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Topological and Electronic Properties of Electron-Doped Manganite Thin Films

State of the art

1.1 Topological spin structures and transport phenomena Topology in condensed matter physics is a field of growing interest due to the distinct topological phases and physical phenomena discovered in the past decade.

In its strictest sense, topology is the study of properties that are preserved under continuous deformations, and as such it provides the mathematical means to study and predict novel phases and phenomena, such as topological insulators and quantum spin Hall effect. In this thesis we will focus solely on topological phenomena and structures in real space, where the topology can be understood from a core concept in physics: symmetry.

.1a) are strikingly different systems with different properties, all of which can be traced back to the different symmetries of the magnetic configuration (respectively symmetry group p p (1) and p).

For example, La 1-x Sr x MnO 3 undergoes a transition at x = 0.5 from a ferromagnetic and metallic state to an antiferromagnetic insulating state. The magnetic and the metal-insulator transition, which occur at the same time, are tied together by the symmetry of the spin lattice of the material.

However, these two magnetic structures are topologically equivalent since one can slowly and continuously deform the antiferromagnetic lattice by rotating the spins of one of the sublattices, transforming it into a ferromagnetic lattice. Real-space topology in condensed matter deals with structures that are topologically non-trivial, i.e. topologically distinct from conventional phases like ferromagnetism. Topological phenomena in materials thus arise from properties that go beyond the conventional properties stemming from symmetry, and as such the topological study of materials is able to bring to light new properties and effects in systems that may appear to have exhausted all possible discoveries.

i

Introduction

Oxide materials crystallizing in the perovskite ABO 3 structure host a wide range of properties, from ferromagnetism to antiferromagnetism, from semiconductivity to metallicity or even superconductivity, strong correlations and heavy fermions, quasi-2D systems and multiferroism. Among these oxides, manganites are studied for their rich phase diagrams, and their spintronic and magnetoresistive properties, all of which which are strongly tied to strong correlations and coupling to bosons. In thin films, these properties are easily tunable by strain, doping, and interface engineering, making manganite thin films a suitable playground to improve our understanding of the behavior of electrons in complex solids.

We take electron-doped CaMnO 3 as a case study of how strongly correlated oxides form bands and become conductive, owing to its strong sensitivity to electron doping (in the form of Ce for Ca substitution) which allows the system to transition to a metallic and weakly-ferromagnetic regime without any accompanying structural transitions that may bring about other effects. We used strain due to lattice mismatch with the single-crystal substrate to enhance this sensitivity and study the electronic structure as a function of electron doping. Strain also allows for the control of the magnetic properties of CaMnO 3 which can be forced, during magnetization reversal, to nucleate magnetic bubbles with a non-trivial topology arising from strong dipole interactions. By studying these topological properties as a function of electron doping, these manganite thin film are able to shed light on electron transport in the presence of topological structures in strongly correlated oxides.

Outline

In the first chapter we will give a topical overview of the state of art of magnetic skyrmions, skyrmion bubbles and perovskite manganites. Magnetic skyrmions are topological structures which are garnering interest among researchers due to their novel physics and promising applications. Skyrmions give rise to the hallmark topological Hall effect, whose physics are closely tied to that of the anomalous Hall effect.

We will then introduce perovskite manganites, with a focus on their electronic and magnetic properties. These materials feature strong electron-phonon coupling and correlations, which influence electron transport. Skyrmion structures and topological Hall effect are known to be harbored in manganites, and recently their existence has been shown in manganite thin films (as well as in other oxides). These results are inspiring new research since manganites, and oxides in general, present physical phenomena that can interplay with magnetic skyrmions and are tunable through doping, strain, and interface engineering. Lastly, we will briefly describe perovskite ferroelectrics and how these can be used to modify the properties of manganites, and ii Mott insulators in general.

In the second chapter we will describe growth process and basic properties of our CaMnO 3 thin films. The thin films were grown by pulsed laser deposition, and characterized by atomic force microscopy and X-ray diffraction. To measure magnetotransport, optical lithography was used to fabricate Hall bars. We also employed X-ray magnetic circular dichroism, X-ray absorption spectroscopy and electron energy loss spectroscopy to study the electronic and magnetic properties of the samples.

In the third chapter we report our findings on the electronic structure of CaMnO 3 and how it influences transport mechanisms. We performed angle-resolved photoemission spectroscopy, through which we were able to observe the Fermi surface of our manganite thin films. Upon further investigation, we discovered that charge carriers can be either electrons lightly coupled to phonons, or electrons that strongly couple to lattice vibrations and form the so-called polarons. We show how these heavy polarons form due to the breakdown of the Migdal approximation, which works in the single particle approximation. We also show how these findings are able to expand the current theory on electron transport in manganites, identifying the role of both carriers.

In the fourth chapter we report the presence of topological Hall effect in electrondoped manganite thin films. Magnetic force microscopy reveals how this effect is accompanied by the nucleation of magnetic bubbles, pointing out their topological nature. We investigated the behavior of the topological Hall effect with various dopings, observing a divergence as the system approaches its insulating phase. Thanks to a theory developed concomitantly with our work, we are able to identify correlations as the most likely mechanism behind this enhancement. These finding shed light on how correlations can influence transport in the presence of magnetic skyrmions, and how the topological Hall effect could be manipulated by combining our manganite thin films with ferroelectrics.

In the fifth and last chapter we will describe our attempts at observing ferroelectric field effect by combining a ferroelectric oxide with electron-doped manganite thin films.

We were not able to measure any substantial field effect, and so we used scanning tunneling electron microscopy to investigate the ferroelectric switching of our bilayers, looking for a possible cause. We found that the ferroelectric is not able to completely switch polarization close to the ferroelectric/manganite interface. We were able to measure the depth profile of the carrier density, and observed that the accumulation and depletion of carrier occurs in properly switched interfaces, but ultimately is not able to give rise to sizable changes in the properties of the manganite electrode due to the lack of complete switching at the interface. These results highlight a major hurdle to overcome in order to fully realize Mott transistors with ferroelectric gating. 

Magnetic skyrmions and skyrmion bubbles

The concept of topological states originated in the '60s in a paper from Skyrme [START_REF] Skyrme | A unified field theory of mesons and baryons[END_REF], who tried to solve the problem of the stability of particles. Skyrme argued that particles may be topologically non-trivial, i.e. topologically distinct from vacuum. These particles are thus called skyrmions. In magnetism, topologically non-trivial states are spin configurations that require to be broken, and not bent, in order to erase them. These structures are magnetic skyrmion bubbles (Fig. 1.1b) and magnetic skyrmions (Fig. 1.1c) (throughout the rest of this thesis we will refer to these omitting "magnetic"). A skyrmion is a vortex-like spin structure around a spin aligned antiferromagnetically to the ferromagnetic background; a skyrmion bubble is vortex-like spin structure around a bubble domain, aligned antiferromagnetically to the ferromagnetic background (i.e. a bubble domain with a skyrmion-like domain wall). While these two structures arise in different conditions and have different sizes (100-1000 nm for skyrmion bubbles and 5-100 nm for skyrmions), they share most of their topological properties. where p = ±1 is the polarization (out-of-plane component of the magnetization of the skyrmion core), and v is the vorticity or winding number (typically v = ±1)

determined by the in-plane magnetization structure at the perimeter of the bubble, i.e. the number of revolutions the spin n( r) makes as r revolves around the skyrmion core:

v = 2π 0 dΦ(φ) 2π (1.2)
where Φ is the phase of the spins at an angle φ from the skyrmion core [START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF]. Skyrmions and skyrmion bubbles are also defined by their helicity γ, i.e. the phase of the winding spins.

Skyrmions and skyrmion bubbles with various vorticities and helicities are shown in Fig. 1.2. One can note that while these structures vary, skyrmions and skyrmion bubbles with the same charge Q may have the same in-plane magnetization patterns.

Skyrmion bubbles and dipole-dipole interaction

Magnetic bubbles were extensively studies in the '70s as candidates for magnetic data storage [START_REF] Malozemoff | Magnetic Domain Walls in Bubble Materials[END_REF]. While studying the energetics of these configurations, it was discovered that these bubble domain could feature whirling spins around their core. These magnetic bubbles are now referred to as skyrmion bubbles. The topological charge of these structures is stabilized by dipole-dipole interaction, whose energy is where ρ mag is the magnetic charge. This energy is minimized when the spins assemble head-to-tail, reducing the magnetic charge, and forming a Bloch-like domain wall structure. In particular, skyrmion bubbles with perfect Bloch walls (v = 1 and γ = ±π/2, the first two bubble in the first row of Fig. 1.2a) are the most energetically favored. Two of such bubbles, with opposite polarities, are shown in Fig. 1.3a. The chirality, i.e. the sign of γ, of these Bloch skyrmion bubbles is not determined by the dipole interaction and may take both values; two of such bubbles, with opposite polarities, are shown in Fig. 1.3b where bubbles with opposite vorticities are randomly nucleated in a triangular lattice.

E d-d ∝ ρ mag ∝ ∇ • n( r) (1.3)
Bloch walls can be interrupted by a Bloch line, a change in polarity of the wall.

Since Bloch lines break the head-to-tail pattern of the skyrmion bubbles' domain, they have an energy cost due to strong dipole interaction. Topologically trivial bubbles must always contain at least two Bloch lines, as shown in Fig. 1.3a. Because of this, materials with strong dipole interaction tend to nucleate bubbles that are topologically non-trivial, especially when the bubbles have a small diameter (100-200 nm) which increases the domain wall energy relative to that of the domain core.

Although skyrmion bubbles fell out of popularity in the '90, now many scientists are starting to re-examine them in light of the increasing interest in topological structures. Modern techniques also allow the precise mapping of the in-plane magnetization Topological spin structures and transport phenomena 5 Figure 1.4: (a) Crystal structure of MnSi with B20 cubic symmetry. The lack of inversion symmetry is due to fact that inversion ( r → r) Operation does not produce identical unit but rather its opposite. [START_REF] Ou-Yang | Mn vacancy defects, grain boundaries, and A-phase stability of helimagnet MnSi[END_REF] (b) Magnetic phase diagram of MnSi. The A-phase is identified as the skyrmion crystal phase [START_REF] Mühlbauer | Skyrmion lattice in a chiral magnet[END_REF]. (c) Color map of the in place magnetization of the spins of the Fe 0.5 Co 0.5 Si skyrmion lattice [START_REF] Yu | Real-space observation of a two-dimensional skyrmion crystal[END_REF].

of skyrmion bubbles and enable the visualization in real space of their topological spin structure (Fig. 1.3c).

Skyrmions in non-centrosymmetric crystals

Non-centrosymmetric materials feature lattices that lack inversion symmetry (i.e.

are changed by the transformation r → -r). One such material is MnSi with its B20 crystal lattice, pictured in Fig. 1.4a. In this case, an antisymmetric exchange mechanism called Dzyaloshinskii-Moriya interaction (DMI) arises. The energy involved in DMI, in general, follows the expression [START_REF] Dzyaloshinsky | A thermodynamic theory of "weak" ferromagnetism of antiferromagnetics[END_REF][START_REF] Moriya | Anisotropic superexchange interaction and weak ferromagnetism[END_REF]]

E DM = D • ( s 1 × s 2 ) (1.4)
where s 1 and s 2 are the spins involved in the exchange and D is the DM vector that vanishes when the center between two the two spins is centrosymmetric. If s 1 and s 2 are initially parallel or antiparallel, the effect of a strong DMI is to introduce a tilt, with sign and magnitude depending on the sign and magnitude of d 12 . Since in non-centrosymmetric materials there is a global breaking of inversion symmetry, this induces a global tilt in the system. As a result, by plugging Eq. 1.4 in the spin Hamiltonian of a ferromagnet, its ground state becomes a helical state with a wave vector q = 2π/λ = D/J, where J is the exchange integral. By applying a magnetic field, the material first transitions to a conical spin state, and, when the field is strong enough, a ferromagnetic structure is recovered. In the conical state, close to the transition temperature, there exists a fourth phase, dubbed A-phase (Fig.

1.4b). Neutron magnetic scattering experiments have shown in 2009 that the A-phase

in MnSi is a skyrmion lattice [START_REF] Mühlbauer | Skyrmion lattice in a chiral magnet[END_REF]. This is the first experimental proof of magnetic Figure 1.5: (a) Skyrmion lattice of a hexagonal Fe monolayer on Ir [START_REF] Matsuno | Interface-driven topological Hall effect in SrRuO 3 /SrIrO 3 bilayer[END_REF]. The red and green cones represent up and down magnetization components respectively [START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF].

(b) Schematic of the Dzyaloshinskii-Moriya interaction at the interface between a ferromagnetic film (Fe) and a heavy metal (Ir). S 1 and S 2 label the spins of neighboring atoms, and d 12 is the corresponding Dzyaloshinskii-Moriya vector [START_REF] Fert | Skyrmions on the track[END_REF]. (c) Spinpolarized low-energy electron microscopy image (left) of skyrmions in an Fe/Ni bilayer in a multilayer structure such as that shown in the schematic picture (right). The skyrmions are stabilized at room temperature in zero external field through exchange with the Cu layer, which creates a virtual out-of-plane magnetic field, B ef f [START_REF] Chen | Room temperature skyrmion ground state stabilized through interlayer exchange coupling[END_REF].

skyrmions.

Real-space skyrmion imaging is possible thanks to various microscopy techniques.

One of these is Lorentz transmission electron microscopy which can measure in-plane magnetization with nm precision. The first real-space observation of skyrmions was in 2010, when Yu et al. observed a skyrmion crystal in Fe 0.5 Co 0.5 Si, another material with a B20 lattice [START_REF] Yu | Real-space observation of a two-dimensional skyrmion crystal[END_REF]. These skyrmions are Bloch-like (γ = -π/2), and the uniform helicity γ is determined by the sign of the DMI.

A second candidate for crystals hosting skyrmion lattice are frustrated triangular spin lattice [START_REF] Okubo | Multiple-q states and the skyrmion lattice of the triangular-lattice Heisenberg antiferromagnet under magnetic fields[END_REF], where the frustration could stabilize a skyrmion lattice. This is appealing from a technological point of view, although there exists to this date only one experimental report of skyrmions in such systems [START_REF] Kurumaji | Skyrmion lattice with a giant topological Hall effect in a frustrated triangular-lattice magnet[END_REF].

Skyrmions in heterostructures

Different types of heterostructures feature skyrmions. The first report on this system, from 2011 [START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF], shows how Fe monolayer on Ir [START_REF] Matsuno | Interface-driven topological Hall effect in SrRuO 3 /SrIrO 3 bilayer[END_REF] feature skyrmions with diameters of a few unit cells, in a triangular lattice (Fig. 1.5a). Although the dominant cause of the formation of these skyrmions is four-spin interaction, this system presents strong DMI due to the symmetry breaking at the interface.

Interfaces inherently break inversion symmetry so, in a system comprising a ferromagnet (such as Fe) and a material with strong spin-orbit coupling (such as Ir), DMI will arise with D = D( z × u 12 ), where z is the unit vector perpendicular to the interface and u 12 is the unit vector connection the two spins.

Skyrmions caused by interfacial DMI are generally stable at room temperature Topological spin structures and transport phenomena 7 since, unlike skyrmion lattices in B20 crystals whose formation strictly depends on the transition temperature of hosting material, these skyrmions originate from the interface itself and can thus be engineered from ferromagnets with high critical temperatures, such as Co or Fe. The first report of interfacial skyrmions, in Fe/Ni bilayers, are not only present at room temperature, but also at zero field, since Ni is exchangecoupled to an underlying Cu spacer which provides the field-like interaction needed to stabilize the skyrmions.

Topological devices

Skyrmions are small, stable magnetic elements whose properties are inspiring many possible applications. All of the basic functions necessary for data storage and processing have been proved possible, although not all with individual skyrmions at room temperature. The nucleation [START_REF] Legrand | Room-temperature current-induced generation and motion of sub-100 nm skyrmions[END_REF][START_REF] Hsu | Electric-field-driven switching of individual magnetic skyrmions[END_REF] and annihilation [START_REF] Romming | Writing and deleting single magnetic skyrmions[END_REF] of skyrmions has been demonstrated, although not yet at room temperature in multilayered single skyrmion systems [START_REF] Fert | Magnetic skyrmions: advances in physics and potential applications[END_REF]. The motion of skyrmions can be induced by currents interacting with the skyrmions through spin transfer torque [START_REF] Legrand | Room-temperature current-induced generation and motion of sub-100 nm skyrmions[END_REF]. The detection of a single skyrmion has been recently proven possible by observing the transverse Hall of a sub-µm wide track as a skyrmion travels through it [START_REF] Maccariello | Electrical detection of single magnetic skyrmions in metallic multilayers at room temperature[END_REF]. Possible room-temperature skyrmion devices include racetrack memories (nm-wide tracks hosting moving skyrmions that are read and written by magnetic heads) [START_REF] Parkin | Memory on the racetrack[END_REF], logic devices and transistors [START_REF] Zhang | Magnetic skyrmion logic gates: conversion, duplication and merging of skyrmions[END_REF][START_REF] Pinna | Skyrmion gas manipulation for probabilistic computing[END_REF], skyrmion magnonic meta-materials [START_REF] Ma | Skyrmion-based dynamic magnonic crystal[END_REF], and skyrmion radio-frequency generators [START_REF] Finocchio | Skyrmion based microwave detectors and harvesting[END_REF][START_REF] Fert | Magnetic skyrmions: advances in physics and potential applications[END_REF].

Topology and transport phenomena

Charged quantum particles such as electrons are able to be affected by electromagnetic fields that are not present in the space where the electrons are confined.

This phenomenon was first predicted by Aharonov and Bohm [START_REF] Aharonov | Significance of electromagnetic potentials in the quantum theory[END_REF], who showed that an electromagnetic field is able to affect electrons confined in a region where both E and B are zero. This occurs through the coupling of the phase of the particle's wave function to the electromagnetic four-potential. The coupling adiabatically modifies the phase of the electrons, endowing it with an additional contribution every wave cycle. This additional phase is called geometrical, or Berry, phase [START_REF] Berry | Quantal phase factors accompanying adiabatic changes[END_REF], and is a central concept to the effects of topological states on electron transport.

Topological Hall effect

Similarly to the Aharonov-Bohm effect, a carrier passing through a skyrmion, skyrmion bubble, or any topological structure, will acquire a Berry phase of a flux This effect was first predicted in 2004 [START_REF] Bruno | Topological Hall effect and Berry phase in magnetic nanostructures[END_REF], when Bruno and colleagues demonstrated that, with strongly coupled carriers, there will be an additional contribution to the Hall effect in the field range where skyrmions are nucleated, of magnitude

ρ T HE = P b en = P σ sk Φ 0 en (1.5)
where P is the spin polarization, b = σ sk Φ 0 is the emergent magnetic field and σ sk is the skyrmion density.

The first report of a topological Hall effect from a skyrmion system is from 2009

when Neubauer and colleagues reported a topological Hall effect with an amplitude of 4.5 nΩcm in a 50 nm MnSi thin film (Fig. 1.6b) [START_REF] Neubauer | Topological Hall effect in the A phase of MnSi[END_REF][START_REF] Li | Robust formation of skyrmions and topological Hall effect anomaly in epitaxial thin films of MnSi[END_REF]. The skyrmion phase diagram can be extracted from these measurements, showing the skyrmions appearing in a It should be noted that not only skyrmions and skyrmion bubbles may cause topological Hall effect, as chiral spin structures may give rise to Berry phases and thus topological Hall effect. For example, the fan spin structure present in MnP causes a topological Hall effect, driven by the spin chirality of the magnetic structure [START_REF] Shiomi | Emergence of topological Hall effect from fanlike spin structure as modified by Dzyaloshinsky-Moriya interaction in MnP[END_REF].

Anomalous Hall effect

The anomalous Hall effect is one of the oldest magnetotransport phenomena observed in condensed matter, having been discovered by Edwin H. Hall himself who noticed that the pressing electricity (now called Hall voltage) of a ferromagnet was one order of magnitude larger than in non-magnetic conductors [START_REF] Hall | XVIII. On the "Rotational Coefficient" in nickel and cobalt[END_REF]. More than half a century later, it was shown that this anomalous Hall effect is proportional to the magnetization of the sample [START_REF] Pugh | Hall emf and intensity of magnetization[END_REF]:

ρ xy = R 0 H + R S M. (1.6)
The first theory of anomalous Hall effect [START_REF] Karplus | Hall effect in ferromagnetics[END_REF] showed that, by applying an electric field, electrons may gain an "anomalous velocity" perpendicular to the electric field, accumulating at the sides of the conductor and causing the anomalous Hall effect.

The concept of anomalous velocity has now been superseded by the Berry curvature (defined as Berry phase per unit area in reciprocal space), to which it is proportional.

There are different mechanisms that can produce a Berry curvature in electrons.

The first mechanism proposed is the intrinsic deflection, a band-dependent contribution, independent of impurities, arising in a perfect crystal. Later theories showed State of the art that a Berry curvature can be also acquired through extrinsic mechanisms: asymmetrical skew scattering from impurities [START_REF] Smit | The spontaneous Hall effect in ferromagnetics II[END_REF], and by deflection from spin-orbit coupled impurities [START_REF] Berger | Side-jump mechanism for the Hall effect of ferromagnets[END_REF]. These mechanisms are shown in Fig. 1.7.

Although it was not clear from the start, the intrinsic anomalous Hall effect is an inherently topological process. When the first theories were formulated, the concept of Berry phase was not known and the precise mathematical interpretation of the anomalous velocity could not be obtained. However we now know that the geometrical phase effects present in any anomalous Hall mechanism stem from the topology of the space, be it reciprocal or real, where the electrons are confined. This topological interpretation was stressed by Onoda and Nagaosa [START_REF] Onoda | Topological Nature of anomalous Hall effect in ferromagnets[END_REF], who showed that the Bloch states causing the intrinsic anomalous Hall effect are characterized by a topological Chern number, and the anomalous Hall effect occurs when this number is non-zero.

It should also be pointed out that the theory of topological Hall effect [START_REF] Bruno | Topological Hall effect and Berry phase in magnetic nanostructures[END_REF] originated in the scientific discussion on the theory of anomalous Hall effect, since topological and anomalous Hall effect can be both seen as the manifestation in electron transport of the Berry phase.

Perovskite manganites

Perovskite manganites are a class of materials known for hosting a wide range of phenomena (metal-insulator transition, diverse magnetic orders, half-metallicity).

These materials are also remarkably sensitive to stimuli (strain and interface engineering, magnetic and electric field, and even doping), making them ideal candidates for engineering and then studying physical phenomena in the materials realm.

Interest in manganites sparked in the '50s with the discovery of the colossal magnetoresistance, but faded since the magnetic field needed to exploit this effect were too large. In the following decades decades, as spintronics began to develop, this class of materials was studied for its peculiar characteristic of being a half-metal [START_REF] Bowen | Nearly total spin polarization in La 2/3 Sr 1/3 MnO 3 from tunneling experiments[END_REF], meaning that at the Fermi level only one electron spin state has a non-zero density of states and so the current is 100% spin polarized.

These materials also feature very rich phase diagrams with doping, exhibiting metal-insulator transitions, ferromagnetic-antiferromagnetic transitions that give birth to non-coplanar spin texture, coupling with bosons, and charge-and orbital-ordering.

Additionally, close to the metal-to-insulator transition strong correlations are present and strongly depend on doping and strain. These electronic, magnetic and ordering phenomena can depend on one another, and this interplay can be observed with the help of the strong tunability of this phenomena. 1.2.1 Crystal structure and electronic configuration

1.2.1.1 The perovskite unit cell Manganites typically have a R 1-x M x MnO 3 (0 < x < 1) chemical structure, where
R typically is a rare earth material (e.g. La) and M typically is an alkaline earth metal (e.g. Ca, Sr). They crystallize in the perovskite ABO 3 structure, pictured in Fig. 1.8a. The perovskite unit cell comprises, in its center, a B cation enclosed in an oxygen octahedron and, at the corners, an A cation. This structure, in its most basic form, is purely cubic, and its stability depends on the delicate balance between ionic radii of the A and B cations. Both radii need to be large enough to accommodate the bond with the oxygen ions, but if the ionic radius of A is too large, the oxygen octahedron is excessively strained and the crystal structure collapses; the ionic radius of B, on the other hand, if larger than that of A, distorts the oxygen octahedron which starts to tilt under strain, reducing symmetry, and if this distortion is too large, the crystal structure is again not stable. This is formalized by the tolerance factor (or Goldschmidt factor) [START_REF] Goldschmidt | Die gesetze der krystallochemie[END_REF][START_REF] Goldschmidt | Geochemistry[END_REF] 

t = r A + r O √ 2(r B + r O ) , (1.7) 
which represents the balance between the radii of the A and B cations, and thus between the A-O and B-O bonds. When t = 1 and the unit cell is cubic, but if t = 1 the unit cell can be compressed and deformed and the oxygen octahedron can undergo tilts and rotation:

• t > 1 the unit cell is hexagonal • 1 > t > 0.9 the unit cell is cubic Figure 1.9: (a) Energy levels of 3d orbitals in vacuum, split by crystal field (first splitting) and then by Jahn-Teller effect with elongation along z (second splitting) [START_REF] Panwar | Structural, Morphological, Magneto-Transport and Thermal Properties of Antimony Substituted (La, Pr) 2/3 Ba 1/3 Mn 1-x Sb x O 3 Perovskite Manganites[END_REF]. (b) 3d electron orbitals [START_REF] Coey | Magnetism and magnetic materials[END_REF].

• 0.9 > t > 0.8 the unit cell is rhombohedral • 0.8 > t > 0.7 the unit cell is orthorhombic • 0.7 > t the structure is not a perovskite (e.g. ilmenite or corundum)

These ranges are valid only for bulk materials, as in thin film the substrate strain also influences the crystal structure.

Crystal field splitting and Jahn-Teller effect

The electronic configuration of a perovskite manganites is highly sensitive to its crystalline structure due to Coulomb interaction with the surrounding charges. In vacuum, the valence electrons of a Mn ion are in the 3d orbitals, which are degenerate.

However, when this Mn ion is in the octahedrally-coordinated B site of the perovskite unit cell, the different symmetries of the different will have different energies due to the non-uniform environment (Fig. 1.9). Here, the 3d orbitals split into the lower t 2g triplet (xy, yz, and zx, which have less overlap with the oxygen p electrons) and the upper e g doublet (x 2 -y 2 and z 2 orbitals, which have more overlap with the neighboring oxygen p electrons). This is called crystal field splitting.

The electronic structure depends on the crystal structure, but the opposite is also true. If we imagine the oxygen octahedron elongating along z (by 2δ) and contracting along x and y (by δ), preserving its volume, then the x 2 -y 2 and xy increase their overlap with the oxygen electrons, and increase their energy by 3∆. Meanwhile, the z 2 , yz, and zx orbitals decrease their overlap with the oxygen electrons, decreasing their energy by 2∆ for z 2 and ∆ for yz and zx. If there are three, or five, electrons in the 3d orbitals, the net change in energy due to this distortion is zero, but if the 3d electrons are four, there is a net decrease in energy of ∆ (Fig. 1.9). This means that this distortion is self-stabilized by the decrease in potential energy that it brings, and thus appears spontaneously. This is called Jahn-Teller effect [START_REF] Jahn | Stability of polyatomic molecules in degenerate electronic states-I-Orbital degeneracy[END_REF]. By these means, it is not possible to predict the direction of the elongations and contractions, but we can only predict that the undistorted system is unstable.

In the single valence manganites like LaMnO 3 , Mn is in the 3+ oxidation state, which has a 3d 4 valence configuration. Thus, LaMnO 3 is uniformly Jahn-Teller distorted. In the case of mixed-valence manganites, the situation is a bit more complex.

Since the degree of Jahn-Teller effect depends directly on the valence of Mn ions, if there is more than one valence state then the Jahn-Teller distortion becomes distributed non-uniformly. If the charge carriers are associated to a valence state that favors Jahn-Teller effect (e.g. 3+), then, as they move through the material, they carry Jahn-Teller distortions with them. If, on the other hand, the charge carriers are associated to a valence state with no Jahn-Teller effect (e.g. 4+), then they remove Jahn-Teller distortions as they travel. Thus, charge carriers in mixed-valence manganites tend to be strongly interacting with Jahn-Teller distortions.

Correlations and metal-insulator transitions

The Mn ions in manganites typically have an oxidation state between 2+ and 4+, meaning that their valence varies between 3d 3 and 3d 5 . Their 3d orbitals are halffilled, and conventional band theory would argue that they are conductors. However, all single-valence manganites are insulators [START_REF] Coey | Mixed-valence manganites[END_REF]. This is due to electron-electron interactions (and crystal-field splitting), which are not considered by conventional band theory.

The theory to account for static correlations was developed by Mott and Hubbard [START_REF] Mott | Discussion of the paper by de Boer and Verwey[END_REF][START_REF] Hubbard | Electron correlations in narrow energy bands III. An improved solution[END_REF]. In the Mott-Hubbard model, a Coulomb repulsion term is added to the-tight binding Hamiltonian:

H = i i ni -t ij ĉ † i ĉj + ĉ † j ĉi + U i (n i↑ ni↓ ) (1.8)
where the first term in the potential orbital energy, the second is the kinetic energy, and the third is electron-electron Coulomb repulsion. U is the Hubbard parameter and is the energy necessary to transfer a 3d electron to a neighboring Mn 3d orbitals.

If U is small, the conventional tight binding Hamiltonian is recovered. The cutoff value for U is the bandwidth W of the valence 3d electrons: if U W then a bandgap is opened in the otherwise half-filled d band, and the system becomes insulating. This is represented schematically in Fig. 1.10a: if U is large enough the electrons are not able to delocalize due to the presence of the other repelling electrons, and become localized in the Mn ions. In this condition, the material is called a Mott-Hubbard insulator. [START_REF] Coey | Magnetism and magnetic materials[END_REF]. U dd is the on-site Hubbard U and U pd is the charge transfer energy ∆ ct , while t is the hopping integral which in this case it is assumed to be equals to the bandwidth W .

In manganites, U is in the 5 -10 eV range while W ≈ 1 eV [START_REF] Coey | Mixed-valence manganites[END_REF], putting them in the strongly correlated U W regime. However, some manganites such a CaMnO 3 If U < ∆, the previous Mott-Hubbard insulator is recovered, where, in their ground state, the electrons remain fully localized. However, if U > ∆ then charge transfer becomes the dominant, lowest-energy excitation. These materials are called charge-transfer insulators, where electrons are able to hop between Mn 3d and their hybridized O 2p orbitals, but not to another Mn ion.

A directly measurable consequence is that the band gap of a charge-transfer insulator is opened between O 2p and Mn 3d orbitals, while that of a Mott-Hubbard insulator is opened between only Mn 3d orbitals (Fig. 1.10a,b). The phase diagram of the electronic phase of a material as a function of U and W .

Single-valence manganites exhibit some kind of insulating behavior since their associated U and ∆ values are greater than their bare bandwidth W . This is because, owing to their small carrier density, there is little electron-screening. In mixed-valence manganites, the carrier density is increased and electron screening increases. In this situation, the screened Coulomb interaction becomes

U (r) = U 0 (r) exp(-r/λ s ) (1.9)
where U 0 (r) is the unscreened potential and λ s ≈ a * 0 /4n 1/3 is the Fermi-Thomas screening length, with a * 0 the Bohr radius and n the carrier density [START_REF] Kittel | Introduction to Solid State Physics[END_REF]. The Coulomb interaction becomes negligible for values of carrier densities above the Mott criterion:

n 1/3 a * 0 = C (1.10)
where C is a constant, according to various estimates, in the 0.2 -1 range. Thus, as mixed-valence manganites reach this critical carrier density value, a metal-insulator transition is achieved.

Correlations are not the only mechanisms that opens the band gap in manganites, and oxides in general. In perovskite oxides, the ubiquity of structural distorsions (both cubic or orthorhombic crystal-field splitting, or Jahn-Teller distortions) also implies a splitting of the 3d levels, opening band gaps [START_REF] Varignon | Origin of band gaps in 3d perovskite oxides[END_REF]. While this implies that the Mott-Hubbard model is not necessarily the key to justifying why these materials are insulating, it does not imply that correlations are not present. Static correlations are always present (as they are the mechanism behind crystal-field splitting and Jahn-Teller distortions), and dynamical correlations may also be at play in other mechanisms. The role of correlations in transport in manganites will be described in 1.2.3.2

Magnetic structure and properties

The magnetic configuration of manganites relies on exchange mechanisms, beyond the simple Heisenberg exchange interaction, and strongly depends on the crystal structure and orbital occupancy of the Mn ions.

Single-valence manganites and superexchange

Single-valence manganites are insulators where electrons are localized and there is negligible overlap between the wave functions of electrons in different Mn ions, so simple Heisenberg exchange does not occur. Mn 3d and O 2p orbitals hybridize and so, as Mn atoms hybridize with the same O ion, the latter ion acts as a bridge and allows for exchange interaction between the electrons in the orbitals of the two Mn ions.

This is a second order process where the total energy of the interaction is the energy required to form an excited state through virtual hopping of two electrons [START_REF] Goodenough | Theory of the role of covalence in the perovskite-type manganites [La,M(II)]MnO 3[END_REF][START_REF] Kanamori | Superexchange interaction and symmetry properties of electron orbitals[END_REF]. state with high energy prevented by the Pauli exclusion principle, while the antiferromagnetic configuration excites states with lower energy. Thus, antiferromagnetism tends to be the preferred magnetic order in single-valence insulating manganites such as CaMnO 3 or LaMnO 3 .

The above argument is based on the assumption that magnetism arises from a single, unpaired electron. This is not always the case, but more complicated situations can be dealt in a similar manner. This is summarized in the Goodenough-Kanamori empirical rules:

1. When the Mn cations have singly-occupied 3d orbitals with a M-O-M bond angle of 120 • -180 • , superexchange is strongly antiferromagnetic. 2. When the Mn cations have singly-occupied 3d orbitals and the M-O-M angle is 90 • , superexchange is weakly ferromagnetic. 3. When the overlap is between an singly-occupied orbital and an unoccupied or double occupied orbital, superexchange is weakly ferromagnetic. Rules (2) and (3) are rarely applied in manganites, where normally the insulating state of single-valency is antiferromagnetic.

Mixed-valence manganites and double exchange

Mixed-valence manganites, unlike the single-valence ones, possess ferromagnetic and metallic phases. Here, the A-site cations are not all of the same species, making the Mn cations not all of the same oxidation state. Thus, instead of superexchange, which requires single valence, double exchange arises are the dominant interaction.

As in the case of superexchange, there is no direct coupling between the magnetic 3d orbitals, and we can treat the mechanism as a second-order process due to the hybridization and overlap to O 2p orbitals [START_REF] Zener | Interaction between the d-shells in the transition metals. II. Ferromagnetic compounds of manganese with perovskite structure[END_REF]. The total energy of the interaction is the energy required to form an excited state through hopping of one electron from one Mn ion to another, through the O ion.

In Fig. 1.12 we see the possible double exchange mechanism for ferromagnetic and antiferromagnetic configurations between the 3d 4 -occupied Mn 3+ and 3d 3 -occupied Figure 1.12: Double exchange interaction: (a) if the two Mn ions are ferromagnetically aligned, then the e g electron can freely hop from Mn 3+ to Mn 4+ , passing through the connecting O ion; (b) if the two Mn ions are not ferromagnetically aligned, then the e g electron would need to change spin direction to conform with Hund's rules, and thus cannot hop as to do so it would have to pass a high energy barrier. [START_REF] Blundell | Magnetism in Condensed Matter Physics[END_REF] Figure 1.13: La 1-x Sr x MnO 3 phase diagram shows that transport and magnetic properties are function of Sr ions fraction. In the range 0.2 < x < 0.5 the compound becomes ferromagnetic and metallic, under a Curie temperature near room temperature, due to double exchange [START_REF] Fujishiro | Charge ordering and sound velocity anomaly in La 1-x Sr x MnO 3 (x ≥ 0.5)[END_REF] Mn 4+ . If the ions are aligned ferromagnetically, then an electron from the Mn 3+ ion is able to hop to the Mn 4+ ion, through the O ion. If the ions are aligned antiferromagnetically, then this electron will feel a strong potential energy from the Hund coupling (typically 2 eV in manganites [START_REF] Coey | Magnetism and magnetic materials[END_REF]). Unlike superexchange, these hopping states are not virtual but are are the hopping mechanism that allows the conducting electron on the Mn 3+ ion to move. Thus, ferromagnetism arises because it allows the electrons to delocalize, reducing the kinetic energy of the system which allowed to be metallic. Double exchange is the reason why in manganites, metal-insulator transitions are normally accompanied by ferromagnetic-antiferromagnetic transitions. For example, La 1-x Sr x MnO 3 , where a fraction x of the Mn ions are Mn 4+ , and 1 -x are Mn 3+ . When x = 0, the material is simply LaMnO 3 , a single-valence, insulating antiferro-State of the art Double exchange can also occur in systems that are not fully ferromagnetic but rather canted antiferromagnets, magnetic systems can arise due to competition between different interactions, including double exchange [START_REF] De Gennes | Effects of double exchange in magnetic crystals[END_REF]. Weak ferromagnets are a kind of canted antiferromagnets where the dominant magnetic order is antiferromagnetic but the spins are all canted uniformly in one direction, due to double exchange, giving the whole material a net magnetization [START_REF] Solovyev | Spin canting in three-dimensional perovskite manganites[END_REF][START_REF] Ohnishi | Spincanting in lightly electron-doped CaMnO 3[END_REF].

Dzyaloshinskii-Moriya interaction

In 1.1.1.2 we showed how the Dzyaloshinskii-Moriya interaction (DMI) stabilizes skyrmions in systems with global inversion symmetry breaking. However, DMI theory originated to explain spin canting in antiferromagnets with spin-orbit coupling and local symmetry breaking [START_REF] Dzyaloshinsky | A thermodynamic theory of "weak" ferromagnetism of antiferromagnetics[END_REF][START_REF] Moriya | Anisotropic superexchange interaction and weak ferromagnetism[END_REF]. The energy involved follows the expression

E DM = D • ( s 1 × s 2 ) (1.11)
where s 1 and s 2 are the spins involved in the exchange and D is the DM vector, which vanishes when the center between the two spins is centrosymmetric (i.e. that point has some kind of inversion symmetry).

In a superexchange material, DMI can occur if the Mn-O-Mn angle is not flat, locally breaking the inversion symmetry. In this case, represented in Fig. 1.14a, there is a DM vector

D = r 1 × r 2 = r 12 × x (1.12)
where the vectors involved are shown in Fig. 1.14a. This interaction results in a canting is typically around 1 • . This can occur both in antiferromagnets, resulting in either a small ferromagnetic component or in an additional antiferromagnetic ordering in a secondary orientation. This is shown in 1.14a: LaMnO 3 has a dominant A-type antiferromagnetic dominant magnetic order (ferromagnetically-aligned planes antiferromagnetically aligned with one another). In addition to this antiferromagnetism, the tilt of the oxygen octahedra surrounding the Mn ions gives rise to DMI that cants the spins, forming a secondary antiferromagnetic order.

The role of the symmetry breaking needs to be clarified. For the DMI to exist (i.e. D = 0) the center between the two magnetic ions needs to be non-centrosymmetric.

This does not imply lack of centrosymmetry of the material, as local symmetry breaking can give rise to a local DMI. The tilt of the oxygen octahedra (Fig. 1.14b) breaks the symmetry only locally, although globally i D i = 0, as one should expect in a centrosymmetric material such as LaMnO 3 . For the DMI to be global ( i D i = 0), there needs to be global symmetry breaking that occurs in non-centrosymmetric crystal structure, or at interfaces in multilayers (containing both materials with magnetic exchange ordering and strong spin-orbit coupling).

Electronic properties and transport

Polarons and electronic transport

First attempts to model the transport properties only used double exchange, the tendency to hop while maintaining a ferromagnetic configuration. However, double exchange alone does not explain the transport behavior of manganites [START_REF] Chattopadhyay | Optical spectral weights and the ferromagnetic transition temperature of colossal-magnetoresistance manganites: Relevance of double exchange to real materials[END_REF], in particular in this model there is no mechanism to explain how the kinetic energy of the carriers can decrease around the transition temperature T C , driving the metal-insulator transition [START_REF] Millis | Double exchange alone does not explain the resistivity of La 1-x Sr x MnO 3[END_REF]. One proposed mechanism that could drive the transition is polarons:

quasiparticles formed by carriers that, as they move around the material, they drag along coupled lattice distortions which reduce the carriers' mobility. As phonon occupancy increases with temperature, so does the number of coupled phonons, decrease the mobility of the polaron. At the transition temperature, the coupling to phonons increases to the point that the carriers slow down and localize, bringing about a metalinsulator transition, and consequently a magnetic one, at the transition temperature

T C ≈ ω 0 /2k B ,
where ω 0 is the energy of the dominant phonon mode [START_REF] Appel | Polarons[END_REF].

The existence of polarons has been confirmed by thermal measurements [START_REF] Alexandrov | Evidence for polaronic Fermi liquid in manganites[END_REF], optical conductivity [START_REF] Hartinger | Large and small polaron excitations in La 2/3 (Sr/Ca) 1/3 MnO 3 films[END_REF] and reflectivity [START_REF] Hartinger | Polaronic excitations in colossal magnetoresistance manganite films[END_REF], angle resolved photoelectron spectroscopy [START_REF] Massee | Bilayer manganites reveal polarons in the midst of a metallic breakdown[END_REF] and neutron scattering [START_REF] Weber | SigNature of checkerboard fluctuations in the phonon spectra of a possible polaronic metal La 1.2 Sr 1.8 Mn 2 O 7[END_REF]. However, there are still open questions about these polarons, for example regarding their magnetism and size. We will focus on their effects on the electric transport of thin manganite films.

Early attemps at fitting the resistivity of the low temperature metallic resistivity of CMR manganites used a polynomial [START_REF] Ziman | Electrons and phonons: the theory of transport phenomena in solids[END_REF][START_REF] Snyder | Intrinsic electrical transport and magnetic properties of La 0.67 Ca 0.33 MnO 3 and La 0.67 Sr 0.33 MnO 3 MOCVD thin films and bulk material[END_REF][START_REF] Jaime | Coexistence of localized and itinerant carriers near T C in calcium-doped manganites[END_REF]]

ρ(T ) = ρ 0 + ρ 2 T 2 + ρ 5 T 5 . (1.13) 
Where ρ 0 represents impurity scattering, ρ 2 T 2 electron or magnon scattering and ρ 5 T 5 phonon scattering. The T 2 power law has been initially interpreted as electronelectron scattering. However, the electron-electron resistivity parameter ρ 2 is related with the coefficient of the electronic specific heat γ by the Kadowaki-Woods relation

ρ 2 /γ 2 ≈ 1 × 10 -5 µΩ cm (mole K/mJ) 2 [70]
. The ρ 2 parameters obtained with this approach are however two orders of magnitude higher than what one would expect from this relation [START_REF] Jaime | Electronic Transport in La-Ca Manganites[END_REF], indicating that this scattering mechanism is in fact due to magnons. There are also issues with interpreting T 2 as a magnon scattering power law, since it arises from a one-magnon process. Manganites like La 1-x Sr x MnO 3 are half metals, meaning that the minority spin state has a zero DOS at the Fermi energy E F [START_REF] Bowen | Nearly total spin polarization in La 2/3 Sr 1/3 MnO 3 from tunneling experiments[END_REF]. The bottom of the minority spin state is 350 meV from E F [START_REF] Bowen | Nearly total spin polarization in La 2/3 Sr 1/3 MnO 3 from tunneling experiments[END_REF], making one-magnon scattering mechanisms unlikely. The T 5 electron-phonon scattering terms also raises many problems. First of all, imposing this power law makes this polynomial applicable only in small temperature ranges (see Fig. 1.16a). This power law is also obtained for the case of simple non-interacting electrons with a spherical Fermi surface, which is not the case for manganites (we will report these findings in 1.2.3.3).

The value of ρ 5 is also two orders of magnitude smaller than in metals, pointing out further the fact that this power law is not applicable in manganites as it ignores the polaronic character of the carriers.

A second approach, suggested by Kubo and Ohata [START_REF] Kubo | A quantum theory of double exchange[END_REF], substitutes the latter term T 5 with T 4.5 :

ρ(T ) = ρ 0 + ρ 2 T 2 + ρ 4.5 T 4.5 . (1.14)
This expression retains the same problems that arise from the use of the T 2 term, whereas introducing the two-magnon scattering power law ρ 4.5 T 4.5 further neglects polaronic effects by completely ignoring electron-phonon interaction. Fits using this expression can be done by imposing a limited temperature range, as in the previous case, and the obtained coefficient ρ 4.5 is too small to be physically meaningful [START_REF] Snyder | Intrinsic electrical transport and magnetic properties of La 0.67 Ca 0.33 MnO 3 and La 0.67 Sr 0.33 MnO 3 MOCVD thin films and bulk material[END_REF][START_REF] Graziosi | Polaron framework to account for transport properties in metallic epitaxial manganite films[END_REF].

Other attemps include using a generic T α term [START_REF] Mercone | Transport properties in manganite thin films[END_REF], with no clear physical meaning, and a Bloch-Grüneisen expression [START_REF] Mansuri | Structure and electrical resistivity of La 1 -xBa x MnO 3 (0.25 ≤ x ≤ 0.35) perovskites[END_REF], which worked only at low temperatures for thin films [START_REF] Varshney | Electrical resistivity in the ferromagnetic metallic state of La-Ca-MnO 3 : Role of electron-phonon interaction[END_REF].

The first attempts at using polaron theory to model the resistivity of manganites was from Zhao and colleagues [START_REF] Zhao | Electrical transport in the ferromagnetic state of manganites: Small-polaron metallic conduction at low temperatures[END_REF][START_REF] Zhao | Strong oxygen-isotope effect on the intrinsic resistivity in the ferromagnetic state of manganites[END_REF]. According to theory [START_REF] Lang | Kinetic theory of semiconductors with low mobility[END_REF], the electron-phonon scattering rate in the presence of strong electron-phonon coupling is

1 τ = α A α ω α sinh 2 ( ω α /2k B T ) (1.15)
where A α a constant that depends on the conduction band width and the strength of the electron-phonon interaction, ω α is the energy of the phonons, and the sum is across all optical phonon modes. Due to the strong inverse proportionality between the factor 1/ sinh 2 ( ω α /2k B T ) and ω α , the above expression can be approximated

1 τ ≈ A 0 ω 0 sinh 2 ( ω 0 /2k B T ) (1.16)
for the softest coupled phonon mode, with energy ω 0 . The temperature dependence of the resistivity becomes

ρ(T ) = ρ 0 + Eω 0 sinh 2 ( ω 0 /2k B T ) (1.17)
where the prefactor E contains the effective mass of the polarons. This model accurately fits the data of La This model fails to account for the temperature-dependent effective mass enhancement. As the temperature increase, so does the occupancy of phonon modes coupled to the polaron, decreasing its mobility and increasing its mass. In the Sewell model [START_REF] Sewell | Electrons in polar crystals[END_REF],

used for strong coupling, the effective mass increases exponentially with temperature:

m * = m 0 exp g 2 coth( ω 0 /2k B T ) . (1.18)
Here m 0 is the bare carrier mass, g 2 the zero-temperature band narrowing factor and ω 0 the energy of the softest coupled phonon mode.

The first (and to our knowledge, the only) model containing the polaronic character of carrier able to fit the metallic phase of manganites up to the transition temperature T C is from Graziosi and colleagues [START_REF] Graziosi | Polaron framework to account for transport properties in metallic epitaxial manganite films[END_REF], who included electron-magnon scattering, electron-phonon scattering in the presence of strong electron coupling (Eq. 1.16) and polaronic mass enhancement (Eq. 1.18). The resulting resistivity is

ρ(T ) = ρ 0 + ρ 2 T 2 + ρ e-ph 1 sinh 2 ( ω 0 /2k B T ) exp g 2 coth( ω 0 /2k B T ) . (1.19) 
This equation is able to fit a variety of manganites, with value in good agreement with literature. We note, however, that the T 2 electron-magnon scattering term was obtained heuristically by linearizing the ρ(T ) curve at low temperatures, even though is arises from a scattering process that is not allowed in half-metallic manganites.

In the presence of strong on-site Hund interaction, electronic spin-waves are coupled ferromagnetically to the spin waves of the localized moments (composite spin-waves).

In this picture, one-magnon scattering processes are allowed and should produce a T 1.5 dependence of the resistivity [START_REF] Calderón | Low-temperature resistivity in doubleexchange systems[END_REF].

Most manganites feature an insulating paramagnetic phase upon heating above the transition temperature. In polaron theory, this is due to the electron-phonon coupling, whose strength increase with temperature, eventually reducing the mobility of the polarons. The electronic nature of this latter state in not yet entirely clear.

Charge carrier density collapse (CCDC) theory posits that the transition is driven by the competition between double exchange, which delocalizes the carriers, and electronphonon coupling, which localizes the carriers. As the temperature increases, electronphonon interaction becomes stronger and ultimately binds two different polarons into a bipolaron, which are the dominant carriers in the high temperature phase. In this regime the resistivity is

ρ = ρ 0 T exp - ∆ 2k B T (1.20)
where ∆ is the bipolaron binding energy. Single crystals and thin films thicker than 40 nm may exhibit metal-metal insulator [START_REF] Graziosi | Polaron framework to account for transport properties in metallic epitaxial manganite films[END_REF][START_REF] Urushibara | Insulator-metal transition and giant magnetoresistance in La 1-x Sr x MnO 3[END_REF], although the nature of this paramagnetic metal is not well understood.

Two models representing the ferromagnetic and paramagnetic phase can be combined into one single expression [START_REF] Alexandrov | Carrier density collapse and colossal magnetoresistance in doped manganites[END_REF] 

ρ(T ) = ρ f (T ) F (T ) • ρ f (T ) P (T ) (1.21)
where ρ F (T ) is the fit of the low ferromagnetic phase, ρ B (T ) the fit of the high temperature paramagnetic phase, and

f (T ) = 1 2 1 -erf T -T C T ς (1.22)
represent the fraction of the ferromagnetic phase, with ς is the non-ideality exponent [START_REF] Graziosi | Polaron framework to account for transport properties in metallic epitaxial manganite films[END_REF] that takes into account the possible phase separation known to happen in transitions in manganites [START_REF] Kabanov | Electric conductivity of inhomogeneous two-component media in two dimensions[END_REF][START_REF] Becker | Intrinsic inhomogeneities in manganite thin films investigated with scanning tunneling spectroscopy[END_REF].

Mass enhancement

Polarons have their mass enhanced by electron-phonon interaction. The effective mass computed by Sewell (Eq. 1.18), obtained from tight binding computations, is a convenient way to visualize the mass enhancement and the subsequent band narrowing as a function of temperature. However, being an ab initio calculation, it depends on the parameter g 2 which is not always easily relatable to the measured properties of materials.

Polarons coupled to long-range distortions are described by the Fröhlich model [START_REF] Fröhlich | Electrons in lattice fields[END_REF].

Here, the strength of the electron-phonon coupling is described by the parameter

α = e 2 4π 0 κ m 2 ω 0 (1.23)
where m is the bare mass and

1 κ = 1 HF - 1 S (1.24)
with HF the high frequency relative dielectric constant and S the static relative dielectric constant. In the intermediate-coupling regime (1 < α < 5), perturbation theory shows that the mass enhancement is [START_REF] Alexandrov | Polarons & bipolarons[END_REF] m

* m = 1 1 -α/6 , (1.25) 
Figure 1.17: Effective mass of a Frölich polaron as a function of its coupling parameter α [START_REF] Mishchenko | Diagrammatic quantum Monte Carlo study of the Fröhlich polaron[END_REF].

while in the high-coupling regime (α > 10)

m * m = α 4 48 . (1.26) 
Quantum Monte Carlo algorithm have been used to estimate the mass enhancement without using any approximations, and have found that the previous expressions correctly estimate the polaron effective mass (Fig. 1.17).

When polarons are coupled to short-range distortion their behavior is described by the Holstein model [START_REF] Holstein | Polaron motion. I. Molecular-crystal model[END_REF]. Here the coupling is quantified by

λ = E P D (1.27)
where D is the half-bandwidth and E P ≈ q D e 2 πκ is the polaron level shift, with q D the Debye momentum. The effective mass is [START_REF] Alexandrov | Polarons & bipolarons[END_REF] m * m = (1 + λ).

(1.28)

However when electrons are coupled to short-range phonon modes, they become sensitive to the dimensionality, coordination number and crystal structure. Thus shortrange polarons can have larger effects [START_REF] Hague | Effects of lattice geometry and interaction range on polaron dynamics[END_REF] although a complete theory has not been formulated.

Mass enhancement in manganites can also be caused by correlations. In doped Mott insulators, as the transition to the insulating state is approached from the metallic side, the effective mass diverges [START_REF] Brinkman | Application of Gutzwiller's variational method to the metal-insulator transition[END_REF]. This can be understood from a purely thermodynamic perspective. In a doped Mott insulator, as the system approaches the metal-insulator transition, Coulomb repulsion localizes the carriers, turning then into localized spin moments. A system of n perfectly localized spin-1 2 moments carries a residual entropy S = n ln 2.

(1.29) Thus, the system approaches a state with a non-zero residual entropy, i.e. entropy that persists up to very low temperatures.

This residual entropy can be interpreted through Fermi liquid theory, although the consequences are more general [START_REF] Dobrosavljevic | Conductor-Insulator Quantum Phase Transitions[END_REF]. In a Fermi liquid, the entropy at the coherence temperature T * ∝ m -1 ef f is a constant:

S(T * ) = S c > 0. (1.30)
When the effective mass diverges (m ef f → +∞), the coherence temperature tends to zero (T * → 0), and consequently the system draws near a state with a non-zero residual entropy

S 0 = S(T * → 0) = S c > 0, (1.31) 
Thus, Fermi liquid theory states that a system tends to a state with a non-zero residual entropy when the effective mass of its carriers diverges. Hence, in doped Mott insulators, the mass divergence close to the metal-insulator transition is a sign of the approach towards a state with a non-zero residual entropy produced by correlations.

When the insulating state is at zero doping (n = 0), the mass enhancement of this mechanism is

m * m = 1 n α (1.32)
where typically α = 1 [START_REF] Brinkman | Application of Gutzwiller's variational method to the metal-insulator transition[END_REF][START_REF] Dobrosavljevic | Conductor-Insulator Quantum Phase Transitions[END_REF]. In thin film, values of α = 2 can be reached, as many-body effect, enhanced by low dimensionality, contribute to this effect [START_REF] Zhang | Correlation between screening and electron effective mass across the nonmetal-metal transition in ultrathin films[END_REF].

The increase of effective mass close to a Mott transition is seen in perovskite oxides.

For examples, in Sr-doped LaTiO 3 the effective mass reaches m * ≈ 20m 0 as the system approaches the insulating state of LaTiO 3 [START_REF] Fujishima | Optical-conductivity spectra of Sr 1-x La x TiO 3 : Filling-dependent effect of the electron correlation[END_REF]. Ce-doped SrMnO 3 also features strong mass enhancement, with the effective mass reaching m * ≈ 10m 0 at the Mott-insulating state of SrMnO 3 [START_REF] Sakai | Electron doping in the cubic perovskite SrMnO 3 : Isotropic metal versus chainlike ordering of Jahn-Teller polarons[END_REF]. However, this is not a gradual mass enhancement such as that of Sr-doped LaTiO 3 , but rather a sharp increase concomitant with a structural transition to a tetragonal lattice due to doping, which forces the polarons to self-organize and change the strength of the electron-phonon interaction. These results show how both mass enhancement mechanisms are present in manganites, and that one has to be careful when attributing such enhancement to a specific mechanism.

Electronic structure in reciprocal space

Owing to the strong interaction of electrons with the crystalline structure and neighboring electrons, manganites feature rich electronic structures in reciprocal space. The Fermi surface can be imaged by measuring the photoemission signal while scanning the (k x , k z ) electron momentum space, revealing that the Fermi surface is composed of an electron pocket at Γ and quasi-2D cylinders in the x, y and z directions, intersecting at Γ.

Topology in manganites

Manganites, and in general oxide materials, have a wide range of degrees of freedom, and easily tunable properties and functionalities, making them attractive candidates to explore and harness topological states. Here we will briefly introduces recent developments in skyrmion states and topological Hall effect in manganites.

Skyrmions in manganites

In 2012 Nagai and colleagues reported the presence of magnetic bubbles with diameters of 100 -200 nm in the ferromagnetic and insulating bulk La 0.875 Sr 0.125 MnO 3 .

Lorentz microscopy showed that these elliptical bubbles (Fig. 1.19a) are topologically non-trivial, although most of the study focused not on the topology but rather on the size and shape, attributed to strong orbital ordering which increases the anisotropy.

Later studies showed that the metallic bulk La 0.825 Sr 0.175 MnO 3 nucleates both topological and non-topological bubbles of the same size (Fig. 1.19b) [START_REF] Kotani | Observation of spin textures in La 1-x Sr x MnO 3 (x = 0.175)[END_REF]. As one would expect in a non-centrosymmetric material, topological bubbles with opposite helicities are nucleated with the same frequency, proving that this type of topological bubble is stabilized by long-range dipole interaction rather than DMI, which nucleates bubbles with a preferred helicity (see Fig. 1.3a,b for comparison). Thus, these topological bubbles can be called skyrmion bubbles.

The latter manganite is also able to stabilize skyrmion bubbles at zero field. By field cooling the bulk material below the transition from rhombohedral to orthorhombic crystal structure, the zero-field uniform magnetization transitions to a skyrmion bubbles lattice, due to the change in anisotropy [START_REF] Yu | Variation of topology in magnetic bubbles in a colossal magnetoresistive manganite[END_REF]. Due to the lack of DMI, which favors certain helicities, and applied magnetic field, which induces Bloch line motion, the bubbles can have very different topologies. Fig. 1.20 shows such bubbles: aside from a standard Q = 1 spiral skyrmion bubble we can see a spiral skyrmion bubble encasing another one with opposite helicity, two identical skyrmion bubbles superimposed, and skyrmion bubbles sharing a domain wall with a non-topological bubble.

Skyrmion bubbles have also been reported in bulk La 0.5 Ba 0.5 MnO 3 , very similar to the latter manganite (Fig. 1.19c) [START_REF] Nagai | Formation of nanoscale magnetic bubbles in ferromagnetic insulating manganite La 7/8 Sr 1/8 MnO 3[END_REF]. Here, however, the skyrmion states are present only at temperatures higher than the magnetic transition temperature T C , indicating a strong presence of thermal fluctuations, while in the previous reports on La 1-x Sr x MnO 3 the skyrmion bubbles were stable under the respective transition temperatures. Recently, skyrmion bubbles have been detected also in manganite thin films [START_REF] Nakamura | Emergence of topological Hall effect in half-metallic Bibliography manganite thin films by tuning perpendicular magnetic anisotropy[END_REF]. We will now describe these results, together with reports of topological Hall effect in manganite thin films. 

State of the art

Topological Hall effect in manganites

Prior to 2018, there were no reports on the direct imaging of the topology of skyrmion bubbles in oxide thin films. This is due to technical difficulties with the signal-to-noise ratio in Lorentz microscopy when dealing with the weak out-of-plane magnetization of the skyrmion structures, in particular at low temperatures. Due to this, the first reports of a topological-like Hall effect in oxides thin films [START_REF] Ohuchi | Topological Hall effect in thin films of the Heisenberg ferromagnet EuO[END_REF][START_REF] Ahadi | Evidence of a topological Hall effect in Eu 1-x Sm x TiO 3[END_REF] could not point out directly at topological bubbles as the source of the discovered Hall effect.

In 2018 skyrmion bubbles and topological Hall effect were reported in La 0.7 Sr 0.3 ers [START_REF] Ziese | Hall effect of asymmetric La 0 .7Sr 0 .3MnO 3 /SrTiO 3 /SrRuO 3 and La 0.7 Sr 0.3 MnO 3 /BaTiO 3 /SrRuO 3 superlattices[END_REF]. The origin of the topological Hall effect could be topological textures, but it has been posited that Weyl nodes, which give rise to an intrinsic anomalous Hall effect in SrRuO 3 , could also be responsible for the effect. One example of an alternative model was formulated by Kan and colleagues [START_REF] Kan | Alternative to the topological interpretation of the transverse resistivity anomalies in SrRuO 3[END_REF], who showed that due to inhomogeneities in thin films of SrRuO 3 can also give rise to a contribution to the anomalous Hall effect indistinguishable in shape from a skyrmion-driven topological Hall effect.

Although in this model the effect is visible in a range of temperatures much smaller than the original paper it tries to refute [START_REF] Matsuno | Interface-driven topological Hall effect in SrRuO 3 /SrIrO 3 bilayer[END_REF] and this large inhomogeneity has not yet been observed in SrRuO 3 , this paper shows how alternative models can explain the topological Hall effect.

Anomalous Hall effect in manganites

The anomalous Hall effect in manganites has a strong dependence with temperature. 

n ± = αe -β(E C ±λSQa) (1.33)
where α ≈ 230, E C is the formation energy of the skyrmion string, λ is the spin-orbit coupling constant, S is the net localized spin and a is the lattice constant. Thus, 

ρ AHE = ρ 0 m (1 -m 2 ) 2 (1 + m 2 ) 2 (1.35) 
where m = M/M sat and ρ 0 ∝ λ .

1.2.5 CaMnO 3

Bulk properties

CaMnO 3 is a manganite which, in its bulk form, crystallizes into an antiferromagnetic and insulating perovskite. Its Mn ions are entirely 4+ while its Ca ions are 2+ [START_REF] Zeng | Charge ordering and magnetoresistance of Ca 1-x Ce x MnO 3[END_REF]. It is an insulator throughout a wide range of temperatures (see Fig. 1.23c), as one would expect from a single-valence manganite. X-ray photoemission experiments show that the bottom the conduction band is formed by Mn 3d states, while the top of the valence band by O 2p states [START_REF] Bocquet | Electronic structure of early 3d-transitionmetal oxides by analysis of the 2p core-level photoemission spectra[END_REF]. CaMnO 3 is thus a charge-transfer insulator.

Neutron diffraction experiments show that CaMnO 3 relaxes into an orthorhombically distorted perovskite structure (shown in Fig. 1.23)a, with symmetry group Pbnm (or Pnma, although throughout this thesis we will use the Pbnm convention), [START_REF] Caspi | Structural and magnetic phase diagram of the two-electron-doped (Ca 1-x Ce x )MnO 3 system: Effects of competition among charge, orbital, and spin ordering[END_REF], consistently with its tolerance factor t = 0.74. Its oxygen octahedra feature a a -a -c + tilt. ing, single-valence manganite. A second magnetic ordering is an A-type ferromagnetic canting in the y direction. This is caused by the oxygen octahedral tilt, which locally breaks inversion symmetry between different Mn ions and causes their spins to cant due to DMI [START_REF] Bousquet | Non-collinear magnetism in multiferroic perovskites[END_REF]. The antiferromagnetism caused by this tilt is A type, which corresponds to ferromagnetically aligned (010) planes, antiferromagnetically aligned to each other. The last ordering is a small uniform ferromagnetic canting in the z direction. This could be caused by magnetoelectric coupling [START_REF] Bousquet | Induced Magnetoelectric Response in Pnma Perovskites[END_REF], but also by DMI due to the in-phase c + oxygen octahedra rotations along z. The resulting canting angles are small (≈ 1 • ), but give CaMnO 3 a net measurable magnetic moment of about 0.04 µ B .

Ce doping

CaMnO 3 can be doped by substituting Ca by Ce ions, obtaining the mixed valence manganite Ca 1-x Ce x MnO 3 , where x represents the fraction of Ce ions. X-ray absorption spectroscopy shows that each Ce atom, in the 2+ oxidation state, donates two electrons to the system and transforms two Mn 4+ ions into one Mn 3+ [START_REF] Zeng | Charge ordering and magnetoresistance of Ca 1-x Ce x MnO 3[END_REF].

As Ce is doped into the material, the increasingly mixed-valence state brings about double exchange which starts to compete with superexchange [START_REF] Solovyev | Spin canting in three-dimensional perovskite manganites[END_REF][START_REF] Ohnishi | Spincanting in lightly electron-doped CaMnO 3[END_REF], and increases the net ferromagnetic canting up to 30 • for 8% doping (Fig. 1.24b). Together with this weak ferromagnetism, Ce doping stabilizes a metallic, weakly ferromagnetic phase between 6% and 8% doping (Fig. 1.24a) [START_REF] Caspi | Structural and magnetic phase diagram of the two-electron-doped (Ca 1-x Ce x )MnO 3 system: Effects of competition among charge, orbital, and spin ordering[END_REF]. Although this phase is due to Jahn-Teller-active Mn 3+ ions, there is no measurable structural change in this region.

At x = 10% Ca 1-x Ce x MnO 3 becomes insulating again, due to charge ordering. In this region the Jahn-Teller effect becomes apparent as it distorts the oxygen octahedra, elongating them along z and shortening them along x and y. Due to this change in Mn-O-Mn bond length, the manganite transitions from an orthorhombic perovskite to a monoclinic perovskite.

CaMnO 3 thin films

Thin films of CaMnO 3 can be grown epitaxially with up to ±1.5% strain. Fig.

1

.25b shows that the out-of-plane lattice parameter varies linearly with the mismatch with the substrate lattice, as one would expect in epitaxial growth due to elastic deformation. With larger strains, for example by growing thin films on SrTiO 3 substrates with a 5% tensile strain, the growth ceases to be epitaxial.

When Ce-doped, the phase diagram of these thin film strongly depends on strain. This is consistent with the out-of-plane lattice parameters with 5% doping, in the middle of this phase diagram, showing no elastic deformation of its crystal structure and thus no strain. With an increase of the tensile strain, by growing thin films on LaSrAlO 4 substrates, the metallic phase is not present. This is consistent with Mott transition theory: by increasing the lattice spacing an insulating behavior is favored Figure 1.26: Summary of the various crystal structures of thin BiFeO 3 thin films as a function of strain [START_REF] Sando | BiFeO 3 epitaxial thin films and devices: past, present and future[END_REF]. [START_REF] Mott | Discussion of the paper by de Boer and Verwey[END_REF]. Compressive strain, on the other hand, favors this metallic state. When grown on YAlO 3 with a -1% compressive strain, the metallic phase not only occurs in a larger doping range, but the onset is lowered to 2% Ce doping. This shows how strain engineering can increase the strong sensitivity to doping of CaMnO 3 .

Oxide ferroelectric devices

Ferroelectrics are materials which feature a spontaneous electric net polarization, which can be switched by an external electric field. Their reversible polarization is thus hysteretic, much like the magnetization of ferromagnets (hence the name ferroelectrics). This occurs in polar materials when the crystal structure becomes non-centrosymmetric, granting a net polarization due to dipoles forming in the single unit cells of the material.

Most ferroelectrics used for both applications and academic research are perovskite oxides, such as BaTiO 3 or PbZr x Ti 1-x O 3 . Perovskite oxides with purely ionic bonds have inherently centrosymmetric crystal structures where no spontaneous polarization can arise. However, when there is a degree of hybridization between the oxygen orbitals and the orbitals of either A or B cations, anisotropic orbitals are formed which destabilize the cation which is then displaced. Thus, centrosymmetry is broken an a spontaneous polarization arises, in a direction given by the distortions present in the crystal structure.

BiFeO 3

In recent years, BiFeO 3 has garnered a lot of attention due to it highest ferroelectric polarization ever measured, and being the only room-temperature multiferroic (i.e.

a material that exhibits more than one ferroic property). In its bulk form, BiFeO 3 crystallizes into a rhombohedrally distorted perovskite structure, with an antiferro- As with all perovskite oxides, thin films can be grown epitaxially on single-crystal substrates, controlling its structure and properties by strain. BiFeO 3 thin films grown with small epitaxial strain (between -2.6% and 1.2%) possess bulk-like structural properties with a small additional monoclinic distortion, and above 2% the structure becomes orthorhombic. Compressive strain between -3% and -4.2% transforms BiFeO 3 into a mix of rhombohedral phase and a tetragonal-like phase called T-phase with a large saturation polarization of up to 150 µC cm -2 . The defining feature of this T-phase is its high c/a = 1.2 -1.3 ratio, indicative of strong tetragonality. However, there is a debate regarding its space symmetry as there is a small monoclinic distortion along [START_REF] Chun | Magnetotransport in manganites and the role of quantal phases: Theory and experiment[END_REF]. In this mixed phase, a third polymorph is present. The structure of this intermediate phase is monoclinic, either M A or M C depending on the temperature. For compressive strains larger than -4.2%, BiFeO 3 may be stabilized in a pure T-phase. The strain dependence of the crystal structure of BiFeO 3 is schematized in In BiFeO 3 , ferroelectricity arises from Bi lone pairs. Fig. 1.27a shows the polarization of a BiFeO 3 thin films on SrTiO 3 substrates with bulk-like rhombohedral structure, demonstrating that its polarization lies in the [START_REF] Matsuno | Interface-driven topological Hall effect in SrRuO 3 /SrIrO 3 bilayer[END_REF] direction. When BiFeO 3 assumes other crystal structures, the ferroelectric polarization re-orients itself in the [START_REF] Wang | Ferroelectrically tunable magnetic skyrmions in ultrathin oxide heterostructures[END_REF] pseudocubic plane, as shown in Fig. 1.27b. M A monoclinic is oriented slightly towards [001] while M B monoclinic is slightly towards [START_REF] Wang | Ferroelectrically tunable magnetic skyrmions in ultrathin oxide heterostructures[END_REF]. M C monoclinic is tilted slightly away from [001], towards [START_REF] Matsuno | Interface-driven topological Hall effect in SrRuO 3 /SrIrO 3 bilayer[END_REF]. T-phase BiFeO 3 is polarized in the [001] direction while the orthorhombic phase is towards [START_REF] Wang | Ferroelectrically tunable magnetic skyrmions in ultrathin oxide heterostructures[END_REF]. By comparing the polarization vectors in Fig. 1.27b with the strain phase diagram in Fig. 1.26 that increasing compressive strain (R→M A →M C →T) brings the polarization vector from the unstrained [START_REF] Matsuno | Interface-driven topological Hall effect in SrRuO 3 /SrIrO 3 bilayer[END_REF] direction towards [001], and increasing tensile strain (R→M B →O) towards [START_REF] Wang | Ferroelectrically tunable magnetic skyrmions in ultrathin oxide heterostructures[END_REF].

Ferroelectric control of Mott insulators

Ferroelectric materials can be used in ferroelectric field-effect transistors, bilayer devices where, by switching the polarization of the ferroelectric layer, the properties of the underlying electrode are modified. The nominal accumulation or depletion of the surface carrier density at the ferroelectric/electrode interface is given by the magnitude of the polarization of the ferroelectric. Hence, to achieve a substantial modulation, one has to use a ferroelectric material with large polarization, and an electrode material strongly sensitive to changes in carrier density. A family of such kind of materials are oxide Mott insulators where doping influences functional properties and can be controlled by the ferroelectric field effect [START_REF] Ahn | Electrostatic modification of novel materials[END_REF]. [131]. Here the atomically-resolved and element-specific electronic properties of the film was measured by electron energy loss spectroscopy and the charge accumulation was estimated from the position of the Mn-L 3 position. Fig. 1.29 shows the depthprofiling of this excess charge, where we can see that the BiFeO 3 layer, polarized towards the CaMnO 3 , induces an excess charge of 0.65 e -in the first 10 unit cells of the doped CaMnO 3 at the interface. This value is smaller than the nominal value given by the polarization of BiFeO 3 of 0.9 e -per surface u.c., but it is also larger than the effective charge accumulation extracted from transport. This suggests that either a fraction of this interface accumulated charges are not mobile, or that ferroelectric switching is not complete.

Other reports ferroelectric control of a Mott insulator used PbZr 0.2 Ti 0.8 O 3 as the ferroelectric material. The first report is from Matthews and colleagues in 1997 [START_REF] Mathews | Ferroelectric field effect transistor based on epitaxial perovskite heterostructures[END_REF], who showed that PbZr 0.2 Ti 0. ON/OFF ratios of 30, by using the exchange coupling between the nickelate layer and a manganite buffer layer [START_REF] Chen | Interfacial Charge Engineering in Ferroelectric-Controlled Mott Transistors[END_REF].

Despite intensive efforts, a complete metal-insulator transition has not been successfully demonstrated in such devices. The variations of sheet carrier resistance achieved by polarization switching are always smaller than what is expected by the polarization of the ferroelectric gate. Ferroelectric domain dynamics or interface effects, for example, can play a role in limiting the accumulation and depletion of charge carriers. This shows that the ferroelectric field effect in ferroelectric/Mott insulator devices is much more complex than one could think, warranting further studies.

Chapter 2

Manganite thin film growth and properties

Pulsed laser deposition

All of the thin films presented throughout this thesis were grown by pulsed laser deposition (PLD). In this technique, laser pulses are shot at a target of the desired material, placed inside a vacuum chamber with a controlled background gas content.

The laser vaporizes the target material, creating a plasma plume which deposits the material onto a heated substrate positioned in front of the target. This technique is frequently used to grow oxide thin films as it permits stoichiometric growth without the need for ultra-high vacuum.

The PLD setup used a commercially available Nd:YAG pulsed laser (Quantel Qsmart 850) with a fundamental wavelength of 1065 nm. A frequency tripler and a set of dichroic lenses are used to create a 355 nm pulse and to separate it from the fundamental wavelength which is then dumped. The frequency of the 7 ms-long pulses can range from 1 to 10 Hz, and the energy of the pulse is controlled by an external attenuator. The well-tuned pulse is then focalized by a converging lens and shot into the vacuum chamber through a quartz window, hitting the target at a 45 • angle. The effective laser spot size is measured by shooting 10 pulses on a fixed target and then its surface is measured through an optical microscope. Throughout the changes in setup of the PLD during the three years of this PhD, the spot size has stayed in the 4.5 -5.5 mm 2 range.

We used oxygen as the background gas in the vacuum chamber during growth, as is normally the case for oxides. The oxygen pressure was controlled by controlled by introducing the oxygen through a tunable valve, while simultaneously pumping the chamber with a turbomolecular pump. This enabled us to control the oxygen pressure with a precision of about 10 -4 mbar. The temperature of the substrates is The energy laser pulse is controlled by an external attenuated, and the pulse is focalized on the sample with a converging lens. The target is set after the focus of the lens and thus spot size of the laser pulse can be controlled by moving the lens. Adapted from [START_REF] Vaz | Growth and Electrostatic/chemical Properties of Metal/LaAlO 3 /SrTiO 3 Heterostructures[END_REF]. (b) Inside the vacuum chamber, the oxygen atmosphere is controlled by a small inlet. The focused laser hits the target, creating a plasma plume which hits the substrate, whose temperature is controlled by a heater set on the back of the substrate holder. Adapted from [START_REF] Wang | Laser based fabrication of graphene[END_REF]. controlled by a heated located in the back of the substrate heater. To measure the temperature, we used a non-contact pyrometer as the setup did not allow any local temperature measurement. The temperature could not be directly measured on the sample, as the infrared reading depended strongly on the opaqueness of the samples, and as such changed during the growth itself as the opaque CaMnO 3 is grown on transparent substrates. To counter this issue, we measured the temperature on the substrate holder, next to the substrate itself, where we found the temperature to be about 5 • C less than center of the holder.

The bulk of the research shown in this thesis was focused on CaMnO 3 thin films on YAlO 3 substrates. Hence, the first step of our PhD work was to improve the growth conditions for Ce-doped CaMnO 3 thin films used in previous work of our research group [START_REF] Marinova | Depth profiling charge accumulation from a ferroelectric into a doped mott insulator[END_REF][START_REF] Yamada | Ferroelectric control of a Mott insulator[END_REF]. In particular, the main focus was to increase the reproducibility of the electronic properties of the Ce-doped CaMnO 3 thin films. This is an issue in the low-doping regime as a small change in dopant concentration can lead to a large change in carrier density and thus in resistivity, and this is exacerbated by the strong sensitivity of CaMnO 3 to Ce doping. At first there was little control over the metallic quality of the samples. Fig. 2.2 shows the temperature dependence of the resistivity of 20 nm thick samples grown with pulses in the 55 -70 mJ range. The resistivity varies to a degree that its value at low temperature fluctuates around a whole order of magnitude with no clear trend with pulse energy.

We found that the lack of reproducibility was due to improper substrate preparation. The substrates were annealed in the vacuum chamber, at 700 K and 0.4 mbar of oxygen pressure. With low annealing times (less than 15 minutes) the substrates would retain dirty surfaces, and with higher annealing times the dirt was removed but the then-visible surface terraces featured holes and fragmented steps, which increase the roughness of the substrate and degrade the quality of the samples.

We tried annealing the substrates in a separate furnace where high oxygen pressure Substrates annealed for 2 hours had rough step edges, with many islands and small dents in the terraces. With 3 hours of annealing these features disappeared, but instead the substrates showed step bunching, a signature of over-annealing. Samples annealed for 2.5 hours showed neither signs of under-or over-annealing, with flat, even terraces and well-defined steps (Fig. 2.3b). We also tried different HF etching techniques, but found that they did not improve the surface of the substrates compared to simple annealing: the HF recipes that gave good results for most of the substrates would unpredictably give rise to rough terraces with half unit cell-high bumps (Fig.

2.3d), or with mixed termination (measurable by the phase of tapping AFM).

After optimizing the surface of the YAlO 3 substrates, we tweaked the growth parameter of Ce-doped CaMnO 3 to optimize the surface and metallicity of our samples.

The optimal conditions we found are a substrate temperature T sub = 620 • C, oxygen pressure P O 2 = 0.2 mbar, with a substrate-target distance of 44 mm. The laser pulses had a frequency f = 2.5 Hz and a fluence of 1.45 J/cm 2 . Post-growth annealing was performed by increasing the oxygen pressure to P O 2 = 300 mbar for 30 minutes, keeping the same heater power. Here the substrate temperature drops to T sub ≈ 580 • C due to the higher oxygen pressure.

The topography of the Ce-doped CaMnO 3 samples strongly depends on that of the YAlO 3 substrates. Samples grown on substrates with terrace widths smaller than 

Structural properties

Both YAlO 3 and CaMnO 3 feature a P bnm orthorhombic perovskite crystal structure due to a a -a -c + oxygen octahedra tilt. Fig. 2.5 shows a cubic perovskite crystal structure together with an orthorhombically distorted one. When the oxygen octahedral tilt is present, the period increases. The primitive vectors become

a = a + b √ 2 (2.1) b = b -a √ 2 (2.2) c = 2 c (2.3)
Figure 2.5: Cubic perovskite (left)), and orthorhombic perovskite structure (right), with the undistorted cubic cell embedded for reference [START_REF] Goodenough | Orbital ordering in orthorhombic perovskites[END_REF].

where a, b and c are the cubic perovskite primitive vectors, or

[100] o = [110] c (2.4) [010] o = [ 110] c (2.5) [001] o = [002] c . (2.6) 
The corresponding planes become (100

) o = 1 2 1 2 0 c (2.7) (010) o = 1 2 1 2 0 c (2.8) (001) o = 00 1 2 c . (2.9) 
To verify the crystalline quality of the Ce-doped CaMnO 3 samples we performed X-ray diffraction measurements. First, we performed reciprocal space maps around the (004), ( 208) and (028) planes of the orthorhombic structure. Fig. 2.6 shows these three maps for a 20 nm thick, 4% Ce-doped sample. The sample peaks can be clearly seen widened along Q z , due to the low sample thickness, while the in-plane Q is welldefined and narrow, indicating a uniform strain state. In all of the maps the in-plane components of the peaks of the sample and its substrate coincide, indicating that the sample is grown epitaxially with no relaxation.

Owing to the good epitaxial growth, we can study the structure of our samples with 2θ -ω scans. Fig. 2.7a shows such scan for the same 20 nm thick, 4% Ce-doped sample, with Laue fringes attesting to the structural coherence of the sample. The out-of-plane lattice parameter increases with doping (Fig. 2.7b). Ce has a larger ionic 

V Ca 1-x CexMnO 3 = (1 -x) V CaMnO 3 + x V CexMnO 3 (2.10)
where V = a, b, c is one of the unit cells of the P bnm structure. The c increases with Ce in bulk, but in thin films compressive strain additionally increases the outof-plan c according to Poisson's law

ν = - d z d x,y (2.11) 
where z is the out-of-plane strain, x,y is the in-plane strain and ν is the Poisson's ratio. By combining the last two equations we can fit the doping dependence of c, obtaining a Poisson's ratio ν = 0.18, assuming a constant constant ν (Fig. 2.7).

Electronic properties

We performed X-ray absorption spectroscopy and electron energy loss spectroscopy to understand the electronic and orbital structure of our Ce-doped CaMnO 3 thin films.

Fig. 2.8a shows Mn L 2 and L 3 edges at 30 K for 0%, 2% and 4% doping. Upon increasing doping, the Mn L 3 edge shifts to a lower energy, indicating an shift to lower valence states. In Fig. 2.8b this shift is plotted against doping [START_REF] Marinova | Depth profiling charge accumulation from a ferroelectric into a doped mott insulator[END_REF]. Its linear trend indicates that Ce doping indeed dopes CaMnO 3 with electrons.

Figure 2.9: X-ray magnetic circular dichroism for 2% and 4% Ce doped samples at 10 K and 2 T.

Magnetic measurements

Fig. 2.9 shows X-ray magnetic circular dichroism data for 2% and 4% thin films.

Consistently with literature (see 1.2.5), the magnetic signal increases with doping.

Its amplitude is comparable to data in literature [START_REF] Harano | Phase diagram of Ca 1-x Ce x MnO 3 thin films studied by X-ray magnetic circular dichroism[END_REF] and the general shape of the signal is similar to that for other pseudocubic manganites such as La 2/3 Sr 1/3 MnO 3 [START_REF] Kavich | Nanoscale suppression of magnetization at atomically assembled manganite interfaces: XMCD and XRMS measurements[END_REF] suggesting a comparable electronic and orbital structure with spin-polarized e g conduction bands.

We measured the magnetization of thin film samples of different dopings in-house with a superconducting quantum interference device, shown in Fig. 2.10a. Undoped CaMnO 3 samples showed a small magnetic moment (10 emu•cm -3 ) at low temperature, confirming the canted antiferromagnetic nature even without doping. By adding Ce doping the magnetization increases, evidencing the weakly-ferromagnetic nature of the films. The doping dependence of the low temperature magnetization is linear (Fig.

2.10b

), as one would expect in this low doping regime (cfr. Fig. 1.24b). Throughout all dopings the transition temperature T C is in the 110 -115 K range, since the transition is driven by superexchange, which is not influenced by doping.

Magnetization loops can also be measured with this technique, however at field higher than those required to measure the remanent magnetization, the paramagnetic signal from the substrate becomes large and cannot be disentangled from that of the sample (Fig. 2.10c). Additionally, the magnetization of patterned samples is hard to measure due to the small volume of already weakly-ferromagnetic manganite that remains after the patterning process. For this reason, we measured the magnetization loops of our samples with a magneto-optic Kerr effect setup.

The magneto-optic Kerr effect (MOKE) is the change in polarization of incident light as it is reflected by a magnetized surface. As the magnetization of Ce-doped CaMnO 3 thin films is out of plane, we measured the light reflected at a near-normal angle. In this geometry, when shining linearly-polarized light, the magnetization creates a difference in amplitude between the electric field components parallel and perpendicular to the plane of incident light. This ratio is the Kerr ellipticity K , which is proportional to the magnetization.

The used light source is a 150 W Xe arc lamp, and the produced light was then monochromated, collimated and polarized. The light is then reflected by the sample and collected in an analyzer that can be set to measure s-and p-polarized light. The signal is then collected from the detector and brought to a lock-in amplifier.

The measured Kerr ellipticity of the a 4% Ce-doped 20 nm-thick CaMnO 3 thin film on YAlO 3 is shown in Fig. 2.11. This figure shows a remanence of 100%, confirming that shows the typical behavior of a ferromagnet, with its coercive field decreasing upon heating.

Device fabrication

We performed transport experiments with Hall bars, fabricated with a combination of optical lithography, ion beam etching and lift-off techniques. Here we will describe the process, divided into the steps shown in Fig. 2.12. 

Transport measurements

We performed magnetotransport experiments on thin Ce-doped CaMnO 3 films grown with compressive strain on YAlO 3 . Firstly, the carrier density extracted from the normal Hall effect scales linearly with the Ce doping, and are in good agreement with the expected value considering two electrons per Ce ion doped in the system (Fig. 3.1a). This, together with the chemical shift with doping observed in X-ray absorption spectroscopy (see 2.3), confirms the good stoichiometry of the growth, and that chemical doping directly translates to adding charge carriers to the system. Let us now focus on the low temperature resistivity. By increasing the doping CaMnO 3 transitions from an insulator to a metal. However, this transition is not sharp, with 2% doped samples featuring a monotonically decreasing resistivity, although with a magnitude far too low for a proper insulator. An upturn at very low temperatures occurs also in 4% doped samples under 30 nm of thickness. This behavior could be due to antiferromagnetic correlations, which tend to localize carriers, and would be a sign of the smooth transition from an antiferromagnet to a weak ferromagnet. Recently, it has been shown in La 0.7 Sr 0.3 MnO 3 that an upturn at low temperature could also be a signature of weak localization [START_REF] Niu | Evidence of weak localization in quantum interference effects observed in epitaxial La 0.7 Sr 0.3 MnO 3 ultrathin films[END_REF]. The reported effect is relatively smaller magnitude to what we observe, but we should also note that low doping intrinsically brings disorder to the system as the distribution of dopant ions in the crystal lattice is more aleatory the lower the dopings. Thus, the upturn at low temperatures may also signify heterogeneity of the doping, at the nanoscale. A third possibility, suggested by results that we will show in this chapter, is that electron-phonon interactions enhance the mass of the carriers at lower temperatures.

The electronic transition can be clearly seen by plotting the resistivity at 10 K against Ce doping (Fig. 3.2): with only 1% Ce doping we have a four orders of magnitude drop of the resistivity, after which the resistivity decreases in a linear manner down to 5% doping. The n 1/3 a * 0 parameter is also plotted against Ce doping. The Mott criterion for the metal-insulator transition n 1/3 a * 0 > 0.5 (see 1.2.1.3) is reached at 1% Ce doping.

What these results confirm is that CaMnO 3 is strongly sensitive to doping, reaching a metallic state at only 2% Ce doping when compressively strained. Structural measurements (see 2.2) confirm that throughout all dopings our thin films maintain a coherent strained crystal structure with no visible changes, ensuring that the observed electronic properties of the doped material are purely due to the chemical doping, which populates the conduction band.

Electronic structure

Preliminary calculations were performed in the orthorhombic Pbnm structure with 20 atoms in the primitive unit cell, using spin-polarized density-functional theory (DFT), as implemented in the Quantum Espresso package [START_REF] Giannozzi | Advanced capabilities for materials modelling with Quantum ESPRESSO[END_REF]. The obtained relaxed crystal structure is an orthorhombically distorted perovskite, shown in Fig. This is due to the orthorhombic distortion, which doubles the unit cell along x and y (and z) in real space, thus halving the unit cell in reciprocal space; the corners of the pseudo-cubic unit cell become the center of the orthorhombic unit cell and develop a Γ electron sphere. These replicas are analogous to those measured in La 1-x Sr x MnO 3 [START_REF] Lev | Fermi Surface of Three-Dimensional La 1-x Sr x MnO 3 Explored by Soft-X-Ray ARPES: Rhombohedral Lattice Distortion and its Effect on Magnetoresistance[END_REF]. This could be, in principle, due to the unit cell doubling caused by the antiferromagnetic ordering (which splits the lattice in two G-type antiferromagnetically aligned ferromagnetic lattices with doubled unit cell, in the x, y, z). This was confirmed not to be the case, as only the orthorhombic distortion without any magnetic ordering created these Γ electron sphere replicas in these calculations, whereas only antiferromagnetic ordering with no orthorhombic distortion produced no replicas.

We performed angle-resolved photoemission spectroscopy (ARPES) to gain further insights. The experiments were carried out at the ADDRESS beamline at the Swiss Light Source using circularly polarized X-ray beam with a flux of 10 13 photons/sec/0.01% bandwidth. The samples were grown in our PLD setup, transferred in a high-vacuum case ex-situ, brought to the beamline, and inserted in the ultrahigh vacuum ARPES setup. With this procedure, the samples stayed in open air for 5 -10 minutes total, and showed no sign of contamination when measured. We also tried capping the samples with a thin layer of Pt in order to protect the sample from adsorption and chemisorption of atmospheric particles, but this capping layer also decreased the signal from Ce-doped CaMnO 3 , making any measurement impossible.

Another challenge for these experiments was sample degradation due to radiation damage: X-ray absorption spectra were taken immediately after exposure to the Xray beam, and then after longer exposure. The spectra after long exposure showed an increase of the Mn 2+ peak, and reduced Ce states, as shown in Fig. the oxygen pressure up to 7×10 -7 mbar, which required modifying the whole beamline setup. Such an oxygen pressure was able to counteract the radiation damage, and the absorption spectra showed no signs of damage even after days of measurements.

The electron structure of CaMnO 3 was probed with a photon energy of hν = 643 eV. This energy was chosen for its chemical specificity: it increases the signals from

the Mn 3d states since it is close to the resonant excitation through the Mn 2p levels.

At the same time, it sits close to the Γ point of a Brillouin zone of CaMnO 3 , which can be seen in the (k x ,k z ) electron dispersion (Fig. The Fermi wavevector k F for the 3D carriers in the Γ sphere is well defined, and is simply the radius of the sphere itself. For the quasi-2D electrons there is no well defined k F ; however it can be extracted from the gradient of the ARPES intensity, integrated through the occupied bandwidth [START_REF] Straub | Many-body definition of a Fermi surface: application to angle-resolved photoemission[END_REF]. The quasi-2D carriers have a much high density compared to the 3D one. Notably, the 3D electron have a much sharper increase in density from 2% to 4% doping compared to the quasi-2D carrier.

We studied the properties of each type of carrier by their band dispersion and behavior. This kink is indicative of interaction with a bosonic degree of freedom, with an energy ≈ 80 meV. This interaction stiffens the electron and increases its effective mass at energies above the kink. A similar kink may be present even at lower dopings, but is hidden due to the lower occupied bandwidth. Because of this, and due to the possible mixture between the e g bands that fall into very similar energy ranges, it is not possible to quantify the structure and properties of the kink.

This kink may signify coupling to magnons, however it has been shown that in CaMnO 3 bosons are strongly coupled to phonons, but weakly coupled to electrons [START_REF] Goian | The manifestation of spin-phonon coupling in CaMnO 3[END_REF]. antiferromagnetic magnons in bulk CaMnO 3 have an energy ≈ 20 meV, below the measured kink energy. [START_REF] Mishra | Spin-phonon coupling and high-pressure phase transitions of RMnO 3 (R = Ca and Pr): An inelastic neutron scattering and first-principles study[END_REF] The magnons associated to the weak ferromagnetism Electronic structure of Ce-doped CaMnO 3 thin films: doping a charge-transfer insulator of our compressively strained thin films are expected to have an even lower energy, due to the ferromagnetic coupling being weaker than the antiferromagnetic coupling. Thus, magnons can be clearly ruled out as candidates for the electron-boson coupling induced kinks. Plasmons can also be ruled out as DFT calculations show that their energies are higher than 400 meV, much higher that the measured kink energy (Fig. 3.7). Phonons, on the other hand, are a more plausible source of coupling as many phonon modes with high electron-phonon interaction matrix elements are present in the 50 -80 meV range (Fig. 3.8b), consistently with the experimental data. These combined results strongly suggest that this kink is a sign of electron-phonon interaction, ubiquitous in manganites. The fact that the band structure only manifests a kink, maintaining a band-like dispersion, shows that this electron-phonon interaction is in the light-tointermediate interaction range and does not strongly enhance the effective mass of these carriers.

To probe the electronic structure of the second, quasi-2D carriers, we measured the k x dispersion along the cylinders, at the k x = π/2a point (cut B in Fig. 3.5a).

The resulting energy dispersion is shown in Fig. 3.6c,d, with the DFT calculations overlaid. These dispersion do not show any kind of band-like appearance, but rather a wide waterfall originating close to the Fermi level E F . This spectrum, shown in Fig. 3.9 is also different from a sharp, symmetric peak of a well-defined quasi-particle, with a small quasi-particle weight (i.e. the area underlying the peak). This asymmetric waterfall extending down into the energies of the valence band is a signature of strong coupling between electrons and multiple bosonic degrees of freedom [START_REF] Alexandrov | Polarons in advanced materials[END_REF]. The Electronic structure of Ce-doped CaMnO 3 thin films: doping a charge-transfer insulator associated bosons are phonons, which interact strongly with the carriers and, as the carriers move they drag along the lattice distortion, increasing the effective mass of the electrons [START_REF] Feynman | Mobility of slow electrons in a polar crystal[END_REF]. The resultant quasi-particles are polarons.

Since multiple phonon modes can be coupled to the carriers, the quasi-particle peak is distorted and loses definition. In other words, the wider the dispersion of the phonon modes, the wider the dispersion of the electron structure. Short-range phonons are confined in real space, and thus their k-space dispersion is broad and not well-defined. On the other hand, long-range phonons are dispersed in real space, and thus their k-space distribution is confined. As the polaron waterfall is confined in kspace, the associated phonon dispersion must be confined as well, strongly suggesting that the coupled phonons are long-range [START_REF] Alexandrov | Polarons in advanced materials[END_REF].

A more rigid proof of the long-range character would require the knowledge of the dispersion and overlap of different phonon modes to then compare the phonon spectral weight to the polaron spectral weight. However, the doping dependence of the polaron spectra (Fig. 3.9) shows that as the doping increases, the peaks shift upwards and the total spectral weight is reduced. This indicates that the electron-phonon interaction strength is reduced as the doping increases, since there is no significant change in the phonon density of states between the two dopings which could be behind this change (see Fig. 3.8a).

Electron-phonon interaction can be screened by the electrons themselves. If the plasma energy ω pl is higher than the energy of a phonon mode ω ph , the coupling to this phonon mode is screened; otherwise no screening occurs. The change in spectral weight with doping can be explained by this screening: light 3D electrons are more effective at screening the electron-phonon interaction due to their higher plasma frequency (ω pl ∝ 1/ √ m * ) than the q2D heavy polarons. These electrons do not only screen the interaction with themselves but take part in the screening of both electron bands. Thus, by increasing the doping from 2% to 4%, the carrier density of the 3D electrons increases by an order of magnitude and contribute more to the screening of the electron-phonon interaction of the polarons, reducing their spectral weight.

Carrier-dependent electron-phonon coupling

In the previous section we show a stark difference in electron-phonon interaction between the two families of carriers. This can occur when the electron-phonon interaction is not constant for different wave functions, however our DFT calculations do not show any substantial difference between the matrix elements of the quasi-2D and 3D carriers (Fig. 3.8b,c). This is consistent with the similar orbital composition of the wavefunctions of the two carriers.

Our DFT calculations, as the vast majority of electron-phonon interaction calcula-Light and heavy charge carriers in transport 65 tions, use many-body perturbation theory and rely on the Migdal approximation, i.e.

neglecting higher order terms of the Feynman-Dyson expansion (called vertex corrections), using only the lowest order [START_REF] Migdal | Interaction between electrons and lattice vibrations in a normal metal[END_REF]. Migdal's theorem states that this approximation is valid in metals, where the vertex correction is of the order of m/M < 10 -2 , where m is the mass of the carriers and M the mass of the crystal ions. The approximation is also valid in insulators and semiconductors [START_REF] Roy | Migdal's theorem and electronphonon vertex corrections in Dirac materials[END_REF], however Migdal's theorem can face problems when these are heavily doped, where ∆ F (the bandwidth between the Fermi energy E F and the bottom of the occupied conduction band) can become of the order of magnitude (or smaller of) the characteristic phonon energy ω 0 of the interacting phonon modes. Under these conditions, called non-adiabatic, Migdal's theorem does not hold anymore as there are higher order terms of the vertex correction of the order ω 0 /∆ F [START_REF] Grimaldi | Nonadiabatic superconductivity: electron-phonon interaction beyond Migdal's theorem[END_REF]154]. This has been confermed numerically by many-body Bold Line Diagrammatic Monte Carlo simulations which show that the vertex correction become non-negligible when ∆ F = ω ph [START_REF] Tupitsyn | Coulomb and electron-phonon interactions in metals[END_REF].

Thus we need to compare the relative Fermi energy ∆ F , measured with respect to the bottom of the valence band, to the energy of the active phonon modes ω ph ≈ 50-80 meV. In the case of 3D bands, ∆ F > ω ph and so the Migdal approximation holds and we are able to experimentally visualize the band structure in the presence of moderate coupling (i.e. the kinks). As one moves from Γ toward X, the valence band moves significantly upwards (Fig. 3.3c) and we reach the condition ∆ F ≈ ω ph = 80 meV. Density functional theory simulations show that this upward shift is driven by correlations, as increasing the Hubbard U increases the shift itself. Thus, electron correlations reduce ∆ F for the quasi-2D band. Here the Migdal approximation does not hold, so the electron-phonon coupling strength is enhanced due the now nonnegligible vertex corrections.

Multi-band correlated systems can show different mass renormalization for carriers originating from different bands, as it features characteristic phonon energies close to that of the Fermi energy E F , and at the same time distant from other bosonic degrees of freedom. However, this is normally directly caused by band-dependent correlations.

To our knowledge, Ce-doped CaMnO 3 is the first material to have different effective masses for different carriers due to a band-dependent electron-phonon interaction.

This is also an experimental confirmation that vertex corrections are indispensable to capture the strong coupling regime of polaronic renormalization, when E F ≈ ω ph , as predicted theoretically [START_REF] Tupitsyn | Coulomb and electron-phonon interactions in metals[END_REF][START_REF] Mishchenko | Electron-phonon coupling and a polaron in the t-J model: from the weak to the strong coupling regime[END_REF].
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Light and heavy charge carriers in transport

One common way of probing the effect of two different bands in transport is by measuring the Hall effect. Each band is associated to its resistivity tensor

ρ i = ρ i ρ H i -ρ H i ρ i (3.1)
where i = 1, 2 indicates the band. ρ i is the longitudinal resistivity and ρ H i is the transverse (Hall) resistivity. The total resistivity tensor is

ρ -1 = ρ -1 1 + ρ -1 2 = ρ ρ H -ρ H ρ (3.2)
where

ρ = ρ 1 ρ 2 (ρ 1 + ρ 2 ) + ρ 1 (ρ H 2 ) 2 + ρ 2 (ρ H 1 ) 2 (ρ 1 + ρ 2 ) 2 + (ρ H 1 + ρ H 2 ) 2 (3.3) ρ H = ρ 1 (ρ H 2 ) 2 + ρ 2 (ρ H 1 ) 2 + ρ H 1 ρ H 2 (ρ H 1 + ρ H 2 ) (ρ 1 + ρ 2 ) 2 + (ρ H 1 + ρ H 2 ) 2 . (3.4)
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Hall resistivity

In the case of normal Hall effect (ρ H i (B) = B/n i q, with n i the carrier density of the i-th band and q = ±e the charge of its carriers), by inserting ρ i = 1/n i µ i e i , with µ i the mobility of the i-th band, we obtain

ρ H (B) = B q n 1 µ 2 1 + n 2 µ 2 2 + (n 1 + n 2 )(µ 1 µ 2 B) 2 (n 1 µ 1 + n 2 µ 2 ) 2 + (n 1 + n 2 ) 2 (µ 1 µ 2 B) 2 .
(3.5)

This approach also considers the longitudinal resistivities as constants, i.e. assuming that these longitudinal resistivities vary much slower than the transverse resistivities.

This assumption generally holds in oxides, and this equation is able to explain nonlinearities present in the Hall effect of LaAlO 3 /SrTiO 3 interfaces [START_REF] Vaz | Tuning up or down the critical thickness in LaAlO 3 /SrTiO 3 through in situ deposition of metal overlayers[END_REF].

Fig. 3.10a shows the Hall effect of a 30 nm thick, 4% doped sample. This curve can be simulated with Eq. 3.5 using values obtain from the ARPES measurements (table 3.1), with the heavy quasi-2D carriers' mobility smaller by a factor ≈ 3 compared to the light 3D carriers. This is consistent with the obtained effective masses of the two carriers: the 3D carriers have an effective mass m * = 0.35 (Fig. 3.6) while the quasi-2D polarons have an effective mass that can be estimated as m * ≈ 1 (from DFT) and m * ≈ 1.5 (from the calculated electron-phonon interaction strength in Fig. 3.8), giving a ratio between the two masses ≈ 3 -4.

Longitudinal resistivity in the low temperature ferromagnetic phase

The longitudinal resistivity can also be interpreted in the framework of two separate carriers. In the low-temperature metallic and weakly ferromagnetic phase, doped CaMnO 3 is metallic due to its delocalized carriers. The quasi-2D polarons are subject to scattering with impurities, magnons and phonons, all the while under the influence of strong electron-phonon interaction that forms the polarons themselves. The effect of this electron-phonon interaction is a temperature-dependent enhancement of the effective mass:

m * = m 0 exp g 2 coth( ω 0 /2k B T ) (3.6)
where m 0 is the bare carrier mass, g 2 the band narrowing factor and ω 0 the energy of the softest coupled phonon mode. This mass enhancement is caused by a strong band renormalization, which causes the conventional electron-phonon scattering to fail. In this situation, the scattering rate of the polaron is dominated by the softest coupled phonon mode:

1 τ = A 0 ω 0 sinh 2 ( ω 0 /2k B T ) (3.7)
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As in other spin-polarized materials, electron-magnon scattering is present. This mechanism gives rise to a αT ν power law, where ν = 2 conventionally. The presence of this power law in the resistivity of manganites has also been attributed to electronelectron scattering. CaMnO 3 is a strongly correlated material so, in principle, one could expect electron-electron scattering to contribute to the low-temperature resistivity of the material. The electron-electron resistivity parameter α is empirically related with the coefficient of the electronic specific heat γ by the Kadowaki-Woods relation α/γ 2 ≈ 1 × 10 -5 µΩ cm (mole K/mJ) 2 [START_REF] Kadowaki | Universal relationship of the resistivity and specific heat in heavy-fermion compounds[END_REF]. The parameter α for both carriers of CaMnO 3 can be extracted at low temperatures, where electron-phonon interaction can be neglected [START_REF] Millis | Double exchange alone does not explain the resistivity of La 1-x Sr x MnO 3[END_REF] , obtaining α = 8 × 10 -8 Ω cm/K 2 (with the procedure than we will subsequently describe). In manganites γ ≈ 1 -10 mJ/mole K 2 , and in particular in La 1-x Ca x MnO 3 γ = 5 mJ/mole K 2 . With these values we see that our coefficient α is more than two orders of magnitude larger than the expected Kadawaki-Woods parameter γ. In addition, applying a strong magnetic field would enhance electron-electron scattering so one would expect that such mechanism would cause the α parameter to increase with increasing magnetic field. However, in our Ce-doped CaMnO 3 , α is monotonically decreasing with the field (Fig. 3.11). Thus, this magnitude and trend of the parameter α are inconsistent with electron-electron scattering, and can be interpreted as electron-magnon scattering [START_REF] Jaime | Electronic Transport in La-Ca Manganites[END_REF].

As mentioned before, electron-magnon scattering gives rise to a T ν power law in the resistivity, with ν = 2 conventionally. However, in the presence of strong Hund coupling this exponent becomes ν = 1.5 [START_REF] Calderón | Low-temperature resistivity in doubleexchange systems[END_REF]. As CaMnO 3 features such strong Hund Light and heavy charge carriers in transport 69 coupling (J H ≈ 1 eV), we expect an electron-magnon scattering contribution to the resistivity with a T 1.5 power law. By combining all of these elements we obtain the temperature dependence of the resistivity of the quasi-2D polarons:

ρ q2D (T ) = ρ q2D 0 + ρ q2D 1.5 T 1.5 + ρ e-ph ω 0 sinh 2 ( ω 0 /2k B T ) exp g 2 coth( ω 0 /2k B T ) (3.8)
where ρ 0 accounts for the temperature-independent impurity scattering. A similar expression was first used to reproduce the resistivity of La 0.67 Sr 0.33 MnO 3 [START_REF] Graziosi | Polaron framework to account for transport properties in metallic epitaxial manganite films[END_REF], although we note that it used an electron-magnon contribution T 2 rather than T 1.5 .

The light 3D carrier do not exhibit an electron-phonon interaction strong enough to renormalize the band an enhance their mass. Thus, in this case electron-phonon scattering should exhibit a conventional contribution of T 5 , as the Bloch-Grüneisen temperature of CaMnO 3 is Θ BG = 2 v S k F /k B 300 K is much higher than the range of temperatures that we consider here (v S = 5 km/s is the speed of sound in CaMnO 3 [START_REF] Zainullina | Elastic properties of La 0.82 Ca 0.18 MnO 3 single crystal[END_REF]). This power law is applicable in the case of 3D carriers since they have the required spherical Fermi surface [START_REF] Ziman | Electrons and phonons: the theory of transport phenomena in solids[END_REF]. Electron-magnon scattering should behave the same was as in the case of the quasi-2D carrier and would thus contribute with the same T 1.5 power law. We thus have:

ρ 3D = ρ 3D 0 + ρ 3D 1.5 T 1.5 + ρ 3D 5 T 5 . (3.9) 
These two expressions can be combined together to obtain the total resistivity of the material with Eq. 3.3. Since the longitudinal resistivity is in the order of mΩ cm while the Hall resistivity is in the order of µΩ cm, this expression reduces to

1 ρ = 1 ρ q2D + 1 ρ 3D , (3.10) 
which corresponds to simple parallel between two independent channels. This way, the two combined expressions have a total of eight free parameters, too many to properly fit our data. The dominant phonon energy for the polarons can be obtained from the transition temperature: ω 0 = 2k B T t = 20 meV [START_REF] Appel | Polarons[END_REF], similarly to other orthorhombic manganites [START_REF] Rivadulla | Suppression of ferromagnetic double exchange by vibronic phase segregation[END_REF]. This value is also consistent with Raman measurements of CaMnO 3 [START_REF] Abrashev | Raman spectroscopy of CaMnO 3 : mode assignment and relationship between Raman line intensities and structural distortions[END_REF], which show an A g (2) mode with energy ω = 19 meV.

Further constraints can be put on the coefficients of the two carriers for the same scattering mechanisms. From Matthiessen's rule Table 3.2: Fit parameters for the transport data. ρ 0 is in mΩ cm, ρ 1.5 in mΩ cm/K 1.5 , ρ e-ph in mΩ cm s, and g 2 is dimensionless.

ρ 3D α ρ q2D α = m 3D m q2D n q2D n 3D
scattering and α = 1.5 for magnon scattering. If we assume that the scattering rates are the same for the two different carriers (for the electron-magnon scattering this equates to assuming that the scattering rate does not depend on the position on the Brillouin zone of the carriers), we obtain:

ρ 3D α ρ q2D α = m 3D m q2D n q2D n 3D = 2, (3.12)
using the carrier densities from table 3.1 and assuming a ratio of the carriers ≈ 3.

This model can be used to fit the longitudinal resistivity of a 30 nm thick, 4%

doped CaMnO 3 sample. The fits are shown in Fig. 3.10 and the fitting parameters are in table 3.2. The fitted values are in agreement with literature [START_REF] Graziosi | Polaron framework to account for transport properties in metallic epitaxial manganite films[END_REF]. What we can surmise from the fit is that the quasi-2D polarons dominate transport, in spite of their enhanced mass, due to their much larger carrier density compared to the 3D carriers.

This model cannot be applied for lower dopings of CaMnO 3 as lowering the doping close to the metal-insulator transition causes an upturn of the resistivity close to 0 K. This could be caused by localization of the carriers due to the disorder caused by the low doping, antiferromagnetic correlations that become stronger as the system approaches the antiferromagnetic phase, or an increase of the strength of the electronphonon interaction at lower temperature. A deeper understanding of these phenomena is needed to fit the resistivities of lower dopings.

Longitudinal transport in the high temperature paramagnetic phase

In the paramagnetic regime above the transition temperature, we use the charge carrier collapse theory. In this regime, the resistivity obeys the equation

ρ = ρ 0 T exp - ∆ 2k B T (3.13)
where ∆ is the bipolaron binding energy. These bipolarons are typically immobile in manganites, but in materials with lower coupling such as cuprates [START_REF] Alexandrov | Carrier density collapse and colossal magnetoresistance in doped manganites[END_REF], bipolarons can become mobile. This is reflected in Eq. 3.13, which features a metal-insulator transition at T = ∆/2k B . This is due to the thermal excitations that, at this temperature, become large enough to overcome the bipolaron binding (which favors localized Figure 3.12: Temperature dependence of a 30 nm-thick 4% Ce-doped CaMnO 3 thin film, together with its low-temperature fit (Eq. 3.10), high-temperature fit (Eq. 3.13, and mixture (Eq. 3.14).

carriers).

The high temperature phase of 4% doped CaMnO 3 can be fit with this model (Fig. 3.12), subtracting a constant to correct the offset, obtaining ∆ = 19 meV. While the material does not feature a full metal-insulator transition, the bipolaron model is able to accurately describe the resistivity of the paramagnetic phase, with a crossover at ∆/2k B = 135 K. Thus, the electronic phase transition the occurs concurrently with the magnetic transition at T C can be better understood as a polaron-bipolaron transition rather than necessarily a metal-insulator transition.

These two models can be combined into one single expression [START_REF] Alexandrov | Carrier density collapse and colossal magnetoresistance in doped manganites[END_REF] 

ρ(T ) = ρ f (T ) M (T ) • ρ f (T ) B (T ) (3.14)
where ρ M (T ) is the fit of the low temperature weakly ferromagnetic and metallic phase, ρ B (T ) the fit of the high temperature paramagnetic bipolaron phase, and

f (T ) = 1 2 1 -erf T -T C T ς (3.15)
represent the fraction of the metallic phase, with ς is the non-ideality exponent [START_REF] Graziosi | Polaron framework to account for transport properties in metallic epitaxial manganite films[END_REF] that takes into account the possible phase separation known to happen in transitions in manganites [START_REF] Kabanov | Electric conductivity of inhomogeneous two-component media in two dimensions[END_REF][START_REF] Becker | Intrinsic inhomogeneities in manganite thin films investigated with scanning tunneling spectroscopy[END_REF]. This mixture is shown in Fig. 3.13.
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In this high-temperature region we have not considered the light 3D carriers, but rather only the quasi-2D polarons. This is not only because polarons have been shown

to dominate transport (Fig. 3.10), but also because the 3D carriers have a smaller electron-phonon coupling which cannot drive a transition such as polaron-bipolaron.

As such, the resistivity of this single band will continue to increase monotonically after T C , reducing its relative contributing compared to the quasi-2D polarons and becoming negligible after T C .

Chapter 4

Giant topological Hall effect in electron-doped CaMnO 3 thin films 

ρ ↑ xy (H) = ρ ↑ (H) -ρ ↓ (-H) 2 (4.3) ρ ↓ xy (H) = -ρ ↑ xy (-H) = ρ ↓ (H) -ρ ↑ (-H) 2 (4.4)
The resulting ρ xy of the 4% Ce-doped CaMnO 

Strain dependence of the topological Hall effect

We grew thin films of Ce-doped CaMnO 3 on NdAlO 3 substrates in order to probe the influence of lattice mismatch on the observed topological Hall effect, since epitaxial strain influences the magnetic properties of Ce-doped CaMnO 3 [START_REF] Xiang | Phase diagrams of strained Ca 1-x Ce x MnO 3 films[END_REF]. In • Ce doping is a heavy element and it may be possible that it creates DMI and thus a non-collinear structure. However, this can be discarded because X-ray absorption spectroscopy data reveals that Ce is 4+ and thus has no f electrons (see 2.3). Also the period of such a non-collinear structure induced by Ce should decrease with Ce concentration and thus contribute more to the topological as Ce content increases, in contradiction with the experimental results (as we will show in the following section).

• Global DMI: The absence of any signal in Second Harmonic Generation experiments implies that the material is centrosymmetric and thus cannot possess a long-range non-collinear magnetic order as in non-centrosymmetric magnets including B20 alloys, MnP (fan structure) or hexagonal Mn 5 Si 3 that all exhibit topological Hall effect. In addition, we have performed resonant magnetic X-ray diffraction experiments at the Mn L edge, and explored a broad area in reciprocal space to search for a possible long-range spin order, without success. Similar As no plausible scenario with DMI as the main cause of topological charge emerged, we have performed magnetic force microscopy (MFM) measurements to probe the micromagnetic configuration of our samples in relation to the topological Hall effect.

Magnetic force microscopy measurements

The low temperature magnetic force microscopy setup used commercial piezoresistive tips with 100 nm of Co deposited on top. The images were taken by scanning the surface at a constant height of ≈ 60 nm, and the magnetization of the sample was obtained from the change of resonant frequency of the tip, proportional to the out-of-plane stray field gradient [START_REF] Rugar | Magnetic force microscopy: General principles and application to longitudinal recording media[END_REF].

We measured the out-of-plane magnetization as a function of temperature of the same sample. In Fig. 4.8 we show such images, taken after saturating positively the magnetization (by applying +3 T), and then sweeping the field downwards. At -0.6 T the magnetization is still fully aligned in the positive direction (red color).

As the manganite thin film nucleates domains with negative magnetization (blue), positively magnetized bubble domains (red) start to appear. At -1.2 T the red bubble domain density peaks, and gradually falls off with increasing field. These bubbles have diameters in the 100 -300nm range, the same as topological bubbles reported in other centrosymmetric oxides [START_REF] Yu | Variation of topology in magnetic bubbles in a colossal magnetoresistive manganite[END_REF][START_REF] Nagai | Formation of nanoscale magnetic bubbles in ferromagnetic insulating manganite La 7/8 Sr 1/8 MnO 3[END_REF][START_REF] Nagao | Direct observation and dynamics of spontaneous skyrmion-like magnetic domains in a ferromagnet[END_REF][START_REF] Nakamura | Emergence of topological Hall effect in half-metallic Bibliography manganite thin films by tuning perpendicular magnetic anisotropy[END_REF]. As these bubbles can carry topological charge, the topological Hall effect they cause would be proportional to their density (as in the Bruno model for a skyrmion array, Eq. 1.5).

We analyzed the images by binarizing the raw images. We set a threshold between the up (red) and down (blue) amplitudes and then processed the binarized images K. One can see that the density of bubbles varies strongly with field, and peaks at a field close to the topological Hall peak H T . At different temperatures, the bubble density peaks shifts, closely following H T . This suggests that the topological Hall effect arises from a specific spin texture associated to these magnetic bubbles.

Polarity and topological charge of magnetic bubbles

In the analysis of magnetic force microscopy images and the subsequent bubble counting we have purposely ignored bubble with negative magnetization (blue color).

In principle, one should account for the contribution to the topological Hall effect of these blue bubbles as both kinds may carry topological charge. We have seen that, if these bubbles carry any topological charge, and magnetization changes smoothly (as is observed in our measurements), then bubbles with opposite polarities must have opposite vorticity v, and thus the same topological charge Q. .9: Representation of the topology of nucleated skyrmion bubbles. After magnetizing the sample positively (red) and sweeping down the magnetic field, at around -0.9 T the manganite starts nucleating bubbles with a downwards magnetization (blue bubbles) (a). The vorticity is given by energetics and is assumed in this case to be v = +1. Increasing the (negative) magnetic field, the skyrmion bubbles expand to the point that they merge with others while the red ones shrink and eventually become red bubbles. During this expansion, the domain walls that define different blue domains join to become the domains walls of the newly formed red bubbles (b), and as the outside of the blue domain walls becomes the inside of the red domain walls, the winding directions of the spins around the red bubbles is reversed compared to the blue ones. Thus these red bubbles have a vorticity v = -1 (c).

with v = -1, making the red bubbles have v = +1. This is because blue bubbles and red bubbles will always have opposite vorticity due to the topologically-charged domain walls that are turned inside-out during the magnetization reversal, reversing the winding direction of the spins. However, it should be noted that when a bubble is initially nucleated, the v = +1 case is more favorable energetically than the v = -1 as it minimizes the magnetic charge ρ mag ∝ ∇ • n (where n is the direction of the spin)

and thus increases the dipole interaction [START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF].

This means that red bubbles will have opposite core polarity (p) and opposite vorticity (v) compared to the blue bubbles and then have the same topological charge Q = pv, giving rise to the same emergent magnetic field, both in amplitude and direction. Thus, these blue bubbles should not cause an opposite topological Hall effect but in principle rather contribute in the same way as the red bubbles. Lastly, the blue bubbles are very few and are present in a small window of magnetic field (Fig. 4.10), so this conclusion does not alter our analysis of the topological Hall effect in CCMO in relation to its micromagnetic structure.

Discussion on the possible origins of the topological Hall effect

The topological Hall effect occurs in the field region where micromagnetic corrugation is largest, strongly suggesting that the magnetic bubbles hold the topological charge giving rise to the topological Hall effect, especially after having ruled out the presence of topologically non-trivial structures created by DMI. One possibility is that the topological Hall effect is created by non-coplanar spin configurations at domains walls, with a mechanism similar to that of the anomalous Hall effect. (Ca,Ce)MnO 3 has a high magnetic anisotropy, making the domain walls rather narrow in the 10 -20 This angle range is comparable to that of the saturated, highly non-coplanar spin ground state, and since the domain walls are a small fraction in volume they would not be able to create an effect with an amplitude as large as that of the anomalous Hall effect itself.

We argue that, while Dzyaloshinskii-Moriya interaction and domain walls cannot explain the topological Hall effect, the magnetic bubbles themselves can. As we have shown in 1.1.1.1, even in the absence of DMI, magnetic bubbles can carry a non-zero topological charge Q, which depends on the energetics of the magnetic structure of the domains walls. Magnetic bubbles that carry non-zero Q are called magnetic skyrmion bubbles are they are topologically equivalent to magnetic skyrmions. Lorenz transmission electron microscopy experiments would be able to sort out specifically which topological charge our magnetic bubbles carry, but unfortunately such experiments are technically prohibitive in oxide thin films, and were successfully reported for the first time only during the last months this PhD [START_REF] Nakamura | Emergence of topological Hall effect in half-metallic Bibliography manganite thin films by tuning perpendicular magnetic anisotropy[END_REF].

Thus, even though we cannot probe the bubbles' topology directly, these magnetic bubbles can, in principle, contribute to the topological Hall effect through a Berry phase mechanism. However, if we use the Bruno model (Eq. 1. If we assume that each of these bubbles carries more than an unit of topological charge Q, their size would not be able to accommodate Q = 40, as even the hardest magnetic bubbles cannot carry more than a charge Q = 7 every µcm of circumference (due to the size of Bloch lines necessary for multi-Q states). We conclude that, while the magnetic bubbles have been shown to be the most likely cause of the topological Hall effect, the latter's large magnitude must still be explained.

Doping dependence and enhancement of the topological and anomalous Hall effect

In Fig. 4.11 we show the Hall effects at 20 K for samples of 1%, 2%, 4%, and 5% Cedoped 20 nm thin film. The amplitudes of both topological and anomalous Hall effect vary strongly with doping, and diverge as we approach the metal-insulator transition at low dopings. For 1% Ce doping, this is the largest topological Hall effect ever reported, as shown in Table 4.1. In this section we will show the doping and temperature dependence of the two Hall effects, the relationship between topological Hall effect and micromagnetic configuration, and discuss the possible origins of both Hall effects.

Unfortunately, a full study in temperature of the Hall effect of 1% Ce-doped samples was not done due to the technical difficulties of measuring the transverse resistivity of such an insulating sample.
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Doping dependence of the micromagnetic structure

We performed magnetic force microscopy measurements on 2% and 5% Ce-doped thin films to probe their micromagnetic structure, which could be in principle related to the strong doping dependence of the topological Hall effect that we observe. Fig. To obtain the ferromagnetic stiffness A, we first compute the canting angle θ C assuming

sin θ C = J F M J AF M = M M f ull , (4.6) 
where J F M and J AF M are respectively the ferromagnetic and antiferromagnetic exchange constant, M is the magnetization and M f ull = 4 µ B /u.c. = 534 emu•cm -3 is the magnetization of a hypothetical fully ferromagnetic CaMnO 3 . Since the magnetic transition is driven by antiferromagnetic exchange, we can deduce J AF M from the transition temperature [START_REF] Coey | Magnetism and magnetic materials[END_REF][START_REF] Blundell | Magnetism in Condensed Matter Physics[END_REF]:

T C = 2J AF M zS(S + 1) 2k B , (4.7) 
where z is the number of magnetic sites in the unit cell (here z = 1). The ferromagnetic stiffness becomes [42]

A = 2J AF M S 2 a sin θ C , (4.8) 
where a is the lattice constant. Using these values, we calculate the average bubble size [START_REF] Malozemoff | Magnetic Domain Walls in Bubble Materials[END_REF]:

l = 8 4(AK) 1/2 µ 0 M 2 . ( 4.9) 
The obtained values are in good agreement with the measured sizes (Fig. 4.13a).

Hence, in all three dopings, magnetic bubbles have a similar size distribution, consistently with their magnetic anisotropy. Their maximum density, which remains roughly constant with temperature, also does not strongly depend on doping (varying by a factor 2 between 2% and 5% doping).

Doping dependence and enhancement of the topological and anomalous Hall effect87 with increasing temperature, consistently with our finding. In manganite thin films, one should expect the spin polarization to be proportional to the square of the magnetization [START_REF] Garcia | Temperature dependence of the interfacial spin polarization of La 2/3 Sr 1/3 MnO 3[END_REF], and thus roughly linear: ρ T HE ∝ P ∝ M 2 ∝ 1 -T T C . This linearity is present for the 4% and 5% samples (Fig. 4.14a,b), while the anomalous Hall effect of 2% doping (Fig. 4.14c) has a much stronger decrease.

Another shortcoming of the Bruno model is the fact that it cannot fully explain the doping dependence of the topological Hall resistivity. Since the density of the nucleated magnetic bubbles does not change significantly with doping (≈ 10 -20 µm -2 ), according to Eq. 1.5 the topological Hall effect can only be modified by doping through the carrier density (ρ T HE ∝ 1 n ). However, comparing the topological Hall effect for 1% and 5% doping (Fig. 4.11) we can see that a fivefold increase in carrier density leads to a decrease by three orders of magnitude of the topological Hall effect.

Anomalous Hall effect

Let us now focus on the anomalous Hall effect, which has different trends in temperature for different doping levels. For 2% doping (Fig. 4.15a), the topological Hall effect is monotonically decreasing upon heating. At 4% doping (Fig. 4.15b) we have In such manganites, the anomalous Hall effect is vanishingly small at low temperatures and appears only at T C /2. Upon heating, it increases, peaking around T C and tailing off at higher temperatures in the paramagnetic phase (see 1.2.4.3). On the other hand, in (Ca,Ce)MnO 3 the anomalous Hall effect is not only the measurable at low temperatures, but it also has it maximum at close to 0 K rather than close to T C /2. La 0.7 Ca 0.3 MnO 3 and La 0.7 Sr 0.3 MnO 3 are fully ferromagnetic, and so the spin triads that cause the anomalous Hall effect can be formed only by thermal excitation, thus the effect increase upon heating. In contrast (Ca,Ce)MnO 3 , in its ground state, has a highly non-coplanar spin structure featuring non-coplanar spin triads even in the absence of thermal excitations (see Fig. 1

.23a).

If one considers the model developed by Calderon and Brey [START_REF] Calderón | Skyrmion strings contribution to the anomalous Hall effect in double-exchange systems[END_REF] (described in 1.2.4.3), in which the non-coplanar spin triads giving rise to the anomalous Hall effect are seen as skyrmion strings, we can factor in the presence of non-coplanar spin triads present in the 0 K ground state of the system. In the original model, the density of skyrmions strings is given by a simple Boltzmann distribution (∝ e -Ec/k B T ), thus giving a vanishingly low anomalous Hall effect at lot temperatures. Here, we add a constant to account for a non-zero density of skyrmions strings at zero temperature, and the equation for the resulting emergent magnetic field (Eq. 1.34) can be modified:

b = α 6 aλ so nS (ζ + e -Ec/k B T ) T (4.10) 
where α = 230, a is the lattice parameter, λ so is the spin-orbit coupling constant, n is Doping dependence and enhancement of the topological and anomalous Hall effect89 carrier density, S is the net localized spin, E C ≈ 8.7k B T C is the skyrmion string core energy, and ζ is a dimensionless constant accounting for the non-coplanar spin triads at low temperature. This equation can be then plugged in the Bruno model (Eq. 1.5)

to obtain the anomalous Hall resistivity. We can use this model to fit the temperature dependence of the anomalous Hall effect for these three doping levels. For this fit we supposed that the spin polarization P of the sample followed the square of the magnetization [START_REF] Garcia | Temperature dependence of the interfacial spin polarization of La 2/3 Sr 1/3 MnO 3[END_REF]: 

P ∝ M 2 ∝ 1 -T T C .

Weak-coupling topological Hall effect

We have show that the conventional Bruno model is not able to explain not only the amplitude of the topological Hall effect that we measure, but also its behavior with different dopings and temperatures. This is because this model is in the strong coupling limit, which is not ideal for a weak ferromagnet such as (Ca,Ce)MnO 3 . Additionally, it does not consider non-adiabatic contributions which may, in general, play a role. Nakazawa et al. [START_REF] Nakazawa | Topological Hall effect from strong to weak coupling[END_REF] recently developed a model which can account for both weak and strong coupling, and includes both adiabatic and non adiabatic contributions. The model works in the diffusive limit, i.e. ql < 1, where 1/q is the length scale of the topological spin texture (in our case the bubble size d sk ), and l = 6π To understand which regime to consider for CaMnO 3 , we have to evaluate (ql) 2 and τ /2τ ex ; let us start with the latter. To estimate the exchange coupling constant, we note that the localized atomic spin is formed by the t 2g spins with S = 3 2 so Hund coupling is going to take the place of s-d coupling. Thus J sd = J H ≈ 1 eV.

The exchange splitting in (Ca,Ce)MnO 3 is caused by the net ferromagnetic moment caused by canting S F , and not the antiferromagnetic moment S AF . This stems from the fact that there would be no topological Hall effect with no canting (S F = 0), so the relevant moment behind exchange splitting is the net ferromagnetic moment. Therefore J = J H S F = J H S sin θ C ≈ 0.2 eV, with θ C = 8.5 • the canting angle for 4% doping. Thus 2τ ex = J ≈ 1.6 fs. In our 4% doped sample ρ = 4 -8 mΩcm, giving τ = m * e 2 ρn ≈ 1.3 -2.6 fs, and so τ 2τex = 0.8 -1.6. So, the 4% doped sample sits right at the border between regime 0 and regime 1/2, defined by τ /2τ ex = 1. Lower doping samples, on the other hand, have smaller J (because of the lesser canting) and thus larger τ ex , and larger ρ and thus smaller τ . This means that the ratio τ /2τ ex decreases with decreasing doping, and so below the 4% Ce doping level we are well into the weak coupling regime (1 and 2).

To distinguish between the latter two regimes one has to take into account (ql) 2 .

In our 4% doped sample, from the previous chapter, we have k F ≈ 1.5 nm -1 , giving l = 6π 2 e 2 ρk 2 F = 1 -2 nm. The average bubbles size is q -1 = 200 nm, and therefore (ql) 2 = 10 -4 . Thus we are well into the diffusive regime (defined by (ql) < 1), and (ql) 2 τ /2τ ex , meaning that effective field is local and we are in regime 1.

So far we have not taken the spin relaxation of the conduction electrons into account. If we do, we obtain two other regimes:

• Regime 1': strong spin relaxation, local effective field: τ s /2τ ex < 1, ql s < 1

• Regime 2': strong spin relaxation, non-local effective field: τ s /2τ ex < 1, ql s > 1 τ s is the spin relaxation time and l s = √ Dτ s the spin diffusion length, with D = 1 3 v 2 F τ the diffusive constant. The complete phase diagram, with the five regimes, is in Fig. 4.16. Since τ s is typically larger than 2τ ex by at least a factor 3 , we are in regime 1, and not 1'/2'. In regime 1 the Hall resistivity is [START_REF] Nakazawa | Topological Hall effect from strong to weak coupling[END_REF] 
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ρ H = 2 3 b en J E F . (4.11) 
From b e = h e 2 σ sk = R 0 σ sk (4.12) with b the emergent magnetic field from the topological charge, σ sk the skyrmion density, and R 0 = 25.8 kΩ, we get

ρ H = 2R 0 3 σ sk n J E F = 4 3(3π 2 ) 2/3 R 0 σ sk 2 Jm * n 5/3 . (4.13) 
Unlike the strong coupling model from Bruno (Eq. 1.5), this expression has a stronger direct dependence on doping (n 5/3 versus n), and also depends on the effective mass of the carriers. 3D electrons. However, the quasi-2D electrons are much higher in number and we have shown that they dominate longitudinal and transverse electron transport (Fig.

3.10).

Let us first focus on the dominant quasi-2D electrons and their electron-phonon coupling-driven mass enhancement. Since we do not see dispersions in the ARPES measurements, we are not able to measure the effective mass of these carriers directly, and we have to estimate them using the appropriate theory. The spectral function (Fig. DFT shows that these infrared-active modes have an energy of ω 0 = 30 meV. In (Ca,Ce)MnO 3 the high-frequency dielectric constant can be estimated from the optical index: ∞ ≈ n 2 opt ≈ 5 [START_REF] Alexandrov | Alexandrov and Bratkovsky reply[END_REF][START_REF] Imbrenda | Surface-and strain-tuning of the optical dielectric function in epitaxially grown CaMnO 3[END_REF]. This value is similar to that of most manganites and does not change with the doping level. To compute 1 κ = 1 s -1 ∞ we need the static and high frequency dielectric constants s and ∞ . The static dielectric constant is s = 55 for pure CaMnO 3 [START_REF] Cohn | Low-temperature permittivity of insulating perovskite manganites[END_REF], while for the 4% doped s = 20 [START_REF] Marinova | Depth profiling charge accumulation from a ferroelectric into a doped mott insulator[END_REF]. For these estimates, we assume that s varies linearly with doping between 0% and 5%. Thus, the α parameter varies with doping only due to the static dielectric constant s , through the parameter Doping dependence and enhancement of the topological and anomalous Hall effect93 κ. With these parameters, we obtain α = 3.8 for 0% Ce doping and α = 2.3 for 5% doping. This means that we are in the weak electron-phonon coupling regime (α < 4).

Here, the mass enhancement is (see 1.2.3.1)

m * m = 1 1 -α/6 . (4.14) 
In Fig. 4.17 we show the electron-phonon interaction-induced mass enhancement compared to experimental estimates. The measured effective mass shows a strong enhancement as the doping, and thus the carrier density, decreases as we get close to the metal-insulator transition at low doping. While the effective mass increases by 3 orders of magnitude between 5% doping and 1% doping, the electron-phonon interaction can only account for a change of a factor ≈ 2.

One could argue that while the spectral function of these quasi-2D polarons strongly suggests that the coupled phonons are long-range, there still might be short-range electron-phonon interaction present and thus the effective mass enhancement could be better described with the Holstein model. In this case the mass enhancement is expected to be m * /m = (1+λ), with λ = E p /D (see 1.2.3.1). Here, the mass enhancement would vary with doping since energy E p ≈ q D e 2 πκ depends on κ, which varies with doping. Thus, in the Holstein case the mass is approximately proportional to 1/κ and would have a doping dependence similar to that of the Fröhlich case, and both would have a dependence with doping much weaker that what is measured experimentally.

We conclude that, while the electron-phonon coupling may contribute to the effective mass enhancement, it cannot explain its large amplitude, particularly at low dopings. Ce-doped CaMnO 3 features strong correlations that enlarge the effective mass, diverging close to the Mott transition at low doping. This has been reported for Sr-doped LaTiO 3 and Ce-doped SrMnO 3 (very similar to Ce-doped CaMnO 3 ), where the effective mass in enhanced by 1-2 orders of magnitude as the doping level approaches the metal-insulator transition. This divergence follows m * ∝ 1/n α , where α has been reported between 1 and 2 (typically is α = 1). The dimensionality of the system can come into play, as α reaches 2 at low thin film thicknesses. In Fig. 4.17 we also show the combined mass enhancement from electron-phonon interaction and correlations, both with α = 1 and α = 2. By including correlations the doping dependence become much sharper, particularly for the case of α = 2, which is able to replicate well the measured effective masses.

These estimates neglect the existence of the minority 3D charge carriers, however in the previous chapter we have shown that the majority quasi-2D polarons dominate transport (Fig. 3.10) already at 4% doping, and the percentage of 3D carriers decreases with decreasing doping (reaching 3% of the total carriers at 2% doping). Moreover, while mass enhancement through electron-phonon interaction only appears in one of 
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If we then include the 1/n 2 scaling of the effective mass due to correlations, from Eq. 4.13 we obtain

ρ H ∝ 1 n 2/3+α
(4.15)

since J = J H S F , so in other words J is proportional to the magnetization, which scales linearly with doping (see 2.4). In hand, we can conclude that the island-like growth is caused by the high compressive strain (-6.6%) induced by the YAlO 3 substrates, but also that epitaxial growth can be achieved despite the lack of proper 2D growth shown by the topography.

We performed piezoresponse force microscopy to image and manipulate the polarization of the BiFeO 3 layer, a technique which uses the piezoelectric properties of ferroelectrics (which are also piezoelectrics by symmetry). Piezoresponse force microscopy uses a standard atomic force microscopy setup, while applying an alternating voltage between the cantilever tip and the sample. Due to the converse piezoelectric effect, the applied voltage excites a deformation which is then picked up by the cantilever tip. When the polarization is parallel to the applied electric field, the measured deformation is in phase with the applied field, while when the polarization is antiparallel to the applied electric field the deformation is in anti-phase (Fig. 5.

2).

A hysteretic piezoresponce double loop of a BiFeO Its polarization is entirely downwards, as expected [START_REF] Marinova | Depth profiling charge accumulation from a ferroelectric into a doped mott insulator[END_REF]. We reversed the polarization by applying a voltage bias V DC = +7 V (three times the coercive field shown in Fig. 5.3a) to the bottom (Ca,Ce)MnO 3 electrode and scanning the desired area.

The polarization after this process is in Fig. 5.3d, which shows a uniformly upward polarization.

We measured the resistivity of the Ce-doped CaMnO 3 film thin as a function Modifying the thickness of BiFeO 3 films (10 and 80 nm) did not significantly change the transport results compared to those in Fig. 5.4. Using higher voltages to switch the polarization was also unsuccessful using voltage biases V DC up to 10 V, as biases any higher damage the devices. Surprisingly, similar devices with undoped CaMnO 3 as electrode instead feature an order-of-magnitude change of resistivity by switching the polarization of the BiFeO 3 top layer [START_REF] Marinova | Depth profiling charge accumulation from a ferroelectric into a doped mott insulator[END_REF]. To investigate the lack of measurable effects upon switching the polarization, we turned to transmission electron microscopy to study the polarization switching of BiFeO 3 and electron properties of the manganite electrode on the atomic scale. 

Atomic scale analysis of polarization switching

We prepared BiFeO 3 /(Ca,Ce)MnO 3 bilayers on YAlO 3 (001) to be analyzed by transmission electron microscopy. After growing the bilayers by PLD, we defined micron size metallic markers by laser lithography, in between which the polarization was switched in micron size rectangles by applying a DC voltage while scanning the conductive tip of the piezoresponse force microscope. The topography and piezoresponse force microscopy phase images of these devices are shown in Fig. 5.5. Cross section lamellas were then prepared by focused ion beam perpendicular to the metallic markers, to study the electronic and structural properties of these bilayers with scanning transmission electron microscopy (STEM).

In STEM, an electron beam is focused to a fine spot on the sample, which is then scanned while capturing the scattered electrons. High-angle annular dark-field imaging (HAADF) is a STEM technique where electrons scattered incoherently at high-angles are captured by an annular detector. The contrast obtained by an ion with atomic number Z is Z 2 . Thus, atoms with a higher atomic number appear brighter, making this technique more suitable to identifying heavier ions. Annular bright field (ABF) complements this technique. ABF detectors are placed in the beam path, collecting electrons that have not scattered. Here the contrast is Z -2 , making this technique useful for identifying lighter ions. By combining the two techniques one can obtain the chemical-sensitive structure of multi-element materials such as manganites. We analyzed the statistics of the ferroelectric switching by taking eight 64 × 64 nm 2 images over an area 700 nm wide in a region polarized upwards (Fig. 5.7).

HAADF images of a BiFeO

We determine the polarization on the atomic scale by the off-center displacement of the Fe cations. Surprisingly, the switching of polarization is incomplete, with 31% to 91% of the volume population with upward polarization (62% in average). The upward domains seem to be nucleated at the top surface of the BiFeO 3 layer, propagating downwards. As the domains reach towards the BiFeO 3 /(Ca,Ce)MnO 3 interface, they are not able to reach the interface and switch its polarization, which is successfully switched only in 19% of the measured area. This explains the low resistance variation by ferroelectric filed effect measured in these heterostructures, as only the 19%-switched interface polarization is active in the ferroelectric gating. Such a low percentage of interface switching is lower than the percolation threshold of most 2D models and is not expected to significantly influence the conductivity of the manganite electrode. We performed the same experiments with 10 nm thin BiFeO 3 layers, and by switching the polarization with higher voltages, but we obtained similar results in both cases.

The difference between the large switched volume in bulk and the small switched areas in the interface suggests the existence of an interfacial energy barrier limiting the switching dynamics. This may be caused by the intrinsic electric field at polar interfaces [START_REF] Wang | Ferroelectric dead layer driven by a polar interface[END_REF]. In BiFeO 3 /CaMnO 3 interfaces, it has been shown that BiFeO 3 is B-site (i.e. FeO 2 ) terminated, due to the A-site (i.e. CaO) termination of CaMnO 3 , which is in turn determined by the termination of the YAlO 3 substrate. Thus the interface is a (BiO) +1 -(FeO 2 ) -1 -(CaO) 0 -(MnO 2 ) 0 sequence [START_REF] Marinova | Depth profiling charge accumulation from a ferroelectric into a doped mott insulator[END_REF], which is inherently polar. This polar interface favors a downward polarization, explaining why BiFeO 3 has a virgin polarization pointing downwards after growth by PLD. This polar interface may be the cause of the limited switching at the interface. This polarization pinning may even play a role in the previously reported switching dynamics of BiFeO 3 /CaMnO 3 . These bilayers had sizable resistance changes induced by the polarization switching, although with a variation of the sheet carrier density one order of magnitude smaller than the nominal value expected from the polarization of BiFeO 3 [START_REF] Marinova | Depth profiling charge accumulation from a ferroelectric into a doped mott insulator[END_REF], similar to values reported in Pb(Zr,Ti)O 3 /SrTiO 3 bilayers [START_REF] Takahashi | Electrostatic modulation of the electronic properties of Nb-doped SrTiO 3 superconducting films[END_REF][START_REF] Takahashi | Local switching of two-dimensional superconductivity using the ferroelectric field effect[END_REF]. This is consistent with our reported 19% of interfacial polarization switching, and points towards interface pinning as a major obstacle in realizing ferroelectricallycontrolled Mott transistors.

Ferroelectric field effect in BiFeO 3 /(Ca,Ce)MnO 3 bilayers 5.3 Polarization-induced changes in electronic properties of (Ca,Ce)MnO 3 at the atomic scale Our study of the switching dynamics of BiFeO 3 revealed that the lack of measurable changes in the properties of (Ca,Ce)MnO 3 induced by the polarization switching is due to the low fraction of switched interface polarization. Nonetheless, similar devices with undoped CaMnO 3 electrodes reported resistivity switching. To investigate this, we investigated the electronic properties in the manganite electrode on the atomic scale, by electron energy loss microscopy (EELS). The previously used HAADF and ABF techniques both rely on elastic scattering mechanisms. However, inelastic scattering is also present, as the ions in the sample inelastically scatter the focused electron. In electron energy loss spectroscopy (EELS), the energy lost by the electron beam is measured by an electron spectrometer and interpreted in terms of what caused the energy loss. EELS can hence be used to spectroscopically map the sample.

We used EELS to investigate the electrostatic carrier modulation in the doped CaMnO 3 by the ferroelectric gating. Two typical defect-free interfaces with an atomically sharp termination and opposite interfacial polarization are displayed in Fig. 5.8a-d. Through EELS, we mapped the chemical shift of the Mn-L 3 edge across the doped CaMnO 3 layer (Fig. 5.8e) from the nominal value. We identify three areas (1 to 3 in Fig. 5.8e) that are modulated differently by the polarization switch, and studied their change in electronic structure by their O-K and Mn-L 2,3 spectra, shown in Fig. 5.8f,g. The O-K pre-edge (in Fig. 5.8f) represents the hybridization between O-2p and Mn-3d electrons. At position 1, near the interface, the pre-edge is shifted to a higher energy compared to positions 2 and 3 due to a change in hybridization, possibly due to oxygen octahedra distortions caused by the epitaxial strain. In all three positions, the O-K pre-edge is not modulated by the polarization orientation, indicating that the carrier modulation is not related to the O ion but rather the Mn cation, consistently with our findings in chapter 3. The Mn-L 2,3 edges are shown in Fig. 5.8g. The effect of the polarization switch is a shift of the Mn-L 3 edge, and hence the chemical shift of this edge can be used to quantify the electron density in the manganite layer.

We thus extracted the electron density throughout the whole manganite layer from the Mn-L 3 edge shift (Fig. 5.9a), as explained by Marinova et al. [START_REF] Marinova | Depth profiling charge accumulation from a ferroelectric into a doped mott insulator[END_REF]. Near the YAlO 3 interface, a large electron accumulation region of 5-6 e -, 20 (pseudo-cubic) unit cells long, which does not depend on polarization, is attributed to the dead layer measured in transport. Above this dead layer, there is a 30 unit cell-long, bulk-like region (from the 10th to the 40th unit cell, represented by the position 3 in Fig.

5.8e), which features an usual accumulation of electrons in the downward polarized
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Perspectives

Our findings on the formation of metallic bands and electron-phonon coupling show how the formation of polaron quasi-particles can depend on band filling. Thus, one way of tuning the electron-phonon coupling could be by tuning the strain, growing the same samples with smaller lattice mismatch, which would alter the band filling of both carriers. Additionally, samples with higher doping levels could be measured with the same angle-resolved photoemission spectroscopy techniques to investigate the band structure and electron-phonon interaction when orbital ordering and monoclinic distortions appear in the 6 -10% Ce doping range. Previous works on the electronic structure of La 1-x Sr x MnO 3 [START_REF] Lev | Fermi Surface of Three-Dimensional La 1-x Sr x MnO 3 Explored by Soft-X-Ray ARPES: Rhombohedral Lattice Distortion and its Effect on Magnetoresistance[END_REF][START_REF] Chikamatsu | Band structure and Fermi surface of La 0.6 Sr 0.4 MnO 3 thin films studied by in situ angle-resolved photoemission spectroscopy[END_REF] could also be expanded by studying in the detail the energies of the bosonic excitations, in order to study the role of electron-boson coupling in the formation of polarons in system with higher band filling than electrondoped CaMnO 3 .

Our work on the topological Hall effect of perovskite manganite, together with the recent report from Nakamura and colleagues [START_REF] Nakamura | Emergence of topological Hall effect in half-metallic Bibliography manganite thin films by tuning perpendicular magnetic anisotropy[END_REF], suggests that this novel phenomenon can be also tuned by strain engineering. For example, by growing the thin films on (111)-oriented YAlO 3 substrates would orient the magnetization diagonally out-of-plane, reducing its in-plane component compared to sample grown on (001)oriented YAlO 3 while maintaining a strong magnetic anisotropy. This has been shown

to enhance the formation of skyrmion bubbles and thus the topological Hall effect in La 0.7 Sr 0.3 Mn 0.95 Ru 0.05 O 3 thin films [START_REF] Nakamura | Emergence of topological Hall effect in half-metallic Bibliography manganite thin films by tuning perpendicular magnetic anisotropy[END_REF]. The topological Hall effect could also be tuned by gating our manganite thin films with a ferroelectric material in order to modulate the carrier density and thus the topological Hall effect by the ferroelectric polarization [START_REF] Wang | Ferroelectrically tunable magnetic skyrmions in ultrathin oxide heterostructures[END_REF][START_REF] Tsymbal | Whirling spins with a ferroelectric[END_REF]. Additionally, our work showed how correlations can influence electron transport in the presence of topological structures, and in particular enhance the topological Hall effect. As such enhancement appears to be a recurring feature in manganites [START_REF] Nakamura | Emergence of topological Hall effect in half-metallic Bibliography manganite thin films by tuning perpendicular magnetic anisotropy[END_REF], and oxides in general [START_REF] Matsuno | Interface-driven topological Hall effect in SrRuO 3 /SrIrO 3 bilayer[END_REF], which commonly host strong correlations, a detailed theoretical treatment of these phenomena should be initiated.

We have also shown how the ferroelectric control of Mott transistors is hindered

Conclusions and Perspectives

by polarization pinning at the interface. In our BiFeO 3 /(Ca,Ce)MnO 3 bilayers this effect may be diminished by reducing the dead layer of the manganite, by introducing a CaMnO 3 buffer layer between (Ca,Ce)MnO 3 and the substrate. This would enable us to obtain a metallic ultra-thin film with a thickness of the effective functional layer we observed (10 u.c.). In order to remove the unswitchable ferroelectric dead layer, a 1 u.c. buffer layer could be introduced between the manganite and the ferroelectric in order to form a non-polar interface with the BiFeO 3 , optimizing the ferroelectric switching at the interface [START_REF] Wang | Ferroelectric dead layer driven by a polar interface[END_REF]. 

Introduction

Q = 1 4π d r • [∂ x n( r) × ∂ y n( r)] = pv.
Les skyrmions magnétiques naissent de la compétition entre l'échange et l'interaction Dzyaloshinskii-Moriya (DMI), qui, par nature, nécessite la brisure de symétrie. En raison de leur petite taille et de leur grande stabilité, les skyrmions magnétiques suscitent beaucoup d'intérêt pour des applications de stockage d'information [START_REF] Fert | Magnetic skyrmions: advances in physics and potential applications[END_REF]. Les structures topologiques de spin peuvent être stabilisées même en l'absence de rupture de symétrie, car la concurrence entre l'anisotropie magnétique et l'interaction dipolaire peut donner lieu à des bulles magnétiques avec une charge topologique non nulle Q.

Ces bulles ont un diamètre de quelques centaines de nanomètres et sont généralement appelées bulles skyrmion.

Les structures topologiques de spin peuvent être utilisées dans une multitude Comme cette manganite est tr ès sensible aux changements de densit és de porteurs, nous avons d évelopp é des transistors à effet de champ ferro électriques BiFeO3/(Ca,Ce)MnO3. Lors de la commutation de la polarisation ferro électrique de la couche sup érieure de BiFeO3, nous n'avons pu observer de changement notable dans les propri ét és des couches de manganite sous-jacentes. Nous avons utilis é la microscopie électronique en transmission pour étudier les propri ét és de ces bicouches avec une r ésolution atomique, et nous avons observ é que l' épinglage de polarisation à l'interface BiFeO3/(Ca,Ce)MnO3 emp êche une commutation compl ète de la polarisation et r éduit ainsi la capacit é op érationnelle de ces dispositifs. N éanmoins, nous avons pu d étecter l'influence de la polarisation ferro électrique sur les propri ét és électroniques de la manganite à l' échelle atomique.

Title : Topological and electronic properties of electron-doped manganite thin films Keywords : Oxides, Thin Films, Topological Hall effect Abstract : Oxide thin films feature a wide range of physical phenomena and rich phase diagrams tunable by strain and interface engineering. CaMnO 3 , in particular, is extremely sensitive to both doping and strain and, when grown with compressive strain, transitions from an insulating and antiferromagnetic state to a metallic and weakly ferromagnetic state at only 2% Ce doping. We used a combination of angle-resolved photoemission spectroscopy, magnetotransport, and density functional theory to study the electronic properties of this material. We observed the existence of two separate charge carriers, light electrons and heavy polarons, whose physical nature differs because of drastically different couplings to phonons. We ascribe these differences to a different relative band filling due to correlations, which enhance greatly the coupling to phonons of the heavy polarons band. Magnetotransport experiments reveal that the polaron band dominates transport despite its lower mobility. Compressive strain also gives rise to a strong magnetic anisotropy which stabilizes magnetic bubbles that accompany a topological Hall effect. This sug-gests that these bubbles have topological character, i.e. are skyrmion bubbles. The topological Hall effect diverges as the manganite approaches the metalinsulator transition at low dopings. We used a recently developed theory in order to interpret this behavior, and we conclude that correlations may come into play, enhancing the effective mass of the carriers, and in turn the topological Hall effect. As this manganite is highly sensitive to changes in doping and carrier density, we grew BiFeO 3 /(Ca,Ce)MnO 3 ferroelectric field-effect transistors. Upon switching the ferroelectric polarization of the BiFeO 3 top layer, we could not observe any sizable changes in the properties of the underlying manganite layers. We used transmission electron microscopy to study the properties of these bilayers with an atomic resolution, and we observed that polarization pinning at the BiFeO 3 /(Ca,Ce)MnO 3 impedes a complete switch of the polarization and so reduces the operational capabilities of these devices. Nevertheless, we could detect modifications of the electronic properties of the manganite induced by polarization reversal at the atomic scale.
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 11 Figure 1.1: (a) Ferromagnets and antiferromagnets have magnetic configurations with different properties, due to their different symmetries, but are topologically equivalent since they are topologically trivial. An example of topologically non-trivial magnetic configurations are (b) skyrmion bubbles and (c) skyrmions (courtesy of Joo-Von Kim).
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 1312 Fig. 1.2 depicts the topological structure of skyrmions and skyrmion bubbles, with the arrows representing the in-plane orientation of the spin n( r) in the position r. The topology of these structures is quantified by the topological charge Q (also called skyrmion number) defined as the number of times the spins n( r) wrap around

Figure 1 . 3 :

 13 Figure 1.3: Transmission electron microscope image of bubble domains in a 300 nm thick film of PbFe 12 O 19 . The first two bubbles have winding number v = 1 and opposite vorticity (γ = ±π/2, corresponding to the bright and dark colors), while the second one is topologically trivial [6]. In the latter, two Bloch lines can be seen by the change in contrast in the domain wall. (b) Transmission electron microscope image of BaFe 11.79 Sc 0.16 Mg 0.05 O 19 showing a skyrmion lattice in a 100 mT field. Bright and dark colors correspond to the helicities γ = ±π/2. (c) In-plane magnetization of the same bubbles, showing their topological character [7].

Figure 1 . 6 :

 16 Figure 1.6: (a) Schematic picture of the effects of a current passing through a skyrmion. Electrons are deflected by and emergent magnetic field through the Lorentz force, giving rise to the topological Hall effect. Spin transfer torque will move the skyrmion and its emergent magnetic field; this causes an emergent magnetic field induction mechanism called skyrmion Hall effect. (b) Hall effect of a MnSi thin film and its decomposition of the Hall effect into normal, anomalous and topological Hall effect ρ xy [29]. (c) Phase diagram of the skyrmion system obtained as the color map of ρ xy [29].

Figure 1 . 7 :

 17 Figure 1.7: Illustration of the three main mechanisms that can give rise to an anomalous Hall effect [35].

Figure 1 . 8 :

 18 Figure 1.8: Cubic perovskite crystal unit cell (a) of an ABO 3 compound, with (b) orthorhombic, (c) monoclinic , and (d) tetragonal distorted unit cells[START_REF] Sando | BiFeO 3 epitaxial thin films and devices: past, present and future[END_REF]. In a R 1-x M x MnO 3 perovskite manganite, the blue corner atoms are Mn atoms, the green body centered atoms are dopants (R and M) and the red face centered atoms are O. This crystal structure takes the name from the mineral CaTiO 3 , called perovskite.

Figure 1 .

 1 Figure 1.10: (a,b) Schematic illustration of different correlation effect leading to insulating behavior in otherwise conducting manganites. [46]. (c) Zaanen-Sawatsky-Allen phase diagram of different Mott insulators[START_REF] Coey | Magnetism and magnetic materials[END_REF]. U dd is the on-site Hubbard U and U pd is the charge transfer energy ∆ ct , while t is the hopping integral which in this case it is assumed to be equals to the bandwidth W .

  are not well represented by this model as their valence band also comprises O 2p electrons. This is because the Mott-Hubbard model does not take into consideration the hybridization between Mn 3d and O p electrons orbitals.The Mott-Hubbard formalism is generalized in the framework of Mn-O orbital hybridization by the d-p model[START_REF] Emery | Theory of high-T C superconductivity in oxides[END_REF], which was formulated in order the explain how high-T C superconductors have hole carriers in the O 2p orbitals, in the presence of strong correlations. In this model there are two interactions; one between localized Mn 3d ions, described in Mott-Hubbard model and represented by the parameter on-site Hubbard U ; the second is the interaction between Mn 3d electrons and their neighboring O 2p electrons, represented by the parameter ∆ ct , the charge transfer energy, which is the energy necessary to transfer an electron from an occupied O 2p orbital to a neighboring Mn 3d orbital.

Fig. 1 .Figure 1 . 11 :

 1111 Fig. 1.11 depicts these excited states, for both ferromagnetic and antiferromagnetic ordering. It can be easily seen that the ferromagnetic configuration produces excited

Figure 1 .

 1 Figure 1.14: (a) [57] (b) Mn 3d and O 2p orbitals (left) and Mn spin orientation (right) of LaMnO 3 (composed of ferromagnetically-orderer planes antiferromagnetically coupled with each other) [58].

Figure 1 .

 1 Figure 1.15: (a) Representation of polaronic motion in a crystal. (b) Representation of the electron-phonon interaction behind the formations of polarons. Courtesy of Olivier D'Allivy Kelly.

State of the artFigure 1 .

 1 Figure 1.16: (a)Temperature dependence of generic La 2/3 Ca 1/3 MnO 3 data Solid lines indicate the extrapolated fits at low temperatures to a ρ+ρ 2 T 2 +ρ 5 T 5 power law and at high temperatures to bipolaronic hopping model [67]. (b) Low-temperature resistivity of La 1-x Ca x MnO 3 films. The solid lines are fitted curves [78]. (c) Resistivity of a La 0.67 Ca 0.33 MnO 3 thin film, fitted with a polaron-bipolaron model [81].

Figure 1 .

 1 Figure 1.18: (a) ARPES and DFT band structure of La 0.6 Sr 0.4 MnO 3 [94]. (b) ARPES cut of the Fermi surface of La 0.67 Sr 0.33 MnO 3 and DFT calculations [96]. (c) DFT calculations of the Fermi surface of La 0.67 Sr 0.33 MnO 3 [95].

Figure 1 .

 1 Figure 1.19: (a) Lorentz image at 100 K of La 0.875 Sr 0.125 MnO 3 showing helliptical bubble domains [101]. (b) Lorentz image at 100 K of La 0.875 Sr 0.125 MnO 3 showing skyrmion bubbles with opposite helicity (1 and 2, bright and dark colors) and a topologically trivial bubbles (3) [103]. (c) Overfocused (upper left) and underfocused (upper right) images of a skyrmion bubble in La 0.5 Ba 0.5 MnO 3 , and the color map of its magnetic distribution [102].

Figure 1 . 20 :

 120 Figure 1.20: Magnetization of skyrmion bubbles in La 0.825 Sr 0.175 MnO 3 and schematic of their topology [104].

Mn 1 -y

 1 Figure 1.21: (a) Hall effect of La 0.7 Sr 0.3 Mn 0.95 Ru 0.05 O 3 , together with its normal Hall effect and anomalous Hall effect (proportional to the magnetization. (b) Topological Hall effect, at various temperatures, obtained by subtracting ordinary and anomalous Hall effect from the total effect. (c) Magnetic force microscopy images at different fields, and the topological Hall effect with dots indicating the corresponding fields. [107]

Fig. 1 .

 1 Figure 1.22: (a) Temperature dependence of the anomalous Hall effect of La 0.67 Ca 0.33 MnO 3 [97]. (b) [99]. (c) [100].

Figure 1 .

 1 Figure 1.23: (a) Orthorhombic perovskite structure of CaMnO 3 . (b) G x A y F z magnetic structure of Mn spins of CaMnO 3 in an orthorhombic lattice. The canting angles are exaggerated ten times. (c) Temperature dependence of the resistivity of bulk CaMnO 3 [115]. Images (1) and (2) courtesy of Julien Varignon.

CaMnO 3

 3 Figure 1.24: (a) Magnetic phase diagram of bulk Ce-doped CaMnO 3 . (b) Ferromagnetic z canting as a function of Ce doping [113].

Figure 1 .

 1 Figure 1.25: (a) Pseudocubic lattice parameter of CaMnO 3 compared to that of YAlO 3 , NdAlO 3 , LaAlO 3 , and SrTiO 3 . (b) In-plane (square) and out-of-plane (circle) lattice constants of 5% Ce-doped CaMnO 3 thin films deposited on YAlO 3 , NdAlO 3 , LaAlO 3 , and SrTiO 3 substrates [124]. (c) Phase diagram of Ce-doped CaMnO 3 thin films [125].

Fig. 1 .

 1 Fig. 1.25c shows the phase diagrams of the thin films of YAlO 3 , NdAlO 3 , LaAlO 3 , and SrTiO 3 substrates. When grown on NdAlO 3 , the phase diagram is the most similar to that of bulk, with a low-temperature metallic phase occurring close to 5% doping.

Figure 1 .

 1 Figure 1.27: (a) Polarization hysteresis loopes of BiFeO 3 thin films grown on SrTiO 3 substrates with (111), (101) and (001) orientations, normalized by their projection on the (111) direction (1, √ 2 and √ 3 respectively) [127]. (b) Polarization direction of BiFeO 3 for different crystal structures [126].

Fig. 1

 1 Fig. 1.26.

Figure 1 .

 1 Figure 1.28: (a) Topography of a ferroelectric field-effect device [129]. (b) Schematic of the operation of such device: optical microscopy images of an ideal device with polarization images before and after the polarization switch and sketches of the device in the two polarization states [130]. (c) Temperature dependence of the resistivity of a BiFeO 3 /CaMnO 3 device, modulated by ferroelectric field effect [130].

Figure 1 3 /

 13 Figure 1.29: Transmission electron microscopy image of BiFeO 3 /Ca 0.96 Ce 0.04 MnO 3 /Ca 0.98 Ce 0.02 MnO 3 heterostructures with the Mn-L 3 peak position and the derived excess charge [131].

  8 O 3 /La 0.7 Ca 0.3 MnO 3 bilayers exhibited a threefold change of resistance by switching the polarization of PbZr 0.2 Ti 0.8 O 3 . Fig. 1.30a shows the channel resistance hysteresis loop, which follows the polarization loop of PbZr 0.2 Ti 0.8 O 3 . In 2005, Hong et al. reported a metal-insulator transition in similar bilayers [136]. The temperature dependence of the resistivities of such devices are shown in Fig. 1.30b. More recently, in 2014 Marshall and colleagues reported similar results in PbZr 0.2 Ti 0.8 O 3 /LaNiO 3 bilayers, although a full metal-insulator transition of LaNiO 3 was not reached [134]. Chen et al. showed how the efficiency of the ferroelectric field-effect in PbZr 0.2 Ti 0.8 O 3 /Sm 0.5 Nd 0.5 NiO 3 can be improved up to

Figure 2 . 1 :

 21 Figure 2.1: Schematic of our operation of a pulsed laser deposition setup. (a)The energy laser pulse is controlled by an external attenuated, and the pulse is focalized on the sample with a converging lens. The target is set after the focus of the lens and thus spot size of the laser pulse can be controlled by moving the lens. Adapted from[START_REF] Vaz | Growth and Electrostatic/chemical Properties of Metal/LaAlO 3 /SrTiO 3 Heterostructures[END_REF]. (b) Inside the vacuum chamber, the oxygen atmosphere is controlled by a small inlet. The focused laser hits the target, creating a plasma plume which hits the substrate, whose temperature is controlled by a heater set on the back of the substrate holder. Adapted from[START_REF] Wang | Laser based fabrication of graphene[END_REF].

Figure 2 . 2 :

 22 Figure 2.2: Temperature dependence of the resistivity of two sets of three 20 nm thick, 4% doped CaMnO 3 thin films on YAlO 3 before (a) and after (b) optimization.

Figure 2 . 3 :

 23 Figure 2.3: Substrates annealed for (a) 2, (b) 2.5 and (c) 3 hours at 1000 • C after acetone cleaning and isopropanol ultrasound bath. (d) Shows a substrate treated with a 3-hour annealing at 1000 • C after 3 minutes of HF etching.

Figure 2 . 4 :

 24 Figure 2.4: Topography of 4% doped, 20 nm thick CaMnO 3 thin films (b,d) on YAlO 3 substrates (a,c).

Figure 2 . 6 :

 26 Figure 2.6: Reciprocal space maps showing the (004), (208) and (028) reflections of the YAlO 3 substrate and a 4% doped Ce-doped CaMnO 3 thin film.

Figure 2 . 7 :

 27 Figure 2.7: (a) X-ray diffraction 2θ -ω (004) peaks of the YAlO 3 substrate and a 4% doped Ce-doped CaMnO 3 thin film. (b) Measured unit cell c as a function of doping. The blue line is the fit giving a Poisson ratio ν = 0.18, using Vegard's law to compute the doped bulk unit cell.

Figure 2 . 8 :

 28 Figure 2.8: (a) Electron energy loss spectroscopy 30 K in total electron yield mode, for 2% and 4% Ce doped CaMnO 3 . (b) Doping dependence of the energy shift from X-ray absorption spectroscopy and electron energy loss spectroscopy.

Figure 2 .Figure 2 . 11 :

 2211 Figure 2.10: (a) Temperature dependence of the magnetization measured with a superconducting quantum interference device in a field of 1 kOe for different doping levels. (b) Doping dependence of the magnetization. (c) Magnetization loop for a 4% Ce doped sample at 30 K

Figure 2 . 12 :

 212 Figure 2.12: Fabrication process of Ce-doped CaMnO 3 Hall bar devices. (a) The manganite thin film is coated with a positive photoresist. (b) The sample is exposed in UV light through a mask with the desidered pattern. (c) The irradiated areas of the photoresist are dissolved in a developed solution. (d) Ion-bean etching is used to remove the manganite material in the areas not covered by photoresist. (e) The remaining photoresist is dissolved and the sample cleaned. (f) Processes (a)-(e) are repeated in order to define the metal electrode areas. (g) The sample is covered with a 50 nm-thick layer of Pt by sputtering. (h) The photoresist is lifted off, leaving the Pt only in the electrode areas.

Fig. 2 .

 2 Fig.2.13 shows a sample patterned with a conventional Hall bar mask, with its well defined edges attesting the good quality of the fabrication process.

Figure 2 . 13 : 3

 2133 Figure 2.13: Optical microscope images of a patterned device (a) and zoom-in on the Hall bar probes (b).

Fig. 3 .

 3 Fig. 3.1c show the temperature dependence of the resistivity of 20 nm-thick CaMnO 3 thin films on YAlO 3 with various dopings, up to 5% Ce concentration. Undoped CaMnO 3 is completely insulating with a monotonic temperature dependence of the resistivity, in line with its expected charge-transfer insulating state. 1% doped samples features a low-temperature insulating behavior, although with a three orders of magnitude drop compared to the undoped sample, and a metallic behavior at room
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 5732 Figure 3.2: Doping dependence of the low-temperature resistivity (circles) and of the Mott parameter n 1/3 a * 0 (triangles)

Figure 3 . 3 : 2 and 3z 2 - 59 Figure 3 . 4 :

 33225934 Figure 3.3: Density functional theory calculations of CaMnO 3 : (a) orthorhombically distorted lattice of CaMnO 3 ; (b) Electronic density of states of CaMnO 3 projected onto two Mn atoms with antiparallel spins; (c) band structure and Fermi energy shift of 2% (red) and 4% Ce doping (blue); (d) theoretical Fermi surface unfolded to the pseudocubic-lattice Brillouin zone and (e) its cut along the ΓXY plane; (f) calculated Fermi surface cuts in the ΓYX plane for 2% doping (green lines) and 2% doping (blue), where the doping increases the Luttinger volume.

Figure 3 . 5 :

 35 Figure 3.5: Fermi surface maps in the ΓXM plane for 2% (a) and 4% doping (b) measured at hν = 643 eV. The white square designate the pseudocubic surface Brillouin zone.(c) Out-of-plane Fermi surface map for 2% doping in the ΓZR.

  3.5). At this energy, Fermi surface maps of 2% and 4% Ce doped CaMnO 3 were taken, shown in Fig.3.5. These maps are in agreement with the theoretical calculations (Fig.3.3e), as the Fermi surface indeed expands by increasing the chemical doping, and Γ electron sphere replicas are visible at the corners of the pseudo-cubic Brillouin zone.The carrier densities and Fermi wavevectors are displayed in table 3.1. The carrier densities were computed from the Luttinger volume of the measured Fermi surface.

Figure 3 . 6 :

 36 Figure 3.6: Band dispersion of the 3D bands around Γ for (a) 2% and (b) 4% Ce doping, together with the parabolic band from DFT calculations. Energy dispersion of the quasi-2D bands around k y = 0.5π/a for (c) 2% and (d) 4% Ce doping.

Figure 3 . 7 :

 37 Figure 3.7: Simulated plasmon dispersions in (a) 2% and (b) 4% Ce-doped CaMnO 3 calculated for wavevectors q along the three Cartesian directions of the orthorhombic Brillouin zone.

Figure 3 . 8 :

 38 Figure 3.8: (a) Calculated electron-phonon density of states and interaction strength at (b) the Γ point and (c) k y = 0.5π/a points, for 2% and 4% doping.

Figure 3 . 9 :

 39 Figure 3.9: Spectral function (obtained by integration of Fig. 3.6) of the quasi-2D and 3D bands for (a) 2% and (b) 4% doping.

Figure 3 .

 3 Figure 3.10: (a) Hall effect for a 30 nm 4% Ce-doped sample at 130 K, and its simulation with n = 2.8 × 10 20 cm -3 and µ = 9.9 cm/Vs for the light-carrier channel, and n = 1.6 × 10 21 cm -3 and µ = 3.6 cm/Vs for for the heavy-carrier one. (b) Temperature dependence of resistivity of the same sample, and its fit using a two-band model with the light-and heavy-carrier channels plotted together with the individual contributions of the channels.

Figure 3 .

 3 Figure 3.11: Electron-electron scattering coefficient α plotted as a function of applied magnetic field.

  where τ represent the scattering time of the mechanism with α = 0 for impurity Electronic structure of Ce-doped CaMnO 3 thin films: doping a charge-
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 12141 2.4 we showed the increasing interest of scientists in topological structures in manganites, and in this chapter we show how Ce-doped CaMnO 3 is an interesting candidate to study topological phenomena in manganites. While CaMnO 3 is an insulating antiferromagnet, upon doping by only a few percent of Ce in the Ca site, the material transitions to a metallic and weakly ferromagnetic state (see 1.2.5). Additionally, Ce-doped CaMnO 3 thin films grown on YAlO 3 substrates are compressively strained, leading to high magnetocrystalline anisotropy that dominates, causing the small net magnetization to be out of plane (as shown in 2.4). With high anisotropy K u and low magnetization M s , the condition 2K for the nucleation of topological bubbles during magnetization reversal [2, 107] is easily met. The coexistence of metallicity and perpendicular anisotropy makes Ce-doped CaMnO 3 a good candidate to study topological magnetic configurations in manganite thin films.4.1 Hall effect measurements and isolation of the topological Hall effect 4.1.1 Hall effect of a 4% Ce-doped CaMnO 3 thin filmWe performed transverse resistivity measurements as a function of temperature, for 20 nm samples of different doping grown on YAlO 3 . What we have consistently seen in these measurements is that there is always an additional contribution of longitudinal

Figure 4 . 1 :

 41 Figure 4.1: Anomalous and topological Hall effect at different temperatures up to 95 K for the 4% doped sample. Normal Hall effect at 125 K. The data are shifted vertically for clarity.

3

 3 thin film are shown in Fig. 4.1.From room temperature down to 130 K, the Hall signal is linear with a negative slope, consistent with n-type transport. The obtained carrier density is n = 1.7 • 10 21 cm -3 , close to the nominal value of 1.55 • 10 21 cm -3 for 4%, assuming that each Ce ion brings two electrons. Below T c , the Hall signal develops a hysteretic component (see

Figure 4 . 3 : 5 T

 435 Figure 4.3: (a) Temperature dependence of the topological Hall resistivity. (b) Topological Hall effect vs temperature and magnetic field. The temperature dependence of the coercive field H C and the position of the topological Hall effect maximum H T are show as green and red symbols, respectively.
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 47744 Figure 4.4: Hall effect in a 22 nm 4% Ce doped CaMnO 3 film grown on NdAlO 3 .

Figure 4 . 5 :

 45 Figure 4.5: Hall effect of (a) CaMnO 3 (20 nm)/Ca 0.96 Ce 0.04 (20 nm)//YAlO 3 and (b) Ca 0.96 Ce 0.04 (20 nm)/CaMnO 3 (20 nm)//YAlO 3 bilayers measured at 20 K. (C) Amplitude of the topological effect at 20 K of 20 nm-thick bilayers of CaMnO 3 and Ca 0.96 Ce 0.04 MnO 3 , and of bare Ca 0.96 Ce 0.04 MnO 3 , plotted as a function of the measured carrier density.
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 46 Figure 4.6: Magnetic force microscopy images at 10 K at different negative magnetic fields sweeping downwards after applying a positive perpendicular field of +3T.

Figure 4 . 7 :

 47 Figure 4.7: (a) Initial 3 × 3 µm 2 image. (b) Binarized image by using a threshold around the z scale. (c) Image showing the contours of particles of an automated particle counting program.

  with a particle counting program, as shown in Fig. 4.7. In Fig. 4.8 we show the computed density of bubble domains vs topological Hall effect, at 10 K, 40 K and 80

Figure 4 . 8 :

 48 Figure 4.8: Field dependence of the topological Hall resistivity (blue line, left axis) and of the number of observed bubbles in the MFM images (red dots, right axis) at 10 K, 40 K and 80 K.

Fig. 4 .

 4 Fig. 4.9 a schematic of bubble nucleation. Blue skyrmion bubbles with a vorticity v = +1 are first nucleated (Fig. 4.9a), then expand as the magnetic field increases, reducing the size of the red domains that eventually become red skyrmion bubbles with v = -1 (Fig. 4.9c). The opposite would hold if the blue bubbles were nucleated

Figure 4

 4 Figure 4.9: Representation of the topology of nucleated skyrmion bubbles. After magnetizing the sample positively (red) and sweeping down the magnetic field, at around -0.9 T the manganite starts nucleating bubbles with a downwards magnetization (blue bubbles) (a). The vorticity is given by energetics and is assumed in this case to be v = +1. Increasing the (negative) magnetic field, the skyrmion bubbles expand to the point that they merge with others while the red ones shrink and eventually become red bubbles. During this expansion, the domain walls that define different blue domains join to become the domains walls of the newly formed red bubbles (b), and as the outside of the blue domain walls becomes the inside of the red domain walls, the winding directions of the spins around the red bubbles is reversed compared to the blue ones. Thus these red bubbles have a vorticity v = -1 (c).

Figure 4 . 10 :

 410 Figure 4.10: Field dependence of the topological Hall resistivity (grey line, left axis) and of the number of observed red and blue bubbles bubbles in the MFM images (red and blue dots, right axis) at 10 K, 40 K and 80 K.

Figure 4 . 11 :

 411 Figure 4.11: Topological and anomalous Hall effect at 20 K for 1% (a) and 15 K for 2% (b), 4% (c) and 5% doping (d).

Figure 4 . 12 :

 412 Figure 4.12: Magnetic force microscopy images at 15 K, at different negative magnetic fields, after applying a positive perpendicular field of +3T for 2% Ce doping (a) and 5% Ce doping (b). Field dependence of the topological Hall resistivity (blue line, left axis) and of the number of observed bubbles in the MFM images (red dots, right axis) at 15 K, for 2% Ce doping (a) and 5% Ce doping (b).

4 .

 4 12a,b shows the out-of-plane magnetization of the same 2% and 5% Ce-doped sample whose Hall effect we show in Fig.4.11. Similarly to what was shown in the previous section for the 4%-doped sample, we magnetized the sample positively with a +3 T field and swept the field downwards. Just as the 4% sample, both the 2% and 5% doped samples feature magnetic bubbles with a magnetic field dependence that tracks the topological Hall effect (Fig.4.12c,d). Additionally, the maximum bubble density remains roughly constant and its peak follows the topological Hall effect throughout all temperatures. This corroborates our proposed picture of bubbles with a non-trivial topology which gives rise to the topological Hall effect.The size distribution of the magnetic bubbles does not significantly vary between doping, as seen in Fig.4.13a. In principle, thin films with different dopings can have magnetic bubbles of different size, owing to different magnetic properties: the magnetic anisotropy and the ferromagnetic stiffness. We extract the anisotropy energy K = M H C 2 from the magnetization M (in Fig. 2.10) and the coercive field H C (obtained from MOKE for 4%, in Fig. 2.11, and from anomalous Hall effect for 2% and 5%, in Fig. 4.11). The doping dependence of the anisotropy energy K is plotted in Fig. 4.13b. Within error bars, K is roughly constant with doping.

Figure 4 .

 4 Figure 4.13: (a) Comparison of the experimental and calculated bubble sizes for different Ce dopings. (b) Doping dependence of the anisotropy constant at 20 K.

Figure 4 . 14 :

 414 Figure 4.14: Temperature dependence of the topological Hall resistivity for (a) 2% Ce doping, (b) 4% Ce doping, and (c) 5% Ce doping.

4. 3 . 2

 32 Doping and temperature dependence the Hall effect 4.3.2.1 Topological Hall effect The topological Hall effect (Fig. 4.14) decreases almost monotonically with temperature, disappearing at the critical temperature T C throughout all dopings. Magnetic force microscopy experiments showed that the magnetic bubbles are follow closely the topological Hall effect with a maximum density that stays roughly constant in temperature. Hence, the change in temperature of the topological Hall effect cannot depend on a variation of the magnetic bubbles themselves. According to the Bruno model, the topological Hall resistivity is proportional to P (Eq. 1.5), which decreases

Figure 4 . 15 :

 415 Figure 4.15: Temperature dependence of the topological Hall resistivity for (a) 2% Ce doping, (b) 4% Ce doping, and (c) 5% Ce doping. Temperature dependence of the anomalous Hall resistivity for (d) 2% Ce doping, (e) 4% Ce doping, and (f) 5% Ce doping. The red lines are fits using Eq. 4.10.

  The fits are shown in Fig. 4.15. The obtained parameters are ζ = 4 × 10 -5 for 2% doping, ζ = 1.8 × 10 -6 for 4% doping, and ζ = 1 × 10 -7 . The 5% sample, which is the most ferromagnetic, has an anomalous Hall effect resembles that of La 0.7 Ca 0.3 MnO 3 and La 0.7 Sr 0.3 MnO 3 and can be simulated with a small ζ value. In this case, ζ is negligible (ζ e -Ec/k B T ) and the original model from Calderon and Brey is applicable. In contrast, the 2% sample has the weakest magnetization (in other words that shows the stronger deviation from the collinear case), and its anomalous Hall effect decreases with temperature and a large ζ must be used to account for this dependence. In this case ζ dominates over the Boltzmann distribution (ζ e -Ec/k B T ), and so, from Eq. 4.10, ρ AHE ∝ 1 T and thus the anomalous Hall effect is monotonically decreasing with temperature. The 4% sample corresponds to an intermediate situation where we can see both the increase at low temperature and the broad peak close to T C While the agreement is not perfect, the model captures the main features of the temperature dependence of the anomalous Hall effect, namely a broad maximum close to the transition temperature T C , and an increase at low temperature. As for the topological Hall effect, this model understimates the magnitude of the effect as our data is fitted with a prefactor almost two orders of magnitude larger than what is expected from theory [98, 99].
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 21 is the electron mean free path. The transport phenomena that arise from topological spin textures depends on the scale of the exchange coupling. We can thus consider three regimes: 90 Giant topological Hall effect in electron-doped CaMnO 3 thin films • Regime 0: strong coupling: (ql) 2 < 1 < τ /2τ ex • Regime 1: weak coupling and local effective field: (ql) 2 < τ /2τ ex < Regime 2: weak coupling and non-local effective field: τ /2τ ex < (ql) 2 < 1 τ = m * e 2 ρn is the momentum relaxation time and τ ex = 2J . Here J = J sd S F where J sd is the s-d exchange coupling constant and S F is the ordered ferromagnetic spin, which causes the exchange splitting of the electron spectrum. Regime 0, where the Bruno model holds, considers only adiabatic processes such as Berry phase mechanisms, but there are other non-adiabatic effects that can occur in regimes 1 and 2.
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 416 Figure 4.16: Phase diagram of the various diffusive regimes as a function of M τ = τ /2τ ex and ql. [171]

4. 3 . 4 Figure 4 . 17 :

 34417 Figure 4.17: Extracted effective mass at low temperature, normalized by the value at 5% Ce doping, and assuming m = ρ/ne 2 τ and no doping dependence of τ [174], with simulations of the effective mass with electron-phonon coupling (black line), and additional weak (green line) and strong correlations (red line).
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 922 of these quasi-2D polarons strongly suggests that the coupled phonons are long range. In this regime, the Fröhlich model is valid and to estimate the effective mass one have to obtain the α = e 0 parameter (Eq. 1.23). DFT calculations estimate the unenhanced mass of the quasi-2D polarons to be m = 0.66m e . The phonons that effectively modify the effective mass are the most infrared-active modes;
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 418 Figure 4.18: Relationship of the topological Hall effect with the carrier density. The model is shown normalized to the experimental value at 1.03 × 10 21 cm -3 .

Fig. 4 .

 4 [START_REF] Romming | Writing and deleting single magnetic skyrmions[END_REF] we show the amplitude of the topological Hall effect for samples of varying doping, at 20 K, compared to the scaling laws of the strong coupling regime (1/n) and weak coupling regime (1/n 2/3+α ). We can see that the strong coupling regime fails to capture the strong amplification of the effect close to the Mott transition. On the other hand, the weak coupling regime with a α = 2 mass enhancement reproduces very well the trend of the topological Hall effect. The numerical prefactor is slightly underestimated by this model compared to the data (by a factor of 3). This could be because of non-adiabatic processes such as vertex corrections, effects beyond the single-particle mass renormalization also coming from correlations, that would further increase the Hall signal.The anomalous Hall effect has also a magnitude that cannot be explained by the adiabatic Bruno model: at 4% doping it is more than one order of magnitude large than what one could expect, and at 2% it is almost three order of magnitude large.Since the anomalous Hall effect stems from the same Berry phase mechanisms as the topological Hall effect, one would expect the former to be strongly enhanced by the Doping dependence and enhancement of the topological and anomalous Hall effect95
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 419 Figure 4.19: Topological and anomalous Hall effect at 20 K.
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 51 Figure 5.1: Topography (a) and 2θ -ω scan of an as-grown BiFeO 3 /Ca 0.96 Ce 0.04 MnO 3 bilayer on YAlO 3 .

  3 /(Ca,Ce)MnO 3 bilayer is shown in Fig. 5.3a, showing good switchability of the polarization. BiFeO 3 /(Ca,Ce)MnO 3 bilayers were patterned into Hall bars with the techniques outlined in 2.5. The topography of these devices is shown in Fig. 5.3b. A piezoresponse force microscopy image of a BiFeO 3 /(Ca,Ce)MnO 3 Hall device in its virgin state is shown in Fig. 5.3c.

Figure 5 . 2 :

 52 Figure 5.2: Schematic of the operation of a piezoresponse force microscopy. When the polarization is parallel to the electric field due to the voltage bias between the tip and the sample, the deflection is in phase with the applied AC voltage. When the polarization is anti-parallel to the electric field, the deflection is in anti-phase with the applied voltage.

Figure 5 . 3 :

 53 Figure 5.3: (a) Piezoresponce force microscopy phase loop of a BiFeO 3 /Ca 0.98 Ce 0.02 MnO 3 bilayer. Topography (c) and ferroelectric polarization before (d) and after (e) ferroelectric switching of a BiFeO 3 /(Ca,Ce)MnO 3 Hall bar fabricated by optical lithography.

Figure 5 . 4 :

 54 Figure 5.4: Temperature dependence of the resistivity of (a) BiFeO 3 (30 nm)/Ca 0.98 Ce 0.02 MnO 3 (10 nm) and (b) BiFeO 3 (30 nm)/Ca 0.95 Ce 0.05 MnO 3 (10 nm) on YAlO 3 for the virgin (black) and switched (red) states.

Figure 5 . 5 :

 55 Figure 5.5: (a) Schematic of the lamella used for the STEM experiments. 20 × 20µm 2 images of (b) the topography and (c) the ferroelectric polarization of the bilayer with deposited metal markers before focused ion beam lithography.

  3 (30 nm)/Ca 0.96 Ce 0.04 MnO 3 (20 nm) sample grown on YAlO 3 (Fig. 5.6a) show a highly epitaxial structure with well defined interfaces, and the reciprocal pattern by fast Fourier transform confirms that the BiFeO 3 is in its super-tetragonal state (c/a = 1.23). The atomic structure of BiFeO 3 , for both polarizations, is shown in Fig. 5.6b,c. HAADF and ABF images can be combined with RGB colors to observe the position of Bi, Fe and O ions, which indicate large and opposite displacements of Fe and O ions with respect to the Bi for the two polarizations. This both shows that the electric field switching by piezoresponse force microscopy is able to switch the polarization of the BiFeO 3 , and that the polarization is preserved during the sample preparation.

Figure 5 .

 5 Figure 5.6: a) STEM-HAADF image of a BiFeO 3 /(Ca,Ce)MnO 3 heterostructure grown on YAlO 3 substrate, at the [100] pc zone axis. Insert is the fast Fourier transform of the BiFeO 3 thin film indicating a super-tetragonal structure. STEM-HAADF, ABF and the RGB mixture of the corresponding HAADF and ABF image for (b) downward and (c) upward polarization states, respectively, observed at [110] pc zone axis. The atomic models of different polarizations are overlapped with the corresponding RGB images.

Figure 5 . 7 :

 57 Figure 5.7: STEM-HAADF overview of the BiFeO 3 upward polarization region defined by piezoresponse force microscopy, the upward domains are marked with red shadow and their volume percentage in each image is written at the bottom right.

Figure 5 . 8 :

 58 Figure 5.8: The RGB images constructed by the atomic EELS chemical mapping of Fe-L 2,3 (blue), Ca-L 2,3 (green) and Mn-2,3 (red) across the Ca 0.96 Ce 0.04 MnO 3 thin film for (a) downward and (c) upward polarization states, respectively. HAADF images of the corresponding BiFeO 3 /Ca 0.96 Ce 0.04 MnO 3 interfaces for (b) downward and (d) upward polarization states, where the Bi, Fe, Ca, and Mn atoms are indicated by yellow, blue, green and red open circles, respectively. (e) Chemical shift of Mn-L 3 edge per unit cell across the (Ca,Ce)MnO 3 layer for the downward (black) and upward (red) polarization states. The zero reference of the profile is the nominal stoichiometry Ca 0.96 Ce 0.04 MnO 3 where the Mn valence is +3.92 with Mn-L 3 edge at 641.31 eV. The spectra of the (f) O-K and (g) Mn-L 2,3 edge at three different positions indicated in (e) for both downward (black) and upward (red) polarization states.

Figure 5 . 9 :

 59 Figure 5.9: (a) Excess charge per unit cell scale across the (Ca,Ce)MnO 3 layer for the downward (black) and upward (red) polarization states. The zero reference of the profile is the nominal stoichiometry Ca 0.96 Ce 0.04 MnO 3 where the Mn valence is +3.92 with Mn-L 3 edge at 641.31 eV. (b) Schematic illustration of the behavior of different layers of CaMnO 3 in response to the ferroelectric switching. S.l. stands for "screening layer" and F.l for "function layer".

  Figure A.1: (a) Croquis de bulles skyrmion et (b) skyrmions (image courtoisie de Joo-Von Kim).

Figure A. 7 : 2 T∝ 1 n α où typiquement α = 1 .

 721 Figure A.3: (a) Aimantation des bulles de skyrmion dans La 0.825 Sr 0.175 MnO 3 et schéma de leur topologie [104]. (b) Effet Hall topologique de SrRuO 3 /SrIrO 3 , et microscopie à force magnétique montrant la présence de skyrmions dans le système [111].

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  1-x Ca x MnO 3 thin films, as shown in Fig. 1.16b, al-

	State of the art
	though in a limited temperature range. The obtained phonon modes haves energies
	ω/k B ≈ 100 -130 K, much lower than what one would expect from a transition
	temperature T C ≈ ω/2k B ≈ 200 -250 K.

Table 3 .

 3 

1: Carrier density and Fermi wavevector of the 3D and quasi-2D carriers for 2% and 4% doping.

Table 4 .

 4 [START_REF] Moriya | Anisotropic superexchange interaction and weak ferromagnetism[END_REF] with the measured Doping dependence and enhancement of the topological and anomalous Hall effect83 1: Comparison of topological Hall effect amplitudes in various materials systems bubbles density at 20 K (assuming each bubble carries a unit of topological charge Q), we obtain a topological Hall effect larger by a factor of 40. This could be because we are not able to measure smaller bubbles, although due to our domain wall width d w of the order of 10 -20 nm, our bubbles would have, in the smallest case, a diameter ≈ 30 nm, which means that they would not escape detection. Even if, somehow, smaller bubbles were able to nucleate, they would have to be 40 times more abundant than the measured ones, which would be unrealistic.

	Material system THE amplitude (µΩ cm)	Note	Ref.
	MnSi	0.0045	Skyrmion system [29]
	MnP	0.01	Fan spin system	[31]
	MnGe	0.16	Skyrmion system [168]
	SrRuO 3 /SrIO 3	0.2	Interface system [111]
	Fe 0.7 Co 0.3 Si	0.5	Skyrmion system [169]
	EuO	0.6	Centrosymmetric [105]
	Ce 0.01 Ca 0.99 MnO 3	120	Correlated oxide [167]

This magnetic flux quantum is defined differently from that of superconductors (Φ0 = h/2e), where the Cooper pairing doubles the charge and thus halves the flux

Hall effect measurements and isolation of the topological Hall effect 

To study the third topological contribution we have to remove the first two: we can subtract the normal Hall effect simply by subtracting a high field slope, and to subtract the anomalous Hall effect we used magneto-optic Kerr effect measurements on the very same sample to obtain the magnetization loop (see 2.4).

Topological Hall extraction and phase diagram

Having measured the magnetization of the sample shown above with MOKE (see 

Ferroelectric field effect

We grew BiFeO 3 /(Ca,Ce)MnO 3 bilayers on YAlO 3 (001) substrates by pulsed laser deposition, as described in 2.1. We first deposited the layer of Ce-doped CaMnO 3 .

Successively, instead of annealing the film in oxygen, we deposited the BiFeO 3 layer with a substrate temperature T sub = 450 • C, oxygen pressure P O 2 = 6 × 10 -3 mbar, and a substrate-target distance of 44 mm. The laser pulses had a frequency f = 1 Hz and a fluence of 0.42 J/cm 2 . Post-growth annealing was then performed by increasing the oxygen pressure to P O 2 = 300 mbar for 30 minutes, keeping the same heater power. 

Conclusions and Perspectives

In this thesis we have studied the electronic and topological properties of Cedoped CaMnO 3 through magnetotransport measurements, angle-resolved photoemission spectroscopy and magnetic force microscopy. Here, we summarize the main results

of our studies and possible future investigations based on our conclusions.

Summary

In chapter three we have reported our combined angle-resolved photoemission spectroscopy measurements and density functional theory simulations which showed the presence of two separate charge carriers: light 3D electrons in the e g 3z 2 -r 2 -derived Fermi sphere around Γ, and heavy quasi-2D polarons in e g x 2 -y 2 cylinders. The difference in band structure between the two carriers can be ascribed to a difference in electron-phonon interaction. In the quasi-2D bands, static correlations push the conduction band upwards, reducing the bandwidth between the bottom of the occupied band and the Fermi energy. This destroys the single-particle picture of these carriers, invoking vertex corrections that transform the electron band into a "waterfall", which corresponds to the formation of polaron quasi-particles. Although these polarons have a much higher mass compared to the 3D electrons, their carrier density is high enough so that they dominate electron transport nonetheless. These results suggest that, in manganites, as the metal-insulator transition is crossed, polarons form due to an enhancement of the electron-phonon coupling, if they interact with phonons of comparable energies.

In chapter four we have shown the Hall effect of a 4% doped CaMnO 3 thin film.

At temperatures higher than the transition temperature T C , the Hall effect was linear, as expected by the ordinary Hall effect in a paramagnetic manganite. At lower temperatures, the Hall effect started featuring a hysteresis loop, proportional to the magnetization of the sample, corresponding to an anomalous Hall effect. At even