observed, at very low temperatures (T = 300 mK), an hysteretic behavior of the longitudinal magnetoresistance [see Fig. 2.12(a)] that was attributed to the presence of localized magnetic moments 13 . The latter explanation was inferred from the observed logarithmic upturn in the temperature dependence of the sheet resistance upon decreasing T below typically 50 K [see Fig. 2.6(a)], a behavior reminiscent of a Kondo effect between conduction electrons and localized magnetic moments [339,340]. Hysteretic magnetoresistance curves were also reported later on, at similarly low temperatures (T ≤ 300 mK), for 10 unit cells thick LaAlO 3 /SrTiO 3 samples [319,320]. Very recently, two groups have proposed an explanation for the very large negative magnetoresistance displayed by the q2DES 14 , based on interacting phases of conduction electrons with Kondo-screened magnetic impurities [START_REF] Joshua | Proc. Natl Acad. Sci[END_REF][START_REF] Ruhman | [END_REF][343].

In 2010, Ariando et al. reported on the observation of ferromagnetic-like hysteresis loops [see Fig. 2.12(b)] with large coercive fields (∼tens-hundreds of Oe), obtained from SQUID measurements, for temperatures ranging from 2 to 300 K [321]. This contrasts with a torque magnetometry study [318], which showed a distinct in-plane magnetic response saturating at about 30 mT but with no evidence of a magnetic hysteresis [see Fig. 2.12(c)] possibly hindered by the measurements resolution. If one cannot completely rule out a superparamagnetic state in favor of a ferromagnetic ordering from the experimental results, a microscopic theory of the effect has been proposed later on [334]. In Ref. [334], the authors have predicted the ground state to be a coplanar spiral state (that consequently exhibits no spontaneous magnetization at H = 0) evolving into a ferromagnetic state in a non zero external magnetic field, in qualitative agreement with Ref. [318].

We now comment on hints of a probable phase separation at the submicron scale between localized magnetic moments and delocalized electronic phases (paramagnetic q2DES, diamagnetic superconductor) [START_REF] Bert | [END_REF][323][324][325], as proposed early on in Ref. [321] and subsequently discussed in Refs. [318-320, 330-334, 341-343]. The group of K. Moler used a scanning SQUID magnetometer technique to map the magnetic response of LaAlO 3 /SrTiO 3 samples at low temperatures [START_REF] Bert | [END_REF][323][324][325]. Bert et al. observed a random distribution of magnetic dipoles [see Fig. 2.12(d)], which were found to have a preferential isotropic in-plane orientation with a ferromagnetic-like susceptibility, and which further coexist with a spatially inhomogeneous superconducting phase (inferred from a non-uniform weak diamagnetic susceptibility) [323]. Kalisky et al. suggested the existence of a critical LaAlO 3 thickness of 3 uc for the appearance of the magnetic dipoles [324], which according to Yu and Zunger could result from ionized Ti Al antisite defects within the LaAlO 3 layer [245]. Quite puzzling to account for is the large density of magnetic moments detected in 10 uc thick LaAlO 3 /SrTiO 3 samples for a p-type insulating interface, which suggests that the presence of magnetic dipoles may not be directly related to the existence of the q2DES15 . Last but not least, Bert et al. reported on the insensitivity of the magnetic dipoles density, magnitude, and orientation to electrostatic field-effects16 [START_REF] Bert | [END_REF], thus suggesting naively that the q2DES and the observed magnetic patches may not coexist in the same spatial regions. In contrast, Bi et al. have recently observed, using magnetic force microscopy (MFM), the emergence of an in-plane ferromagnetic phase -at room temperature -as electrons are depleted from the interface (in a top-gating scheme). Itinerant electrons that are brought back to the interface, upon electrostatic doping, are found to align antiferromagnetically with the magnetization, at first screening and then destabilizing it as the conductive regime is approached [326].

Experimental reports on magnetic features seem at first sight to reveal a number of inconsistencies, and yet could possibly indicate a rich magnetic phase diagram for the LaAlO 3 /SrTiO 3 system. Nonetheless, one must keep in mind considerations such as sample to sample variations, where the relative contribution of 'intrinsic' versus 'extrinsic' mechanisms to the observed magnetic features remains an open question. Similarly to the situation faced regarding the specific mechanisms of formation of the q2DES, the task aiming at tackling experimentally, and theoretically, the specific origin of magnetism at LaAlO 3 /SrTiO 3 interfaces promises an arduous, yet worthy challenge.

LaAlO 3 /SrTiO 3 Samples Growth and Characterization

Here, we give an account of the fabrication process of LaAlO 3 /SrTiO 3 heterostructures, by the pulsed laser deposition (PLD) technique, conducted during this thesis. We present structural, and electrical transport characterizations, and discuss briefly their relation with growth parameters. This section is intended to be relatively short, as the relation between the electrical properties and crystalline quality of LaAlO 3 /SrTiO 3 heterostructures with the growth conditions has been reported elsewhere [167,172,[START_REF] Cancellieri | [END_REF]183,257,264,265,347,[START_REF] Sato | Growth Control of the Electronic Properties of the LaAlO 3 /SrTiO 3 Heterointerface[END_REF][START_REF] Fête | Magnetotransport Experiments at the LaAlO 3 /SrTiO 3 Interface[END_REF].

Pulsed Laser Deposition of LaAlO 3 Thin Films

The LaAlO 3 films have been deposited at the Unité Mixte de Physique CNRS-Thales using a standard pulsed laser deposition (PLD) technique. PLD has proven to be a very versatile tool, in particular for the fabrication of heterostructures of perovskite oxides thin films, and recent advances in PLD have enabled the growth control at the atomic length scale precision [349,[START_REF] Willmott | [END_REF]. Here, we give a general introduction to the principle of PLD growth, in relation with relevant growth parameters (e.g., pressure, temperature, fluence), and provide a short account of the reflection high-energy electron diffraction technique used to monitor in situ the growth of our LaAlO 3 thin films.

Principle of Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a growth technique which consists in a light-matter interaction where the energy from an external photon source (a laser) is partially absorbed (via electronic processes) by the desired starting material, referred to as the target material (e.g., LaAlO 3 ) and placed inside a vacuum chamber. This results in the material being ablated from the target and emitted in the form of a highly directional transient plasma, known as the 'plume'. The constitutive species of the plasma are then deposited onto the substrate material, which can be heated to relatively high temperatures (up to more than 1000 • C) to allow for the recrystallization process to occur. The success of PLD in achieving crystalline epitaxy usually relies on the strong assumption of a stoichiometric transfer of the target material to the plasma and then to the substrate.

However, PLD is a strongly out-of-equilibrium growth technique such that, at the substrate's surface, growth kinetics and species transport dominate over thermodynamics considerations. Thus, a competition takes place between (i ) the adsorption and (ii ) desorption rates of species, and in between, (iii ) the migration of adatoms and their reaction at nucleation sites. The relative efficiency of those three processes are governed by e.g., the kinetic energy of the species (∼ 100 eV in PLD), their nature17 (neutral/charged atoms, ions and compounds) and their flux, as well as by materials parameters (e.g., nucleation sites, wetting/sticking coefficients, adatoms mobilities) themselves strongly temperature dependent. This is still a very general description of the growth process in PLD, nonetheless indicative of the subtle and complex interplay between growth parameters (pressure, temperature, involved energy scales) and successful materials growth. The main constitutive parts of our pulsed laser deposition system 18 , are a KrF excimer laser (ComPEX 201 from Coherent Inc.), an optical path, a vacuum chamber, targets and substrate holders, an infrared laser heating system, a high pressure RHEED [354], all of which are represented in Fig. 2.13(a). In particular, the control of the laser spot size and fluence were achieved using the optical system displayed in Fig. 2.13(b).

Determination of the Fluence

The pulsed KrF laser beam (with λ = 248 nm, pulse duration ∼ 25 ns) is introduced into the chamber after passing through a slit, a variable attenuator, an optical stage and a quartz window. The size of the laser beam is defined thanks to a rectangular slit which removes the fringes at the edges of the beam profile. The beam is guided by fixed deflecting mirrors and focused on the target by an adjustable optical stage consisting of two focusing lenses (focal lengths f 1 = 100 mm, and f 2 = 150 mm). The position of the lenses is adjusted in order to image the slit onto the target, such that the target's surface coincides with the minimum of the divergence of the beam, by virtue of Abbe's law. As a result, we obtained homogeneous and well defined spots with sharp edges at the target position. This was inferred by looking via an optical microscope at spots resulting from a few (∼ 5 to 10) pulses being shot at a static TiO 2 target 19 . We should note that it is often not precise enough to use thermosensitive papers for which, due to their inherent low ablation thresholds, informations on potential inhomogeneities of the ablated area are lost. In particular, the spot size on the target was found to vary slightly using different energies.

The energy (E) of the laser pulses is remotely adjusted by a variable attenuator (model VAM248, Metrolux GmbH) at constant voltage of the excimer laser source (21 kV) in order to avoid changing the divergence of the beam [355]. We further observed that the variance in energy (taken on 100 pulses) is less than 1 % of the set energy, and minimal above ∼ 19 kV. The energy of the beam (E) is measured using a power meter placed outside the chamber, right before the quartz window, and the fluence (F = E/A) at the target position is calculated from the measured corresponding spot area (A, with A a function of E). The transmission of the quartz window is taken into account (and measured to be at best 95 %) since contamination of the window by the ablated species lowers its transparency (and thus the actual fluence).

We should note that tuning the fluence is suspected to affect the La/Al cationic ratio 20 , and lead to conducting interfaces for La-rich (Al-poor) LaAlO 3 films [257,265,[START_REF] Sato | Growth Control of the Electronic Properties of the LaAlO 3 /SrTiO 3 Heterointerface[END_REF]. A conclusion also reached for MBE grown samples [167]. Hence pointing toward the decisive role of the film's stoichiometry, and more specifically toward the role of the somewhat overlooked off-stoichiometric cationic content, whose importance in the emergence of a q2DES at LaAlO 3 /SrTiO 3 (001) interfaces remains to be elucidated.

LaAlO 3 Growth Conditions

TiO 2 -terminated and 'unterminated' SrTiO 3 (001) substrates were purchased from commercially available sources (CrysTec GmbH, SurfaceNetGmbH). The untreated substrates (with mixed SrO/TiO 2 terminations) were TiO 2 -terminated following a procedure developed by Kawasaki et al. [162,163] and further refined in Refs. [356,357]. The consequences of wet etching, using various procedures, on defects incorporation and the surface morphology of SrTiO 3 has been reported elsewhere [357][358][359][360][361][362][363].

TiO 2 -terminated SrTiO 3 (001) substrates (typically 5 × 5 mm 2 in size) are glued on a substrate holder using silver epoxy. Once in the chamber, the sample holder is heated from the backside by an infrared laser of beam diameter∼ 10 mm which ensures a homogeneous heating. The temperature is preferentially 21 monitored by a pyrometer from the backside of the holder and controlled to the subkelvin precision by a PID controller. The minimum controllable temperature in our system is about 375 • C. The oxygen is supplied through a variable leak valve coupled to a PID controller, and the pressure is monitored by a low pressure ionization gauge. The base pressure of our chamber is less than 5 × 10 -9 mbar.

We used a single crystal LaAlO 3 target (1 inch in diameter), whose surface is first mechanically polished (using sandpaper) and then thoroughly pre-ablated at a laser fluence of 1 J.cm -2 and a repetition rate of 1 or 2 Hz (in a background pressure of 2 × 10 -4 mbar of oxygen). In our system, the ablation is performed by scanning a rotating target. The transport properties of our LaAlO 3 /SrTiO 3 heterostructures were found to be very sensitive to the pre-ablation duration, up to a very large number of pulses (10000 -20000). After a polishing and pre-ablation procedure, the growth of a 4 -5 unit cell thick LaAlO 3 calibration film was systematically performed and its room temperature sheet resistance was checked to be typically less than 100 kΩ/ (from four-point measurements in a van der Pauw configuration [366]). Once a 'steady state' is reached, no further pre-ablation needs to be performed, and sample to sample variations on the values of R s and µ Hall were found to be in the range of was it reported in the literature.

Previous to the deposition of LaAlO 3 , SrTiO 3 substrates are heated up to the growth temperature (650 -800 • C) at a rate of +25 • C.min -1 in a 2 × 10 -4 mbar oxygen background gas. The deposition is performed in the same oxygen partial pressure, as the LaAlO 3 target is ablated by the KrF excimer laser at a repetition rate of 1 Hz. The fluence was typically set between 0.6 and 1.2 J•cm -2 . Substrate-to-target distance was kept to 63 -64 mm. Altogether, it resulted in deposition rates of ∼ 20 -35 pulses per unit cell (given the concomitant change in fluence and laser spot area). The layer-by-layer growth mode allows us to precisely control the LaAlO 3 thickness through real time monitoring of reflection high-energy electron diffraction (RHEED) intensity oscillations [Fig. 2.14(a)], as discussed in the next paragraph. Following the deposition, the samples are cooled (at a rate of -25 • C.min -1 ) down to 500 • C in 10 -1 mbar of oxygen. The samples are then annealed at 500 • C for 30 minutes in about 400 mbar of oxygen (static pressure, the chamber being sealed), in order to avoid as much as possible the presence of oxygen vacancies [172,[START_REF] Cancellieri | [END_REF]. Finally, the LaAlO 3 /SrTiO 3 heterostructures are cooled at 25 • C.min -1 and kept in the same oxygen partial pressure (∼ 400 mbar) for approximately 30 to 60 minutes.

In situ Growth Monitoring by RHEED

Reflection high-energy electron diffraction (RHEED) is a powerful tool to gain informations on surface crystalline quality and potential surface reconstructions, as well as to monitor in real time the growth (mode) during thin film deposition [START_REF] Braun | Applied RHEED: Reflection High-Energy Diffraction During Crystal Growth[END_REF]. It is a particularly useful tool for the real-time in situ estimation of the thickness of the deposited film. We briefly present the principle of RHEED hereinafter.

An electrons beam, emitted from an electron gun with a 30 kV energy and guided by electromagnetic lenses, irradiates the surface of the crystal at an incident angle of about 1 -2 • . Both the reflected and diffracted electrons are collected onto a phosphor screen, which is imaged by a CCD camera. Due to the large scattering cross section of electrons in solids and thanks to the grazing incident angle configuration, electrons do not penetrate the bulk of the crystal and get diffracted only by the topmost atomic layers at the surface of either the substrate or the film. Thus, the collected diffraction pattern [see insets of The intensity of the diffracted electron beam can then be understood, in first approx-imation, as a measurement of the average surface roughness. When the growth occurs layer-by-layer (or Frank-van der Merwe growth mode) 22 , the time dependent intensity of a given diffraction peak oscillates, being minimum when the average roughness is maximum, i.e., at approximately half-coverage [see (ii ) in Fig. 2.14(b)], and recovering toward a maximum value at full coverage, that is when one complete layer has been grown [see (iii ) in Fig. 2.14(b)]. For perovskites, one oscillation corresponds to the growth of one complete (AO/BO 2 ) unit cell (in a naive "cube-on-cube" picture). We should note that in practice, the layer-by-layer growth mode is hardly as it was ideally described. The next layer gets nucleated before the previous layer is finished, and intra-layer (in addition to inter-layer) diffusion occurs, resulting in a spread of the growth front over several monolayers. This eventually causes the RHEED intensity to drop. The in situ real time growth monitoring by RHEED has played a decisive role in the controlled elaboration of very thin films of oxides by PLD. This is particularly true regarding the LaAlO 3 /SrTiO 3 (001) heterointerfaces which exhibits quite a narrow thickness range (4-20 unit cells) within which state-of-the-art conduction properties are found. The opening statement is even truer when considering the samples grown during this thesis. Indeed, the heterostructures we have studied were hardly thicker than 4 unit cells, with a great deal of them being only 1 or 2 unit cells thick. However, it has been pointed out that RHEED oscillations may display phase shifts, as well as frequency doubling, depending on the angle of incidence of the electron beam [START_REF] Dobson | [END_REF]. Once the thickness of the film is confirmed by other ex situ techniques, e.g. X-ray diffraction (see section 2.5.2.1.2), or transmission electron microscopy (not used), RHEED can reliably be used to determined in situ the film's thickness.

Structural Characterizations

Before starting demanding experiments, it is desirable to be able to check the crystalline quality of the PLD deposited LaAlO 3 films, as well as the electrical conduction properties (see next section: §2.5.3) of the hence fabricated LaAlO 3 /SrTiO 3 (001) heterostructures. To do so, we have typically used four characterization techniques: in situ RHEED, electronic (magneto)transport, X-ray diffraction, and atomic force microscopy. The latter two techniques, applied to the LaAlO 3 /SrTiO 3 system, are presented hereinafter.

Surface Morphology

Atomic force microscopy (AFM) makes use of a sharp tip (at the end of a cantilever) to image the topography of a surface at the nanometer scale. The out-of-plane resolution is typically 0.1 nm, whereas the in-plane resolution of ∼ 1 -10 nm is limited by the finite tip radius. A very basic description of the AFM 'contact mode' working principle is the following.

To measure the topography of a sample, the tip 'scans' the surface of the sample, which is achieved by a fine control of the cantilever displacement, using piezoelectric actuators. The van der Waals forces acting between the sample's surface and the tip cause the cantilever to bend. The deflection of a laser beam, reflected on the top surface of the cantilever, amplifies the displacement, which is recorded by a photodiodes array, and converted into a positionresolved height profile. In non-contact mode (or so-called 'tapping mode'), it is the change of the resonant frequency of the cantilever due to the surface-tip forces that is detected.

Figure 2.15(a) displays the surface topography of a 15 unit cells thick LaAlO 3 film deposited by PLD on a TiO 2 -terminated SrTiO 3 (001) substrate. The image evidences the 'step and terrace' structure of the LaAlO 3 film surface, whose topography is inherited from the substrate's vicinal surface itself (as illustrated in Fig. 4.15(b)). In turn, each step is one unit cell high and atomically abrupt, and delimits atomically flat terraces whose width (about 200 nm here) is set by the miscut angle (typically between 0.01 and 0.02 • ) with respect to the (001) plane orientation. Incidentally, the surface morphology of this 15 uc thick LaAlO 3 film does not evidence extended surface cracks, which can arise as a result of a relaxation of the tensile biaxial strain imposed by the SrTiO 3 substrate at large LaAlO 3 thicknesses (> 20 uc) [START_REF] Reyren | Oxide Superconducting Thin Films and Interfaces Studied Using Field Effect[END_REF][START_REF] Caviglia | Two-Dimensional Electron Gas in Functional Oxide Interfaces[END_REF]197].

Crystalline Quality

We have used standard in-house X-ray diffraction (XRD) technique to probe the longrange crystalline quality of our LaAlO 3 thin films. XRD relies on the elastic scattering of photons (with subnanometric wavelength) by the atom's valence electrons of the probed sample. Considering regularly arranged scattering centers on a lattice (e.g., atoms in a crystal), the conditions to fulfill for the diffraction of incident light are given by the Laue A regularly arranged array of atoms in a crystal produces constructive and destructive interference effects between diffracted spherical waves. In turn, in a crystal, the diffraction condition for light, which specifies that ∆k must be a reciprocal lattice vector, can be written in the form of Bragg's law :

2d hkl sin(θ) = mλ , (m ∈ N) (2.11)
where θ is the angle between the incident wavevector and the (hkl) crystallographic family of planes that diffract, d hkl is the interplanar distance 23 , m is the diffraction index, and λ is the wavelength of the X-ray beam (we use λ = 1.54056 Å, the wavelength of the K α1 emission line for Cu). A diffraction spectra is typically acquired by varying the incident angle θ, and placing a detector at the diffraction angle 2θ, from which one can determine d hkl after Bragg's law. This measurement configuration is referred to θ -2θ scans. In practice, the intensity and broadening of diffraction peaks are modulated by the structure factor, the Lorentz-polarization factor, the multiplicity factor, as well as by finite sizes effect [START_REF] Warren | X-Ray Diffraction[END_REF][START_REF] Waseda | X-Ray Diffraction Crystallography[END_REF]. It is noteworthy that a simple formula holds for the determination of the film thickness via the finite size oscillations (Laue fringes), neglecting interferences effects between the film and the substrate (and other structure factors). A simple model considering N planes spaced by a distance d, and which diffract with equal amplitudes, yields a diffracted intensity given by:

I ∝ N j=1 exp i 2π λ dsin(θ) 2 ∝ sin(2πd sin(θ)/λ) sin(2πN d sin(θ)/λ 2 , (2.12) 
such that maxima of intensities are obtained for angles θ which satisfy Bragg's law, and correspond to so-called Bragg peaks, denoted (hkl). Figure 2.16(a) displays a θ -2θ XRD scan acquired on a 19 unit cells thick LaAlO 3 film grown on an SrTiO 3 (001) single crystal, from which no parasitic/non-stoichiometric phase is observed. Fig. 2.16(b) shows a magnified view around the (001) Bragg peak. Consistently with Bragg's law, an intense (and sharp) peak is observed at 2θ 25.5 • , which corresponds to cubic SrTiO 3 for which c sto = 3.905 Å. The peak of weaker intensity detected at 2θ 27.75 • is attributed to the LaAlO 3 film. A fit to the latter Bragg peak, using Eq. (2.12), yields N = 19 uc and a pseudo-cubic out-of-plane lattice parameter c lao 3.74 Å, which corresponds to a Poisson ratio of 0.28 (for a fully strained film). Incidentally, those values are consistent with high-resolution synchrotron-based XRD for which c LAO was found to be about 3.76 Å [START_REF] Cancellieri | [END_REF] (specifically for films of comparable thickness), and a known Poisson ratio of 0.24 for bulk LaAlO 3 [372].

Importantly, the number of LaAlO 3 unit cells inferred from XRD is in agreement with the value determined from counting the number of RHEED oscillations during the layer-by-layer growth, thus validating the equivalence of the two methods. Relying on RHEED oscillations for the in situ control of LaAlO 3 films thickness will be of particular usefulness when growing films of just a few unit cells.

Transport Properties

We performed (magneto)transport characterizations of our LaAlO 3 /SrTiO 3 samples according to van der Pauw's method [366], which is briefly presented. We then give a short account of the Hall effect, and at last we present the results of our electrical characterization for a canonical LaAlO 3 /SrTiO 3 (001) heterostructure exhibiting a quasi-two-dimensional electron system.

The van der Pauw Method

The van der Pauw method for resistance measurements is applicable for flat samples of uniform thickness, and of homogeneous and isotropic electrical properties. Additionally, contacts must be taken at the edges of the sample, and their finite size must be much smaller than the sample size. The top sketch of Fig. 2.17(a) shows a generic four-point van der Pauw configuration. By sourcing a current I through contacts a and b, and measuring the voltage drop ∆V through contacts d and c, the resistance is given by: R ab,dc = V dc I ab .

(2.13)

The reciprocity theorem of network analysis (electrical circuit theory) further tells us that: R ab,cd = R cd,ab (which is experimentally verified in our system). By switching the polarity of the current source, and the voltage meter, one can determine averaged values for R xx = (R ab,cd + R ba,dc )/2, and R yy = (R ab,dc + R ba,cd )/2, where x and y denote direction taken for the current flow and the voltage. In turn, van der Pauw derived the following relation for an arbitrary shaped sample [366]:

exp - πt ρ R xx + exp - πt ρ R xy = 1 , (2.14) 
with t the thickness of the sample, and ρ its resistivity (Ω.cm -1 ). Solving Eq. (2.14) for ρ gives:

ρ t = π ln(2) R xx + R yy 2 f , (2.15) 
where f is the van der Pauw correction factor, and is a function of the ratio R xx /R yy . For an isotropic square sample, where R xx = R yy : f = 1, and Eq. (2.15) reduces to:

R s = R xx • π ln(2) , (2.16) 
where, for a two-dimensional (2D) electron gas, of unknown thickness, we generally use the sheet resistance R s (Ω/ ), in place of the ratio ρ/t.

Hall Effect

In virtue of Ohm's law, the resistivity of a conductor obeys:

ρ j = E , (2.17) 
with ρ the tensor of resistivity, j the current density, such that ρ xx = E x /J x corresponds directly to the sheet resistance R s , as defined hereinabove, for a 2D conductor.

In a semi-classical model, charged particles (electrons or holes) in motion experience in the presence of a magnetic field a Lorentz force given by:

F l = q (E + v × B) , (2.18) 
where v , and q = ±e are the velocity, and the charge of the carriers, E is the electric field.

When applying an out-of-plane magnetic field B (along z) to a nonmagnetic conductor, a voltage develops perpendicular to the direction of the applied current (I along x). This is the Hall effect. It yields, for a 2D or a 3D conductor, a transverse resistivity:

ρ 2D xy = V - H -V + H I , and 
ρ 3D xy = ρ 2D xy • t . (2.

19)

With I = (I --I + ). I -, I + , V - H and V + H are defined in the bottom right sketch of Fig. 2.17(a)). In this manuscript, we refer to ρ xy as R xy , which is indeed dimensionally homogeneous to a resistance for a (quasi-)2D conductor.

Defining the Hall constant R 2D(3D) H as: R 2D(3D) H = 1 B ρ 2D(3D) xy , (2.20) 
the 2D (3D) carrier density can be determined by: 

n 2D(3D) = 1 qR 2D(3D) H . ( 2 
σ xx = 1 ρ 2D(3D) xx = qµ H n 3D(2D) , (2.22) 
where µ H is the carrier mobility determined from the Hall effect (and expressed in cm 2 .V -1 .s -1 ). Specifically for a 2D or a quasi-2D electron conductor, it follows:

µ H = 1 qR s n s = - R H R s , (2.23) 
where n s ≡ n 2D denotes the sheet carrier density (notation adopted in this manuscript), given in electrons per cm 2 (or simply cm -2 ).

Results of (Magneto)Transport Experiments

One of the main advantage of the van der Pauw method is that it does not require to pattern (e.g., into so-called Hall bars) the square samples (typically 5 µm× 5 µm, as set by the SrTiO 3 substrate's dimensions). We thus contacted the four corners of our samples using an ultrasonic wedge bonding technique through the LaAlO 3 layer, and which allows to realize ohmic contacts (using aluminum wires) to the buried q2DES.

The panels (b), (c), and (d) of Fig. 2.17 display the temperature evolution of, respectively, the sheet resistance R s , the sheet carrier density n s , and the electron mobility of a 5 uc thick LaAlO 3 /SrTiO 3 (001) sample grown at 720 • C, 2 × 10 -4 mbar of O 2 , and 1 J.cm -2 (followed by a standard in situ annealing procedure in 0.2 -0.4 bar of O 2 ).

The sheet resistance (displayed on a logarithmic-logarithmic scale) shows a more than two orders of magnitude reduction between room temperature and 2 K, characteristic of a 'metallic' conduction. The value of about 120 Ω/ for the sheet resistance at 2 K is in the range of 10 2 -10 3 Ω/ typically found in the literature for the q2DES at comparably low temperatures. Incidentally, the inset of Fig. 2.17(b) shows the q2DES phase transition from the normal state to the superconducting state at around 275 mK (for a 8 uc thick sample) grown at 650 • C). In contrast with the large temperature dependence of the sheet resistance, the sheet carrier density is found to be nearly temperature independent below 100 K, and )

 H (cm².V -1 .s -1
) 8 power law in the intermediate temperature range (100 -300 K) as was done in Ref. [START_REF] Frederikse | [END_REF] for reduced SrTiO 3 single crystals.

  H  T -2.
.V -1 .s -1 at 2 K. µ H is fitted to a T -2.
only weakly varying between 100 K and 300 K [see Fig. 2.17(c)]. The reduction of R s vs. T is ascribed to the concomitant large increase in carrier mobility, as shall discuss after. Hall magnetoresistance traces were taken in a field range of ± 9 T, and exhibited a linear behavior versus magnetic field over the whole temperature range, indicative of a single band conduction regime. A one band analysis leads to Hall coefficient values comprised between 35 and 41 Ω.T -1 , corresponding to sheet carrier concentrations of 1.5 -1.75 cm -2 . This value is about one order of magnitude lower than that predicted by the polar discontinuity mechanism (whereby 0.5 e/uc should yield 3.3 × 10 14 cm -2 ), yet it is characteristic of the q2DES at LaAlO 3 /SrTiO 3 (001) interfaces.

As discussed in the course of this chapter, a number of experiments have evidenced localized carrier in this system [269][270][271]273], which are not detected by Hall (as well as Shubnikov-de Haas) measurements which reveal carriers with large enough mobilities only. The discrepancy may arise from charge trapping by defect states [245,251,268,270,272], disorder-induced localization effects [208,236,239,261], and possibly other contributions. Some of the discrepancies in measured carrier densities from samples to samples (as well as from one measurement run to another) may also arise from extrinsic contributions such as, e.g., photo-excited carriers with very long relaxation times [START_REF] Rastogi | [END_REF]371], and/or polar adsorbates at the surface of LaAlO 3 , and which have been shown (recently) to contribute to interfacial electrostatic doping [205,207,225]. The former could be avoided in part by keeping samples in the dark (for a couple of hours) previous to measurements. Incidentally, the nearly exact retrace of R s (T ) as measured during the cooling and warming procedures (see Fig. 2.17(b)) indicates that photo-induced conductivity is marginal in the present sample.

Figure 2.17(d) displays the temperature evolution of the q2DES electron mobility, which is found to be typically 5 -10 cm 2 .V -1 .s -1 at room temperature, and between few hundreds and few thousands cm 2 .V -1 .s -1 below 10 K. The strong increase in µ H when decreasing the temperature, together with relative independence of µ H on the carrier concentration, is reminiscent of the behavior found in reduced SrTiO 3 single crystals [START_REF] Frederikse | [END_REF]166]. In SrTiO 3 (and possibly in the q2DES as well), mobility values are suspected to be limited by longitudinal optical phonon-electron scattering processes in the intermediate temperature range (between 100 K and room temperature), and by impurity scattering at low temperatures [START_REF] Frederikse | [END_REF]. A fine control of LaAlO 3 /SrTiO 3 interface's crystalline perfection, with low defects densities, is highly desirable to further increase electron mobilities in this system.

The effect of growing LaAlO 3 at oxygen partial pressures larger than 10 -4 mbar has been shown to lead in overall to marginal changes in carrier concentration or mobility values [START_REF] Caviglia | Two-Dimensional Electron Gas in Functional Oxide Interfaces[END_REF][START_REF] Cancellieri | [END_REF][START_REF] Fête | Magnetotransport Experiments at the LaAlO 3 /SrTiO 3 Interface[END_REF], provided that a post-growth in situ annealing is performed. This is in stark contrast with the reported drastic influence on µ H (and n s to a lower extent) of both the growth temperature [START_REF] Caviglia | Two-Dimensional Electron Gas in Functional Oxide Interfaces[END_REF][START_REF] Cancellieri | [END_REF]264,[START_REF] Fête | Magnetotransport Experiments at the LaAlO 3 /SrTiO 3 Interface[END_REF], and the fluence used to ablate the LaAlO 3 target [257,265,[START_REF] Sato | Growth Control of the Electronic Properties of the LaAlO 3 /SrTiO 3 Heterointerface[END_REF]. In particular, the large mobility values (up to 10 000 cm 2 .V -1 .s -1 [264,[START_REF] Fête | Magnetotransport Experiments at the LaAlO 3 /SrTiO 3 Interface[END_REF]) for lower growth temperatures (600 -650 • C) is possibly linked to a higher TiO 2 surface perfection [357,358], and better film crystallinity as evidences by RHEED and XRD [177,[START_REF] Caviglia | Two-Dimensional Electron Gas in Functional Oxide Interfaces[END_REF].

Perspectives

In turn, while there is still in practice room for improvement, we have achieved during this thesis work the growth of high-quality LaAlO 3 thin film as inferred from RHEED, XRD and AFM. We have obtained LaAlO 3 /SrTiO 3 (001) heterostructures with, at the time of their elaboration, state-of-the-art electrical properties and high electron mobilities. The quasi-two-dimensional electron system, derived from 3d conduction bands, offers a unique platform to explore not only electron transport, but also, and this is at the heart of the present thesis work: a platform for the investigation of spin(-polarized) transport in a complex oxide materials with electron correlations. In the following chapter, we explore non-equilbrium spin accumulation phenomena at the LaAlO 3 /SrTiO 3 interface through electrical spin injection experiments.

Chapter 3

Electrical Spin Injection at the LaAlO 3 /SrTiO 3 (001) Interface An important goal of this work is to assess the potential of the LaAlO 3 /SrTiO 3 quasitwo-dimensional electron system (q2DES), as a prototypical oxide-based platform, for the prospect of achieving the transport and control of spin-based information. A prerequisite to this is to demonstrate the generation and detection of non-equilibrium spin accumulation.

In this chapter, we first introduce the fundamental theoretical concepts of electrical spin injection. We then proceed to demonstrate the ability to generate and detect large nonequilibrium spin signals at the LaAlO 3 /SrTiO 3 (001) heterointerface. This is achieved by a combination of tunneling spin injection, and the (electrical) Hanle effect. Moreover, the tuning of the detected spin signal by field-effect experiments allow us to unambiguously demonstrate that spin accumulation is successfully achieved inside the quasi-two-dimensional electron system.

Theory of Electrical Spin Injection

The earliest method for generating spin-polarized population of carriers within semiconductors have consisted in making use of circularly polarized light, where photons carry a unit angular momentum and which can be transfered to the conduction electrons in the semiconductor. In the present section, we take sides not to further discuss such optical pumping techniques, despite their wide use in semiconductors. We rather focus on electrical techniques where the driving force for generating spin-polarized currents is achieved by means of an external current source. Spin injection thus consists in injecting an imbalance of spin up and spin down carriers into a nonmagnetic (N ) metal or semiconductor, from a ferromagnetic (F ) metal acting as an electrical spin-polarizer. A key to the success of the operation rests upon the intrinsic interplay between charge currents and spin(-polarized) currents. One can already recognize that electrical spin injection/detection is particularly appealing in view of on-chip integration of full-electrical Spintronic devices, whose operation relies on the manipulation of the electronic spin degree of freedom.

We first derive the drift-diffusion equations for spin currents, and then proceed to comment on the so-called conductivity mismatch problem, which is identified as the main obstacle to efficient electrical spin injection into semiconductors. The solution to this problem is established in the framework of the Fert-Jaffrès model, which addresses the influence of highly resistive interface resistances on spin injection efficiency. At last, we present efficient electrical detection schemes of spin accumulation and related spin currents.

Spin Drift-Diffusion Equations

We hereby derive the spin drift-diffusion equations obeyed by spin-polarized currents, following the pedagogical approach of Ando and Saitoh [START_REF] Ando | Incoherent Spin Current[END_REF].

Within the free-electron picture, the presence of an electric field E gives rise to a drift current density: j drift = σE , which adds up to the diffusion current density j diffusion , to give the total electric current density j = j drift + j diffusion . The diffusion current arises from the local gradient of electron density (according to a Fick's law) j diffusion = -qD∇n, where q = ± e is the charge carrier, with e the elementary charge, D is the diffusion constant, n is the carrier density. It follows that the total current density j σ carried by electrons with spin σ is given by:

j σ = σ σ E + eD σ ∇n , (3.1) 
where we have introduced the spin-dependent conductivity σ σ and spin-dependent diffusion constant D σ =1 3 v f,σ λ σ , v f,σ the Fermi velocity (in the corresponding spin channel). The mean free path λ σ = (v f,σ τ p,σ ), with τ p,σ is the momentum relaxation time for the spin channel σ. An important consequence of the presence of an electric field E = -∇V (r ) is the change induced on the chemical potentials µ c σ . Instead, one needs to introduce the notion of spindependent electrochemical potential (simply denoted µ σ ):

µ σ (r ) = µ c σ (r ) -eV (r ) . (3.2)
where V (r ) is the local electrostatic potential. Since 1 N σ (ε f )∇µ σ = ∇n σ , and considering Eq. (3.2), the gradient of electrochemical potential can be written:

∇µ σ = eE + ∇n σ N σ (ε f ) , (3.3) 
where N σ (ε f ) is the spin-dependent DOS at the Fermi energy. At equilibrium, that is for ∇µ σ = 0, the current density

j σ = [σ σ -e 2 D σ N σ (ε f
)] E must be zero, which yields the Einstein relation:

σ σ = e 2 D σ N σ (ε f ) . (3.4)
Using the last two relations, Eq. (3.1) can be written:

j σ = σ σ e ∇µ σ . (3.5) 
Thus, Eq. (3.5) is analogous to a Ohm's law (for the spin-polarized current components projected along the quantization axis), and it results that the gradient of the spin-dependent electrochemical potential is the driving force giving rise to a net current density for a spin channel σ. We introduce the charge current density j c = j ↑ + j ↓ , and the spin current density j s = j ↑ -j ↓ , which according to Eq.(3.5) are given by:

j c = 1 e ∇(σ ↑ µ ↑ + σ ↓ µ ↓ ) , (3.6 
)

j s = 1 e ∇(σ ↑ µ ↑ -σ ↓ µ ↓ ) . (3.7) 
The continuity equation for charge is given by:

dρ dt + divj c = 0 , (3.8) 
and the continuity equation for spin can be written (in the single-pole relaxation approximation) as [START_REF] Ando | Incoherent Spin Current[END_REF]:

dM z dt + div j s = -e (n ↑ -n ↑ ) τ ↑↓ + e (n ↓ -n ↓ ) τ ↓↑ . (3.9)
M x is the magnetization component along the spin quantization axis (set to be x, which leads to S x = ± 2 ≡ ↑, ↓ for the electron spin). n σ is the equilibrium carrier density for spin σ, such that in the presence of an excess spin density, spin relaxation processes occur with a characteristic scattering time τ σσ of electrons from a spin state |σ to σ |. Note that the detailed balance principle imposes that:

N ↑ (ε f ) τ ↑↓ = N ↓ (ε f ) τ ↓↑ , (3.10) 
so that at equilibrium no net spin scattering takes places. Generally this implies that, in a ferromagnet, where

N F ↑ (ε f ) = N F ↓ (ε f ), τ F
↑↓ and τ F ↑↓ are not the same. At last, we consider a steady state, such that dρ/dt = 0 and dM x /dt = 0, and substituting Eqs. (3.6), (3.7), and (3.10) in Eqs. (3.8) and (3.9), we obtain:

∇ 2 (σ ↑ µ ↑ + σ ↓ µ ↓ ) = 0 , (3.11) 
and

∇ 2 (µ ↑ -µ ↓ ) = (µ ↑ -µ ↓ ) Dτ sf = (µ ↑ -µ ↓ ) l 2 sf . (3.12) 
Here,

D = D ↑ D ↓ N ↑ (εf)+N ↓ (εf) N ↑ (εf)D ↑ +N ↓ (εf)D ↓
is the spin averaged diffusion constant, τ sf is the spin relaxation time (also called spin-flip time or spin lifetime) given by:

1 τ sf = 1 τ ↑↓ + 1 τ ↓↑ , (3.13) 
and l sf is the spin relaxation length (also called spin diffusion length):

l sf = Dτ sf . (3.14) 
Eqs. (3.5) and (3.12) are together known as the spin drift-diffusion equations introduced (in slightly different forms) by Johnson and Silsbee [52,[START_REF] Johnson | [END_REF], and by van Son et al. [375]. Valet and Fert provided a firm theoretical foundation for it [START_REF] Valet | [END_REF], based on a solution of a Boltzmann transport equation in magnetic/nonmagnetic multilayers, and showed that the macroscopic drift-diffusion equations are justified, within a homogeneous medium, as long as the spin diffusion length (l sf ) is much longer than the mean free path of electron (λ σ for spin ↑ and ↓). This condition is generally fulfilled (at least at low temperatures) for metals with moderate spin-orbit coupling [108,112]. In particular, in the very low temperature limit, where electron-magnon spin-flip scattering mechanism is frozen out [45], τ sf is governed by spin-flip scattering mechanisms due to spin-orbit coupling (on defects or impurities), or through exchange scattering with diluted paramagnetic moments in the nonmagnetic layer [START_REF] Campbell | Transport Properties of Ferromagnets[END_REF].

The Conductivity Mismatch Problem

In a seminal paper from 2000, Schmidt et al. pointed out that the basic obstacle for spin injection from an F metal into a semiconductor originates from the conductivity mismatch between these materials [376]. In this section, we follow their approach, using the spin driftdiffusion equations derived in the previous section, and treat a one dimensional problem. To this end, we consider two semi-infinite layers F and N , where F stands for a ferromagnetic metal, and N for a nonmagnetic metal or semiconductor. The F/N interface is set to be at z = 0, such that F layer belongs to the [-∞, 0[ region and the N layer to the ]0, +∞] region (Fig. 3.1). Finally, a charge current density j c (A.m -2 ) is taken to flow along the z axis, transverse to the considered F/N interface.

A general solution to Eqs. (3.11) and (3.12) is:

µ M ↑(↓) (z) = A M + B M z + (-) C M σ M ↑(↓) exp z l M sf + (-) D M σ M ↑(↓) exp -z l M sf , (3.15) 
with M =N or F . Here, +(-) signs correspond respectively to spin ↑ (↓) states, and A, B, C, D are integration constants depending on the boundary conditions. In turns, Eq. (3.15) gives a set of 4 equations for µ N ↑ (z), µ N ↓ (z), µ F ↑ (z), and µ F ↓ (z). A straightforward simplification comes from the following boundary conditions:

µ F ↑ (z = -∞) = µ F ↓ (z = -∞) , (3.16 
)

µ N ↑ (z = +∞) = µ N ↓ (z = +∞) , (3.17) 
ensuring that the spin-dependent electrochemical potentials are at equilibrium in the bulk. These conditions yield C N = 0 and D F = 0. In addition to which we can already set A F = 0. From Eq. (3.5), the current density's projected component j σ is given by:

j F (N ) σ (z) = σ F (N ) σ e ∂µ F (N ) σ ∂z . (3.18) 
In nonmagnetic metals and semiconductors, the electrical conductivity is spin independent, such that σ N ↑ =σ N ↓ =σ N /2, which contrasts with the spin-dependent conductivity in a ferromagnet for which σ F ↑ = σ F ↓ . The conservation of the applied charge current

j F ↑ + j F ↓ = j c = j N ↑ + j N ↓ , (3.19) 
gives rise to

B F = ej c /(σ F ↑ + σ F ↓ ), and B N = ej c /(σ N ↑ + σ N ↓ ) = ej c /σ N .
At last, the boundary conditions at the F/N interface, expressing the continuity of the spin-dependent potentials µ σ and the continuity of j σ across the interface, are:

µ F σ (z = 0 -) = µ N σ (z = 0 + ) , (3.20) 
j F σ (z = 0 -) = j N σ (z = 0 + ) . (3.21)
Altogether, it leads to:

µ F ↑(↓) ej c (z) = σ -1 F z -(+) β(1 -β 2 )σ F l N sf 2σ F ↑(↓) σ N 1 + (1 -β 2 ) σ F l N sf σ N l F sf exp z l F sf , (3.22) 
µ N ↑(↓) ej c (z) = σ -1 N z + βl N sf σ N 1 + (1 -β 2 ) σ F l N sf σ N l F sf β -(+) exp -z l N sf , (3.23) 
where

β = (σ F ↑ -σ F ↓ )/(σ F ↓ + σ F ↑ )
is the bulk spin polarization of the F layer (i.e. far from the interface). One can then easily derive the expressions for j F (N ) σ , according to Eq. (3.18). The spin polarization of the current at the F/N interface (IF) is given by: denotes the material's spin diffusion length. (c) Spatial variation of the spin current j s ∝ ∇(µ ↑ -µ ↓ ). (Modified from [START_REF] Ando | Incoherent Spin Current[END_REF].) resistance [376,377]:

α if ≡ j N ↑ -j N ↓ j N ↑ + j N ↓ z=0 = j F ↑ -j F ↓ j F ↑ + j F ↓ z=0 , α if = β 1 + (1 -β 2 ) σ F l N sf σ N l F sf . ( 3 
r s if ≡ ∆µ N ej c if = β 2 σ -1 N l N sf 1 + (1 -β 2 ) σ F l N sf σ N l F sf . (3.25)
In the literature, r s if has been referred to as the spin-coupled interface resistance. As shown in the next section, the ratio ∆µ N /(ej c ) reaches a value of the order of 10 -15 Ω.m 2 for a transparent F/N interface constituted of Co and Cu. It turns out that the discontinuity represented in Fig. 3.1(b) is largely exaggerated, and realistic calculations show that r s if is asymptotically null for transparent F/N interfaces [see inset of Fig. 3.2(a)].

We now discuss practical implications of the above expressions. Eqs. (3.24) and (3.25) show that the magnitude of the polarization of the current, and that of the spin-coupled interface resistance both depend on the same ratio (σ F l N sf )/(σ N l F sf ). Lets consider a transition metal as the ferromagnetic electrode, and substitute the N metal for a nonmagnetic semiconductor (SC). Due to the reduced DOS at the Fermi energy in the SC, σ SC σ F is well satisfied, by (generally over 5) orders of magnitudes, while at the same time l SC sf satisfies at l SC sf l F sf . Together it leads to a strong suppression of the spin polarization of the current at an F/SC interface (with β = 0.5, σ F = 100 σ SC and l SC sf = 50 l N sf , it comes α ∼ 0.01 %). In practice, almost all of the spin relaxation processes occur on the F side, and no net spin accumulation or spin-polarized current are injected into the N or SC side. This observation lead Schmidt et al. [376] to the conclusion that electrical injection of spin-polarized carriers from a ferromagnet into a semiconductor is essentially a very inefficient process, which originates from the conductivity mismatch between these two materials (σ SC σ F ).

One could naively think that resorting to almost 100 % spin-polarized ferromagnets (socalled half-metals) could provide a reliable solution. If we set β = 0.99, σ F = 100 σ SC , and l SC sf = 50 l N sf , one still arrives at a poor figure-of-merit, with α ∼ 0.1 %. Another approach would consists in resorting to ferromagnetic semiconductors [378] as spin injectors, which would drastically suppress the conductivity mismatch with the adjacent nonmagnetic semiconductor. Despite early successes of this approach [377,379,380], the perspectives offered by diluted magnetic semiconductors (DMS) have essentially been limited by their moderate Curie temperatures (e.g., T c < 200 K in the canonical (Ga,Mn)As system). Despite much efforts over the past two decades, looking for various DMS systems (especially within the group III-V compounds), the decisive report of a ferromagnetic semiconductor with a T c well above room temperature, and with a CMOS-compatible crystal structure (both required for potential technological applications) is still pending.

Efficient Electrical Spin Injection Through a Tunnel Barrier

In 2000, two groups tackled the fundamental obstacle to efficient electrical spin injection arising from the conductivity mismatch at F/N interfaces. Rashba on one hand [381], Fert and Jaffrès on the other hand [382], showed that the conductivity mismatch could be overcome by introducing a spin-dependent interface resistance between the F and N conductors. They proposed that the role of the spin-conserving interface resistance could be fulfilled by a tunnel barrier. We should add that in practice, Schottky barriers that form at interfaces between metals and n-type semiconductors are another way of reaching high interface resistances, without resorting to a tunnel barrier.

In this section, we introduce the notations used by Fert and Jaffrès [382], and previously introduced by Valet and Fert [START_REF] Valet | [END_REF]. Valet and Fert had already considered the effect of a spindependent interface resistance (r ± in the notations of Ref. [START_REF] Valet | [END_REF]) on the expected magnitude of CPP-GMR in (F/N/F/N ) K multilayers. The decisive contribution of the Fert-Jaffrès model is based on the derivation of analytical expressions for the magnetoresistance for F/I/SC/I/F structures (which we comment in the next section), where I stands for an insulating barrier layer. Appreciably, all of the parameters of the Fert-Jaffrès model can be related to measurable quantities of the considered F/I/SC system. Based on realistic values, the Fert-Jaffrès model thus provides quantitative predictions, and allows for comparative analysis between theory and experiments2 . The latter point constitutes the focus of the present section.

The problem addressed here is almost unchanged with respect to the one solved in the previous section. In particular, we keep considering two semi-infinite F and N layers extending on either side (z < 0 and z > 0 respectively) of the F/N interface located at z = 0. The boundary conditions given by Eqs. (3.16), (3.17), and (3.21), as well as the conservation of the charge current [Eq. (3.19)] all remain valid. Though, in the presence of an interface resistance, the essential difference is that the spin-dependent chemical potentials no longer need to be continuous. Thus, Eq. (3.20) gets replaced by the following boundary condition:

µ N σ (z = 0 + ) -µ F σ (z = 0 -) = ej σ (z = 0)r if σ . (3.26) 
r if σ is a spin-dependent interface resistance, which in the Fert-Jaffrès model is given by:

r if ↑(↓) = 2r b [1 -(+)γ] . (3.27)
Here, γ is the interface spin polarization (and sometimes referred to as the interface spinasymmetry coefficient), viz. γ ≡ P T in the notation of spin-polarized tunneling [see Eq. (1. 19)].

We emphasize that γ and β (the bulk spin polarization of the F metal) are two distinct quantities. In particular, γ can be affected by the interface quality, and a specific value of γ holds only for a given F/N or F/I/N interface. In the absence of an additional layer between F and N , r b can be thought as the resistance of the infinitely thin F/N interface Fert and Jaffrès, we write:

ρ F ↑(↓) ≡ 1 σ F ↑(↓) = 2[1 -(+)β]ρ * F , (3.28) 
ρ N ↑(↓) ≡ 1 σ N ↑(↓) = 2ρ * N , (3.29) 
for the spin channel resistivity of the F and N layers respectively. The actual bulk resistivities of the F and N metals are given by ρ F ≡ (σ

F ↑ +σ F ↓ ) -1 = (1-β 2 )ρ * F , and ρ N ≡ (σ N ↑ +σ N ↓ ) -1 = ρ * N .
Finally, we introduce the very practical concept of effective spin resistances r F and r N for the F and N layers, given by the product of the corresponding spin-diffusion length l sf and effective resistivity ρ * , such as:

r F = ρ * F l F sf , (3.30) 
r N = ρ * N l N sf . (3.31) 
The spin-dependent resistances r b , r F , and r N , will govern the efficiency of spin injection in F/I/N structures, as discussed in the remainder of this section.

Fert and Jaffrès have worked out the general solutions to the spin drift-diffusion equations at a single F/N interface in the presence of a non-zero interface resistance r b (cf. Eqs. (16 -19) in Ref. [382]). Without further demonstration, we express the evolution of the current spin polarization α(z) as a function of the distance z to the interface in the F and N layers:

α F (z < 0) ≡ j F ↑ -j F ↓ j c (z < 0) = β + β    r F + γ β r b r F + r N + r b -1    exp z l F sf , (3.32a 
)

α N (z > 0) ≡ j N ↑ -j N ↓ j c (z > 0) = βr F + γr b r F + r N + r b exp -z l N sf , (3.32b) 
where the charge current density j c = j ↑ + j ↓ . Then, the spin polarization of the current at the interface is given by the following compact expression:

α if ≡ α(z = 0) = βr F + γr b r F + r N + r b . (3.33) 
Following Fert and Jaffrès' approach, we compute, using Eqs. (3.32a -b), the spatial variation of the current spin polarization for realistic experimental values of r N (r SC ), r F , and r b . Figure 3.2(a) displays the result of such calculations for a transparent interface (r b = 0), whereas Figure 3.2(b) corresponds to the case of resistive interfaces between F and SC materials. Calculations are performed for l sf =1 µm in all F , N , and SC layers. r F and r N are taken to be 6 × 10 -3 and 4.5 × 10 -3 Ω.µm 2 (which corresponds to experimental values for Co and Cu, respectively). In the limit where r b = 0, Eq. (3.33) reduces to α if = β/(1 + r F /r N ). Appreciably, this expression is fully analogous to that of Eq. (3.24) derived by Schmidt et al.. For r F r N , the spin-polarization of the current goes to zero inside the nonmagnetic channel on the length scale of just a fraction of l N sf , as evidenced in Fig. 3.2(a). When considering r SC = 10 6 r F (and r b = 0), the current gets fully depolarized inside the ferromagnet before even penetrating inside the semiconductor. This is the situation resulting from a large conductivity mismatch, as already discussed at the end of the previous section. We now turn to resistive interfaces, with a focus on F/I/SC interfaces for which the spatial evolution of the spin polarization is displayed in Fig. 3.2(b). We have considered three cases: r b = r SC , r b = 10 r SC , and r b = 100 r SC , with r SC = 10 6 r F = 4 × 10 3 Ω.µm 2 . Qualitatively, they all lead to a substantial spin polarization of the current on the semiconductor's side, with α if scaling up with r b . It worth noting that for r b (r F , r SC ), Eq. (3.33) reduces to α if = γ. That is, at the interface, the spin polarization of the current is set by the interface spin asymmetry coefficient. No matter the value of β, the bulk spin polarization of the F layer, α can only be strictly smaller than γ at the interface. As cautioned earlier, γ is a property of the F/I interface as a whole, and one should thus take special care in the choice of the F and I materials. Specifically, the condition r b (r F , r SC ) is easily fulfilled for F/I/SC tunnel junctions, where r b can easily exceed 10 6 Ω.µm 2 . At last, we can express the spin accumulation ∆µ as the difference between the two spin-dependent electrochemical potentials ∆µ = (µ ↑ -µ ↓ ), Eq. (3.12) can be rewritten:

∂ 2 ∂z 2 ∆µ(z) = ∆µ(z) l 2 sf . (3.34) 
Thus, the spin accumulation, which is a key quantity of interest as it relates to a measurable voltage drop [see Eq. (3.37)], is shown to obey a spin-diffusion equation. In homogeneous mediums, it admits general solutions of the form:

∆µ F (z < 0) = ∆µ F z=0 -exp + z l F sf , (3.35a) ∆µ N (z > 0) = ∆µ N z=0 + exp - z l N sf . (3.35b) 
The spin accumulation exhibits on each side of the F/N interface, an exponential decay on the length scale of the respective spin relaxation lengths l N sf and l F sf . It is noteworthy that in the presence of a spin-dependent interface resistance, ∆µ F z=0 -in F , and ∆µ N z=0 + in N need not be equal, as shown in the inset of Fig. 3.2(b). For r b ≥ r SC r F , an abrupt discontinuity of the spin-dependent electrochemical potentials is present at the interface.

Having introduced ∆µ, Eq. (3.12) can be rewritten (on each side of the interface) in either two ways:

∂ (j ↑ -j ↓ ) ∂z ≡ ∂j s ∂z = 1 eρ * ∆µ(z) l 2 sf , (3.36a 
)

∂j s ∂z = e ∂n ∂ε f ∆µ(z) τ sf , (3.36b) 
where n is the total electronic density in the conduction band, ∂n/∂ε f = N (ε f ) for a degenerate semiconductor or a metal5 , and ∂n/∂ε f = n/(k b T ) for a non-degenerate semiconductor.

The right-hand sides of both expressions gives the following relation between the spin relaxation time τ sf and the spin diffusion length l sf :

l sf = τ sf e 2 ρ * ∂n/∂ε f . (3.37) 
Equation (3.36) expresses the fundamental relation holding between spin injection and spin relaxation densities in a steady state, where the quantity ∂n/∂ε f ∆µ corresponds to the total number of out-of-equilibrium spins which must relax. The spin relaxation rate is shown to be inversely proportional to ρ * F (N ) (and to r F (N ) ), such that at constant ∆µ, and in the absence of a discontinuity at the interface, the spin-flip rate is far greater in the material with the lowest effective spin resistance (or the largest available density of state N (ε f )), which in turn leads to the quasi-total spin depolarization of the current on the F side. The insertion of a large interface resistance r b at the interface, by introducing a discontinuity of ∆µ (with ∆µ N ∆µ F ), leads to a more balanced number of spin-flips in F and SC, which in turn restores a substantial spin polarization in the semiconductor in the vicinity of the interface. Specifically, the interfacial spin accumulation in N is given by [382,386]:

∆µ N if ≡ ∆µ N (z = 0 + ) = 2ej r N (βr F + γr b ) r F + r N + r b , (3.38) 
such that, at a single F/I/N interface, the corresponding measurable voltage drop follows:

∆V = γ 2e ∆µ N if = j r N (βr F + γr b ) r F + r N + r b . (3.39) 
Finally, we note that in a free-electron picture (as considered here), the spin accumulation ∆µ = 2 3 µ 0

|∆M |

nµb can be related to the out-of-equilibrium magnetization ∆M , as first pointed out by Aronov and Pikus [START_REF] Aronov | [END_REF][389][390], and whose equivalence with a non-equilibrium spin accumulation was first measured in metals by Johnson and Silsbee [391,401].

In conclusion, Rashba [381], and Fert and Jaffrès [382] have offered a practical way to circumvent the conductivity mismatch at metal/semiconductor interfaces by resorting to resistive (Schottky or tunnel) interfaces. Qualitatively, the effect of a resistive interface is to suppress the backflow of spin-polarized carriers from the semiconductor to the ferromagnetic metal whose conductivity is much greater, and which acts as a very effective spin sink.

In the following section, we will discuss the conditions for efficient electrical detection of non-equilibrium spin accumulation, derived by Fert and Jaffrès [382].

Electrical Spin Detection in a Lateral Spin Valve

In the previous section, we have shown that a lower threshold value of interface resistance r b was required for an efficient (viz. large ∆µ N and α N ) electrical spin injection at F/I/N interfaces. We hereby discuss yet another fundamental result of the theory of electrical spin injection/detection, which stipulates that in order to reach a sizeable magnetoresistance signal (in a non-local detection scheme), r b must remain smaller this time than an upper threshold value [382].

The Non-Local Lateral Spin Valve

Hereinafter, we discuss the paradigmatic all-electrical spin injection/spin detection scheme: the so-called lateral spin valve device, depicted in Fig. 3.3(a). The concept of non-local spin detection was first introduced in 1985 by Johnson and Silsbee in their study of spin accumulation in metals [391], and further developed by others for spin detection in, e.g., metals [396,397], GaAs [392,393], silicon [394,395], and graphene [398][399][400].

The operating of a non-local lateral spin valve relies on the injection of a spin-polarized current from a first F/I/N tunnel contact (labeled 3), and on the non-local detection of a nonequilibrium spin accumulation at a second N/I/F tunnel contact (labeled 2). In practice, a spin-polarized charge current is sourced between contact 3 and 4, such that on the left-hand side of contact 3, a pure spin current propagates in the N channel, as a result of solely spin diffusion. To this spin current is associated a spatially decaying spin accumulation ∆µ N = (µ ↑ -µ ↓ ), as discussed in the previous section, with the spin information being preserved on the length scale of l N sf . Thus, one can immediately recognizes that in order to achieve the detection of a non-equilibrium spin accumulation, contact 2 must be placed at a distance d f-f smaller than l N sf . On the other hand 6 , contacts 1 and 4 are placed at distances much larger than the spin diffusion length in N , where they remain unperturbed and their electrochemical potentials at equilibrium (µ 0 , plus the imposed electric potential between contacts 3 and 4).

The non-local voltage measured at the detector contact 2 is sensitive to the relative orientation of the contact magnetization and that of the spin polarization in the nonmagnetic channel beneath it. The majority vs. minority spin population in N , and the corresponding splitting of the electrochemical potentials, can be reversed either by switching the contact magnetization, or by changing the polarity of the current bias, as discussed in details elsewhere [START_REF] Jonker | Electrical Spin Injection and Transport in Semiconductors[END_REF]. One can recognize that the electrical spin detection operation is analogous to the TMR effect, discussed in section 1.3.3. Then, the relative orientation of the magnetizations of the two ferromagnetic electrodes at the injector and detector contacts will decide whether the detected signal corresponds to a low or high resistive state. It results that in a lateral spin valve, the measured signal vs. magnetic field is very similar to that of a hard-soft MTJ [see Fig. 1.4(a)], with distinctive R p , and R ap states (where P and AP stand for parallel and antiparallel magnetization configurations, respectively).

Condition for Efficient Electrical Spin Detection

The figure-of-merit of a lateral spin valve is given by the magnetoresistance ratio ∆V /V = ∆R/R p ≡ (R p -R ap )/R p . The general expressions for ∆R and R p are given by Eqs. ( 23) and ( 25) from Ref. [382], in the case of semi-infinite F layers. We should note that in the Valet-Fert model, calculations are performed in the CPP-GMR configuration [see inset of Fig. 3.4(a)]. Because the current is passing through two F/N interfaces, and not just a single interface as in the case of a non-local spin valve, the calculated MR ratio is twice that measured in a non-local setup. In practice, because there is no spatial separation between the charge and spin currents in a local detection scheme, the output signal will be influenced by spurious magnetoresitive effects (e.g., anisotropic magnetoresistance, planar Hall effect, etc), which are virtually absent in a non-local detection scheme. We stress out that with respect to the single interface problem of the previous section, there are two essential differences here: (i ) a fundamental role is played by the interplay between spin accumulations generated at different interfaces 7 , and (ii ) the problem is not only in injecting a spin-polarized current but also in conserving a significant difference between the spin accumulation in the P and AP configuration in order to obtain a significant MR. We focus on the case where r b ≥ r N r F , and in the limit t N l N sf . It comes, after simplifications [382]:

∆R = 2γ 2 r 2 b r b + r N 2 1 + r b r N 2 t N l N sf (3.40)
and 

R p = 2 1 -γ 2 r b + r N t N l N sf + γ 2 r b r N t N l N sf r b + r N t N 2l N sf . ( 3 
∆R R p = 2γ 2 r b r N 2 r b r N + 1 + r b r N 2 t N 2l N sf 2 (1 -γ 2 ) r b r N + t N l N sf + γ 2 r b r N t N l N sf r b r N + t N 2l N sf . (3.42) 
Despite its apparent complexity, Eq. (3.42) reveals important informations when plotted as a function of the ratio r b /r N , as displayed in Fig. 3.4(a), for a given tunneling spin polarization γ = 0.5, l N sf = 1 µm, and various distances t N between the injector and detector contacts.

We obtain a 'bell shaped curve' of the MR as a function of the ratio r b /r N , and whose width is set by the ratio l N sf /t N . Thus, Figure 3.4(a) highlights a severe constraint existing on the value of r b in order to obtain a substantial MR. Specifically here, for r b /r N roughly greater than unity, the MR quickly drops from its optimum value, following ∼ exp(-t N /l N sf ). Before discussing in further details the physical origin and consequences of such behavior, we can make helpful simplifications.

Assuming that the condition for efficient electrical spin injection is fulfilled, viz.

r b r N t N /l N sf , Eq. (3.42) becomes: ∆R R p γ 1 -γ 2 1 1 + r b r N t N 2l N sf . ( 3.43) 
Fert et al. have shown that the latter expression can be rewritten in terms of the nonmagnetic channel's spin lifetime τ N s and τ dw the mean dwell time of the carriers in N , such as [386]: the property of the F metal, and simply reflects the competition between the spin injection rate and the spin relaxation rate in the N metal8 . As r b increases, carriers in the N channel are less easily 'transmitted' through the opaque N/I interfaces, suffering multiple reflections, which eventually leads to spin depolarization on the length scale of τ N sf . Thus, if r b needs to be sufficiently large in order reach a substantial spin polarization in N , a too large interface resistance is detrimental to the output signal. As a consequence, to obtain a substantial MR value [whose optimum amounts to about γ 2 /(1 -γ 2 )], r b must be chosen in a narrow range of values r min r b r max , given by the following inequalities 9 [382]:

∆R R p = γ 1 -γ 2 1 1 + τ dw τ N sf , ( 3 
r N t N l N sf r b r N l N sf t N . (3.45) 
This condition has been extended to the case where the F electrode width W and the channel's thickness w are not equal. In the geometry of Fig. 3.3(b), Eq. (3.45) becomes [382]:

r N t N l N sf W w r b r N l N sf t N W w , (3.46) 
and remains valid for W ¡l N sf . Increasing the ratio W/w leads to a larger spin relaxation on the F side of the interface, which can be compensated by an increase of r b . At otherwise fixed parameters, the MR also behaves as a bell-like curve as a function of the ratio W/w, as shown by Fert et al. [382]. Not only the value of r b is set by the thickness of the tunnel barrier, but also by the effective barrier height between F and N , such that one cannot access an arbitrary large range of r b in a F/I/N device. However, the geometrical ratio W/w can be tuned (in the limit W < l N sf ), which brings about some versatility, by upscaling together the lower and upper threshold values between which r b must fall. Other types of device geometries have been considered [382,402,403], such as that of Fig. 3.4 where the relaxation of the spin accumulation in N extends beyond the injector and detector contacts, and lead to different geometrical factors.

It has been a long theoretical discussion up to now, and we want to draw the reader's attention back to the challenge of the present chapter, which aims at assessing the potential of the LaAlO 3 /SrTiO 3 q2DES for electrical spin injection experiments. In the next section, we show that Eqs. (3.45) or (3.46) are hardly ever fulfilled in the case of a F /LaAlO 3 /SrTiO 3 tunnel junctions, thus requiring an alternative spin injection/detection scheme.

Three-Terminal Spin Detection Scheme and the Hanle Effect: Concept and Realization

In LaAlO 3 /SrTiO 3 heterostructures, the LaAlO 3 layer naturally plays the role of an insulating tunnel barrier between the F top-electrode and the buried q2DES (i.e. the nonmagnetic channel). We recall that the minimal accessible thickness for the LaAlO 3 layer, while preserving the existence of the q2DES, is 4 unit cells [21] (that is about 1.5 nm [197]). One must first check if a F /LaAlO 3 /SrTiO 3 -based tunnel junction can fulfill the criteria given by Eq. (3.46).

The spin resistance of the q2DES channel (r N ≡ r s ch ) is given by

r s ch = R l ch sf 2
, where R is the q2DES sheet resistance, and l ch sf its spin diffusion length. At low temperature (T < 5 K), R is typically comprised between 0.1 k and 5 kΩ/ , depending on the specific doping level [20,21,249,253,282]. We can only speculate regarding the value taken by l ch sf for the LaAlO 3 /SrTiO 3 system. In the literature, the spin diffusion length of moderately doped GaAs channels is found to be of the order of a few microns at low temperature [392,393]. A conservative estimation brings us to l ch sf 1 µm, which in turn gives r s ch 1 kΩ.µm 2 . If we take t N , the separation between the detector and injector contacts, to be ∼ 100 nm, Eq. (3.45) leads to 10 2 r b 10 4 Ω.µm 2 . Given the thickness of the q2DES channel w ∼10 nm [172][173][174]176], and considering W =100 nm (that is W/w 10), Eq. (3.46) leads to 10 3 r b 10 5 Ω.µm 2 . Figure 3.7 displays the RA product of one of our Co/LaAlO 3 (4 uc)/SrTiO 3 tunnel junction, where r b ≡ RA is of the order of 10 10 -10 11 Ω.µm 2 . This is in fact in the lower range of RA values for our junctions, as a number of junctions were found to exhibit RA values up to 2 -3 orders of magnitude higher. Recently, Richter et al. have reported RA products up to few 10 9 Ω.µm 2 for Au/LaAlO 3 (4 uc)/SrTiO 3 devices at 4.4 K [311], while Singh-Bhalla et al. had obtained RA > 10 12 Ω.µm 2 for Pt/LaAlO 3 (5 uc)/SrTiO 3 devices at 100 K [404], all of which values are given for |V | ≤ 50 mV. Thus, r b is found to be far greater than the upper threshold for electrical spin detection in a lateral spin valve geometry. Fortunately, the situation is not hopeless. First, because r b fulfills the condition for efficient electrical spin injection. And second, because it is still possible to probe non-equilibrium spin accumulations by resorting to a different measurement configuration, using a single ferromagnetic electrode, and exploiting the so-called Hanle effect, as described in the next section.

The Hanle Effect

Historical Background: The Optical Hanle Effect

In 1923, Robert Wood and Alexander Ellett had studied the resonance radiation of mercury atoms. They observed a high degree of polarization of mercury vapor fluorescence when resonantly excited by an incident linearly polarized light. In latter experiments, the degree of polarization was found to be significantly reduced when their experimental setup was rotated with respect to the terrestrial reference frame [405]. They had discovered what is now known has the (optical) Hanle effect, that is, the depolarization of luminescence by transverse magnetic field (which in their experiment was the Earth's magnetic field). The effect was named after german physicist Wilhelm Hanle, who carried out detailed studies of this phenomenon and provided a classical physical explanation of the effect [406], at a time where the notion of electron spin was not yet introduced.

In 1949, Alfred Kastler and Jean Brossel initiated profound studies of optical pumping in atoms [START_REF] Kastler | Optical Method for Studying Hertzian Resonances[END_REF], that were to lead to a fundamental understanding of various atomic processes, and of many aspects of the interaction of light and matter 10 . We can probably track back the essential concepts of today's Spintronics research to their pioneering work on the creation of a non-equilibrium distribution of atomic angular momentum, its manipulation by (ac or dc) fields, and the detection of the effect through luminescence polarization.

As a direct application of the concepts of optical pumping in atomic physics, Georges Lampel was the first, in 1968, to experimentally investigate the optical orientation of electrons spin in a semiconductor [408], with the fundamental difference being that these are now the conduction electrons which get spin-polarized, rather than electrons bound in an atom. This pioneering work was followed by extensive experimental and theoretical work realized, between 1970 and the early 1980's, almost exclusively by two research groups at Ecole Polytechnique in France, and at the Ioffe Institute in Saint Petersburg, Russia [START_REF] Dyakonov | Basics of Semiconductor and Spin Physics[END_REF]. They established the fundamentals of single spin and spin ensemble precessional dephasing under the influence of a magnetic field [START_REF] Dyakonov | Theory of Optical Spin Orientation of Electrons and Nulei[END_REF].

The Electrical Hanle Effect in a Three-Terminal Configuration

In a three-terminal (3T ) configuration, illustrated in Fig. 3.5(a), a single F/I/N contact serves as both the spin injector and 'spin detector' 11 , in combination with two ohmic contacts taken directly on the nonmagnetic channel. A non-equilibrium spin accumulation ∆µ is generated (ideally inside the nonmagnetic channel) by sourcing a current through the F/I/N tunnel contact, as discussed in section 3.1.3, and illustrated in Fig. 3.5(b). Importantly, the two ohmic contacts are placed at distances far greater than the channel's spin diffusion length, such that the spin accumulation only develops underneath the F/I contact (in particular given that in 3T measurements, F/I/N junctions are typically thousands of µm 2 in size). The genuine question that arises is then: "'How can we detect spin accumulation without a second ferromagnetic electrode?". This is where the Hanle effect comes into play.

The magnetization M = M s u x of the ferromagnet is taken to be parallel to the sample's surface (which is generally the case due to the shape anisotropy of the thin F electrode), such that the injected electron spins are initially oriented along the x axis (S x = ± /2 ≡ ↑, ↓). We consider the effect of a magnetic field B applied at an angle θ with the spin quantization axis. In a steady state, spins injected at different times t 1 and t 2 acquire a random phase during their precession about the magnetic field. Thus, incoherent spin precession and dephasing are at the origin of the reduction of the projected spin states on the spin quantization axis, and thus to the reduction of the time-averaged spin accumulation probed through the Hanle effect which follows [START_REF] Dyakonov | Theory of Optical Spin Orientation of Electrons and Nulei[END_REF][START_REF] Dash | [END_REF]:

∆µ(B) = ∆µ(0) cos 2 (θ) + sin 2 (θ) 1 + (ω l τ 2 sf , (3.47) 
with ω l = g e µ b B/ the Larmor frequency, g e the electron g-factor, µ b the Bohr magneton, =h/(2π), h the Planck constant, and where τ sf is a spin relaxation time. The validity of Eq. (3.47) is limited to the case where r b r N (or equivalently τ dw τ sf ), such that the coupling of the spin accumulation to the ferromagnet can be neglected. When the magnetic field is applied along the surface normal (B = B ⊥ u z ), Eq. (3.47) reduces to a Lorentzian function:

∆µ(B ⊥ ) = ∆µ(0) 1 + geµbB ⊥ τ sf 2 , (3.48) 
whose full width at half-maximum is inversely proportional to the spin relaxation time τ s [see Fig. 3.5(c-d)]. Thus, the non-equilibrium spin accumulation is gradually reduced as the perpendicular magnetic field is increased, and large enough magnetic field (ω l τ s 1) leads to the total suppression of spin accumulation. We should note that Eq. (3.48) remains valid as long as B 4πM s , where M s is the saturation magnetization of F , such that the spin quantization axis essentially remains transverse to the external applied magnetic field.

In practice, the difference in electrochemical potentials ∆µ = (µ ↓ -µ ↑ ) gives rise to a voltage build-up across the F/I/N junction, given by:

∆V 3T = γ 2e ∆µ , (3.49) 
with γ the tunneling spin polarization at the F/I interface, and ∆µ depends on the boundary conditions of the problem. Due to the spin accumulation being proportional to the applied current, in a steady state configuration, one cannot establish the absolute amplitude of the spin accumulation in a single measurement. Instead, a differential voltage measurement is required to access the quantity ∆V 3T = V ωl=0 -V ωlτs 1 expressed by Eq. (3.49). As a result, the estimation of both the spin accumulation and spin relaxation time can conveniently be obtained from a magnetoresistance measurement. In a non-local spin valve geometry, the Hanle effect has been considered as a gold standard proof of successful spin-polarized electron transport, via the detection of the expected modulation and reduction of the non-local MR signal ∆µ NL (B ⊥ ) as a result of spin precession and dephasing in a transverse magnetic field [392-395, 397, 413]. For reasons that are beyond the scope of this overview, the analytical expression of ∆µ NL (B ⊥ ) differs from than that of ∆µ 3T (B ⊥ ), and can be found in Refs. [392,393].

The system we wish to study, namely the LaAlO 3 /SrTiO 3 q2DES, however does not possess the band structure required (e.g., that of direct gap zinc-blende semiconductors) for the absorption of circularly polarized light to lead to spin-polarized carriers in the conduction band (through the conservation of angular momentum) [START_REF] Weisbuch | Quantum Semiconductor Structures: Funda-mentals and Applications[END_REF]. It does not exhibit either the converse effect used for detection of spin accumulation, i.e. the generation of a circularly polarized luminescence as a result of a radiative recombination of spin-polarized carriers (such as in a spin-polarized LED). Thus, in the following part of this chapter, the creation of a non-equilibrium spin accumulation is realized by electrical spin injection, and its detection is performed taking advantage of the so-called electrical Hanle effect.

Fabrication of Three-Terminal

Co/LaAlO 3 /SrTiO 3 Devices

Here, we present in details the fabrication procedure of three-terminal F /LaAlO 3 /SrTiO 3 devices, combining photolithography and lift-off techniques, with PLD and magnetron sputtering deposition techniques. In order to pattern conducting LaAlO 3 /SrTiO 3 channels, embedded in an insulating matrix, we have successfully adapted a modified version of the patterning procedure first reported by Schneider et al. in Ref. [414].

• A TiO 2 -terminated SrTiO 3 (001) substrate (typically 5 × 5 µm 2 ) is soaked in a beaker of acetone, and placed for about 5-10 minutes in an ultasonic bath, followed by rinsing in a beecher of isopropanol. 12 of a Co/LaAlO 3 (4 uc)/SrTiO 3 tunnel junction, acquired in a 3T configuration at low temperature. A clear tunneling behavior, characterized by a strong asymmetry between positive and negative bias is observed. Such an asymmetry is likely imposed by the difference of materials work function (as also found in Ref. [404] for Pt/LaAlO 3 /SrTiO 3 and Au/LaAlO 3 /SrTiO 3 devices), and is likely to reflect the strong trapezoidal shape of the LaAlO 3 barrier in these junctions. It should be noted that the bias applied across the junction (few hundreds mV) is responsible for an additional electric field, which further complicates the analysis of I-V characteristics [297,415,416].

Hanle and Inverted Hanle Effects

at LaAlO 3 /SrTiO 3 Interfaces

We now discuss electrical spin injection experiments performed in Co/LaAlO 3 (4 uc)/ SrTiO 3 tunnel junctions, where the Co electrode acts as the spin source, the buried q2DES as a spin sink, and the 4 unit cell thick LaAlO 3 provides the tunnel barrier between the two electrodes. We report on the observation of an enhanced spin signal inferred from both 'normal' and 'inverted' Hanle effects (for transverse and longitudinal magnetic fields, respectively). The latter effect is found to be related to the presence of internal random magnetic fields attributed to an hyperfine interaction mechanism. Sequential (or multistep) tunneling is shown to be the relevant transport mechanism across the junction. Defect states inside the LaAlO 3 barrier are suspected to play a crucial role in the temperature dependence of the Hanle effect, as well as on the observed large amplification (with respect to theoretically expected values) of the spin signal. The specific mechanisms accounting for our observations are presented and discussed in section 3.4, in relation with field-effect modulations of the Hanle spin signal.

Observation of a Large Hanle Spin Signal

We have collected standard three-terminal magnetoresistance (MR) curves on tunnel junctions with an area A=LW =100 × 300 µm 2 by applying an out-of-plane magnetic field H ⊥ normal to the Co in-plane magnetization. Results at T = 2 K are presented in Fig. 3.8(a). A progressive decrease of the magnetoresistance is observed as the magnitude of the external perpendicular magnetic field is increased. The reduction of the voltage change ∆V 3T follows a quasi-Lorentzian lineshape as expected for the Hanle effect. The observed increase in resistance for µ 0 H ≥ 0.25 T is at least partly due to to the out-of-plane rotation of the Co electrode magnetization M (that would be complete for µ 0 H ⊥ > 1.8 T). An other contribution the standard magnetoresistance of the q2DES channel. We therefore perform the subtraction of a parabolic MR background, and given Eqs. (3.48 -3.49), the 3T Hanle MR follows the following pseudo-Lorentzian lineshape:

∆V 3T (B ⊥ ) = c 0 B 2 ⊥ + ∆V 3T (0) 1 + geµb B ⊥ τ * sf 2 , (3.50) 
where c 0 is a fitting constant, g e 2, = 1.05457 × 10 -34 m 2 .kg.s -1 , and µ b = 9.274 × 10 -24 J.T -1 .

The amplitude of the measured Hanle signal is (∆R H ⊥ A) = 60 MΩ.µm 2 , which, using a base junction resistance area product (RA) of 80 GΩ.µm 2 , corresponds to an MR=∆R H ⊥ A /(RA) of 0.07% at 2 K. A primary analysis, using Eq. (3.49), and taking γ -10% at the Co/LaAlO 3 interface [426], leads to an estimated spin accumulation ∆µ 7.4 meV (∆V 3T 75 µV). From the pseudo-Lorentzian fit of the Hanle curve, one can extract an effective spin relaxation time τ * sf = 50 ps, which as we discuss later is unlikely to be the intrinsic spin lifetime inside the q2DES (which unfortunately is not known a priori ).

We must stress out that neither the observed amplitude of the Hanle signal, nor the estimated spin relaxation time, are necessarily related to the actual spin diffusion length and spin lifetime inside the nonmagnetic channel. It turns out that in a 3T Hanle experiment, the detected voltage build-up cannot be unambiguously attributed to a spin accumulation inside the nonmagnetic channel. Indeed, any net spin accumulation within the junction, that is, at the F/I or I/N interfaces, as well as inside the tunnel barrier may give a contribution to the Hanle signal [START_REF] Jansen | [END_REF]427,[START_REF] Tran | Phénomène d'Injection de Spin dans un Semiconducteur à Partir d'un Contact Ferromagnétique[END_REF]. Thus, the experimental situation is possibly better illustrated by Fig. 3.8(b -c). A full account of both the amplitude and width of the Hanle curves is given later, after a description of the experimental data. If we ignore the preceding remarks, and assume that the observed Hanle spin signal results solely from spin accumulation inside the q2DES channel, we can then compare its value to what is theoretically expected [381,382]. We already performed this estimation in the introduction of section 3.2, and found that the q2DES spin resistance r ch s = R l ch sf 2 should be of the order of 1 kΩ.µm 2 (assuming l ch sf 1 µm), that is 5 to 6 orders of magnitude smaller that the spin signal we have detected. Large enhancements of the Hanle spin signal, with respect to theoretically expected values, have been reported in a number of semiconductorbased [START_REF] Jansen | [END_REF][START_REF] Dash | [END_REF][430][431][432][433][434][435][436][437][438][439], metal-based [440,441], and SrTiO 3 -based [442][443][444][445][446] F/I/N tunnel junctions. The issue related to the amplitude of the detected spin signal is addressed in section 3.4.2, in the framework of Tran et al.'s model of multistep tunneling [427,[START_REF] Tran | Phénomène d'Injection de Spin dans un Semiconducteur à Partir d'un Contact Ferromagnétique[END_REF]. We must acknowledge that the situation illustrated in Fig. 3.5(b-c) depicts an idealized scenario, of efficient and direct tunneling spin injection, which needs to come under scrutiny. In our case, the weakness of the direct tunneling scenario becomes particularly evident when looking at the temperature dependence of the junction RA product, as presented in the following section.

Evidence of a Sequential Tunneling Process

Extensive work on metal/insulator/metal tunnel junctions has shown that ruling out the presence of pinholes, which form areas of low-resistance and short-circuit the high-resistance tunnel barrier, is not easily achieved [START_REF] Jönsson-Åkerman | [END_REF]424,425]. However, in the case of electrical spin injection, due to the well known conductivity mismatch, their contribution to spin-polarized transport is likely to be limited. Three so-called Rowell criteria have been established to determine whether tunneling is the dominant transport mechanism. The 'first', and most famously known is that the conductance (G ≡ dI/dV ) should exhibit an exponential dependence on the thickness of the barrier. The 'second' criterion states that the conductance should exhibit a parabolic-like dependence on the voltage. However, this oversimplified picture cannot be readily applied to strongly asymmetric barriers such as that formed at Co/LaAlO 3 /SrTiO 3 interfaces. Jöhnson-Åkerman et al. have argued that the 'third' Rowell criterion is a definitive confirmation of tunneling transport [START_REF] Jönsson-Åkerman | [END_REF]. It states that the slope of the I-V characteristic should exhibit at zero bias (referred to as zero bias resistance, ZBR), an insulating-like temperature dependence.

Strong evidence for tunneling is provided by spectroscopic signatures of phonon modes observed in the junction's conductance spectra dI/dV (V ) [419? ]. In a solid state device, such information is accessible by resorting to a so-called inelastic electron tunneling spectroscopy (IETS) technique (the derivative of the conductance curve, i.e. d 2 I/dV 2 (V ) corresponds to what is termed the IET spectra). If transport is realized through ohmic contacts, electrons never acquire energies greater than a few k b T above ε f , regardless of the applied bias, and cannot excite phonon modes with much higher energies 13 . As a result, phonon modes signatures are missing from the conductance-voltage characteristic. In contrast, as visible in Fig. 3.9(c), the presence of peaks in the differential conductance of our 3T device has been observed, at biases/energies of about 59, 87, and 98 meV, and which correspond to large DOS of longitudinal optical (LO) phonon modes of SrTiO 3 and LaAlO 3 , hence providing a definite proof of tunnel transport processes in our junction. Specifically, the peak at 98 meV corresponds to a LO phonon mode of SrTiO 3 (796 cm -1 [START_REF] Servoin | [END_REF]), while that at 87 meV can be attributed to a LO phonon mode of LaAlO 3 (712 cm -1 [422]). The peak at 59 meV reflects the excitation of both LaAlO 3 (470-487 cm -1 [423], 475 cm -1 [422]), and SrTiO 3 (475 cm -1 [START_REF] Servoin | [END_REF]) LO phonon modes. Finally, light kinks in the dI/dV curve, at about 35 and 74 meV, could not be unambiguously attributed to any of the two bulk compounds. Further IETS studies of metal/LaAlO 3 /SrTiO 3 junctions are required to shed light on the fundamentals of tunneling processes in this system. We should note that phonon-assisted tunneling is not a proof of a sequential tunneling process, and readily occurs in the case of direct tunneling [START_REF] Wolf | Principles of Electron Tunneling Spectroscopy[END_REF][START_REF] Hipps | Inelastic Electron Tunneling Spectroscopy[END_REF].

In the case of direct tunneling, the conductance of the junction is expected to exhibit a marginal temperature dependence, if any. However, as can be seen in Fig. 3.9(a), the RA product of our device strongly increases with decreasing temperature, and in particular, a strong deviation for positive and negative biases appears above roughly 180 K, indicative of thermally activated multistep tunneling through electronic states (likely located within the LaAlO 3 barrier). Figure 3.9(b) displays Hanle MR curves at temperatures between 2 K and 150 K. The amplitude of the Hanle signal is found to remain about constant between 2 K and 40 K where the junction RA vs. temperature reaches a plateau [see Fig. 3.9(a)]. In contrast, no Hanle signal is obtained at higher temperatures or at reversed bias (which corresponds to the spin injection regime). At the moment, we can only speculate on the origin, spatial distribution and energy position of those LS. A detailed study of the bias dependence of the Hanle spin signal will help clarify these issues (section 3.4). It is however straightforward to assess that the relevant LS energy levels involved in the transport are located close to the Fermi energy of the q2DES, as depicted by the sketches of Fig. 3.9(d -e). In LaAlO 3 /SrTiO 3 heterostructures, potential localized electronic states are known to readily arise from charged point defects such as oxygen vacancies, cation vacancies, and cation substitution [245,[449][450][451].

Origin of the Inverted Hanle Effect : Random Hyperfine Fields

As cautioned earlier, the width of Hanle MR curves may not relate to the characteristic spin lifetime inside the nonmagnetic channel itself, as one may genuinely expect. Instead, the Lorentzian curve can get extrinsically enlarged, as observed experimentally, in the presence of alternative mechanisms of spin depolarization. Which ones have been proposed to arise from e.g., inhomogeneous magnetostatic fields [432], hyperfine interactions [393,442,443,453], exchange interactions [454], spin-dependent scattering [444], or possibly spin-orbit coupling.

Inverted Hanle Effect Experiments

To gain insight into the possible origin of random magnetic fields, we measured the socalled 'inverted' Hanle effect. The measurement configuration is unchanged with respect to that of the normal Hanle effect, except for the external magnetic field which is now applied inplane, along the Co electrode's magnetization direction. Before proceeding to the discussion of the experimental data, we can anticipate what such a measurement should yield. If the spin ensemble is fully polarized along the spin quantization axis, then, applying a magnetic field colinear to that direction should yield no magnetoresitive effect, besides the detection of the expected magnetoresistance of the channel in a 3T configuration. However, this ideal scenario gets readily thwarted if the spin ensemble is already partially depolarized even in zero external magnetic field, as discussed hereinafter. [START_REF] Jansen | [END_REF][START_REF] Dash | [END_REF][431][432][433][434][435][436][437][438][439][440][441][442][444][445][446]. It worth noting that the inverted Hanle effect, rather than a marginal effect, has become ubiquitous in three terminals detection schemes. A clear interpretation of such 3T Hanle and inverted Hanle effects is still being developed [START_REF] Jonker | Electrical Spin Injection and Transport in Semiconductors[END_REF]446,483]. Nonetheless, the inverted Hanle effect, regardless of its specific origin (discussed later), is presently believed to correspond to a gradual restoration of the spin accumulation driven by the in-plane magnetic field. Its manifestation is thus an indication of the existence of internal processes, translating into effective magnetic fields, and leading to partial depolarization of the spin ensemble.

According to this picture, and in the limit of a long spin lifetime, the voltage variation is given by ∆V 3T = | γ 2 ∆µ/e| cos 2 (θ) , where θ is the average angle between the spin direction and the local effective magnetic field, which is the sum of a random field H r fluctuating in space and of the external field H || . If H r were perfectly random, the amplitude of the inverted Hanle signal should be 2/3 of the total signal. Quantitatively, both Hanle and inverted Hanle data can be fitted by a Lorentzian plus the same parabolic MR background. The inverted Hanle signal amounts to ∆R H || A 0.24 GΩ.µm 2 , and thus the total spin signal, expressed as the sum of both normal and inverted Hanle effects, ∆R s H A = ∆R H ⊥ A + ∆R H || A 0.3 GΩ.µm 2 , corresponds to a MR of 0.4%. Then, the total amplitude of the spin accumulation scales with the total Hanle spin signal (∆µ ∝ ∆R s H A). We note that the high field inverted Hanle curve matches the normal Hanle curve at a field B * 2.2 T which coincides with the full out-of-plane rotation of the Co electrode's magnetization [see inset of Fig. 3.10(a)]. This is a solid indication that both effects are related to spin injection. Subtraction of a parabolic MR background results in a flattening of both curves beyond this characteristic field B * , where the subsistence of a mismatch between the Hanle and inverted Hanle MR curves is likely due to anisotropies of the tunneling process (TAMR) [447,448].

Hyperfine Interaction, and Random Magnetic Fields

As in the case of ZnO oxide quantum dots [456], n-GaAs [457], AlGaAs [453], or hybrid organic spin valves [455], random magnetic fields originate from the hyperfine interaction [129,458]. In the first chapter of this manuscript, we gave a detailed account of the hyperfine interaction (see section 1.4.2.4), where it was shown that an electron spin may experience an effective magnetic field B n , originating from an hyperfine coupling with the nucleus, given by [129]:

B n = 2 3 µ 0 g 0 g γ n I |ψ k (0)| 2 , (3.51) 
where µ 0 is the vacuum permeability, g 0 = 2.0023 is the free-electron g-factor, I is the nuclear spin, γ n is the nuclear gyromagnetic ratio, and ψ k (0) is the electron envelope wavefunction at the site of the nucleus. We hereby discuss the possible origin of nuclear moments and hyperfine fields in LaAlO 3 /SrTiO 3 heterostructures. We have previously observed that electron transport across the junction was occurring as a result of a sequential tunneling process via localized states (LS), where one can reasonably attributes the existence of such LS to point defects within the LaAlO 3 barrier. While an oxygen vacancy V O can create either a neutral, a +, or a ++ charged state [245,[449][450][451], calculations have shown that V 0 O is unlikely to get stabilized, given that V + O and V ++ O states have much lower (and comparable) formation energies [ibid.]. On one hand, for the stoichiometric LaAlO 3 compound, the Al and La cations are in a 3+ valence state, such that they respectively possess a 2p 6 and 5p 6 closed outer shell. On the other hand, a V + O defect state will result in Al and La having a 2+ valence state, which corresponds to a 3s 1 and 6s 1 electronic configurations, respectively ([3s-3p] 1 and [6s-5d] 1 due to orbitals hybridization). From Eq. (3.51), it is well known that neither p nor d orbitals, for which the wavefunction exhibits a node at the nucleus site [i.e. ψ p (0) = 0, ψ d (0) = 0], will contribute to the hyperfine field, in contrast with s orbitals for which ψ s (0) =0. Then, given Al and La nuclei bearing a nuclear spin I Al = 5/2 (in units of ) for 27 Al (with a 100% abundance) and I La = 7/2 for 139 La (with a 99.91% abundance) [START_REF] Stone | Table of Nuclear Magnetic Dipole and Electric Quadrupole Moments[END_REF], with γ Al n = 1.4566 and γ La n = 0.7952 their nuclear gyromagnetic ratios, and considering the typical extension of their 3s and 6s type wavefunctions [START_REF] Cowan | The Theory of Atomic Structure and Spectra[END_REF], |B n | is estimated to be about 0.1 -0.2 T for Al and La.

Hence, the magnitude of the internal random field, of hyperfine origin, is in good agreement with the width of the inverted Hanle MR curve. This can be qualitatively understood in the simple following way. The effect of the external in-plane field is to counteract that of spatially random internal fields which are responsible for partial spin depolarization. As the magnitude of the in-plane external magnetic field is increased beyond |B n |, the effect of the latter on spin precession vanishes, and spin accumulation is restored to its maximum value. Such picture is further supported by an important collection of experimental data on a large variety of F/I/N systems, which have shown a systematic correlation between Hanle and inverted Hanle curves widths. In fact, as soon as the product of the spin precession time and the typical Larmor frequency associated with the inhomogeneous/random magnetic fields exceeds unity, the width of the Hanle curve is set by the strength of those fields, and no longer scales with the system's intrinsic spin lifetime. The effective spin lifetime extracted from the Hanle curve is thus smaller than the actual spin relaxation time of the system.

Moreover, the presence of hyperfine fields on the LS can explain the absence of spin accumulation at higher temperatures [see Fig. 3.9]. Indeed, as the transport goes from twosteps (where RA vs. T is flat at low temperature) toward more-than-two step sequential tunneling (which results in a lowering of RA as T increases), electron's spin experience randomly oriented fields on consecutive defects. Thus the spin projection state quickly averages to zero, and the Hanle effect consequently vanishes. Another explanation can be found in the framework of Ref. [START_REF] Lu | [END_REF], where the authors discuss the effect of thermally activated inelastic tunneling channels on the TMR in an MJT. They show that, even in the case of spin-conserving hopping through a chain of LS: as the number of hopping events increases, the MR drops to zero due to an increased probability of spin backflow (toward the spin emitter), accompanied by a loss of spin accumulation at the collector [ibid.].

We have now established that the width of the extrinsically broaden Hanle and inverted Hanle MR curves is a measurement of the magnitude of the involved depolarizing internal magnetic fields, rather than a measurement of the channel's spin lifetime. From 3T Hanle experiments, authors have nonetheless extracted effective spin lifetimes, and obtained values in a surprisingly narrow range of ∼ 50 -300 ps, exhibiting relatively temperature and carrier density independent behavior [START_REF] Jansen | [END_REF][START_REF] Dash | [END_REF][431][432][433][434][435][436][437][438][439][440][441][442][444][445][446]. This is in stark contrast with data obtained by electron spin resonance, non-local spin transport, spin-LED detection schemes, or time-resolved optical techniques in semiconductors and metals, which have demonstrated that spin lifetimes can vary by many orders of magnitude depending strongly on the channel material and its carrier density [132,[391][392][393][394][395][396][397][398][399][400][401][462][463][464][465][466][467][468][469][470].

Alternative Mechanisms for Inhomogeneous Magnetic Fields

We briefly discuss, and discard, possible alternative sources of inhomogeneous magnetic fields, from which the inverted Hanle effect could have originated.

Dash et al. have proposed that a finite roughness at the F/I interface may give rise to spatially inhomogeneous magnetostatic fields [see Fig. 3.10(c)]. Using atomic force microscopy (AFM), they measured an out-of-plane roughness amplitude h 0.5-2 nm, with a lateral periodicity (λ in Fig. 3.10(c)) of 20-70 nm. In such case, they estimated the strength of inhomogeneous magnetostatic fields to be 100 -1000 Oe, and strongly depth dependent (a two decades decrease 15 nm away from the F/I interface) [432]. Such scenario can easily be discarded in the case of the Co/LaAlO 3 interface, given the 'step and terrace' structure of the vicinal LaAlO 3 surface. We have actually measured, via AFM imaging, the roughness of a thin Co film on LaAlO 3 , and found14 a root mean square surface roughness of about 1.5 Å. In the notations of Dash et al., h = 1.5 Å and λ = (terrace width) 250 nm for our system. This would correspond to an inhomogeneous magnetostatic field of less than 100 Oe in the direct vicinity of the F/I interface, which cannot account for our observations. Magnetostatic fields for various F , h and λ parameters values have been extensively simulated by Peiro [START_REF] Peiro | Phénomènes d'Injection et de Décohérence de Spin dans des Structures Semiconductrices[END_REF], who further discussed their corresponding effect on Hanle and inverted Hanle MR curves.

Another possible contribution could arise from the presence of magnetic dipoles/patches at the LaAlO 3 /SrTiO 3 interface, as discussed in section 2.4.2 [see Fig. 2.12(d)]. The magnetic flux at the dipole site is typically 20 mΦ 0 (with Φ 0 = 2.0678 × 10 -15 Wb, the quantum of flux) [323,324]. This leads to a corresponding local magnetic field estimated to be less than 1 mOe. Both aforementioned scenarios lead to estimated magnetic fields far smaller than the observed width of Hanle MR curves, and thus cannot account for our observations.

A mechanism of spin precession and dephasing based on a spin-orbit interaction (SOI) need also to be discussed. The reader familiar with the LaAlO 3 /SrTiO 3 system will recall the large SOC existing within the q2DES, as originating from either or both the Rashba SOI [282,283] or atomic SOI [253]. We further recall Eqs. (1.32 -1.33), presented in chapter 1, where it was shown that a SOI gives rise to a momentum-dependent effective magnetic field Ω k where, due to symmetry considerations, the relevant k ≡ k || belongs to the (001) plane. In order to discard the SOI contribution to our observation, we must jump ahead to the conclusion of this chapter. In the remaining discussions, we infer that the amplitude of the observed spin signal is due to localized electronic states (LS), i.e. essentially onedimensional, for which k || = 0. It naturally follows that Ω LS k = 0, thus eliminating the SOI as the source of random magnetic fields in our study.

Gate-Controlled Spin Injection

into the LaAlO 3 /SrTiO 3 q2DES

In order to probe the efficiency of electrical spin injection inside the q2DES, we have used field-effect experiments (in a back-gating geometry). We report on a very large Hanle spin signal that cannot be accounted for by the standard theory of spin injection [381,382] if one assumes a direct tunneling process from the Co electrode to the q2DES. Instead, we interpret our observation of a five-fold enhancement of the spin signal in the framework of Tran et al.'s model of sequential tunneling via localized states inside the LaAlO 3 barrier. Bias, and gate voltage dependence of the Hanle spin signal reveal that such discrete electronic states (with very long effective spin lifetimes) are strongly coupled to the q2DES by resonant tunneling, which results in the creation of a net spin accumulation inside the q2DES itself.

Electrostatic Field-Effect Modulation of the Spin Signal

Applying a gate voltage V g at the back of the SrTiO 3 substrate [see Fig. 3.11] can give further information about the phenomena at play. Besides modulating the carrier concentration at LaAlO 3 /SrTiO 3 interface [20,21,249,253,282], V g may also strongly modify their confinement in the direction perpendicular to the interface, as calculated in Refs. [249,474]. Efficient electrostatic field-effect at LaAlO 3 /SrTiO 3 interfaces was already introduced in section 2.3.2.2. We now comment on the experimental results.

Figure 3.11 displays the effect of V g , applied across the 0.5 mm thick SrTiO 3 substrate, on the channel's sheet resistance and on the junction RA product. In our convention, a positive gate voltage results in an accumulation of electrons at the interface, accompanied by a reduction of the sheet resistance R of the q2DES by one order of magnitude [see Fig. 3.11(a)], a typical behavior for back-gating field-effect at LaAlO 3 /SrTiO 3 interfaces [20,21,249,282,283]. In the present case, the channel displays a rather weak magnetoresistance as a function of both H ⊥ and H || . A detailed analysis of the q2DES magnetoconductance is beyond the scope of the present discussion, and has been carried out elsewhere [253,284,[START_REF] Joshua | Proc. Natl Acad. Sci[END_REF]475,476]. The Hanle, and inverted Hanle effect are displayed for 3 different gate voltages (and at a constant bias voltage) in Fig. 3.11(b). Here, the effect of V g is to reduce the junction base resistance RA(H = 0) upon doping the q2DES. Qualitatively, the enhanced DOS on the SrTiO 3 side results in the concomitant increase of the tunneling probability. The total spin signal ∆R s H A is then evaluated as the difference between the Hanle and inverted Hanle MR curves at precisely 0.25 T. At this magnetic field value, spin depolarization due to the internal hyperfine fields is overcome, and a concomitant maximum of the spin accumulation is therefore expected.

The bias voltage dependence and gate voltage dependence of the total spin signal are shown in Fig. 3.12(a), and constitutes the central result of this study. The magnitude of the detected spin signal is found to be greatly modulated, and in a non trivial way, by both V g and V bias . The remainder of this chapter aims at providing a sensible scenario accounting for these observations. In the regime of direct spin injection, the spin signal is expected to scale with the injected current density [Eq. (3.39)], which is not verified here. At any given gate voltage, the spin signal ∆R s H A is found to have a non-monotonic dependence on the applied bias. As discussed in the following section, such behavior is likely to arise from resonant tunneling through localized states [471][472][473], as discussed in the following section. Quite surprisingly, V g has an opposite effect upon ∆R s H A with respect to R , as summed up in Fig. 3.12(b). This goes against what one expects for the variation of the intrinsic q2DES spin resistance [r s ch = R . l ch sf 2 ] vs. V g that should follow the variation of R in the linear regime of spin injection, as observed by Ando et al., through the electrical Hanle effect, in gated 3T Si-based MOSFET structures [430].

Even though the experimental data cannot be accounted for in the framework of direct spin-polarized tunneling, the striking observation of a gate-modulated spin signal is a robust evidence that spin accumulation has been achieved inside the q2DES itself. The effect of V g and V bias on the relative energy alignment of the LS with the q2DES Fermi level position are schematically illustrated in Figs. 
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Resonant Tunneling Through Localized Electronic States

In section 3.3.2, we have observed that the junction's differential conductance and its RA temperature dependence where indicative of a multistep tunneling via localized electronic states inside the LaAlO 3 barrier. We now discuss the specific energy and spatial distribution required for those LS to participate to the tunnel transport, and together account for our observations.

In planar junction, the behavior of the tunneling transparency is very dependent upon whether or not point defects introduce localized levels close to the Fermi level [START_REF] Lifshitz | Introduction to the Theory of Disordered Systems[END_REF][START_REF] Lifshitz | [END_REF]. In this context, "close to the Fermi level" means that the distance form the Fermi level is not too large compared to the LS level's linewidth (i.e. elastic energy broadening) due to the coupling with the electrodes. For example, a continuum of localized levels should always be present in an amorphous barrier (e.g., Al 2 O 3 ), whereas in high-quality crystalline oxide barriers, isolated point defects (e.g., oxygen vacancies) would be most common. Then, if localized defects inside the barriers are located close to the Fermi level, and provided that the A vs. V g , whereas the sheet resistance of the channel R decreases (upon increasing V g ) as expected for the q2DES. temperature is sufficiently low to preserve the wavefunction coherence across the barrier, the tunneling current is dominated by resonant channels through which an electron can tunnel with no attenuation [START_REF] Lifshitz | Introduction to the Theory of Disordered Systems[END_REF][START_REF] Lifshitz | [END_REF].
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Let us consider an isolated defect inside the barrier, with a nondegenerate eigenstate ψ i | at energy ε i . Neglecting direct tunneling, and applying time-dependent perturbation theory in the spirit of Bardeen's approach of tunneling (see section 1.3.1), it can be shown that the zero-temperature tunnel conductance, is given by (cf. Refs. [479,480], see also [471][472][473]):

G(ε) = 4e 2 π Γ l Γ r (ε -ε i ) 2 + (Γ l + Γ r ) 2 , (3.52) 
where the quantities: Γ l = Γl exp (-2κz l ), and Γ r = Γr exp (-2κz r ) are the elastic energy broadenings of the impurity level due to its coupling with the left and right electrodes. Their spatial z variation are exponentially dependent on their distance, z l and z r , from the respective electrodes, with (z l +z r )=d the barrier thickness. κ is the reciprocal radius of the impurity state obeying the relation κ 2 /(2m) = ε i . From Eq. (3.52), we observe that in the resonant condition, that is for ε=ε i , the conductance is dominated by impurities with Γ l Γ r (i.e. located close to the middle of the barrier), and exhibit a sharp maximum amounting to e 2 /π . For higher defect concentrations, complicated arrangements can arise, and for junctions with small transverse sizes, the tunnel conductance can depend strongly on their specific arrangement [START_REF] Lifshitz | Introduction to the Theory of Disordered Systems[END_REF]479].

A number of authors have computed the formation and ionization energies of defects inside the LaAlO 3 and SrTiO 3 crystals [245,[449][450][451]. As discussed in section 3.3.3.2, oxygen vacancies with + or ++ charged states were found to be favored with respect to neutral vacancies. In particular, the V + 0 state is found to be located close to the mid-gap of the LaAlO 3 layer (though few hundreds of meV above it 15 ), whereas in SrTiO 3 , V + 0 and V ++ 0 states are located respectively about 0.6 and 0.3 eV below the conduction band minimum (CBM) [451]. Mitra et al. have pointed out that at the LaAlO 3 /SrTiO 3 interface, V + 0 defect states in each compound are brought very close together in energy, which may in turn help stabilize them [ibid.]. Remarkably, given the specific band articulation at the LaAlO 3 /SrTiO 3 interface (as calculated [196,208,235], and reported experimentally [234,248,279]), the possible formation of an impurity band inside the LaAlO 3 gap, and derived from V +/++ O states, would lie very close in energy to the Fermi level inside the q2DES (with the bottom of the potential well ∼ 0.3 eV below the SrTiO 3 CBM [234,286]). It would then provide the suitable candidate for resonant tunneling through localized electronic states at the LS/q2DES interface.
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LaAlO 3 SrTiO 3 We propose a possible arrangement of defects for the Co/LaAlO 3 /SrTiO 3 system, such as represented in Fig. 3.13. The sketched band structure and defects position rests upon the observation of (i ) a large enhancement of the spin signal (specifically on the LS, as discussed in section 3.3.3) for positive bias, and (ii ) on the absence of a spin signal for negative bias [see Fig. 3.12(a)]. The former observation is thoroughly discussed in the remainder of this chapter, whereas the latter is briefly addressed here. We propose that for reverse bias, tunneling of electrons proceeds through more than two steps. Then, the situation is essentially analogous to that of the tunneling behavior at higher temperatures and for which no spin signal was detected either. We recall that sequential tunneling through more than a single defect is likely to result in a vanishing spin accumulation due to (either or both): (i ) the randomness of hyperfine fields on embedded defects which causes incoherent spin precession, (ii ) an enhanced backflow of spin as a result of increasing number of hopping events [START_REF] Lu | [END_REF]. With the LS energy being pinned somewhere close the Fermi level of the q2DES, the applied bias across the junction acts on the position of ε f in the well, which in turn effectively tunes the resonant conditions for tunneling between the LS and the available DOS in the q2DES. We argue that this could account for the strong bias dependence of the amplitude of the spin signal, as well as its none-monotonic behavior upon increasing V bias .

In the following section, we discuss a scenario where localized states are indeed located close to the right interface such that Γ l can be neglected before Γ r . The validity of our discussions relies on the equivalence between resonant tunneling and sequential tunneling after having integrated over the energy distribution of the LS. We cannot stress enough the importance of this identification. We owe the demonstration of such equivalence to Weil and Vinter who have shown that "in the absence of scattering in the well, resonant and sequential tunneling lead to the same dc current through the structure" [452], where the structure they studied is a double barrier diode. "With intrasubband scattering the equivalence also holds in the experimentally important case when the injected electrons are distributed over a larger energy than the width of the quasi-two-dimensional level in the well." [ibid.].

Enhancement and Gate-Tunability of Spin Accumulations

We turn to the phenomenological model of two-step tunneling proposed by Tran et al., in 2009, to account for a large enhancement of the spin signal in 3T Hanle experiments conducted on F/I/SC tunnel junctions [427]. We apply Tran et al.'s model to the Co/LaAlO 3 /SrTiO 3 (q2DES) system, and demonstrate that it provides a sensible scenario for the observed amplitude of the spin signal, and its singular bias and gate dependences (displayed in Fig. 3.12).

The system to consider is illustrated in Fig. 3.14, and consists of the Co (left) electrode, the q2DES (right electrode), and the LaAlO 3 barrier. The barrier itself can be decomposed in three regions, with localized electronic states sitting close to the q2DES, and two barrier resistances R b and r b which decouple the LS from the left and right electrodes, respectively. Interestingly, in the framework of the Valet-Fert [START_REF] Valet | [END_REF] and Fert-Jaffrès models [382], a direct equivalence between spin resistances and spin lifetimes can be drawn. The effective spin resistances on the LS, and inside the channel are given by:

r s ls = τ ls sf e 2 N ls 3D (ε f )d ls , (3.53) 
r s ch = τ ch sf e 2 N ch 2D (ε f ) . (3.54)
Here, τ ls sf is the spin-flip time on the LS, τ ch s is the intrinsic spin lifetime inside the q2DES, N ch 2D (ε f ) is the q2DES DOS at the Fermi energy 16 , N ls 2D = (N ls 3D d ls ) is the two-dimensional DOS integrated over d ls , the effective thickness of the LS transverse to the interface. For an oxygen vacancy, d ls is typically smaller than the unit cell size [239], and N ls 3D is found in the range of 10 17-10 19 eV.cm -3 even for single inorganic crystals. Those are bulk values, and it is hard to estimate precisely the value taken by N ls 3D close to an interface, and consequently by N ls 2D as well. Nonetheless, N ch 2D N ls 2D by at least 2 orders of magnitude 17 . A second set of equation allows to define the spin-dependent resistance R b to access the LS from the Co electrode, and r b a (gate and bias) tunable leakage resistance at the interface between the LS and the q2DES, such as:

R b = τ ls ← e 2 N ls 2D (ε F ) , (3.55 
)

r b = τ ls → e 2 N ls 2D (ε F ) , (3.56) 
where τ ls correspond to the mean escape (tunneling) times of carriers from a LS into the Co electrode on the left (←), or towards the q2DES on the right (→).

Starting from the standard drift-diffusion equations [Eqs. (3.5) and (3.12) or (3.36)], Tran et al. have shown that spin accumulation on the LS, and on the channel, respectively follow:

∆µ ls 2eγj r s ls (r s ch + r b ) r s ls + r s ch + r b , (3.57) 
∆µ ch = 2eγj r s ls r s ch r s ls + r s ch + r b , (3.58) 
where j is the injected current density, and γ is the tunneling spin polarization at the Co/LaAlO 3 interface (γ Co/LAO -10% [426]). The corresponding MR that will be detected by the Hanle effect is given by:

∆V 3T V 3T = γ 2 1 -γ 2 r s ls R b + r b r b + r s ch r b + r s ls + r s ch , (3.59) 
or equivalently

∆V 3T V 3T (B) = γ 2 1 -γ 2 τ * sf (B) τ dw , (3.60) 
with τ * sf (B) = τ * sf (0)/[1 + ω l τ * sf 2
] to take into account the decoherence induced by the applied magnetic field B in Hanle experiments. Here, τ dw is the mean dwell time of carriers on the LS and the q2DES before being reabsorbed by the Co electrode, and τ * sf (0) is an average effective spin lifetime on both LS and the q2DES. Thus, it is this latter time that 16 N ch 2D is actually given by: N ch 2D = N ch 3D t * ch , where the volume of relaxation is modified taking into account lateral spin flow such that t * ch = t ch 1 + l ch sf /W , with t ch the channel's thickness, l ch sf its spin diffusion length, and W the width of the junction. However, W t ch , such that t * ch t ch . 17 Indeed, in the free-electron model, it comes: N ch 2D = 3n 2D /2(ε F -ε 0 ) [START_REF] Ashcroft | Solid State Physics[END_REF]. For the q2DES (ε F -ε 0 ) 0.3 eV [234,286], and n 2D ∼ 10 13 cm -2 the sheet carrier density, it follows N ch 2D ∼ 5 × 10 13 eV.cm -2 . On the other hand, for d ls 0.5 nm, and taking N ls 3D ∼ 10 19 eV.cm -3 , it comes N ls 2D < 5 × 10 11 eV.cm -2 .

governs the width of Hanle MR curves, and not directly τ s ch as one may genuinely expect. The general expressions for τ * sf , and τ dw are given in Refs. [427,434]. So far, two cases scenarios have been mostly discussed in the literature, in the limit of a large tunnel resistance R b . (i ) For r b r s ch r s ls , which essentially results in a direct tunneling process with ∆µ ch 2eγjr s ch , the intrinsic spin accumulation on the channel. (ii ) For r b r s ls r s ch , which corresponds to a two-step tunneling with spin accumulation on the LS amounting to ∆µ ls 2eγr s ls , but which leads to almost complete spin depolarization on the LS and vanishingly small spin accumulation on the channel ∆µ ch 2eγj(r ls r s ch )/r b → 0. Hereinafter, we will discuss a third case scenario, which is a posteriori justified, (iii) for which r s ch r b and r b < r s ls . This corresponds to a two-step tunneling process resulting in a build-up of spin accumulation on the LS, with nonetheless an efficient tunnel coupling between the LS and the nonmagnetic channel (τ ls → < τ ls sf ). Such that ∆µ ls ∆µ ch , with nevertheless ∆µ ch = 0, thus realizing spin accumulation inside the nonmagnetic channel as well.

In our experiments, the detected spin signal was found to be of the order of 10 9 Ω.µm 2 (Fig. 3.12), that is more than 6 orders of magnitude greater than the intrinsic q2DES spin resistance. The prerequisites for an amplification of the spin signal are that the LS form a narrow band of reduced DOS and enhanced spin lifetime τ ls sf [427,436], due to confinement effects (τ ls could typically exceed 1 ns on an isolated defect or a quantum dot [481]).

Recently, Uemura et al. suggested that the involved LS could be present near the F/I interface [438]. However, this is a highly unlikely scenario because such states would be efficiently coupled to the nearby ferromagnet, which acts as a spin sink. The associated short escape time of spins towards the ferromagnet would thus prevent the build-up of any spin accumulation in those LS. A much more sensible scenario involves LS that are present near the LaAlO 3 /SrTiO 3 interface, as discussed earlier for oxygen vacancies, and which implies Γ l Γ r in Eq. (3.52). The LS need to be decoupled from both reservoirs (with R b r b ) in order to prevent the backflow of spin-polarized electrons once on the LS, and allow for a build-up spin accumulation on the LS. The two-step tunneling process further imposes the condition that r b r s ch . In turn, Eqs. We now confront the model to our experimental observations. While V g is not expected to influence the spin lifetime on the localized states τ ls sf , it may strongly affect the escape time τ ls → of the electrons from the localized states to the q2DES by changing the tunneling coupling between the two. This coupling is parameterized by the characteristic elastic energy broadening Γ r ≡ Γ ls h τ ls → according to [479]:

Γ ls 2k ⊥ κ (k ⊥ ) 2 + κ 2 ε ls κd exp(-2κd) , (3.63) 
where ε ls is the localization energy [ε i in Eq. (3.52)], 1/κ the characteristic localization length of the LS, k ⊥ the carrier wavevector in the q2DES along the growth direction [001] (confinement axis), and d the tunneling distance. In the highly localized limit (κ k ⊥ ), Γ ls ∝ 2k ⊥ κ, and τ ls → ∝ 1/k ⊥ . A smaller carrier confinement in the q2DES by applying a positive V g (that enhances the q2DES DOS, but reduces k ⊥ ) then leads to an increase of the escape time τ ls → , resulting in scaling up r b . From Eq. (3.61), ∆µ ls thus increases and so does ∆R s H A. On the contrary, a larger confinement in the q2DES by a negative V g (that increases k ⊥ ) corresponds to a smaller escape time leading to a drop-off of ∆R s H A. This is just what we observe experimentally [see Fig. 3.12(a)]. Remarkably, the maximum ∆R s H A varies by one order of magnitude with V g , which indicates that r b r s ls , i.e. τ ls → τ ls sf . In other words, the time require for the spin to flip on the LS is much longer that the escape time from the LS towards the q2DES 18 . This indicates spin conservation on the LS, and the creation of a finite spin accumulation in the channel (∆µ ch 2ejγr s ch ), thanks to the large tunnel coupling between the two.

Finally, we note that the maxima of the spin signal (∆R s,max H A) shifts with the gate voltage [dashed line in Fig. 3.12(a)], which we attribute to a corresponding shift of the Fermi level (∆ε f ) in the q2DES due to a change of the confinement potential of the well, as schematically illustrated in Fig. 3.14(c).

Using the simplifications relevant to our experimental situation 19 , the electron/spin dwell time τ dw , and the effective spin lifetime τ * sf can be express as: with either spin-flip on the LS which results in a large amplification of the spin signal, or an efficient transmission of the spin between the LS and the q2DES (for τ ls → <, τ ls sf ) resulting in a non-zero spin accumulation on the q2DES.

τ dw τ ls ← , (3.64 
In turn, the Hanle signal is parametrized by the following expression [see Eq. (3.60)]:

∆V 3T V 3T (B, V g ) γ 2 1 -γ 2 τ ls → τ ls sf τ ls ← τ ls → + τ ls sf 1 1 + ω l τ * sf 2 , (3.66) 
with ω l (B) = g e µ b B/ , and where τ ls ← τ ls → , τ ls sf strongly limits the obtention of a substantial MR beyond the value set by γ 2 /(1 -γ 2 ). The characteristic spin escape time from the LS to the channel τ ls → (V g ) ≡ τ ls → (k -1 ⊥ ) is gate-voltage-dependent as discussed in the text, and the channel's intrinsic spin lifetime τ ch sf (V g ) ≡ τ ch sf (n s ) depends on the q2DES carrier density (n s ). Provided that the dominant spin relaxation mechanism in the q2DES is a D'yakonov-Perel' (DP) mechanism (as discussed in Ref. [282] for the LaAlO 3 /SrTiO 3 system), then 18 The inequality r b r s ls is fulfilled at positive gate voltages, whereas at negative V g values where r b scales down, one must consider a more moderate condition such that r b < r s ls . 19 We use

τ ch sf N ls 2D /N ch 2D (τ ls → < τ ls sf ) τ ls → . τ ch sf dp ∼ τ -1 p ∼ n -1 s
(τ p the elastic momentum scattering time, see also section 1.4.2.3). To conclude, we observe a trade-off between a large enhancement of spin accumulation on the LS, and a substantial spin accumulation inside the q2DES, highlighted by their inverse dependence on increasing doping levels (∆µ ls increases, whereas ∆µ ch decreases).

Concluding Remarks, and Perspectives

In conclusion, we have demonstrated the electrical spin injection from a Co/LaAlO 3 / SrTiO 3 tunnel contact to the quasi-two dimensional electron system by measuring the Hanle effect with the magnetic field applied perpendicular or parallel to the sample plane. Our observation of strongly enhanced Hanle signals are consistent with a two-step tunneling process via localized electronic states of small DOS and enhanced spin lifetime in LaAlO 3 , possibly played by oxygen vacancies and/or intermixing. The efficiency of spin injection into the q2DES at the LaAlO 3 /SrTiO 3 interface is discussed in terms of the coupling tunnel resistance with these localized electronic states controlled by the application of a back-gate voltage. The observation of a significant gate-dependence of the spin signal as demonstrated here is due to a spin lifetime on the localized states much longer that the escape time, possibly reaching values in the nanosecond range or beyond [481]. Importantly, this implies an efficient spin injection into the q2DES itself with a maximized spin accumulation of the order of γr s ch j arising from spin-conserving tunneling transfer between the LS and the q2DES. Nevertheless the intrinsic spin signal would not exceed 100 pV for a typical spin lifetime τ ch sf = 100 ps and the current density (100 µA.cm -2 ) used for these tunnel junctions, which would hardly be detectable by conventional measurement techniques. Therefore highlighting the fortunate (yet uncontrollable) arrangement of LS required for a detectable enhanced spin signal.

We should mention briefly recent attempts to provide alternative underlying mechanisms to explain the enhancement of the spin signal in Hanle experiments [START_REF] Jansen | [END_REF]427], as well as the anomalous scaling of the spin accumulation signal with the interface resistance in F/I/SC junctions, as notably pointed out in Refs. [START_REF] Peiro | Phénomènes d'Injection et de Décohérence de Spin dans des Structures Semiconductrices[END_REF]439], and elsewhere. Jansen et al. have extended Tran et al.'s two-step (viz. indirect) tunneling model to account for direct tunneling as well [482]. Yet, their model (applied to experimental data in Ref. [439]), similarly to that of Tran et al., fails to capture the trend of ∆µ vs. t I for very large interface resistances (where t I is the thicknesses of the insulating barrier), thus pointing the limitations of both models. No later than last year, Song and Dery have proposed an alternative mechanism which addresses, and tentatively elucidates the aforementioned discrepancies [483]. It is based on a resonant tunneling process through impurity states with a large on-site Coulomb interaction. They discuss the emergence of a magnetoresistance signal (of pseudo Lorentzian shape) as a result of a spin-dependent Coulomb blockade (or Pauli blockade) mechanism, and not only in F/I/N , but also in N/I/N tunnel junctions [ibid.]. Such proposed mechanism is quickly gaining its partisans, and has recently been discussed in relation with 3T Hanle experimental works conducted on metal-based [441], as well as on Co/LaAlO 3 /SrTiO 3 junctions [446]. This promises to bring about substantial contributions to an already lively debate. The past decade of effort dedicated to first master amplitudes of spin signals in 3T Hanle experiments, and second to tackle discrepancies with theoretical works, has left us with the two-sided analysis that much has been achieved, and yet much remains to be done.

A general consequence of the work presented in this chapter is in supporting the (disputed) claim that the three-terminal Hanle detection scheme can be -in some distinct cases -a useful/efficient tool to probe electrical spin injection within a nonmagnetic channel 20 , as demonstrated in Refs. [430,436,469], and in contrast with other author's claim [484]. The study of Tinkey et al. [484], despite reaching very different conclusions than ours, is worth mentioning for its thoroughness. They correlate the observation of Hanle and inverted Hanle signals, in CoFe/SiO 2 /n-Si junctions, to the presence of specific inelastic tunneling channels as inferred from inelastic electron tunneling spectroscopy (IETS) measurements. Furthermore, they observe Hanle signals solely in the spin extraction regime (similarly to us). From this, they deduce a defect arrangement identical/analogous to that represented in Fig. 3.13(b), and arrive at the conclusion that: "the IETS shows a strong magnetic field dependence unaccounted for by simple spin accumulation in bulk Si, asserting that inelastic scattering in the barrier is responsible for the observed magnetoresistance signal" [484], in line with the interpretation we've reached in our study. They further state that: "given additional evidence on the insensitivity to temperature, doping, semiconductor, etc., we therefore conclude that the so-called '3T Hanle technique' is entirely unrelated to bulk spin transport and spin accumulation" [ibid.]. If they rightfully point out experimental discrepancies with the expected amplitude of the spin signal in a direct spin injection scenario, we believe their conclusion to be an overstatement at best, and erroneous at worst. They indeed cannot prove, nor discard, the possibility of spin injection inside the nonmagnetic channel itself. Throughout this chapter, we have insisted on the inherent complications arising in three-terminals Hanle experiments, and cautioned the reader regarding (un)ambiguous interpretations of the observed magnetoresistance signals. In spite of it, the lighlty doped q2DES at the LaAlO 3 /SrTiO 3 interface has allowed the implementation of efficient electrostatic field-effect, and provided a firm supporting evidence of spin injection in the nonmagnetic channel. Nonetheless, a reliable spin injection/detection scheme, beyond the three-terminal one, is highly desired.

In order to detect the direct injection of spin-polarized carriers into the LaAlO 3 / SrTiO 3 channel, the injection contact resistance must be significantly reduced, which is the prerequisite to implement four-terminals non-local spin valves detection schemes 21 as discussed in the introduction of section 3.2. The reduction of the tunnel contact resistance could possibly be achieved by resorting to a F metal with a lower work-function than cobalt, which would in turn lower the effective barrier height in the spin injection regime. The usual way to access lower barrier resistances consists in reducing the thickness of the insulating layer. The reader will immediately capture the inherent limitation of the LaAlO 3 /SrTiO 3 system due to the so-called critical thickness of 4 LaAlO 3 unit cells [21], below which the system is robustly insulating, which fundamentally prevents the access to lower barrier thicknesses. This issue is tackled in the following chapter, where we demonstrate that the critical thickness threshold for the onset of conductivity can be overcome by resorting to adequate metallic capping layers, and lead to a conducting q2DES for an LaAlO 3 layer as thin as a single unit cell [278].

Finally, alternative conducting oxide systems can be investigated by (i ) resorting to doped SrTiO 3 films with high electron mobilities [485][486][487][488], and (ii ) replacing LaAlO 3 by a lower bandgap material which could provide means to reduce the constraints on the channel and detection scheme dimensions. Following our study of electrical spin injection at the LaAlO 3 /SrTiO 3 interface [442], Han et al. have taken this combined approach, with a relatively modest success [444]. Using a three-terminal Hanle detection scheme, in CoFe/MgO/La-or Sr-doped SrTiO 3 systems (with µ(10 K) 10 3 cm 2 .V -1 .s -1 ), they obtained anomalously high spin signals (up to room temperature). The extracted (effective) spin lifetimes were found to be almost temperature and carrier density independent, thus pointing toward an extrinsic broadening mechanism for the Hanle effect (which was speculated to arise from magnetic Ti 3+ scattering centers at the MgO/SrTiO 3 interface) [444]. We should note that a severe limitation for the use of SrTiO 3 as a nonmagnetic channel for spin injection-detection experiments relies on its inherently large dielectric constant [154,155], which will inevitably lead to a large Schottky barrier height. For a 2 nm thick MgO layer on doped SrTiO 3 , Han et al. have thus obtained RA products in the range of 10 8 Ω.µm 2 , still much too large (considering l SrTiO 3 sf ∼ 1 µm) to fulfill the upper threshold of Eqs. (3.45 -3.46) for efficient spin detection in a lateral spin valve. An alternative mechanism, free from the conductivity mismatch problem, allowing for the efficient generation and detection of spinpolarized currents at LaAlO 3 /SrTiO 3 interfaces is discussed in chapter 5.

In chapter 2, we have exposed in details the lively debate related to the possible mechanisms giving rise to the quasi-two-dimensional electron system at the LaAlO 3 /SrTiO 3 (001) interface. Although controversy exists regarding some of the physical properties and their precise origin, it was universally found that conductivity only appears beyond an LaAlO 3 thickness threshold of four unit cells. Nonetheless, in 2012, Arras and co-workers have predicted, using ab initio calculations, that conducting LaAlO 3 /SrTiO 3 (001) interfaces could be obtained for only two unit cells of LaAlO 3 , by resorting to adequate metal capping layers [489].

In this chapter, through magnetotransport, we show that the critical thickness for the onset of interfacial conductivity can be reduced to just one unit cell when a variety of metallic films are deposited on top of LaAlO 3 . We present X-ray absorption spectroscopy experiments to reveal structural and orbital reconstructions, reminiscent to those observed at standard LaAlO 3 /SrTiO 3 interfaces. While the mechanism proposed by Arras et al. is solely relying on the specific electrostatic boundary conditions in metal/LaAlO 3 /SrTiO 3 hererostructures, we also discuss the alternative possibilities of electrochemical contributions, as opposed to purely electronic ones.

Emergence of a q2DES

for a Single LaAlO 3 Unit Cell on SrTiO 3

In this first section, we present and discuss the transport properties of Co/LaAlO 3 /SrTiO 3 heterointerfaces with LaAlO 3 thicknesses ranging from 1 to 6 unit cells. We discuss the temperature dependence of the Hall effect, as well as the influence of electrostatic field-effect for those hybrid metal/oxide heterostructures. These experiments evidence the emergence of a q2DES for a single unit cell of LaAlO 3 on SrTiO 3 , when capped with Co. At last, we report on the structural and electrical characterization of the Co films.

Fabrication of Hybrid Metal/Oxide Heterostructures

The growth of the LaAlO 3 film is realized by pulsed laser deposition, followed by the in situ deposition of a metallic thin film by a magnetron sputtering technique. We hereby stress out the specificity, and main advantage of our PLD-sputtering system. It consists in the two growth chambers being connected by a transfer chamber [see Fig. 4. 1(a)]. Thus, samples can be transferred from one chamber to another without breaking vacuum. This prevents as much as possible the post-growth contamination of the LaAlO 3 surface, and yield state-of-the art LaAlO 3 /metal interfaces.

The LaAlO 3 (LAO) films were grown by PLD on 5 mm×5 mm TiO 2 -terminated (001)oriented SrTiO 3 (STO) substrates. A single crystal LaAlO 3 target was ablated by a KrF (248 nm) excimer laser at a repetition rate of 1 Hz and with a fluence of about 1 J.cm -2 . The LaAlO 3 deposition was performed in an oxygen partial pressure of 2.0 × 10 -4 mbar and at a substrate temperature of 730 • C. Substrate-to-target distance was fixed at 63 mm. The layerby-layer growth mode allowed us to precisely control the LaAlO 3 thickness through real time monitoring of reflection high-energy electron diffraction (RHEED) intensity oscillations [see Fig. 4.1(b)]. The samples were then annealed for 30 minutes in about 400 mbar of oxygen at 500℃ [172,[START_REF] Cancellieri | [END_REF]. Finally, the LaAlO 3 /SrTiO 3 heterostructures were cooled at 25℃/minute and kept in the same oxygen pressure for approximately 30 to 60 minutes. The growth of LaAlO 3 was followed by the in situ deposition of a metallic cobalt electrode by magnetron sputtering 1 at room temperature in a pure Ar atmosphere of 4.5 × 10 -4 mbar, resulting in a clean Co/LaAlO 3 interface. The 2 to 2.5 nm Co thin films were capped with a 3 nm AlO x layer 2 to prevent cobalt oxidation. It is worth noting that for the Co/STO sample, prior to the Co deposition, the TiO 2 -terminated STO substrate was submitted to the same procedure of thermal and pressure cycles as the one described for LAO/STO samples (minus the LAO deposition step).

1 Magnetron sputtering is a thin film deposition technique which relies on the condensation on a substrate material of atoms previously ejected from a target material. The latter is achieved through the energetic bombardment of the target by positively charged ionic species (e.g., Ar + ). 2 We actually deposit a metallic Al film which is let to oxidize in air. It is noteworthy that a stable ∼ 1 nanometer thick AlO x layer is formed and which prevents further oxidation of the Al film. The capping layer is hence more likely an Al/AlO x bilayer.

Evidence of a Parallel Conduction in Co and SrTiO 3

Hereinafter, we report on transport properties of unpatterned 5 × 5 mm 2 Co/LaAlO 3 / SrTiO 3 samples, electrically contacted with aluminum wires by ultrasonic wedge bonding. Four-point longitudinal resistance R xx vs. T were performed by contacting the corners of the square samples in a van der Pauw geometry, as depicted on the inset of Fig. 4.2(a).

Figure 4.2(a) shows the measured temperature dependence of R xx for Co/LAO/STO heterostructures with various LAO thicknesses, and of a Co/STO control sample for which the STO substrate experienced the same procedure of thermal and oxygen pressure cycles as for the LAO/STO samples. While the Co/STO sample shows very little variation of its resistance (less than one percent) across the explored temperature range, the Co-capped LAO/STO samples display a strong reduction of their resistance as temperature is decreased, which readily suggests that the LAO/STO interface conducts, even for samples with an LaAlO 3 film thickness smaller than 4 unit cells. The temperature dependence of Co thin films resistivity can be better appreciated in Fig. 4.7(a). We note that the kinks observed in the R xx (T ) traces at low temperature [see Fig. 4.2(a)] are measurement artifacts due to a a bad thermalization of the samples resulting from a sudden increase of the Helium bath temperature (above 4.2 K when the liquid-to-gas phase transition occurs).

Following these observations, we now model the Co/LAO(n ≥ 1 uc)/STO heterostructures as two conducting layers in parallel composed of the Co overlayer and the STO sublayer. According to this simple picture, and supposing a temperature-independent resistance of the Co capping layer [see Figs. 4.2(a) or 4.7(a)], the temperature evolution of the STO sublayer's longitudinal resistance can be deduced from

1 R meas. xx (T ) = 1 R Co xx + 1 R sto xx (T )
, which in turn gives:

R sto xx (T ) = R Co xx . R meas. xx (T ) R Co xx -R meas. xx (T ) . (4.1)
The sheet resistance of the STO sublayer is defined as

R sto = R STO xx (T ) × π ln(2)
, assuming a homogeneous conductivity in the (van der Pauw) geometry of the inset of Fig. 4.2(a) [366]. This assumption is supported by the fact that R ab-dc R ad-bc , within a few percent. For each sample, we calculate R sto (T ), simply by replacing R meas. We hereby give elements of justifications for the seemingly simple analysis conducted hereinabove. The consequence of wedge bonding technique used here is that the contacts penetrates in depth through the AlO x /Co/LaAlO 3 stack (whose total thickness is only a few nanometers) all the way to the SrTiO 3 substrate (and buried q2DES). We therefore end up connecting electrically the two conducting layers Co and SrTiO 3 in parallel. The measurement configuration differs greatly from the current-in-plane tunneling (CIPT) technique (see e.g., Ref. [495]) where the current is injected only from the top metallic layer, and the bottom electrode remains uncontacted. In such a configuration, the tunneling of electrons between the two electrodes needs to be considered on a characteristic length scale of the order of λ = [R barrier A/(R top electrode + R bottom electrode )] 1/2 [495]. In our measurement geometry where an electrical current is sourced simultaneously within the two metallic layers is simpler, and such considerations for the data analysis are not required. The fact that the estimated sheet resistances and Hall coefficients (next section) for the q2DES at buried Co/LAO/STO interfaces do not appear to depend on the LaAlO 3 thickness in turn supports the validity of the parallel conduction model we have employed.

Signature of a q2DES from Magnetotransport and Field-Effect Experiments

In this section, we first focus on Hall magnetotransport experiments carried out in a van der Pauw geometry [see inset inset of Fig. 4.3(a)] at room temperature, and at low temperature (T 1.4 K) which evidence an electronic system of reduced density of states. We further demonstrate very efficient electrostatic field-effect modulation which supports the quasi-two dimensional nature of the conduction at Co-capped LaAlO 3 /SrTiO 3 interfaces. ), which suggests a common host for the observed electronic transport in both capped and uncapped LAO/STO samples. For all of those samples, the Hall traces shows a non-linear behavior at low temperature, a phenomenon believed to arise from the complex subbands structure of SrTiO 3 [208,240,253,287,289]. Further evidences for this are obtained from first-principle calculations, and from X-ray linear dichroism discussed in the next two sections ( §4.2, and §4.3.2). The detailed temperature dependence of the Hall effect at a Co/LAO/STO interfaces is displayed in Fig. 4

.4(a).

A number of authors have used a two-fluid model in order to determine transport coefficients (viz. carrier densities and mobilities) for, among others, LaAlO 3 /SrTiO 3 [178,252,253,262,[START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF]492,493], or LaTiO 3 /SrTiO 3 [474,494] heterostructures (which both share the complex band structure of SrTiO 3 ). In the framework of the two-band model, the transverse presence of a non-linear Hall effect, the value of the low-field Hall constant R 0 H needs to be scrutinized, as it does not relate directly to the inverse carrier concentration of either band, but rather to a mobility-weighted mean carrier concentration. Incidentally, when looking at the evolution of n 0 H = -1/(eR 0 H ) versus gate voltage, n 0 H was reported to decrease for increasing doping levels, a non-physical behavior, whereas the total carrier concentration determined from differential capacitance measurements was found to continuously increase as expected [301,[START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF]474]. One should be careful when imposing the two-and model on the data, as the expression derived in Eq. ( 4.3) relies on the assumption that n 1,2 and µ 1,2 are field-independent quantities, which is not a robust hypothesis when it comes to the electronic mobility. At least, additional constraints on the values of those 4 fitting parameters need to be impose, as discussed in Refs. [START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF]490].

In the limit of large magnetic field, the slope of Eq. ( 4.3) becomes R ∞ H = -1 e(n 1 +n 2 ) , which conveniently relates to the total carrier density n s = (n 1 + n 2 ). In our case, measurements where carried out up to 4 T. Our 'high-field' regime is hence limited to a rather modest magnetic field range. While keeping in mind the limitations of this simplified analysis, we can estimate values of n sto s = -1/(eR ∞ H ) from a linear regression in the interval 3 ≤ |µ 0 H| ≤ 4 T, which for all considered Hall traces results in R 2 > 0.996 (R the correlation coefficient). We hence obtain areal carrier density values (viz. that of the conducting STO layer) in the range of 2.7 -14 × 10 13 cm 2 for Co/LAO(1 ≤ n ≤ 6)/STO samples4 . Incidentally, as for the sheet resistance, the carrier concentration shows no correlation with LAO thickness, similarly to what has been commonly reported for standard uncapped LAO(n > 4)/STO samples. We can then estimate (roughly) the electronic mobility of the STO sublayer in Co/LAO/STO samples according to

µ sto H = -R ∞ H / (e R sto ) = -1/ (e n sto s R sto ).
We obtain for Co/LAO/STO samples: ∼ 100 < µ sto H < ∼ 600 cm 2 •V -1 •s -1 . For comparison, the electronic mobility of the uncapped LAO(4 uc)/STO sample reaches 750 cm 2 •V -1 •s -1 . All samples were noteworthy unpatterned 5 × 5 mm 2 samples. We believe that patterned Hall bars, with reduced lateral and longitudinal dimensions (tens/hundreds of µm) should yield higher electron mobilities, due to a potentially reduced average scattering potential landscape. We further anticipate that electrostatic field-effect could bring electron mobility values (significantly) up as well.

For the sake of simplicity, we have so far ignored the contribution of the Co layer to the overall Hall response at low temperature and high magnetic field. This is a priori justified given the very low electron mobility µ Co H < 1 cm 2 •V -1 •s -1 determined experimentally for the very thin (2 -2.5 nm) films considered here. We will comment briefly on the limits of such assumption, in light of electrostatic field-effect experiments presented hereinafter. For the measurement configuration adopted here, positive (negative) back-gate voltages lead to doping (depleting) the LAO/STO interface in electrons. The effect of electrostatic field-effect on the q2DES electronic structure and transport properties has been discussed intensively by others [20,249,253,260,261,284,285].

Figures 4.4(a) and 4.4(b) evidence the similar evolution of the Hall effect as a function of temperature and gate voltage. On one hand, the onset of a large Hall response of the q2DES below about 50 K (which conceals that of the Co layer) is easily explained through the simultaneous two orders of magnitude increase in electron mobility, and two orders of magnitude decrease in sheet resistance of the q2DES, from room temperature to ∼ 10 K (see Fig. 2.17). On the other hand, the gate voltage dependence of the Hall response must be scrutinized.

In view of the band structure at LaAlO 3 /SrTiO 3 (001) interfaces, it is generally accepted that in the lesser doped regime at least one d xy band is occupied (see Fig. 2.9). In calculations, the specific number of bands (d xy and d xz/yz ) contributing to transport is found to be strongly dependent on the choice of Ti site occupation [238,291,491]. The use of a two-band model to SrTiO 3 -based q2DES has led to the assessment that at larger doping levels, the filling of a second band occurs, which one exhibits a (much) larger electron mobility [262,[START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF]474,492,494]. A feature supported by the detailed analysis of gate-dependent Shubnikov-de Haas oscillations [261]. As for standard LAO/STO heterostructures, the onset of a large mobility band, together with a reduced sheet resistance occurs in our samples as a result of increasing V g , or decreasing the temperature. We argue that this accounts for the observed large Hall magnetoresistance in Co/LAO/STO heterostructures when varying either of those two parameters.
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We should note that the d xy band has a DOS about ten time smaller than the combined degenerate d xz/yz bands [253], which indicates that if both present, the d xz/yz bands are expected to almost fully accommodate the excess of electrons at larger doping levels. The increase of electronic mobility values at higher areal carrier concentrations then begs the question about the nature of the transport, given that µ ∼ 1/m * . Indeed, the in-plane effective mass of

d xz/yz bands: m * xz/yz = m * xz m * yz 2
.2m e is greater (by a factor of 2 to 3) than that of a d xy band (m * xy ≤ m e ) [261], which should concomitantly yield lower electronic mobilities. One way to reconcile this apparent discrepancy is to recognize that d xy states are located closer to the LAO/STO interface [208,236] [see also Fig. 2.4(d)], where disorder and lattice distortions are likely to result in a reduced electron mobility. Heavier d xz/yz subbands extending deeper into the SrTiO 3 bulk should be less sensitive to these effects, possibly yielding much higher mobility values. Additionally, entering the weak-antilocalization regime at higher doping level (which is characterized by a large Rashba spin-orbit interaction) could further explain an enhancement of the mobility, due to protection against backscattering [282,284].

We observe that at the largest explored negative gate voltages, where the q2DES is in a depleted state, and possesses lower electron mobility, the contribution of the cobalt layer to the Hall effect can no longer be ignored. In particular, the Hall trace at V g = -20 V [see Fig. In this condition, the two-band model, even in the high-field limit, may not be adequate for the accurate assessment of transport coefficients values of the q2DES. We argue that a systematic gate-voltage dependence study of the Hall response (while recording the differential capacitance) of the Co-capped LAO/STO samples needs to be conducted in order to place constraints on the fitting parameters. In particular, a three-band model incorporating the Co layer's contribution is desirable.

Regardless of the limitations of a simple analysis, transport data collected on Co/LAO/STO heterostructures clearly indicate the presence of an electronic conducting system at the LaAlO 3 /SrTiO 3 interface. The observed T , B and V g dependences of R xx and/or R xy are qualitatively very similar to those of standard LAO(n ≥ 4 uc)/STO samples, and this for LaAlO 3 as thin as a single unit cell. Quantitatively, the determined areal carrier densities (several 10 13 cm -2 ), and the estimated Hall mobility values (several 10 2 cm 2 .V -1 .s -1 ), are in Co/LAO/STO samples comparable to those typically found for the q2DES at LaAlO 3 /SrTiO 3 interfaces [20, 21, 249, 249-256, 282, 283].

Cobalt Thin Films Characterization

In this section, attention is drawn to the electrical, structural and magnetic characterizations of our Co thin films. Their properties are compared when deposited on SrTiO 3 substrates or on LaAlO 3 films. Those characterizations bring firmer support to some of the assumptions, made in the previous sections, which relate to the data analysis method.

Glimpse into the Surface Morphology and Magnetic Response of Co Thin Films

We have performed an atomic force microscopy (AFM) topography study of uncapped 2 nm Co films grown on a TiO 2 -terminated SrTiO 3 substrate and on a LaAlO 3 /SrTiO 3 sample [see Fig. 4.5(a)]. We estimate the root mean square (rms) surface roughness value (R q ) of the Co film by averaging over four 3 µm × 3 µm images from different locations across the sample. The cobalt film was left to oxidize in air, which we believe can only increase surface roughness compared to Co metallic films capped with AlO x . We obtain R q = 1.49 Å and 1.33 Å for the uncapped Co films grown on the STO substrate and the LAO(2 uc)/STO sample respectively. For comparison, the surface roughness of a terminated STO substrate from the same batch is of 1.50 Å. The surface roughness values are in fact dominated by the vicinal atomic steps and terraces of the substrate. Indeed, considering 3.9 Å steps height leads to a rms roughness R q =1.13 Å. Thus, the AFM characterization supports the smoothness and continuity of the 2 nm Co layer and suggests full coverage of the SrTiO 3 or LaAlO 3 surfaces by the Co thin films. On one hand, Figure 4.5(b) displays the RHEED patterns of SrTiO 3 substrates and LaAlO 3 films which both exhibit sharp Bragg diffraction rods, and Kikuchi lines, indicative of a high crystalline quality. On the other hand, the RHEED pattern of cobalt thin films is found to change substantially when deposited on STO or on LAO. For Co on LAO (itself on STO), the diffraction ring pattern is typical of a polycrystalline film (with no preferential orientation). When considered on STO, the Co RHEED pattern shows distributed diffraction spots indicative of a biaxial film texture. M (emu.cm -3

)
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) A cobalt film grown directly on an STO(001) substrate exhibits an anisotropic response along the [START_REF] Ashcroft | Solid State Physics[END_REF] axis (likely of magnetocrystalline origin). In contrasts, (b) a Co film deposited on an LAO(2 uc)/STO(001) sample shows an isotropic magnetic response. It is noteworthy that for all of our Co films, the magnetization saturates to about 1300 emu.cm -3 , close to the 1420 emu.cm -3 saturation magnetization of bulk cobalt.
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Figure 4.6 displays the magnetic response of 20 nm thick Co films (capped with AlO x ), obtained at room temperature using an AGFM technique 5 . The magnetic response of our polycrystalline Co films appears to be correlated to the film texture inferred from RHEED images (see Fig. 4.5(b)). Whereas the magnetic response of Co on LAO is found to be isotropic at room temperature, that of Co on STO(001) exhibits an anistotropic magnetic response along the [START_REF] Ashcroft | Solid State Physics[END_REF] axis of STO, absent along the [START_REF] Parkin | Proc. IEEE[END_REF] and [010] axis. This points toward a subtle change of the magnetocrystalline anisotropy (and possibly of the interfacial electronic occupation) of Co thin films as a result of its underlying substrate material.

The electrical conduction properties of metal thin films (and alloys) are known to be affected by films thickness [496][497][498], grain-boundary scattering, and quantum size effects [499]. Such considerations are beyond the scope of the present study, particularly as our AFM topography study lacks the resolution to distinguish grains and establish grain sizes (typically determined from scanning tunneling microscopy). Hereinafter, we discuss complementary electrical measurements carried out on Co thin films grown on various substrates/films.

Magnetotransport Properties of Co Thin Films

We have grown an homoepitaxial LaAlO 3 (h-LAO) thin film of 4 uc on a (001)-oriented LaAlO 3 substrate, in the same conditions as for LaAlO 3 /SrTiO 3 (001) samples. The growth was followed by the in situ deposition of a 2 nm thick Co film capped with AlO x . As visible from Fig. 4.7(a), the temperature dependence of the resistivity of a 2 nm Co film grown on SrTiO 3 (substrates) or on LaAlO 3 (films) is very similar. In the low thickness (t) regime we explored, i.e. t Co < λ Co , where λ stands for the electron mean free path, the resistivity of the metallic film is expected to depend strongly on its thickness [496,497]. The zerotemperature residual resistivity of our films (ρ 0 ∼ 80 -90µΩ.cm) is actually well in line with those reported by Kötzler and Gil for polycrystalline Co films, where one can extrapolate a value of about 90 µΩ.cm (inset of Fig. 1 in Ref. [497]). Incidentally, the residual resistivity for the Co/h-LAO/LAO sample is even lower by about ten percent than for the Co/STO film. At the same time, no spectroscopic evidence of the presence of cobalt oxides was detected on the Co/STO sample (as evidenced from Fig. 4.17(a)). Altogether, this would indicate that the actual metallic Co thickness is not expected to be lower on h-LAO/LAO than on STO. One arrives at this genuine conclusion by postulating that a metallic Co film of identical (lower) thickness would yield an identical (a higher) resistivity when deposited on different substrates. This, in fact, may not be the case as a result of e.g., different Co grain sizes on various substrates, different Co/substrate interface scattering contributions, etc. Due to our fast growth rate for Co (∼ 2.4 Å.sec -1 ), and intrinsic technical limitations (such as the target shutter opening/closing times, of a few hundreds of ms), we cannot state exactly (no better than ±0.25 nm) the Co film thickness, let alone the actual metallic Co thickness. We plan to conduct X-ray reflectometry measurements to tackle this issue, which for such thin films may end up being problematic as well for a precise thickness estimation. The possible oxidation of Co is addressed later on.
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A 25 nm thick Co film was deposited on SiO 2 (400 nm)/Si(001) substrate to serve as a control sample. The resistivity of the Co/SiO 2 sample shows a linear decrease with temperature [see inset of Fig. 4.7(a)], exhibits a residual resistivity ratio (RRR) close to 1.5, and a residual resistivity of about 15 µΩ.cm. Those values are in good agreement with those reported in the literature for similarly deposited polycrystalline Co films on Si [497]. 4.3(b) for which the Hall effect arising from the q-2DES was prominent at low temperature, and masked the AHE from the cobalt layer. The fact that the AHE is still observed at 1.5 K on the Co/h-LAO/LAO sample strongly indicates that no additional conduction arises from the Co/LAO interface (as expected), therefore supporting the use of a simple two-layers parallel conduction model to analyze the R xx (T ) for Co/LAO(n)/STO samples.

Electrostatic Boundary Conditions

at Metal/LaAlO 3 /SrTiO 3 Interfaces

In this section, we tentatively identify the potential mechanisms underlying the formation of a q2DES at Metal(M)/LaAlO 3 /SrTiO 3 (001) heterointerfaces. To this end, we have fabricated a number of heterostructures with a variety of metal capping layers (Au, Pd, Pt, Al, Ta, Ti, Co, Nb, Py6 ), and characterized them via Hall magnetotransport. Discussions are carried out in relation with the scenario envisioned by Arras, Pentcheva et al. [489], first in the framework of a phenomenological band alignment model. In a second part, we present ab initio calculations performed by Doennig and Pentcheva for Co/LAO/STO heterostructures.

Band Alignments

A number of key quantities are at play when attempting to build even a 'simplistic' band diagram for an heterojunction. In the simplest approximation, the band lineup between two semiconductor materials is set by the difference in their bulk electron affinities (χ) [500]. In practice, forming the heterointerface often induces localized states (such as metal-induced gap states [501]), which dominate the band alignment over the electron affinity rule. For ionic materials, such as perovskite oxides, the formation of in-gap (localized) interface states is far less likely (and will be omitted hereinafter7 ), in contrast to the dangling bonds often found at more covalent systems [502,503]. On the other hand, the existence of an interface dipole should play a key role in band alignment issues [505], at both 'covalent' and 'ionic' interfaces (where the distinction between the two is rather arbitrary, and real systems are found to be intermediate).

The scenario envisioned by Arras et al. [489], and further presented in the DFT section (4.2.3), relies on the precise bands lineup within the heterostructure. The formation of the q2DES is found to essentially depend on the metal's work function Φ M , which sets the Fermi level position with respect to the STO conduction band minimum (CBM). Whereas Arras et al.'s model is derived from first-principle calculations, we take side to first describe a phenomenological approach, which holds equivalences with theirs. Figure 4.8(a) displays the schematic energy band diagram of an LAO/STO heterojunction, below the LAO critical thickness t c = 4 uc, and prior to making contact with a metallic layer. The presence of a q2DES, or its absence, is conditioned upon the value of Φ M with respect to a critical work function value Φ c . We take the risk to formulate a phenomenological expression for the critical work function. Φ c can be approximated/evaluated by:

Φ c χ sto + ∆φ + pwd , (4.4) 
where χ sto 3.9 eV is the bulk electron affinity of STO [506], ∆φ = eE lao t lao results from the polar nature of the LAO film (of thickness t lao ), and pwd corresponds to the potential well depth, all of which quantities are thoroughly discussed hereinafter.

The existence of a confinement potential within STO is a key ingredient to the formation of a q2DES in M/LAO(n < 4 uc)/STO heterostructures, and is believed to arise as a consequence of the mismatch in electron affinities and energy bandgap of the LAO and STO materials at the polar/nonpolar interface. Whether experimentally, or theoretically, the depth of the potential well has been consistently found to be about 300 meV [234,286,416,491], hence pwd 0.3 eV.

The presence of a substantial lattice polarization within LAO has been shown to reduce the internal polar field (with respect to its expected bulk value) in uncapped LAO/STO systems [196][197][198][199]. In M/LAO/STO heterostructures, the presence of surface charges brought by the metal should further screen the polar field [489]. However, in this analog of a capacitor, the exact internal field would also depend on the areal charge density on the STO side, and may in turn give rise to an internal polar field as large as 240 meV/ Å [416]. In comparison with experiments [194,195,231,232,247,248], DFT calculations claiming a Zener breakdown mechanism (whereby charge transfer occurs as a result of a monotonically increasing band bending as a function of the LAO thickness) have possibly overestimated the actual band bending within LAO/STO heterostuctures [196,208,235]. An other case scenario would be to incriminate experimental values (determined from XPS core levels shifts), where inherent surface charges (such as X-ray induced surface protonation, or catalytic decomposition of H 2 O molecules [242]) may result in a flat band situation [248], and thus underestimate the actual band bending in unperturbed systems. Nonetheless, metal-capped LAO/STO systems may again be quite distinct due to a change in electrostatic boundary conditions with respect to the bare LAO/STO system. In turn, the actual value of ∆φ in a real M/LAO(n < uc)/STO is quite difficult to estimate a priori, and could fall anywhere between zero and a few hundreds of meV. Additionally, Cazorla and Stengel have reached the conclusion that for M/LAO/STO heterostructures, the internal field in LAO monotonically decreases with increasing thickness [416]. The consequence of the latter is fundamental as it rules out a Zener breakdown mechanism. We recall that the Zener breakdown scenario is intimately connected to the polar catastrophe driven electronic reconstruction (cf. section 2.2.1).

Work Function of the Metal Capping Layer:

a Decisive Role in the q2DES Formation?

Having discussed all this, we can attempt to estimate a range for the critical work function. In case of a build-in potential inside the LAO layer, the electric field E lao stays constant whereas the potential drop ∆φ scales with the total film thickness such as ∆φ = eE lao t lao . However, as mentioned in the previous subsection, Cazorla and Stengel have shown that for a M/LAO/STO capacitors, E lao monotonically decreases as t lao increases [416]. The precise value of E lao is not only dependent on t lao , and on the specific band lineup, but also on the surface and interfacial charge densities8 involved in the problem. Unfortunately, calculations were performed solely for n s comprised between 2.0 × 10 14 and 3.4 × 10 14 cm -2 , that is about one order of magnitude larger than typical sheet carrier densities found in our samples (as shown later on). We cannot directly extrapolate their specifically determined values of E lao and band offset to the regime of thicknesses and carrier concentrations relevant to our experiments, but rather focus on trends as a guide line for our discussions. At last, we should note that the validity of our approach rests upon the assumption that both electrodes can be considered as macroscopically separated entities, and hence ignores 'direct' couplings between electrons of the q2DES and their image charge at the metal electrode. In such case, the 'simplistic' scenario discussed hereinbefore would break down, and would need to be complemented with additional physical ingredients.

In any case we can estimate9 , using Eq. (4.4), Φ c to possibly fall in the range of 4.2 -4.5 eV, if we reasonably assume that 0 ≤ ∆φ ≤ 0.3 eV for LAO thicknesses comprised between 1 and 3 uc. It is worth insisting that ∆φ(t lao , n s ) is the greatest unknown in our estimation of Φ c , and can possibly fall within an even wider range of values. We now arrive at the essential consequences of this simple electrostatic model. For a metal capping layer of work function Φ M larger than Φ c , one would expect the Fermi level to lie within the bandgap of SrTiO 3 as depicted in Fig. 4.8(c), and leave the LAO/STO interface insulating for LAO thicknesses less than 4 uc. In contrast, for Φ M < Φ c , the Fermi level within the metal capping layer would lie above the conduction band minimum of STO. From electrostatic considerations [202], this should then yield a charge transfer from the metal toward the LAO/STO interface, and more specifically toward the Ti 3d band [278,489], resulting in a conducting system (q2DES) below four unit cells of LaAlO 3 .

In order to test this scenario, we have fabricated, following the procedure described in section 4.1.1, metal/LAO(1 -3 uc)/STO heterostructures, with M ≡ (Al, Ta, Ti, Co, Py, Nb, Au, Pd, Pt), and characterized the magnetotransport properties of those samples. The results of this study are displayed in Fig. 4.9. Room temperature measurements [see Fig. 4.9(a)] evidence Hall coefficients in the range -5 mΩ.T -1 to -70 mΩ.T -1 for most samples, with a hole conduction in Nb, and a large Hall coefficient of about 1.2 Ω.T -1 for the Al film (possibly due to a low effective metallic thickness). Such values correspond to carrier densities n = (qR h d) ∼ few 10 22 cm -3 characteristic of values found in metals [START_REF] Ashcroft | Solid State Physics[END_REF], with d the film thickness (typically less than 4 nm here). The Py film evidences a combination of the anomalous Hall effect and the anisotropic magnetoresistance effect at low field, and normal Hall effect at higher magnetic field [see inset of Fig. 4.9(a)].

The low temperature (T 2 K) situation is quite contrasted between samples: (i ) for Au, Pd, and Pt on LAO/STO(2 uc) samples, the transverse magnetoresistance [Fig. 4.9 (b -c)] is unchanged with respect to room temperature, whereas (ii ) for Al, Ta, Ti, Py (and incidentally Co), the large and non-linear Hall response at low temperature evidences the onset of conduction of reduced density of state and dimensionality (i.e. a q2DES) as demonstrated previously for Co/LAO(n < 4 uc)/STO samples. The Nb-capped sample which exhibits a moderate Hall response nonetheless displays a non-linear Hall effect 10 , with a negative dR xy /dB slope that evidences an electron conduction, and which contrast with the hole conduction (positive slope) observed at room temperature. Not only the Hall magnetoresistance is quite distinct between the two sets of samples, but the longitudinal magnetoresistance too [see the insets of Fig. 4.9 (b -c)]. We have displayed the normalized longitudinal magnetoresistance expressed as:

MR = R xx (B) -R xx (0) R xx (0) , (4.5) 
where B is the magnitude of the magnetic field applied perpendicular to the sample's plane. For the Au-, Pd-, and Pt-capped samples, the MR is modest, and amounts to less than 0.3% at 4 Tesla. In contrast, for the remaining samples, with Al, Ta, Ti, Co, Py or Nb capping layers, the longitudinal magnetoresistance is quadratic in magnetic field, and the MR value defined after Eq. (4.5) is much larger and comprised between 10% and 45% (at 4 T) for all the aforementioned samples, viz. those which we argue host a q2DES. Those values of MR are in line with those reported elsewhere in the literature on standard LAO(n > 4 uc)/STO samples [253,282].

At last, we have summarized in Fig. 4.9(d) the value of the low temperature Hall coefficient R h for all of the M/LAO(2 uc)/STO samples versus tabulated work function values of the corresponding metal capping. Precisely, R h was determined from linear fits between 3 T and 4 T, and at about 2 K (8 K for Nb 11 ). It results the following two observations. First, the samples for which a q2DES is present (Al, Ti, Ta, Co, Py, Nb) are those whose work function is about less than 5.2 eV, whereas the samples which are argued not to host a q2DES (Pd, Au, Pt) are those whose work function is greater than 5.2 eV. Hence, reflecting a situation in favor of the critical work function mechanism. Second, the reader will immediately recognize that the separation between the two sets of sample is also quite striking when considering 10 The situation here is possibly similar to that discussed for Co/LAO/STO samples in the penultimate paragraph of section 4.1.3.2. We had cautioned that if the as grown sample possessed a low electron mobility, then the contribution of the metal layer could no longer be ignored. This in turn could account for the observed apparently low Hall coefficient value. Again, this urges a thorough field-effect study of all of the samples, at larger magnetic fields, and highlights the need for a sensible model to account for the Hall effect in those samples. 11 Above the superconducting transition temperature of our Nb thin films.

( their respective propensity to get oxidized. Indeed, Au, Pd and Pt are known to belong to the noble metals family, whereas the remaining samples are reactive metals. This begs the fundamental question regarding the role of RedOx reactions at the M/LAO interface, and their potential contribution to the formation of the q2DES, which if at play would alter (and possibly invalidate) the explanation based on the 'critical work function mechanism'. We defer those discussions to the perspectives section of this chapter. In the meantime, we wish to comment on the 'critical work function scenario'.
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It is worth noting that the work function values considered in Fig. 4.9(d) have been taken from Refs. [507,508] for Py, and from Ref. [509] for all of the other metals. The first observation is that for some metals, values for Φ M cover a considerable range (over hundreds of meV). The electron work function is a measure of the minimum energy required to extract an electron from the surface of a solid. As a consequence, not only does Φ M depends on the cleanliness of the surface, but it also generally differs for each face orientation of a single crystal. Unfortunately, values of Φ M for polycrystalline elements, which are of interest to us, have not been systematically reported in the literature. In Fig. 4.9(d), we have calculated for each metal its average work function value after Ref. [509]. The degree of confidence to give to those values must be scrutinized, as they may not accurately reflect the actual Φ M for our samples 12 .

At last, we must recognize that the value for Φ c (5.2±0.2) eV suggested by experiments differs quite significantly from the value of ∼ 4.35 eV estimated beforehand from band alignment considerations. We should acknowledge that our set of data cannot unambiguously nor validate, neither dispute the critical work function scenario. In the perspectives section of this chapter, we critically address this issue, and propose complementary experiments to elucidate potential sources for such discrepancies. In particular, we have discussed the potentially decisive role played by the internal LAO polar field in setting band lineups within the full M/LAO/STO heterostructure. Could the uncertainty on the value of E lao and ∆φ account for the almost 1 eV discrepancy between the two estimations of Φ c ? Could other neglected phenomena such as electrochemical reaction or proximity electronic effects at the interfaces also play a key role? The above questions remain open.

Density Functional Theory Calculations

In order to tackle the origin of the observed onset of conductivity below four unit cells of LaAlO 3 , first-principle calculations were performed on Co(m)/LAO(n)/STO(001) heterostructures, with 0 ≤ m ≤3 monolayers (ML), and 0 ≤ n ≤4 uc. We are grateful to David Doennig and Rossitza Pentcheva (at Universität Duisburg-Essen) for performing the density functional (DFT) calculations. The discussions carried out hereinafter are the result of this fruitful collaboration. It is worth noting that the following calculations were performed for defect-free structures. The metal capping layer affects the electrostatic boundary conditions, and influences the position of the Fermi level, and relative band alignments in the whole Co/LAO/STO heterostructure, which in turn lead a a finite occupation of Ti 3d bands, as discussed in the previous section.

Methods

For the ab initio calculations presented hereinafter, an all-electron full-potential linearized augmented plane wave (FP-LAPW) was used, as implemented in the WIEN2k code [START_REF] Blaha | WIEN2k, An Augmented Plane Wave Plus Local Orbitals Program for Calculating Crystal Properties[END_REF][START_REF] Schwarz | [END_REF]. For the exchange-correlation functional the generalized gradient approximation (GGA) [514] was employed. The influence of electronic correlations beyond GGA are discussed latter on in the text (see Fig. 4.13). The muffin-tin spheres of the atoms were taken as: 2.3, 1.8, and 1.6 arbitrary units (a.u.) for La/Sr, Ti/Co/Al, and O, respectively. The energy cutoff for the plane wave representation in the interstitial is ε wf max = 19 Ry for the wave functions. The spherical harmonics inside the muffin-tin spheres are expanded up to l max = 10, while the plane wave expansion of the charge density was truncated at G max =12 (a.u.) -1 . The integrals over the Brillouin zone are performed with 36 k-points in the irreducible part of the Brillouin zone using the Monkhorst-Pack special k-points approach [515]. We have chosen a symmetric slab with LAO and Co layers on both sides of the 4.5 uc thick STO substrate and a vacuum region between the slab and its periodic images of at least 10 Å. The Co atoms are adsorbed on top of the oxygen ions at the surface of the TiO 2 or AlO 2 layers. Finally, the in-plane lattice parameter is set to the GGA equilibrium lattice constant of SrTiO 3 (a STO = 3.92 Å) and the atomic positions are fully relaxed within tetragonal symmetry. The methods described here are those used by Arras et al. in their seminal ab initio study of metal/LAO/STO heterointerfaces (see Ref. [489]). In Co/LAO/STO samples, a metallic bilayer is hence formed with a conducting surface (Co) and a conducting buried interface (STO side), consistent with the transport data. Adding the Co capping layer almost cancels (largely compensates) the internal potential buildup within the polar LAO film. As found previously [489], the position of the Fermi level with respect to the conduction band minimum in STO is determined by the work function of the metallic contact (4.72 eV for 1 ML Co and 4.28 eV for 3 ML Co). This, together with the still persisting polar discontinuity at the LaAlO 3 /SrTiO 3 interface leads to a finite occupation of the Ti 3d band at the interface.

Next, we explore the preferential orbital occupancy of the electronic system formed at the LAO/STO interface. The electron density of Co/LAO(1 uc)/STO, integrated between We have also analyzed the structural distortions of the octahedra within the Co/LaAlO 3 (1 uc)/SrTiO 3 heterostructure. We find that the average distance between the apical oxygens on both sides of Ti in the [001] direction is 3.92 Å for the interfacial (IF) and 3.99 Å for the (IF-1) layers, respectively. We find that a shortened (expanded) TiO 6 octahedra average size in the [001] direction corresponds to d xy orbitals lying lower (higher) in energy, with respect to the d xz/yz states of the t 2g triplet. We have experimentally investigated such structural distortions, and the concomitant reorganization of e g -t 2g subbands in Co/LaAlO 3 /SrTiO 3 heterostructures (see section 4.3.2).

Comparison Between GGA and GGA+U

Previous studies and comparison between different exchange correlation functionals (GGA, GGA+U [489,516], hybrid functionals [238]) have shown that despite the well-known bandgap underestimation, similar main trends are observed concerning emergence of a 2DES at the LAO/STO(001) interface, which is mainly driven by the polar discontinuity at the interface. The influence of electronic correlations within the GGA+U method on the overall band dia- gram and q-2DES for Metal/LAO/STO systems is addressed in Ref [489]. To corroborate that this is also the case for the specific system we study, we have now provided GGA+U results for Co/LAO(1 uc)/STO(001) with U T i = 5.0 eV, J T i = 0.7 eV and U La = 8.0 eV. While the bandgap values of STO and LAO are enhanced within GGA+U , the overall band alignments and band diagram of Co/LAO(1 uc)/STO(001) is similar in both cases [see Fig. 4.13(a -b)]. As a result, the finite electronic occupation of the Ti 3d conduction band at the LaAlO 3 /SrTiO 3 interface robustly takes place, hence demonstrating the self-consistency (at least), and the robustness (at best) of the employed theoretical approach.
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Influence of the Co and LaAlO 3 Layers Thicknesses

The layer resolved density of states (LDOS) for a bare STO(001) substrate and for various Co(m)/LAO(n)/STO(001) systems are displayed in Fig. 2. For the uncovered STO(001) substrate, the Fermi level lies at the top of the oxygen 2p valence band in the surface TiO 2 layer. There is no occupation of the Ti 3d band in the STO(001) substrate [Fig. 

Principle of X-Ray Absorption Spectroscopy

X-ray absorption Spectroscopy (XAS) is an element specific spectroscopy technique used to determine the local electronic and atomic structure of matter. XAS probes transitions from core electronic states to excited electronic states. Hence, in X-ray spectroscopy, the incoming photon energy is tuned over a wide range of energies from a few hundreds of eV (soft X-rays) to several keV (hard X-ray) [START_REF] Cowan | The Theory of Atomic Structure and Spectra[END_REF]. The energy is selected to excite core electrons to higher states, from the K-edge, L-edge and M -edge, corresponding to the principal quantum number n = 1, 2 and 3, respectively.

In this work, we focused on metal (Ti, Co) L-edge XAS, which involve the excitation of an electron from the 2p core levels (L-edge) up to unfilled d orbitals. These transitions occur at photon energies in the 500 -1000 eV range, hence requiring the use of a synchrotron beamline source. The excitation by a photon of a core electron leaves an empty state which is then filled by an electron from the valence band (see Fig. to the total electron yield (TEY) signal. We should note that in absorption spectra lies a contribution from photo-excited electrons up to the continuum states that do not result from (electric dipolar) transitions from 2p to 3d states. This background is usually removed by subtraction of a background intensity, accounting for the number of electrons in the core states.

The absorption of an incident photon by an atom can trigger an electronic transition if certain conditions are fulfilled, the first being that the energy hν of the incoming photon must fulfill the relation hν (ε f -ε i ), where ε f and ε i correspond to the energy of the initial and final states (with ε f > ε i ). This condition is a prerequisite but is not sufficient in itself. The quantum numbers associated to the initial |i and final |f states must satisfy so-called selection rules, which not only depend on the material's electronic configuration but also on the experimental conditions [in particular on the choice of light polarization, as illustrated in Figs. 4.16(a -b)].

To fully describe an electron in an atomic potential, a set of four quantum numbers are required, viz. the principal quantum number n (or ε n the energy of the shell), the azimutal quantum number (which identifies the subshell), the magnetic quantum number m (associated to the specific orbital within a subshell), and the spin quantum number s (or m s the secondary spin quantum number). m and m s correspond to eigenvalues of the corresponding orbital moment and intrinsic spin moment operators ( Ŝ and L, respectively).

The first selection rule is the conservation of the total angular momentum J = L + S . As we only consider electric dipolar transition, ∆J = (0, ±1) must be fulfilled. Hence for a 2p to 3d transition, the 2p core hole created in the process has an orbital angular momentum L = 1 that will couple to the spin angular momentum of the electron S = 1/2, and produce J = 3/2 (L 3 -edge) and J = 1/2 (L 2 -edge) final states.

When focusing on magnetic properties of elements, the use of circularly polarized light, and external magnetic fields can differentiate the contribution of d majority and minority spin subbands (inequivalent for a magnetic material) to transitions toward empty states available. This technique is called X-ray magnetic circular dichroism.

X-ray magnetic circular dichroism (XMCD) relates to the difference in X-ray absorption depending on the helicity of incoming light, as a result of the selection rules. It allows to investigate the element specific contribution to the magnetic properties of a sample. XMCD spectra (as a function of photon energy) can be obtained by taking the intensity difference of spectra acquired using either different helicity of circularly polarized light (left/right), or by switching the magnetic field direction at a given light helicity. When the system is put in an external magnetic field, degenerate levels can split in energy, and give rise to another selection rule on the magnetic quantum number. Then, transitions under circularly polarized light can occur if an additional selection rule is verified: ∆m = ±1. It implies that the absorption is function of the helicity (left or right) of the circular polarized light. The difference in absorption yield is called magnetic circular dichroism. In Fig. 4.16(b) is represented the spin-split subbands for a magnetic material (viz. with its magnetization |M | = 0). Then, the difference in the integrated DOS of empty states, yields a difference in absorption for left or right circularly polarized light, depending on weather the angular moment transfer corresponds to a dipolar transition toward the majority or minority spin subbands. For electronic dipolar transitions (p to d) under a magnetic field, the selection rules are expressed as follows: ∆J = (0, ±1), ∆ = ±1, ∆s = 0, and ∆m = ±1, with ∆m = +1 (-1) for right (left) circularly polarized light.

It is in theory possible to extract, from the XAS and XMCD spectra, quantitative informations relative to the spin and orbital magnetic moments of each species. This can be obtained from a set of relations called sum rules, which were first derived by Thole et al. [524], and by Carra et al. [525] for single ions in a crystal field, and later validated for Fe and Co 3d metals by Chen et al. [526]. In practice, the validity of the sum rules must be scrutinized for each element, depending in particular on the specific energy separation of the absorption edges. For dipolar 2p 3/2 and 2p 1/2 to 3d empty valence states, the orbital and spin magnetic moments m = -µ B Lz and m s = -2µ B Ŝz , respectively, can be derived from the XAS and XMCD spectra after the following equations [524,525]:

m = - 4 3 L 3 +L 2 (σ + -σ -) dε L 3 +L 2 (σ + + σ -) dε (10 -n d ) , (4.6) 
m s = - 6 L 3 (σ + -σ -) dε -4 L 3 +L 2 (σ + -σ -) dε L 3 +L 2 (σ + + σ -) dε (10 -n d ) 1 + 7 Tz 2 Ŝz -1 , (4.7) 
with n d the number of d electrons for a given atom, Tz the expectation value of the magnetic dipole operator. The ratio Tz / Ŝz has been estimated to be equal to -0.26% for hcp Co (from ab initio calculations), and Tz 0 for textured Co [START_REF] Wu | [END_REF].

Electronic Reconstruction Revealed by X-Ray Linear Dichroism

In our XAS experiments, the energy of the incident X-ray beam was tuned to the Ti L 2,3 absorption edge, in order to probe electronic transitions from 2p 3/2 and 2p 1/2 core levels to empty 3d excited states. The preferential occupancy of states with different orbital symmetries can be probed by X-ray linear dichroism (XLD). The XLD signal is defined as the difference in XAS measured for a linear horizontal (LH), and that for a linear vertical (LV) polarization of the X-ray beam [see Fig. 4.17(a)], that is I XLD = (I LH -I LV ). Incidentally, the isotropic (ISO) signal is defined as the mean of the two intensities, I ISO ≡ (I LH + I LV )/2.

XAS at the Ti L-edge

Absorption spectra were acquired simultaneously by two methods, namely the fluorescence yield (FY) mode, and the total electron yield (TEY) mode. TEY is mostly sensitive to surface/interface properties (over a few nanometers) whereas FY arises from a thicker layer under the surface (over few tens of nanometers). We have privileged the TEY signal which corresponds to collecting the drag electronic current via an electrometer (contacting the corners of the sample using wire bondings and silver epoxy) [see sketch of Fig. 4. 175(a)].

The XAS experiments were performed at the Ti L 2,3 absorption edge, on the same Co/STO and Co/LAO(n)/STO samples previously shown in Figs. 4.2 and 4.3, as well as on a bare STO substrate, on an insulating LAO(2 uc)/STO heterostructure, and on a conducting LAO(4 uc)/STO sample. All spectra were collected at 300 K in total electron yield (TEY) mode, in order to be surface sensitive. This however comes with a drawback on the intensities of the collected spectra at buried interfaces, as discussed briefly hereinafter.

At first, we can anticipate the kind of X-ray absorption spectral features associated to Ti 3+ and Ti 4+ atoms, at the L 2,3 -edge. It is now well established that the electronic reconstruction taking place at the LAO/STO interface results in Ti 3d band population, which should be accompanied by a change in valence state of the Ti atoms from 4+ in the insulating state to an expected mixed 4 + /3+ valence in the conducting state. We have plotted in Fig. 4.17(b) typical XAS spectra for Ti 4+ and Ti 3+ atoms in a non-cubic crystal field (CF). The Ti 4+ signal has been calculated using the CTM4XAS program, which allows to perform atomic multiplet calculations in various CF environments/symmetries [520]. Specifically, the displayed Ti 4+ spectra has been obtained in a D4h (i.e. tetragonal) symmetry [519]. One can appreciate the drastic change in the absorption spectral lines for a LaTiO 3 sample [see Fig. 4.17(b)], where the Ti atom is (ideally) in a pure 3+ valence state (and in a non-cubic CF as well).

In Fig. 4.17(c), XAS spectra acquired in LV and LH polarized light are shown for a bare STO substrate, and for a conducting LAO(4 uc)/STO sample. Those spectra evidence a twofold observation: (i ) the XAS signal for both systems appears to be largely of Ti 4+ character, when comparing with panel (b) of the same figure, and (ii ) the differences between spectra for LH and LV polarized light are, at first sight, quite marginal. Fortunately, this latter issue can be circumvented by focusing on the linear dichroic signal as discussed later on. The former observation however relates to a more challenging tasks: that of detecting a (vanishingly) small Ti 3+ interfacial signal within a background of predominantly Ti 4+ signal, a recurrent difficulty of spectroscopic studies at the buried LAO/STO interface. Ideally one expects a combination of the two contributions in conducting samples, such as for XPS experiments [174,175,[START_REF] Siemons | [END_REF][192][193][194][195]. However, as we shall observe, the reality does not live up to such high expectations. Moreover, Fig. 4.17(d) evidences the strong (∼ five-fold) reduction of the X-ray absorption signal intensity as a capping layer of Co is added. Increasing the LAO thickness (from 1 to 4 uc) further leads to an exponential attenuation of the X-ray absorption signal. For the data presented hereinafter [Figs. 4.18], a linear background I XAS vs. photon energy, taken at the pre-absorption edge (between 448 and 454 eV), has been subtracted. We have taken great care to check that no artifacts (such as absorption peaks energy shifts) was caused by this procedure.

In relates to an inverted (negative vs. positive) splitting of the 3d e g and t 2g multiplets [see Fig. 4. 18(d)]. Remarkably, the XLD obtained for the Co/LAO(2 uc)/STO sample is also very different from that of the STO substrate and qualitatively reproduces the XLD signal of the uncapped LAO/STO samples. Although much noisier, the XLD signal of the Co/STO sample resembles that of the bare STO.

Energy Hierarchy of Orbital Symmetries

In bulk cubic SrTiO 3 , the crystal field (CF) splits the five-fold degenerate Ti 3d bands into two-fold e g (d x 2 -y 2 , d z 2 ) and three-fold t 2g (d xy , d xz , d yz ) degenerate bands [141]. In an attempt to clarify the structural and electronic configuration of (Co/)LAO/STO heterostructures, we have performed atomic multiplet calculations using the CTM4XAS program [520]. It allowed us to explore the effect of a symmetry reduction of the system (e.g. from cubic toward tetragonal), which distorts the TiO 6 octahedra and further lifts the degeneracy of the e g and t 2g multiplets [see Fig. 4. 18(d)]. The measured XLD spectra are well reproduced by using values of energy splittings similar to those reported in the literature for standard LAO/STO samples [201,277]. In the case of STO, we considered positive energy splittings ∆e g = 40 meV and ∆t 2g = 25 meV. In contrast, for the LAO/STO and Co/LAO/STO systems, negative energy splittings ∆e g = -100 meV and ∆t 2g = -50 meV were considered. We note that introducing a Co capping layer does not alter the fine structure of the XLD observed in uncovered LAO/STO samples.

Remarkably, our findings demonstrate that Co-capped and uncapped LAO/STO systems have a similar subband structure, with a preferential d xy orbital occupancy, in line with ab initio calculations. The orbital reconstruction revealed here through XLD echoes the simple model of electrons in a triangular potential well that was discussed in section 2.3.1 (see also Fig. 2.9). It was argued that due to their lower out-of-plane hopping integral with respect to d xz,yz orbitals (or larger out-of-plane effective mass m * z , where z ≡ [001]), the d xy orbitals would lie deeper in the quantum well (itself resulting from the bending of SrTiO 3 's conduction band) and hence form the first accessible states in energy. The present study, as well as others, highlights the intimate relationship between (i ) the tetragonality of TiO 6 octahedra (and its associated crystal field) and (ii ) the Ti 3d band structure, and emergent electronic conduction properties at LaAlO 3 /SrTiO 3 interfaces [201,277,278,[521][522][523].

X-ray Magnetic Circular Dichroism

X-ray absorption experiments performed at normal incident beam with left and right circularly polarized light (σ + and σ -respectively) at the Co and Ti L 2,3 -edge allowed us to measure the X-ray circular magnetic dichroism (XCMD) signal defined as:

I XMCD = (I σ + -I σ -).
XMCD is a powerful tool to probe magnetic excitation in metals as well as in transition metal oxides. It is sensitive to the local anisotropy of charge, spin and angular momentum in the direct vicinity of atoms excited by the absorption of polarized X-rays [517]. The present XMCD study has been motivated by the ab initio prediction of an induced magnetic moment on Ti atoms in metal/LaAlO 3 /SrTiO 3 (001) heterostructures [489] (see also Figs. 4.10 and 4.14). It is worth noting that in DFT calculations, the induced spin-polarization was found to be sensititive to the considered STO substrate thickness (such that the Ti moment (d) XMCD signal (blue), and its energy integration (red), which leads to p = -0.475 and q = -0.098. r, p, q defined through Eqs. (4.10a -c).

bital [524] and spin [525] components of the magnetic moment. Eqs. 4.6 -4.7 can be conveniently rewritten (neglecting the Tz / Ŝz term):

m = - 4q 3r (10 -n d ) , (4.8 
)

m s = - (6p -4q) r (10 -n d ) , (4.9) 
given the relations:

p = L 3 σ + -σ -dε , (4.10a) 
q = L 3 +L 2 σ + -σ -dε , (4.10b) r = L 3 +L 2 σ + + σ -dε . (4.10c)
The quantities p, q, and r are depicted on Fig. 4.19(c -d) in the case of Co on STO, and their values given in the figure's caption. We have adopted the commonly used two-steplike function for removing the L 3 and L 2 edge jumps. The thresholds for the two-step-like function were set to the peak positions of the L 3 and L 2 white lines, and the height of the L 3 (L 2 ) step was set to 2/3 (1/3) of the average intensity of the last few eV of the spectra, according to its quantum degeneracy (2J+1) [526]. Each step function was convoluted with a Voigt-like function of width 50 meV to mimic the intrinsic linewidth broadening and experimental resolution. The two-step-like function, and the integration of the (σ + + σ -) XAS intensity are displayed in Fig. 4.19(c), and the integration of the XMCD signal is shown in Fig. 4.19(c).

In turn, the sum rules analysis leads to the following estimated values for the spin and orbital moment of our polycrystalline cobalt (in units of µ b /atom): m s 1.25, and m 0.07, for which we have taken n d = 7.5 for Co. Spin and orbital magnetic moments determined from Einstein-de Haas gyromagnetic ratio measurements [START_REF] Bonnenberg | Alloys between Fe, Co or Ni[END_REF] or XMCD sum rules [526] XMCD signal (open symbols) for the corresponding samples, and smoothed XMCD spectra (solid lines), which lead to an upper limit on the magnetic moment value of 10 -2 µ B /Ti atom, as discussed in the text.

XMCD at the Ti L-edge

Figure 4.20(b) displays circular magnetic dichroic spectra obtained at the Ti L 2,3 -edge on Co/LAO(n =2, 4 uc)/STO samples in total electron yield (TEY) mode. Data were acquired while applying an out-of-plane ±6 T magnetic field, along the X-ray beam propagation direction (normal to the sample surface). As it can be seen the XMCD signal is very small. We can use a sum rule analysis similar to those reported elsewhere in the literature [336,530] in order to have an idea of the upper value of the magnetic moment able to cause such residual small signal. The commonly applied sum rules method is only valid as long as the L 3 -edge and L 2 -edge are well separated in energy. However, in the case of Ti, the L 3 and L 2 absorption lines strongly overlap in energy. Consequently, one must be careful when attempting to determine meaningful values of magnetic moments bear by light transition metals in transition metal oxides such as SrTiO 3 . Nevertheless, we genuinely want to give an order of magnitude for it, considering the Co/LAO(n = 2, 4 uc)/STO samples. Taking the number of holes in Ti equal to 9, we have estimated the Ti magnetic moment value, averaged over the total probing depth, to be of the order of 10 -2 µ b per atom (within a confidence interval that is limited by the statistics in our experiment). For a more accurate estimation of the magnetic moment borne by interfacial Ti atoms, with respect to those buried in the deeper TiO 2 layers, one would need to precisely determine the depth profile of magnetic Ti 3+ atoms. The upper value of 10 -2 µ b /Ti atom determined here is in quantitative agreement with the Ti spin polarization predicted in DFT calculations [see Fig. [338] [337]. For similarly realized superlattices, the signal detected by Fitzsimmons et al. in polarized neutron reflectometry experiments was even lower [337].

Moreover, our findings directly relate to the recently observed vanishing integral of the XMCD signal in LAO(n = 10 uc)/STO samples (with bare LAO surfaces) whose fabrication included a post-annealing step in high oxygen partial pressure [336]. However it contrasts with the recent observation of a sizable circular magnetic dichroic signal at the LaAlO 3 /SrTiO 3 interface in somewhat similarly prepared samples [327]. A number of theoretical work have been carried out to attempt to account for the possible presence of spinpolarized Ti d shells at the LaAlO 3 /SrTiO 3 (super)conducting interface. This includes the possibility for a ferromagnetic interaction arising from a purely itinerant mechanism [335], in contrasts with scenarios of magnetically ordered localized moment that coupled ferromagnetically via exchanged polarization of conduction electrons [330,333]. Recently, it has been predicted/postulated that a Dzyaloshinskii-Moriya interaction arising from the inversion symmetry breaking (lifting the t 2g degeneracy) at the LaAlO 3 /SrTiO 3 interface, and the presence of a strong Rashba spin-orbit coupling, could lead to a spontaneous long wavelength spiral magnetic ground state [334]. All of which scenarios, in addition to many other theoretical proposals [239,245,293,328,329,331,332,[START_REF] Joshua | Proc. Natl Acad. Sci[END_REF][START_REF] Ruhman | [END_REF][343], require further thorough experimental investigations in order to tackle the so far undecided magnetic ground state at the LaAlO 3 /SrTiO 3 interface (see also section 2.4.2).

Perspectives, and Future Works

So far, we have discussed a 'purely electrostatic mechanism', as proposed by Arras et al. [489], and which relies on the specific band lineups within the metal/LaAlO 3 /SrTiO 3 heterostructure as set in part by the metal's work function, and in part by the LAO internal polar field (see sections 4.2 and 4.3). Couldn't an 'electrochemical mechanism' also come into play? Indeed, as we have already noted, no q2DES was observed when noble metals (Au, Pt, Pd) where used as capping layers. From this arises the fundamental question regarding the existence of a potential link between metal-oxygen reactivity and the q2DES formation. Hereinafter, we propose a series of experiments to tentatively assess the role of an electrostatic mechanism and of an electrochemical mechanism.

In the framework of the polarity-induced defect mechanism proposed by Yu and Zunger [245], the polar discontinuity at the interface triggers thermodynamically the spontaneous formation of certain defects (vacancies, cation antisites) that in turn cancel the LaAlO 3 internal polar field (see section 2.2.4). In particular, the ionization of the spontaneously formed surface oxygen vacancy, above 4 uc, leads to charge transfer toward the Ti 3d bands from which originates the interface conductivity (viz. the q2DES). Resorting to capping layers could alter this picture, as the topomost LaAlO 3 layer (viz. AlO 2 ) is no longer a bare surface. Would the still existing polar discontinuity yield the spontaneous formation of some other types of defects (in particular shallow donors and deep acceptors)?

Alternatively, could the low coordination of the interfacial metal atoms lead to a finite hybridization at the M/AlO 2 interface between e.g., the metal conduction bands and the oxygen 2p bands? Would this in turn yield to the formation of metal oxide phases? While our set of data leaves open these fundamental questions, a starting point would be to compute the enthalpy of formation of defects and of metal oxide phases, when deposited on top of LaAlO 3 . In any case, if metal/LAO interface reactivity is at play, a mechanism of this sort would need to provide a sensible explanation for the concomitant charge transfer from the M/LAO interface to the Ti 3d bands. To our knowledge, so far none of the scenarios/ingredients we have speculated have been envisioned or discussed. We hope that these questions will stimulate ab initio calculations beyond the atomically abrupt and defect-free heterointerfaces, in line with Yu and Zunger's approach [245], with the additional consideration of a metal capping layer.

We note that it could be puzzling to account for a unified mechanism at reactive metals /LaAlO 3 interfaces given that both the electronegativity and the involved bands (e.g., predominantly d for Co, p for Al) are very different for the investigated metals. To test the role of band hybridization at metal-oxide interfaces, one could concentrate on a series of transition metals going from (left to right in the periodic table of elements): Cr, to Mn, Fe, Co, Ni, and Cu. For those transition metals, the increased number of d electrons is accompanied by an increased electronegativity [531], as well as a reduced charge transfer energy [532,533], when incorporated into 3d transition metal-oxides (specifically on the B site of ABO 3 perovskites), and has been shown to yield a stronger metal d-O 2p hybridization.

We believe that Co/LAO/STO heterointerfaces could constitute a model system to tackle some of the aforementioned issues. Indeed, the electronic structure (and magnetic response) of Co is particularly sensitive to the presence of small fractions of cobalt oxide, which could in turn be readily detected by a variety of spectroscopic techniques: e.g., Co L-edge XMCD, Co L-edge resonant inelastic soft X-ray scattering spectroscopy (RIXS), Co K-edge X-ray absorption near edge spectroscopy (XANES), X-ray photoemission spectroscopy (XPS), etc. One could in particular deliberately deposit a controlled thickness (or fractional coverage) of CoO x on top of LAO, with and without further depositing a metallic Co layer. We believe this could allow to assess the relative influence of metallic Co and Co oxide on the formation of a q2DES. Alternatively, to test the relevance of the critical work function scenario vs. the propensity of the capping layer to get oxidized, one could focus on nickel whose work function is slighlty larger (5.05 -5.35 eV) than Co (5 eV). Another possibility would be to concentrate on Ag, which is a 'noble metals' with a (much) lower work function (∼ 4.5 eV) than Au, Pd, and Pt (Φ ≥ 5.2 eV).

In contrast with a defect-based mechanism, Cazorla and Stengel have predicted, for metal-capped -stoichiometric -LAO/STO systems, that the LAO internal polar field is a decreasing function of LAO film's thickness, and depends on the electrostatic boundary conditions (more precisely on the areal carrier density) at both M/LAO and LAO/STO interfaces [416]. In order to evaluate the actual thickness dependence of the total potential drop across LAO in M/LAO/STO heterostructure, we propose to resort to tunneling conductance measurements, or X-ray photoemission spectroscopy (XPS). Given the recent acquisition in our laboratory of an XPS chamber, connected to the PLD-sputtering cluster, such experiments could be carried out in situ, to probe the prospective energy shifts of (Ti 2p, Sr 3d, Al 2s, La 4d) core-levels, expected in the presence of an internal polar field.

In practice tunneling conductance measurements would not provide a direct measurement of ∆φ or E lao , keeping in mind that the use of an external bias voltage, inherent to the measurement procedure, would alter the electrostatic potential landscape [416]. Instead the specific conductance-voltage characteristics should depend on the overall band lineup, including Schottky barrier heights at both interfaces (viz. at M/LAO, and at LAO/STO interfaces), which contribution would need to be disentangle from that of ∆φ alone [534]. However, a number of technical challenges need to be overcome first, in order to be able to fabricate LAO/STO-based tunnel junctions below the four unit cell critical thickness. This is discussed in Appendix A1, together with a proposed practical route to realize such devices. Alternatively, resorting to synchrotron-based X-ray diffraction could allow to infer for the presence (or absence) of a 'built-up' electrostatic potential in metal-capped LAO(n)/STO heterostructures, as was done previously for uncapped LAO/STO samples. Indeed, Cancellieri et al. have reported, for LAO(n)/STO heterostructures, a large electrostrictive effect, for which the out-of-plane lattice parameter of LAO was found to depend dramatically on the strength of the internal electric field below a critical thickness of LAO [197]. In turn, could similar electrostrictive effects be detected in M/LAO/STO samples?

The findings of this chapter provide perspectives for the realization of LaAlO 3 /SrTiO 3based devices for tunnel transport below 4 unit cells of LaAlO 3 . An achievement which could in turn yield drastic barrier resistance reductions, a prerequisite for efficient electrical spin detection in lateral spin valve structures (see section 3.1.4). The following chapter is dedicated to exploring the potential of such metal/LaAlO 3 /SrTiO 3 systems, with 'subcritical' LaAlO 3 thicknesses, for the generation of non-equilibrium spin accumulation and pure spin currents, making use of magnetization dynamics of a ferromagnetic overlayer in so-called spin pumping experiments.

In this chapter, we report on spin pumping experiments carried out at LaAlO 3 /SrTiO 3 (001) interfaces, and driven by ferromagnetic resonance. We start by giving an introductory theoretical background to the phenomenology of spin transfer and spin pumping effects. The inverse Edelstein effect, which relies on spin-orbit interaction, is further introduced and showed to yield spin-to-charge current conversion (in connection with the inverse spin Hall effect) in the Rashba 2DES. We report on the efficient electrostatic field-effect modulation of the inverse Edelstein effect, and discuss the complex band structure of the SrTiO 3 -based 2DES in the presence of atomic spin-orbit and structural inversion asymmetry.

Spin-Transfer and Spin Pumping Effects

The celebrated Landau-Lifshitz-Gilbert (LLG) equation phenomenologically describes the precessional motion of magnetization in a solid. We discuss a solution of this equation in the presence of a microwave radiation, which yields the ferromagnetic resonance (FMR) condition for a uniformly magnetized thin film. It is worth noting that FMR plays an important role in the experimental part of this chapter (section 5.2, as it is used not only to estimate the Gilbert damping parameter and effective magnetization of our ferromagnetic films, but also because we exploit FMR to drive magnetization dynamics of those films [535], which in turn act as a source of spin current in so-called spin pumping experiments.

Before discussing the basics of spin pumping, we present the concept of spin-transfer torque. Both effects derive from the transfer of spin angular momentum between a ferromagnet and an appropriate reservoir, and can be shown to be a pair of reciprocal effects related through the Onsager reciprocity theorem [START_REF] Onsager | [END_REF][START_REF] Brataas | Spin Pumping and Spin Transfer[END_REF]. In this section, we give an account of both concepts, with a particular focus on the spin pumping effect, which is exploited to generate non-equilibrium spin accumulation at LaAlO 3 /SrTiO 3 interfaces.

Magnetization Dynamics: Phenomenology

In ferromagnetic materials, the modulus of the magnetization vector is not easily changed by small perturbations, this due to large exchange energy costs. Hence, the low-energy excitations (so-called spin waves, or magnons) only induce a modulation of the magnetization direction with respect to the equilibrium magnetization configuration. At temperatures well below the Curie temperature, the magnetization of a bulk ferromagnet saturates to a maximum value |M | = M s , and the magnetic state can be described by a unit vector order parameter m(r , t) =M /M s . The time-dependent evolution of this spatially variable order parameter is phenomenologically described by the celebrated Landau-Lifshitz-Gilbert (LLG) equation [536,537]:

∂m ∂t = -γ (m × H eff ) + α g m × ∂m ∂t . (5.1) 
where γ = g * µ b / is the electron gyromagnetic ratio in terms of the Bohr magneton µ b , the reduced Planck constant , and g * the effective electron g-factor, α g is the dimensionless

Gilbert damping constant 1 , and

H eff = -(1/M s ) δF [M ]
/δm is the effective magnetic field determined by the magnetic free energy density F [M ] (a functional of M ). In the more general case, H eff comprises any external source of applied magnetic field (e.g., static and microwave), as well as internal magnetic fields parametrizing demagnetization, magnetic anisotropies, and exchange energies.

The right hand side of the LLG equation contains two terms. The first one describes the magnetization precession around the effective magnetic field H eff , and the conservation of the free energy (for α g = 0). In contrast, the second term is linked to the dissipation of the magnetic free energy, and governs the 'viscous' damping of the magnetization toward its equilibrium configuration, which in a static field occurs on a timescale of 1/(ω 0 α g ), with ω 0 =1/γH eff . As we shall see, additional terms due to couplings between magnetization dynamics and spin currents yields additional torques Γ responsible for additional damping terms (which are added to the right-hand side of Eq. (5.1)).

Basics of Ferromagnetic Resonance

Analogy with Electron Paramagnetic Resonance

Ferromagnetic resonance can be understood in analogy with electron paramagnetic resonance (EPR). In a quantum mechanical picture, considering an isolated magnetic dipole µ J , the application of a static external magnetic field µ 0 H 0 yields an energy splitting of the eigenstates called Zeeman splitting. The corresponding energy eigenvalues, characterized by their quantum number m J (with J the total angular momentum), are given by ε J = -µ J µ 0 H 0 = m J gµ b µ 0 H 0 . The irradiation of radio-frequency (rf) microwave h rf (t) = h rf e -iω 0 t transverse to H 0 can yield magnetic dipolar transitions, for ∆m J = ±1, between energy eigenstates if the resonance condition

ω 0 = gµ b µ 0 H 0 (5.2)
is fulfilled [see Fig. 5.1(a)] at H 0 ≡ H res the magnetic field at resonance. The corresponding resonant microwave absorption is called electron paramagnetic resonance (EPR) [START_REF] Poole | Electron Spin Resonance[END_REF][START_REF] Chikazumi | Physics of Ferromagnetism[END_REF].

In turn, in ferromagnetic materials where magnetic moments are coupled via the exchange interaction, the whole spin system with magnetization M can be approximated as one macrospin. In direct analogy with EPR, ferromagnetic resonance (FMR) hence corresponds to the resonant absorption of electromagnetic waves for a ferromagnet.

The Ferromagnetic Resonance Condition

Solving the LLG equation in the presence of a microwave field h rf , not only yields the time-dependent magnetization motion, but also the ferromagnetic resonance condition [see Eq. (5.3)], as well as the dynamic magnetic susceptibility tensor2 , which determines the microwave absorption and dispersion properties (through its imaginary and real part, respectively) in an FMR experiments.

Upon the continuous application of a microwave radiation at a precession angular frequency ω, the magnetization m (or M ) is driven into a steady-state motion, and describes a cone enclosing H eff , whose precession cone angle Θ =( H eff , m). For a fixed microwave frequency, the FMR condition is met for a particular value of the external magnetic field H 0 = H res . Note that the situation can be reversed by sweeping ω and keeping H 0 unchanged (then FMR is obtained at ω = ω res ). For a polycrystalline ferromagnetic thin film, whereby the shape anisotropy (4πM eff ) is usually much larger than the crystalline anisotropy), minimizing the magnetic free energy in the case where H 0 and h rf are applied in the film's plane (and h ref .H =0) leads to Kittel's dispersion relation [START_REF] Kittel | [END_REF]542]:

ω γ 2 = H res (4πM eff + H res ) , (5.3) 
where M eff is the magnitude of the saturation magnetization along H eff .

In an FMR experiments, measuring the absorbed rf power as a function of the external magnetic field yields a measurement of the imaginary part χ yy (which we denote χ for simplicity) of the dynamic magnetic susceptibility (χ yy = χ yy + iχ yy ) for h rf along x , and the magnetization rotating in the (y ,z ) plane. The resonant absorption of the rf excitation has a characteristic Lorentzian lineshape, whose full width at half-maximum (FWHM) is denoted 2∆H [see Fig. Two prominent applications of FMR are the determinations of the Gilbert damping, and that of the anisotropy fields of ferromagnetic thin films (recalling that H eff contains all external and internal sources of magnetic fieds) [START_REF] Heinrich | Basics of Nano-Thin Film Magnetism[END_REF]. Indeed, H res reaches a minimum when the static field is applied along a magnetization easy axis (which minimizes the magnetic free energy). Hence, anisotropy constants can be determined from specific angular dependences of H res . The effective Gilbert damping parameter is obtained from the dispersion relationship of the FMR linewidth to the rf frequency [Eq. (5.35)], as discussed in more details in section 5.3.1.

Phenomenology of Spin-Transfer

On the microscopic level, the realistic treatment of the collective motion of a large number of spins across a ferromagnet/normal metal interface requires the quantum mechanical description of electronic wavepackets at the Fermi energy (spin-dependent transmission of Bloch states) and diffusive transport theory (spin accumulation effects) [START_REF] Stiles | Spin-Transfer Torque and Dynamics[END_REF]. Nonetheless, a mechanical description can help understand the key ingredients of spin-transfer, as conduced hereinafter. Brataas et al. have offered a simple, yet powerful classical analogy to the physics of spin-transfer (and that of spin pumping), based on the game of billiard [START_REF] Brataas | Spin Pumping and Spin Transfer[END_REF], which is all about the transfer of linear and angular momenta between the balls and the cushions.
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In billiards, the player can transfer velocity and spin to the ball, whose trajectory is in turn governed by the interaction with the reservoirs of linear and angular momentum (the cushions and the felt), as well as with other balls through collisions. Hence, "a ball that for instance hits the cushion at normal angle with top or bottom spin will reverse its rotation and translation, thereby transferring twice its linear and angular moment to the frame of the billiard table" [ibid.]. How angular momentum transfer occurs between electrons and magnetic layers can be imagined mechanically by replacing the billard balls by electron spins, and the cushion by a ferromagnet. "While the cushion and billiard table absorb the angular momentum, the magnetization absorbs the spin angular momentum. The absorbed spins correspond to a torque that, if ti exceeds a critical value, will set the magnetization into motion" [ibid.]. This is what is referred to as the spin-transfer effect, with a corresponding spin-transfer torque (STT) [given by Eq. (5.5)]. Reciprocally: "a billiard ball without spin will pick up angular momentum under reflection if the cushion is rotating along its axis" [ibid.]. This effect is what is called spin pumping whereby magnetization dynamics injects a net spin angular momentum flow (i.e. a pure spin current) into an adjacent normal metal contact.

Spin-Transfer Torque

In 1996, Berger and Slonczewski predicted the magnetization orientation of a magnetic layer could be excited, or even reversed, by direct transfer of spin angular momentum from a spin-polarized dc current [START_REF] Berger | [END_REF]550]. The principle of STT is illustrated in Fig. 5.2. Lets consider a F 1 /N/F 2 metallic spin valve composed of a 'thick' (or pined by exchange-bias) ferromagnet F 1 with large coercitivity, and a 'thin' ferromagnet layer F 2 of lower coercitivity, with non-colinear magnetizations and separated by a thin nonmagnetic metal (of thickness l N sf ). A dc current (of s electrons) sourced between F 1 and F 2 will acquire, through F 1 acting as a spin-polarizer, an average spin polarization approximately along the magnetization of F 1 . When the electrons reach F 2 , their spin rapidly aligns along the magnetization of F 2 through the s -d exchange interaction 3 . In virtue of the conservation of total angular momentum, the transverse component of angular momentum 'lost' by the electrons is 'transfered' to the magnetization of F 2 , whose direction hence tends to align toward that of F 1 through the Slonczewski torque. This destruction of transverse spin angular momentum at the N/F 2 interface is per definition equal to a torque. In the macrospin approximation, the torque is shared over the whole ferromagnetic volume M s V of the 'free' (as opposed to the 'pinned/thick' F 1 polarizer) F 2 layer. The torque on the magnetization m 2 ≡ m free equals ∂(m free /∂t) stt .(M s V), the rate of change of the total magnetic moment of F 2 , which is equal to the absorbed spin current [550]. The rate of change of the magnetization direction reads:

Γ stt = ∂m free ∂t stt = - γ M s V m free × (m free × I s ) (5.5)
where I s the total spin current4 (oriented along m 1 ≡ m pol the polarizer's magnetization direction), still needs to be evaluated in term of its different components (viz. incoming, transmitted, and reflected).

In turn, the Slonczewski torque, the one arising from the incoming component of the spin-polarized current can be written (in one of its celebrated form):

Γ Slon. ≡ ∂m free ∂t inc. stt = j dc γ 2eM s t F P [m free × (m free × m pol )] , (5.6) 
where t F is the thickness of the 'free' F 2 layer, V = (S.t F ) with S the N/F 2 interface surface, j dc = I dc /S the dc current density (A.m -2 ), P = (j ↑ -j ↓ )/(j ↑ + j ↓ ) is the spin polarization of In virtue of the conservation of total angular momentum, the transverse component of spin lost by the electrons is transferred to the magnetization of the free F 2 layer, which yields a spin-transfer torque (STT) acting on it and which tends to align m free toward m pol , see Eq. (5.7). (Modified from [5].) (b) Illustration of the LLGS dynamics. The magnetization m precesses about the effective field direction (H eff ). The green arrow illustrates the dissipative (damping) torque that tends to move the magnetization toward the effective field direction. The red arrow is the spin-transfer torque (Slonczewski-like) and the light-blue arrow is the effective field-like torque with an electron spin polarization collinear with the effective magnetic field. (Modified from [555].) the current at the N/F 2 interface5 , and recalling γ = g * µ b / the gyromagnetic ratio, g * the effective electron g-factor.

If one recognizes that at equilibrium, m pol is along H eff , such that m pol =H eff /H eff , the LLG equation describing the magnetization dynamics of the 'free' magnetic layer can be rewritten to include the Slonczewski torque (keeping only first order terms in α) in the form of the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation:

∂m ∂t = -γ (m × H eff ) + α m × ∂H eff ∂t . (5.7) 
with α = (α g + ςj dc )/H eff is an effective Gilbert-like damping constant, and where the coefficient ς = ( γP )/(2|e|t F M s ) measures the efficiency of the Slonczewski torque. In the present form, the effect of the Slonczewski torque on the magnetization's dynamics is straightforward, as it is shown to behave alike the Gilbert damping term, except that its sign depends on the polarity of the dc current. Hence, for a positive bias, Γ Slon. damps the magnetization toward H eff , whereas for negative current bias, it counteracts the natural Gilbert-like damping of M .

Incidentally, it can be shown that an additional torque, called field-like torque and oriented along (m free × m pol ) (i.e., out-of-plane), arises form the part of the current that is reflected at the N/F 2 interface, and which was not considered up to here. Whereas the fieldlike torque magnitude only amounts to about 10% of |Γ Slon. | in metallic spin valves [556], it can no longer be ignored in magnetic tunnel junctions (whereby N is replaced by an insulator), as it can reach a substantial fraction of the Slonczewski torque [557]. In the most general case, other sources of spin current can arise from, e.g., the spin Hall effect (see section 5.2.1.1), or from magnetization dynamics such as the so-called 'spin pumping' effect, as well as contributions from magnetic/spin textures (e.g., magnetic vortices), each giving rise to an additional torque 6 .

The existence of the STT effect has been amply confirmed experimentally, with its first experimental demonstration, in 2000, for Co/Cu/Co CPP metallic spin valve nanopillars (whose magnetization configuration could be switched from parallel to antiparallel) [START_REF] Albert | [END_REF]. The concept of spin-transfer actually dates back to the 1970s, with the prediction [563] and observation [564] of magnetic domain-wall dragging by currents. Spin-transfer effects had also been predicted for MTJs as early as 1989 [58]. Those works did not immediately trigger the intense research that followed the 1996 and 2000 publications, possibly because the required fabrication technologies were not mature enough (as it happened for Julliere's seminal work on TMR in 1975 [78], and its revival following Moodera et al.'s work twenty years later [89]).

Basics of Spin Pumping

We just discussed how the transfer of angular momentum from a spin current (in N ) to a ferromagnet leads to an excitation of the magnetization. The reciprocal process is also possible. In 1996, Berger discussed the dynamic coupling between a precessing magnetization and itinerant electrons in layered F/N structures, and predicted an enhanced Gilbert damping in thin F films, relying on magnon annihilation associated with electron spin-flip [START_REF] Berger | [END_REF]. In 2002, Tserkovnyak et al. took a very different approach, in the framework of parametric7 pumping of charge carriers in nonmagnetic mesoscopic systems [568,569]. They proposed that magnetization dynamics could 'pump' a spin current into a normal metal across a transparent F/N interface [565][566][567], which conceptualizes the basics of the immediately after proposed spin battery operated by FMR [535] (and which we described in section 5.1.4.2). Incidentally, in a second paper, they too predicted an enhanced Gilbert damping in layered F/N structures [566], which we discuss in the last part of this section.

Spin Current Generation by Coherent Magnetization Precession

Here, we focus on the adiabatic response of the itinerant carriers to the time-dependent magnetization m, which can be excited by external magnetic fields (e.g., h rf in an FMR experiments) or by additional sources of spin-polarized or pure spin currents (e.g., spin Hall effect). In turn, the total spin current I s should be taken as the sum of I pump s the current pumped by spin pumping effect, and of I back s the current arising from spin 'backflow' at the F/N interface.

Tserkovnyak et al. showed that, in the adiabatic limit, the spin current density (per interface area) pumped across an F/N interface as a result of magnetization dynamics is given by8 [565-567]:

I pump s = 4π R g ↑↓ m × ∂m ∂t -I g ↑↓ m , (5.8) 
where g ↑↓ is a complex quantity called spin-mixing conductance (in m -2 ). For conventional scattering processes, the transfer of angular momentum across an interface is governed by the real and imaginary part of the spin-mixing conductance g ↑↓ = (e 2 / ) nm δ nm -r ↑ nm r ↓ nm * , with r σ nm the spin dependent reflection amplitudes between transverse modes m and n in the normal metal at the interface with the ferromagnet [535]. g ↑↓ is not a bulk material parameter but depends on the specific interface considered (phenomenologically, it is proportional to the torque acting on a ferromagnetic domain in the presence of a non-collinear spin accumulation at the F/N interface [552-554, 570, 571]). In practice, for intermetallic F/N systems where I g ↑↓ R g ↑↓ [571,572], the imaginary part of the spin-mixing conductance can be disregarded 9 , and one is left with a simplified expression for I s , which reads:

I pump s = 4π R g ↑↓ m × ∂m ∂t .
(5.9) Suppose a F/N interface at equilibrium and the following gedanken experiment: switching the magnetization instantaneously would impose a large mismatch in spin-dependent electrochemical potentials at the interface, and in turn yield a maximum non-equilibrium spin accumulation (previous to relaxation) on the lengthscale of the spin-diffusion length l N sf . Equation (5.8) represents the adiabatic limit whereby a slower magnetization reversal/dynamics necessarily leads to smaller spin currents/accumulations in N . It is noteworthy that when the spin current is channeled off sufficiently rapidly, the corresponding loss of angular momentum increases the (Gilbert) damping of the magnetization dynamics, as discussed in section 5.1.4.3.

FMR-Operated Spin Battery

So far, we have considered an ideal spin sink N , whereby the adiabatically pumped spin current is 'instantaneously' and fully absorbed at the interface. This corresponds to the case where the total spin current induced solely by magnetization dynamics (without additional As recognized by Braatas, Tserjovnyak et al.: "the important parameters of a charge battery are the maximum voltage in the absence of a load, as well as the maximum charge current that can be drawn from it" [567]. In the following, we discuss the analogous characteristics of the spin battery, closely following the seminal proposal by Brataas et al. [535].

To this end, one should solve the dynamic problem of spin pumping at the F/N interface, with boundary conditions for the spin-diffusion equations in the normal conductor.

The spin pumped in N creates a diffusive backflow of spin current into the F reservoir. When the angular frequency (ω 0 ) of the microwave field and spin-flip scattering rate in the ferromagnet are much smaller than the characteristic spin-injection rate into the ferromagnet, the component of the backflow spin current parallel to the instantaneous magnetization direction m is found to be canceled by an opposite flow from the ferromagnet. In turn, the surviving component of I back s is perpendicular to m and given by [567,570]:

I back s = R g ↑↓ 4π m × ∆µ N × m , (5.10) with ∆µ N (t) =∆µ N s(t) the spin accumulation in N (∆µ N = µ N ↑ -µ N ↓ )
, and where the unitary vector s indicates the spin polarization direction of the spin current (which is collinear to m × ∂m/∂t). The backflow of spin current results in a down-renormalization of the spin current pumped in the nonmagnetic material [575,576].

Let us consider a F/N bilayer structure with cross section S and thickness t N , diffusion coefficient D =v In an FMR experiment, the precession of the magnetization vector of a ferromagnet under a resonant rf electromagnetic field (h rf (ω 0 ) = h rf y ) of angular frequency ω 0 , and applied perpendicularly to a dc magnetic field (H 0 = H 0 x ) can be used to drive the spin battery. The magnitude of the spin current I s (t) t and spin bias ∆µ(t) t as a function of the applied field H 0 follows from the generalized LLG equation. The solution for the spin accumulation is simple when D/ω 0 t N Dτ sf = l N sf , requiring ω 0 τ -1 sf [535]. In turn, the spin accumulation in the normal layer is nearly uniform and time independent for a steady ferromagnetic precession with cone angle Θ, and reads:

∆µ N = ω 0 sin 2 Θ sin 2 Θ + η (5.12) 
where η = (τ i /τ sf ), is a reduction factor in term of τ sf and the spin injection rate τ -1 i . It is worth noting that in the steady-state, the spin polarization direction is along H eff (along H 0 in the absence of anisotropy/demagnetization fields). When the spin-relaxation rate is much smaller than the spin injection rate (viz. η 1) and the precession cone angle is sufficiently large (sin 2 Θ > η), the spin bias ∆µ N saturates at its maximum value ( ω 0 ), which does not depend on the material parameters. In FMR experiments, precession cone angles are relatively small, which requires reduction factors much smaller than unity.

Incidentally, the magnitude of the dc component of the pumped spin current (the maximum achievable spin current bias) is obtained by a time average of Eq. (5.9), which under the assumption of a circular magnetization precession10 , yields [535]:

I pump, dc s = ω 0 4π R g ↑↓ sin 2 Θ , (5.13) 
where sin 2 Θ is proportional to the area Σ of the magnetization trajectory represented on Fig. 5.3. Hence, the maximum spin current bias is decreased by sin 2 Θ upon averaging over one precession period. In order for the spin battery to operate as a spin current source, large enough precession angles are required as well.

Gilbert-Damping Enhancement

In the previous section, dedicated to STT, we showed that the Slonczewski torque could take the form of a Gilbert-like damping parameter [see Eq. (5.8)] when injected into the LLG equation. This is actually a general aspect of the physics of magnetization dynamics: providing an additional channel for spin relaxation is susceptible to yield an enhanced damping of the magnetization.

In an isolated F slab, the angular momentum transfer required for magnetization relaxation is predominantly provided by the ferromagnet's lattice, yielding magnetization damping in the form of the phenomenological Gilbert constant α g entering the LLG equation. In contrast, at an hybrid F/N structure, the nonmagnetic reservoir opens up an additional channel for relaxing the non-equilibrium spin accumulation induced by spin dynamics and accompanied by a spin current emission/absorption. One can recognize that the first term of Eq. (5.8) ∝ R g ↑↓ has the same form as the Gilbert term in the LLG equation [Eq. (5.1)] and thus leads in FMR experiments to an additional damping of the magnetization precession, whereas the second term ∝ I g ↑↓ acts as an additional magnetic field and results in a shift of the resonance position. In an FMR experiment, the enhancement of the Gilbert-like damping naturally broadens the FMR linewidth (∆H of the dχ /dH signal).

It follows that for an FMR spin pumping experiment, the effective damping parameter at the F/N interface is given by [566]:

α eff = α g + γR g ↑↓ 4πM s V , (5.14) 
when considering an ideal N spin sink with 'instantaneous' absorption of the spin current (by either relaxation through spin-flip processes or the absence of backscattering). However, in a realistic case, one must take into account that the spin accumulation in a diffuse normal metal drives a diffusive spin current I back s . In such case, the following expression arises for the enhancement of the damping term [566]:

α eff -α g γR g ↑↓ /(4πM s V) 1 + √ tanh t N /l N sf -1 , (5.15) 
where V is the volume of the F layer, t N and l N sf the thickness and spin-diffusion length of the N layer, and = (τ el /τ sf ) the ratio of the momentum to spin-flip scattering time in N .

Infinite versus vanishing spin-flip rates in the normal metal are two extremes for F/N bilayer dynamics. In the former case, the damping parameter α eff is enhanced, and in the latter case unaffected. Both limits have been experimentally investigated by resorting to Pt as a good, versus Cu as a poor spin sink (due to their relatively small vs. large intrinsic spin-orbit coupling that yield smaller vs. larger ratios [578][579][580]), as shown by Mizukami et al. for N/Py/N trilayers in FMR experiments [581][582][583]. It is noteworthy that spin pumping is an interfacial process, such that the enhanced damping is to be expected only for thin F layers.

Spin Current-Charge Current Reciprocal Conversion Mechanisms

As discussed in the first part of this chapter, the enhancement of the effective damping constant and FMR linewidth can be related to the absorption of a spin current (and build-up of a spin accumulation) at an F/N interface. Thus, their careful estimation, with respect to values determined for appropriate control samples, offer an 'indirect' way to detect the generation of spin currents in layered F/N structures. It is nonetheless desirable to access a 'direct' electrical detection of the pumped spin current, as discussed in the second part of this chapter. While this is generally achieved through the inverse spin Hall effect, which yields the conversion of a spin current into a charge current through a spin-orbit interaction (SOI), we will discuss an alternative mechanism: the inverse Edelstein effect which leads to a similar spin-to-charge current conversion via SOI, but derives from the inherent broken inversion symmetry in two-dimensional Rashba electron systems.

Direct and Inverse Spin Hall Effects

The spin Hall effect (SHE), which causes a charge current to be partially converted into a transverse spin current [585,586], derives from the spin-orbit interaction (SOI) in nonmagnetic materials. The inverse spin Hall effect (ISHE) is the other side of the same coin (viz. the Onsager reciprocal of the SHE), whereby a spin current gets partially converted into a transverse charge current [587]. Hence, in the spin Hall and inverse spin Hall effects, spin and charge currents are related to one another through:

j SHE s = - 2e θ SHE (j c × s) , (5.16a) 
j ISHE c = - 2e θ SHE (j s × s) , (5.16b) 
where s is the spin polarization orientation, and θ SHE = σ SHE xy /σ xx , a quantity called the spin Hall angle, is defined as the ratio of the spin Hall conductivity 11 to the diagonal charge conductivity, and which phenomenologically measures the efficiency of the spin-to-charge (and vice versa) current conversion.

In section 1.4, we have introduced the SOI that was shown to be the source for spin relaxation of conduction electrons in solids. The origin of (I)SHE is often separated into 'intrinsic' and 'extrinsic' contributions, entering the electron-ion potential of the spin-orbit Hamiltonian [see Eq. (1.24)]. The intrinsic contribution is ascribed to purely the electronic band structure, viz. with spin split bands, whereas extrinsic contributions arise from spindependent scattering by an impurity potential. In the latter category are believed to fall two mechanisms: side-jump scattering and skew scattering.

Extrinsic Mechanisms

Mott first showed that the SOI is responsible for an asymmetric scattering of spin carrying particles [590]. In a semi-classical approach, electron scattering by a charged impurity center generates a spin-dependent force 12 proportional to the gradient of the Zeeman energy 12 Importantly, as put by Dyakonov and Khaetskii: "the magnetic field B is inhomogeneous in space because the electric field E is non-uniform and also because the velocity v changes along the trajectory" [START_REF] Dyakonov | Spin Physics in Semiconductors[END_REF]. This is the reason for the spin-dependent force [ibid.]. ) transverse to the incoming particles' trajectory. This is the Mott-skew scattering effect, which was invoked to explain, among other things, the anomalous Hall effect (AHE) [591][592][593]. This is also the mechanism envisioned in 1971 by D'yakonov and Perel', in their seminal works predicting the generation of non-equilibrium spin accumulation at the lateral surfaces of a current-carrying nonmagnetic conductor, with spin directions being opposite at the opposing boundaries [585,586]. The effect was theoretically 'rediscovered' 28 years later by Hirsch who coined the term "spin Hall effect" [589], and had to wait until 2004 to be observed in semiconductors (2DEGs) [594,595], and later on in metals (both SHE and ISHE at room temperature) [596][597][598] Also related to scattering is the side-jump mechanism proposed by Berger [599,600], in the context of the AHE in ferromagnetic materials. It is described as a spin-dependent (discontinuous) lateral displacement of the electron wave packet at each scattering event, and ascribed as an extrinsic contribution to the SH conductivity (σ s-j xy ), superimposed onto skew scattering. It should be noted that the understanding of side-jump scattering in a quantum mechanical framework, and its relative importance with respect to skew scattering are still debated to date [START_REF] Sinova | [END_REF][START_REF] Dyakonov | Spin Physics in Semiconductors[END_REF][START_REF] Nagaosa | [END_REF].

Intrinsic Mechanism

Besides the mechanisms relying on scattering by impurities, an intrinsic mechanism related to the spin-split bands (near the Fermi energy) in the presence of SOI was discussed by Karplus and Luttinger [603], initially to account for the AHE. In this context, a semi-classical Boltzmann transport approach yields the following expression for the carrier velocity [604]:

v k = 1 ∂ε k ∂k + eE × Ω k , (5.17) 
where the first term is the normal velocity, and the second term is an anomalous velocity which relates to the Berry curvature Ω k of the Bloch band [605]. For quasi-particles, Ω k manifests itself as an effective magnetic field acting in momentum space, and its source are the SOI induced crossing points of band dispersion curves [606]. Remarkably, Ω k is non-zero for systems with broken time-reversal symmetry, or broken inversion symmetry [607]. In turn, the intrinsic Berry phase mechanism yields a conductivity component ((σ int xy )) transverse to the incoming carrier's trajectory (set by E ), and is at the origin of the AHE and (I)SHE. The intrinsic mechanism can be large in 'heavy' elements with strong SOC (SOC strength ∝ Z 4 ) such as Pt which has become a prototypical system for the study of ISHE.

Direct and Inverse Edelstein Effects in a Rashba 2DES

Here, we concentrate on an alternative to the ISHE for the detection of pure spin currents in a system which lacks the structural inversion symmetry. We focus on two-dimensional electron systems which exhibit a Rashba SOI, as illustrated on Fig. 5.5(a), and for which the conversion of a spin current into a charge current will be shown to arise from the inverse Edelstein Effect (IEE). The Onsager reciprocal effect, namely the direct Edelstein effect (DEE) is also introduced [608,609]. Finally, a brief connection is made with the SHE in the framework of the microscopic model developed in Ref. [610].

Rashba Spin-Orbit Interaction

Before introducing the Edelstein effect, we owe to recall the two-dimensional Hamiltonian first introduced by Bychkov and Rashba for systems which lack structural inversion symmetry [119]. The so-called Rashba effect is a manifestation of spin-orbit interaction (SOI) in solids, and more particularly in two-dimensional systems (2DES), where spin degeneracy is lifted due to the broken spatial inversion symmetry. The model (Bychkov-)Rashba

Hamiltonian reads [119]:

H r (k ) = 2 k 2 2m + α r (k × z ) • σ , (5.18) 
where the first term is the free-electron dispersion relation, and the second term is the spinorbit Hamiltonian, with α r the (Bychkov-)Rashba coefficient 13 , k the in-plane wavevector, z the unit vector normal to the 2DES plane, and σ the unitary Pauli spin matrices (σ = (2/ )s). Solutions to the Schrödinger equation with the Rashba Hamiltonian is given by:

ε ± (k) = 2 k 2 2m ± α r k , (5.19) 
which yields a momentum-dependent splitting of the two spin subbands amounting to k r = ±α r m/ 2 , as illustrated in Fig. 5.5(a) for α r > 0. Importantly, it leads to two inequivalent Fermi contours, with a clockwise (counter-clockwise) rotation of the spin in the (k x , k y ) plane for the inner (outer) Fermi contour, circular in the free electron-like approximation. We recall that the structural inversion asymmetry (SIA) leads to a momentum-dependent effective magnetic field of the form [4,119] (see also §1.4.2.3):

Ω sia k = 2α br (k × z ) , (5.20) 
acting on non-equilibrium spins and inducing spin relaxation in the framework of the D'yakonov-Perel' mechanism [START_REF] Zakharchenya | [END_REF]115].

Direct and Inverse Edelstein Effects

Hereinafter, we derive the relation between charge current and non-equilibrium spin densities following the approach of Rojas Sánchez et al., who first demonstrated experimentally the inverse Edelstein effect at Ag/Bi [START_REF] Cheng | [END_REF] interfaces [611].

The direct Edelstein effect (DEE) is illustrated in Fig. 5.5(b). In the presence of a 2D charge current density j c along -x , the two Fermi contours are displaced by the same amount ∆k x 14 and in the same direction, which yield two excess spin densities δs + and δs -which are polarized in opposite directions (along y and -y ). We label the inner and outer Fermi contours with -and + indices, with the corresponding Fermi wavevectors k f-and k f+ . Remarkably, δs + and δs -do not cancel out, as illustrated by the inequivalent blue and red hatched surfaces in momentum space in Fig. 5.5(b), and whose areas are proportional to (k f+ ∆k x ) and (k f-∆k x ) respectively. In the 'free electron-like' model with circular Fermi contours, the relation between the 2D charge current densities j c+ and j c-carried by the two Fermi surfaces along x and the corresponding 2D spin densities δs ± along y can be written as [START_REF] Gambardella | Current-induced spin-orbit torques[END_REF]:

δs ± = ± m 2e k f± j c± , (5.21) 
13 By identification with the SO Hamiltonian given in Eq. (1.24b), one can obtain a naive derivation for the expression of the Rashba coefficient, such as: α r = 2 eg 8m 2 c 2 E, with E = Etextbf z the inversion symmetry breaking electric field.

14 ∆k x = -eEτ / x in Drude's free electron model, with F = -eE the electromotive force, τ the average collision time (momentum relaxation time), such that according to Ohm's law: j c = n s e 2 τ E /m, with n s the areal carrier density.

with j c = (j c+ + j c-) the total 2D charge current density. By considering the relation between the Rashba SOI strength α r and the difference in radius between the two Fermi surfaces, expressed as:

(k f+ -k f-) = 2k r = 2m 2 α r , (5.22) 
it follows that the total 2D out-of-equilibrium spin density δs = (δs + + δs -) created via the DEE is given by: δs = eα r j c .

(5.23)

We owe to discuss the reciprocal effect, namely the inverse Edelstein effect. Considering a steady source of non-equilibrium spin density/accumulation polarized along y (via e.g., spin injection, spin pumping, etc.) injected into a Rashba 2DES, it induces a shift ±∆k x , of equal magnitude but opposite sign, of the inner and outer Fermi surfaces as depicted in Fig. 5.5.(c). This in turn yields uncompensated charge currents j c± ∝ ±∆k x k 2 f± ∼ ±k f± δs ± [see Eq. (2.21) for the prefactor] such that j c = (j c+ + j c-) e /m (k f+ -k f+ ) δs . Using the latter expression in combination with the relation given by Eq. (5.22), one arrives at the expression of Eq. (5.23) linking in a reciprocal way charge currents and average nonequilibrium spin densities in a Rashba 2DES.

It is desirable to establish a relation between δs , spin currents and charge currents for the DEE and IEE. Assuming that the source of δs (polarized along y ) is a spin current directed along -z (as in the case of Ref. [611], where j s is a spin current arising from FMR-spin pumping). Provided that momentum transmission/reflection from the source of non-equilibrium spin density to the drain (the Rashba 2DES) is isotropic, it exists a simple relation between j s and δs given by:

j s e = δs τ * s (5.24)
where τ * s is phenomenologically an effective coupled momentum-spin relaxation time expressing the balance between spin injection and spin density (provided that spin and momentum are locked in the pure Rashba SOI regime.) A microscopic derivation by Shen, Vignale, and Raimondi [610] provides an expression for τ * s in terms of the momentum relaxation time, Elliott-Yafet (EY) and D'yakonov'-Perel' (DP) spin relaxation times, and which we briefly discuss hereinafter.

Combining Eqs. (5.23) and (5.24), it follows:

j c = α r τ * s j s = λ IEE j s (5.25) with λ IEE = α r τ * s . (5.26)
Hence, λ IEE expresses the efficiency of conversion of a spin current into a charge current for a Rashba 2DES, and plays a role similar to that of the spin Hall angle in the ISHE. However, as duly recognized by Rojas Sánchez et al. [611], whereas for the (I)SHE spin and charge currents are both three-dimensional quantities (j c and j c in A.m -2 ) such that θ SHE is a dimensionless parameter, for the IEE the charge current in the 2DES is by nature two-dimensional (j c in A.m -1 ), such that the ratio j c /j s has the dimension of a length. In the presence of a charge current j c along -x (an electron flow along x ), Fermi surfaces are displaced along k x , yielding two uncompensated spin densities δs + and δs -, and hence a net non-zero spin density along y . (c) Illustration of the inverse Edelstein effect (IEE). Upon steady injection of a non-equilibrium spin density along y (by e.g., spin pumping), the displacement of the inner and outer Fermi surfaces (in opposite directions) yields a net flow of electrons along x and hence a charge current j c ∝ -α r δs (y × z ).

Relation with the Spin Hall Conductivity

Here, we recall some of the key results (of interest to us) of the "microscopic theory of the inverse Edelstein effect" developed by Shen, Vignale and Raimondi in the framework of quantum kinetic and drift-diffusion equations (see Ref. [610] and references therein).

In the adiabatic limit, the inverse Edelstein effect is defined by the relation:

σ IEE = 2 e α r mτ s σSHE (5.27)
where: 

τ s = 1 τ -1 ey + τ -1 dp . ( 5 
where τ is the momentum relaxation time. In turn, the inverse Edelstein conductivity σ IEE reads: .30) The relation between the charge current density (with electrons flowing along x ) and the spin current (polarized along y) arising from the steady-state injection of non-equilibrium spin density is expressed by:

σ IEE = - α r mτ π . ( 5 
j c = - 2π e α r τ s σSHE j s . (5.31) 
Ultimately, in the regime discussed hereinabove, i.e. in the 'intrinsic' limit where the Rashba-DP term is the dominant spin relaxation process, the charge current density arising from the IEE is obtained by combining Eqs. (5.29) and (5.31), such that (in units of ) 15 :

j c = α r τ j s (5.32)
which is precisely the expression derived by Rojas Sánchez et al. [611], see Eq. (5.25). By comparison of the two expressions, it allows to identify the effective spin-momentum relaxation time tau * s entering the model of Rojas Sánchez et al. as being precisely the momentum relaxation time τ , even though the magnitude of the non-equilibrium spin density itself is proportional to the spin relaxation time (see Eq. ( 16) of Ref. [610].). Shen et al.'s concluding statement reads: "the underlying physics is that the generation of a spin current from a spin polarization is mediated by an in-plane spin current generated by precession in the Rashba field, which is, therefore, proportional to the SHE coefficient, introducing a factor τ /τ dp in [Eq. (5.31)]".

Broadband FMR Characterization of

Py/LaAlO 3 /SrTiO 3 samples

We report on FMR-driven spin pumping experiments conducted down to 8 K on Ni 81 Fe 19 /LaAlO 3 /SrTiO 3 samples with LaAlO 3 thicknesses comprised between 1 and 4 unit cells. The (absorbed part of the) pumped spin current injected from the permalloy thin film toward the buried q2DES is electrically detected through an in-plane charge current arising, ascribed to originate from the inverse Edelstein effect in the Rashba q2DES. We take care to discuss the contributions from anomalous magnetoresistance and anomalous Hall effect to the detected voltage.

Previously to discussing low temperature spin pumping experiments, we present a room temperature ferromagnetic resonance study of permalloy(Py)/LAO/STO samples. This allows the determination of the saturation magnetization M eff , effective Gilbert damping parameter α eff , and effective spin mixing conductance g ↑↓ eff , all of which quantities enter the expression of the pumped spin current [as we shall see later on, cf. Eq. 5.41].

LaAlO 3 films of 1, 2 and 4 unit cells were grown on TiO 2 -terminated SrTiO 3 (001) substrates by RHEED assisted pulsed laser deposition, and 20 nm thick Ni 8 1Fe 19 (permalloy) films were deposited in situ by magnetron sputtering, following the procedures described in section 4.1.1. A reference sample of Py(20 nm) on an LaAlO 3 (001) substrate was also fabricated.

The FMR measurement setup is displayed in Fig. 5.6(a). The sample is mounted on a coplanar waveguide (Au strip line) placed at the center of an electromagnet which provides the in-plane dc magnetic field H , and two Helmholtz coils (modulation coils) which can provide a low frequency field modulation (typically 233 Hz). The radio-frequency field is powered by a microwave generator into the coplanar waveguide, and the measurement geometry leads an h rf (2πf ) field applied in the plane of the sample. The rf FMR signal is converted into a low frequency signal (set by the field modulation frequency) through a rectifying diode detector. A lock-in amplifier is used to provide both the modulation reference signal into the modulation coils, and to detect the FMR signal after the diode. In practice, lock-in detection suppresses random noises and lead to improve sensitivity. The measurement is performed for a fixed frequency of the rf field while sweeping the dc field. At the resonance, the microwave losses are increased and the absorbed power changes. The FMR signal hence obtained, in absorption mode, corresponds to the field-derivative of the imaginary part of the dynamic magnetic susceptibility, i.e. dχ /dH vs. µ 0 H. 

dχ dH (H) = -2 A abs (H -H res ) ∆H 2 + (H -H res ) 2 2 + 4A dis (H -H res ) 2 ∆H 2 + (H -H res ) 2 2 , (5.33) 
where ∆H is the half-width at half-maximum of chi (H) of Lorentizan lineshape, A abs and A dis are scalar prefactors which correspond to the absorption and dispersion contributions to the magnetic susceptibility (viz. to χ and chi respectively) [START_REF] Mecking | [END_REF]. Ideally, in an absorption experiment A dis = 0. In practice, fitting procedures return values for A dis typically three orders of magnitude smaller than A abs . We obtain, for each rf frequency, the peak-topeak linewidth ∆H pp = 2∆H/ √ 3 [Eq. (5.4))], and the resonance field H res . The dispersion relations f vs. H res , and ∆H pp vs. f are displayed in Figs. 5.6(c) and 5.6(d) respectively.

The FMR condition is obtained by minimization of the magnetic free energy (as discussed in §5.1.2.2), and yields for F thin films Kittel's dispersion relation f (H res . Here, we use a slightly modified expression of Kittel's equation with respect to that given in Eq. ( 5.3), such that the in-plane FMR condition reads:

2πf γ 2 = (H res + H k ) (4πM eff + H res + +H k ) , (5.34) 
where M eff is the magnitude of the saturation magnetization along H eff , and H k relates to potential anisotropy fields (in practice H k is found to be of the order of 1 Oe, at most).

Values of M eff , obtained from fitting data points on Fig. 5.6(c), are summarized in Table 5.1. The dispersion relationship of the FMR linewidth ∆H pp to the microwave frequency is given by [START_REF] Heinrich | [END_REF]:

∆H pp (ω) = ∆H inh + ∆H(ω) = ∆H inh + 2 √ 3 2πf g * µ b α eff , (5.35) 
where ∆H(ω) is the linewidth due to the effective Gilbert-like damping α eff , and ∆H inh is the frequency-independent linewidth contribution arising from inhomogeneities within the ferromagnetic film. Hence, a fit to the experimental dispersion relation displayed in We should note that all samples, but the Py/LAO(4 uc), have been characterized using broadband FMR setups both at CNRS-Thales and at CEA Grenoble. The samples measured at CNRS-Thales were as-grown 3×3 mm 2 plain samples. Samples measured at CEA Grenoble were first cut from the plain samples in order to prepare 0.4 mm by 2.4 mm pieces for low temperature FMR measurement in a cavity (see section hereinafter).

An enhancement of the Gilbert damping is observed for Py/LAO(1 and 2 uc))/STO samples at room temperature, with respect to that of the Py/LAO(001) reference sample. Taking into account error bars, the Py/LAO(4 uc)/STO sample has an effective Gilbert damping similar to that of the reference sample. Nonetheless, those comparisons do not , 301]. In turn, exploiting the inverse Edelstein effect in this system would allow for the detection of spin current-to-charge current conversion. This is the focus of the remainder of this chapter.

Microwave Rectifying Effects in FMR-Spin Pumping Experiments

X-Band Cavity Measurement Setup

We have conducted FMR-driven spin pumping experiments in a Brüker ESP300E X-band CW spectrometer with a cylindrical Brüker ER 4118X-MS5 cavity, in a cryostat. Measurements were carried out at T = 295 K and 7 K, at a fixed microwave frequency (f = 9.64 GHz), as imposed by the boundary conditions of electromagnetic modes in the cavity. The setup geometry is schematically depicted in Figs. 5.7(a -b). The measurement procedure proceeds with some differences with respect to the broadband setup. The microwave radiation with a fixed frequency is generated by a Gunn diode and then guided into a TE 011 microwave resonator. Critical coupling between the waveguide and the resonator is achieved by a tunable iris 17 Measurements have been performed in absorption using a lock-in detection technique described in the previous section 18 . For our 20 nm thick permalloy films, the resonance field at f rf = 9.64 GHz is found in the range of 900 -1000 Oe, and both the FMR signal (dχ /dH) and the voltage are recorded as a function of the swept dc magnetic field.

In order to perform the electrical detection of the prospective electromotive force arising from the inverse Edelstein effect, a wedge-bounding technique is employed to electrically contact both the q2DES and the Py film in parallel. Contacts are taken from the sample to cupper stripes on the otherwise insulating sample holder. Additionally a third contact is taken to the back-side of the substrates glued to the holder by silver epoxy. This enables the application of a back-gate voltage to concomitantly tune not only the q2DES's carrier density (not studied here) but more importantly its Rashba SOI strength, as well as its spin and momentum relaxation times (see Refs. [282,284,301]). More detailed discussions regarding field-effect modulation are discussed in section §5.5.

Origins of the Electromotive Force

Besides spin pumping in combination with, generally the ISHE (or IEE), other mechanisms for the generation of a dc voltages in conjunction with FMR have been proposed [616,617], and observed recently in FMR-spin pumping experiments [START_REF] Mecking | [END_REF][618][619][620][621][622][623][624], as arising from so-called microwave rectification effects. For our measurement geometry, inside the cavity, the centered sample is ideally placed at the center of a TE 011 mode, that is at a node of the microwave electric field (E rf = 0) and at an anti-node of the microwave magnetic field. However, in practice the rf electric field is non-zero at the sample's position.

As we discuss hereinafter, in these conditions, an electromotive force is generated within the ferromagnetic layer, originating from anomalous magnetoresistance (AMR), and the anomalous Hall effect (AHE), which manifest at the resonance. Indeed, in ferromagnets, nonlinear conduction effects may occur as the electrical resistivity depends on the orientation of the current relative to the magnetization M . For an isotropic and monodomain F layer, the electric field inside the conductor, including AMR and AHE, takes the form [616]:

E = ρ ⊥ J + ∆ρ M 2 s (J .M ) • M + µ 0 R A (J × M ) , ( 5.36) 
where R A is the anomalous Hall coefficient, and ∆ρ = ρ || -ρ ⊥ is the electrical resistivity an-isotropy 19 , with ρ || and ρ ⊥ the diagonal components of the resistivity tensor for two principal directions of the current density J , parallel and perpendicular to M . Here, as no current is applied, J only consists in the dynamic part (denoted J rf ), whereas M = (M s +M rf ) consists of both static and dynamic components. In turn, the dc part of the electric field generated by microwave rectification can be written (keeping first-order term average quantities) [616]:

E t = ∆ρ M 2 s J rf .M rf t • M 0 + J rf × M rf t × M rf + µ 0 R A J rf × M rf t , (5.37) 
where t denotes time average. The first term (∝ ∆ρ) gives a contributions from the AMR, while the second term (∝ R A ) gives a contributions from the AHE, to the rectifying electric field (and hence to the corresponding dc voltage). In turn, the total detected voltage in a spin-pumping experiments arises from both the rectifying voltage and the IEE (ISHE) contribution. We shall now discuss the field-symmetry of the AMR, AHE and IEE (ISHE) contributions, as well as their behavior upon dc magnetic field polarity inversion.

In our setup-geometry, the radio-frequency induce currents are generated along y [see Fig. 5.7(b)], and the voltage is detected along x , which yields a contribution from the planar Hall effect (PHE). On one hand, the AHE has a field-asymmetric contribution (odd parity with respect to H res ) to the detected dc voltage (field-derivative of a Lorentzian). On the other hand, the AMR is expected to give a field-symmetric (even parity with respect to H res ) contribution to the detected dc voltage with a Lorentzian-like absorption lineshape, similarly to what is expected from the IEE at resonance. Which part of the symmetric voltage is thus arising from the IEE?

Electrical Detection of Prospective IEE Signals

Upon inverting the direction of the dc magnetic field, both the static and dynamic part of the magnetization change sign (M rf → -M rf , and M s → -M s ) in Eq. (5.37), while J rf stays unchanged. Consequently, the field direction dependence of the rectifying electric fields is given by:

E (±H ) = ∆ρ M 2 s J rf .M rf • M 0 + J rf × M rf × M rf ± µ 0 R A J rf × M rf , (5.38) 
such that the sign of the AMR's (PHE) contribution (first term) stays the same upon field polarity inversion whereas the AHE's contribution (second term) changes sign (while staying asymmetric in field). In a spin pumping experiment, the dc current arising from IEE (ISHE) is expected to change sign upon field polarity inversion given that [567]:

j c ∝ (j s × σ) (5.39)
where the direction of the spin quantization axis (σ the Pauli matrices) is set by that of the magnetization direction, and hence by the applied dc magnetic field (with |H dc | M s ).

Thus the IEE's contribution can be distinguished from that of the PHE (as well as from the AHE). This is precisely what we have observed by comparing the response of Py/LAO/STO samples with the Py/LAO(001) control sample, as discussed in the following section.

It was suggested and shown by Azevedo et al. [621], and by Harder et al. [622], that the detected voltage could be accounted for phenomenologically by a combination of symmetrical and asymmetrical contributions (with respectively Lorentizan and field-derivative Lorentzian lineshapes in absorption):

V = V offset + V s tot ∆H 2 (H -H res ) 2 + ∆H 2 + V AMR as -∆H (H -H res ) (H -H res ) 2 + ∆H 2 , (5.40) with V offset a nonresonant offset voltage, V s,tot = V IEE(ISHE) + V AMR s in the presence of spin pumping, V AMR s (V AMR

as

) the amplitude of the symmetric (asymmetric) contribution to the electromotive force due to both PHE and AHE, where the ratio V AMR s /V AMR as = -1/ tan(ψ), with ψ the phase shift between the rf current and the magnetization [621,622]. It is noteworthy that all contributions V s , V as and V IEE(ISHE) are proportional to the microwave power (i.e. ∝ to h 2 rf ).

Gate-Controlled Inverse Edelstein Effect at LaAlO 3 /SrTiO 3 Interfaces

We hereby discuss results of spin-pumping at LaAlO 3 /SrTiO 3 interfaces, combined with electrostatic field-effect in the geometry of Fig. 5.7(b). Efficient spin-to-charge current conversion is probed via the inverse Edelstein effect, which is found to exhibit a strong, and non-trivial, gate voltage dependence. This is ascribed to the modulation of both the spinorbit interaction and momentum relaxation time, as well as to the complex band structure of the LaAlO 3 /SrTiO 3 q2DES. 001) sample, and for the Py/LAO(001) control sample, at 7 K. For both samples, the FMR signal is typical of the rf absorption process at resonance. The measured electromotive force however differs drastically for both samples, with a largely symmetrical signal for Py/LAO(1 uc)/STO(001), and predominantly asymmetrical signal for the Py/LAO control sample. For the Py/LAO sample, the obtained voltage signal is typical of what is expected from the AHE, exhibiting an odd parity with respect to H res , as well as a change of sign upon reversing the dc magnetic field's polarity. We argue that the observed signal originates from the microwave rectifying effect in the ferromagnetic film alone. Incidentally, the ratio of the symmetric to the asymmetric amplitude V AMR s / V AMR as (here V IEE = 0 for Py/LAO, hence V tot s = V PHE s ) is found to be about 0.05 (0.14) in the H > 0 (H < 0) configuration, indicative of a relatively weak contribution from the planar Hall effect.

Evidence for an IEE Signal

In contrast with the Py/LAO sample, the electromotive force detected at the Py/LAO(1 uc)/STO interface is consistent with an inverse Edelstein effect [see Fig. signal has a Lorentzian lineshape, with a raw amplitude of about 20 µV at an rf power of only 8 mW. Moreover, the voltage reverses sign upon switching the direction of the dc magnetic field, as expected from Eq. (5.39) whereby the generated charge current changes sign upon reversing the spin quantization axis. Concomitantly, the total amplitude (the symmetrical part) of the voltage varies by only 8% (less than 3%, respectively), which evidences the relatively negligible contribution of the PHE to the symmetric voltage, with respect to the IEE (recalling that V PHE s does not switch sign upon reversing the direction of H). In order to gain more compelling evidence for the IEE, we have further performed fieldeffect experiments in a back-gating geometry at both room temperature and low temperature. Before proceeding to comment on the results of such experiments, we stress out the importance of the measurement protocol when resorting to gating at LAO/STO interfaces.

P rf = 5 mW P rf = 8 mW H > 0 H < 0 Py | LAO(1 uc) || STO H > 0 H < 0 d"/dH (a.u.) T = 7 K V g = -100 V V (V)  0 |H| (Oe) H > 0 H < 0 d"/dH (a.u.) Py || LAO H > 0 H < 0 T = 7 K V g = 0 V V (V)  0 |H| (Oe) (a) (c) (d) (b)
As a starting point, the back-gate voltage was systematically applied up to its maximum positive value (we have consistently used +200 V), which corresponds in our measurement configuration to electron doping of the q2DES. Only then, the back-gate voltage can be swept back and forth, as long as its magnitude does not exceed the maximum applied positive V g . This is done in order to get rid of the irreversible loss of mobile carriers (escaping the confining potential well) following the initial back-gate voltage sweep toward positive values [20,249,259,474], which has been as the 'forming process'. By carefully following the procedure described hereinabove 20 , we have been able to reproduce the amplitudes of detected voltages at given back-gate values for different measurements campaigns of the same sample (e.g., after successively warming and cooling the samples).

Figure 5.9 displays the acquired voltages (raw data) for Py/LAO(2 uc)/STO and Py/LAO samples at low temperature (T = 7 K), as well as at room temperature (T = 295 K) for the former, this for back-gate voltages (V g ) comprised between +200 V and -200 V. At low temperature, both the amplitude and lineshape of the largely asymmetrical voltage at the Py/LAO interface remain unaffected by the application of the back-gate voltage, as visible in Fig. 5.9(a). Additionally, the linewidth (∆H pp ) and resonant field of the corresponding FMR spectra (not shown) remain constant over the whole studied gate voltage range. This has important implications, as it demonstrates that the application of large gate voltages (and corresponding electric fields of order few hundreds kV .m -1 ) across the 0.5 mm thick LaAlO 3 substrate does not perturb the detection process in the EPR cavity, as evidence by the insensitivity of the electromotive signal and FMR response to it.

For the Py/LAO(2 uc)/STO sample, the situation at 295 K is essentially identical to that of the Py/LAO control sample, with a detected asymmetrical voltage relatively unaffected by the applied gate voltage [5.9(b)]. In stark contrast are the low temperature measurements on Py/LAO(n)/STO samples which evidence the large influence of back-gating on the signal's amplitude, and on the relative symmetrical to asymmetrical contributions [see Fig. 5.9(a), and Fig. 5.10]. In the following section, we discuss in details the origin of the observed fieldeffect modulation of the detected signal, in the framework of the inverse Edelstein effect.

Amplitude of the IEE Signal and its Gate-Dependence

In this last section, the amplitude of the IEE is discussed first in the framework of a diffusive transport model. We then discuss the complex band structure of SrTiO 3 -based 2DES in the presence of atomic spin-orbit interaction, which evidences deviations from the simple Rashba SO picture.

Estimation of the Inverse Edelstein Length λ IEE

We focus on the symmetric part of the detected dc voltage, determined according to Eq. (5.40), whereby the Lorentzian V s (H) signal is solely attributed to the inverse Edelstein effect. Figure 5.10 displays V s for the Py/LAO(1 uc)/STO sample, at various back-gate voltages. The gate modulation (already displayed in Fig. (5.9) for the full symmetric and asymmetric contributions) of the IEE signal highlights a non-trivial dependence of both the effect's magnitude and sign. Incidentally, we verified that dc magnetic field inversion yields a reversal of the signal's sign while keeping the magnitude about unchanged, as expected for the spin-to-charge current IEE conversion mechanism. It is noteworthy that voltages (or currents) are normalized by the square of the rf field, which is itself proportional to the microwave power. This normalization procedure allows voltage amplitude comparisons for measurement carried out at various |h rf |, and between samples (as summarized in Fig. 5.11(a)). We now turn to the quantitative analysis of the inverse Edelstein effect in Py/LAO/STO sample. The pumped spin current density injected at the I/N interface can be estimated from the relation [430]:

j IEE(ISHE) s = g ↑↓ eff γ 2 h 2 rf 8π α 2 F/N 4πM eff γ + (4πM eff γ) 2 + 4ω 2 (4πM eff γ) 2 + 4ω 2 , (5.41) 
with M eff M s the effective saturation magnetization (along H eff ), h rf the amplitude of the microwave field (typically h rf 0.1 -0.2 Oe), ω = 2πf and f = 9.66 GHz the microwave frequency in the EPR cavity. g ↑↓ eff is here the real part of the effective tunnel spin mixing conductance, given by [567,620] g ↑↓ eff = 4πM eff t F gµ B α F/I/N -α F/I , (5.42)

with t F = 20 nm the thickness of the permalloy film. The effective Gilbert-like damping coefficients α F/I/N ≡ α Py/LAO/STO and α F/I ≡ α Py/LAO are obtained from the broadband FMR characterization (see Table 5.1), as discussed in section 5.3. Experimentally, we find for the Py/LAO(1 uc)/STO sample: g ↑↓ eff = 4.2 nm -2 , and j s = 3.3×10 6 A.m -2 . In turn, the interfacial charge current is obtained from:

j IEE c = V IEE s w R = λ IEE j IEE s , (5.43) 
with R the resistance of the Py/LAO/STO heterostructure, and w = 0.4 mm the sample's width. Combining Eqs. (5.41 -5.43) allows to determine the two-dimensional charge current, as well as the spin-to-charge current conversion efficiency parametrized by the IEE length λ IEE . For the Py/LAO(1 uc)/STO sample, at V g = -120 V: λ IEE = 25.5 nm and the charge current is estimated to amount to of 84 mA.m -1 . In turn, the IEE length is at LAO/STO interfaces two orders of magnitude larger than at Ag/Bi [START_REF] Cheng | [END_REF] interfaces for which λ IEE was found to be about 0.3 nm [611], this despite a weaker Rashba SO coefficient, which we critically discussed hereinafter.

Gate Modulation of the Inverse Edelstein Effect

The evolution of the detected symmetric voltage as a function of the back-gate voltage is displayed in Fig. 5.11(a) for the Py/LAO(n)/STO samples, and for the Py/LAO control sample. It is noteworthy that while V s /h 2 rf is of the order of a few hundreds of µV.G -2 for Py/LAO(n)/STO samples, it is comprised between 1.2 and 2.1 µV.G -2 for the Py/LAO sample, which puts an upper limit to the contribution of the PHE and AMR to the detected symmetric voltage signal.

Before discussing the evolution of the IEE signal's amplitude and sign, one must recognize a number of subtleties when looking at the gate voltage dependence for different LAO/STO samples. It is well established that from one sample to another, as-grown states (V g = 0) can exhibit non negligible sheet carrier densities and mobilities variations. In turn, a given value of V g does not bring two samples into the same doping levels. In order to compare samples conduction properties, a good parameter is the actual sheet resistance (or sheet conductivity) of the q2DES, rather than V g . Hence, a number of studies have convincingly demonstrated that different LAO/STO samples exhibit the same physical behavior at comparable doping levels [253,284,285], which establishes a firm ground to compare the universality of the q2DES physics. However, when working with metal-capped LAO/STO samples, the sheet resistance of the q2DES cannot be easily determined. Thick enough Py layers are required to achieve FMR with a narrow linewidth, while a too thick metal capping layer is detrimental to four-point transport measurements as it would shunt the applied current bias and prevent the probing of the q2DES' response 21 . If sample to sample comparison is hence rendered difficult, experimentally established trends for the IEE can be discussed qualitatively. where α r and τ are the Rashba SO coefficient and the elastic momentum relaxation time, respectively. Both quantities have been estimated from magnetotransport measurements in standard LaAlO 3 (n ≥ 4 uc)/SrTiO 3 (001) samples. We comment on it hereinafter.

Magnetotransport in the Weak-Antilocalization Regime

Weak-localization (WL) arises from constructive interferences of two time-reversed paths of a conduction electron in a disordered system, which results in the quantum reduction of conductance. An external magnetic field destroys a spatial spin coherence of the two paths and yields an increase of conductivity. In the presence of a spin dephasing mechanism, the two time-reversed paths experience reversed spin dephasing processes giving rise to destructive interferences and enhanced magnetoconductance. This is known as weak-antilocalization (WAL). In this case, an external magnetic field destroys the spatial phase coherence of the two paths, and leads to negative change of magnetoconductance [625]. It turns out that in semiconducting heterostructures the dominant spin dephasing mechanism is caused by spin-split energy bands due to inversion symmetry breaking [115]. The splitting acts as an effective magnetic field [see Eq. (5.20)] and the electron spin precesses about an axis perpendicular to its motion, with momentum scattering causing this precession to be randomized (viz. incoherent). Hence, it is possible to gain informations regarding the spin and momentum relaxation times, as well as the amplitude of the SOC strength (α r in a Rashba 2DES), from magnetoconductance measurements, as reported for the LaAlO 3 /SrTiO 3 (001) q2DES in a number of studies [181, 282-285, 301, 302, 369, 626, 627]. Electrostatic doping has thus been found to bring the system from the WL regime in the depleted state into the WAL regime in the doped state [ibid.].

By using a Maekawa-Fukuyama model [628], Caviglia, Fête et al. have, from magnetoconductance experiments, determined the gate-dependence of 22 : the Rashba SOC strength, elastic momentum and D'yakonov-Perel' spin relaxation times [282,284,626]. The gate voltage-dependence of those quantities is reproduced 23 in Fig. 5.11(c). In turn, we can compute the product α r τ / , which gives an estimation of the expected λ IEE [also displayed in Fig. 5.11(c)]. If the amplitude of the IEE length falls between 0.1 and 1 nm, that is, an order of magnitude smaller than experimentally found, this seemingly simple analysis reproduces the observed non-monotonic behavior of λ IEE as a function of V g . Given that λ ∼ α r τ , one would naively expect a stronger spin-to-charge current conversion efficiency at large Rashba SOC strength. This however ignores the potentially strong gate-dependence of the momentum relaxation time in the q2DES. Remarkably, despite increasing Rashba coefficient values for positive V g , the opposite trend for the momentum relaxation time versus doping levels (with a more than one order of magnitude increase for negative V g ) yields in overall larger λ IEE in the depleted state, in line with the experimentally observed trend for Py/LAO(1 uc)/STO [see Fig . 5.11(b)]. Despite the complex, non-trivial sign variation of the detected V s , and sample to sample variation, the amplitude of the IEE is consistently found to be the largest at large negative gate voltages, as evidenced in Fig. 5.11(a). However, we must recognize that this analysis can only hold qualitatively, and we shall comment hereinafter on the relatively complex band structure of the t 2g derived q2DES in the presence of SOI.

We should note that upon submitting this thesis, we learned about a study reported on k-cubic SO contribution in LAO/STO samples [627], as inferred from magnetotransport in the WAL regime (results were analyzed in the framework of a different model [631] with respect to Refs. [282][283][284]301]). The authors determined a non-monotonic gate-dependent SOC strength (dome-like), in stark contrast with the seminal report of Caviglia et al. [282]. Yet this recent study echoes a former report which concluded to the sole contribution of k-cubic SO Dresselhaus in SrTiO 3 -based surface 2DES (induced by electrostatic fieldeffect) [632]. This raises concerns regarding the degree of confidence of model-dependent interpretations of magneconductance traces at LAO/STO interfaces.

Complex Band Structure of SrTiO 3 -based 2DES

The microscopic origin of the Rashba effect is the relativistic SOI:

H so = 2 2m 2 c 2 (∇V × k ) • σ (5.44)
where ∇V is the potential gradient. In the presence of a symmetry-breaking surface electric field E = Ez , it leads to the Bychkov-Rashba Hamiltonian [Eq. (5.18)], with the Rashba coefficient given by α r = -2 E/(2m 2 c 2 ). However, this coefficient is severely underestimated in solids, if one naively identifies the electric field with the surface potential gradient. Rather, the correct picture is that the Rashba SOI originates in the nuclear region due to the large atomic SOC strength [253,294,629]. For a spherically symmetric potential, such as the field from a nucleus, the SO Hamiltonian takes the familiar form: .45) with ∆ aso the atomic spin-orbit (ASO) strength. A precise estimation of ∆ aso is difficult to establish experimentally [630], as it mixes with the tetragonal distortion term ∆t 2g . The SO Hamiltonian is a perturbation of the tight-binding Hamiltonian (constructed from nearestneighbor hopping and on-site interaction terms diagonal in orbital space, see e.g., Ref. [292]) from which derives the two-fold degenerated d xz/yz subbands as well as the d xy subband lying lower in energy (by ∆t 2g [277]) due to the tetragonal structure of SrTiO 3 . At this stage, the total Hamiltonian H = H so + H so is symmetric under the inversion symmetry operation (r → -r).

H so = 1 m 2 c 2 r ∂V ∂r (L • S ) = ∆ aso (L • σ) . ( 5 
A second ingredient is the structural inversion asymmetry (SIA) due to the transverse confinement of electronic states deforming the interfacial orbital lobes. This allows coupling between the t 2g orbitals through anti-symmetric hoping between d xy and d xz along y , and between d xy and d yz along x . Such couplings are encapsulated in [253,291,292,296]:

H sia = ∆ sia   0 0 -ik x 0 0 ik y ik x -ik y 0   ⊗ σ 0 ,
where σ 0 is the 2 by 2 identity matrix. In turn, since this latter Hamiltonian is momentum dependent, it splits the subbands spin degeneracy. In combination with the ASO, the SIA term generates an effective Rashba coupling near the bottom of the d xy band. Under realistic conditions, ∆ sia is much smaller than ∆ aso and therefore the Rashba splitting of the bands is almost unnoticeable on the scale of Fig. 5.12(a). The band structure evidences the effect of ASO to be strongest near band degeneracy points. At these points, ASO hybridizes the electronic states and opens energy gaps in the spectrum. Such degeneracies exist between the d xz and d yz bands at the Γ point of the Brillouin zone, and more remarkably between the d xy band and the other two subbands at their crossing points. Incidentally, due to the SOI, the strongly dispersive heavy d xz/yz bands acquire a light character at the Γ point, and are suspected to dominate the q2DES transport properties in the WAL (doped) regime [284]. Figure 5.12(b) displays the evolution of the SOI strength as a function of the energy. Remarkably, the strength of the SOC is found to peak strongly at an energy corresponding to the crossing point between the d xy and heavy-dxz/yz bands. Upon further increasing the energy level, the third subband (light d xz/yz ) yields a SO parameter with an opposite sign [253,294], and an overall non-monotonic behavior of the SOI strength as a function of doping levels. In practice, populating higher lying energy states is realized by tuning the gate voltage V g . The crossover from single band (d xy ) to multiband (d xy + d xz/yz ) conduction was inferred from magnetotransport experiments (see e.g., Ref. [253]).

In our IEE experiments, it is difficult to estimate a priori the Fermi level position in the sketch of Fig. 5.12(b), as well as the number of occupied subbands, which strongly depends on the doping levels. For metal-capped LAO/STO samples, the as-grown state was systematically found to exhibit a non-linear behavior [see Fig. 4.9(c)], and relatively modest Hall coefficients with respect to standard LAO/STO samples, indicative of a multi-band character with large sheet carrier densities (close to 10 14 cm -2 using a 'simplistic' two-band model). This begs the question regarding the number of occupied subbands at Py-capped LAO/STO interfaces, as well as the possibility to go through multiple crossing points, as a function of V g , with different effective SOC signs and strenghts.

Similar band structure calculations have been performed by King et al. (for a larger set of subbands with respect to Figs. 5.12(a -b),) [290] in order to account for the ARPES experimentally determined subband ordering of the 2DES formed at the surface of clived/fractured SrTiO 3 (001) crystal's surfaces [286,287,289,290]. Figures 5.12 . This provides a basis to grasp the complexity of the gate-modulation of the inverse Edelstein effect arises from displaced spin-textured inner and outer Fermi sheets.

Concluding Remarks

In the present chapter, we have exploited the possibility to generate a spin current in FMR-driven spin pumping experiments, and demonstrated an efficient gate-modulated spinto-charge current conversion through an inverse Edelstein effect. At the same time, a number of questions remain to be address, and challenges to be tackled. One major challenge relates to the prospect of a model to analyze the IEE on the basis of the knowledge of the q2DES spin-textured Fermi sheets, and contributing SO couplings, viz. k-linear Rashba [282,284] vs. k-cubic Dresselhaus [627,632].

Experimentally, informations regarding the band structure at the Fermi energy is commonly obtained from angle-resolved photoemission spectroscopy, as was done for SrTiO 3 -based surface 2DES [289,290]. Recently, Santander-Syro et al. could determine a very large spinsplitting amounting to about 100 meV [289], that is, an order of magnitude larger than what was calculated [291,296] or estimated from magnetotransport [282-284, 302, 627]. This very large SO splitting is possibly related to the larger carrier densities for the STO surface 2DES, given the linear scaling of α r with increasing doping levels [282,[START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF]. Rather than ARPES, angle-resolved soft x-ray resonant photoelectron spectroscopy was used to tentatively establish k-space mapping of the electronic structure at LAO/STO interfaces [175,633]. Unfortunately, at the energies involved (∼ 460 eV at the Ti L-edge), the energy resolution of about 150 meV (larger than the most optimistic expected value for α r ), is too poor to access quantitative splitting values.

The microscopic origin of the pumped spin current was not discussed in the course of this chapter. The phenomenology of spin pumping applies well to intermetallic F/N systems with 'transparent' interfaces, and the spin pumping process itself is thought to be free from the conductivity mismatch problem [634] (this is a somewhat oversimplification at F /semiconductor interfaces). In contrast, our experiments involve the presence of an insulating LaAlO 3 layer between the ferromagnetic injector and the SrTiO 3 -based q2DES. The influence of the insulating layer thickness, as well as the role of interfacial states need to be assess. In metallic tunnel junctions, the spin pumped current is expected to vanish in the absence of any exchange field arising from F and experienced by the mobile carriers injected in the nonmagnetic metal [535,565,567]. On the other hand, spin injection into a semi-conductor by electrical means, as well as by spin pumping, requires a tunnel barrier at the interface between both types of materials in order to overcome the conductivity mismatch issue [376,381,382].

In turn, in Ref. [635], Rojas-Sánchez et al. have carried out spin pumping experiments at F /MgO/Ge interfaces. They found that efficient spin pumping in a semiconductor, with a tunnel barrier, can be recovered with some conditions beyond the need for a sufficiently long spin-lifetime. First, the injected electron spins, via tunneling, need to remain localized (on electronic states of reduced DOS) at the MgO/Ge interface over the timescale of a single magnetization precession. Second, the effective tunnel exchange field (with exponential attenuation as a function of the barrier thickness) experienced by the carriers must be large enough for the spin to rotate in the timescale of a magnetization precession. These two necessary conditions may be fulfilled within a two-step tunneling process of spin injection into localized states (LS), and in the limit of a large enough effective exchange field. Such considerations cannot be readily dismissed in our system, in particular as they relate to the extensively discussed scenario of LS assisted electrical spin injection and enhanced spin accumulation presented in chapter 3 of this thesis. However, the assumption that the intrinsic SOI is a perturbation of the exchange interaction may not be the limit reached in our experiments (and quite possibly the other way around).

In tunneling spin pumping experiments, the amplitude of the spin pumped current is parametrized by the effective tunnel spin-mixing conductance [Eq. (5.41)], whereas the overall net spin current reaching the N layer will be affected by spin-flip processes on e.g., localized states, and reduced by the amount of the spin current backflow from N to F . Hence, via increasing the insulator's thickness, a trade-off takes place between spin current losses and gains, i.e. between the exponentially attenuated spin pumped current, and the strongly suppressed spin back-flow (as well as the decoupling of the prospective LS, at the I/N interface, from the F reservoir causing rapid spin-depolarization). Quantifying the various contributions promises to be an arduous challenge. In turn, resorting to 10 -15 uc thick LaAlO 3 layer would put stringent constraints on the spin current generation mechanism. Additionally, a temperature dependence of the inverse Edelstein effect would be desirable.

Conclusions and Perspectives

In this dissertation, we have demonstrated the ability to generate and detect non-equilibrium spin accumulation at the nonmagnetic LaAlO 3 /SrTiO 3 (001) interface, through means of electrical tunneling spin injection, and spin pumping. We have also addressed the effect of metallic capping layers on the formation of a quasi-two dimensional electron system, below the known critical thickness threshold for the onset of interfacial conduction at the LaAlO 3 /SrTiO 3 (001) interfaces. We have, at the end of chapters 3, 4 and 5, given a number of tangible directions for future investigations. Here, we summarize the key results of these works, and conclude by giving general perspectives for the field of spintronics in oxide-based conducting channels.

Summary of this Thesis

The Field of Spintronics

In chapter one, we gave an introductory overview of the field of spintronics, and exposed the basic concepts of spin-dependent conduction and spin-dependent tunneling. Incidentally, we presented the related historical discoveries of giant magnetoresistance (GMR), and tunneling magnetoresistance (TMR) effects, that have played a key role in the developments of spintronics. Importantly, we recalled some of the relevant mechanisms of spin relaxation in solids, namely the hyperfine interaction for localized electronic spin, and the Elliott-Yafet and D'yakonov-Perel' mechanisms, which originate from spin-orbit coupling, for the spin of conduction electrons. In particular, the hyperfine interaction between nuclear and electron spins has been found to play a key role in our electrical spin injection experiments, discussed in chapter 3. Additionally, the D'yakonov-Perel' mechanism is suspected to be the dominant relaxation mechanism in the LaAlO 3 /SrTiO 3 q2DES, which is the host of a strong spin-orbit interaction.

The LaAlO 3 /SrTiO 3 System Chapter two was dedicated to an extensive topical overview of the LaAlO 3 /SrTiO 3 system, starting by an account of the seminal work of Ohtomo and Hwang who discovered this fascinating emergent conducting system at the interface between two band insulators [16]. In a second part, the focus was given to the mechanisms proposed to account for the observed interfacial metallicity in this system, in the prospect of explaining its fundamental origin. We gave a critical overview of the different doping mechanisms, none of which is currently able to explain the whole body of experimental works, and tentatively assess their relative contribution to a number of hallmark observations (3D conduction vs. q2DES, critical thickness, 2D superconductivity, magnetism, etc).

The polar discontinuity at the interface is suspected to play a key role in the concomitant formation of the confining potential and of the q2DES, even though the specific mechanisms for it ('purely' electrostatic, thermodynamically-driven defects, etc) have not yet been unambiguously identified. Nonetheless, the quasi-two-dimensional nature of the conduction, which derives from 3d conduction bands, in the LaAlO 3 /SrTiO 3 (001) oxide heterostructures is a formidable prototypical system to study charge and spin transport in a correlated electron material of reduced dimensions. In the last part of chapter 2, we presented the growth control of LaAlO 3 thin films by a combination of pulsed laser deposition and in situ RHEED techniques, and the quality check of the hence fabricated LaAlO 3 /SrTiO 3 (001) by AFM, XRD, and magnetotransport experiments. Our samples exhibit high-electron mobility, in excess of 3000 cm 2 .V -1 .s -1 at 2 K, and areal carrier concentrations (∼ few 10 13 cm -2 ) typical for the q2DES, which eventually becomes superconducting at even lower temperatures (T c ∼ 300 mK).

Electrical Spin Injection and the Hanle Effect

In the third chapter, we reported on electrical spin injection experiments carried out in Co/LaAlO 3 /SrTiO 3 tunnel junctions. We first derived important results of spin injection theory, including the concepts of spin(-polarized) currents, and non-equilibrium spin accumulations, in relation with the spatial evolution of spin-dependent electrochemical potentials within magnetic and nonmagnetic materials, and across interfaces. We discussed the well-known conductivty mismatch problem for efficient spin injection at metal/semiconductor interfaces, and recalled the solution proposed by Rashba, Fert and Jaffrès to overcome it, which consists in resorting to spin-conserving resistive interfaces (e.g., Schottky or tunnel barriers) [381,382]. In turn, the 1.5 nm thick insulating LaAlO 3 layer naturally plays the role of a tunnel barrier between the top Co ferromagnetic electrode, and the buried q2DES inside the SrTiO 3 bottom electrode.

We carried out electrical tunneling spin injection, and exploited the electrical Hanle and inverted Hanle effects, to probe the magnitude of spin accumulation in a three-terminal detection scheme. We hence observed large amplification effects of the spin signal, orders of magnitude larger than expected from the standard theory of spin injection. We resolved this discrepancy by invoking the presence of localized electronic states embedded in the LaAlO 3 barrier, which in turn yield enhanced spin lifetimes due to confinement effects. The presence of defect states inside the LaAlO 3 barrier is inferred from the strong temperature dependence of the tunnel junction resistance, which is indicative of sequential tunneling processes. Those defects are likely played by oxygen vacancies which lie close in energy to the Fermi level in the q2DES.

We cautioned that, in our experiments, the width of Hanle magnetoresistance curves was unrelated to the actual spin lifetime inside the nonmagnetic channel (here, the q2DES).

Instead, our interpretation of the broadening of the Hanle curves relies on the presence of randomly oriented magnetic fields, of hyperfine origin. In turn, the width of the Hanle curve is related to the amplitude of those hyperfine fields, which are postulated to originate from the nuclear spin carried by 27 Al and 139 La isotopes in the off-stoichiometric (oxygen deficient) LaAlO 3 barrier.

Remarkably, we have further demonstrated a very efficient modulation (over two orders of magnitude) of the detected Hanle spin signal by electrostatic field-effect in back-gating experiments. Theses results conclusively evidence the unprecedented successful generation of non-equilibrium spin accumulation within the q2DES itself. In overall, we discussed our results in the framework of a spin-conserving two-step tunneling model, whereby the tunnel coupling between localized electronic states and the q2DES is modulated by the applied back-gate voltage. Ultimately, in combination with the hyperfine interaction mechanism, our model accounts for, in a consistent way, the temperature, bias voltage, and gate-voltage dependencies of the Hanle spin signal in Co/LaAlO 3 /SrTiO 3 tunnel junctions [442].

Co/LaAlO 3 /SrTiO 3 tunnel junctions were found in practice to be highly resistive, much beyond the upper threshold value estimated for (non-local) efficient spin detection in a lateral spin valve. The thickness at which the LaAlO 3 /SrTiO 3 (001) interface undergoes an insulator-to-metal transition is robustly found to be equal to 4 LaAlO 3 unit cell [21]. In turn, the notorious LaAlO 3 critical thickness was found to be the main limiting factor toward prospective barrier resistance reduction. This issue was addressed in chapter 4.

Suppression of the Critical Thickness

Arras et al. predicted that for a series of metallic capping layer, the LaAlO 3 /SrTiO 3 (001) interface could be turned conducting already for 2 unit cells of LaAlO 3 . The onset of interfacial metallicity is ascribed to a modified overall band lineup within the metal/LaAlO 3 /SrTiO 3 system, allowing for charge transfer from the metal toward the SrTiO 3 conduction band [489]. Their prediction motivated a new direction of research for us, which sounded promising in the prospect of scaling down the LaAlO 3 barrier thickness for efficient electrical spin injection, and detection.

We fabricated Co/LaAlO 3 /SrTiO 3 heterostructures with LaAlO 3 thicknesses comprised between 0 and 6 unit cells. Samples of 1 to 3 unit cells which are usually insulating when uncapped exhibited a large reduction of the sheet resistance at low temperature, not observed for Co thin films alone. This was attributed to the formation of a conducting layer in SrTiO 3 , and accounted for by a parallel conduction model. The large Hall response below typically 100 K evidenced a conducting layer of reduced DOS (∼ few 10 13 cm -2 ), and high electron mobility (few hundreds cm 2 .V -1 .s -1 at 2 K), characteristic of the q2DES in standard LaAlO 3 /SrTiO 3 samples.

Additionally, we performed X-ray absorption spectroscopy at the Ti L-edge, a synchrotron based technique, for Co-capped and bare LaAlO 3 /SrTiO 3 samples and SrTiO 3 substrates. Through a combination of X-ray linear dichroism (XLD) and atomic multiplet calculations, we studied the energy splitting of Ti 3d states into e g and t 2g multiplets, and their respective degeneracy lifting imposed by a tetragonal crystal field. We showed that, for Co/LaAlO 3 /SrTiO 3 samples, states with predominantly d xy symmetry have on average a lower energy than states derived from d xz/yz orbitals, in line with what is found for standard LaAlO 3 /SrTiO 3 samples [277]. This picture was further confirmed by ab initio calculations which evidenced a preferential electronic occupation of d xy orbitals at the interface, and tetragonal distortions of TiO 6 octahedron consistent with experiments.

Finally we conducted magnetotransport studies of metal/LaAlO 3 /SrTiO 3 heterostructures with a variety of metal capping layers, while keeping LaAlO 3 only 2 unit cells thick. We identified two sets of samples: (i) those which lead to the formation of a q2DES, and (ii ) those which do not (incidentally those capped with noble metals only). Samples with metal work functions lower than 5 eV were found to fall into that first category, suggesting a mechanism based on relative band lineups and charge transfer, as predicted by Arras et al.. We were cautious to discuss possible alternative contributions at play, other than purely electrostatics, such as chemistry defects, and redox reactions at the metal/LaAlO 3 interface. We could not conclude decisively on the specific mechanisms at play for the formation of the q2DES in those systems, and proposed experimental tests for near-future investigations.

Spin Pumping and the Inverse Edelstein Effect

Alternatively to electrical spin injection, we have explored the possibility to generate non-equilibrium spin accumulation by resorting to FMR-driven magnetization dynamics, whereby a constant flow of angular momentum (a pure spin current) is transferred from a ferromagnetic overlayer to the nonmagnetic conductor, here the LaAlO 3 /SrTiO 3 q2DES. The detection process relies on a spin current-to-charge current conversion, distinct from the inverse spin Hall effect. Edelstein, Aronov and Lyanda-Geller were the first to realize that in a Rashba two-dimensional electron system, the flow of a charge current is accompanied by a non-zero net spin density coming from uncompensated spin-textured Fermi sheets. The existence of the converse effect, the so-called inverse Edelstein effect (IEE), consists in a spin-to-charge current conversion through a spin-orbit interaction (SOI) mechanism.

We performed, for Py/LaAlO 3 /SrTiO 3 (001) heterostructures, room-temperature broadband FMR characterizations, as well as FMR-driven spin pumping experiments at 8 K in an EPR cavity. The pumped spin current into the Rashba q2DES is found to be very efficiently converted, via the IEE, into a sizeable interfacial charge current, which cannot be accounted for by spurious magnetoresistance effects (arising from microwave rectifying). We further conducted back-gating experiments which evidenced a strong modulation of the magnitude of the IEE, over more than one order of magnitude. In turn, the figure of merit for the IEE at LaAlO 3 /SrTiO 3 (001) interfaces, λ IEE , was found to exceed 20 nm, orders of magnitude larger than at the prototypical Ag/Bi [START_REF] Cheng | [END_REF] interface. The tunability of IEE was ascribed to the electrostatic field-effect modulation of the SOI and momentum relaxation time within this q2DES. The sign and amplitude changes of the SOI strength have been qualitatively discussed in the framework of a tight-binding model. At given doping levels, a decisive role is played by the opening of hybridization gaps at the crossings of d xy and d xz/yz subbands, which mark the onset of strong atomic SOI with sign reversal of the effective Rashba coefficient for the different orbitals. Ultimately, the resulting Fermi surfaces display a complex coupled spin-orbital texture, which departs strongly from the simple functional form of the k-linear Rashba derived Fermi contours with perpendicular momentum-spin locking.

Our findings of the suppression of the 'critical thickness' feed the already vivid debate regarding the origin of the q2DES at related polar/nonpolar oxide heterointerfaces, and yet open up a new field of investigation for it. A wealthy of studies have been carried out in the LaAlO 3 /SrTiO 3 (001) system, and in comparison virtually none for hybrid metal-capped LaAlO 3 /SrTiO 3 systems. In order to elucidate the specific mechanisms at play in both systems, not only similarities between the two should be recognized, but it would be desirable to identify, if they exist, differences in terms of interfaces and surfaces quality, oxygen and cation stoichiometry, defect formation energies, electronic properties, band structure, etc. Electrical conduction properties of the bare LaAlO 3 /SrTiO 3 system have been shown to be sensitive to surface charges, adsorbates, oxide capping layers, ultraviolet illumination, etc, and even more drastically to the SrTiO 3 surface termination. A straightforward experiment to assess the role of the polar discontinuity at hybrid metal/oxide systems would be to investigate the impact of resorting to SrO-terminated substrates. Additionally, one could also investigate the effect of metallic capping layers using other crystallographic orientations, in order to form, e.g. the LaAlO 3 /SrTiO 3 [START_REF] Ashcroft | Solid State Physics[END_REF] interface which, in the ionic limit, does not exhibit a polar discontinuity.

Remarkably, the demonstration of an efficient tuning of the normal state via electrostatic field-effect, is indicative of the quasi-two-dimensional nature of the conduction in Co/LaAlO 3 (n < 4 uc)/SrTiO 3 samples. We anticipate that this should be a general character of metal/LaAlO 3 /SrTiO 3 systems. Based on this findings, we can expect for those systems the observation of e.g., two-dimensional superconductivity, weak localization and weak anti-localization effects, Shubnikov-de Haas oscillations, as for standard LaAlO 3 /SrTiO 3 interfaces.

In this thesis, we have conducted electrical spin injection and spin pumping experiments, yielding the creation of non-equilibrium spin accumulation at the LaAlO 3 /SrTiO 3 (001) interface. Those studies should stimulate further experimental and theoretical work to establish the interplay between the strongly entangled charge, spin, orbital and lattice degrees of freedom of SrTiO 3 -based q2DES. Ultimately, it should be possible to exploit the direct Edelstein effect in order to generate spin currents from charge currents in this q2DES exhibiting an unconventional Rashba SOI. Our findings expand the general field of interest from planar charge transport to the exploration of spin-dependent phenomena in a prototypical nonmagnetic conducting oxide channels of reduced dimensionality.
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Figure 1 . 1 :

 11 Figure 1.1: Idealized spin-dependent densities of states N ↓,↑ (ε) for (a) a paramagnetic metal with equivalent subbands, (b) a ferromagnetic metal with partially occupied exchange-split inequivalent spin subbands, (c) a half-metal with a fully occupied majority spin (↑) subband and partially occupied minority (↓) spin subband. The energy shift between the spin ↑ and the ↓ partial density of states (DOS) corresponds to the exchange energy in the system. ε f denotes the position of the Fermi energy, P is the electronic spin polarization [see Eq. (1.4)]. Solid (Dashed) line corresponds to the DOS for d-like electrons (s-like electrons). Hatched (open) areas correspond to filled (empty) states.

Figure 1 . 2 :

 12 Figure 1.2: (a) Resistance versus magnetic field (at 4.2 K) for (Fe/Cr) n superlattices, where n is the number of Fe/Cr bilayer repetitions. The current and the applied magnetic field are both along the same [110] axis in the plane of the layers. (Adapted from [17].) Schematic illustration of electron transport in a multilayer for (b) parallel (P) and (c) antiparallel (AP) magnetizations of the successive ferromagnetic layers. Magnetization directions are indicated by the horizontal arrows. The solid lines are individual electron trajectories within the two spin channels. Bottom panels show the equivalent resistor network within the two-current series resistor model. Scattering events are depicted by breaks in the electrons trajectory. (Modified from [50].)

Figure 1 . 3 :

 13 Figure 1.3: Conductance (dI/dV ) of an S/I/N tunnel junction with a Zeeman splitting of the quasi-particle DOS in the superconductor due to a magnetic field B. In (a) the normal metal has zero polarization, while in (b) the tunneling spin polarization amounts to 50 %. The thin solid, and dashed lines in (a) show the spin-up and spin-down partial densities of states. The conductance curves are calculated for T = 0.1 T c and µ B B = 0.6 ∆. (Modified from [66, 87].)

Figure 1 . 4 :

 14 Figure 1.4: Tunnel magnetoresistance versus magnetic field for (a) a hard-soft MTJ consisting of two ferromagnets with different coercive fields, and for (b) an exchange-biased MTJ whose counter-F electrode is in contact with an antiferromagnet (AF ). The presence of an exchange anisotropy at the F/AF interface shifts the entire magnetization-field loop of the ferromagnet away from zero. Vertical arrows refer to sweep direction. (Modified from [86].) Schematic DOS N σ (ε) for an MTJ with (c) parallel (P) and (d) antiparallel (AP) magnetization configurations. ϕ is the energy barrier height, V is the external bias applied across the tunnel junction and eV the corresponding induced energy shift between the Fermi levels of the two electrodes. Hatched (open) areas correspond to filled (empty) states. Shaded areas represent the energy forbidden gap in the insulator.

Figure 1 . 5 :

 15 Figure 1.5: (a) Toy model of an electron spin S precessing about a static magnetic field B 0 along u z . The randomly fluctuating field B ⊥ (t) causes spin precession and spin dephasing. (b) Elliott-Yafet mechanism.Each change in the electron trajectory is caused by electron scattering (of off, e.g., phonons, impurities) with an average time between collisions set by the momentum scattering time τ p . Spin relaxation occurs as the electron spin can flip (with a given probability for such occurrence) due to spin-orbit coupling, while it is conserved between two scattering events. (c) D'yakonov-Perel' mechanism (Ω k τ p ≤ 1). The electron spin slowly precesses about the k-dependent effective spin-orbit field Ω k between two scattering events. Phonons and/or impurities scatter the electron from a state k to a different momentum k' , thus causing the spin to precess about a different axis Ω k' , and so on and so forth. Spin is preserved during scattering events. (d) Hyperfine interaction mechanism. Electron-nucleus spin-exchange interaction modeled through the concomitant action of effective magnetic fields B e and B n of electronic and nuclear origin respectively, where the latter leads to spin ensemble dephasing.

3 and LaAlO 3

 3 Bulk Crystals 2.1.1.1 SrTiO 3 : A Surprising Insulator

Figure 2 . 1 :

 21 Figure 2.1: (a) Perovskite ABO 3 crystal structure, figuring the positions of the positively charged A site and B site cations, and negatively charged oxygen anions. The crystal is constituted of the compact stacking of alternating (AO) and (BO 2 ) planes, in the [001] direction. The pseudo-cubic lattice parameter, or unit cell height, is typically 4 Å for perovskites. (b) An isolated d 0 metal ion (spherical symmetry) shows a five-fold degenerated ground state. The crystal-field (∆) lifts the energy degeneracy into two-fold e g and three-fold t 2g sets. (c) Representation (in real space) of the corresponding d orbitals for a transition metal ion in an octahedral environment.

Figure 2 . 2 :

 22 Figure 2.2: (a) Temperature dependence of the dielectric constant of monodomain SrTiO 3 crystals. (Adapted from [155].) (b) Field dependence of the dielectric constant of SrTiO 3 single-crystals at various temperatures. (Adapted from [156].)
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 23 Figure 2.3: (a-c) Transport properties for n-type heterostructures consisting of 60 Å-thick LaAlO 3 films deposited on TiO 2 -terminated SrTiO 3 (001) substrates. Different curves are for different oxygen partial pressures during the PLD growth at 10 -4 , 10 -5 , and 10 -6 Torr. Temperature dependence of (a) the sheet resistance R xx (Ω/ ), (b) the Hall coefficient R h , and of (c) the electron mobility µ h . (Modified from [16].) (d) Temperature dependence of the sheet resistance for LaAlO 3 /[SrO] θ /SrTiO 3 heterointerfaces with different fractional coverage of SrO atomic layer (0 ≤ θ SrO ≤ 1). The SrO-terminated substrate (θ SrO = 1) results in an insulating AlO 2 /SrO/TiO 2 interface. (Adapted from [170].)

  2.4(a,b)], and would eventually diverge in an infinite crystal, which scenario has been dubbed the polar catastrophe.

Figure 2 . 4 :

 24 Figure 2.4: Schematic representation of the polar discontinuity at abrupt LaAlO 3 /SrTiO 3 (001) heterointerfaces. With ρ the net charge density per plane, E the electric field, and V the electrostatic potential. (a) The unreconstructed n-type AlO 2 /LaO/TiO 2 interface. (b) The unreconstructed p-type AlO 2 /SrO/TiO 2 interface.Along the [001] direction, SrTiO 3 possess neutrally charged planes (ρ = 0), while in LaAlO 3 successive planes have net charge densities of ρ = ±1. As a result of the polar discontinuity at the interface, the electrostatic potential V builds-up as the polar LaAlO 3 film thickness increases. In (c), the polar catastrophe is avoided by supplying half-an-electron per unit cell area at the TiO 2 interfacial plane. In (d) the polar discontinuity can be reconciled by removing oxygens from the interfacial SrO layer, thus inducing negative charges (Modified from[171].)
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 25 Figure 2.5: (a) Schematic band diagram of an LaAlO 3 /SrTiO 3 (001) heterostructure just prior to the electronic reconstruction. At a critical thickness (t c ) of the polar layer, a Zener breakdown occurs as a result of band bending, allowing for spontaneous charge transfer toward the interface. (Modified from [164].) (b) Sheet conductance σ s of LaAlO 3 /SrTiO 3 (001) heterostructures plotted as a function of the number of their LaAlO 3 unit cells (uc). The heterostructures display an insulating behavior below 3 uc and a conducting behavior at a critical thickness t c = 4 uc, and above. The data shown in blue and red are those of samples grown at 770 • C and 815 • C, respectively. Measurements were performed at 300 K. The numbers next to the data points indicate the number of samples with values that are indistinguishable in this plot. (Modified from [21].)
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 26 Figure 2.6: (a) Temperature dependence of the sheet resistance R s for 26 uc thick LaAlO 3 /SrTiO 3 (001) n-type heterostructures, grown at various oxygen partial pressures P (O 2 ). Two distinct regimes can be observed. (i) At P (O 2 )=1 × 10 -6 mbar, the metallic behavior is attributed to three-dimensional conduction in the bulk of the reduced SrTiO 3-δ substrate. (ii) In contrast, at P (O 2 ) ≥ 1 × 10 -5 mbar, the conduction is of a quasi-two dimensional character (Adapted from [214].) Conducting-tip atomic force microscopy (CT-AFM) mapping, in cross-section geometry, of (b) an 'as-grown' LaAlO 3 /SrTiO 3 (001) sample (P (O 2 ) = 10 -5 mbar), and (c) of an 'annealed' sample (cooled in 200 mbar of O 2 ). The 'asgrown' samples shows a distinctively bulk conduction, in contrast with the interface-confined conduction for the 'annealed' sample. Images were acquired at room temperature. Sheet carrier density (n s ), and electron mobility (µ H ) values are given for T = 4 K. (Modified from [172].
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 27 Figure 2.7: (a) Occupancies of the atoms across the LaAlO 3 /SrTiO 3 n-type interface, as obtained from structural refinements of SXRD spectra. (b) Concentration of Ti 3+ determined by a minimization of the electrostatic potential. The vertical dotted line denotes the position of the interface. (Adapted from [228].) (c) STEM and EELS of conducting LaAlO 3 /SrTiO 3 (001) grown by MBE. -Left: The high-angle annular dark-eld STEM image shows a crystalline epitaxial heterostructure. Scale bar: 2 nm. -Right: The EELS image displays the concentration map of La and Ti, showing a small amount of interdiffusion at the interface (over ∼ 2 uc). (Modified from [167].) (d) Schematic charge structure ρ and electrostatic potential V of an abrupt interface (left) and an interface with interdiffusion (right). A change in unit cells representation results in charge-neutral (dipole-free) unit cells, except in the interface region. Interdiffusion does not lead to a compensation of the interfacial polar discontinuity. (Modified from [187].)
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 28 Figure 2.8: Schematic band diagram and change transfer among the defects at LaAlO 3 /SrTiO 3 interfaces. The dashed line denotes the position of the Fermi level. (a) n-type interfaces with n lao < t c 4 uc: all electrons transferred from Ti Al (S) are trapped by deep Al Ti (I) acceptors, causing no q2DES. (b) n-type interfaces with n lao > t c : V O (S) defects donate ∼ 0.5eS -1 2D to the interface (where S 2D is the 2D unit cell area). Part of the electron density is trapped by the Al Ti (I) acceptors, and the remaining carriers in the SrTiO 3 conduction band lead to the interfacial q2DES. (c, d) p-type interfaces with n lao < t c 4 uc, and n lao > t c : electrons transferred from La Sr (I) are trapped by Sr La (S), and V La (S), respectively. All involved defects are deep and do not induce carriers. The un-ionized Ti 0 Al (not shown in c,d) also form and induce local moments. The superscripts (0, +, ++, -) denote the defect charge states, not the oxidation states. (Modified from [245]).
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 29 Figure 2.9: (a) Top -Schematic band profile of the SrTiO 3 conduction band at the interface with LaAlO 3 . Bottom -Schematic carrier density distribution n(z) away from the interface showing the d xy and d xz/yz orbitals contributions (hatched and shaded areas, respectively). The dashed line is for the total carrier density. (b) Calculated band structure of an n-type LaAlO 3 /SrTiO 3 (001) supercell, for a carrier density of 0.5 electron per unit cell area. The conduction band consists of Ti 3d bands with d xy and d xz/yz orbital characters. The Fermi level is set to zero. (c) Calculated Fermi surfaces in the 1×1 Brillouin zone of edge 2π/a ST O . Labels identify the dominant t 2g orbital character and superscripts denote the i th TiO 2 plane they belong to, below the interfacial plane (labeled 0). (Modified from [238].) (d) In-plane average of squared wave function for the lowest lying Ti 3d energy states at the Γ point, as a function of the space coordinate transverse to the interface. d corresponds to the d xy orbitals, and d ⊥ corresponds to the d xz/yz orbitals. The vertical dashed line denotes the position of the interfacial Ti site, with the SrTiO 3 substrate on the left-hand side. (Modified from [236].)

  2.9(a)]. It should be noted that the value of only 1-2 nm determined by Sing et al. was obtained at room temperature. The different estimations were ascribed to originate from both the temperature and electric field dependence of the SrTiO 3 dielectric constant, as calculated and demonstrated experimentally by Copie et al.
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 210 Figure 2.10: (a) Hard X-ray photoemission spectroscopy (HAXPS) study of a 4 uc LaAlO 3 /SrTiO 3 (001) sample. Experimental intensity ratio of Ti 3+ and Ti 4+ signals (determined from Ti 2p core levels) as a function of the emission angle with respect to the surface normal. Solid line: best fit according to Eq. (2.6), with p = 0.05, d = 1 uc. The sample's sheet carrier density was measured to be 3.9 × 10 13 cm -2 . (Modified from [174].) (b) Conducting-tip atomic force microscopy (CT-AFM) mapping, in cross-section geometry, of the conducting region near the LaAlO 3 /SrTiO 3 interface, at 8 K. The spatial extension of the electron system away from the interface ( 12 nm) is inferred from the width at half-maximum of the conductance peak G versus tip position. (Modified from [173].)
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 211 Figure 2.11: (a) Sheet resistance of an 8 unit cells LaAlO 3 /SrTiO 3 sample plotted plotted as function of temperature for for magnetic fields applied perpendicular to the interface, showing the magnetic field driven superconducting-to-insulator quantum phase transition (Adapted from [19]). (b) Electronic phase diagram of the LaAlO 3 /SrTiO 3 interface. The critical temperature T BKT (right axis, blue dots) is plotted against gate voltage, revealing the superconducting region of the phase diagram. The solid line describes the approach to the quantum critical point (QCP) using the scaling relation T BKT ∝ (V -V c ) zν , with zν = 2/3. Also plotted is the sheet resistance in the normal state, measured at 400 mK (left axis, red triangles) as a function of gate voltage. (Adapted from [20].)
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 212 Figure 2.12: (a) Hysteretic longitudinal magnetoresistance curves R s versus magnetic field (H applied perpendicular to the interface) at 0.3 K. Arrows indicate magnetic field sweep directions. (Adapted from [214].) (b) Solid black lines: in-plane magnetization (M ) as a function of temperature (T ) obtained from SQUID at 0.1 kOe while warming from 2 to 300 K. Following a zero-field-cooled (ZFC), ferromagnetic hysteresis loops centered on the diamagnetic branch are observed at various temperatures, as well as on the paramagnetic branch when the hysteresis loops are collected after a FC (according to the authors, not shown here). (Adapted from [321].) (c) Magnetic moment density (m) obtained from torque magnetometry measurements at T = 300 mK and tilt angle ϕ ∼ 15 • . Inset: Schematic representation of the sample on cantilever set-up. (Modified from [318].) (d) Magnetometry image mapping showing randomly oriented and spatially distributed magnetic dipoles. The SQUID pick-up loop used to sense magnetic flux is shown at scale in the lower left part. (Adapted from [323].) LaAlO 3 /SrTiO 3 samples are 10 unit cells (uc) thick in (a-c) and 5 uc thick in (d), and prepared in various conditions.
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 213 Figure2.13: (a) Schematic illustration of our PLD system. An infrared laser is used to heat the back-side of the sample holder. TMP and RP stand for turbomolecular pump and rough pump, respectively. (Modified from[257].) (b) The energy of the laser beam is adjusted using a variable attenuator. An optics stage with two converging lenses (focal lengths f 1 = 100 mm, and f 2 = 150 mm) are used to image the beam spot whose geometry is defined by the slit, onto the target's surface. The deflecting mirrors used to guide the beam are not shown for clarity.

  Fig. 2.14(a)], which relates to the intersection of the Ewald sphere with the reciprocal lattice of the crystal, reflects the crystal structure and morphology of the sample's top layer.
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 214 Figure 2.14: (a) Time dependence of the RHEED intensity for the (01) diffraction spot, showing the layer-by-layer growth of a 6 unit cells LaAlO 3 film on SrTiO 3 (001). Insets: RHEED diffraction pattern of the bare SrTiO 3 (001) substrate (top left) and of the LaAlO 3 film after the growth (bottom right). Images are taken at 730 • C and 2 × 10 -4 mbar. (b) Schematic illustration of the layer-by-layer growth mode. With (i) the bare substrate, (ii ) the close to half-covered substrate by the film's adatoms, and (iii ) the fully covered surface by the one unit cell thick film. (Modified from [257].)

Figure 2 .

 2 Figure 2.15: (a) AFM topography of a 15 uc LaAlO 3 film on a TiO 2 -terminated SrTiO 3 (001) substrate, displaying atomically flat terraces, and single unit cell high steps. 5 × 5 µm 2 image. (b) Schematic side view (along the [001] direction) of the atomically abrupt vicinal LaAlO 3 /SrTiO 3 hetrointerface.
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 216 Figure 2.16: (a) θ -2θ XRD scan for a PLD grown 19 uc LaAlO 3 film on a SrTiO 3 single crystal. (b) Enlarged diffractogram around the sharp (001) Bragg peak of SrTiO 3 , showing the broader Bragg peak of the (coherently strained) LaAlO 3 film. Laue fringes due to finite size oscillations are fitted after Eq. (2.12).
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 217 Figure 2.17: (a) Top sketch: van der Pauw configuration for resistance measurements of unpatterned square samples. Longitudinal resistivity ρ xx (bottom left) and transverse resistivity ρ xy (bottom right) measurement configurations. (b) LaAlO 3 (5 uc)/SrTiO 3 (001) q2DES sheet resistance R s versus temperature, displaying a clear metallic behavior down to 2 K (log-log scale). Symbols (solid line) correspond(s) to resistance measurements during cooling (warming) of the sample. Inset: Normalized R/R(450 mK) resistance vs. T showing the superconducting phase transition (at T c 275 mK) for a 8 uc thick LaAlO 3 /SrTiO 3 (001) sample (measured in J. Lesueur's group at ESPCI). (c) Temperature evolution of the q2DES areal carrier density n s =-1/(eR H ) (in electrons per cm 2). The relative temperature independence of n s is indicative of the absence of carrier freezing down to the lowest temperatures investigated. (d) q2DES electron mobility µ H versus temperature, reaching ∼ 3000 cm 2 .V -1 .s -1 at 2 K. µ H is fitted to a T -2.8 power law in the intermediate temperature range (100 -300 K) as was done in Ref.[START_REF] Frederikse | [END_REF] for reduced SrTiO 3 single crystals.
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 2431 Figure 3.1: Electrical spin injection through a quasi-transparent interface. (a) Illustration of a ferromagnetic metal/nonmagnetic metal (F/N ) junction, sourcing a charge current (j c ) through the interface. (b) Schematic representation of the spin-dependent electrochemical potential landscape in the vicinity of a F/N interface. At the interface, the discontinuity in the slope of the electrochemical potential translates into a spin-coupled interface resistance r s if = ∆µ/(ej c ) given by Eq. (3.25). l F (N ) sf

3 .

 3 When considering an insulating (I) layer between F and N , r b corresponds to the measurable resistance-area product (usually given in Ω.µm 2 ) of the F/I/N tunnel junction 4 . Quite appreciably, Eqs. (3.26) and (3.27) hold for both F/N and F/I/N interfaces. Next, following
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 32 Figure 3.2: Spin polarization of the current α(z) as a function of the distance to the interface, for F/N and F/SC interfaces, calculated after Eqs. (3.32a -b). (a) Transparent interfaces (r b = 0). (i ) F/N interface with F ≡ Co, N ≡ Cu (r F ∼ r N ), showing a moderate spin polarization of the current in the nonmagnetic metal. Specific values of r N and r F can be found in the text. β(Co)=0.46, l F sf = l N sf = 1 µm. In the bulk of the F metal α → β. (ii) F/SC interface, with r SC ∼ 10 6 r F , showing a complete depolarization of the current within the F metal due to the conductivity mismatch between F and SC. (b) In the presence of a spin-dependent interface resistance r b , a substantial current spin polarization can be reached in the SC. Here, γ = 0.5. The case r b (r SC , r F ) corresponds well to the experimental realization of F/I/SC tunnel junctions, and for which α if → γ.-Insets: Spin-splitting of the electrochemical potentials due to electrical spin injection. z = 0 denotes the interface. Inset in (a): r F ∼ r N , r b = 0, such that at the interface (µ ↑ -µ ↓ )/(ej c ) βr F 2.25 × 10 -3 Ω.µm 2 . Inset in (b): for r b = r SC , the spin electrochemical potentials exhibit a six order of magnitude discontinuity, proportional to γr b . (Note that the vertical axis is a logarithmic scale.) In the direct vicinity of the interface, ∆µ SC /(ej c ) amounts to 10 3 Ω.µm 2 in SC.
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 33 Figure 3.3: (a) Schematic layout of four-terminal non-local spin valve device, and representation of the spatial variation of the spin-dependent electrochemical potentials. A spin-polarized current is injected through contact 3 and the corresponding change in the electrochemical potential is measured non-locally at contact 2, placed at a distance t N < l N sf from contact 3. The difference in shape and size for contacts 2 and 3, allows for independent control of their magnetization. Reference contacts 1 and 4 are placed at several spin diffusion lengths (L l N sf ) from the injector and detector contacts. (Modified from [387].) (b) -c) Sketches of lateral F/I/N/I/F geometries, with lateral confinement (b), and without lateral confinement (c). t N is the separation between the F/I/N injector and detector contacts, W is the width of the contacts, and w is the thickness of the nonmagnetic channel. (Modified from [382].)

. 41 )

 41 Together, Eqs. (3.40) and (3.41) lead to:

Figure 3 . 4 :

 34 Figure 3.4: (a) Magnetoresistance vs. r b /r N , for various distances t N between the F injector and detector contacts. An optimum is obtained for r b /r N close to unity. Calculations are performed after Eq. (3.42), for l N sf =1 µm, γ=0.5 [and W/w=1, in the geometry of Fig. 3.3(b)]. (b) Evolution of ∆R/R p vs. τ dw /τ N sf showing a strong reduction of the MR when τ dw the carriers' mean dwell time in N exceeds τ N sf , the spin lifetime in N . Calculated after Eq. (3.44), viz. in the limit r b (r N , r F ), and for γ = 0.5.
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 35 Figure 3.5: (a) Three-terminal (3T ) measurement geometry for injection and detection of spin accumulation under a single F/I/N contact. Contacts used to source the current and detect the voltage are placed away from the active interface by more than several spin diffusion lengths. (Modified from [412].) (b) Schematic energy band diagram of the junction, depicting the ferromagnetic electrode, the tunnel barrier, and spin accumulation ∆µ in the n-type Si conduction band. (c) Illustration of the Hanle effect, in which spin precession produced by an external magnetic field perpendicular to the electron spin (s) in the nonmagnetic channel (here, Si) leads to incoherent spin precession and dephasing. A plot of the spin accumulation ∆µ, or corresponding voltage ∆V , versus magnetic field B leads to pseudo-Lorentzian lineshape of linewidth inversely proportional to the spin lifetime (τ s ). (d) Measured Hanle signal ∆V (B) of an actual Ni 20 Fe 20 /Al 2 O 3 /n-Si tunnel junction (100×200 µm 2 in size) at 300 K, in a 3T configuration. (Modified from [429].)

Figure 3 . 6 :Figure 3 . 7 :

 3637 photoresist maskUV light developer a -LaAlO 3

Figure 3 .

 3 7(b) displays the current-voltage (I-V ) characteristic
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 38 Figure 3.8: Electrical Hanle effect for a Co(15 nm)/LaAlO 3 (4 uc)/ SrTiO 3 tunnel junction. (a) RA product (A=100×300 µm 2 ), and voltage change ∆V 3T as a function of H ⊥ , the external applied magnetic field (perpendicular to the in-plane Co electrode magnetization direction). Data are collected at T = 2 K, and for positive bias (I = +50 nA) corresponding to spin extraction. Lines correspond to pseudo-Lorentzian fits [after Eq. (3.50)] of the data before (solid line), and after (dashed line) subtraction of a parabolic MR background. (b) F/I/N tunnel contact for 3T electrical spin injection. A voltage build-up across the junction is related to non-zero spin accumulation (with ∆V 3T ∝ ∆µ) underneath the junction, and/or within the tunnel barrier. The dashed line delimits the potential region of spin accumulation inside the q2DES, with l ch sf the channel's spin diffusion length (l ch sf Co electrode's width). Right panel -Idealized schematic density of state (DOS) vs. energy for the Co electrode and the q2DES. (c) A perpendicular magnetic field drives incoherent spin precession which leads to the reduction, and suppression of ∆µ.

Figure 3 . 9 :

 39 Figure 3.9: (a) Temperature (T ) dependence of the junction RA product measured at I = +100, +50 and -50 nA in black, indicative of thermally activated sequential tunneling processes. The colored symbols correspond to the RA value for I = +20 nA as shown in (b). We use to indicate the observation of a Hanle signal, and × if not. (b) Hanle magnetoresistance curves acquired at different temperatures for I = +20 nA, except for 2 K and 150 K for which I = +50 nA. The curves are vertically offset for the sake of clarity. (c) dI/dV (V ) characteristic for the same junction as in Fig. 3.7. Peaks in the differential conductance correspond to assisted tunneling by SrTiO 3 LO phonon modes (at 59 and 98 meV), and by LaAlO 3 LO phonon modes (at 59 and 87 meV). (d)-(e) Sketch of the Co/LaAlO 3 /SrTiO 3 junction energy band diagram, with sequential tunneling via localized states inside the LaAlO 3 barrier, showing a possible two-step tunneling process at low temperature (d). At higher temperature (e), a thermally activated multistep tunneling is taking place. The dashed line denotes the Fermi level position of the q2DES in the SrTiO 3 , and the shaded area represents filled states of the Co electrode.

Figure 3

 3 Figure 3.10: (a) Normal Hanle (H ⊥ and inverted Hanle (H || effects of a Co/LaAlO 3 (4 uc)/SrTiO 3 junction at T = 12 K and I = 50 nA (spin extraction). Solid lines are Lorentzian fits to the data (plus a parabolic MR background). Inset: High magnetic field (±7 T) normal and inverted Hanle MR curves at T = 2 K and I = 50 nA. The inverted Hanle effect is suspected to arise from random hyperfine fields (discussions in the text). (b) Hanle and inverted Hanle effects for a Co/Al 2 O 3 /p-Si junction in a 3T configuration (in the hole injection regime), at room temperature. (c) The inverted Hanle effect is ascribed to originate from spatially inhomogeneous magnetostatic fields near a F/I interface with finite roughness. (Modified from [432].)

  3.14(b-c), and further discussed at the section 3.4.3.
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 311 Figure 3.11: (a) Four-point magnetoresistance of the channel, in H || and H ⊥ configurations, for different back-gate voltages V g at 2 K. Positive (negative) V g values results in doping (depleting) the q2DES in electrons. The sheet resistance R is tuned over one order of magnitude by electrostatic field-effect. (b) Junction RA product vs. magnetic field, showing the Hanle (H || , light symbols) and inverted Hanle (H ⊥ , dark symbols) MR curves for different back-gate voltages. The junction resistance is varied by less than 3%. Data taken at T = 2 K and for a junction bias V 130 mV.
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 312 Figure 3.12: (a) Total spin signal ∆R s H A (evaluated at 0.25 T) vs. measurement bias (V bias ) applied across the Co/LaAlO 3 /SrTiO 3 junction, for different back-gate voltages (V g ). Arrows indicate ∆R s,max H A plotted on panel (b). The dashed line is a guide to the eyes and depict the shift of the Fermi level. (b) V g dependence of the various resistances, showing the singular increase of the total spin signal ∆R s,max H
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 313 Figure 3.13: Sequential tunneling process through localized states inside the LaAlO 3 barrier. Sketch of the energy band diagram for positive (a), and negative (b) applied bias to the junction. (a) For V > 0 (and at low temperature), a two-step tunneling process via LS near the LaAlO 3 /SrTiO 3 interface leads to a large spin accumulation, as discussed in the text. (b) For V < 0, a multistep (more than two) tunneling process causes complete spin depolarization by hyperfine interaction with randomly oriented nuclear moments. The dashed line denotes the Fermi level position of the q2DES in the SrTiO 3 , and the shaded area represents filled states of cobalt.
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 314 Figure 3.14: (a) Illustration of our model adapted from Ref. [427], whereby electrons transit via discrete electronic states on which, due to long effective spin lifetimes, a large enhancement of the spin accumulation occurs. Electrons spin get partially depolarized by an hyperfine magnetic field H n . Fulfilling the conditions τ ls ← τ ls sf > τ ls → results in a net spin accumulation inside the q2DES. Physical parameters are defined in the text. (b) Increasing the measurement bias V bias across the junction tunes the Fermi level position of the q2DES relatively to the localized states (LS) inside the LaAlO 3 barrier, and thus the condition for resonant tunneling (ε f -ε ls ) → 0. (c) Sketch of the band structure evolution vs. V g , illustrating the loss of carrier confinement in the q2DES (decrease of k ⊥ ) as V g increases. The effect of tunning the tunnel coupling (through the modulation of escape time τ ls → ) on the spin signal is discussed in the text. Γ ls is the elastic energy broadening of the LS, governed by Eq. (3.63).

  (3.57 -3.58) become:

  the effective spin-flip rate τ * sf -1 = (τ ls → ) -1 + τ ls sf -1 evidences the two channels of spin depolarization on the LS, viz.
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 41 Figure 4.1: (a) Picture of our combined PLD and sputtering deposition setup. It allows for the growth of epitaxial oxide thin films followed by the -in situ -deposition of metal layers. The PLD chamber is connected to the sputtering deposition system via a transfer chamber. The latter is kept at a base pressure of less than 10 -9 mbar. Not visible is the load-lock chamber connected to the transfer chamber. (b) in situ monitoring of the RHEED (01) diffraction peak intensity vs. time during the epitaxial growth of LaAlO 3 films of various thicknesses (1 to 4 uc) on SrTiO 3 .

  xx (T ) by the measured data set as, and taking R Co xx as the measured value at room temperature [R Co xx = R meas. xx (290 K)] for the corresponding sample.

Figure 4 .

 4 2(b) displays the calculated sheet resistance R sto for the Co/LAO(n)/STO samples in the low temperature range (below 3 100 K), which show for all of the samples a behavior reminiscent of 'standard' (uncapped) LAO(n ≥ 4 uc)/STO samples hosting a q2DES. The estimate low temperature sheet resistance of the STO sublayer R sto shows no correlation with the thickness of the LAO overlayer.
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 42 Figure 4.2: (a) Measured longitudinal sheet resistance R xx × π/ ln(2) vs. temperature T for LAO(4 uc)/STO and Co/LAO(n)/STO samples (with n = 1, 2, 4 uc) displaying a clear metallic behavior attributed to the formation of a q2DES on the STO side. The resistivity of the Co/STO sample remains almost unchanged from 300 K to 1.4 K (∆R xx < 1%). Inset: Sketch of the Van der Pauw R xx measurement scheme. (b) Calculated sheet resistance R sto [after Eq. (4.1)] of the conducting STO sublayer (i.e. q2DES) for Co/LAO(n)/STO samples. Also plotted for comparison: the measured sheet resistance of the LAO(4 uc)/STO sample. The blue dotted line corresponds to the Co/STO data set.
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 131 Hall Magnetoresistance of Co/LaAlO 3 /SrTiO 3 Heterostructures Here, we report on the Hall effect of Co/LaAlO 3 (n)/SrTiO 3 samples. In order to remove any possible contribution arising from spurious magnetoresistive effects, the measured transverse magnetoresistance curves R meas. xy (±B) have been antisymmetrized (with respect to the magnetic field) according to: R xy (B) = R meas. xy (B) -R meas. , antisymmetrized traces R ac-db (B) and R db-ca (B) appear indistinguishable in Figs. (a -b), indicative of good sample homogeneity, without artefacts due to the data analysis. In the case of the 'standard' LAO(4 uc)/STO sample, Hall measurements taken at room temperature show a linear behavior for magnetic field up to 4 T [see Fig. 4.3(a)], with an extracted sheet carrier density n s = 6.4×10 13 cm -2 . In contrast, Co/STO and Co-capped LAO/STO samples exhibit at room temperature a Hall effect dominated by the cobalt layer, independently of the LaAlO 3 layer thickness [see inset of Fig. 4.3(a)], with a low magnetic field regime (|µ 0 H| ≤ 1.2 T) displaying the anomalous Hall effect (AHE) characteristic of a ferromagnetic metal. In the high-field regime (|µ 0 H| ≥ 2.2 T), the Co magnetization is rotated out of plane and the Co-capped samples exhibit a normal Hall effect with a weak negative slope of order -10 mΩ.T -1 (corresponding to n ∼ 10 23 cm -3 , typical for a metal).

Figure 4 .

 4 3(b) displays Hall data acquired at 1.4 K. For the Co/STO control sample, the Hall effect at 1.4 K shows essentially no change when compared to room temperature measurements [see insets of Fig. 4.3(a -b)]. On the other hand, Co/LAO (n ≥1 uc)/STO samples exhibit at T = 1.4 K Hall traces strikingly similar to the Hall effect obtained for the uncapped LAO(n ≥ 4 uc)/STO sample (hosting a q2DES
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 132 Figure 4.4 shows the evolution of the Hall effect for two distinct (yet similarly prepared) Co-capped LAO(n = 2 uc)/STO samples, as a function of temperature [panel (a)], and as a function of an applied back-gate voltage [panel (b)]. For the measurement configuration adopted here, positive (negative) back-gate voltages lead to doping (depleting) the LAO/STO
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 44 Figure 4.4: (a) Temperature dependence of the Hall effect for a Co/LAO(2 uc)/STO sample showing the crossover from Co dominated Hall response at high temperature toward a nonlinear (multi-band) Hall response of the highly mobile q2DES at low temperature. Inset: Measured R meas. xx sheet resistance of the corresponding sample, and calculated sheet resistance of the STO sublayer R sto vs. temperature. (b) Evolution of the Hall response as a function of the back-gate voltage V g for a Co/LAO(2 uc)/STO sample [different than in (a)]. The mobility of the q2DES increases at larger positive back-gate voltages, hence concealing the Hall response of the Co layer. Inset: Sketch of the measurement configuration, where V g > 0 (V g < 0) corresponds to electron doping (depleting) the q2DES at the LAO/STO interface.

  4.4(b)] resembles very much that of the Co/LAO(4 uc)/STO sample at 1.4 K [see Fig. 4.3(b)].
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 45 Figure 4.5: (a) AFM topography of a TiO 2 -terminated SrTiO 3 (001) substrate, and Ex situ AFM imaging for CoO x /STO and CoO x /LAO(2 uc)/STO samples (where Co was not capped with AlO x ). The 2 nm Co thin film reproduces the steps and terraces of the vicinal substrate's surface. (b) In situ RHEED images before and/or after each deposition step for the corresponding samples. While the cobalt film displays a clear polycrystalline behavior with no preferential orientation on LAO (bottom right), it exhibits on STO a pattern typical of a developed film texture as discussed in the text.
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 46 Figure 4.6: Room temperature (in-plane) AGFM response of AlO x /Co(20 nm) films. (a)A cobalt film grown directly on an STO(001) substrate exhibits an anisotropic response along the[START_REF] Ashcroft | Solid State Physics[END_REF] axis (likely of magnetocrystalline origin). In contrasts, (b) a Co film deposited on an LAO(2 uc)/STO(001) sample shows an isotropic magnetic response. It is noteworthy that for all of our Co films, the magnetization saturates to about 1300 emu.cm -3 , close to the 1420 emu.cm -3 saturation magnetization of bulk cobalt.

Figure 4 . 7 :

 47 Figure 4.7: (a) Electrical resistivity ρ vs. temperature T (linear-linear scale) of 2 nm Co thin films (capped with AlO x ) deposited on STO(001), and on h-LAO(4 uc)/LAO(001) (where h-LAO stands for homoepitaxial LAO film). Inset: Resistivity vs. T (linear-linear scale) of a thick (25 nm) Co film on SiO 2 (400 nm)/Si(001) displaying a metallic behavior down to T 1.4 K. (b) Antisymmetrized Hall resistance R xy as a function of applied magnetic field µ 0 H of a Co/h-LAO(4 uc)/LAO sample displaying the (almost) temperature independent AHE of cobalt.

Figure 4 .

 4 7(b) displays the Hall effect for the Co/h-LAO(4 uc)/LAO sample. It exhibits the expected anomalous Hall effect at both room temperature and at 1.4 K. This contrasts with the observation of the normal Hall effect on Co/LAO(n)/STO samples at low temperature [see Fig.
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 48 Figure 4.8: Schematic energy band diagram of Metal/LaAlO 3 /SrTiO 3 (001) heterojunctions, for an LAO thickness t < t c = 4 uc. (a) Situation prior to making contact with the metal capping layer (ε f its Fermi level). ε vac denotes the position of the vacuum level, ∆φ accounts for the interface dipole, χ corresponds to the insulator's electron affinity, and ε g its energy bandgap. φ c χ sto + ∆φ + pwd (eV), the critical work function. (b) For a metal work function Φ M < Φ c ), a charge transfer from M toward STO conduction band potentially results in the q2DES formation. LAO's internal polar field may get largely screened. (c) For Φ M > Φ c ), no charge transfer occurs, and the LAO/STO interface remains insulating (below t c ).
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 49 Figure 4.9: (a) Room temperature (RT) Hall magnetoresistance R xy (µ 0 H) of M/LAO(2 uc)/STO(001) heterostructures, with various metallic capping layers M. Co sample data not displayed for clarity, and Py sample data displayed in the inset for clarity. (b) Low temperature (T 2 K) Hall magnetoresistance for (Au, Pt, Pd)/LAO(2 uc)/STO samples showing no appreciable difference with respect to RT measurements. Inset: Corresponding longitudinal magnetoresistance (defined after Eq. (4.5)). (c) Large Hall response (and longitudinal MR, see inset) of M/LAO(2 uc)/STO heterostructures (n = 3 uc for the Py sample) at T 2 K (8 K for the Nb sample), indicative of the presence of a q2DES. (d) Summary of the low temperature Hall coefficients (extracted for 3 < |B| < 4) T) versus tabulated work function values (Refs. [507-509]) of the corresponding metal capping layer.
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 232 Band Structure of Co/LaAlO 3 (1 uc)/SrTiO 3

Figure 4 .

 4 Figure 4.10(a) shows the layer resolved density of states (LDOS) of a (001)-oriented STO substrate (4.5 uc thick) covered with one monolayer of Co. In contrast to the uncovered STO(001) substrate [shown in Fig. 4.14(a)], where the Fermi level is pinned at the top of the valence band (defined by surface states at the topmost TiO 2 layer), for Co/STO(001) ε f shifts to the bottom of the Ti conduction band, while keeping the Ti 3d conduction band empty. In the uncovered LAO(1 uc)/STO system [Fig. 4.10(b)], the Fermi level lies at the top of the valence band, determined by O 2p states of the surface AlO 2 layer, while the conduction band minimum is about 2 eV above the Fermi energy (ε f ) and is determined by Ti 3d states. Adding a Co capping layer [Fig. fig4.10(c)] shifts the Fermi level to the bottom of the conduction band in Co/LAO(1 uc)/STO. In contrast to LAO(1 uc)/STO and to Co/STO, in Co/LAO(1 uc)/STO the Ti 3d band is now partially occupied, with a small spin polarization of -0.02 to -0.03µ B per Ti.In Co/LAO/STO samples, a metallic bilayer is hence formed with a conducting surface (Co) and a conducting buried interface (STO side), consistent with the transport data. Adding the Co capping layer almost cancels (largely compensates) the internal potential buildup within the polar LAO film. As found previously[489], the position of the Fermi level with respect to the conduction band minimum in STO is determined by the work function of the metallic contact (4.72 eV for 1 ML Co and 4.28 eV for 3 ML Co). This, together with the still persisting polar discontinuity at the LaAlO 3 /SrTiO 3 interface leads to a finite occupation of the Ti 3d band at the interface.Next, we explore the preferential orbital occupancy of the electronic system formed at the LAO/STO interface. The electron density of Co/LAO(1 uc)/STO, integrated between

Figure 4 . 10 :

 410 Figure 4.10: Layer-resolved density of states (LDOS) for (a) Co(1 ML)/STO, (b) LAO(1 uc)/STO, and (c) Co(1 ML)/LAO(1 uc)/STO heterostructures within GGA. In the latter case, a finite occupation of the Ti 3d conduction band at the Fermi energy is responsible for the onset of conductivity at the LAO/STO interface, this for only 1 uc of LAO. We note the presence of metal-induced gap states (MIGS) in the topmost TiO 2 layer in (a), and in the topmost AlO 2 layer in (c), arising from the direct proximity with the cobalt overlayer and finite hybridization with O 2p states. Upper (lower) panels correspond to majority (minority) spin. ε = 0 eV corresponds to the Fermi level. (d) Side view of Co(1 ML)/LAO(1 uc)/STO with the electron density integrated in the interval ε f -0.50 eV to ε f , giving insight into the Ti 3d orbital occupation, viz. with a dominant d xy orbital character in the interfacial TiO 2 plane, and a more pronounced d xz/yz character for Ti atoms. further away from the interface.
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 411 Figure 4.11: (a) Projected density of states (PDOS) of Ti in the interface (IF) and (IF-1) layer for Co/LAO(1 uc)/STO, showing the dominant d xy orbital character at the Fermi energy. A substantial contribution to the DOS arises from the occupation of d xz/yz orbitals as well. This correlates with the multiband character of the conduction inferred from transport, and XLD measurements. Positive (negative) values correspond to majority (minority) spin. ε =0 corresponds to the Fermi level.
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 412 Figure 4.12: Band structures for Co(1 ML)/LAO(1 uc)/STO(001) within GGA. (ad) The Co 3d bands in the surface Co layer, and the Ti 3d bands in the interface (IF) TiO 2 layer, (IF-1) and (IF-2) are emphasized by circles. The band structure shows that the conduction band minimum of STO is at the Γ point, where the lowest lying band is of d xy character at the Ti (IF) layer.

  4.14(a)]. In contrast to the bare STO(001) substrate, in Co(1 ML)/LAO(2 uc)/STO(001) [Fig. 4.14(b)] the Fermi level is shifted to the bottom of the conduction band minimum determined by Ti 3d states. The Co overlayer leads to a nearly complete cancellation of the potential build-up in the LAO film. The LDOS shows a very similar behavior for 2 and 4 ML of LAO, with only small upward shifts of the oxygen 2p bands in the LAO part [see Figs. 4.14(b) and 4.14(d)]. The effect of increasing the thickness of the Co overlayer was explored on Co(3 ML)/LAO(2 uc)/STO. We see that the overall band alignment within the LAO(2 uc)/STO remains nearly unchanged

Figure 4 . 14 :

 414 Figure 4.14: Layer-resolved density of states (LDOS) for: (a) bare STO(001), (b) Co(1 ML)/LAO(2 uc)/STO(001), (c) Co(3 ML)/LAO(2 uc)/STO(001), and (d) Co(1 ML)/LAO(4 uc)/STO(001). Adding the Co overlayer nearly cancels the potential buildup in the LAO film. Increasing the number of LAO and/or Co layers leads to subtle changes in the band alignment. Occupation of the buried TiO 2 layers are due to electrons being transferred towards the Ti 3d bands, with the additional presence of MIGS in the AlO 2 layer. Positive (negative) values correspond to majority (minority) spin. ε = 0 eV corresponds to the Fermi level.

Figure 4

 4 Figure 4.15: (a) Layer resolved Ti 3d band occupation integrated between ε f and (ε f -0.50) eV for Co(1 ML)/LAO(n)/STO(001) with n = 1, 2, 4 uc and Co(3 ML)/LAO(2 uc)/STO(001). Note that the charge in the AlO 2 layer next to the interface is nearly vanishing in all cases. (b) Cation-anion buckling ∆z within the STO and LAO, for Co(1 ML)/LAO(n)/STO(001) with n = 1, 2, 4 uc, and for Co(3 ML)/LAO(2 uc)/STO(001). (IF) stands for the interfacial TiO 2 plane, layers labeled (IF-n) belong to STO, and those labeled (IF+n) belong to LAO.
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 416 Figure 4.16: Electronic transitions in (a) conventional L-edge X-ray absorption, and (b) Xray magnetic circular dichroism, illustrated in a one-electron model. The transitions occur from the spin-orbit split 2p core shell to empty conduction band states above the Fermi level. (a) In conventional X-ray absorption the transition intensity measured as the white line intensity I L3 + I L2 is proportional to the number of d holes. (b) By use of circularly polarized X-rays, the spin moment, and orbital moment, can be determined from the dichroic difference intensities A and B. (Modified from [517].)
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 418 Figure 4.18: (a) Measured XAS (ISO) signal vs. photon energy for an STO substrate, and for various (Co/)LAO(n)/STO samples, acquired at 300 K in TEY mode, and after background substraction. (b) The corresponding experimental X-ray linear dichroism (XLD) signals show a sign inversion between the XLD of STO or Co/STO, and that of LAO(2,4 uc)/STO or Co/LAO(2 uc) samples. This relates to a change in the orbital hierarchy as depicted on pannel (d). (c) Atomic multiplet calculation. Simulated XLD spectra which reproduce the experimental XLD of the STO bare substrate (labeled [A]), and that of the Co/LAO(2 uc)/STO sample (labeled [B]). (d) The cubic crystal field (CF) splits the neutral Ti 3d states into e g and t 2g levels. A tetragonal CF further lifts the orbital degeneracy, with [A]: case of STO, and [B]: case of (Co/)LAO/STO, showing for the latter the lowest energy lying d xy states.

Figure 4 .

 4 Figure 4.19(a -b) displays the measured XAS and magnetic circular dichroic signals of an AlO x -capped Co thin film (∼ 2 -2.5 nm) deposited on STO. Both the XAS and the XMCD signals appear to be characteristic of metallic cobalt[526]. Similar XAS experiments, in circularly polarized light, were carried out at the Ti L 2,3 -edge on Co/LAO(n)/STO heterostructures, while applying a ±6 T out-of-plane magnetic field, and at temperatures close to liquid Helium temperature (seeFig. 4.20).By making use of the sum rules, one can obtain a quantitative estimation of the or-

Figure 4 .

 4 Figure 4.19: (a) Experimentally measured XAS signal at the Co L 2,3 -edge vs. photon energy, with left and right circularly polarized light (σ + and σ -, respectively). Spectra acquired on a Co/STO sample, at 300 K, in TEY mode, with the incident beam kept normal to the sample's plane, and for a constant out-of-plane magnetic field (µ 0 H ⊥ ) of ±3 T. (b) The corresponding X-ray circular magnetic dichroic (XMCD) signal (σ + -σ -) is characteristic of a metallic Co film. (c) Sum of the σ + and σ -XAS signals (blue line), and its energy integration (red) after subtraction of a two-step-like function (grey), which leads to r = 4.908.(d) XMCD signal (blue), and its energy integration (red), which leads to p = -0.475 and q = -0.098. r, p, q defined through Eqs. (4.10a -c).
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 420 Figure 4.20: (a) Isotropic XAS signal vs. photon energy for Co-capped LAO(n = 2, 4 uc)/STO samples at the Ti L 2,3 -edge. Spectra acquired at T 4.2 K in TEY mode, with the incident beam kept normal to the samples' plane, and for µ 0 H ⊥ = ±6 T. (b)XMCD signal (open symbols) for the corresponding samples, and smoothed XMCD spectra (solid lines), which lead to an upper limit on the magnetic moment value of 10 -2 µ B /Ti atom, as discussed in the text.

  Figure 4.20(b) displays circular magnetic dichroic spectra obtained at the Ti L 2,3 -edge on Co/LAO(n =2, 4 uc)/STO samples in total electron yield (TEY) mode. Data were acquired while applying an out-of-plane ±6 T magnetic field, along the X-ray beam propagation direction (normal to the sample surface). As it can be seen the XMCD signal is very small. We can use a sum rule analysis similar to those reported elsewhere in the literature[336,530] in order to have an idea of the upper value of the magnetic moment able to cause such residual small signal. The commonly applied sum rules method is only valid as long as the L 3 -edge and L 2 -edge are well separated in energy. However, in the case of Ti, the L 3 and L 2 absorption lines strongly overlap in energy. Consequently, one must be careful when attempting to determine meaningful values of magnetic moments bear by light transition metals in transition metal oxides such as SrTiO 3 . Nevertheless, we genuinely want to give an order of magnitude for it, considering the Co/LAO(n = 2, 4 uc)/STO samples. Taking the number of holes in Ti equal to 9, we have estimated the Ti magnetic moment value, averaged over the total probing depth, to be of the order of 10 -2 µ b per atom (within a confidence interval that is limited by the statistics in our experiment). For a more accurate estimation of the magnetic moment borne by interfacial Ti atoms, with respect to those buried in the deeper TiO 2 layers, one would need to precisely determine the depth profile of magnetic Ti 3+ atoms. The upper value of 10 -2 µ b /Ti atom determined here is in quantitative agreement with the Ti spin polarization predicted in DFT calculations [see Fig. 4.10(c)]. Alike, Salman et al. have determined an upper value of 10 -3 µ b /Ti, inferred from β-detected nuclear magnetic resonance in [(LaAlO 3 ) n / (SrTiO 3 ) m ] K superlattices [338] [337]. For similarly realized superlattices, the signal detected by Fitzsimmons et al. in polarized neutron reflectometry experiments was even lower [337].Moreover, our findings directly relate to the recently observed vanishing integral of the XMCD signal in LAO(n = 10 uc)/STO samples (with bare LAO surfaces) whose fabrication included a post-annealing step in high oxygen partial pressure[336]. However it contrasts with the recent observation of a sizable circular magnetic dichroic signal at the LaAlO 3 /SrTiO 3 interface in somewhat similarly prepared samples[327]. A number of theoretical work have been carried out to attempt to account for the possible presence of spinpolarized Ti d shells at the LaAlO 3 /SrTiO 3 (super)conducting interface. This includes the possibility for a ferromagnetic interaction arising from a purely itinerant mechanism[335], in contrasts with scenarios of magnetically ordered localized moment that coupled ferromagnetically via exchanged polarization of conduction electrons[330,333]. Recently, it has been predicted/postulated that a Dzyaloshinskii-Moriya interaction arising from the inversion symmetry breaking (lifting the t 2g degeneracy) at the LaAlO 3 /SrTiO 3 interface, and the presence of a strong Rashba spin-orbit coupling, could lead to a spontaneous long wavelength spiral magnetic ground state[334]. All of which scenarios, in addition to many other theoretical proposals[239,245,293,328,329,331,332,[START_REF] Joshua | Proc. Natl Acad. Sci[END_REF][START_REF] Ruhman | [END_REF][343], require further thorough experimental investigations in order to tackle the so far undecided magnetic ground state at the LaAlO 3 /SrTiO 3 interface (see also section 2.4.2).

  5.1(b)]. In practice, the usually employed lock-in detection technique yields a measurement of the first field-derivative of χ , such that dχ /dH(H) is often coined the FMR signal [see Fig. 5.1(c)]. The inflection point of dχ /dH(H) corresponds to µ 0 H res , whereas the peak-to-peak FMR linewidth ∆H pp relates to ∆H through the following relation:

Figure 5 . 1 :

 51 Figure 5.1: (a) Basic Principle of EPR/FMR. The Breit-Rabi diagram illustrates how a radio-frequency magnetic field h rf (ω 0 ) can induce transitions between two energy eigenstates split by a static magnetic field, at a resonant field value H 0 = H res corresponding to the Zeeman energy gµ b µ 0 H res = ω 0 . (b) Imaginary part χ of the dynamic magnetic susceptibility displaying a Lorentzian lineshape (FWHM = 2∆H). (c) Field-derivative of χ as detected in an FMR absorption experiment. (Modified from [543].)

Figure 5 . 2 :

 52 Figure 5.2: (a) Principle of spin-transfer in a F 1 /N/F 2 trilayer. A current of s electrons flowing from left to right acquires through F 1 an average spin moment along the magnetization m pol . As electron spins reach F 2 , they quickly align along m pol via the s -d exchange interaction.In virtue of the conservation of total angular momentum, the transverse component of spin lost by the electrons is transferred to the magnetization of the free F 2 layer, which yields a spin-transfer torque (STT) acting on it and which tends to align m free toward m pol , see Eq. (5.7). (Modified from[5].) (b) Illustration of the LLGS dynamics. The magnetization m precesses about the effective field direction (H eff ). The green arrow illustrates the dissipative (damping) torque that tends to move the magnetization toward the effective field direction. The red arrow is the spin-transfer torque (Slonczewski-like) and the light-blue arrow is the effective field-like torque with an electron spin polarization collinear with the effective magnetic field. (Modified from[555].)

Figure 5 . 3 :

 53 Figure 5.3: Principle of the FMR-operated spin battery based on spin pumping at an F/N interface. The magnetization precession (around H eff , with precession cone angle Θ) imposed by a radio-frequency excitation field (h rf y ) is damped via the emission of a pure spin current I pump s from F toward N . The averaged spin polarization s t has a non-zero component along H eff x inside the normal metal. Concomitantly, spin diffusion and spin-flips in N yield a build-up of a non-equilibrium spin accumulation ∆µ N (accompanied by a backflow spin current toward F ). (Based on the concept of Ref. [535].)

  2 f τ el /(2d) (d the dimension, τ el the elastic momentum relaxation time), and characteristic spin-flip time τ sf . The relation between the spin accumulation ∆µ N and the total spin current I N s = I pump s -I back s in a normal diffuse conductor is governed by the spindiffusion equations (see demonstration in section 3.1): conditions: ( DS)∂ z ∆µ = -I s at the F/N interface (z = 0), and at the end of the sample (z = t N ) where the spin current vanishes: ∂ z ∆µ = 0.

  11 σ SHE xy = σ int xy + σ skew xy + σ s-j xy , with the intrinsic (int), Mott-skew (skew) and side-jump (s-j) scattering mechanisms explained in the text hereinafter.

Figure 5 . 4 :

 54 Figure 5.4: (a) Schematic illustration of the direct spin Hall effect (SHE). J c and J s represent charge and spin currents, respectively. s denotes the spin polarization orientation of the spin current. The SHE yields the conversion of a charge current into a spin current [see Eq. 5.16a] with accumulated spins of opposite direction on opposing lateral sides of the sample, through the mechanisms depicted in panels (c-e). (b) Schematic illustration of the inverse spin Hall effect (ISHE). Reciprocal effect of SHE, whereby a spin current is converted into a charge current [see Eq. 5.16b]. E ISHE ∝ J s × s the macroscopic electromotive force. (Modified from [584].) Schematic illustration of the extrinsic (c -d) and intrinsic (e) SOI mechanisms at the origin of the SHE. (c) Skew scattering, and (d) side-jump scattering at an impurity with charge Q. (e) Intrinsic (anomalous velocity) Berry phase mechanism. See text for details. (Modified from [540].)
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 55 Figure 5.5: (a) Bottom: Spin-split dispersion curves for a Rashba 2DES (with α r > 0) lacking structural inversion symmetry, in the free-electron picture. The momentum-dependent splitting of the spin ↑ and spin ↓ subbands amounts to ±k r = ±α r m/ 2 . Top: Model spintextured Fermi contours at equilibrium for a Rashba 2DES (with linear Rashba SOC), with spins pointing perpendicular to the momentum (with zero net spin density). (b) Illustration of the direct Edlestein effect (DEE). In the presence of a charge current j c along -x (an electron flow along x ), Fermi surfaces are displaced along k x , yielding two uncompensated spin densities δs + and δs -, and hence a net non-zero spin density along y . (c) Illustration of the inverse Edelstein effect (IEE). Upon steady injection of a non-equilibrium spin density along y (by e.g., spin pumping), the displacement of the inner and outer Fermi surfaces (in opposite directions) yields a net flow of electrons along x and hence a charge current j c ∝ -α r δs (y × z ).

Figure 5 .

 5 6(b) displays FMR signals acquired at room temperature on a 20 nm thick Py film on LAO(2 uc)/STO, for different frequencies f = ω/(2π) of the rf field (of amplitude typically less than 1 Oe). It shows the expected shift of the resonance field toward higher magnetic field as f increases, according to Kittel's equation. Each FMR spectra is fitted to the following equation:

Fig. , 5

 5 .6(d) allows a determination of the samples effective Gilbert damping constant α eff , and effective electron g-factor g * . Values are summarized 16 in Table5.1.

Figure 5 . 6 :

 56 Figure 5.6: (a) Sketch of the broadband FMR setup, with dc magnetic field swept at a given frequency of the microwave field. Samples are positioned on top of a coplanar waveguide (Au strip line). The measurement is performed in absorption, with a lock-in detection technique giving access to the FMR signal dχ /dH(µ 0 H). (Modified from [613].) (b) FMR signal dχ /dH(µ 0 H) at different frequencies of the rf field, for the Py(20 m)/LAO(2 uc)/STO sample. Solid black lines are fits according to Eq. (5.33). (c) In-plane dispersion relationship of the resonance condition, and (b) frequency dependence of the peak-to-peak linewidth ∆H p p(f ) for Py(20 nm)/LAO(n)/STO(001) samples, and a Py(20 nm) on LAO(001) substrate. Data collected at room temperature. Solid lines are fits according to Eq. (5.34) in (c), and Eq. (5.35) in (d).
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 57 Figure 5.7: (ab) Sketch of the FMR-Spin pumping measurement configuration in an Xband EPR cavity (f = 9.64 GHz), placed inside a cryostat. Two electrical contacts are made to the sample to probe the electromotive force (and concomitant charge current) induced by IEE. An additional contact taken to the back-side of the substrate is used to apply a gate voltage. (b) Bottom right: Sample's equivalent resistor model. The detected voltage results from the charge current flowing in parallel in the magnetic and nonmagnetic conducting layers.

Figure 5 .

 5 Figure 5.8 displays the simultaneously acquired FMR signal dχ /dH, and dc voltage for the Py/LAO(1 uc)/STO(001) sample, and for the Py/LAO(001) control sample, at 7 K. For both samples, the FMR signal is typical of the rf absorption process at resonance. The measured electromotive force however differs drastically for both samples, with a largely symmetrical signal for Py/LAO(1 uc)/STO(001), and predominantly asymmetrical signal for the Py/LAO control sample. For the Py/LAO sample, the obtained voltage signal is typical of what is expected from the AHE, exhibiting an odd parity with respect to H res , as well as a change of sign upon reversing the dc magnetic field's polarity. We argue that the observed signal originates from the microwave rectifying effect in the ferromagnetic film alone. Incidentally, the ratio of the symmetric to the asymmetric amplitude V AMR

  5.8(b)]. The detected

Figure 5 . 8 :

 58 Figure 5.8: FMR signal dχ /dH, and measured dc voltage in spin pumping experiments at T = 7 K. (ab) Py/LAO(1 uc)/STO(001) sample. (cd) Py/LAO(1 uc)/STO(001) sample. The electromotive force in (b) has a clear symmetrical Lorentzian shape, in contrast with the dominantly asymmetric contribution in (d) which is ascribed to AMR. Remarkably, upon changing the field polarity, the voltage in (b) changes sign while the amplitude remains unchanged, as expected for the Inverse Edelstein Mechanism.

Figure 5 . 9 :

 59 Figure 5.9: Detected voltage (a) for the Py/LAO control sample, and (bc) for a Py/LAO(2 uc)/STO sample at room temperature (b) and at T = 7 K (c). The low temperature data evidences the onset of a large gate-dependent inverse Edelstein effect only for Py/LAO/STO samples hosting a q2DES, while the Py/LAO sample solely exhibits AMR effect due to microwave rectifying effects, irrespective of the back-gate voltage applied.
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 510 Figure 5.10: IEE detected symmetric voltage contribution (normalized) in FMR-driven spin pumping experiments for a Py/LAO(1 uc)/STO sample, at T = 7 K. The applied back-gate voltage yields a large modulation of the IEE signal's magnitude, as well as a change of sign for V s (attributed to a change of sign of the Rashba coefficient), not observed in the Py/LAO control sample.
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 511 Figure 5.11: (a) Symmetric voltage contribution (normalized by the rf power) in FMR-spin pumping experiments for Py/LAO(n)/STO samples, and for the Py/LAO control sample (for which V s ∼ 2 µV.G -2 ). The inverse Edelstein effect evidences a non-trivial gate voltage dependence attributed to the complex band structure of the STO-based q2DES. (b) Amplitude of the IEE length λ IEE , and its absolute value, for the Py/LAO(1 uc)/STo sample.λ IEE reaches values as large as about 27 nm in the depleted state (negative V g ). (c) Rashba coefficient (α r , right axis), and (left axis:) elastic momentum (τ ) and D'yakonov-Perel' spin (τ dp ) relaxation times (in ps) determined from magetotransport experiments on standard LAO(n ≥ 4 uc)/STO(001) samples. α r and τ dp taken from Ref.[282], τ taken from Ref.[626]. Also displayed (left axis): corresponding estimated λ IEE (in nm).
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 5 Figure 5.11(b) summarizes the evolution of λ IEE for the Py/LAO(1 uc)/STO sample. In section 5.2.2, we have established that in the regime for which the D'yakonov-Perel' spin precession dominates extrinsic processes (such that the Elliott-Yafet spin relaxation process

Figure 5 . 12 :

 512 Figure 5.12: (a) Calculated LaAlO 3 /SrTiO 3 (001) band structure in the presence of atomic spin-orbit (ASO) interaction. The orbitally resolved electronic structure of Ti 3d states highlights the coexistence of light d xy , as well as both light and massive d xz/xz subbands.(b) Schematic DOS versus energy (left) and strength of ∆ aso versus energy (right). In green: ∆ aso integrated over the Fermi surface of the first two subbands, and which strongly peaks at the crossing point of the light d xy and heavy d xz/yz subbands, with a strong mixing of their orbital character. In orange is the absolute value, in the third subband, of ∆ aso which has the opposite sign with respect to the first two subbands. (Adapted from[253].). (c) The calculated Fermi surface of the SrTiO 3 -based 2DES shows how similar orbital mixing and pronounced spin splittings occur at the crossings of circular d xy -and elliptical d xz/yz -derived Fermi surface sheets. This gives rise to an exotic anisotropic and subbandspecific coupled spin-orbital texture of the 2DES, as evident from the magnitude (left) and direction (right) of the (d) spin, SAM, and (e) orbital, OAM, angular momenta of the four largest Fermi surface sheets. The magnitude of the SAM (OAM) is represented on a false color scale in units of /2 ( ), respectively. (Adapted from[290].)

  .21) In practice, for a single type of carrier, and a single band, R H = dρ xy (B)/dB can be determined from a linear fit to the transverse magnetoresistance trace ρ xy (B). Hence, a negative (positive) slope for R xy (B) corresponds to negatively (positively) charged carrier, viz. electrons (holes).Making use of the Drude formula for the conductivity, it comes:
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  .28)Here, τ s is the total spin relaxation time expressed in terms of τ ey , and τ dp the Elliott-Yafet[107,[START_REF] Yafet | G-factors and spin-lattice relaxation of conduction electrons[END_REF], and D'yakonov-Perel'[START_REF] Zakharchenya | [END_REF]115] spin relaxation times respectively. Both spin relaxation mechanisms have been discussed in details in chapter 1 ( §1.4.2). As pointed out by Shen et al.: "σ SHE is not the complete spin Hall conductivity that would be measured in an experiment, because it does not include the contribution of the homogeneous spin diffusion current"[610]. Nonetheless, in the regime where the spin precession is dominated by the Rashba field [see Eq. (5.20)], that is according to a DP relaxation mechanism, the EY spin relaxation process can be neglected (τ -1

		ey		τ -1 dp ) and the spin Hall conductivity can be
	written:	σSHE -	e 2π	τ τ dp	,

Table 5 .

 5 1: Results of broadband FMR characterization at room temperature. allow to draw decisive conclusions regarding the prospect of efficient spin pumping in those samples. Low temperature (T < 10 K) spin pumping experiments are desirable, as the Rashba SOI regime strongly sets in within the LaAlO 3 /SrTiO 3 q2DES [282-284

	Samples	M eff (emu.cm -3 )	g *	α eff (10 -3 )
	Py||LAO	800.6	2.095 ± 0.005 6.40 ± 0.03
	Py/LAO(1 uc)||STO	778.6	2.119 ± 0.004 8.40 ± 0.42
	Py/LAO(2 uc)||STO	753.7	2.144 ± 0.006 7.83 ± 0.05
	Py/LAO(4 uc)||STO	809.5 ± 2.4	2.10	6.21 ± 0.21

Neglecting the Zeeman term ĤZ = +gµ b j Ŝ j . B, which gives zero in the absence of an external magnetic field B.

Magnetic dipolar interaction between two magnetic moments of magnitude ∼ 1 µ b and separated by typically 1 Å falls in the energy scale of order 1 K. It hence cannot account for magnetic ordering at much higher temperatures (with typical Curie temperatures > 100 K).

It is noteworthy that |t| ∼ W , where W is the effective bandwidth of the density of states. Alternatively, |t| ∼ 1/N (ε f ).

The phase diagram of the Hubbard Hamiltonian is rich (see e.g., Ref.[START_REF] Altland | Condensed Matter Field Theory[END_REF]), exhibiting a range of correlated electron ground states, depending sensitively on the density and strength of interaction. n particular, one of the well recognized success of the Hubbard model relies on in its ability to capture the metal-toinsulator Mott

transition.[START_REF] Bibes | [END_REF] Half-metals which possess subbands of only one spin character at the Fermi energy are promising candidates for applications in Spintronics, due to their high spin polarization. To this end, Heusler alloys in particular have recently received a lot of experimental and theoretical

attention[START_REF] Katsnelson | [END_REF].10 In a seminal work[35] from 1938, Stoner expressed a criterion: N (ε f ) • I > 1, in terms of I the (Stoner) exchange integral and N (ε f ) the DOS at the Fermi energy. When fulfilled, the Stoner criterion favors a ferromagnetic instability to the detriment of the paramagnetic state. However, Stoner used a phenomenological approach whose microscopic justification could only be made two decades later, on the basis the Hubbard model.

In particular, the Bohr-van Leeuwen theorem[START_REF] Van Vleck | The Theory of Electric and Magnetic Susceptibilities[END_REF] derived from statistical mechanics states the impossibility for a classical electron system at thermal equilibrium to exhibit a spontaneous non-zero net magnetization.

The two-current series resistor model is a better approximation when considering the currentperpendicular-to-the-plane (CPP) geometry, but holds qualitatively for the current-in-plane (CIP) geometry.

In particular, the first observation of GMR in so-called spin valves[START_REF] Dieny | [END_REF]. We give a brief description of vertical spin valves structures and of their hallmark behavior as a function of magnetic field at the end of Section 1.3.3 [see also Fig. 1.4(a,b)]. The lateral spin valve structure is discussed later on in Section 3.1.4 [see also Fig. 3.3(a)].

Prior to GMR technology, read-heads magnetic sensors were based on the anisotropic magnetoresistance (AMR) effect[57].

We do not give a specific account of the widely used WKB approximation. Similarly, we do not discuss the electron tunneling model introduced by Slonczewski[58] despite its undeniable interest when addressing spin-polarized tunneling phenomenon.

In fact, Giaver's publication[63] preceded Bardeen's theoretical derivation of an expression for the tunnel current[59] by about a year.

With the notable exception of Maekawa and Gäfvert who reported, in 1982, TMR effects at 4.2 K, in Ni/NiO/Ni and Co/NiO/Ni MTJs[START_REF] Maekawa | [END_REF]. In particular, they demonstrated for the first time the clear correlation between TMR plateaux and the magnetic hysteresis and switching fields of the electrodes.

We do not discuss the Bir-Aronov-Pikus mechanism[104], whose validity is restricted to p-doped semiconductors, and whose principle relies on electron-hole scattering processes accompanied by spin exchange.

For degenerate electron densities ε k = ε f , while for non-degenerate densities, thermal averaging leads to ε k ∼ k b T , with k b the Boltzmann constant.

Hence, on localized states where confinements effects lead to comparatively much larger energy splittings (characterized by λ so ), the EY mechanism gets "quenched".

The effect of strain can also be responsible for a SOC spin-splitting term affecting the spin relaxation rate. This is a particularly relevant mechanism in semiconductors quantum wells with epitaxially induced mechanical strain[START_REF] Bir | Symmetry and Strain-Induced effects in Semiconductors[END_REF], as well as in deformed bulk systems.

Such SO spin-splitting could also arise from fluctuating doping densities[120], in otherwise nominally symmetric heterostructures.

We discuss in greater details the physics of two-dimensional electronic systems in the presence of a Rashba-like spin-splitting in chapter 5.

Where the absorption of circularly polarized light (optical pumping) leads to spin-oriented photoelectrons, which in turn dynamically polarize the nuclei of the crystal through the hyperfine interaction.

[START_REF] Campbell | Transport Properties of Ferromagnets[END_REF] |B n | is about the same for all three isotopes75 As,69 Ga and[START_REF] Belashchenko | Tunneling Magnetoresistance: Theory[END_REF] Ga which all carry a nuclear spin3 2 . To reach such large nuclear fields |B n | ≥ 1 T, one needs to be in the conditions of almost complete and uniform nuclei polarization, such as in DNP experiments[129,[START_REF] Fleisher | Optical Orientation of the Coupled Electron-Nuclear Spin System of a Semiconductor[END_REF].

Antiferrodistortion is a nonpolar instability which translates into rotations of successive oxygen octahedra in opposite directions.

The reason for n-type and p-type denominations becomes clear in section 2.2.1

The designation of the conducting system itself is the matter of divergences. In this manuscript, we refer to it as the quasi-two-dimensional system (q2DES), rather than the otherwise used two-dimensional electron gas (2DEG) or two-dimensional electron liquid (2DEL) designations. The reason for the denomination 'quasi-2D' is justified at the end of section 2.3.2.1.

It was theoretically found that the O p bands of LaAlO 3 and SrTiO 3 could almost match in energy, such that the valence band offset would amount to about 0.1 eV[208]. In reality, this value may be larger by a few hundreds of meV.

We should note that LaAlO 3 /SrTiO 3 samples grown by molecular beam epitaxy (MBE) were also found to be conducting[167], despite MBE being a growth technique whereby ablated species are orders of magnitude less energetic than PLD.

A donor can produce electrons and compensate holes, whereas an acceptor can produce holes and compensate electrons. Shallow or deep defect states are those located above or below the Fermi energy, respectively.

∆H depends on the thermodynamics of the system, viz. oxygen-poor vs. oxygen-rich conditions which affect the chemical potential µ O . Whereas, the value of ∆φ depends on the electrostatics of the system, in particular on the bandgap values, and relative band alignments of LaAlO 3 and SrTiO 3[194,195,231,232,234,247,248,279]. First-principle calculations have led, in the framework of the Zener breakdown scenario, to t c 4 or 5 uc[196,208,235].

In the[START_REF] Cheng | [END_REF] direction, alternating (AO 3 )/(B) planes are -4/+4 charged in SrTiO 3 but only -3/+3 charged in LaAlO 3 , thus resulting in a polar discontinuity.

In practice, the potential well deviates from the idealized triangular potential well, and in turn leads to a flatten conduction band ε c away from the interface as depicted on Fig.2.9(a). V 0 hence corresponds to the depth of the potential well.

Given k z = π/d along the out-of-plane direction, and λ z = 2π/k z the corresponding Fermi wavelength.

The BKT model is generally referred to as the 2D-XY model on a lattice, and is named after Vadim L. Berezinskii[304], and after John M. Kosterlitz and David J. Thouless[305]. In systems where the order parameter correlation function follows a power law decay, a quasi-long range order is possible, in contrast with disordered systems where an exponential decay is observed. The BKT model applies to the former class of systems which do not violate the Mermin-Wagner theorem stipulating the absence of long range order in 2D systems with a continuous symmetry[306]. The BKT model describes the continuous transition from a ground state of bound vortex-antivortex pairs at low temperatures toward unbound vortices and antivortices (which are neutrally charged topologically protected states) at a critical temperature T BKT , due to thermal excitations of long wavelength modes. The use of the BKT model has been extended, and its validity debated, to charged superfluid systems such as Cooper pairs in superconducting thin films. We should note that it is the consistency of experimental data with a BKT scenario that has been inferred[START_REF] Reyren | Oxide Superconducting Thin Films and Interfaces Studied Using Field Effect[END_REF]281], rather than a rigorous proof of a BKT phase transition.

For a continuous QPT, the quantum critical region is characterized by a spatial and a temporal correlation length that diverge respectively as ξ ∝ (δn 2D ) -ν and ξ τ ∝ (δn 2D ) -ντ . The quantum dynamic critical exponent is defined through the ratio z = ν τ /ν.

We should note that the samples studied by Brinkman et al. were 26 LaAlO 3 unit cells thick, that is beyond the ∼ 20 uc thickness above which the LaAlO 3 film is found to start relaxing the tensile biaxial strain imposed by the SrTiO 3 substrate[START_REF] Caviglia | Two-Dimensional Electron Gas in Functional Oxide Interfaces[END_REF]197]. Such processes are an inherent source of dislocations, and/or point defects formation[344,[START_REF] Thiel | Study of Interface Properties in LaAlO 3 /SrTiO 3 Heterostructures[END_REF], which are found to drastically depress the electrical transport properties of the q2DES[START_REF] Caviglia | Two-Dimensional Electron Gas in Functional Oxide Interfaces[END_REF]250,[START_REF] Thiel | [END_REF] 

Nevertheless, the two groups did not reported any magnetic field driven hysteretic behavior. We should note that their respective approaches differ fundamentally in that one is based on a correlated-electron mechanism[START_REF] Joshua | Proc. Natl Acad. Sci[END_REF][START_REF] Ruhman | [END_REF], while the alternative one is developed in the framework of a single-particle semiclassical Boltzmann transport equation in the presence of spin-orbit coupling[343].

In particular, a depth profile of the magnetic response is lacking, which could help identify the origin of the observed magnetic patches.

In contrast, the density and orientation of magnetic dipoles could be manipulated by scanning the surface in a contact mode[325], with the observed changes ascribed to either a magneto-elastic coupling or possibly to the manipulation of surface states (e.g., adsorbates, surface charges).

During the time-of-flight of the ablated species (which eventually get 'thermalized' through collisions), ions (B -, B 2-) may get transformed into oxides compounds (e.g., BO, BO 2 ) as a result of oxidation processes in the supplied oxygen background gas. These phenomena can be probed in situ by fast imaging and optical emission spectroscopy of the plume (at a time scale resolution of about 10-100 ns)[351][352][353].

Design and conception by SURFACE systems+technology GmbH & Co. KG.

The low optical contrast between ablated and non-ablated areas of the LaAlO 3 target made it difficult to assess precisely the laser spot size. Instead, for a practical reason, a TiO 2 target, for which ablated and non-ablated regions display an important optical contrast, was used.

This likely occurs through a change in the plume composition during the transfer of ablated species from the target to the substrate. Such a strong impact of the fluence on the stoichiometry is possibly associated with growing in oxygen partial pressures lower than 10 -2 mbar which, for typical target-substrate distances used in the PLD process, corresponds to the ballistic regime.

A unique sample holder has been used to grow the samples of chapters 4 and 5, thus insuring good reproducibility notably on the growth temperature. Our system offers the possibility to use a second pyrometer to monitor directly the temperature from the frontside of the substrate. Nevertheless, in this configuration, the temperature is found to be very sensitive to the pyrometer's aiming condition.

Alternative growth modes can be found such as, e.g., the island growth mode (or Volmer-Weber) which speaks for itself, or the step-flow growth mode (or Stranski-Krastanov) usually found at high growth temperatures where highly mobile adatoms migrate to the subrate's step edges. While the latter can lead to very smooth films, neither of those two growth mode give rise to oscillations of the diffraction peaks intensity. Thus, for those growth modes, RHEED real time monitoring does not provide an information regarding the precise film thickness.

For a cubic Bravais lattice (for which a = b = c): d hkl = c 2 /(h 2 + k 2 + l 2 ). Hence, in the [001] direction of a cubic crystal: d hkl = c.

In a fermionic system, the chemical potential is by definition the amount of energy required, with respect to the Fermi energy (taken to be zero), to add one fermion to the Fermi sea in full thermal equilibrium. For small deviations from thermal equilibrium (|eV | < k b T ), the linear response regime predicts that the electrochemical potential is given by the ratio of the excess electron density ∆n σ (for spin σ) to the corresponding DOS at the Fermi energy: µ σ = ∆nσ Nσ(εf) .

We should note that predictions given by the Valet-Fert and Fert-Jaffrès models derive from a simple flatband picture and in the low current limit. In the presence of a sizeable band bending and in the limit of large current densities, one can refer to calculations reported by, e.g., Yu and Flatté[383], and by Bratkovsky and Osipov[384].

In practice, for a 'transparent' F/N interface, r b 10 -16 -10 -15 Ω.m 2[385].

It should be noted that at a ferromagnet/semiconductor interface, an interface resistance (a Schottky barrier) is introduced as a result of the formation of a charge depletion layer. Important efforts have been dedicated to tailoring Schottky barrier heights and depletion layer thicknesses at F/SC interfaces[START_REF] Jonker | Electrical Spin Injection and Transport in Semiconductors[END_REF].

For a nonmagnetic material:N N (ε f ) = N N ↑ (ε f )+N N ↓ (ε f ) (with N N ↑ ≡ N N ↓ ), whereas for a ferromagnetic material:N F (ε f ) should be replaced by [1/N F ↑ (ε f ) + 1/N F ↓ (ε f )] -1 .

In particular, contacts 1 and 4 need not be tunnel contacts, but can simply be ohmic contacts to the nonmagnetic channel.

It is already the case in the CPP-GMR problem, as recognized early on by Valet and Fert[START_REF] Valet | [END_REF]. The essential difference in the Fert-Jaffrés model is in the large interface resistances considered.

As pointed out by Fert et al., in Eq.(3.45), "the condition corresponding to the lower edge of the window exists if the resistance r F = ρ * F l F sf of the source and the drain is smaller than r N = ρ N l N sf , that is, typically exists for injection from a metal. The condition disappears for injection from a magnetic semiconductor that, if it is possible, would satisfy r F r N . In contrast, the condition corresponding to the upper edge involves only the semiconductor channel and exists even without conductivity mismatch that is, even if the injection is from a magnetic semiconductor with r F r N ."[386].

The condition for efficient spin detection, viz. r b r max is missing in the seminal paper of Rashba[381]. In Fert and Jaffrès' approach, this condition arises due to: "the increase of the spin relaxation rate in the semiconductor (compared to the spin injection rate) as the junction resistance and therefore the chemical potential splitting increases"[382].

A work for which A. Kastler received the 1966 Physics Nobel Prize. An award that J. Brossel certainly should have shared with him.

The F/I/N contact is not a spin detector per se, due to the need of applying an external magnetic field as a standard detection method of non-equilibrium spin accumulation, as we explain hereinafter.

The current is applied using a precision current source (model Keithley 6220), and the voltage drop is probed with a nanovoltmeter (model Keithley 2182A), following the sketch of Fig.3.7(a). In such configuration, positive bias corresponds to electron (spin) transport from the q2DES to the F electrode. This regime is referred to as spin extraction.

k b T 26 meV at 300 K, k b T < 0.2 meV at 2 K.

This study is presented, in a whole different context, in section 4.1.3.2. See also Fig.4.5(a).

When discussing such matter, one must keep in mind that first-principle calculations (e.g., LDA & GGA+U) are known to underestimate the energy gap of insulators.

Sasaki et al. have provided direct experimental evidences that a 3T Hanle detection scheme can yield almost identical spin signal amplitudes (and temperature dependence) as for a 4T non-local lateral spin valve[469]. Thus demonstrating the potential usefulness and reliability (which has yet to be scrutinized in each case) of the 3T Hanle detection scheme.

This would require distances between the injector and detector contacts smaller than the characteristic spin-diffusion length (∼ 1 µm) as discussed earlier (section 3.1.4), which is technologically accessible using electron-beam lithography techniques.

Within our simple analysis, for which R meas.xx(290 K) = R Coxx , a divergence of the calculated R sto occurs at room temperature as the denominator goes to zero in Eq. (4.1). Here, we avoid displaying such unphysical behavior by restricting plots to the low temperature range.

For the Co/LAO(6 uc)/STO sample, we have collected a Hall magnetoresistance trace up to 7 T at 1.4 K. The determination of n s between 6 and 7 T lead to an estimation two times larger than that obtained between 3 and 4 T, therefore highlighting the limits of a quantitative analysis in the intermediate field-regime explored here.

The alternative gradient field magnetometer (AGFM), also called vibrating sample magnetometer (VSM), is a device allowing magnetic measurements of thin film thanks to its sensitivity down to about 10 -6 emu. The sample is submitted to a uniform external magnetic field, and put in an oscillatory movement by being fixed on a piezoelectric probe. The induced voltage in the pickup coil is then proportional to the sample's magnetic moment.

Py hereby designates the Ni 81 Fe 19 alloy commonly named permalloy.

It was found in particular that the Fermi level of metals is not pinned at metal/LaAlO 3 interfaces, and that the Schottky barrier height (SBH) is largely determined by the interface chemistry (which is also mostly ignored hereinafter)[504] 

In Ref.[416], discussions are carried in the framework of the modern theory of polarization[203]. Rather than n s , the authors have discussed the variation of relevant quantities with respect to the value of D the electric displacement field, which obeys the relation: D lao -D sto = σ free , and where D sto is enforced to be zero. Thus D lao can be replaced for simplicity by σ free the sheet carrier density on the STO side (with σ free ≡ n s in the notations we are familiar with). Incidentally, the polar field E lao = D + 0.5e/a 2 sto / lao is set to zero when D = -0.5e/a 2 sto , which corresponds to the 'perfect' compensation of the well-known polar catastrophe at LAO/STO interfaces (illustrated on Fig.2.4).

An equivalent expression to Eq. (4.4) could also be derived after considerations of Schottky barrier heights (SBH), as was done in Ref.[416]. Nonetheless we feel that assessing a priori SBH values would be an even more difficult task.

The difficulty of evaluating Φ M for permalloy (Ni 81 Fe 19 ), where Ni has a larger work function (5.0-5.35 eV) than Fe (4.7-4.8 eV), is particularly important. Indeed, it has been shown in the literature that the work function of e.g., Ag-Au binary alloys falls significantly below a linear interpolation between the values for the two bulk materials[START_REF] Fain | [END_REF]511]. In turn, from calculations[507], and measurements[508], we have estimated the following range 5.05≤ Φ M ≤ 5.35 eV for Py films.

α g is actually a tensor, but we do not need to consider this here.

The dynamic magnetic susceptibility is defined through M rf = χ µ 0 h rf , where M rf , h rf , are complex vector quantities, χ the dynamic magnetic susceptibility tensor.

The 'absorption'(viz. spin dephasing about the exchange field) of the component of spins transverse to the magnetization direction occurs within the ferromagnet's transverse-spin coherence length λ sc π/|k ↑ f -k ↓ f |, which in a ferromagnetic transition metal is of order ∼ 1 nm[551,552], beyond which a transversely polarized spin current cannot persist[553,554]. Hence, the STT is an interfacial effect.

Each electron carrying a charge -e and an angular momentum ± /2, the loss of transverse angular momentum amounts to [I s -(I s • m free ) m free ] /(2e).

Replacing the nonmagnetic spacer N by an insulator (I) in an MTJ, P at the I/F 2 interface can be calculated in the framework of the spin-dependent tunneling model of Slonczewski[58].

For example, it took some time to realize that as the F/N interface breaks the structural inversion symmetry, when a spin current created via the SHE in N is absorbed at the interface, the magnetization in F feels a torque[558] whose origin is the spin galvanic effect[559]. See also Refs.[START_REF] Ivchenko | Spin Physics in Semiconductors[END_REF][START_REF] Sinova | [END_REF].

Parametric pumping is a push-pull process, where two parameters of a system periodically vary with a phase difference between them. For adiabatic spin pumping, the time-dependent components of the magnetization (say M y and M z ) act as the two push and pull parameters of the parametric pump, which generates the desired dc spin current[535]. The adiabatic approximation is applicable when the frequency of the magnetization modulation is much smaller than the characteristic ferromagnetic exchange spin splitting, which is safely fulfilled for transition metal-based structures.

For a F layer thickness t F λ sc , the ferromagnet's transverse spin-coherence length

It should be noted that this is not the case when considering F/N interfaces where F is a ferromagnetic insulator[573] or a half-metallic ferromagnet[574].

Ignoring the demagnetization field, and other fields arising from shape or magnetocrystalline anisotropy.

In Shen, Vignale and Raimondi's paper[610], spin and charge are conveniently expressed in the same units, which is obtained by multiplying the spin by -/e.

When available, given parameters values are from the CEA Grenoble measurements/fits, after sample cutting preparation (see details in text). For the 4 uc sample, parameters are given for measurements/fits from CNRS-Thales, on the as-grown uncut sample.

In tuned condition, the incident microwave is entirely absorbed within the resonator, while at resonance, the sample partly absorbs the rf power and thus detunes the cavity, which yields a partial reflected microwave radiation.

An ac magnetic field (of amplitude typically less than 10 Oe generated via modulation coils) with frequency in the kHz range is superimposed to the dc magnetic field generated via the electromagnet

The AMR originates from the spin-orbit interaction and gives rise in a ferromagnetic material to asymmetric scattering of electron spins, with ρ(θ) (ρ ⊥ ) + ∆ρ cos(θ), where θ is the angle formed between M and J .

The origin and consequences of the forming process have been thoroughly studied in Ref.[259].

Additionally, due to the presence of a capping metal layer, the system behaves as two capacitances in parallel, with the back-gate/STO/q2DES capacitor, and the q2DES/LAO/Py capacitor. Hence, bringing excess charges to the q2DES by electrostatic field-effect would yield an electrostatic potential build-up across the LaAlO 3 insulating layer. To avoid it, charge redistribution between the q2DES and the metal overlayer must occur, and will depend on the LAO layer thickness, thus further complicating sample to sample comparison.

The Maekawa-Fukuyuma model was found to be inadequate to extract relevant parameters at large doping levels (i.e., for large positive V g ) as recognized early on by Caviglia et al.[282]. Some authors have proposed to lift this issue by adding a Köhler term to account for the classic magnetoconductance contribution (i.e., ∝ σ(0)B 2 )[301,[START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF].

We should note that in their seminal paper, Caviglia et al. displayed the evolution of α r and τ dp as a function of V g[282]. The same authors later on provided related quantities as a function of σ 2D , the sheet conductance[284]. In the supplementary material[626] of Ref.[284], data from Caviglia et al. were reproduced as a function of the sheet conductance, together with the elastic scattering time (absent from the original paper). This allowed us to obtain a full gate-dependence of both α r , τ and τ dp , by carefully identifying V g values to their corresponding specific σ 2D .

magnetoresistance follows [START_REF] Ashcroft | Solid State Physics[END_REF]:

with q = -e for electrons, n 1 and µ 1 (n 2 and µ 2 ) the transport coefficients for one band (for the other band), and where (n 1 + n 2 ) = n s is the expected total sheet carrier concentration. We shall make a few remarks regarding the limits of the two-band model. A number of authors have further discussed the relevance of the two-band model for the determination of meaningful transport parameters values [253,[START_REF] Hurand | Contrôle de la Supraconductivité à l'Interface d'Oxydes LaAlO 3 /SrTiO 3 par Effet de Champ Electrique[END_REF]474,490]. It turns out from Eq. (4.3) that R xy (B) is linear in magnetic field in both low and high magnetic field limits, which correspond to (µ 1 B 1, µ 2 B 1) and (µ 1 B 1, µ 2 B 1) respectively, with different implications on the determination of the transport coefficients. Hereinafter, we comment briefly on the two regimes.

In the low-field regime, the slope of the Hall trace reduces to R 0 H = -

2 ) e(n 1 µ 1 +n 2 µ 2 ) 2 . In the The layer resolved electronic occupation of the Ti 3d bands is displayed in Fig. 4.15(a). In the case of Co(1 ML)/LAO(n)/STO we see a slight enhancement of the carrier density with increasing n the number of LAO layers. However, experiments do not support a consistent correlation between Ti 3d band occupation and the LAO thickness, at least for as grown samples. For all three cases displayed in Fig. 4.15(a), the highest Ti 3d band occupation is found at the (IF-1) TiO 2 layer, whereas the lowest occupation of the Ti 3d band is found at the central layer. The occupation of the Ti 3d band is connected with a significant lattice polarization in STO as shown in Figure 4. 15(b). The displacement between anions and cations is driven mainly by an outward oxygen shift and is the largest in the interface TiO 2 layer for Co(1 ML)/LAO(4 uc) and decays with decreasing LAO thickness n.

X-Ray Absorption Spectroscopy Experiments

To gain further insight into the structural distortions and electronic structure of the Co/LaAlO 3 /SrTiO 3 system, we have performed X-ray absorption spectroscopy (XAS) measurements at the DEIMOS beamline of Synchrotron SOLEIL [518], in linearly and circularly polarized light. We first introduce the principle of XAS, from which X-ray linear dichroism (XLD), and X-ray magnetic circular dichroism (XMDC) spectroscopic techniques derive.