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Introduction

Materials with a complex long-range magnetic order are emerging as a new paradigm for spintronics applications. More than 80% of known magnetic substances have dominant antiferromagnetic interactions and have moved into the focus of current research. On the one hand, appealing assets like insensitivity to spurious magnetic fields, suppression of the crosstalk between neighbouring device cells, fast magnetization dynamics in the THz range and long-distance spin transport make them favourable candidates for low-power spintronics. Hence, understanding the fundamental basis of antiferromagnetic manipulation to harness their unique features is highly desirable. On the other hand, a major bottleneck is the electrical control and readout of their antiferromagnetic magnetization state. In multiferroics, the magnetoelectric coupling between ferroelectric and antiferromagnetic orders may represent an efficient way to control antiferromagnetism with an electric field.

In this thesis, we investigate the archetypical room-temperature multiferroic oxide bismuth ferrite, BiFeO3. We exploit the unique performances of scanning NV magnetometry to image a wide variety of complex antiferromagnetic textures at the nanoscale, textures that we control by strain engineering and electric field. Epitaxial BiFeO3 thin films grown on various substrates give access to a fine tuning of the strain level. Various pristine ferroelectric domain landscapes, imaged by piezoresponse force microscopy, are elaborated. We furthermore resort on an inverse ferroelectric phase transition triggered by an a posteriori annealing, theoretically predicted and experimentally validated. This transition enhances the global electrical order from a maze to a perfect array of striped ferroelectric domains. We correlate the ferroelectric landscapes to the antiferromagnetic ones, as imaged with a scanning NV magnetometer. We demonstrate that strain stabilizes bulk or exotic spin cycloids, as well as collinear antiferromagnetic order. A complementary resonant elastic X-ray scattering investigation allows corroborating the nanoscale real-space images of the magnetic arrangements by the macroscopic spin textures in reciprocal space. Using this synchrotron-based technique, we reveal the periodic chiral antiferromagnetic order and confirm the existence of two types of cycloids. Beyond the observations of ferroelectric domains pristine configurations, in which the spin cycloid propagation is locked to the electric polarization, we manipulate the ferroelectric order aiming at designing antiferromagnetic landscapes on demand. Taking advantage of the magnetoelectric coupling in BiFeO3, we deterministically change one type of cycloid to another or turn collinear states into non-collinear ones. Finally, resorting on anisotropic strain, we stabilize a single domain ferroelectric state, in which a single spin cycloid propagates. We unravel the physics of spin cycloids with data from NV scanning magnetometry as well as resonant elastic X-ray scattering. This opens a fantastic avenue to investigate the coupling between electrically-reprogrammable non-collinear antiferromagnetism and spin transport.

This thesis is structured as follows: Chapter 1 presents the context of this study starting with an introduction to the state of the art in antiferromagnetic spintronics and the material properties of BiFeO3. These last are first discussed in bulk and then in thin films. Preceding the results, chapter 2 describes the technical requirements to understand the measurements and introduces the data analysis. Besides the growth technique (pulsed laser deposition) and meth-ods for investigating ferroic orders (piezoresponse force microscopy, scanning NV magnetometry and resonant elastic X-ray scattering), this includes information about the crystallographic lattices in BiFeO3 and their characterizations with X-ray diffraction. Chapter 3 focuses on the actual structural and ferroelectric properties obtained in as-grown thin films. Results of the growth optimization towards ordered ferroelectric domain patterns are presented, followed by the astonishing influence of an a posteriori ex-situ annealing step. The latter is described in an ab-initio theory developed by our collaborators from the University of Arkansas, predicting the "inverse phase transition" that is experimentally observed here. Finally, in chapter 4, real-space images in combination with resonant elastic X-ray scattering data result in a phase diagram of the antiferromagnetic textures, including two types of spin cycloids. The dependence with epitaxial strain is highlighted here, and the antiferromagnetic electrical manipulation is demonstrated. In the last paragraph, we investigate a single multiferroic domain thin film grown on a peculiar crystal, which will serve as a reference system to detect electrically the non-collinear antiferromagnetic order.

Context of the study

The modern evolution of data processing and storage demands highly stable devices with fast switching dynamics in smaller spatial volumes. At some point, the enhancement of already existing device types will be limited by the intrinsic material properties. Hence, novel effects and material classes with advantageous properties need to be explored. In this regard, antiferromagnets come into the focus of research. In this chapter, I will present the assets of antiferromagnets for spintronic devices. More specifically, I will introduce the promising properties of the room-temperature multiferroic antiferromagnet BiFeO3.

Introduction to antiferromagnetic spintronics

A problem in current electronic devices is the production of waste heat, limiting amongst other things the downscaling of the devices. A possible solution proposed in spintronics is the use of the electron spin instead of its charge to store and transmit information with less dissipation. Non-volatile spintronic devices, integrating ferromagnetic materials, are already well established basic elements in the field of data storage. For future spintronic applications, however, antiferromagnetic materials are under consideration, beyond their traditional use for exchange biasing.

Assets of antiferromagnets

The first advantage of antiferromagnets is their robustness against external field perturbations.

In contrast to ferromagnetic memory devices where the magnetisation state can be erased by an external magnetic field, the antiferromagnetic order persists due to the large antiferromagnetic exchange energy (Figure 1a). [START_REF] Marti | Prospect for Antiferromagnetic Spintronics[END_REF] Secondly, ultrafast magnetization dynamics are observed and promise switching speeds in the terahertz regime. [START_REF] Olejník | Terahertz Electrical Writing Speed in an Antiferromagnetic Memory[END_REF][START_REF] Wienholdt | THz Switching of Antiferromagnets and Ferrimagnets[END_REF] This is illustrated in Figure 1b, where the magnetic component of a terahertz pulse generates ultrafast Faraday rotation in a 45 µm thick antiferromagnetic NiO sample. The harmonic oscillations with a period of 1 ps are due to the antiferromagnetic spin precession of NiO. [START_REF] Kampfrath | Coherent Terahertz Control of Antiferromagnetic Spin Waves[END_REF] Figure 1c illustrates a third advantage of antiferromagnetic materials in data storage devices: a higher-density packing of storage elements becomes possible, because in contrast to ferromagnetic devices, no magnetic stray field causes an interbit crosstalk. In addition, one may envision to use insulating antiferromagnets to propagate spins over long distances as it was previously demonstrated in the prototypical iron garnet insulating ferromagnet. A recent observation demonstrates the long-distance magnon propagation in antiferromagnetic α-Fe2O3 single crystals (Figure 1d). [START_REF] Lebrun | Tunable Long-Distance Spin Transport in a Crystalline Antiferromagnetic Iron Oxide[END_REF] Spin accumulation is generated at the interface to a Pt injector wire via the spin Hall effect (SHE). The resulting transfer of angular momentum to the antiferromagnet creates a symmetry breaking, responsible for the generation of magnons that travel across α-Fe2O3. They are then detected via the inverse SHE in a second Pt wire. It is demonstrated that this effect persists for promising distances as large as 80 µm. 

Electrical writing and reading of antiferromagnets

The insensitivity to external magnetic fields, on the other hand, represents a big challenge for reading and writing information and hence for the practical operation of devices. Several promising approaches have been proposed over the last few years to circumvent these issues.

Since in ferromagnets the giant magnetoresistance and the tunnelling magnetoresistance effects are utilized in spin valves and magnetic tunnel junctions for readout, respectively, 6 a possibility would be to adapt these devices for antiferromagnets. Even though in theory, concepts of spin transfer torque and giant magnetoresistance are possible in antiferromagnets as well, [START_REF] Núñez | Theory of Spin Torques and Giant Magnetoresistance in Antiferromagnetic Metals[END_REF] scattering processes reduce the effect significantly in experimental realizations. [START_REF] Duine | Inelastic Scattering in Ferromagnetic and Antiferromagnetic Spin Valves[END_REF] Similarly in antiferromagnetic tunnel junctions, where the torque is supposed to be more robust against scattering processes, 9 a magnetoresistance exists, even if its value stays relatively low. [START_REF] Wang | Anti-Ferromagnet Controlled Tunneling Magnetoresistance[END_REF] At first neglected because of its much smaller amplitude, the anisotropic magnetoresistance effect has come into the focus of attention for antiferromagnetic memory resistors. Since it is a bulk phenomenon, no complex multilayer structures are required. Whereas the read-out via anisotropic magnetoresistance could be realized in a promising way in FeRh as a proof of principle for an antiferromagnetic memory resistor (Figure 2a), the writing process requires a fieldcooling step from the ferromagnetic to the antiferromagnetic phase, this latter being hardly compatible with realistic device applications. [START_REF] Marti | Room-Temperature Antiferromagnetic Memory Resistor[END_REF] To avoid a cooling element, an antiferromagnetic/ferromagnetic phase transition in FeRh induced by Joule heating via a current flow opens the possibility to operate the device only by magnetic field and electric current. [START_REF] Moriyama | Sequential Write-Read Operations in FeRh Antiferromagnetic Memory[END_REF] In the context of devices based on anisotropic magnetoresistance as readout scheme, a memory with multistable antiferromagnetic states becomes possible, as demonstrated in MnTe. [START_REF] Kriegner | Multiple-Stable Anisotropic Magnetoresistance Memory in Antiferromagnetic MnTe[END_REF] There, the multitude of stable states is ascribed to different antiferromagnetic domain configurations.

Increasing the amplitude of the anisotropic magnetoresistance is possible using a tunnelling mechanism. From the theoretical point of view, the so-called tunnelling anisotropic magnetoresistance effect can be found in antiferromagnets utilizing bi-metallic 3d-5d antiferromagnetic alloys. [START_REF] Shick | Spin-Orbit Coupling Induced Anisotropy Effects in Bimetallic Antiferromagnets: A Route towards Antiferromagnetic Spintronics[END_REF] This is for instance realized in a stack composed of IrMn, an MgO barrier and a nonmagnetic Pt electrode. [START_REF] Park | A Spin-Valve-like Magnetoresistance of an Antiferromagnet-Based Tunnel Junction[END_REF] In this device, the antiferromagnetic moments in IrMn are rotated via the exchange spring effect [START_REF] Scholl | Creation of an Antiferromagnetic Exchange Spring[END_REF] by an adjacent magnetically soft NiFe ferromagnet (Figure 2b).

However, the majority of antiferromagnets are insulators and on the path towards low-power spintronic devices, the use of pure spin currents (no charge flow) would be highly desirable to reduce the dissipation associated with the Joule effect. Up to now, only a few antiferromagnetic insulators have been considered in the framework of spintronics, because alternative ways are needed to probe their antiferromagnetic spin state. One example is the readout using the spin Hall magnetoresistance in a simple electrical transport measurement. This effect is observed in antiferromagnetic NiO and α-Fe2O3. It is based on an interfacial exchange of angular momentum (via spin transfer torque) from the sublattice magnetizations to the conduction electrons of an adjacent heavy metal layer. As shown in Figure 2c, the size of the effect is found to be even larger in the antiferromagnetic α-Fe2O3 (blue curve) compared to the reference ferrimagnetic insulator, Y3Fe5O12 (black curve). 17 After having discussed various read-out principles in antiferromagnetic devices, we now focus on different approaches to manipulate the antiferromagnetic spins and hence to write information. First proposed in theory [START_REF] Gomonay | Spin Transfer and Current-Induced Switching in Antiferromagnets[END_REF] and then realized in experiments [START_REF] Tang | Tuning the Direction of Exchange Bias in Ferromagnetic/Antiferromagnetic Bilayer by Angular-Dependent Spin-Polarized Current[END_REF] , is the approach to combine ferromagnets with antiferromagnets in multilayer heterostructures. Here, via the non-relativistic spin transfer torque, the electron spin is transferred to the antiferromagnetic layer and switching of the latter is possible for high current densities. Whereas a uniform magnetic field is useless to manipulate antiferromagnetic sublattices, the field generated by this torque must be staggered, such that it alternates sign from one sublattice to the next one. [START_REF] Gomonay | Antiferromagnetic Spin Textures and Dynamics[END_REF] The exchange coupling between the ferromagnetic and the antiferromagnetic layers leads to a so-called exchange bias [START_REF] Nogués | Exchange Bias in Nanostructures[END_REF] , associated with a shift of the ferromagnetic hysteresis loop. On the experimental side, observations made in antiferromagnetic spin valves [START_REF] Wei | Changing Exchange Bias in Spin Valves with an Electric Current[END_REF][START_REF] Wei | Spin-Transfer Interactions in Exchange-Biased Spin Valves[END_REF][START_REF] Urazhdin | Effect of Polarized Current on the Magnetic State of an Antiferromagnet[END_REF][START_REF] Tang | Changing and Reversing the Exchange Bias in a Current-in-Plane Spin Valve by Means of an Electric Current[END_REF][START_REF] Dai | Impact of In-Plane Currents on Magnetoresistance Properties of an Exchange-Biased Spin Valve with an Insulating Antiferromagnetic Layer[END_REF] demonstrated that the exchange bias can be influenced by an electrical current. This strategy is a possible path towards the electrical manipulation of the antiferromagnetic order.

More promising in terms of writing of the memory state is the relativistic spin orbit torque. Being a locally generated bulk effect, it is relatively insensitive to disorder and no thin film heterostructure is necessarily required. However, combining the spin and orbital degree of freedom induces a coupling to the properties of the crystallographic lattice. Hence, the occurrence of a spin orbit torque demands a broken inversion symmetry. A current-induced spin polarization is exchange-coupled to the equilibrium magnetic moment of a magnetic material via the inverse spin galvanic effect (Edelstein effect), creating a spin-orbit torque. This is consistent with experimental investigations in the ferromagnetic semiconductor (Ga,Mn)As [START_REF] Chernyshov | Evidence for Reversible Control of Magnetization in a Ferromagnetic Material by Means of Spin-Orbit Magnetic Field[END_REF][START_REF] Fang | Spin-Orbit-Driven Ferromagnetic Resonance[END_REF] or the room-temperature ferromagnetic metal NiMnSb [START_REF] Ciccarelli | Room-Temperature Spin-Orbit Torque in NiMnSb[END_REF] . In the context of antiferromagnetic spintronics, this effect is proposed as a way to efficiently manipulate the antiferromagnetic order via a spin-polarized current. [START_REF] Železný | Relativistic Néel-Order Fields Induced by Electrical Current in Antiferromagnets[END_REF] It could be experimentally realized in CuMnAs thin films (Figure 3a), combined with anisotropic magnetoresistance used for read-out. [START_REF] Wadley | Electrical Switching of an Antiferromagnet[END_REF] In the same device type, by varying the writing pulse duration and the application of multiple pulses along the same writing path, a multilevel resistive device is realized. [START_REF] Olejník | Antiferromagnetic CuMnAs Multi-Level Memory Cell with Microelectronic Compatibility[END_REF] These neuron-like switching characteristics reveal that antiferromagnetic spintronics has a huge potential to satisfy the modern needs in data storage and computing purposes. However, when the antiferromagnetic domain structure is imaged (Figure 3b), it turns out that only a small percentage of the domains changes its orientation. [START_REF] Grzybowski | Imaging Current-Induced Switching of Antiferromagnetic Domains in CuMnAs[END_REF][START_REF] Wadley | Current Polarity-Dependent Manipulation of Antiferromagnetic Domains[END_REF] This is depicted in the last coloured image, representing the difference between the domain configurations taken before and after the electrical switching. Hence, the imaging and control of antiferromagnetic domains is mandatory to understand and optimize the switching effects. Several examples of antiferromagnetic devices can be found in the literature, such as car parking and counting systems, geodynamic sensing devices to measure distances over a long timescale off the grid. [START_REF] Jungwirth | Antiferromagnetic Spintronics[END_REF][START_REF] Baltz | Antiferromagnetic Spintronics[END_REF][START_REF] Železný | Spin Transport and Spin Torque in Antiferromagnetic Devices[END_REF][START_REF] Garcés | From Science to Business in the Markets of Security, Smartcity Management, and Geological Monitoring[END_REF] Another example is a memory device based on a piezoelectric substrate 0.72PbMg1/3Nb2/3O3-0.28PbTiO3 to strain-control an antiferromagnetic MnPt layer. [START_REF] Yan | Strain-Controlled Antiferromagnetic Memory Insensitive to Magnetic Fields[END_REF] A last example resorting on antiferromagnetic FeRh layers coated with a textured rock-salt MgO layer, shows that the effect of the anisotropic magnetoresistance is still functional in flexible devices. [START_REF] Fina | Flexible Antiferromagnetic FeRh Tapes as Memory Elements[END_REF] 

Microscopic insights on antiferromagnetic domains

Even though the first lights of antiferromagnetic spintronics have been attested in the aforementioned devices, the microscopic understanding of the switching mechanisms is still lacking. Due to the absence of a magnetic stray field, only a few techniques are suitable to image antiferromagnetic textures. One option is to use canted antiferromagnets and to measure the small ferromagnetic moment with techniques such as magneto-optical Kerr effect microscopy.

Lebrun et al. investigate a R-cut α-Fe2O3 single crystal at room temperature (Figure 4a) [START_REF] Lebrun | Tunable Long-Distance Spin Transport in a Crystalline Antiferromagnetic Iron Oxide[END_REF] and observe domain sizes of hundredths of micrometres. However, at temperatures below the Morin transition, a reorientation of the spins takes place: the canted moment vanishes and can no longer be observed. An alternative technique not relying on measurable finite stray fields relies on synchrotron-based linearly polarized light to measure the direction of the antiferromagnetic vector. Ross et al. imaged the collinear antiferromagnetic structure along the (0001) direction in α-Fe2O3 thin films at 100K (Figure 4b) and obtained smaller domain sizes in the order of 500 nm for the R-cut and a few 100 nm for the C-cut. [START_REF] Ross | Propagation Length of Antiferromagnetic Magnons Governed by Domain Configurations[END_REF] In another antiferromagnetic insulator, NiO, the domain sizes are determined in the order of hundreds of nanometres as well (Figure 4c). [START_REF] Zhao | Electrical Control of Antiferromagnetic Domains in Multiferroic BiFeO3 Films at Room Temperature[END_REF] Interestingly, spin transport experiments in these different types of antiferromagnetic thin films show that the spin diffusion length scales with the size of antiferromagnetic domains, suggesting that antiferromagnetic domain walls play a significant role for spintronic applications with antiferromagnets. Microscopic insight into the antiferromagnetic landscape is then mandatory to understand and optimize electrical device operation. 

Multiferroics for reconfigurable antiferromagnetic domains

The main challenges in antiferromagnetic spintronics remain the reading and writing of information at room temperature without a cooling/heating step or the use of external magnetic fields such as in most of the recent reports from the previous section. For antiferromagnetic insulators one would naturally desire a material that additionally possesses an electric setscrew to manipulate the magnetic sublattices. Antiferromagnetic multiferroics like YMnO3 are promising candidates for such an approach. Using second harmonic generation, Fiebig et al. were able to discriminate ferroelectric and antiferromagnetic domains in YMnO3. [START_REF] Fiebig | Observation of Coupled Magnetic and Electric Domains[END_REF] The coincidence of ferroelectric domain walls with antiferromagnetic ones is observed, but within one ferroelectric domain, multiple antiferromagnetic domains can coexist (Figure 5a). However, the prerequisite for a functional device is the coupling between the electric and the antiferromagnetic domain microstructures. In the most investigated room-temperature multiferroic, i.e. BiFeO3, Zhao et al. observe a clear correlation between ferroelectric and antiferromagnetic stripe domains. Additionally, they show that some of the antiferromagnetic domains can be switched by an electric field (Figure 5b), [START_REF] Zhao | Electrical Control of Antiferromagnetic Domains in Multiferroic BiFeO3 Films at Room Temperature[END_REF] as deduced from the contrast change in the photoemission electron microscopy image. This result might be controversial as X-ray linear dichroism is sensitive to both ferroelectric and antiferromagnetic orders. 

Introduction to multiferroic BiFeO 3

A material is called ferroic when a spontaneous electric polarization 𝐏, magnetization 𝒎 or strain 𝛆 are formed. These ferroic orders can be controlled by an external electric field 𝑬, magnetic field 𝑯 or stress 𝛔, respectively (Figure 6a). [START_REF] Spaldin | The Renaissance of Magnetoelectric Multiferroics[END_REF] In a multiferroic, at least two of those ferroic orders coexist. A very attractive property for spintronics is that, in case of magnetoelectric coupling, the magnetic field may control the polarization or the electric field may control the magnetic sublattices (orange arrows in Figure 6a). In the case of BiFeO3, these ferroic orders are ferroelectricity and antiferromagnetism with transition temperatures at 𝑇 𝑐 ≈ 1100 K and 𝑇 𝑁 = 650 K, [START_REF] Moreau | Ferroelectric BiFeO3 X-Ray and Neutron Diffraction Study[END_REF][START_REF] Kiselev | Very Large Spontaneous Electric Polarization in BiFeO3 Single Crystals at Room Temperature and Its Evolution under Cycling Fields[END_REF] related to spatial inversion and time reversal symmetry breaking, respectively (Figure 6b). In other words, a non-centrosymmetric crystal structure with a charge asymmetry and an antisymmetric magnetic exchange interaction are present. In this chapter, I focus on the room-temperature material properties of BiFeO3, without considering external stimuli like temperature, pressure or electric and magnetic fields. Ferroelectricity and antiferromagnetism in BiFeO3 are strongly related to the crystal structure. The ferroic orders are first presented for bulk BiFeO3. Then, the role of epitaxial strain in thin films is tackled in the second paragraph. To the end, a BiFeO3-based magnetoelectric device is presented, showing the feasibility to integrate this prototypical multiferroic as a functional material.

Ferroelectric and antiferromagnetic properties in single crystals

Due to its large spontaneous ferroelectric polarization 𝑃 = 100 𝜇C cm -2 , 50 and multiferroicity at room-temperature, BiFeO3 has been extensively investigated over the past two decades. [START_REF] Catalan | Physics and Applications of Bismuth Ferrite[END_REF] Crystal structure and the origin of the strong ferroelectric polarization

The simple BiFeO3 perovskite crystalizes in the 𝑅3𝑐 rhombohedral space group at room temperature. The rhombohedral unit cell contains two cubic unit cells as shown in Figure 7a. The polarization vector 𝑃 is parallel to the three-fold rotational symmetry axis along the cubic [111] axis, since the origin of the ferroelectricity in BiFeO3 relies in the stereochemical activity of the Bi 6𝑠 lone-pair (Figure 7b). [START_REF] Seshadri | Visualizing the Role of Bi 6s "Lone Pairs" in the Off-Center Distortion in Ferromagnetic BiMnO 3[END_REF] This pair of valence electrons, that are not shared with another atom in a covalent bond, is chemically inactive but influences the spatial arrangement of the atoms (i.e. sterically active). Via hybridization, the atomic orbitals mix to form a new atomic orbital and the spherical symmetry of the lone pair is lost. The charge asymmetry induces an off-centre displacement of the Bi 3+ ion. Theoretical analysis show that it is not enough to consider solely the hybridization of the 6𝑠 and 6𝑝 orbitals, but a more complex mixing takes place. This treatment of the electrons in their whole orbital configuration is needed to study the spontaneous polarization as shown by Neanton et al. [START_REF] Neaton | First-Principles Study of Spontaneous Polarization in Multiferroic Bi Fe O 3[END_REF] and Ravindran et al. [START_REF] Ravindran | Theoretical Investigation of Magnetoelectric Behavior in Bi Fe O 3[END_REF] The Fe 3+ ions are moved in the same direction as the Bi 3+ ions with respect to the O 2-octahedron as a consequence of electrostatic repulsion, while their relative displacement is smaller.

The induced collective displacement of the Bi 3+ and the Fe 3+ cations with respect to the O 2- anions along the [111] direction directly relates the ferroelectricity to the elastic deformation of the crystallographic lattice with a major contribution of the Bi atoms (> 89%) to the absolute value of the polarization. The polarization can point in one of the eight structurally equivalent cubic 〈111〉 directions. If there were only the polar displacements, the symmetry of the structure would be reduced from the cubic symmetry 𝑃𝑚3 ̅ 𝑚 to rhombohedral 𝑅3𝑚. In perovskite-like 𝐴𝐵𝑂 3 oxides, the stabitilty of the ideal structure can be described using the ratio between the cation radii 𝑟 𝐴 and 𝑟 𝐵 and the anion radius 𝑟 𝑂 in the Goldschmidt tolerance factor 𝑡 = 𝑟 𝐴 +𝑟 𝑂 √2(𝑟 𝐵 +𝑟 𝑂 ) . [START_REF] Goldschmidt | Die Gesetze der Krystallochemie[END_REF] In contrast to 𝑡 = 1 for the ideal cubic perovskite, a value of 𝑡 = 0.96 is calculated [START_REF] Ravindran | Theoretical Investigation of Magnetoelectric Behavior in Bi Fe O 3[END_REF] for BiFeO3, using the ionic radii from Shannon et al. [START_REF] Shannon | Effective Ionic Radii in Oxides and Fluorides[END_REF] . As a consequence, the FeO6 octahedra are tilted out of phase with respect to the cubic [111] axis (Figure 8). The two-dimensional view on the (111) plane (Figure 8b) clarifies this and suggests the use of a hexagonal lattice setting with the hexagonal 𝑐 axis parallel to the cubic [111] axis. This will be described in detail in the second chapter of this thesis. The anti-phase FeO6 tilting angle is about 11°. [START_REF] Megaw | Geometrical and Structural Relations in the Rhombohedral Perovskites[END_REF] The counter rotations of the neighbouring oxygen octahedra alone would reduce the symmetry to a paraelectric phase with the 𝑅3 ̅ 𝑐 space group. Together with the aforementioned ferroelectric distortion, this results in the 𝑅3𝑐 space group for BiFeO3. 

Magneto-electric coupling mechanisms

The dominant magnetic interaction in BiFeO3 is the 180° superexchange between the Fe 3+ via the O 2-ions. [START_REF] Anderson | Theory of Superexchange Interaction[END_REF] Fe 3+ has the electronic configuration [Ar]3d [START_REF] Lebrun | Tunable Long-Distance Spin Transport in a Crystalline Antiferromagnetic Iron Oxide[END_REF] . Three of the five 3d electrons are in the 𝑡 2𝑔 orbitals and two are located in the 𝑒 𝑔 orbitals, one in the 3𝑑 𝑥 [START_REF] Olejník | Terahertz Electrical Writing Speed in an Antiferromagnetic Memory[END_REF] -𝑦 2 and one in the 3𝑑 𝑧 2

(Figure 9a). A virtual hopping process between the electron from the oxygen 2𝑝 orbitals and each of the 𝑒 𝑔 orbitals takes place and forms the G-type antiferromagnetic order shown in Figure 9b. The magnetic moments in all nearest neighbouring Fe 3+ ions are antiparallel, resulting in a ferromagnetic arrangement within the (111)-planes and an antiferromagnetic one between adjacent planes, i.e. in the [111] direction. 10a), the cycloid magnetic structure is confirmed and a propagation vector 𝐤 along one of the three {11 ̅ 0} directions is determined. Furthermore, these authors demonstrate the coupling of the magnetic order to the electric polarization in a polarization switching experiment. [START_REF] Lebeugle | Electric-Field-Induced Spin Flop in BiFeO 3 Single Crystals at Room Temperature[END_REF] The magnetic domains at the surface of a millimetre-size BiFeO3 single crystal were studied by Johnson et al. (Figure 10b) using circularly polarized X-ray diffraction. [START_REF] Johnson | X-Ray Imaging and Multiferroic Coupling of Cycloidal Magnetic Domains in Ferroelectric Monodomain BiFeO 3[END_REF] Magnetic domains up to several hundred microns in size inside a single ferroelectric domain are investigated. Three domain variants, characterized by their cycloidal modulation direction along the wave vectors k1, k2 and k3, respectively, are observed. Furthermore, the absolute rotation direction of the Néel vector in each individual magnetic domain is found to have the same magnetic polarity.

In other words, the cycloid is rotating clockwise in the reference frame spanned by k and P as shown in Figure 10b. . d Theoretical study, starting from the magnetic moments, MFe1 and MFe2, of the two iron atoms in a BiFeO3 crystal where the cycloid is suppressed by doping. The calculated magnetic structure includes the spin-orbit interaction and induces the magnetic moments to rotate in the (111) plane so that there is a resulting spontaneous magnetization M. In the literature, the origin of this spin cycloid is assigned to the Dzyaloshinskii-Moriya interaction. [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 Hamiltonian of this anisotropic exchange interaction has the form

𝐻 𝐷𝑀 = 𝑫 • 𝑺 𝑖 × 𝑺 𝑗 ,
with 𝑫 the Dzyaloshinskii-Moriya vector and 𝑺 𝑖,𝑗 the spins at the sites i and j. In BiFeO3, two magnetic interactions of this mathematical form govern the long-range spin structure. However, for none of them, the microscopic origin is the Dzyaloshinskii-Moriya interaction in the standard sense. The first one can be explained using an inverse spin current model. [START_REF] Katsura | Spin Current and Magnetoelectric Effect in Noncollinear Magnets[END_REF][START_REF] Rahmedov | Magnetic Cycloid of BiFeO 3 from Atomistic Simulations[END_REF][START_REF] Raeliarijaona | Predicted Coupling of the Electromagnetic Angular Momentum Density with Magnetic Moments[END_REF] It was initially proposed by Katsura et al. and describes a family of multiferroics where, via a spin current mechanism (Figure 11a), a small electric polarization can arise from a non-collinear spin configuration. In a cluster of two transition metal ions (Mi and Mj) carrying two canted magnetic moments 𝒎 𝑖 and 𝒎 𝑗 and an oxygen atom O in between, a hopping process via the empty porbitals of the oxygen ion leads to a spin current with spin direction 𝒋 𝑠 ∝ 𝒎 𝑖 × 𝒎 𝑗 (yellow arrow), perpendicular to the magnetic moments 𝒎 𝑖 and 𝒎 𝑗 . This spin current in the system induces a small polarization 𝑷 ∝ 𝒆 ̂𝒊𝒋 × 𝒋 𝑠 , with 𝒆 ̂𝒊𝒋 the unit vector parallel to the direction of the bond. So, no polarization is induced if the canting is in a plane perpendicular to 𝒆 ̂𝒊𝒋 . Rahmedov et al. present how in BiFeO3 the inverse spin current effect (Figure 11b) is at the origin of the spin cycloid. In this model, the intrinsic ferroelectric polarization induces a canting between the 2 nd nearest neighbouring Fe atoms (Figure 11c). The spin canting can only be generated in a plane spanned by the polarization 𝑷 and 𝒆 ̂𝒊𝒋 . This defines hence the propagation direction of the spin cycloid and the grey shaded rotation plane of the cycloid. [START_REF] Rahmedov | Magnetic Cycloid of BiFeO 3 from Atomistic Simulations[END_REF] Proving the spin current model in multiferroics from a theoretical point of view, Raeliarijaona et al. propose that, in the same way spin orbit effects couple to the angular momentum of a particle, an angular momentum density associated with the electromagnetic field directly couples to the magnetic moments. [START_REF] Raeliarijaona | Predicted Coupling of the Electromagnetic Angular Momentum Density with Magnetic Moments[END_REF] To summarize, the spin cycloid in BiFeO3 can hence be described by a mathematical term similar to the Dzyaloshinskii-Moriya interaction, but the ferroelectric polarization and the inverse spin-current effect are needed to explain its origin. where a slight canting out of the cycloidal rotation plane is observed in a neutron scattering study (Figure 10c). [START_REF] Ramazanoglu | Temperature-Dependent Properties of the Magnetic Order in Single-Crystal BiFeO 3[END_REF] This so-called spin density wave may be interpreted with a second Dzyaloshinskii-Moriya interaction. In a BiFeO3 crystal where the cycloid is supressed by doping for example, the same mechanism results in a canted antiferromagnetic structure with a weak ferromagnetic moment. This is described by Ederer & Spaldin, investigating weak ferromagnetism due to a Dzyaloshinskii-Moriya like interaction because of symmetry reductions in the crystal structure (Figure 10d). [START_REF] Ederer | Weak Ferromagnetism and Magnetoelectric Coupling in Bismuth Ferrite[END_REF] In a microscopic model, this second Dzyaloshinskii-Moriya like interaction term is at the origin of the spin canting between neighbouring Fe spins along the [111] direction (note here, that these are third nearest neighbours) and can be derived from the antiphase tilting of the FeO6 octahedra. Using first principle calculations, Albrecht et al. explain how a weak canted ferromagnetic moment arises when the initial alignment of the magnetic moments in the cycloid is perpendicular to the polarization 𝑷. [START_REF] Albrecht | Ferromagnetism in Multiferroic BiFeO 3 Films: A First-Principles-Based Study[END_REF] Here the intrinsic polarization is not at the origin of the mechanism, this rather originates from the tilting of the octahedra by an angle of ω around the same axis, namely the [111] direction (Figure 12a). When the magnetic moments 𝑴 𝐹𝑒 1 and 𝑴 𝐹𝑒 2 are parallel to the [111] axis, no canting is possible. As a result of the canting, a spin density wave (Figure 12b) with the same incommensurate long period as the cycloid propagates along the same propagation direction 𝒌 ∥ {11 ̅ 0} through the crystal. The difference is in the strength of this canting which is weaker than the cycloidal motion itself, namely 0.027𝜇 𝐵 / Fe in the direction generated by the cross product of the magnetic moment vectors and the octahedral tilting axis. The plane of the spin density wave, defined by one of the {112 ̅ } directions for each 𝒌 and the 𝒌 itself, is perpendicular to the cycloid rotation plane (Figure 12b).

Figure 12 : Visualisation of the octahedral tilting (a) as microscopic origin for the spin density wave (b). [START_REF] Ramazanoglu | Temperature-Dependent Properties of the Magnetic Order in Single-Crystal BiFeO 3[END_REF][START_REF] Albrecht | Ferromagnetism in Multiferroic BiFeO 3 Films: A First-Principles-Based Study[END_REF] Finally, the total energy of the system can be reduced to

𝐸 𝑡𝑜𝑡 = 𝐸 𝐹𝐸-𝐴𝐹𝐷 + 𝐸 𝑀𝑎𝑔
The first term concerns the ferroelectric energy (details hereon can be found in Kornev et al. [START_REF] Kornev | Phase Diagram of Pb ( Zr , Ti ) O 3 Solid Solutions from First Principles[END_REF] ).

All the previously cited theory papers, mainly from the group of Bellaiche et al., successively expand the second term, i.e. the magnetic energy. This energy depends on the magnetisation vector 𝒎 𝑖 at each Fe site, which is assumed to be 4 𝜇 𝐵 from first principle calculations. [START_REF] Neaton | First-Principles Study of Spontaneous Polarization in Multiferroic Bi Fe O 3[END_REF] But local soft modes, proportional to the electronic dipole at each Fe site and hence the polarization there, are taken into account as well as the strain tensor and the octahedral tilts. Lisenkov et al. perform their initial calculations only at the basis of the first five summands in Figure 13. [START_REF] Lisenkov | Properties of Multiferroic BiFeO 3 under High Magnetic Fields from First Principles[END_REF] Classical dipolar interactions as well as the superexchange interaction are modified by three terms treating the couplings of the soft modes, octahedral tilts and strain with 𝑚. Then to explain the spin density wave and the spin cycloid, the 6 th and 7 th term are introduced, respectively. [START_REF] Rahmedov | Magnetic Cycloid of BiFeO 3 from Atomistic Simulations[END_REF][START_REF] Albrecht | Ferromagnetism in Multiferroic BiFeO 3 Films: A First-Principles-Based Study[END_REF] However, more than one type of cycloid may exist: another propagation direction, namely along the [112 ̅ ] direction, is indeed observed by Ratcliff et al. [START_REF] Ratcliff | Neutron Diffraction Investigations of Magnetism in BiFeO3 Epitaxial Films[END_REF] using neutron diffraction in a 1 µm thick BiFeO3 film. Bhattcharjee et al. distinguish between pure G-type AFM state and type 1 and 2 cycloid depending on the value of the parameter 𝐶 in the last term. [START_REF] Bhattacharjee | Novel Magnetic Arrangement and Structural Phase Transition Induced by Spin-Lattice Coupling in Multiferroics[END_REF] Xu et al.

even expand this to five possible types of cycloids by introducing a sum over the first and second nearest neighbours for the inverse spin current model. Hence there appear two coefficients 𝐶 1 and 𝐶 2 . The solutions of the first and second nearest neighbour terms coexist with different magnitude or even sign and therefrom for each cycloid type, three propagation directions can be calculated. These authors report for example that the experimental accessibility of a type 2 cycloid may involve effects beyond epitaxial strain with surface effects as possible suggested hints. 74 Beyond this analysis of the experimental and theoretical background of the cycloid, other important issues like the single ion anisotropy and anharmonicity of the spin cycloid are neglected as they are not in the focus of this thesis. A comprehensive summary on them can be found in Park et al. [START_REF] Park | Structure and Spin Dynamics of Multiferroic BiFeO 3[END_REF] 

Tunability of the ferroelectric and antiferromagnetic order in thin films

Beyond single crystals, BiFeO3 thin films offer a pathway to access and influence the ferroelectric and antiferromagnetic properties using epitaxial strain, different substrate orientations or electric field. In addition, high quality thin films with a flat surface can be produced in larger lateral sizes than single crystal samples up to strain levels where the latter would fracture. Due to this capability to tailor the multiferroic properties in thin films, BiFeO3 appears as a fantastic platform for spintronic applications as well as for fundamental research on the interplay between structure, ferroelectricity and non-collinear antiferromagnetic properties.

Ferroelectric domain formation and thin film growth Each one of the eight possible ferroelectric variants may harbour three different magnetic domains. An ordered ferroelectric domain pattern, harbouring 4, 2, or even 1 of these variants can be obtained by combining several strategies in the growth optimization process. This greatly simplifies all further analysis of the samples. The symmetry of the substrate, and an additional bottom electrode, can favour some of the ferroelectric polarization variants. In the case of two ferroelectric polarization variants, typically three different arrangements of stripe patterns can be formed, as shown in Figure 14. The polarization direction (red arrows) in the neighbouring domains is rotating either by 71° (a, d), 109° (b, e) or 180° (c, f). [START_REF] Heron | Electric Field Control of Magnetism Using BiFeO 3 -Based Heterostructures[END_REF] Three different types of domain walls (blue) are formed (d-f) and produce different stripe domain patterns in the thin films (a-c). In contrast to atomic steps on the flat surface for the 71° and 180° domain walls (a, c), the 109° domain walls imprint as a "puckering" of the surface (b). However, ferroelectric domains may form more irregular patterns (maze, mosaic) and the optimization of the growth parameters is necessary to obtain higher order. The influence of the growth deposition parameters of BiFeO3 thin films has been thoroughly investigated in the literature and I will give a short insight on the variety of possibilities by citing some examples. Thin films are grown in various growth chambers using different types of lasers. First studies to eliminate parasitic phases of Bi2O3 and Fe2O3 defined the growth windows for pressure and temperature around P = 1 • 10 -2 mbar and T = 580 °C, using a frequency-tripled Nd:YAG laser. [START_REF] Béa | Influence of Parasitic Phases on the Properties of BiFeO3 Epitaxial Thin Films[END_REF] Those films tend to deliver highly mosaic ferroelectric patterns. [START_REF] Béa | Caractérisation et Intégration Dans Des Hétérostructures de Films Minces[END_REF] Jang et al. reported the growth of ferroelectric stripes when using SrTiO3 substrates with a high miscut angle of -0.15°.

All the ferroelectric patterns relax towards a more mosaic structure within two days after growth. [START_REF] Jang | Relaxation of Ferroelectric Domains in Epitaxial BiFeO3 Thin Films on Vicinal SrTiO3 Substrate[END_REF] However, we can trace back in the literature that using an excimer laser seems to be more suited for the formation of highly-ordered ferroelectric stripes. [START_REF] Chu | Nanoscale Domain Control in Multiferroic BiFeO3 Thin Films[END_REF] The deposition temperature (700°C) and pressure (1.3 • 10 -3 mbar) are differing from those initially found for the Nd:YAG laser growth chamber.

The order of the ferroelectric domains tends to go hand in hand with the surface roughness and hence the growth mechanism. For example, decreasing the laser repetition rate may change the growth mode of the bottom electrode from step bunching to step flow, leading to a reduction from four to two ferroelectric variants with associated atomic steps on the surface. [START_REF] Chu | Nanoscale Domain Control in Multiferroic BiFeO3 Thin Films[END_REF] Another way to favour striped domains is presented in a study on the influence of the target composition in combination with the laser repetition rate. It showed that this is a way to play with the bismuth and the oxygen content in the films which dramatically affects the interface between BiFeO3 and SrRuO3, creating a diffuse mixed interface and favouring striped domains and atomic steps on the surface. [START_REF] Dedon | Nonstoichiometry, Structure, and Properties of BiFeO 3 Films[END_REF] Samples with 71° domain walls are most common in the literature. 109° domain walls are scarcer with pure BiFeO3 targets. La-substituted (La,Bi)FeO3 targets seem to promote 109° domain walls when grown without a bottom electrode. [START_REF] Chu | Nanoscale Control of Domain Architectures in BiFeO 3 Thin Films[END_REF] This configuration influences the electric boundary conditions: while a bottom electrode may promote efficient screening for downward polarization, an insulating substrate favours domains with alternated polarization to reduce the depolarization field. Striped 180° domain walls with a "smooth" surface are grown by Chen et al., [START_REF] Chen | Ferroelectric Stripe Nanodomains in BiFeO 3 Thin Films[END_REF] but because of the substrate orientation the polarization directions and hence the domain walls are not perpendicular to the surface in contrast to the illustration in Figure 14c, f.

Spin cycloid in BiFeO3 thin films under the influence of epitaxial strain

As it is intimately connected to their functional properties, the crystallographic structure of BiFeO3 thin films has been extensively investigated. A rhombohedral bulk-like BiFeO3 crystallographic structure can be grown along the [111] pc direction, on cubic SrTiO3 (111) c for example [START_REF] Bea | Integration of Multiferroic BiFeO ₃ Thin Films into Heterostructures for Spintronics[END_REF][START_REF] Li | Dramatically Enhanced Polarization in (001), (101), and (111) BiFeO3 Thin Films Due to Epitiaxial-Induced Transitions[END_REF][START_REF] Bai | Destruction of Spin Cycloid in (111)c-Oriented BiFeO3 Thin Films by Epitiaxial Constraint: Enhanced Polarization and Release of Latent Magnetization[END_REF][START_REF] Singh | Polarized Raman Scattering of Multiferroic BiFeO3 Epitaxial Films with Rhombohedral R3c Symmetry[END_REF][START_REF] Ihlefeld | Adsorption-Controlled Molecular-Beam Epitaxial Growth of BiFeO3[END_REF] . The same relaxed crystallographic structure is obtained on cubic (LaAlO3)0.3(SrAl-TaO6)0.7 (001) c [START_REF] Rana | Thickness Dependence of the Structure and Magnetization of Bi Fe O 3 Thin Films on ( La Al O 3 ) 0.3 ( Sr 2 Al Ta O 6 ) 0.7 (001[END_REF] or SrTiO3 (001) c 91 substrates by increasing the film thickness until film relaxation takes place. At low compressive strain BiFeO3 adopts a monoclinic 𝑀 𝐴 phase in ~200 nm thin films on SrTiO3 (001) c . [START_REF] Xu | Low Symmetry Phase in (001) BiFeO3 Epitaxial Constrained Thin Films[END_REF][START_REF] Toupet | Evidence for a First-Order Transition from Monoclinic α to Monoclinic β Phase in BiFeO 3 Thin Films[END_REF][START_REF] Liu | Thickness-Dependent Twinning Evolution and Ferroelectric Behavior of Epitaxial BiFeO 3 (001) Thin Films[END_REF] For tensile strain, the monoclinic 𝑀 𝐵 structure is found on SrTiO3 (110) c or on orthorhombic PrScO3(110) o . [START_REF] Chen | Large Tensile-Strain-Induced Monoclinic M B Phase in BiFeO 3 Epitaxial Thin Films on a PrScO 3 Substrate[END_REF][START_REF] Xu | Ground State Monoclinic (Mb) Phase in (110)c BiFeO3 Epitaxial Thin Films[END_REF] For high compressive strain, a polymorph of BiFeO3 stabilizes with monoclinic 𝑀 𝐶 , or tetragonal symmetries. However those are not in the focus of this work and the reader is referred to the literature in references [ 97 ] and [ 98 ] for more information.

At first it was suspected by theory and experiments that the magnetic cycloid is generally supressed in BiFeO3 thin films due to epitaxial strain. [START_REF] Bai | Destruction of Spin Cycloid in (111)c-Oriented BiFeO3 Thin Films by Epitiaxial Constraint: Enhanced Polarization and Release of Latent Magnetization[END_REF][START_REF] Wang | Epitaxial BiFeO3 Multiferroic Thin Film Heterostructures[END_REF]100 Using neutron scattering, Ke et al. first observed a unique spin cycloid in single domain relaxed thin films (800 nm) of BiFeO3 grown by rf sputtering on a SrTiO3 (001)c substrate with 4°-miscut along [110]c (Figure 15a). 101 Following this first report, Sando et al. investigated the influence of epitaxial strain (-2.6% to +1.3%) on the magnetic order in a series of thinner (50-70 nm) BiFeO3 (001)pc thin films using lowenergy Raman and Mössbauer spectroscopy. 102 Figure 15b displays the dependence of the antiferromagnetic order with epitaxial strain. The authors find two types of cycloids: one at low compressive strain (type I) and the other at low tensile strain (type II), distinguishable by their propagation direction k relative to the polarization direction P and the rotation plane of the cycloid (grey shaded area) spanned by those vectors. At higher compressive and tensile strain, the cycloidal modulation is suppressed leading to a pure G-type antiferromagnetic order, likely because of an additional anisotropy term of elastic origin as destabilizing factor for the spin cycloid. [START_REF] Bai | Destruction of Spin Cycloid in (111)c-Oriented BiFeO3 Thin Films by Epitiaxial Constraint: Enhanced Polarization and Release of Latent Magnetization[END_REF] The G-type order is described by the antiferromagnetic staggered vector which is lying in the film surface plane on the compressive side and almost perpendicular to it on the tensile side.

Another route to stabilize single ferroelectric domain thin films of BiFeO3, and hence facilitate the investigation of its antiferromagnetic order, is to use (110)c SrTiO3 substrates. 103,104 On such (110)c SrTiO3 substrates, BiFeO3 crystallizes in a MB monoclinic structure with (100)m orientation, corresponding an average tensile strain in the (001)m plane. 105 However, the strain is anisotropic between the out-of-plane am and in-plane bm axis, with a distortion of 0.5-1.5% . 105 The magnetic structure of these specific BiFeO3 thin films on (110)c SrTiO3 were investigated in several neutron diffraction studies, revealing a type II cycloid with [112 ̅ ]pc propagation direction (Figure 15c) for thicknesses ranging from 25 to 200 nm. [START_REF] Ratcliff | Neutron Diffraction Investigations of Magnetism in BiFeO3 Epitaxial Films[END_REF]103,105,106 Combining previous studies [START_REF] Ratcliff | Neutron Diffraction Investigations of Magnetism in BiFeO3 Epitaxial Films[END_REF]103,107 of BiFeO3 films on SrTiO3 (110)c and (LaAlO3)0.3(SrAlTaO6)0.7 (110)c, Sando et al. present a new magnetic phase diagram as a function of tensile strain and distortion (Figure 15d). 105 To summarize, combining tensile strain and large distortion favours a transition from the type II cycloid to a pure G-type antiferromagnetic order. Recent theoretical works suggest that the magnetic phase diagram contains even more exotic types of cycloids, distinguishable by their propagation directions (Figure 15e). 74 

State of the art of magnetoelectric devices

In the 2000s, multiferroics attracted a lot of interest in the spintronic community due to the possible control of magnetization by a potentially low-energy electric field through the magnetoelectric coupling between ferroelectric and ferromagnetic ferroic orders. As BiFeO3 is a room-temperature ferroelectric antiferromagnet, concepts of magnetoelectric memory consisted in combining these films with metallic ferromagnets, using the interfacial exchange bias between the antiferromagnet and the ferromagnet. 108 In this context, Heron et al. demonstrated in 2014 the non-volatile electric control of magnetization of a Co0.9Fe0.1 ferromagnetic layer deposited on top of a 100 nm thick BiFeO3 film grown on DyScO3 (110)o substrates. Using time-dependent piezoresponse force microscopy, they showed that the 180° reversal of polarization in a two-step switching process (71° and 109° switching) leads to the reversal of the canted magnetic moment (Figure 16a). [START_REF] Heron | Electric Field Control of Magnetism Using BiFeO 3 -Based Heterostructures[END_REF] The magnetization reversal of the adjacent Co0.9Fe0.1 layer is confirmed from x-ray magnetic circular dichroism -photoelectron emission microscopy, and detected electrically with giant magnetoresistance in a spin-valve spintronic element. In the explanation of their measurements, however, the authors assume a canted G-type antiferromagnetic order in BiFeO3, in contradiction with the results presented in the previous paragraph, where a cycloidal modulation is observed for the same type of sample. 102

In the last few years, key experimental developments enabled the investigation of the local antiferromagnetic textures in BiFeO3 and their coupling to the ferroelectric polarization. Using scanning NV magnetometry, Gross et al. showed the undisputable existence of a spin cycloid in BiFeO3 thin films on DyScO3 substrates. 109 In addition, the authors demonstrated that the propagation direction of the spin cycloid is intimately linked to the ferroelectric polarization via the magnetoelectric coupling (Figure 16b). Using second harmonic generation, Chauleau et al. were able to reconstruct the distribution of submicron antiferromagnetic domains in single ferroelectric domains (Figure 16c) designed in pure G-type antiferromagnetic thin films of BiFeO3 on SrTiO3. 110 In addition, they showed indications that electric fields, temperature, and sub-picosecond light pulses enable to manipulate these antiferromagnetic domains. In summary, it is possible to access a large variety of antiferromagnetic textures in BiFeO3, i.e. different cycloidal states or pure G-type order, via strain engineered thin films. Using neutron diffraction, [START_REF] Ratcliff | Neutron Diffraction Investigations of Magnetism in BiFeO3 Epitaxial Films[END_REF]106,111 Raman and Mössbauer spectroscopy, 102,103,105 and X-ray scattering techniques 106 , the spin structure is studied and magnetic phase diagrams, indicating the magnetic texture depending on the epitaxial strain, are more and more accurately defined. 102,105,111 Furthermore, several works demonstrated that electrical switching of the magnetic order is possible. [START_REF] Heron | Electric Field Control of Magnetism Using BiFeO 3 -Based Heterostructures[END_REF]109,110 However, local information on the antiferromagnetic textures of BiFeO3 thin films and their coupling to ferroelectricity are very limited due to the scarcity of the imaging techniques. Recently, Gross et al. 109 showed images of spin cycloidal domains in "low strained" BiFeO3 thin films, and Chauleau et al. 110 visualized G-type antiferromagnetic domains in "highlystrained" BiFeO3. A more systematic investigation of the magnetic textures in BiFeO3, providing unambiguous images in real space, was one of the motivations when this thesis started in 2017.

Experimental techniques / Methods

This chapter describes the main experimental techniques I utilized for the elaboration of BiFeO3 thin films and their structural and ferroelectric characterizations. After a brief introduction of the possible crystal structures of BiFeO3 in relation with scandate substrates in different crystalline orientations, I will describe the experimental growth technique and the X-ray diffraction setup and methods used for the structural characterization of the films. Next, I will present the scanning probe microscopy techniques I used to investigate the topography and ferroelectric properties of the films, as well as scanning NV magnetometry that is employed to image the corresponding magnetic textures. In the last section, X-ray resonant magnetic scattering is presented as a complementary method to study the spin cycloid in reciprocal space.

Crystal structures

As already discussed in the previous chapter, the strong ferroelectric polarization of BiFeO3 is directly related to an elastic deformation of its crystallographic lattice. In BiFeO3 thin films, the polarization can therefore be tuned via elastic strain imposed by the lattice mismatch with the substrate. Here, the basic crystallographic aspects of films and substrates will be discussed.

After describing the relevant BiFeO3 unit cells for the structural X-ray diffraction analysis, I will introduce the substrates used for thin film growth. A theoretical calculation of the strain induced in such a fully strained BiFeO3 thin film is also presented in the first section.

Crystal structure of BiFeO3 thin films

In bulk BiFeO3, the polar deformation results in a rhombohedral distortion along one of the <111> pseudo-cubic directions (turquoise lines, Figure 17a). The four possible elastic deformations, projected along the (001) plane, are shown in Figure 17b.

When growing (001)pc-oriented thin films under coherent biaxial strain, the in-plane axes are clamped to the substrate surface. This reduces the rhombohedral symmetry to a monoclinic one (blue lines, Figure 17a), also known as "R-like" phase (blue lines) [START_REF] Christen | Stress-Induced R -M A -M C -T Symmetry Changes in BiFeO 3 Films[END_REF] . The monoclinic unit cell is rotated by 45° around the z-axis of the pseudo-cubic one (black lines). While the antisymmetric oxygen octahedra rotations of BiFeO3 require a doubling of the monoclinic cell along the c axis, we will use a reduced out-of-plane lattice parameter cm = cpc as commonly reported by experimentalists. The resulting monoclinic phase can be either monoclinic MA or MB for low compressive or tensile strain, respectively [START_REF] Xu | Low Symmetry Phase in (001) BiFeO3 Epitaxial Constrained Thin Films[END_REF][START_REF] Xu | Ground State Monoclinic (Mb) Phase in (110)c BiFeO3 Epitaxial Thin Films[END_REF][START_REF] Sando | BiFeO 3 Epitaxial Thin Films and Devices: Past, Present and Future[END_REF] . In Table 1, the lattice parameters for different BiFeO3 unit cells are listed from the literature.

The rhombohedral and the pseudo-cubic ones are taken from an X-ray diffraction study on bulk BiFeO3 by Kubel et al. 112 , the monoclinic unit cell is reported by Xu et al. [START_REF] Xu | Low Symmetry Phase in (001) BiFeO3 Epitaxial Constrained Thin Films[END_REF] on BiFeO3 thin films grown on SrTiO3 (001)c. For the growth of (111)pc-oriented films of BiFeO3, the rhombohedral symmetry is preserved and can be described with a hexagonal unit cell. It contains six BiFeO3 perovskite cells, explaining the larger hexagonal lattice parameters in Table 1 (pink). 19. This representation demonstrates, that the monoclinic lattice, in case of the orthorhombic XScO3 substrates, (Figure 19b) can be treated similarly to the pseudo cubic SrTiO3 lattice (Figure 19c). From Figure 19a the relation between the orthorhombic (black) and the monoclinic (red) unit cell can be derived. 113 The values of the monoclinic cell calculated using the following equations

𝑎 m = 𝑐 m = 0.5 • √𝑎 o 2 + 𝑏 o 2 , 𝑏 m = 0.5 • 𝑐 o and 𝛽 m = 2 • tan ( 𝑎 o 𝑏 o ),
are listed in red in Table 2.

In reciprocal space, the relations

[ℎ𝑘0] 𝑜 * ∥ [00𝑙] 𝑚 * and [00𝑙] 𝑜 * ∥ [0𝑘0] 𝑚 * are valid.
Table 2: Symmetry and corresponding lattice parameters for the SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3 and NdScO3 substrates. The scandates can be described in an orthorhombic or a monoclinic unit cell (Figure 19). Last column: calculated strain induced in a fully-strained epitaxial thin film of BiFeO3 on each substrate.

Substrate Symmetry and lattice parameters strain BiFeO3 (%) A value for the strain ε of a thin film, perfectly adapting the monoclinic in-plane lattice of the substrate, can be estimated by comparing its in-plane lattice parameters a and b to the volume V of the unit cell.

Cubic ac = bc = cc (nm)  = = (°) SrTiO3 0.3905 90 -1.51 Orthorhombic Monoclinic ao (nm) bo (nm) co (nm)  = = (°) am (nm) bm (nm) cm (nm)  (°)  (°)  (°) DyScO3 
𝜀 = √𝑎 • 𝑏 -√𝑉 3 √𝑉 3
In a fully strained BiFeO3 thin film grown on such substrates, we assume a perfect match of the pseudo-cubic BFO in-plane parameters on the monoclinic substrate unit cell and set

a = b ≈ √𝑎 m,substrate • 𝑏 m,substrate
(with the monoclinic values of each substrate in Table 2). For SrTiO3, we simply consider the cubic ac = bc substrate lattice parameters. V = apc,BFO [START_REF] Wienholdt | THz Switching of Antiferromagnets and Ferrimagnets[END_REF] is the volume of the pseudo-cubic unit cell of BiFeO3 with apc,BFO = 0.3965 nm from Table 1. The results of the calculated strain values are listed in the last column of Table 2.

Crystal structure of the substrates for (111)pc pseudo-cubic BiFeO3 thin films

The common approach for the growth of BiFeO3 (111)pc thin films is to use SrTiO3 (111)c-oriented cubic substrates. While rarely mentioned in the literature, it is also possible to employ (011)o orthorhombic XScO3 substrates (X = Dy, Tb). Figure 20a shows the XScO3 (011)o substrate orientation (black). In the same way as we inserted the monoclinic cell in the previous section, we now construct an almost cubic cell (red) within the orthorhombic lattice (black). It becomes clear that its space diagonal is almost perpendicular to the orthorhombic (011)o plane. With this we can assume the BiFeO3 (111)pc growth as a continuation of those slightly distorted XScO3 cubes with the pseudo-cubic BiFeO3 cubes (Figure 20b). The pseudo-cubic BiFeO3 cell is shown in black, the rhombohedral one in turquoise and the hexagonal one in pink. As for the hexagonal cell (001)h,BFO ∥ (011)o,XSO, we will in the following describe BiFeO3 and XScO3 in the hexagonal and orthorhombic systems, respectively. However, as illustrated in the top view (Figure 20c), the hexagonal BiFeO3 unit cell does not match exactly with the XScO3 cell. An anisotropic in-plane strain is imposed upon the film in the case of epitaxial growth. Therefore, for an accurate treatment of the X-ray diffraction data, we use a pseudo-hexagonal cell (Paragraph 2.3.2). Because of the anisotropic strain that is imposed on the (111)pc BiFeO3 thin film, the comparison of the strain value with (001)pc films does not make much sense.

Pulsed laser deposition

All the SrRuO3 and BiFeO3 thin films presented in this thesis were grown on single crystalline SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3 and NdScO3 substrates using a technique called pulsed laser deposition (PLD). As shown in Figure 21a, pulses of a highly energetic UV excimer laser (KrF, 248 nm), or a frequency-tripled Nd:YAG laser (355 nm), are focussed on a polycrystalline target to generate a plasma plume 114 . The ionized material accumulates on the single crystal substrate that is heated from the backside. The actual substrate temperature is measured via a pyrometer from outside the chamber and the heating current can be adapted to reach the desired temperature between 550°C and 800°C. Since we grow oxide materials, the films are generally deposited in an oxygen atmosphere under pressures between 0.1 and 0.4 mbar. For the growth of BiFeO3, we use a target with Bi excess (Bi1.15FeO3) because of the Bi-volatility. The growth can be monitored by reflection high-energy electron diffraction (RHEED) in our PLD systems, but most of the samples were prepared without using it. By varying the growth parameters, namely the growth temperature, pressure, energy per laser pulse, its repetition rate and the target-to-substrate distance, we aim at obtaining an epitaxial thin film of high crystalline quality for a desired thickness (Chapter 3.1.1). For the samples presented in this thesis, three different PLD chambers, shown in Figure 21b-d, have been used. As each chamber has its own geometry and slightly different operation system, adjustments in the growth parameters are required when moving from one chamber to the other. After the growth, selected samples were annealed ex situ under ambient pressure in an oven to investigate possible phase transitions in BiFeO3 thin films (Chapter 3.3).

X-ray diffraction

We determine the structural properties of the films by X-ray diffraction (XRD), using a Panalytical Empyrean diffractometer with a hybrid monochromator for Cu Kα1 radiation and a PIXcel3D detector. The geometry of the experimental setup is shown in Figure 22a. The angle between the incident beam and the sample surface is denoted as 𝜔. The diffracted beam encloses an angle of 2𝜃 with the incident beam and 𝜃 with the scattering planes. To study different orientations of the lattice, the sample can be rotated by ф around its out-of-plane axis. To determine the growth direction, exclude the existence of parasitic phases and calculate the out-of-plane lattice parameter we perform symmetric 2𝜃-𝜔 scans, also known as 𝜃-2𝜃 scans. Here, by simultaneously rotating the XRD source and the detector in opposite directions, we scan along the scattering vector (Figure 22b). with 𝛽 = 𝛽 film -𝛽 substrate (linewidth of the film and the nearby substrate peak, respectively), we plot 𝛽 cos(𝜃) versus 4 sin(𝜃). The x-ray wavelength 𝜆, the the coherence length 𝐷 along the scattering vector and a geometrical constant 𝐾 add an offset on the 𝑦-axis, but are not needed to determine a numerical value for the inhomogeneous strain 𝜀 𝑖 from the slope of a linear fit function. When all points are well aligned and the slope is close to zero, we can assume homogeneous out-of-plane strain in the sample.

An indicator for the crystalline sample quality is the linewidth of an 𝜔-scan around the film peak. In this scan, also known as rocking curve, the angle between incident beam and detector is held constant. This corresponds to a scan following an arc centred on the origin of the scattering vector (Figure 22c). For samples with a large mosaic spread, the linewidth is large (> 0.1°), whereas a high crystalline quality is marked by a linewidth of a few hundredths of degree.

For the determination of the in-plane lattice parameters, asymmetric scans are necessary (Figure 22c). A reciprocal space map consists of 𝜔-scans recorded at a certain range of 2𝜃 angles, corresponding to a two-dimensional scanning area in reciprocal space (pink shaded area). As we study elastic X-ray scattering processes, the scattering vector 𝒒 can be written as the difference between the wave vectors of the incident beam 𝒌 𝑖 and the reflected beam 𝒌 𝑟 .

𝒒 = 𝒌 𝑖 -𝒌 𝑟

with

|𝒌 𝑖 | = |𝒌 𝑟 | = 2𝜋 𝜆 ,
with 𝜆 = 0.154056 nm, the wavelength of the Cu Kα1 radiation.

A lattice in reciprocal space can be constructed from the three lattice unit vectors 𝒂, 𝒃, 𝒄 and the angles 𝛼 ∢ (𝒃, 𝒄), 𝛽 ∢ (𝒂, 𝒄) and 𝛾 ∢ (𝒂, 𝒃) in real space as Hence, any reciprocal lattice vector 𝑮 ℎ𝑘𝑙 can be written as a combination of those reciprocal lattice vectors:

𝒂 * = 2𝜋 ( 
𝑮 ℎ𝑘𝑙 = ℎ • 𝒂 * + 𝑘 • 𝒃 * + 𝑙 • 𝒄 *
with the Miller indices (ℎ𝑘𝑙) and the distance 𝑑 ℎ𝑘𝑙 between two such adjacent planes

𝑑 ℎ𝑘𝑙 = 2𝜋 |𝑮 ℎ𝑘𝑙 | .
X-ray diffraction is detected when the incident and the reflected beam interfere constructively. This so-called Laue condition is fulfilled when the scattering vector is equal to a reciprocal lattice vector:

𝒒 = 𝑮 ℎ𝑘𝑙 .
From this, the Bragg equation, relating every point under an angle of constructive interference to 𝑑 ℎ𝑘𝑙 , can be derived as

2 • 𝑑 ℎ𝑘𝑙 • sin 𝛩 = 𝑛 • 𝜆
with 𝑛 the order of reflection. To calculate the lattice vectors from the position of a scattering vector in reciprocal space we plot the data in reciprocal space. To visualize this situation, we look at the Ewald sphere (Figure 23). The length of the scattering vector 𝒒 max is limited by the angle 𝜃 = 90° for the case of backscattering with

𝒒 max = 2|𝒌| = 4𝜋 𝜆 ,
corresponding to the outer sphere.

Due to the measurement geometry, reflections within the grey semicircles are only accessible in transmission and not in diffraction.

The reciprocal space is spanned in horizontal direction by 𝑞 ∥ ⃑⃑⃑ and in vertical direction by 𝑞 Ʇ ⃑⃑⃑⃑ .

Geometrical analysis leads to

𝑞 ∥ = 4𝜋 𝜆 |sin ( 2𝛩 2 ) • sin ( 2𝛩 2 -𝜔)|
and

𝑞 Ʇ = 4𝜋 𝜆 |sin ( 2𝛩 2 ) • cos ( 2𝛩 2 -𝜔)|.
For the sake of simplicity, we plot our reciprocal space maps in reciprocal lattice units (rlu) without the pre-factor:

𝑄(rlu) = 𝜆 4𝜋 𝑞
Consequently, each scattering vector in a reciprocal space map will be analysed as

𝑸[ℎ𝑘𝑙] = 𝜆 4𝜋 • 𝑮 ℎ𝑘𝑙 = 𝜆 4𝜋 (ℎ • 𝒂 * + 𝑘 • 𝒃 * + 𝑙 • 𝒄 * )
with 𝑄 𝑥,𝑦 = √𝑄 𝑥 2 + 𝑄 𝑦 2 on the horizontal axis and 𝑄 𝑧 on the vertical axis.

(As in the transformation to reciprocal space there is a pre-factor 2𝜋 as well it is equivalent to:

𝑸[ℎ𝑘𝑙] = 𝜆 2 (ℎ • 𝒂 * + 𝑘 • 𝒃 * + 𝑙 • 𝒄 * ) with 𝒂 * = (𝒃×𝒄) 𝑉 , 𝒃 * = (𝒄×𝒂) 𝑉 , 𝒄 * = (𝒂×𝒃) 𝑉
and 𝑉 = 𝒂 • (𝒃 × 𝒄).)

In the two following paragraphs, we present a systematic treatment of the XRD data. 

Monoclinic lattice constants and strain value for BFO (001)m growth

When grown on (110)o orthorhombic XScO3 substrates, with X = Dy, Tb, Gd, Sm, Nd, we obtain (001)m monoclinic BiFeO3 thin films, that will be all treated in a monoclinic lattice setting.

The lattice vectors 𝒂 𝑚 , 𝒃 𝑚 , 𝒄 𝑚 for a monoclinic cell (Figure 24a) are converted into reciprocal space (Figure 24b). on the substrate (Figure 26). However, the monoclinic crystal symmetry of the substrate is expected to favour only the two ferroelastic domains of BiFeO3 with angles of 45° and 315°. The corresponding reciprocal lattice vectors for a monoclinic scandate XScO3 (red) and the four possible BiFeO3 variants (BFO1-4) are represented in the (001), ( 010) and (-100)-planes (Figure 26a,b,c, respectively). The colour-code for BiFeO3 is blue and green for the two domains (BFO1, 2) found in the samples that will be analysed. I choose grey for the other two less favourable ones (BFO3, 4) due to the monoclinic substrate, and black for relations that are valid for all BiFeO3 domains. Dashed lines mark the fact that the corresponding axes point in a direction slightly out of the plane, as shown in Figure 26a. In Figure 26d the reciprocal [hk0] -[00l] space is shown, corresponding to a vertical cut along the yellow line in Figure 26a. Again, those schematics can be easily adapted for STO with 𝛽 m = 𝛽 𝑐 = 90°. To calculate all the lattice parameters from one map, the space represented by the black box in Figure 26d was scanned in the experiments. The first information comes from the number of peaks. In Figure 26d, the BFO1-4 peaks are located differently from the (113) substrate peak. In Figure 26d, starting from the (003) BFO peak on the [00l] axis, we move horizontally to the right for the [0k0] and [0𝑘 ̅ 0]

direction, but slightly downwards for the [h00] and slightly upwards for the [ℎ ̅ 00] direction, due to the monoclinic angle 𝛽 m * . Therefore, the BFO1 (023) peak and the BFO3 (02 ̅ 3) peak overlap with a vertical position in between the BFO2 (203) peak and the BFO4 (2 ̅ 03) peak. For a small difference between 𝑎 m * and 𝑏 m * this also results in a slight shift for the BFO2 (203) peak and the BFO4 (2 ̅ 03) peak to the left. The relations between the monoclinic lattice parameters and the 𝑄 𝑥,𝑦 and 𝑄 𝑧 values for different asymmetric x-ray peaks of BiFeO3 are given by:

𝑸[023] = 𝜆 2 • ( 0 2/𝑏 m 3/(𝑐 m • sin 𝛽 m ) ), 𝑸[203] = 𝜆 2 • ( 2/𝑎 m 0 -2/(𝑎 m • tan 𝛽 m ) + 3/(𝑐 m • sin 𝛽 m ) )
and therefore

𝑄 𝑦 [023] = 𝜆 2 • 2 𝑏 m , 𝑄 𝑧 [023] = 𝜆 2 • 3 𝑐 m •sin 𝛽 m , 𝑄 𝑥 [203] = 𝜆 2 • 2 𝑎 m , 𝑄 𝑧 [203] = 𝜆 2 • ( -2 𝑎 m •tan 𝛽 m + 3 𝑐 m •sin 𝛽 m
).

Solving this system of equations gives

𝑎 m = 𝜆 2 • 2 𝑄 𝑥,𝑦 [203] , 𝑏 m = 𝜆 2 • 2 𝑄 𝑥,𝑦 [023] , 𝑐 m = 𝜆 2 • 3 𝑄 𝑧 [023] • sin 𝛽 m With 𝑄 𝑧 [203] = 𝑄 𝑧 [023] - 𝑄 𝑥 [203] tan 𝛽 m
we obtain

𝛽 m = tan -1 ( 𝑄 𝑥 [203] 𝑄 𝑧 [023]-𝑄 𝑧 [203]
).

The strain

𝜀 = √ 𝑎 m • 𝑏 m 2 -√ 𝑉 m 2 3 √ 𝑉 m 2 3
in each film is then calculated with

𝑉 m = 𝑎 m • 𝑏 m • 𝑐 m • sin 𝛽 m .
Thus, it is necessary to perform reciprocal space maps around those film peaks including the neighbouring substrate peaks (Figure 26) to prove that a thin film grows fully strained with the in-plane lattice of the substrate. Instead of the (113) substrate peak, we can choose the (013) and the (103) substrate peaks to access the lattice parameters of the films. Figure 27a shows the (00l) film plane with an orange and a violet line highlighting the [0k0]* and the [h00]*, respectively, that we choose as Qxy axes for the reciprocal space maps. The Qz axis corresponds to the [00l]* out-of-plane direction. When those equations are fulfilled with the lattice parameters calculated before, this confirms the equal amount of strain in both types of domains (BFO1 and BFO2), as we will see in the mixed in-plane direction [11l] compared to the data set before, where information for [02l] came from BFO1 and [20l] from BFO2. To construct the reciprocal lattice, the real space lattice vectors of the orthorhombic (black) and the hexagonal (pink) unit cell are converted into reciprocal space (Figure 28). Moreover, the distortion of a pseudo-hexagonal lattice, where 𝑎 𝑝ℎ,𝐵𝐹𝑂 ≠ 𝑏 𝑝ℎ,𝐵𝐹𝑂 and the angles 𝛼 𝑝ℎ,𝐵𝐹𝑂 , 𝛽 𝑝ℎ,𝐵𝐹𝑂 and 𝛾 𝑝ℎ,𝐵𝐹𝑂 are unequal to 120° and 90°, respectively, is added in violet. From the symmetry group, this is a triclinic lattice, but we use the fact of only slight deviation from the hexagonal lattice to interpret the reciprocal space maps in an easier way.

The pseudo-hexagonal lattice in the case of BiFeO3 (111)pc growth

The pseudo-hexagonal distortion of the BiFeO3 lattice (Figure 28c,f) comes from the fact that in real space the vector 𝑐 𝑝ℎ,𝐵𝐹𝑂 is not easily describable in Cartesian coordinates. It contains projections depending on 𝛼 𝑝ℎ,𝐵𝐹𝑂 , 𝛽 𝑝ℎ,𝐵𝐹𝑂 and 𝛾 𝑝ℎ,𝐵𝐹𝑂 . This problem does not exist in reciprocal space as 𝑐 𝑝ℎ,𝐵𝐹𝑂 * is the reciprocal out-of-plane lattice parameter. We approach the pseudo-hexagonal lattice parameters by calculating first the reciprocal ones and then converting them into real space. We start with the angles: ).

𝛼 = 180°-
In the next step, we determine reciprocal space map areas for the measurements. , and

𝛾 * = cos -1 ( -( 4𝜋 𝜆 𝑄 𝑥𝑦 [1 ̅ 212]) 2 +4•𝛽 * 2 •sin 2 (𝛼 * )+𝛼 * 2 •sin 2 (𝛽 * ) 4•𝑎 * •𝑏 * •sin(𝛼 * ) •sin(𝛽 * )
).

Because of the uniaxial strain imposed by the substrate on the hexagonal BFO lattice, two strain values along the two hexagonal lattice vectors will be calculated as

𝜀 𝑎 = 𝑎 𝑝ℎ,𝑅𝑆𝑀 -𝑎 ℎ,𝐵𝑢𝑙𝑘 𝑎 ℎ,𝐵𝑢𝑙𝑘 and 
𝜀 𝑏 = 𝑏 𝑝ℎ,𝑅𝑆𝑀 -𝑎 ℎ,𝐵𝑢𝑙𝑘 𝑎 ℎ,𝐵𝑢𝑙𝑘
.

We will employ this formalism later in Chapter 3 to calculate the lattice parameters from the X-ray diffraction data.

Scanning probe microscopy

The generic term 'scanning probe microscopy' encompasses a lot of techniques where the properties of a sample are investigated under the motion of a scanning tip at the atomic scale.

There are three main sub-groups: scanning tunnelling microscopy where a tunnelling current flows between the tip and the sample, different types of scanning near-field optical microscopies and scanning force microscopy, also known as atomic force microscopy (AFM). 117 Here only the latter is explained in detail. After an introduction to its basic use to map the surface of a sample, I will focus on piezoresponse force microscopy, where a bias voltage between the tip and the surface enables to map and manipulate the ferroelectric domain structure. The last part of this section will be dedicated to scanning NV magnetometry in which a single nitrogen vacancy (NV) defect, used as an ultrasensitive magnetic sensor, is embedded in a diamond AFM tip to map magnetic textures.

Atomic force microscopy

Atomic force microscopy is commonly employed to map the topography of a thin film within the so-called 'tapping mode'. In this mode, the cantilever holding the AFM tip oscillates close to its resonance frequency. The motion of this cantilever, probed by a laser focused on its backside and reflected onto a four-quadrant photo-diode, is used to control the tip-sample distance (Figure 30a). The approach of the tip to the surface is monitored by a target oscillation amplitude that is typically 80% of the free resonance amplitude. The surface is scanned at constant oscillating amplitude and the feedback loop adapts the z-piezo motor, which enables to reconstruct the topography of the sample (Figure 30b). The intermittent contact at each cycle is the origin of the name of this operating mode, separating it from 'non-contact' and 'contact scanning' modes. As compared to the contact mode, the biggest advantage of the tapping mode consists in a great reduction of lateral forces on the tip, preserving its sharpness. 56

An example of a topography AFM image is shown in Figure 31 for a scan over a single crystalline substrate with atomic steps on its surface. 

Piezoresponse force microscopy

Ferroelectric materials are characterized by their switchable polarization states. Thanks to the inverse piezoelectric effect and because all ferroelectrics are piezoelectric, it is possible to measure the hysteresis loop and the polarization direction as an elastic deformation when a bias is applied across the material.

Figure 32 shows an example for a single ferroelectric domain with a polarization direction perpendicular to the surface. It expands when the polarization 𝑃 is parallel to the external electric field 𝐸 and contracts when P is antiparallel to it. While the polarization 𝑃 shows a square ferroelectric hysteresis loop with the external electric field (Figure 32a), the strain 𝜂 evolution with electric field follows a characteristic butterfly loop (Figure 32b). The piezoelectric deformation tensor 𝑑 𝑖𝑗 in meters per volt describes this deformation determined by the crystal symmetry of the material via 𝜂 𝑖𝑗 = 𝑑 𝑖𝑗 𝐸.

In this example, where the ferroelectric polarization is perpendicular to the surface and the electric field applied (anti-)parallel, only the component 𝑑 33 is non-zero. As the electric field can be determined by the applied voltage drop V along the sample, it can be expressed as

∆𝑧 = 𝑑 33 𝑉.
By measuring ∆𝑧 it is possible to extract 𝑑 33 . If one knows the sign of the piezoelectric coefficient, the sign of ∆𝑧 indicates the orientation of the polarization. In piezoresponse force microscopy (PFM), an extended AFM set-up is used (Figure 33). An electric field is applied between a conducting tip scanning the sample surface in 'contact' mode and a bottom electrode underneath the ferroelectric thin film. The cantilever deflection and torsion due to the piezoelectric deformation is recorded in the four quadrants photodiode (Figure 33a). As the deformations ∆𝑧 due to the inverse piezoelectric effect are very small (pmrange) compared to the topography (nm-range), an AC-voltage

𝑉 𝐴𝐶 = 𝑉 0 cos(𝜔𝑡)
is applied and the resulting vibration

∆𝑧 = |𝑑 33 |𝑉 0 cos(𝜔𝑡 + ф(𝑑 33 ))
is sensed as a deflection signal and processed via a lock-in amplifier (Figure 33b). The output values are the PFM phase and amplitude. The PFM phase provides information about the sign of the polarization direction, the amplitude contains information about the absolute value of 𝑑 33 and vanishes at ferroelectric domain walls (Figure 33c). The out-of-plane polarization can be determined from the difference in intensity between the upper two quadrants B+A and C+D. We consider that the AFM tip is grounded and the voltage is applied to the sample stage connected to the bottom electrode. For domains pointing downwards, the phase will be shifted by 180° compared to the input AC-voltage, whereas there will be no phase shift for domains pointing upwards. We shift the phase of the lock-in by -90° so that domains pointing downwards are bright (+90°) and domains pointing upwards are dark (-90°). To measure the piezoelectric loop associated to polarization switching with a PFM, the polarization is manipulated locally without scanning, combining the AC voltage with a DC one

𝑉 = 𝑉 DC + 𝑉 AC • cos(𝜔𝑡).
In this local spectroscopic mode, the phase shows a square hysteretic behaviour as a function of the DC voltage (Figure 34a), while the amplitude shows a characteristic butterfly loop, decreasing at the coercive voltage and saturating at higher voltages (Figure 34b). The piezoelectric coefficient 𝑑 33 for a material with a purely out-of-plane polarization (such as tetragonal BaTiO3) corresponds to the product of the amplitude with the cosine of the phase as shown in Figure 34c. When the polarization has a component being non-perpendicular to the electric field, other entries of the dielectric tensor are non-zero and the material elongates and shrinks laterally, too. To determine a three-dimensional map of the polarization direction in the ferroelectric domains in BiFeO3 thin films, we mainly use PFM in scanning mode, applying an AC voltage below the coercive field without measuring a full ferroelectric hysteresis loop at each step. We record the topography image, the out-of-plane phase and amplitude (Figure 35a, b) as well as the in-plane phase and amplitude (Figure 35c,d). The principle of detection stays unchanged with the only difference that for the in-plane component we are interested in the torsion of the cantilever, instead of its deflection. The in-plane piezoresponse is the difference between domains pointing to the right and to the left of the cantilever. Here domains pointing to the right of the tip (seen from its point of view) are associated with bright contrast (180° phase shift) and domains pointing to the left with dark contrast (zero phase shift). The in-plane and outof-plane phase signals are recorded simultaneously in the same scan. However, different stiffness values of the cantilever (typically between 2 N/m and 40 N/m) can be either more adapted to out-of-plane or in-plane PFM imaging.

To reconstruct the exact polarization direction in each domain of a BiFeO3 thin film, it is necessary to combine advanced structural characterizations with vectorial PFM analysis. Here the sample is positioned at different angles with respect to the cantilever and scanned sequentially. More details about this are shown as a concrete example in section 3.1. 

Designing artificial domains

Applying a constant DC bias between the tip and the bottom electrode while scanning enables to locally switch the polarization direction. Whereas for reading AC-voltages below the coercive field of the material are used, it is important to apply a DC bias larger than the coercive field in order to change the polarization direction. Figure 36 shows besides the unaffected topography, the out-of-plane PFM phase and amplitude images after writing a square domain with positive voltage at the tip in a zone that had been switched upwards before. Areas with Pdown (Pup) appear with bright (dark) contrast in the PFM phase image and the PFM amplitude decreases significantly at the domain walls, visible as black lines. To change the in-plane polarization direction, we always switch the out-of-plane component, too. The in-plane component depends on the scanning direction and the direction of the outof-plane switching. The electric field of a tip in motion sensed by the sample at the surface is not isotropic which gives rise to a so-called "trailing field" 118 . The motion of the tip consists of a fast scan axis to the right and to the left, moving globally in a direction perpendicular to it along the slow scan axis (Figure 37a). This slow motion "trails" the in-plane polarization direction either along it, for positive bias at the bottom electrode (negative tip), or antiparallel to it for negative bias at the bottom electrode (positive tip), as shown in Figure 37b. An experimental example of such an in-plane switching experiment (Figure 38a,b) is shown, with the simultaneously recorded out-of-plane phase and amplitude (Figure 38c,d). It is worth noting that all the PFM images of written areas are actually recorded after the actual switching scan and under application of only a VAC bias. 

Scanning NV magnetometry

The observation of the antiferromagnetic order in real space is a challenging task. High-resolution imaging techniques such as X-ray linear magnetic dichroism resort on large-scale synchrotron facilities, while spin-polarized scanning tip microscopy is operating in cryogenic and/or ultra-high vacuum conditions and only suitable for metallic systems. However, scanning NV magnetometry provides table-top, ambient atmosphere and temperature, high sensitivity magnetic imaging of the stray fields as a powerful avenue to addressing nanoscale spin textures even in antiferromagnets. Indeed, symmetry breaking on surfaces or domain-walls give rise to uncompensated magnetic moments, which can be mapped by magnetic field imaging.

Because of its sensitivity to small magnetic stray fields in the order of a few 𝜇T/√Hz, scanning nitrogen vacancy (NV) magnetometry is applied to image the stray fields from antiferromagnetic domains in BiFeO3 thin films. The NV colour centre is a point defect in diamond, where one carbon atom is substituted by a nitrogen atom (Figure 39a, red) and one of the neighbouring carbon atoms is missing, creating a vacancy (Figure 39a, white). The symmetry of the diamond lattice defines the quantisation axis for the magnetic field BNV along one of the 〈111〉 directions (Figure 39b). For magnetic field sensing applications, a spin triplet state is necessary. This is only realised in the negatively charged NV -centre. The nitrogen atom is covalently bound to three surrounding carbon atoms (Figure 39c). At the site of the vacancy, a spare electron from the nitrogen is naturally present and an additional electron is captured from a neighbouring defect for example. The occupation of the molecular orbital states with the six electrons surrounding the vacancy leads to a total spin 𝑆 = 1 of the NV -centre (Figure 39d). In the absence of a magnetic field, the ground state of this NV colour centre is thus a spin triplet (Figure 40a) with a splitting of 2.87 GHz (1.42 GHz) between the ms = 0 and the ms = ±1 ground (excited) state. Under off-resonance optical excitation with a green laser at 532 nm, the NV defect is first brought into higher vibronic states and relaxes phonon-mediated to the excited spin triplet state. From here, each of the ms = 0 and ms = ±1 excited state recombines radiatively at 637 nm to its respective ground state. However, for the ms = ±1 excited state, there exists an alternative non-radiative decay channel over singlet states with a high probability. As a result, the NV defect exhibits a spin-dependent photoluminescence, with the ms = 0 and ms = ±1 states considered as the "bright" and "dark" states, respectively. In addition, while optical transitions are mainly spin conserving, the NV decays preferentially from the metastable spin singlet states to the ms = 0 ground state. Therefore, using optical pumping, the NV is efficiently polarized after a few excitation cycles into the ms = 0 spin sublevel. These two properties enable the optical detection of the magnetic resonance (ODMR) via photoluminescence in an electron spin resonance (ESR) experiment. The system is driven from the ms = 0 ground state to the ms = ±1 ground state using a resonant microwave field. When the resonance frequency between the two states is reached the probability for the decay via the "dark" channel is increased and we observe a dip in the photoluminescence at the zero-field splitting frequency of 2.87 GHz (Figure 40b). If the NV centre is exposed to an external magnetic field, the Zeeman splitting of the ms = ±1 state (Figure 41a) results in two dips observed in the photoluminescence (Figure 41b), that are separated by

∆𝜈 ESR = 2𝛾 NV 𝐵 NV
with 𝛾 NV = 28 MHz/mT, the gyromagnetic ratio of the NV, and 𝐵 NV the projection of the external magnetic field onto the NV-axis. Hence, by measuring this separation ∆𝜈 ESR , we are able to detect external magnetic fields in the order of a few micro Tesla in the proximity of the NV centre. 119-122 In the context of this thesis, we apply NV centre magnetometry to detect the magnetic stray fields above antiferromagnetic thin films. For this purpose, we use a modified AFM setup. In the experiment (Figure 42b), the green laser is focussed onto the single NV centre, implemented in an all-diamond single crystalline AFM tip, using a confocal microscope. 123 The photoluminescence from this single NV defect can be seen in Figure 42a. An antenna is patterned on the sample surface with lift-off lithography techniques and generates the GHz microwave field while we scan the surface of the sample in its proximity. Two imaging modes (Figure 42c) are available. In the so-called "Full B" mode, the whole broadband ESR spectrum is recorded for each point and we can quantitatively calculate the magnetic stray field projected onto the NV-centre axis. Prior to this experiment, the orientation of the NV-axis in the diamond tip is determined in a calibration measurement. In the second and faster acquisition "Iso-B" imaging mode, the intensity difference of the photoluminescence, recorded for two fixed microwave frequencies at the FWHM of the ESR, is monitored while we are scanning over the sample. The variation of the magnetic field sign is mapped in this mode. The experiments are performed with a NV-to-sample distance around 50-60 nm. Since we examine magnetic stray fields from antiferromagnetic samples in the weak-magnetic field regime for external fields smaller than 5 mT, these imaging modes can be used. Additionally, a bias magnetic field of 2 mT needs to be applied along the NV quantization axis to obtain a linear dependence of the microwave frequency on the external field (and to be able ascribing + or -sign to B, minor detail). More information about the behaviour of the NV centre in an external magnetic field can be found in reference [ 122 ].

All the scanning NV magnetometry experiments presented in this manuscript were carried out at the Laboratoire Charles Coulomb during the joint PhD thesis of Angela Haykal, supervised by Vincent Jacques. 

Resonant elastic X-ray scattering

Polarized X-rays in the soft energy range can be employed to investigate magnetic structures in the samples. The measurements shown in this thesis are performed at the SEXTANTS beamline 124 of the SOLEIL synchrotron with nearly fully circular left and right polarised X-ray light, using the RESOXS diffractometer 125 in reflectivity geometry (Figure 43). The typical photon flux is 10 13 s -1 with an energy resolution of 100 meV. The diffraction patterns in reciprocal space are recorded with a charge-coupled device (CCD) camera. Beam-stops in front of it are used to block the specular beam, the intensity of the unwanted strong Bragg reflections, or peaks arising from the atomic steps on the surface for example. By tuning the incoming photon energy in resonance with the absorption edge of a specific atom, one can select the response of a specific chemical element in the sample. Resonant elastic X-ray scattering (REXS) measurements are performed at the O K edge in order to study the striped domains arising from elastic crystalline deformations related to ferroelectric domains and the domain walls in between them (Figure 43a). The antiferromagnetic signal of BiFeO3 is detected at the Fe L edge (Figure 43b).

In the example, shown here, of a sample containing two spin cycloids propagating in perpendicular directions, two diagonal pairs of diffraction spots are observed at an angle of 90° one to the other. More precisely, at each step, two consecutive images with circular left (CL) and circular right (CR) polarized light are measured. To generate the dichroism image, the difference between the diffraction intensities for CL and CR is calculated and normalized by the polarization independent intensity, CL+CR, as shown in Figure 43c. Here for simplification an example from a sample containing one single cycloid is shown. REXS is used as a complementary method to scanning NV magnetometry to macroscopically identify the propagation vector 𝒌 and the wavelength of the spin cycloids in our BiFeO3 thin films and determine their rotation planes. The intensity 𝐼 of the scattered photons measured in the diffraction experiment for a scattering vector 𝑸 depends on the scattering amplitude 𝑓 𝑛 for each single atom at position 𝒓 𝑛

𝐼(𝑸) ∝ |∑ 𝑓 𝑛 𝑒 𝑖𝑸𝒓

𝑛 𝑛 | 2 .
In resonant electrical dipole scattering conditions, the scattering amplitude can be written as

𝑓 𝑛 = 𝑓 0 (𝒆 ̂• 𝒆 ̂′) -𝑖𝑓 1 (𝒆 ̂× 𝒆 ̂′) • 𝒎 𝑛 + 𝑓 2 (𝒆 ̂′ • 𝒎 𝑛 )(𝒆 ̂• 𝒎 𝑛 ),
where 𝒆 ̂ and 𝒆 ̂′are the polarization vectors of the incident and scattered X-rays, respectively, and 𝒎 𝑛 is the local magnetization unit vector. 𝑓 0 , 𝑓 1 and 𝑓 2 are the photon energy dependent resonance factors, used to describe the atomic excitation and decay processes. The first term is independent of the magnetization and expresses the scattering from the O or Fe charge distribution, i.e. the crystal structure. The second term is analogous to the circular dichroism term in absorption, containing the resonance factor for a magnetic dipole and can be used to probe ferromagnetic structures. In antiferromagnets, however, those contributions cancel out due to the opposite sign of the magnetic moments and only the last term, quadratic in 𝒎 and analogous to linear dichroism in absorption is probed here at the Fe L-edge. The magnetization profile can be reconstructed for regular domain patterns since the lateral domain periodicity leads to a purely magnetic superstructure around the specular reflected beam. In other words, in our case, the first term only contributes to the specular spot and from the splitting of the surrounding peaks we can directly analyse the properties of the cycloid. Each cycloid corresponds to a pair of diffraction spots at ±𝑞 in reciprocal space with opposite dichroic contrast, as they are chiral objects. The wavelength 𝜆 of the cycloid for an antiferromagnetic material can be calculated from the distance 2𝑞 between the two spots as

𝜆 = 2𝜋 𝑞 .
Dichroism can be detected at the Fe L-edge, since the magnetization is a parity even and timeodd observable and CL and CR polarized light tackle the time reversal symmetry. In contrast, no circular dichroism is expected to arise from the electric polarization, as 𝑷 is time even and parity odd and there should be no difference between CL and CR. 126 However, in recent experiments [ 127 ] dichroism, indicating chiral electric textures at the domain walls in BiFeO3 thin films, was found at the O K edge and can only be explained by contributions from the orbital quadrupole moments 𝑓 2 of the scattering amplitude. Hence, it is worth noting that, in synchrotron experiments, the electric polarization, arising from orbital deformations due to spin-orbit coupling, can be probed at the oxygen K-edge and contains information about the polarization at the domain walls for example. The propagation direction 𝒌 of the cycloid does not provide information about the cycloid plane and its angle α to the sample surface (Figure 44). In an ideal picture as for bulk BiFeO3, shown in Figure 44, it is spanned up by 𝒌 (transparent green arrow, containing the AFM ordered black and white spins) and the polarization 𝑷 (red arrow). Additional modifications induced by strain or electrical boundary conditions (depolarizing field) in the films can further influence the tilt of the cycloidal plane and an experimental observation is therefore highly desired. To access the cycloid rotation plane, we need to record a series of diffraction patterns at different azimuthal angles φ. In Figure 45, this experiment is sketched for a (111) BiFeO3 sample where the polarization direction is vertical, 𝒌 lies in the film plane and the cycloidal propagation plane is vertical. The intensity of the dichroic pattern is proportional to the projection of the helicity of the circular polarized light on the cycloidal plane. Therefore, the variation of the intensity vs. the φ rotation provides information about the cycloidal plane. 

Structural and ferroelectric properties of BiFeO thin films

In BiFeO3, the polarization can point in any of the diagonals of the pseudo-cubic unit cell, resulting in eight possible ferroelectric domain configurations. Consequently, depending on the growth conditions, the substrate crystal symmetry and its orientation, the ferroelectric domains in BiFeO3 thin films can either form complex mosaic patterns, regular stripes or single domains. In this chapter, I will describe how by optimizing the growth conditions of these films, I successfully obtain two-polarization-variant striped-domain patterns for a wide range of epitaxial strain or single as-grown domains for another crystal orientation. Finally, in agreement with predictions by our theoretician colleagues, I will show that temperature can be used as a powerful tool to either control the ordering of these domains from a labyrinthine structure to a perfectly-ordered striped domain structure or to transform mosaic domains into striped-domains.

Mosaic vs. striped domains

The selection of two ferroelectric domain variants due to electric boundary conditions and substrate symmetry in BiFeO3 (001)pc films does not directly result in a perfectly striped pattern. The growth dynamics related to the ensemble of the growth parameters during the PLD process has a very sensitive impact on the ordering of the actual domain pattern at the sample surface. Even though the perfectly striped domain arrangement is theoretically supposed to be the ground state, various labyrinthine patterns with different degrees of ordering or even mosaic domain patterns can be obtained.

The surface of each sample is imaged with PFM after the growth process. A vectorial PFM analysis is necessary to determine the three-dimensional polarization directions. Here we focus on two examples containing 𝐏 3 -and 𝐏 4 -ferroelectric domains. Figure 46 shows a striped sample grown with an excimer laser. In Figure 47, a sample from the Nd:YAG laser growth chamber with the same ferroelectric domains, but ordered in a mosaic pattern, is presented. An AFM topography image is recorded simultaneously in each PFM scan. In contrast to the imprint of the atomic steps of the substrate on the film surface in the first example (Figure 46a), the surface roughness is increased in the latter (Figure 47a), indicating a tilting of the BiFeO3 unit cells and lower ordering of the domains. From the bright phase in the out-of-plane PFM scan (Figure 46b and Figure 47b), we conclude that out of the eight possible directions represented by the arrows in the cube, only the four ones pointing downwards (𝑷 1 -, 𝑷 2 -, 𝑷 3 -, 𝑷 4 -) can be present (red colour in Figure 46b in the sketch). Whereas in the striped sample the amplitude is high everywhere (Figure 46b), the rough topography influences the amplitude of the mosaic one (Figure 47b) resulting in less defined spots. In a next step, we combine the out-of-plane PFM signal with at least two in-plane PFM images recorded at different azimuthal angles, as presented in the sketches in Figure 46c-d. From the dark phase and well defined amplitude in the in-plane signal (Figure 46c and Figure 47c), the two domains pointing to the right of the tip (𝑷 1 -, 𝑷 2 -) can be eliminated. To complete the picture, a scan from another in-plane position (Figure 46d and Figure 47d) shows, that in all stripes/patches with dark contrast the polarization direction is 𝑷 3 -and in every bright zone it is 𝑷 4 -. In the amplitude images of Figure 46d and Figure 47d, the dark lines correspond to domain walls. At the transition from a domain pointing to one side of the cantilever to the other, no PFM response is detected, corresponding to 71° domain walls. This gives a first idea that BiFeO3 thin films, fabricated via pulsed laser deposition in our lab, are crucially different depending on the laser that has been used for their growth. Whereas for samples fabricated with the KrF excimer laser, the crystalline quality of the film approaches that of the substrate in a layer by layer growth (Figure 46a), the mosaic spread in the samples grown with the Nd:YAG laser is much higher (Figure 47a). 109,[START_REF] Béa | Caractérisation et Intégration Dans Des Hétérostructures de Films Minces[END_REF] The morphological difference is accompanied by striped ferroelectric domains vs. a mosaic ferroelectric pattern but with the same two polarization variants pointing downwards in both cases.

We conduct a comparative study of the strain and strain-gradients in KrF excimer and Nd:YAG grown samples in collaboration with Daniel Sando, combining X-ray diffraction with high-angle annular dark field images, taken with a scanning transmission microscope. A detailed analysis of the crystallographic structure using X-ray diffraction is presented first. See chapter 2.3 for details on the measurement technique and note that monoclinic notation is used in this paragraph to be in accordance with the following measurements in this chapter. However, for the moment the distortion about the angle 𝛽 is not in the focus of the investigation. One can assume nearly pseudo-cubic cells in this paragraph, for example, when comparing to similar data shown in reference [ 128 ]. The results, presented here in Figure 48, are measured on very similar samples like the afore mentioned stripy (excimer laser) and the mosaic (Nd:YAG laser) sample in the PFM measurements. For both samples, the 2𝜃-𝜔 scan (Figure 48a) demonstrates a single-phase growth. Note also that the BiFeO3 film peaks in the excimer-grown sample remain narrow and maintain their intensity even at higher diffraction orders, compared to the Nd:YAG-grown sample, where the BFO film peaks become progressively broader and less intense upon increasing order. The rocking curves (Figure 48b) around the monoclinic (002) m reflection of BiFeO3 show a full width at half maximum (FWHM) of 0.02° and 0.16° for the stripy and the mosaic sample, respectively. They differ by almost one order of magnitude, revealing a level of crystalline perfection approaching that of the substrate for the first and a pronounced stronger crystalline mosaicity of the latter. The Williamson-Hall plots 115,116 (Figure 48c), giving an estimate of the average strain gradient in the out-of-plane direction, demonstrate an almost zero inhomogeneous strain (𝜀 𝑖 = 0.03 %) for the stripy sample. However, the value for the mosaic one yields a significantly larger value of inhomogeneous strain of 𝜀 𝑖 = 0.25 %. Finally, the reciprocal space maps around the monoclinic (003) m and (013) m DyScO3 substrate reflections (Figure 48d) are used to analyse the in-plane lattice. Whereas the BiFeO3 (003) m peak is one well defined spot for the excimer laser sample, a horizontal splitting is observed for the Nd:YAG laser sample, being the result of a tilting of the (00𝑙) lattice planes in two different directions. 113,129 Around the (013) pc DyScO3 substrate peak, two film peaks reveal in both cases two monoclinic domains, (1 ̅ 13) m and (113) m . However, their arrangement is different: the peaks observed in the excimer laser sample are split along the 𝑄 𝑧 direction establishing evidence for a coherently strained film in the stripy sample, whereas the domains are separated horizontally, implying again the formation of tilted domains through the strain accommodation process when grown with the Nd:YAG laser.

In other words, both films are coherently strained to the substrate. However, in the case of growth with the Nd:YAG laser, the shift of the film peaks to smaller angles than the substrate peaks in the 2𝜃-𝜔 scan (blue curve in Figure 48a) could potentially indicate a slight relaxation along the out-of-plane direction. But a strain accommodation via tilting is observed from the reciprocal space maps (Figure 48d) and confirmed by the slope in the Williamson-Hall plot (blue curve in Figure 48c). The reason for the formation of mosaic domains is very likely related to the faster growth rate and an interfacial strain gradient, formed in the first grown unit cells, influencing the structure of the whole film. This leads to a decoupling of the film from the substrate, preventing long-range order and inducing mosaic domains. 128 In addition to the X-ray diffraction study, high-angle annular dark field images are taken with a scanning transmission electron microscope (Figure 49). While the out-of-plane and in-plane strain are homogeneous for the stripy sample (Figure 49a-c), the out-of-plane strain decreases in the first 2-3 nm to -1.5%, before increasing to ≈1.5% at about 6 nm away from the interface for the mosaic sample (Figure 49d-f). Electron energy loss spectroscopy results are consistent with this scenario and point out, that the strain change does not originate from stoichiometry, but from the different oxygen coordination at the interface, which change the distortion of the oxygen octahedra and hence the polarization displacement. 128 This work started based on growth parameters which had previously been optimized for BiFeO3 on orthorhombic DyScO3 (110)o substrates using two different lasers by Hélène Béa [START_REF] Béa | Caractérisation et Intégration Dans Des Hétérostructures de Films Minces[END_REF] , Cécile Carrétéro 109 and Daniel Sando 102 . They are listed in Table 3. To optimize the stripe pattern, I studied the influence of the laser energy and then the growth temperature in three different deposition chambers. One of them, a newer growth chamber, is connected to a cluster, where other experiments can be conducted in situ in the future. My goal is to obtain BiFeO3 thin films with atomic steps on the surface and a parallel stripe pattern of the ferroelectric domains. To analyse the quality of the thin films, the AFM topography image is presented in combination with only one PFM in-plane phase image. The out-of-plane PFM phase is always homogeneous and only two ferroelectric variants are present, forming 71° domain walls with polarization pointing downwards for the (001)pc BiFeO3 thin films. As a nonmagnetic bottom electrode, we chose SrRuO3 as its cubic structure, with a lattice parameter of 0.3985 nm, is well matched to the substrates and BiFeO3. A detailed table with all the lattice parameters is given in Chapter 2.1. The growth parameters for the SrRuO3 electrode that I used during my thesis on all different substrates had also been optimized by my colleagues before and are listed in Table 4. Influence of the laser energy vs temperature For BiFeO3 growth with a low surface roughness and the formation of a striped ferroelectric domain pattern it is crucial to optimize the laser energy. This is shown in Figure 50 by increasing the energy from 60 to 120 mJ/pulse. As this affects the growth rate, the number of pulses was decreased at the same time in order to keep the same film thickness. Importantly, a film grown with the optimized parameters from the previous chapter (Table 3, Figure 46) cannot be reproduced easily some time later (Figure 50a, f) and re-optimization is necessary. Changes in the growth chamber, i.e. continuous adsorption of material on the chamber window in front of the pyrometer and laser maintenance, replacing components in the laser beam path and therefore changes in the properties of the arriving pulse at the target or replacements of the calorimeter and changes in its position can be inferred as possible reasons. Figure 51 shows the influence of the growth temperature on the morphology and domain structure of the films. The stripe pattern and the surface roughness degrade abruptly at the decomposition temperature of 700°C into parasitic phases (Figure 51c,f). Furthermore, the atomic steps of the sample grown at 680°C are more regular (Figure 51b) than to the one at 660°C (Figure 51a). This shows that the optimal results are obtained just below the decomposition temperature. Unfortunately, the temperature precision is limited by the thermal transfer from the sample holder via the silver paste. On samples heated with the same power, I obtain a scattering of the temperature values by ±10°C, being in the same range as the temperature window for optimal growth. The controllability of the temperature can be a big issue in the growth optimization. Improving this point would be crucial for a more systematic study. Influence of the target-to-substrate distance and laser energy in another growth chamber

In our lab, a modern cluster with two PLD growth chambers connected to an excimer laser, a sputtering machine and an X-ray photoemission spectroscopy chamber became available during the second part of my thesis. I initially tested both PLD chambers to finally choose one for the growth of BiFeO3. As the geometry of each growth chamber is different, the target-tosubstrate distance needs to be re-examined. In one chamber, even for the highest possible energy, the domain pattern was very labyrinthine, whereas in the other one, the samples showed already promising results with the initial growth parameters. Therefore, I will only show results obtained in this second chamber.

By reducing the target-to-substrate distance, it is possible to avoid small droplets (Figure 52ac) and obtain a stripy pattern in the in-plane PFM phase (Figure 52d-f). However, large droplets are still present at the surface (Figure 52c) and further optimization of the other growth parameters is required. As a next step, I decrease the energy per pulse (Figure 53, decrease of 5 mJ/pulse at each step) as I had started with the maximal energy of 75 mJ/pulse. Unfortunately, this is not the route to avoid droplets. In addition, the stripe domain pattern becomes less prominent. 

Influence of the film thickness

By varying the thickness of BiFeO3 under the same growth conditions, we found that below a critical thickness of about 15-20 nm the stripe domain pattern vanishes. This is illustrated in Figure 54, which shows this topography and in-plane PFM phase images for films thicknesses of ~11 nm (3000 pulses) (a,d), ~23 nm (6000 pulses) (b,e) and ~48 nm (12000) pulses (c,f). To summarise this chapter, the film thickness should be at least 20 nm to obtain striped BiFeO3 thin films. The geometry of the growth chamber and the target-to-substrate distance can be identified as main reasons for droplet formation and should be optimized first. The oxygen pressure (in my case 0.36 mbar) was not optimized here, but growth at 0.2 mbar is also possible. I was able to optimize the striped ferroelectric domain patterns by mainly varying the laser energy and the temperature. Optimal values for the new growth chamber were around 660°C -680°C just below the decomposition temperature and 60 -90 mJ/pulse, following the same idea: as high as possible, before droplets or decomposition appear.

Strain control of striped domains

BiFeO3 films are grown on different substrates (SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3, NdScO3) to enable a continuous variation of epitaxial strain. The results, shown in Figure 55, are obtained with the first growth chamber. Apart from SrTiO3, where a higher laser energy of 80 mJ/pulse compared to the other substrates (here 60 mJ/pulse) is needed to observe a stripy pattern, the samples can be grown under virtually the same growth conditions. The temperature measured with a pyrometer for the same heating power varies between the substrates (SrTiO3: 645°C, DyScO3: 610°C, TbScO3: 633°C, GdScO3: 549°C, SmScO3: 628°C, NdScO3: 651°C). The pressure is kept at 0.36 mbar. The growth parameters for SrRuO3 (660°C, 0.2mbar, 60mJ/pulse, 5Hz) are never changed and the thickness is kept around 3-5 nm. As the lattice mismatch between the SrRuO3 electrode and NdScO3 is too large, BiFeO3 was grown directly on the substrate. However, as visible from the stripe pattern, the growth parameters, e.g. the growth temperature, are not optimal yet (Figure 55l). Figure 56 shows the same type of samples but grown in the second chamber. Remarkably, it was possible to obtain a highly-ordered stripe pattern, while droplets stayed on the surface. Therefore, depending on how sensitive an experiment is to the surface, we either choose to use the samples from Figure 55 (scanning NV magnetometry) or from Figure 56 (X-ray resonant magnetic scattering). In the next step, we analyse the 2Θ-ω XRD scans to exclude the existence of parasitic phases and to calculate the out-of-plane lattice parameter. Furthermore, Laue fringes around the BiFeO3 peak prove the high crystalline quality of the films and permit to estimate their thickness. Figure 57 displays 2Θ-ω scans for the samples shown in the previous section (Figure 55). The Laue oscillation period indicates that the BiFeO3 films on SrTiO3, TbScO3 and NdScO3 are about 30 nm thick, whereas the ones on DyScO3, TbScO3, SmScO3 and GdScO3 are 60 nm thick. However, the results presented in this chapter do not show any thickness dependence in this range and will be treated in the same way. The relative position of the BiFeO3 film peaks with respect to the substrate peaks emphasizes the out-of-plane strain engineering around almost zero strain between BiFeO3 on TbScO3 and GdScO3 as expected from their small lattice mismatch. Using the equations presented in chapter 2.1.2, the calculated lattice parameter values are listed in Table 5 for each BiFeO3 thin film. In the reciprocal space maps around the ( 013) and ( 103) substrate peaks of SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3 and NdScO3, the BiFeO3 film peaks are aligned along the 𝑄 𝑥,𝑦 direction (Figure 59). This demonstrates that the BFO films grow fully strained on top of those substrates. In addition, the peak positions are in accordance with the values expected from the lattice parameters calculated before. In Figure 60, the topography and PFM images of four samples grown in the same PLD growth process are shown. However, as we can see in the topography images (Figure 60a-d), the thin film morphology tends to deviate from flat terraces and steps, as previously observed for (110)o orthorhombic substrates. Nevertheless, for BiFeO3 thin films grown on DyScO3 (011)o, the surface morphology is flat with unit-cell steps and terraces. In addition, the out-of-plane PFM phase (Figure 60g), is homogeneous and bright while the in-plane phase (Figure 60k) is not well defined. This suggests that the polarization is along the growth direction (no in-plane components) and pointing downwards. In contrast, for the other substrates, there are multiple domains pointing in other possible {111} directions (Figure 60e-l),. All the four samples were grown together in one deposition process at 5 Hz, 0.36 mbar, 80 mJ/pulse and 670°C (on DyScO3), 652°C (on TbScO3) and have a BiFeO3 film thickness of 50 nm. We now focus on the structural analysis of the BiFeO3 sample on DyScO3 (011)o in which a single electric domain seems to be detected (sample from Figure 60c,g,k). Considering that BiFeO3 grows with the polarization axis parallel to the growth direction, it is easier to use a hexagonal unit cell to describe the in-plane lattice strain with the substrate (Figure 61, pink). If the BiFeO3 film grows fully strained by the orthorhombic DyScO3(011)o substrate, one may anticipate an anisotropic distortion of this hexagonal cell (Figure 61, purple) (for more details on the method, see Paragraph 2.3.2). Hence, we refer to the symmetry of the film as pseudohexagonal.

Figure 61 : In-plane lattice of the orthorhombic (011) DyScO3 substrate (black), the hexagonal (001) bulk BiFeO3 lattice (pink) and the pseudo-hexagonal deformation (violet) under anisotropic strain, imposed by the substrate (bold black arrows). We here consider theoretically that the film is fully strained, with large compressive and small tensile strains in the vertical and horizontal directions, respectively.

The hexagonal (00l) growth direction and the out-of-plane lattice parameter can be determined from the 2Θ-ω X-ray diffraction pattern (Figure 62) to 𝑐 ph,BFO = 1.385 nm. Using the equations presented in paragraph 2.3.2, we deduce all the lattice parameters for the pseudo-hexagonal unit cell from the positions of the BiFeO3 peaks in the reciprocal space maps shown in Figure 63. The results are listed in Table 6. In summary, as sketched in Figure 64, this structural analysis shows that the BiFeO3 film grows on the orthorhombic DyScO3(011)o substrates in a distorted hexagonal unit cell (violet) with tensile and compressive strains along the 𝑎 ph,BFO and 𝑏 ⃑ ph,BFO directions, respectively. Along the 𝑐 ph,BFO direction, the film has a larger lattice constant than the bulk hexagonal cell (pink).

Since this direction is associated to the [111] 𝑝𝑐 direction, this larger lattice may favour the outof-plane polarization vector (red arrow). For comparison, the pseudo-cubic unit cell and the hexagonal unit cell in bulk are sketched in grey and pink, respectively. In conclusion, the distorted hexagonal plane resulting from the anisotropic strain from the orthorhombic (011)o substrate should lift the degeneracy between the three possible cycloidal propagation vectors of BiFeO3 from a crystallographic point of view.

Figure 64 : Sketches summarizing the deformation of BiFeO3 in the case of (111)pc growth on DyScO3(011)o. The grey and pink cells represent the pseudo-cubic and hexagonal unit cells in the bulk, respectively. The black and violet ones show the distorted cells in the thin film. A polarization P (red) along either the [111] 𝑝𝑐 or the [1 ̅ 1 ̅ 1 ̅ ] 𝑝𝑐 direction is favoured by this deformation.

Inverse transition in ferroelectric thin films

At the beginning of my thesis, our colleagues from the University of Arkansas found a previously unseen, temperature dependent inverse phase transition in ferroelectric thin films. They used an ab initio-based effective Hamiltonian approach and investigated ultrathin Pb(Zr0.4Ti0.6)O3 films. Following their predictions, we conducted an experimental investigation of such an inverse dipolar transition in BiFeO3 thin films. Our joint experimental and theoretical results suggest the universality of this phenomenon in ferroelectric oxides. 131 After a brief summary of the theoretical work, I will present my experimental approach to this inverse transition.

Summary of the theoretical work

Inverse phase transitions seem to contradict the fundamental law of thermodynamics that disorder increases with increasing temperature. First proposed in theory and later demonstrated experimentally, 132,133 some highly-degenerated frozen states may exhibit the counterintuitive inverse-symmetry-breaking phenomenon. However, up to now, none of them could be found in ferroelectric materials. Here the theoretical calculations for ultrathin Pb(Zr0.4Ti0.6)O3 films reveal that a labyrinthine configuration of dipolar moments can be transformed in a more ordered stripy pattern with lower symmetry when heated above an inverse transition temperature Tinv (Figure 65). A low compressive strain of -2.65% in the 2.0 nm thick Pb(Zr0.4Ti0.6)O3 films with a cubic quasi-Z2 symmetry imposes an anisotropy energy leading to a favourable out-of-plane orientation of the dipoles (Figure 66a). However, a single domain out-of-plane polarization all over the sample would lead to a large depolarizing field (Figure 66b) and the incomplete screening of the surface charges favours the formation of 180° ferroelectric domains on a mesoscopic length scale. As the processes of individual dipole fluctuations and collective dipole arrangement relaxation, which determine the mesoscopic domain pattern, underlie different dynamics, the motion and relaxation of domains are influenced by the cooling rate. While under slow annealing, the system can relax into its ground state with regular parallel stripes (Figure 65b), a fast quenching from the paraelectric state to low temperatures leaves the system in a labyrinthine domain pattern (Figure 65a) (with a slightly higher internal energy of 0.6%). Furthermore, the maze pattern can transform into the stripy one, when raising the temperature above Tinv (Figure 67af). The evolution of the domain pattern can be quantified from its Fourier transformation (insets, Figure 67a-f). The resulting order parameter is plotted in Figure 67g as a function of temperature. Further heating of the parallel stripe state leads to the transition into the paraelectric phase above TC. Even though this inverse phase transition seems to be counterintuitive from the mesoscopic point of view, on a microscopic level, considering the transverse component of the dipoles at a domain wall, it could be calculated that thermal fluctuations of the dipoles are increasing with higher temperature. The free-energy-like potential of the system is plotted in Figure 68 for different temperatures. It displays a global minimum in the centre which corresponds to domain wall orientations along the out-of-plane direction. In addition, at 10K the potential shows two local (outer) minima representing more Néel-type domain walls with a higher transverse component. With increasing temperature, the barriers between the minima decrease and, at the inverse transition temperature Tinv = 110 K, the local minima disappear. Simultaneously, thermal fluctuations increase and favour reorientation flips of the dipoles from one out-ofplane direction to the antiparallel one. This is accompanied by a rearrangement of meandering stripes and an enhanced domain wall fluidity. To decrease the cost of the domain wall energy, the system aims to shorten the overall length of the domain walls, which results in the formation of parallel striped domains. The transition from the maze to the stripe order represents a loss of configurational entropy of the labyrinthine stripes (greater mesoscopic order). This loss is offset by the increase of the vibrational entropy of dipoles (greater microscopic disorder). Hence, from a microscopic thermodynamics point of view, the maze-to-stripe phase transition is not contradicting any fundamental law and is only inverse on the mesoscopic scale.

The reconfiguration of the domain wall patterns with increasing temperature towards the maze-to-stripe transition is accompanied by a change in elementary point-topological defects.

Those are in the current interest for domain-wall-based technologies, promising devices with gigahertz microwave tuneability and low dielectric losses in materials with a high strain-induced ferroelectric domain wall density. 134 Here, the densities of the stripe end-point defects dI (Figure 69a) and threefold junctions dIII (Figure 69b) decrease with increasing temperature (Figure 69c), as they are recombined or annihilated as seen in the inset sketch in Figure 69c. Furthermore, the calculations for Pb(Zr0.4Ti0.6)O3 thin films could be expanded for BiFeO3 films with different thicknesses and strain levels of -0.16% and-0.5%. Considering the ferroelectric and antiferrodistortive order parameters, BiFeO3 displays a maze to stripe transition between 1000K and 1200K as well (Figure 70). It is also predicted, that the domain wall type tends towards 109° domain walls above the transition temperature, whereas below it consists of a mix of 71° and 109° domain walls. 

Annealing experiments: from maze to stripe electric domains

We conducted annealing experiments with BiFeO3 thin films in order to confirm the validity of the theoretical calculations. A 95 nm thick BiFeO3 thin film and a 5 nm thick SrRuO3 electrode, grown by pulsed laser deposition on a DyScO3 substrate, as presented in the previous chapter, is annealed ex-situ under constant oxygen flow at successively increasing temperatures at each step. From room temperature, the sample is heated up with 20 K min -1 and kept at the maximum temperature for an hour, before being cooled down with a very slow rate of approximately 2 K min -1 . The precision of the cool down process is limited by the inertia of the oven and the rate can only be estimated. We investigated possible modifications of the domain pattern after each annealing experiment by doing PFM measurements at room temperature.

Figure 71 shows the topography and PFM signal of the as grown sample as well as after three different annealing steps. Not visible in the topography images shown here (Figure 71a-d), is an additional surface desorption appearing at each step. However, the step terrace structure is widely preserved between those particles. After the first two annealing temperatures (500°C and 750°C), the ferroelectric domain pattern shown in the in-plane PFM phase images (Figure 71f, g) and corresponding amplitude (Figure 71j, k) do not vary from the as-grown state (Figure 71e,i). However, after the 800°C annealing step, a profound modification of the ferroelectric pattern occurs into a perfectly striped domain pattern (Figure 71h, l), thus defining Tinv in between 750°C and 800°C. Using X-ray diffraction 2Θ-ω scans, we confirm that the inverse phase transition does not involve any structural changes (Figure 72) such as strain relaxation or the formation of parasitic phases. In addition reciprocal space maps around the monoclinic BiFeO3 (002)m peak show the appearance of satellite peaks after the annealing step (Figure 73a,b). These features disappear when rotating the sample by ф = 90° (Figure 73c,d) and are clearly related to the high order of the All these results confirm the theoretical calculations with the only difference that the present domain wall type, namely 71° domain walls, does not change with the annealing processes. All domains shown in this paragraph have a homogenous downward polarization.

We rule out the possibility of inducing this dramatic change in the ferroelectric domain pattern by crossing the critical ferroelectric-to-paraelectric transition of BiFeO3 using temperature dependent X-ray diffraction. As visible from Figure 75, the out-of-plane lattice parameter of the BiFeO3 film on DyScO3 is measured up to 1160 K where the film decomposes. The quasi-linear variation indicates no phase transition in this regime. As mentioned in the previous paragraph, elementary point-topological defects can also be found in our BiFeO3 samples. They are revealed by in-plane PFM (Figure 76a) as well as by conductive atomic force microscopy (C-AFM) images while applying a DC-current of 1.7 V to the SrRuO3 bottom electrode (Figure 76b-d). High conduction spots can be observed in Figure 76c andd, indicating threefold junctions and stripe end-point defects, respectively. Thus, this inverse transition in the thin films of BiFeO3 can be accompanied by the annihilation of topological defects, which contain high current density, offering a perspective for tuneable topological resistive devices. 

Transition from mosaic to striped domains

The post-annealing ordering effect of the ferroelectric domain pattern can also be observed in the mosaic samples grown with the Nd:YAG laser. In this section, results of three BiFeO3 samples grown on orthorhombic DyScO3 (110)o samples are presented. The target used for their growth is a BiFeO3 target enriched with iron of the isotope Fe 57 , which was necessary for other measurements analysing their magnetic properties with Mossbauer spectroscopy (details are presented elsewhere 128 ). All the samples have a thickness of 25-40 nm. The topography of those films after the growth shows a large roughness without atomic steps (Figure 77a). The out-of-plane polarization direction is slightly inhomogeneous with a large majority of domains pointing downwards (Figure 77b). In a vectorial in-plane analysis, we observe mosaic domains pointing in only two different directions (Figure 77c,d). When subjected to the same ex-situ annealing procedure presented in the previous paragraph, the domain morphology changes to a striped pattern with atomic steps on the surface (Figure 77e-h). Here, it is not only a rearrangement of the ferroelectric domains towards a more ordered pattern, but the removal of a strain gradient that decoupled the film from the substrate in the growth process. 2Θ-ω x-ray diffraction scans show single-phase BiFeO3 before and after the annealing step (Figure 78a,e), but the crystalline quality and the out-of-plane lattice parameter change (Figure 78b,f, grey dotted lines). The ω scan (rocking curve) measurement around (002) reveals that the as-grown film has a large mosaicity (Figure 78c), while the FWHM decreases by about one order of magnitude after the annealing (Figure 78g). The Williamson-Hall plot (Figure 78d) yields a value of inhomogeneous strain of 0.2%, once again an order of magnitude larger than the corresponding value after annealing (Figure 78h). In contrast to the thin films presented in section 3.1.2 where the strain level in the entire film varied homogeneously, here, the shift of the out-of-plane lattice parameter has to be treated on a subtler level. It turns out that the faster growth rate prevents a direct coupling of the film at the interface. This results in the tilting of the entire unit cells and a strain gradient along the film thickness. In the reciprocal space map in Figure 79a, a horizontal splitting of the BiFeO3 (003)-peak is visible. This is not a result of strain relaxation, but pointing out the tilting of the (00l) lattice planes. 129 However, it is remarkable that upon rotation of the sample the splitting narrows significantly, showing that the tilting is mainly of uniaxial nature (Figure 79b-d). The increase of the crystalline quality and the release of the domain tilting is clearly visible in the scans around the (003) BiFeO3 peaks after annealing (Figure 79e-h), where the peak-splitting disappears and the out-of-plane lattice parameter decreases to the value measured for the striped BiFeO3 thin films grown with the excimer laser.

Regarding the in-plane lattice in the asymmetrical reciprocal space maps (Figure 80), a decrease of the Qz value after annealing shows the release of the tilting as well. Furthermore, we observe two monoclinic domains around the DyScO3 (013), (1 ̅ 1 ̅ 3) and (113) peak before and after the annealing. In the maps around the (1 ̅ 03) and the (103) substrate peak they are overlapping, due to the crystal symmetry (more details on this can be found in section 2.1). Even though the position of the film peaks changes due to variations in the strain of the film, it confirms the results from the vectorial PFM analysis of two monoclinic domain variants before and after the inverse phase transition. However, because of the tilting and inhomogeneous strain in the film, no strain value can be calculated from the reciprocal space maps in Figure 80. To conclude this section, it is worth noting that, even though we observed a transition to a higher ordered state with better crystalline quality in all annealed samples from the Nd:YAG laser, the result is not always as stripy as the one shown in Figure 77. It sometimes tends more towards a maze pattern, and the appearance of parasitic Bi2Fe4O9 and Fe2O3 phases was seen in one case. However, a release of both the tilting and the strain gradient is always observed.

In summary, we highlight an inverse phase transition in ferroelectric thin films of BiFeO3, which seems to contradict a fundamental principle of thermodynamics at first sight. Under continuous heating, the labyrinthine domain pattern in a ferroelectric thin film transforms in a highly ordered striped phase with a lower symmetry, displaying a unidirectional straight arrangement. Numerical investigations, based on an effective Hamiltonian approach derived from first principle calculations, allow for the comprehension of this inverse phase transition due to an increase of the entropic contributions of the domain walls and the diffusions of topological defects they are triggering. The numerical calculations have been executed for standard ferroelectrics such as thin films of Pb(Zr0.4Ti0.6)O3 and BiFeO3. The experimental reproducibility of this phase transition in BiFeO3 thin films on various substrates suggests the universality of this phenomenon in ferroelectric oxides. Conductive mapping of the sample surface with nm-resolution reveals the presence of topological defects, showing a fifty times higher conductivity than at the domain walls. Hence, the inverse transition associated with the diffusion of the topological defects is electrically detectable, opening perspectives for possible applications.

4 A journey into the antiferromagnetic textures of BiFeO 3 thin films (001)pc BiFeO3 thin films are grown on SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3 and NdScO3 substrates using pulsed laser deposition. Details on the growth technique can be found in section 2.2 and the growth optimization is detailed in section 3.1.1. For all samples apart from the one on NdScO3, a thin metallic SrRuO3 electrode is inserted between the substrate and the BiFeO3 thin film for electric switching experiments. The crystallographic lattice is analysed using X-ray diffraction, see section 2.3 for the method and section 3.1.2 for the results. All structurally equivalent samples display a flat surface and high crystalline quality, visible in the Laue-fringes in the 2Θ-ω scans. BiFeO3 film thicknesses are between 30 and 60 nm. Two elastic domain variants are found and can be related directly to the ferroelectric domains imaged with piezoresponse force microscopy (method in section 2.4.2, results in 3.1.2).

We now focus on the magnetic textures in this set of structurally equivalent BiFeO3 thin films (Chapter 3.1.2, Figure 55). Distinguishable only by their strain level (Figure 57-43), they all display a stripy ferroelectric pattern, composed of two polarization variants. We here present the evolution of the antiferromagnetic textures as a function of the epitaxial strain. Scanning NV magnetometry in combination with resonant elastic X-ray scattering is used to examine two different types of spin cycloids and the pure G-type antiferromagnetic order. In a second step, we define single ferroelectric domains with the piezoresponse force microscope. We demonstrate the possibility to change the cycloid propagation direction and eventually even to toggle between the antiferromagnetic ordering and the two types of cycloids. Finally, we investigate the spin textures of a single domain ferroelectric sample. The anisotropic strain in the (111)pc plane favours only one of the three possible cycloidal propagation vectors. Given the pure outof-plane polarization direction and the single cycloid propagation direction in the sample surface and its rotation plane perpendicular to it, this last BiFeO3 sample would be a fantastic playground to investigate the interplay between spin transport and non-collinear antiferromagnetic textures.

Strain control of antiferromagnetic textures

In addition to the bulk-like cycloidal order (cycloid type I), epitaxial strain is expected to favour another type of cycloid (so called type II cycloid) or pure G-type antiferromagnetic order. The epitaxial strain imposed by the substrate can be used as setscrew for the prevailing magnetic textures. The two types of cycloid, presented in more detail in Figure 81a-c In our BiFeO3 thin films, the exploration of magnetic textures and their interpretation is simplified by the ordered ferroelectric landscape. All samples can be considered as a stripy periodic array of ferroelectric domains (𝐏 𝟑 -and 𝐏 𝟒 -) separated by 71° domain walls (Figure 82a-f). For each sample, the corresponding antiferromagnetic spin textures (Figure 82g-l) are imaged in real space with a scanning NV-magnetometer operated in dual-iso-B imaging mode (methods in section 2.4.3). In the strain range of -1.33% to +0.05%, the NV images display a similar zigzag pattern of periodic stray fields generated by cycloidal antiferromagnetic orders. More precisely, in each vertical ferroelectric domain (separated by dashed lines in Figure 82g-j), we observe a single propagation direction of the spin cycloid. As the in-plane component of the polarization vector rotates from one domain to another, the spin cycloid propagation direction rotates accordingly. This implies a one-to-one correspondence between the ferroelectric and antiferromagnetic domains. A closer look at the different zig-zag patterns indicates a 90-degree in-plane rotation of the cycloidal propagation direction for films grown on DyScO3 (-0.37%) and TbScO3 (-0.10%). This corresponds to cycloid type I with propagation vector 𝐤 𝟏 , contained in the film plane, for both ferroelectric variants 𝐏 𝟑 -and 𝐏 𝟒 -(Figure 82m).

A subtle change of the strain towards the tensile side (+0.05%, GdScO3) greatly influences the magnetic landscape. Indeed, the zig-zag features are no longer orthogonal to each other, but rather at 120° ± 5° (Figure 82j) and, therefore, the spin texture can no longer be explained by the bulk-like cycloid type I. The large angle of the zig-zag pattern is only compatible with alternating 𝐤 𝟏 ′ , 𝐤 𝟐 ′ propagation vectors of the type II cycloid. We calculate an angle of 127°, projected on the film surface from the sketch in Figure 82n. Surprisingly, a similar scenario takes place for large compressive strain (-1.33%, SrTiO3) where the zig-zag angle (Figure 82g) is almost the same as for BiFeO3 grown on GdScO3. In contrast, for large tensile strain (+0.47 to +0.93%) corresponding to BiFeO3 films grown on SmScO3 and NdScO3 substrates, the periodic magnetic signal related to spin cycloids is lost (Figure 82k,l) and the observed magnetic order can be associated with a pure G-type antiferromagnet without cycloid. In addition, the ferroelectric periodicity formerly detected as the zig-zag pattern is no longer visible in the magnetic 110 landscape, cancelling the one to one imprint between ferroelectric and magnetic orders for the G-type antiferromagnetic case. We now want to give a rough estimation of the cycloid period in these films using the Fourier transformations of scanning NV magnetometry images (Figure 83). When the magnetic structure is imaged with NV magnetometry, it is necessary to consider the projection on the (001)pc sample surface (Figure 81b). As a result, for all cases except the cycloid I 𝐤 𝟏 , the apparent cycloid period 𝜆 surf is larger than the actual cycloid period 𝜆 in the three-dimensional sample, because 𝐤 is not contained in the (001)pc plane. 𝜆 surf can be calculated for cycloid I, 𝐤 𝟐 and 𝐤 𝟑 as

𝜆 surf = √2 • 𝜆,
for cycloid type II, 𝐤 𝟏 ′ , 𝐤 𝟐 ′ as

𝜆 surf = √ 6 5 • 𝜆 ≈ 1.1 • 𝜆
and 𝐤 𝟑 ′ as

𝜆 surf = √3 • 𝜆.
Hence, by inverting these equations for the cycloid type I, we obtain close values of 𝜆 ≈ (69 ± 7) nm for the sample grown on DyScO3 (Figure 83b) and 𝜆 ≈ (68 ± 7) nm for the sample on TbScO3 (Figure 83c). For the type II cycloid, the value for BiFeO3 of 𝜆 ≈ (69 ± 7) nm on SrTiO3 (Figure 83a) is slightly larger than the period of 𝜆 ≈ (64 ± 7) nm for the sample grown on GdScO3 (Figure 83d). We suppose that this difference can be assigned to the different strain level in the samples, although there is no reference period for the type II cycloid. 

Insights into the different cycloids using resonant X-ray scattering

A complementary macroscopic investigation to further corroborate the nanoscale real-space images of the magnetic arrangements is resonant elastic X-ray scattering (REXS). For details on this technique, see section 2.5. The spin cycloid is a periodic magnetic object, giving rise to a diffraction pattern at the Fe resonant L-edge. In order to highlight the diffracted signal of magnetic origin only, the difference between left and right polarized light is plotted as a dichroic diffracted pattern (Figure 84a, c, red and blue correspond to positive and negative dichroism, respectively). In both diagonals from the specular spot, the inverted contrast between +q and -q spots is a signature of chirality. Indeed, BiFeO3 spin cycloids in which spins rotate in a plane defined by the polarization (𝐏) and the propagation vector (𝐤) are chiral objects. Data are taken on BiFeO3 samples grown on DyScO3 (cycloid I) and GdScO3 (cycloid II) substrates (Figure 84a and c, respectively).

For BiFeO3 thin films grown on DyScO3, the presence of two orthogonal cycloid propagation directions (light green arrows in Figure 84a) with identical periods gives rise to two orthogonal lines of diffracted spots, thus defining a square diffracted pattern. The fine structure of this pattern is rendered more complex by additional spots that arise from the modulation of the magnetic periodicity by the ferroelectric domain structure. However, here our focus is on the cycloid propagation direction and periodicity. The spacing between the +q and -q spots corresponds to a cycloid period of 𝜆 ≈ 72 ± 5 nm for both spin cycloids with 𝐤 𝟏 propagation vector. Consistently at the local scale, the combination of PFM and scanning NV magnetometry allows to identify the relative orientation of the ferroelectric polarizations (𝐏 𝟑 -and 𝐏 𝟒 -, red arrows in Figure 84b) and cycloid propagation direction (𝐤 𝟏 , light green arrows in Figure 84b) on both sides of a domain wall. Thus, our microscopic real-space experiments and macroscopic reciprocal-space observations both attest for a single cycloidal vector (𝐤 𝟏 ) in BiFeO3 thin films under moderate compressive strain.

In contrast, for BiFeO3 films grown on GdScO3 imposing slight tensile strain, the dichroic diffracted pattern is no longer square-shaped but rectangular (Figure 84c). Hence, we exclude the above-mentioned scenario with two bulk-like (cycloid I) orthogonal vectors. The two diagonals of the rectangular pattern (turquoise arrows in Figure 84c) form an angle of about 115° ± 5°, in accordance with the typical angles observed in NV magnetometry images (Figure 82j). The only plausible scenario, therefore, corresponds to two types of ferroelectric domains, respectively harbouring alternating 𝐤 𝟏 ′ , 𝐤 𝟐 ′ propagation vectors of the cycloid type II, as observed in real space (Figure 84d). Consequently, these cycloidal BiFeO3 films, under either compressive or tensile strain, exhibit a one-to-one imprint between ferroelectric and antiferromagnetic order. Taking into account the projection on the sample surface, we calculate a cycloid period of 𝜆 ≈ 69 ± 5 nm for the type II cycloid. Considering the uncertainties for both NV-centre magnetometry and X-ray resonant magnetic scattering, the same tendency is observed with a slightly smaller period for the sample with type II cycloid, grown on GdScO3, than for the type I cycloid grown on DyScO3. To conclude this study on the influence of epitaxial strain on the antiferromagnetic textures, we compare our results using NV magnetometry and resonant elastic X-ray scattering, to the ones from Daniel Sando et al. from Mössbauer and Raman spectroscopy. Data are taken from reference [ 102 ] and private communication. In Figure 85, the upper panel presents results from studies carried out in the past years. BiFeO3 samples have been grown using an excimer laser and a Nd:YAG laser growth chamber. By the choice of the growth chamber, the epitaxial strain imposed in the BiFeO3 thin film can be influenced significantly, changing the observed antiferromagnetic textures. Regarding the results, presented in this thesis (summarized in the lower panel), slight modifications in the antiferromagnetic phase diagram need to be considered. Whereas previously only the type I cycloid has been reported on the compressive strain side, we observe the type II cycloid in BiFeO3 samples grown on SrTiO3. For the samples grown on DyScO3, TbScO3 and GdScO3, our results are in good agreement, but for SmScO3, we again obtain a contradictory result. NV-centre magnetometry reveals more prominently pure G-type antiferromagnetic order and no type II cycloid. Additionally, we investigate a sample grown on NdScO3, representing an intermediate strain level between SmScO3 and PrScO3 and confirm Gtype order on the tensile side at higher strain levels. 

Electric control of antiferromagnetic textures

Beyond the observations in pristine configurations of ferroelectric domains in which the cycloid propagation is locked onto the polarization, we now manipulate the ferroelectric order via electric fields, with the aim to design antiferromagnetic landscapes on demand. We first use PFM to write micron-size ferroelectric domains by virtue of the so-called trailing field (details about the method in section 2.4.2). 118,137 An example on a BiFeO3/SrRuO3//DyScO3 sample is shown in Figure 86. During the lithography process, markers are patterned next to the microwave antenna (Figure 86a) to localize the different written areas in PFM and scanning NV magnetometry. The vectorial analysis (chapter 2.4.2) of the out-of-plane and in-plane PFM images (Figure 86b) show a ferroelectric monodomain of 1 x 3 µm 2 with polarization P indicated in red. The bright out-of-plane phase contrast indicates a downwards polarization. In the first position of the in-plane PFM analysis, the PFM phase is not defined and the amplitude is close to zero, because the polarization is parallel to the cantilever. For the second in-plane position, the bright phase contrast indicates that P is pointing to the left of the image. When scanning NV magnetometry is subsequently performed on the same area, we can use the markers next to the microwave line for positioning. A combination of multiple images is used to correlate accurately the PFM and the NV magnetometry images (Figure 86c) and determine the precise location of the written ferroelectric domain. In this example, we observe that the ferroelectric single domain induces a single spin cycloid with a vertical propagation vector, as sketched in the inset of Figure 86c. Following the same procedure, monodomains are written on samples grown on TbScO3, GdScO3 and SmScO3 (Figure 87a-c). Again, a vectorial analysis combining out-of-plane and inplane data is carried out to assign the indicated polarization direction. The two in-plane PFM measurement positions are at an angle of 45° with respect to the polarization direction. Hence, a bright in-plane PFM amplitude is generally observed, and the combination of the in-plane PFM phase signal for both positions is necessary to unambiguously determine the direction of P. Scanning NV magnetometry is then performed on these artificial domains to reveal the corresponding magnetic textures (Figure 88a-d). For the sake of easy comparability, these images are all represented with P pointing in the same direction and hence rotated with respect to their corresponding PFM images in Figure 86 and Figure 87.

For strain states ranging from -0.37% to +0.47%, single ferroelectric domains always correspond to a spin cycloid with a single propagation vector. For BiFeO3 films grown on DyScO3 (-0.37%, Figure 88a) or TbScO3 (-0.10%, Figure 88b), the spin cycloid propagates in a direction perpendicular to the ferroelectric polarization. This implies that the in-plane 𝐤 𝟏 propagation is still favoured, switching from two pristine type I cycloids to a single written type I cycloid. Interestingly, the spin cycloid period λ decreases from about (78 ± 5) nm in the pristine (two domain) state to (65 ± 2) nm for the switched (single domain) state.

In single domains, the spin cycloid period thus appears closer to that observed in bulk BiFeO3 (λbulk= 64 nm [START_REF] Lebeugle | Electric-Field-Induced Spin Flop in BiFeO 3 Single Crystals at Room Temperature[END_REF] ) and one may conclude that the writing process modifies the strain state of the BiFeO3 films. Using microdiffraction experiments (Figure 89), we looked at the influence of the writing processes on the strain state of the films. Microdiffraction experiments were carried out by our collaborator Y. A. Birkhölzer from the University of Twente on a BiFeO3 sample grown on DyScO3. 136 For precise alignment and orientation on the sample, a lithographically defined hard mask of 90 nm thick Au with 30 x 30 μm 2 wide square openings is deposited by sputtering and lift-off prior to the microdiffraction experiments. Selected written (Figure 89c, d) and pristine (Figure 89b) areas, with different domain wall densities, are first analysed by PFM (insets in Figure 89b-d) and subsequently by microdiffraction to obtain local structural information. All three areas show identical structural properties (Figure 89a-d) despite the large variations in domain configurations, ruling out different strain states between artificially written and asgrown domains in BiFeO3 thin films. Consequently, the reduced cycloidal period in written domains compared to pristine striped domains suggests that periodic electric/elastic boundary conditions influence the cycloid period.

For BiFeO3 films grown on GdScO3 (+0.05%, Figure 88c), the spin cycloid propagates horizontally, i.e. at 45° from the in-plane polarization variant of the single ferroelectric domain. This implies that the cycloid type I out-of-plane propagation vector (𝐤 𝟐 ) is selected, corresponding to a switching from two type II cycloids (𝐤 𝟏 ′ , 𝐤 𝟐 ′ ) to a single type I cycloid (𝐤 𝟐 ). In addtion, the apparent cycloid period of (92 ± 3) nm in the single domain is compatible with its projection onto the sample surface (𝜆 surf = √2 • 𝜆), giving rise to an intrinsic period of λ = (65 ± 2) nm, close to the bulk value. These experiments on single domains suggest that strain primarily has an influence on the direction of the bulk-like cycloid propagation (in-plane for compressive and out-of-plane for tensile strains).

In the case of BiFeO3 films grown on SmScO3 (+0.47%, Figure 88d), the cycloid is observed to propagate in a direction almost parallel to the in-plane variant of the polarization. Considering the three vectors of each cycloidal type (Figure 81), this is only compatible with the 𝐤 𝟑 ′ propagation vector of a cycloid II. In this case, we find an apparent cycloid period of (146 ± 5) nm leading to an intrinsic period of (84 ± 3) nm (𝜆 surf = √3 • 𝜆). The enhanced period compared to From these experiments, we observe that the electric-field modification of striped domains to artificially-written single domains either influences the period of the spin cycloid or leads to more dramatic changes, such as a change of the cycloidal type or a collinear to non-collinear transition. Overall, these results suggest that combining strain and electric field results in a complex zoology of antiferromagnetic textures in (001)pc-oriented films of BiFeO3.

As grown single antiferromagnetic domains

We now apply the same experimental techniques to investigate the antiferromagnetic textures in the single ferroelectric domain sample, presented in chapter 3.2. In the crystallographic analysis on this BiFeO3 (111)pc sample grown on DyScO3 (011)o, we demonstrate there, that the degeneracy between the three possible propagation directions in the (111)pc sample plane (Figure 90a) is lifted by a small anisotropic strain imposed by the substrate. Here, we reveal that this anisotropic strain has a strong impact on the magnetic textures of BiFeO3 and favours one cycloidal propagation vector over the two others. This is illustrated in Figure 90b with an exaggerated sketch to make the distortion visible. As a result, the geometrical relations in this sample can be considered as a perfect reference frame to analyse the properties of the spin cycloid. With the polarization perpendicular to the sample surface, the rotation plane of the cycloid is expected to be vertical (Figure 90c). In Figure 91a, we show a vectorial PFM analysis in which the pure out-of-plane ferroelectric polarization direction is coherent with the undefined in-plane PFM phase and vanishing amplitude, measured from two different positions. The scanning NV magnetometry image (Figure 91b) supports the crystallographic analysis and indicates that only one of the three in-plane propagation vectors of the type I cycloid is present in our films, with 𝐤 𝟐 propagation vector parallel to the ao axis of the DyScO3 substrate. These observations are confirmed in multiple locations of the BiFeO3 sample and the Fourier transformation analysis of the NV images leads to a calculated wavelength of 𝜆 ≈ (71 ± 7) nm. It appears that the small compressive strain along 𝐤 𝟑 in these (111) films favours this propagation vector over the other two. This is somehow similar to the 𝐤 𝟏 propagation vector for (001) films that is favoured by biaxial compressive strain on DyScO3 while out-of-plane 𝐤 𝟐,𝟑 propagation vectors tend to be stabilized for small tensile strain, as in GdScO3.

In order to characterize macroscopically the antiferromagnetic order in these films, we performed REXS experiments at the SEXTANTS beamline of SOLEIL synchrotron. Measurements at the Fe L edge indicate a single pair of diffraction spots around the specular (Figure 91c). The inverted dichroic signal between the +q and -q spots with a contrast of more than 50% indicates that this pair of diffraction spots is the signature of a single spin cycloid present all over the sample. The propagation direction is confirmed to be along the ao axis of the DyScO3 substrate, hence corresponding to the 𝐤 𝟑 propagation vector. From the distance between the +q and -q spots, a cycloid period of 𝜆 ≈ (76 ± 5) nm is estimated in close agreement with scanning NV magnetometry experiments. The azimuthal dependence of the REXS signal has been performed and we observe that the dichroic signal changes its sign with the angle for both the +q and -q spots. We are currently investigating carefully this angular dependence with theoretician colleagues in order to obtain more insights in this unique spin cycloid. Finally, we investigate the switching behaviour in this BiFeO3 thin film using the electric field from a scanning AFM tip. The PFM images in the written zone indicate that the polarization is switched by 180°, pointing upwards without any in-plane components (Figure 92a). The associated antiferromagnetic texture remains unchanged (Figure 92a) with the same cycloidal periodicity. However, given the fact that the polarization is reversed, as depicted in the sketch in Figure 92c, this indicates a reversal of the cycloidal chirality which should be examined more in detail. 

Conclusions and perspectives

The work presented in this thesis is devoted to the investigation of the ferroelectric and antiferromagnetic domain patterns in the room-temperature multiferroic oxide, BiFeO3, and their interrelations. On the material side, a main achievement is the elaboration by pulsed laser deposition of strain-engineered BiFeO3 thin films over a wide range of strain, using appropriate substrates. We conducted a detailed structural X-ray diffraction analysis to precisely determine the monoclinic lattice parameters, as well as the exact strain level. The atomically flat films are of high epitaxial quality. In perfect agreement with the elastic domains observed in the X-ray diffraction analysis, we map ordered ferroelectric landscapes such as a periodic array of two domain variants or a single ferroelectric domain, imaged with piezoresponse force microscopy.

In two-domain BiFeO3 samples, we observe evidence for an unusual phase transition where the labyrinthine arrangement of ferroelectric domains transforms to a higher, striped order with increasing temperature. We experimentally demonstrate this effect via an a posteriori annealing step in our BiFeO3 films, while this effect was so far only predicted from ferroelectric Pb(Zr0.4Ti0.6)O3. Our observations support the inverse phase transition theory proposed by our collaborators from the University of Arkansas. From a microscopic thermodynamics point of view, this maze-to-stripe phase transition is counterintuitive as the global electrical order increases with increasing temperature. Nevertheless, it is not contradicting any fundamental law and is only inverse on the mesoscopic scale.

Using a non-invasive scanning magnetometer based on a single nitrogen-vacancy defect in diamond, we present the first real-space visualization of a room-temperature magnetic phase diagram as a function of epitaxial strain in antiferromagnetic BiFeO3 thin films. We demonstrate that a fine tuning of the epitaxial strain stabilizes different types of non-collinear antiferromagnetic states (bulk-like and exotic spin cycloids), as well as collinear antiferromagnetic textures, in as-grown BiFeO3 thin films. In addition, we macroscopically confirm the existence of both types of cycloids using resonant elastic X-ray scattering. In contrast to previous studies, we are able to reveal the exotic type II cycloid in both tensile and compressive strained films, suggesting a symmetry of the antiferromagnetic phase diagram around zero epitaxial strain.

We furthermore take advantage of the magnetoelectric coupling in BiFeO3, to deterministically control the antiferromagnetic textures using an electric field. The modification of the ferroelectric landscape via local electric fields allows us (i) to deterministically control the spin cycloid propagation, (ii) to switch from one type of antiferromagnetic spin cycloid to another or (iii) to convert a collinear antiferromagnetic texture to a spin cycloid. Our results highlight the unique potential of the combination of piezoresponse force microscopy with scanning NV magnetometry for imaging complex ferroelectric/antiferromagnetic orders at the nanoscale.

In BiFeO3 films on (011)-oriented DyScO3 substrates, a single ferroelectric domain state is stabilized. Resorting on the anisotropic strain imposed by the substrate, the film grows in the (111)-crystallographic direction and contains one bulk-like spin cycloid with a single propagation direction. In such films, the polarization is perpendicular to the sample surface and the cycloid is propagating in the film plane. We combine real-space scanning NV magnetometry images and X-ray elastic resonant scattering data to demonstrate that BiFeO3(111)/DyScO3(011) represents an archetypical model system for further investigations of the interplay between non-collinear antiferromagnetic order and spin transport.

My publications during this thesis: The perspectives from this thesis are multiple. We demonstrate that the antiferromagnetic textures in BiFeO3 can be tuned with epitaxial strain. So far this is demonstrated in a static way by using various substrates for different strain levels. A novel method for strain-tuning would be to use of a piezoelectric substrate such as (1-x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3] (PMN-PT). Indeed, PMN-PT has a perovskite structure (a = 4.02 Å) compatible with BiFeO3 epitaxial growth on the tensile side and its record piezoelectric properties (d33  2000 pC/N) qualifies this compound as a functional substrate for electric tuning of the antiferromagnetic order via tuneable strain.

The epitaxial strain could be varied continuously and all possible antiferromagnetic textures would become accessible in the same BiFeO3 thin film.

Another strategy via the magnetoelectric coupling reported here, is to design capacitors or inplane electrodes so that the in-situ control of the antiferromagnetic textures of the film could be achieved. This way, depending on the relative crystallographic properties and electrode geometry, the cycloidal propagation direction, chirality or propagating plane could be switched back and forth.

Even though scanning NV magnetometry is a very powerful tool to determine the antiferromagnetic textures at the nanoscale, on the road to antiferromagnetic spintronics, one would desire a device-realistic method for read-out of the magnetisation state. When combined with our knowledge about the precise spin texture, the spin Hall magnetoresistance effect could provide a path to determine the antiferromagnetic texture via a simple resistivity measurement in prototypical BiFeO3 single domain films. Furthermore, this allows investigating the spin-dependent transport properties as a function of an external magnetic field in the simplest noncollinear configuration.

We have only been looking at static phenomena so far. Magnon transport was recently reported in non-ferroelectric antiferromagnets like Fe2O3. [START_REF] Lebrun | Tunable Long-Distance Spin Transport in a Crystalline Antiferromagnetic Iron Oxide[END_REF] These results pave the way to magnonics in multiferroics, and especially for BiFeO3, with particular emphasis on the propagation of magnons in reconfigurable antiferromagnetic textures. Beyond non-collinear antiferromagnetic textures, strategies to deterministically control collinear antiferromagnetic textures in BiFeO3 thin films would be highly desirable to investigate magnon propagation.

Ferroic domain walls are currently moving into the focus of research due to their intriguing properties, such as enhanced conductivity and anomalous magnetic order. In this context, the BiFeO3 antiferromagnetic textures call for a detailed investigation of the domain walls. In our BiFeO3 samples, we initiated an analysis of the correlated antiferromagnetic domain walls at different types of ferroelectric domain walls. Preliminary results on written domain walls reveal complex stitching of the antiferromagnetic cycloid. Indeed, when several propagation vectors encounter, typically at ferroelectric domain walls, embryos of antiferromagnetic skyrmions may be formed. The pristine high-density network of ferroelectric stripe domains as observed in this thesis is imprinted onto the antiferromagnetic order, forcing cycloids with different propagations to stitch in a chiral knot. 127 Beyond this magnetic chirality, the ferroelectric domain walls in such thin films have also been demonstrated to be chiral, which is in contrast to the longstanding common belief that ferroelectric walls are Ising type. This directly opens the question about the interplay between magnetic and ferroelectric chiralities in multiferroic BiFeO3.

Finally, a particularly active field of research deals with skyrmions. Magnetic skyrmions were discovered in MnSi chiral magnets 138 and are nowadays generated in metallic multilayers with broken inversion symmetry. 139 These chiral objects are envisioned as the most stable and smallest magnetic objects achievable thanks to their topological protection. BiFeO3 could be a promising template to electrically-design antiferromagnetic skyrmions. Polarisation flux closurewindings have up to now been artificially patterned in BiFeO3 thin films by scanning probe techniques 140,141 and recently demonstrated to be stabilised by edge effects in nano-sized pillars. 142,143 Preliminary atomistic simulations point towards the stabilisation of antiferromagnetic skyrmions for suitable ferroelectric winding. Peculiar conduction mechanisms associated to each topological winding are experimentally reported, allowing full electrical writing and reading, en route towards electrically-reconfigurable topological antiferromagnetic objects.

Résumé étendu

La spintronique, fondée sur l'utilisation du spin de l'électron à la place de sa charge électronique, se base traditionnellement sur des matériaux ferromagnétiques. Les matériaux antiferromagnétiques utilisés dans le passé seulement comme éléments passifs pour bloquer l'aimantation des couches minces ferromagnétiques, suscitent un intérêt croissant pour la spintronique. En effet, leur insensibilité aux champs magnétiques parasites, leur dynamique magnétique ultrarapide (THz), et la possibilité d'intégration plus dense permise par l'absence de champ de fuite, constituent des atouts spécifiques des matériaux antiferromagnétiques. [START_REF] Marti | Prospect for Antiferromagnetic Spintronics[END_REF][START_REF] Olejník | Terahertz Electrical Writing Speed in an Antiferromagnetic Memory[END_REF][START_REF] Wienholdt | THz Switching of Antiferromagnets and Ferrimagnets[END_REF] Cependant, la lecture et le contrôle de l'ordre antiferromagnétique restent des verrous pour le développement des dispositifs. Plusieurs approches ont été proposées dans la littérature pour la lecture par des effets magnétorésistifs, à la fois dans les systèmes métalliques (AMR, TAMR) et dans les isolants (SMR) [START_REF] Marti | Room-Temperature Antiferromagnetic Memory Resistor[END_REF][START_REF] Park | A Spin-Valve-like Magnetoresistance of an Antiferromagnet-Based Tunnel Junction[END_REF][START_REF] Fischer | Spin Hall Magnetoresistance in Antiferromagnet/Heavy-Metal Heterostructures[END_REF] . D'autre part, dans les matériaux non centrosymétriques comme le CuMnAs, [START_REF] Wadley | Electrical Switching of an Antiferromagnet[END_REF] l'écriture de l'ordre antiferromagnétique devient possible grâce à des effets relativistes induisant un mécanisme de transfert de spin. L'approche de cette thèse repose sur les multiferroïques où plusieurs ordres ferroïques coexistent (tels que ferroélectricité, (anti)ferromagnétisme, ferroélasticité): le couplage magnétoélectrique pourrait permettre de contrôler l'antiferromagnétisme avec un champ électrique. BiFeO3 est l'archétype des matériaux multiferroïques. Cet oxyde est à la fois ferroélectrique et antiferromagnétique à température ambiante, et donc un candidat idéal pour contrôler électriquement des textures de spin antiferromagnétiques.

Dans BiFeO3, l'activité stéréochimique du doublet non liant des électrons des atomes de Bi produit une asymétrie des charges et induit une forte polarisation. 50 La déformation cristallographique associée induit un lien direct entre les domaines ferroélectriques et la structure cristalline. L'interaction magnétique dominante est le super-échange, créant un ordre antiferromagnétique de type G avec un arrangement antiparallèle des spins des premiers voisins. Une interaction antisymétrique de type Dzyaloshinskii-Moriya induit une cycloïde de spin à longue portée. [START_REF] Sosnowska | Spiral Magnetic-Ordering in Bismuth Ferrite[END_REF] Une deuxième interaction Dzyaloshinskii-Moriya génère quant à elle un moment faible perpendiculairement au plan de la cycloïde, ou « onde de densité des spins ». [START_REF] Ramazanoglu | Temperature-Dependent Properties of the Magnetic Order in Single-Crystal BiFeO 3[END_REF] Contrairement au cas des cristaux massif, il est possible d'exercer des contraintes d'épitaxie dans les couches minces de BiFeO3 et ainsi d'influencer l'ordre antiferromagnétique. Différentes mesures spectroscopiques ont en effet indiqué qu'il était possible d'accéder à différents types de cycloïdes ainsi qu'à un ordre antiferromagnétique colinéaire de type G selon l'état de contrainte. 102 Cependant, ces résultats n'ont pas été confirmés par des mesures des textures antiferromagnétiques dans l'espace réel, car peu de techniques expérimentales permettent d'imager l'ordre antiferromagnétique avec la résolution nanométrique pertinente.

Dans cette thèse, nous imageons une grande variété de textures antiferromagnétiques que nous contrôlons par l'ingénierie des contraintes et le champ électrique. Nous élaborons des films minces de BiFeO3 sous différentes contraintes d'épitaxie, maîtrisant ainsi la texture de domaines ferroélectriques, telle qu'imagée par microscopie à force piézoélectrique. De plus, nous montrons qu'une transition de phase inverse peut être utilisée pour accroître l'ordre électrique global, d'une configuration labyrinthique de domaines vers un réseau périodique en bandes rectilignes (Figure 93). La magnétométrie à centre NV nous permet de corréler les textures antiferromagnétiques et ferroélectriques. Nous démontrons que les contraintes stabilisent différents types de cycloïdes ainsi qu'un ordre antiferromagnétique colinéaire (Figure 94). La diffraction X élastique résonante permet de confirmer macroscopiquement l'existence de deux types de cycloïdes (Figure 95). Enfin, nous contrôlons électriquement ces textures antiferromagnétiques, passant d'une cycloïde à une autre ou transformant un ordre colinéaire en cycloïde (Figure 96). Sur la base d'un substrat imposant une contrainte anisotrope, nous stabilisons également des films ne présentant qu'un seul domaine ferroélectrique associé à un unique domaine antiferromagnétique (Figure 97). Ceci ouvre de larges perspectives pour explorer le couplage entre l'antiferromagnétisme non-colinéaire et le transport de spin.

Le travail expérimental présenté dans cette thèse est dédié à la croissance, la caractérisation et l'imagerie des domaines ferroélectriques et antiferromagnétiques dans des films minces de BiFeO3. Ces films sont élaborés par ablation laser pulsé sur différents substrats. Selon la symétrie et l'orientation cristalline du substrat, le film mince adopte différentes configurations en domaines ferroélectriques. Les structures cristallines des films sont caractérisées par des modes avancés de diffraction de rayons X qui permettent de déterminer le nombre de variantes élastiques, les paramètres de maille, et la contrainte pour chaque configuration. Les variantes élastiques imposées par la symétrie du système gouvernent la sélection des variantes ferroélectriques, imagées par microscopie à force piézoélectrique. Cette approche permet de minimiser le nombre de variantes ferroélectriques présentes afin de mieux corréler par la suite les images de domaines ferroélectriques et magnétiques. Après optimisation des paramètres de dépôt (température, pression, longueur d'onde du laser, énergie par pulse laser, fréquence des pulses et distance cible substrat), nous obtenons des textures ferroélectriques modèles telles qu'un réseau ordonné de domaines pour les échantillons à deux variantes, ou un état monodomaine selon l'orientation du substrat. De plus, nous montrons qu'une transition de phase inverse peut être utilisée pour accroître l'ordre électrique global, d'une configuration labyrinthique de domaines vers un réseau périodique en bandes parfaitement rectilignes. Cette transition est initiée par recuit ex-situ après croissance (Figure 93a). Ces résultats expérimentaux sont en accord avec les prédictions théoriques de transitions de phases élaborées par nos collaborateurs de l'Université d'Arkansas (Figure 93b). 131 Cette transition est associée à l'annihilation de défauts topologiques présentant des propriétés de conduction spécifiques, laissant envisager des applications dans les domaines de la nanoélectronique et le neuromorphisme. Grâce à la microscopie à force piézoélectrique, nous pouvons définir des domaines artificiels de taille micronique, dans lesquels nous imageons les textures antiferromagnétiques associées (Figure 96). Nos travaux montrent que nous pouvons (i) sélectionner la direction de propagation de la cycloïde I (Figure 96a En privilégiant une autre orientation de croissance, sur la base d'un substrat de DyScO3(011) imposant une contrainte anisotrope, nous stabilisons des films ne présentant qu'un seul domaine ferroélectrique (Figure 97a). La direction de la polarisation électrique est alors purement verticale. La magnétométrie à centre NV révèle un unique domaine antiferromagnétique (Figure 97b) constitué d'une cycloïde de spin de type I se propageant dans le plan de l'échantillon. La diffraction résonante élastique de rayons X montre également l'existence d'une cycloïde unique sur l'ensemble de l'échantillon en accord avec les mesures dans l'espace réel (Figure 97c). Dans cette orientation, la polarisation est perpendiculaire à la surface de l'échantillon et la cycloïde se propage dans le plan du film mince (Figure 97d). Cette configuration modèle permettra d'investiguer le couplage entre l'antiferromagnétisme non colinéaire et le transport de spin. Title: Imaging and tailoring electric and antiferromagnetic textures in multiferroic thin films of BiFeO3 Keywords: spintronic, multiferroic, ferroelectric, antiferromagnetic, oxides, thin films Abstract: Antiferromagnetic materials are generating a growing interest for spintronics due to important assets such as their insensitivity to spurious magnetic fields and fast magnetization dynamics. A major bottleneck for functional devices is the readout and electric control of the antiferromagnetic order. In multiferroics, the magnetoelectric coupling between ferroelectric and antiferromagnetic orders may represent an efficient way to control antiferromagnetism with an electric field. In this thesis, we observe a wide variety of antiferromagnetic textures that we control by strain engineering and electric field in the archetypical multiferroic, BiFeO3. We elaborate epitaxial BiFeO3 thin films, harbouring various ferroelectric domain landscapes, as imaged by piezoresponse force microscopy. Furthermore, we resort on an inverse phase transition to improve the global electrical order from maze to perfect array of striped ferroelectric domains. Using scanning NV magnetometry, we correlate the antiferromagnetic landscapes to the ferroelectric ones. We demonstrate that strain stabilizes bulk or exotic spin cycloids, as well as collinear antiferromagnetic order. With resonant X-ray elastic scattering, we macroscopically confirm the existence of two types of cycloid. Furthermore, we electrically design antiferromagnetic landscapes on demand, changing one type of cycloid to another or turning collinear states into non-collinear ones. Finally, resorting on anisotropic strain, we stabilize a single domain ferroelectric state, in which a single spin cycloid propagates. This opens a fantastic avenue to investigate the coupling between non-collinear antiferromagnetism and spin transport.

  INTRODUCTION .......................................................................................................................................... 1. CONTEXT OF THE STUDY .................................................................................................................. 1.1 INTRODUCTION TO ANTIFERROMAGNETIC SPINTRONICS ............................................................................

Figure 1 :

 1 Figure 1 : Advantages of antiferromagnets for spintronics: a Insensitivity to spurious magnetic fields. Figure adapted from reference [ 1 ]. b Fast magnetization dynamics in the THz range as illustrated in NiO (adapted from reference [ 4 ]). c Possibility for higher density packing due to the absence of magnetic stray fields. d Long distance spin transport, shown in an example adapted from reference [ 5 ] in α-Fe2O3 single crystals.
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Figure 2 :

 2 Figure 2 : Antiferromagnetic spintronics: electrical reading of the antiferromagnetic order. a Anisotropic magnetoresistance in FeRh. Figure adapted from reference [ 11 ]. b Tunneling anisotropic magnetoresistance in a IrMn/MgO/Pt stack, controlling the antiferromagnetic order of IrMn via the exchange spin effect by the adjacent NiFe layer. Figure adapted from reference [ 15 ]. c Spin Hall magnetoresistance in NiO and α-Fe2O3 antiferromagnetic insulators at the interface to a Pt top electrode. Figure adapted from references [ 17-19 ].

Figure 3 :

 3 Figure 3 : a First experimental realization of electrical writing in the non-centrosymmetric antiferromagnet CuMnAs via a relativistic current-induced spin torque mechanism. Figure adapted from reference [ 33 ]. b Incomplete antifer-

Figure 4 :

 4 Figure 4 : Antiferromagnetic domain sizes. a Magneto optical Kerr effect image of an antiferromagnetic domain in the canted α-Fe2O3 single crystal, figure adapted from reference [ 5 ]. b X-ray magnetic linear dichroism photoelectron emission imaging at the Fe L2 edge in α-Fe2O3 thin films, figure adapted from reference [ 43 ]. c Results in NiO thin films show similar results, obtained with X-ray magnetic linear dichroism. Figure adapted from reference [ 44 ].

Figure 5 :

 5 Figure 5 : Coexistence of ferroelectric and antiferromagnetic domains. a In hexagonal YMnO3, domains are visualized by second harmonic generation. Bright and dark areas correspond to regions with different orientations of the order parameter (polarization in the ferroelectric domain image, antiferromagnetic staggered vector in the magnetic domain image). The sketch on the right shows the correlation between ferroelectric and antiferromagnetic domain walls. Figure adapted from reference [ 45 ]. b In-plane piezoresponse force microscopy images of the ferroelectric and photoemission electron microscopy images of the antiferromagnetic domains, before and after electric switching showing the correlation between antiferromagnetic and ferroelectric domains, as well as the control of antiferromagnetic domains by an electric field (figure adapted from reference [ 46 ]).

Figure 6 :

 6 Figure 6 : a Interplay between ferroic orders in multiferroics, adapted from [ 47 ]. b Relation to symmetry breakings in BiFeO3.

Figure 7 :

 7 Figure 7: a Relation between the rhombohedral unit cell (turquoise lines) and two cubic perovskite unit cells (black lines) without polar distortion. b Due to the Bi lone-pair (yellow) a collective displacement of the Bi 3+ and Fe 3+ cations is induced (small arrows on the atoms).

Figure 8 :

 8 Figure 8: Anti-phase tilting (red arrows) of the FeO6 octahedra around the [111] axis due to the ion radii. a Threedimensional representation, b two-dimensional view on the (111) plane.

Figure 9 :

 9 Figure 9 : a Superexchange interaction between neighbouring Fe 3+ (green) via the O 2-ions (red). b G-type antiferromagnetic order. Using neutron scattering, Sosnovska et al. observed in 1982 a modulation of the G-type order perpendicular to the [111] direction, inducing an incommensurate cycloid with a long wavelength period of 620 Å. 59 In a detailed neutron diffraction experiment on single crystals by

Figure 10 :

 10 Figure 10 : Experimental and theoretical results on the magnetic structure in BiFeO3 single crystals. a Satellite peaks in a neutron diffraction experiment indicate a spin cycloid with a period of 64 nm in a single ferroelectric domain.Figure adapted from reference [ 60 ]. b Multiple cycloidal variants in a single ferroelectric domain found in a hard-xray magnetic scattering study, using circular polarized light. Photograph of the polished single crystal surface and sketch of the distribution of the antiferromagnetic wave vectors along the indicated k-directions. Angular dependence of the beam intensity, attesting for the same magnetic polarity in each antiferromagnetic domain variant. Figure adapted from reference [ 61 ]. c Polarized small-angle neutron scattering study attesting for a long wavelength spin density wave generated by spin canting of the spins out of the rotation plane of the antiferromagnetic cycloid, signifying weak ferromagnetism within mesoscopic regions of the sample. The average local magnetization is de-

  Figure adapted from reference [ 63 ].

Figure 11 :

 11 Figure 11 : a Spin current model in multiferroic models. Figure adapted from reference [ 66 ]. b Inverse spin current model that can be used to explain the spin cycloid in BiFeO3. 67 c Visualization of this spin cycloid in the BiFeO3 lattice. It takes until 2011 that Ramazanoglu et al. observe the second modulation in the spin cycloid

Figure 13 :

 13 Figure 13 : State-of-the-art theoretical expression for the magnetic energy terms in BiFeO3. Equation from reference [ 74 ].

Figure 14 :

 14 Figure 14: Three different types of striped domains in BiFeO3 thin films with a 71°, b 109°, and c 180° domain walls. We note that the surface of the 109° domain wall-sample (b) is different. Polarization direction (red arrows) in neighbouring domains and the domain wall between them (blue) are shown for 71°, 109° and 180° polarization rotation in d, e and f, respectively.

Figure 15 :

 15 Figure 15 : Experimental and theoretical results on the magnetic structure in BiFeO3 thin films. a Neutron scattering data in an 800 nm thick film grown on a SrTiO3 (001)c substrate, revealing an antiferromagnetic G-type order, modulated by the spin cycloid. Figure adapted from reference [ 101 ]. b Strain tuning of the antiferromagnetic state in BiFeO3 (001)pc samples grown on the indicated substrates. Pure G-type antiferromagnetic order, observed in the blue zones with staggered antiferromagnetic vector l along [11 ̅ 0]pc at higher compressive strain and deviating at an angle 𝛽 from the [001]pc direction on the tensile side. Type 1 cycloid with propagation direction k along the [11 ̅ 0]pc direction in the red zone and type 2 cycloid with k along the [110]pc in the yellow zone, rotation plane of the cycloid in the grey areas. Figure adapted from reference [ 102 ]. c Neutron diffraction reciprocal space map of the 100 nm BiFeO3 (110)pc film grown on SrTiO3 (110)c reveals the type 2 cycloid propagation direction along [112 ̅ ]pc. Figure adapted from reference [ 106 ]. d Magnetic phase diagram for BiFeO3 (110)pc films from experimental results on (110)c substrates. By a variation of the distortion, indicating the ratio between the monoclinic in-plane lattice parameter bm and the out-of-plane lattice parameter am, pure G-type antiferromagnetic order is accessible. Figure adapted from reference [ 105 ]. e Theoretical calculations predict an even more complicated cycloidal phase diagram containing five types of cycloids. Figure adapted from reference [ 74 ].

Figure 16 :

 16 Figure 16 : Electric field control of magnetism in multiferroic BiFeO3 thin films. a Polarization vector images determined from PFM measurements before (initial) and after applying an out-of-plane field (final) to a 100 nm thick (001)pc BiFeO3 film grown on SrRuO3/DyScO3 (110)o. On the right, schematic of the two-step 180° switching of polarization (P) with a 71° and a subsequent 109° switching. The antiferromagnetic vector (L) and canted moment (MC) are also represented. Consequently, the two-step switching is accompanied by a 180° rotation of the canted moment of BiFeO3. Second line, spin valve structure used for electric poling measurement with x-ray magnetic circular dichroism -photoelectron emission microscopy images of the in-plane moment of a Co0.9Fe0.1 layer deposited on BiFeO3 with components viewed perpendicular (vertical KX-ray, where KX-ray defines the in-plane component of the incident X-ray beam) and parallel to the stripe domains (horizontal KX-ray). The directions of the magnetizations in each domain are highlighted with blue and red arrows, which correspond to the local moment direction being perpendicular or parallel to KX-ray. The net Co0.9Fe0.1 magnetization (green arrows) reverses after the voltage is applied. Figure adapted from reference [ 76 ]. b Electrical control of the spin cycloid in a 32 nm thin BiFeO3 (001)pc film grown on SrRuO3 /DyScO3 (110)o. In-plane piezoresponse force microscopy images of micron-sized ferroelectric domains with P1 + and P4 -polarizations, respectively. The white arrows indicate the in-plane projection of the ferroelectric polarization vector. Corresponding magnetic field distributions recorded from the respective boxed areas with the scanning-NV magnetometer, operating in dual-iso-B imaging mode. Schematic sketch for the corresponding direction of the polarization P and the propagation vector k of the spin cycloid. Figure adapted from reference [ 109 ]. c Principle of the experiment of second harmonic generation on a 110 nm thick BiFeO3 (001)pc film grown on SrRuO3 /SrTiO3 (001)c. Reconstructed image of the antiferromagnetic textures in a single ferroelectric domain, where the colour scale represents the asymmetry of the second harmonic generation polar plots. Figure adapted from reference [ 110 ].

Figure 17 :

 17 Figure 17 : a Rhombohedral polar-distorted (turquoise), monoclinic (blue) and pseudo-cubic (black) unit cells. The corresponding polarization is indicated by the red arrow. b Top view of the four ferroelastic variants represented in the rhombohedral and monoclinic unit cells.

  Figure 18 shows the relation between this hexagonal cell (pink) and the rhombohedral cell (turquoise) and two pseudocubic unit cells (black). The hexagonal ch axis points upwards, fulfilling the relation [001]h = 2[111]pc = [111]r (Figure 18a) while in the hexagonal plane [110]h = [11 ̅ 0]pc = [1 ̅ 10]r (Figure18b).[START_REF] Park | Structure and Spin Dynamics of Multiferroic BiFeO 3[END_REF] 

Figure 18 :

 18 Figure 18 : Hexagonal (pink), rhombohedral (turquoise) and pseudo-cubic (black) unit cell of BiFeO3 in a the side 3D-view and b the top view on the (001) hexagonal plane.2.1.2 Crystal structure of the substrates for (001)m monoclinic BiFeO3 thin films To obtain (001)m monoclinic thin films of BiFeO3 at different strain levels, we either use (110)ooriented orthorhombic XScO3 (X = Dy, Tb, Gd, Sm and Nd), or (001)c-oriented cubic SrTiO3substrates. The growth of the monoclinic (blue) and pseudo-cubic (grey) BiFeO3 unit cells on the lattice of the substrates (monoclinic and cubic in red, orthorhombic in black) are shown in Figure19. This representation demonstrates, that the monoclinic lattice, in case of the orthorhombic XScO3 substrates, (Figure19b) can be treated similarly to the pseudo cubic SrTiO3 lattice (Figure19c).

Figure 19 :

 19 Figure 19 : a Relation between the orthorhombic (110)o unit cell (black lines) and the monoclinic (001)m one (red lines). b Growth of the BiFeO3 film on this substrate. The monoclinic BiFeO3 (001)m unit cell is shown in blue, the pseudo-cubic BiFeO3 unit cell in grey. c Very similar scenario for BiFeO3 growth on cubic (001)c substrates (red).

Figure 20 :

 20 Figure 20 : a XScO3 (011) orthorhombic substrate (black lines) with the construction of a pseudo-cubic cell in red. b Sketch of a BiFeO3 film growing along the pseudo-cubic (black) (111)pc , rhombohedral (turquoise) (111)r direction and the hexagonal (pink) (001)h direction on top of it. c Top view on the (011)o orthorhombic plane.

Figure 21 :

 21 Figure 21 : a Schematic representation of the PLD process. b-d Four different growth chambers in our lab.

Furthermore, it is

  possible to obtain the out-of-plane gradual change of strain, by comparing the linewidth of the film peaks at different orders in the 2𝜃-𝜔 scan. In a so-called Williamson-Hall plot 115 , according to the equation 116 𝛽 cos(𝜃) = 𝐾𝜆 𝐷 + 4𝜀 𝑖 sin(𝜃)

Figure 22 :

 22 Figure 22 : a Measurement geometry of the X-ray diffractometer. b Symmetric 2𝜃-𝜔 scan. c Asymmetric reciprocal space map, spanned by the 2𝜃 and 𝜔 scan direction.

  180°-𝛼, 𝛽 * = 180°-𝛽, 𝛾 * = 180°-𝛾. with 𝑉 = 𝒂 • (𝒃 × 𝒄) the volume of the unit cell. All vectors and angles in reciprocal space are marked with the asterisk *.

Figure 23 :

 23 Figure 23 : Ewald sphere illustrating the scattering geometry. The scattered points within the grey semicircles are not accessible in a conventional scattering geometry.

  First, monoclinic BiFeO3 (001)m thin films on orthorhombic XScO3 (110)o scandate substrates are analysed in a monoclinic (001)m lattice (Paragraph 2.1.2). Second, pseudo-cubic (111)pc or rather hexagonal (001)h BiFeO3 thin films on orthorhombic (011)o scandates (Paragraph 2.1.3) are presented.

Figure 24 :

 24 Figure 24 : Lattice vectors of a monoclinic unit cell in a real space and b reciprocal space.We use these relations for BiFeO3 films and XScO3 substrates. For the cubic SrTiO3 we simply set 𝛽 m = 𝛽 𝑐 = 90°.Recalling paragraph 2.1.1, we expect four different elastic BiFeO3 domains (Figure25). To match the monoclinic BiFeO3 lattice with the substrate, 𝒂 𝑚,𝐵𝐹𝑂1 *

Figure 25 :

 25 Figure 25 : Four monoclinic BiFeO3 domains (BFO1-4) in blue, green, dark and light grey, respectively, on top of the XScO3 (001)m substrate in red. a Three dimensional view, b top view on the sample surface.

Figure 26 :

 26 Figure 26 : Crystallographic axes of the four elastic BFO domains with respect to the scandate substrate. The two elastic variants present in our films are BFO1 (blue) and BFO2 (green). BFO3 and BFO4 (grey) are not present due to the monoclinic symmetry of the substrate XSO, XScO3 with X = Dy, Tb, Gd, Sm, Nd, (red). Dotted lines represent axes that are slightly rotated out of the represented plane. a (001) plane, BiFeO3 grows at an angle of 45° on top of the substrate, the four possibilities are represented by BFO1-4. b,c (0-10) and (100) planes for the substrates (red) and all four variants of BFO1-4 (black), respectively. d [hk0]/[00l] plot, corresponding to a cut along the yellow line in a.

Figure 27 :

 27 Figure 27 : Reciprocal space maps along around the (013) and (103) substrate peaks of STO, DSO, TSO, GSO, SSO and NSO. a (00l) film plane with indication of the [0k0]* and the [h00]* substrate directions in orange and violet, respectively. The reciprocal space maps along these two substrate directions are sketched in b, c.

Figure

  Figure 27b-c show sketches to localize the experimental data around the (013) and the (103) substrate peaks for SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3 and NdScO3 in reciprocal space.We will see that in our films only the blue domain BFO1 and the green domain BFO2 are present, and therefore BFO3 and BFO4 are only drawn for comprehension in grey. To answer the question whether or not our films grow fully strained, we can verify the perfect vertical alignment of the substrate and BiFeO3 peaks in the reciprocal space maps around (013) and (103), without any calculation. Moreover, it is possible to compare the strain values calculated above with the Qxy and Qz values of BiFeO3 measured from the (113) and (11 ̅ 3) peaks:

Figure 28 :

 28 Figure 28 : a-c Real space and d-e reciprocal space lattice vectors for XScO3 (black) and BiFeO3 hexagonal (pink) and pseudo-hexagonal (violet).

  𝛼 * , 𝛽 = 180°-𝛽 * , 𝛾 = 180°-𝛾 * . Then we use 𝑉 𝑎 • 𝑏 • 𝑐 = √1 -cos(𝛼) 2 -cos(𝛽) 2 -cos(𝛾) 2 + 2 • cos(𝛼) • cos(𝛽) • cos(𝛾) = 𝑊 with 𝑊 • sin 𝛾. The reciprocal lattice parameters are deduced from Figure 28. e, f as 𝒂 * = ( 0 -𝑎 * • cos(𝛽 * -90°) -𝑎 * • sin(𝛽 * -90°) sin(𝛾 * ) • cos(𝛼 * -90°) -𝑏 * • cos(𝛾 * ) • cos(𝛼 * -90°) -𝑏 * • sin(𝛼 * -90°) ) = ( 𝑏 * • sin(𝛾 * ) • sin(𝛼 * ) -𝑏 * • cos(𝛾 * ) • sin(𝛼 * ) 𝑏 * • cos(𝛼 * )

  Figure 29a shows a projection of the reciprocal lattice of the orthorhombic XScO3 substrate and the hexagonal BiFeO3 film on the Qx-Qy plane. For the orthorhombic lattice in the Qz direction, we have to combine the 𝒃 𝑜,𝑋𝑆𝑂 * and the 𝒄 𝑜,𝑋𝑆𝑂 * vectors as shown in Figure 29b-d. The BiFeO3 Qz value is explained with the pink 𝒄 ℎ,𝐵𝐹𝑂 * arrows.

Figure 29 :

 29 Figure 29 : Reciprocal lattice of the orthorhombic XScO3 substrate and the hexagonal BiFeO3 film. a The Qx-Qy plane. b Corresponding representation along the Qz direction. c XScO3 in-plane lattice and the corresponding Qz values. d Example in 3D for the measurement around the (1 ̅ 23) DyScO3 substrate peak.

Figure 30 -

 30 Figure 30 -Sketch (a) and working principle (b) of an atomic force microscope.

Figure 31 :

 31 Figure 31 : AFM measurements of terraces and atomic steps on the surface of single crystalline DyScO3 substrate. a 3D-view of a 1 x 1 µm 2 sample, b 2D-view of a 5 x 5 µm 2 scan.

Figure 32 :

 32 Figure 32 : a Schematic ferroelectric hysteresis loop for a single domain ferroelectric. b Corresponding induced strain of the material.

Figure 33 :

 33 Figure 33: Schematic a and working principle b of a piezoresponse force microscope. c Output phase and amplitude on four domains with alternated up and down polarization states.

Figure 34 :

 34 Figure 34 : Local piezoelectric hysteresis loop collected with PFM. a, PFM phase and b, amplitude after applying rectangular voltage pulses of varying amplitude. The red arrows denote the polarization direction. c, Combined d33 vs. voltage.

Figure 35 :

 35 Figure 35 : Out-of-plane piezoresponse for a ferroelectric domain pointing upwards Pup (a) and downwards Pdown (b). The difference in the piezoresponse compared to the input AC-Voltage (VAC) set to the bottom electrode is a phase shift by 180° or 0° for Pdown and Pup, respectively. In-plane piezoresponse for a ferroelectric domain pointing to the left Pleft (c) and to the right Pright (d). The difference in the piezoresponse compared to the input AC-voltage (VAC) set to the bottom electrode is a phase shift by 180° or 0° for Pright and Pleft, respectively.

Figure 36 :

 36 Figure 36 : Switched ferroelectric domains detected by out-of-plane PFM: a Out-of-plane PFM phase and b amplitude images. We note that the amplitude of the initial upward polarization and the written downward polarization are similar.

Figure 37 :

 37 Figure 37 : a Fast scan axis of a moving tip (black arrow) and slow scan axis (blue arrow). b Switching of the polarization with a trailing field. The in-plane polarization component becomes parallel to the slow scan axis for positive bias at the bottom electrode (negative voltage at the tip) and antiparallel to it for negative bias at the bottom electrode (positive voltage at the tip).

Figure 38 :

 38 Figure 38 : Illustration of the in-plane control of polarization with the trailing field. a In-plane phase and b amplitude, c out-of-plane phase and d amplitude images recorded after trailing the AFM tip first upward (blue arrow in a) with a positive bias voltage at the bottom electrode (negative voltage at the tip) and then upward on the bottom half of the square with negative voltage at the bottom electrode (positive voltage at the tip).

Figure 39 :

 39 Figure 39 : a Nitrogen-vacancy centre in a diamond lattice. b Direction of the magnetic field of the NV-centre. c Negatively charged colour centre NV-. d Occupation of the molecular orbital states.

Figure 40 :

 40 Figure 40 : Optically detectable magnetic resonance (ODMR) explained with a, the electronic level structure of the NV centre and b, the optical detection of the electron spin resonance spectrum.

Figure 41 :

 41 Figure 41 : Magnetic field sensing with a single NV centre. a Zeeman splitting of the NV centre ground state in an external magnetic field. b The resulting splitting of the dip in the ESR spectrum is proportional to the external magnetic field.

Figure 42 :

 42 Figure 42 : a Photoluminescence (PL) of a single NV centre embedded in the diamond AFM tip. b Scanning NVcentre magnetometer set-up. c Example of the two different imaging modes.

Figure 43 :

 43 Figure 43 : Resonant elastic X-ray scattering experiment at a the oxygen K edge to investigate the structural/ferroelectric domains and domain walls and b at the iron L edge to determine the magnetic properties of the sample, such as the spin cycloid in BiFeO3. c Normalization of the dichroic pattern to determine the circular dichroism (blue and red contrast in the last picture) at the iron L edge. Example shown for a single cycloid propagation direction.

Figure 44 :

 44 Figure 44 : Visualisation of the angle 𝛼 between the sample surface and the rotation plane of a cycloid propagating along 𝒌.

Figure 45 :

 45 Figure 45 : Circular dichroism measured at the Fe L-edge for different azimuthal orientations , illustrated for a (111) BiFeO3 sample with polarization perpendicular to the sample surface and a cycloid propagating along k in the film plane. The image on the detector is the calculated normalized dichroism. a Maximal intensity in the diffraction pattern and horizontal spots, b minimal intensity and vertical spots (dotted circles indicate the positions).

Figure 46 :

 46 Figure 46 : Vectorial PFM analysis of a striped BiFeO3 thin film grown on DyScO3(110)o with an excimer laser. a Surface topography, b out-of-plane PFM phase and amplitude, c, d in plane PFM phase and amplitude for two different probe-to-sample configurations, show 𝑷 3 -and 𝑷 4 -polarization directions.

Figure 47 :

 47 Figure 47: Vectorial PFM analysis of a BiFeO3 thin film grown on DyScO3(110)o with a Nd:YAG laser. a Surface topography, b out-of-plane PFM phase and amplitude, c, d in plane PFM phase and amplitude for two different probe-to-sample configurations, show as well 𝑷 3 -and 𝑷 4 -polarization directions, but ordered in a mosaic pattern.

Figure 48 :

 48 Figure 48 : Structural properties of BiFeO3 films grown by the KrF excimer laser and the Nd:YAG laser. a 2Θ-ω scans, b rocking curves, c Williamson-Hall plots and d reciprocal space maps.

Figure 49 :

 49 Figure 49 : Determination of strain profiles by HAADF-STEM imaging. a-c HAADF image, in-plane strain (εxx), outof-plane strain (εyy) and corresponding line profiles of marked areas for sample A (excimer). d-f HAADF image, inplane strain (εxx), out-of-plane strain (εyy) and corresponding line profiles of marked areas for sample B (Nd:YAG). Adapted from [ 128 ]. 3.1.1 Optimization of the growth parameters for BiFeO3 thin films I have elaborated BiFeO3 thin films in four different growth chambers during my thesis. The results come from two different KrF excimer lasers (from one of them two growth chambers are connected) and one Nd:YAG laser. More details about the mosaic films are given in paragraph 3.3.3, when a transition to the striped domain pattern is presented. In the following, I want to investigate the influence of the misfit strain on magnetic properties of ferroelectric stripe domains in BiFeO3 thin films. To this end, I first optimize the growth parameters with the KrF excimer laser separately, using orthorhombic DyScO3 (110)o and SmScO3 (110)o substrates, and then apply these parameters for the deposition on GdScO3 (110)o, TbScO3 (110)o, and NdScO3 (110)o and cubic SrTiO3 (001) substrates to compare the influence of different strain levels.

Figure 50 :

 50 Figure 50: BiFeO3/SrRuO3 heterostructures deposited on DyScO3(110)o while increasing the laser energy per pulse for BiFeO3. a-e Topography, f-j in-plane PFM phase.

Figure 51 :

 51 Figure 51: BiFeO3/SrRuO3/DyScO3(110)o multilayers: increasing the growth temperature for the BiFeO3 thin film. a-c Topography, d-f in-plane PFM phase.

Figure 52 :

 52 Figure 52 : BiFeO3/SrRuO3 heterostructures deposited on DyScO3(110)o while decreasing the target-to-substrate distance. a-c Topography, d-f in-plane PFM phase. The target-to-substrate distance is decreased by 1.5 cm at each step.

Figure 53 :

 53 Figure 53: BiFeO3/SrRuO3 heterostructures deposited on DyScO3(110)o while decreasing the laser energy per pulse for BiFeO3. a-e Topography, f-j in-plane PFM phase.

Figure 54 :

 54 Figure 54 : BiFeO3/SrRuO3 heterostructures deposited on DyScO3(110)o while increasing the thickness of BiFeO3. ae Topography, f-j in-plane PFM phase.

Figure 55 :

 55 Figure 55: Topography and ferroelectric domain pattern for BiFeO3 thin films grown on various substrates as sketched in the upper panel. a-f Topography, g-l in-plane PFM phase.

Figure 56 :

 56 Figure 56: BiFeO3 thin film growth on various substrates as sketched in the upper panel. a-c Topography, d-f inplane PFM phase.

Figure 57 :

 57 Figure 57: 2Θ-ω X-ray diffraction patterns around the (001) and (002) pseudo-cubic BFO peaks on the indicated substrates, a-f and g-l, respectively. The calculated pseudo-cubic out-of-plane lattice parameters are noted below the corresponding measurement.

Figure 58 :

 58 Figure 58: Reciprocal space maps for BiFeO3 (BFO1 and BFO2) monoclinic domains on SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3 and NdScO3 around the (113) monoclinic substrate peaks.

Figure 59 :

 59 Figure 59 : Reciprocal space maps along around a-f the (013) and g-l (103) substrate peaks of SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3 and NdScO3.

Figure 60 :

 60 Figure 60 : BiFeO3 thin film growth on various substrates indicated in the sketches above. a-d Topography, e-h outof-plane PFM phase, and i-l in-plane PFM phase.

Figure 62 :

 62 Figure 62 : 2Θ-ω X-ray diffraction patterns around the pseudo-hexagonal (006)ph and (0012)ph BiFeO3 peaks on the orthorhombic DyScO3 (011)o substrate.

Figure 63 :

 63 Figure 63 : a-c, e-f Reciprocal space maps of the pseudo-hexagonal BiFeO3 film (violet indices) on the DyScO3 substrate (black indices) for different azimuthal angles.

Figure 65 :

 65 Figure 65 : Fast quenching from the paraelectric state of an ultrathin Pb(Zr0.4Ti0.6)O3 thin film stabilizes a labyrinthine pattern (a), while slow temperature decrease leads to the parallel striped configuration ground state (b). Adapted from reference [ 131 ].

Figure 66 :

 66 Figure 66 : a Electric dipoles, pointing downwards Pdown and upwards Pup, respectively. b Out-of-plane dipole orientation, leading to uncompensated surface charges and hence a depolarizing field in the opposite direction.

Figure 67 :

 67 Figure 67 : Inverse transition of a maze ferroelectric domain pattern into a perfectly striped domain pattern, before turning into the paraelectric state (a-f). Corresponding order parameter (g) evolution with temperature. Adapted from reference [ 131 ].

Figure 68 :

 68 Figure 68 : Free-energy-like potentials of the labyrinthine domain pattern at increasing temperatures. Adapted from reference [ 131 ].

Figure 69 :

 69 Figure 69 : End-point (a) and threefold junctions (b) topological defects and their density evolution (c) with increasing temperature. Adapted from reference [ 131 ].

Figure 70 :

 70 Figure 70 : Calculated inverse phase transition in a BiFeO3 thin film under -0.16% compressive strain. Adapted from reference [ 131 ].

Figure 71 :

 71 Figure 71 : Experimental observation of the inverse phase transition in the third annealing step at 800°C from the left to the right. a-d Topography images, e-h in-plane PFM phase and i-l corresponding amplitude images.

Figure 72 :

 72 Figure 72 : a Full-range 2Θ-ω scans of the sample in the as-grown sate, as well as after the annealing step at 800°C. b zoom-in at the orthorhombic DyScO3 (001)o and the monoclinic BiFeO3 (001)m peak.

Figure 74 :

 74 Figure 74 : Generalization of the inverse phase transition in BiFeO3 thin films grown on DyScO3, GdScO3 and SmScO3 substrates. a-f Topography, g-l in-plane PFM phase, and m-r corresponding amplitude images.

Figure 75 :

 75 Figure 75 : Out-of-plane lattice parameter vs. temperature of the BiFeO3 film on DyScO3 extracted from X-ray diffraction measurements up to its decomposition at 1160 K. Adapted from reference [ 131 ].

Figure 76 :

 76 Figure 76 : a In-plane PFM image. b-d C-AFM images in different zones of a to analyse different three-fold junction (c) and end-point (d) topological defects (red dotted lines) with enhanced conduction compared to the regular ferroelectric domain walls (b). Adapted from reference [ 131 ].

Figure 77 :

 77 Figure 77 : Transition from a mosaic to a stripe pattern after annealing for one hour at 800°C. a, e Topography, b, f out-of-plane PFM phase, c, g in-plane PFM phase in a first orientation, and d, h in-plane PFM phase in a second orientation, as sketched in the upper panel.

Figure 78 :

 78 Figure 78 : a, b, e, f 2Θ-ω scans, c, g rocking curve and d, h out-of-plane Williamson-Hall plots of a mosaic BiFeO3 film. a-d As-grown film and e-h annealed sample. The zoomed-in view (b, f) around the (002)-BFO-peak shows the change of the form of the film peak after the annealing step. c, d, g, h Adapted from reference [ 128 ].

Figure 79 :

 79 Figure 79 : Reciprocal space maps analysing the peak-splitting of the symmetrical (003) BiFeO3 peak before (a-d) and after the annealing (e-h) for different azimuthal angles φ.

Figure 80 :

 80 Figure 80 : Asymmetrical reciprocal space maps of a Nd:YAG BiFeO3 thin film before (a-e) and after annealing (f-j).

  , are distinguishable by their possible propagation directions, marked in light green 𝐤 𝟏 -𝐤 𝟑 for type I cycloid and violet 𝐤 𝟏 ′ -𝐤 𝟑 ′ for type II. All propagation vectors are contained in the (111) plane orthogonal to the polarization (red arrow). Among all propagation vectors, 𝐤 𝟏 -𝐤 𝟑 are oriented along 〈1 ̅ 10〉, with 𝐤 𝟏 , 𝐤 𝟐 , 𝐤 𝟑 along [1 ̅ 10], [01 ̅ 1], [101 ̅ ], respectively, and𝐤 𝟏 ′ -𝐤 𝟑 ′ along 〈112 ̅ 〉 with 𝐤 𝟏 ′ , 𝐤 𝟐 ′ , 𝐤 𝟑 ′ along [2 ̅ 11], [12 ̅ 1], [112̅ ], respectively. For better visibility, they are summarized in three double arrows, each. However, in the experiments we found that only one 𝐤-vector is present per ferroelectric domain.

Figure 81 :

 81 Figure 81 : Sketches of the different types of spin cycloids in BiFeO3, possible set of propagation vectors k for type I and type II cycloids in light green and turquoise, respectively. a 3D view, b projection on the (001)pc sample surface, and c on the (111)pc plane perpendicular to the polarization direction (P, red arrow). Figure adapted from reference [ 136 ].

Figure 82 :

 82 Figure 82 : a-f In-plane PFM phase images of BiFeO3 films grown on substrates imposing different epitaxial strain. g-l Corresponding NV-magnetometry images. m,n Sketches in side and top views to explain the relation between the ferroelectric variants P3 -and P4 -and the magnetic zig-zag patterns for cycloid type I and II, respectively. Figure adapted from reference [ 136 ].

Figure 83 :

 83 Figure 83 : Fourier transformations of the scanning NV magnetometry images on cycloidal states in Figure 82g-j. Calculated cycloid wavelengths 𝜆 from the projections on the surface (𝜆 𝑠𝑢𝑟𝑓 ) for samples grown on a SrTiO3, b DyScO3, c TbScO3 and d GdScO3.

Figure 84 :

 84 Figure 84 : The two types of spin cycloids in real and reciprocal spaces. a, c X-ray resonant magnetic scattering at the Fe L-edge for BiFeO3 grown on DyScO3 and GdScO3, repectively. b, d Corresponding NV magnetometry image zoomed in, with the propagation vectors sketched for both polarization variants. Figure adapted from reference [ 136 ].

Figure 85 :

 85 Figure 85 : Modifications in the antiferromagnetic phase diagram, comparing results from Daniel Sando et al. (reference [ 102 ] and private communication in the upper panel) to the results presented in this thesis (lower panel).

Figure 86 :

 86 Figure 86 : Antenna and markers defined to spatially correlate PFM and NV imaging. a Optical microscope image. b PFM images in the scanned area (green square in a). Out-of-plane PFM phase and amplitude (top) as well as in plane PFM phase and amplitude from two different positions (middle and bottom) indicated by the schematic PFM tip. c Scanning NV magnetometry images assembled in a patchwork to correlate them to the PFM. The single ferroelectric domain corresponds to a single spin cycloid with a propagation vector in the film plane.

Figure 87 :

 87 Figure 87 : PFM images of artificially written ferroelectric single domains. Out-of-plane PFM phase and amplitude as well as in plane PFM phase and amplitude from two different positions indicated by the schematic PFM tip for BiFeO3 films grown on a TbScO3, b GdScO3 and c SmScO3. The out-of-plane and in-plane components of the polarization direction P are indicated in red.

Figure 89 :

 89 Figure 89 : Microdiffraction on pristine and written areas of a BiFeO3 thin film grown on DyScO3. a 2𝜃-𝜔 XRD scans of the (004) peaks and b-d RSMs around the (013) substrate peak collected from a pristine area (b), a written area with high domain wall (DW) density (c), and a written area with low domain wall density (d). The dotted horizontal lines are guides to the eye to aid comparison. The insets in panels (b-d) show 4 x 4 µm 2 in-plane PFM phase images of the areas measured by microdiffraction. Figure adapted from reference [ 136 ].

Figure 90 :

 90 Figure 90 : Relation between the polarization direction P and the possible cycloid propagation directions for a BiFeO3 (111)pc sample grown on DyScO3 (011)o. a 3D-view, b Surface view: bulk-like and when grown under anisotropic epitaxial strain on the orthorhombic substrate (the deformation is exaggerated to be visible). c Rotation plane of the cycloid, spanned by the propagation direction and the polarization vector, perpendicular to the sample surface.

Figure 91 :

 91 Figure 91 : Analysis of the electric and magnetic landscapes in a BiFeO3 (111)pc sample grown on DyScO3 (011)o. a Vectorial PFM analysis, showing a vertical polarization, pointing downwards. b Scanning NV magnetometry image with its Fourier transformation, c resonant elastic X-ray scattering pattern at the Fe L edge and the corresponding circular dichroism pattern and d sketches for the corresponding configuration of the polarization P and cycloid propagation direction k.

Figure 92 :

 92 Figure 92 : a Written ferroelectric domain, pointing upwards. The absence of the in-plane PFM signal is in line with a vertical polarization. b Scanning NV-magnetometry image of a scan inside the written zone and c sketches for the corresponding configuration of the polarization P and cycloid propagation direction k.

Figure 93 :

 93 Figure 93 : Transitions de phase inverses dans les films minces ferroélectriques. a Images par microscopie à force piézoélectrique d'un film mince de BiFeO3 sur DyScO3 avant et après un recuit à 800°C (phase dans le plan). Le recuit induit une transition d'un état labyrinthique à une structure en bandes rectilignes. b Prédictions de transitions de phases inverses dans les films ultraminces de Pb(Zr0.4Ti0.6)O3. Figure adaptée de la référence [ 131 ].

Figure 94 :

 94 Figure 94 : Corrélation entre les textures électriques et magnétiques dans les films minces de BiFeO3 soumis à différentes contraintes épitaxiales. Les différents substrats utilisés sont représentés schématiquement. a-f Images en microscopie à force piézoélectrique de la structure des domaines ferroélectriques (phase dans le plan). Hormis le cas sur NdScO3, les films de BiFeO3 présentent une structure sous formes de bandes de deux variantes de polarisation. g-l Textures antiferromagnétiques associées, imagées par la magnétométrie à centre NV. Figure adaptée de la référence [ 136 ].Des films minces correspondant à différentes contraintes d'épitaxie sont élaborés, tout en maîtrisant la texture ferroélectrique arrangée sous formes de domaines en bandes, telle qu'imagée par microscopie à force piézoélectrique (Figure94a-f). L'analyse structurale en diffraction de rayons X d'un ensemble d'échantillons épitaxiés sur les substrats SrTiO3, DyScO3, TbScO3, GdScO3, SmScO3 and NdScO3 démontre une variation de contrainte de -1.33% de compression à +0.93% de tension. La magnétométrie à centre NV nous permet de corréler les textures antiferromagnétiques et ferroélectriques. Nous démontrons que les contraintes stabilisent différents types de cycloïdes ainsi qu'un ordre antiferromagnétique colinéaire (Figure94g-l). Pour les échantillons BiFeO3 sur DyScO3 et TbScO3, la cycloïde I identique à celle de l'état massif est observée (Figure94h-i). Ceci démontre qu'un ordre cycloïdal peut être stabilisé dans des films minces de BiFeO3. A forte compression (BiFeO3 sur SrTiO3, Figure94g) et à faible contrainte en tension (BiFeO3 sur GdScO3, Figure94j), une cycloïde plus exotique caractérisée par une autre direction de propagation par rapport à la polarisation (P) dans chaque domaine (cycloïdes II) est stabilisée. La diffraction résonante élastique de rayons X permet de confirmer macroscopiquement l'existence de deux types de cycloïdes (Figure95). Cette technique, basée sur le dichroïsme au seuil du fer permet de caractériser les structures magnétiques chirales et leur direction de propagation (k). Pour les échantillons soumis à de fortes contraintes en tension (sur SmScO3 et NdScO3), la cycloïde disparait et l'ordre antiferromagnétique colinéaire de type G est stabilisé (Figure94k-l). Ces résultats nous conduisent à établir un nouveau diagramme de phase des textures antiferromagnétiques dans BiFeO3, contrôlées par la contrainte d'épitaxie.

Figure 95 :

 95 Figure 95 : La diffraction résonante élastique de rayons X au seuil du Fe (a, c) permet de confirmer macroscopiquement l'existence de deux types de cycloïdes, mesurées avec la magnétométrie à centre NV (b, d). Figure adaptée de la référence [ 136 ].

  , b : BiFeO3 sur DyScO3 et TbScO3), (ii) transiter d'une cycloïde II à la cycloïde I (Figure 96c : BiFeO3 sur GdScO3) ou (iii) transformer un ordre colinéaire en cycloïde II (Figure 96d : BiFeO3 sur SmScO3). Le contrôle des domaines antiferromagnétiques par champ électrique externe constitue une étape décisive pour l'applicabilité de BiFeO3 dans des dispositifs de spintronique.

Figure 96 :

 96 Figure 96 : Contrôle des textures antiferromagnétiques avec un champ électrique externe. Images par magnétométrie à centre NV dans des domaines électriques écrits avec le microscope à force piézoélectrique. a, b Contrôle de la direction de propagation de la cycloïde I dans BiFeO3 sur DyScO3 et TbScO3. c Transformation de la cycloïde II en cycloïde I dans BiFeO3 sur GdScO3. d Transition d'un ordre antiferromagnétique colinéaire de type G en ordre cycloïdal de type II dans BiFeO3 sur SmcO3. Figure adaptée de la référence [ 136 ].

Figure 97 :

 97 Figure 97 : Domaine unique ferroélectrique et antiferromagnétique dans les films minces de BiFeO3 sur DyScO3(011). a Image du domaine ferroélectrique par la microscopie à force piézoélectrique (phase hors plan). b Image de la texture de spin associée par la magnétométrie à centre NV. Une cycloïde unique est stabilisée par les contraintes anisotropes dans le plan du film. c Confirmation de l'existence d'une cycloïde unique par la diffraction résonante élastique de rayons X. d Illustration de la direction de la polarisation (P) et la direction de propagation de la cycloïde (k) dans ce système archétypal.Les travaux de cette thèse ouvrent des perspectives sur la manipulation dynamique de textures antiferromagnétiques non colinéaires. Un substrat piézoélectrique permettrait d'ajuster la contrainte épitaxie, et donc de contrôler électriquement la texture antiferromagnétique associée. Une approche alternative consisterait à intégrer des électrodes métalliques permettant l'application d'un champ électrique local et réversible. En outre, une lecture purement électrique de l'information pourrait être réalisée en utilisant la magnétorésistance induite par effet Hall de spin, par l'intermédiaire d'un métal à fort couplage spin-orbite. Enfin, une voie émergente consisterait à explorer les textures de spin non colinéaires associées à des systèmes confinés tels que les parois ferroélectriques, ou les vortex ferroélectriques, en quête de nouvelles textures antiferromagnétiques bénéficiant potentiellement de protection topologique.
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Table 1 :

 1 Lattice parameters for BiFeO3 from the indicated literature.

	rhombohedral, bulk 112	pseudo-cubic 112		hexagonal 112		
	a r = b r = c r	α r (°)	a pc = b pc = c pc (nm) α r (°)	a h = b h	c h (nm)	h = h (°)	h (°)
	(nm)				(nm)			
	0.56343	59.348	0.3965(1)	89.45	0.558	1.38	90	120
	Monoclinic M						

A BiFeO3 thin film on SrTiO 3

  

				92		
	a m (nm)	b m (nm)	c m (nm)	m (°)	m (°)	m (°)
	0.5525	0.5619	0.3997	90	89.2	90

Table 3 -

 3 Pulsed laser deposition parameters for the growth of BiFeO3 on DyScO3 using two different lasers.

	Laser	Excimer laser	Nd:YAG laser
	Temperature	660°C	600°C
	Pressure	0.36 mbar	0.01 mbar
	Laser wavelength	248 nm (KrF)	355 nm (frequency-tripled)
	Energy per pulse	50 -80 mJ	100 mJ
	Laser repetition rate	2 Hz	2.5 Hz
	Distance substrate/target	56 mm	44 mm

Table 4 -

 4 Pulsed laser deposition parameters for the growth of SrRuO3 electrode using two different lasers.

	Laser	Excimer laser	Nd:YAG laser
	Temperature	650°C	700°C
	Pressure	0.2 mbar	0.2 mbar
	Laser wavelength	248 nm (KrF)	355 nm (frequency-tripled)
	Energy per pulse	60 mJ	60 mJ
	Laser repetition rate	5 Hz	2.5 Hz
	Distance substrate/target	56 mm	44 mm

Table 5 :

 5 𝑄 𝑥,𝑦 and 𝑄 𝑧 values determined from the BFO (023) and (203) diffraction peaks. Calculated monoclinic BiFeO3 lattice parameters and strain values for BiFeO3 films on SrTiO3, DyScO3, TScO3, GdScO3, SmScO3 and NdScO3.

Table 6 :

 6 𝑄 𝑥,𝑦 and 𝑄 𝑧 values determined from the BiFeO3 108, 1 ̅ 010, 01 ̅ 8 and 1 ̅ 212 spots. Calculated pseudo-hexagonal BiFeO3 lattice parameters and strain values for this BiFeO3 film on DyScO3 (011)o.
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While the literature value is cpc,BFO = 0.3965 nm for bulk BiFeO3, 112 we find that cpc,BFO is ranging from 0.406 nm to 0.390 nm when the films are grown on SrTiO3 or NdScO3, respectively. This decrease in the out-of-plane direction indicates a variation from compressive to tensile strain in the in-plane direction. In order to validate this hypothesis and take the monoclinic deformation into account, we collected asymmetric reciprocal space maps (Figure 58 and Figure 59) delivering information about the in-plane lattice constants. stripes in the ferroelectric pattern where each polarization direction is related to an elastic deformation. 135 The same inverse phase transition is observed in another 30 nm thick BiFeO3/SrRuO3 heterostructure on DyScO3, as well as on a 60 nm thick film directly grown on GdScO3 and a 66 nm on SmScO3 after a single annealing process at 800°C (Figure 74). Interestingly, the as-grown pattern has a more pronounced square symmetry maze state on GdScO3 but the pattern after the inverse transitions still shows a stripy state, although less perfect. the bulk value is here attributed to the significant tensile strain of BiFeO3 films grown on SmScO3. 111 In this latter example, we have demonstrated electric-field switching from a pseudocollinear G-type antiferromagnetic order to a non-collinear cycloidal state.