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Introduction

One of the central challenges in modern information technology is the design of innovative spintronic devices combining (i) non-volatile and high-density data storage capabilities, (ii) high-speed logic operations, and (iii) minimal energy consumption. In this context, a promising approach relies on ultrathin ferromagnetic films in which nanoscale magnetic textures, such as chiral domain walls or topological defects known as skyrmions, can be deterministically written, driven by spin-orbit torques, and detected via electrical means [START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF]. This very active field of research has made tremendous progress in the last years [START_REF] Fert | Magnetic skyrmions: Advances in physics and potential applications[END_REF]. However, efficient manipulation of nanoscale ferromagnetic spin textures still requires large current densities [START_REF] Liu | Voltage-Driven High-Speed Skyrmion Motion in a Skyrmion-Shift Device[END_REF], bringing into question the suitability of ferromagnetic materials for future lowpower spintronic devices. To tackle this issue, a novel approach is recently emerging, which relies on antiferromagnetic materials as active spintronics elements [START_REF] Baltz | Antiferromagnetic spintronics[END_REF][START_REF] Jungwirth | Antiferromagnetic spintronics[END_REF][START_REF] Jungwirth | The multiple directions of antiferromagnetic spintronics[END_REF].

The emerging field of antiferromagnetic spintronics

In antiferromagnets, the magnetic moments of two coupled sublattices are aligned antiparallel due to the exchange interaction, resulting in zero or extremely small net magnetization [START_REF] Néel | Propriétés magnétiques des ferrites ; ferrimagnétisme et antiferromagnétisme[END_REF][START_REF] Néel | Propriétés magnétiques de l'état métallique et énergie d'interaction entre atomes magnétiques[END_REF]. These materials offer several advantages in view of spintronic applications. First, the antiferromagnetic order is extremely robust against external magnetic perturbations, ensuring non-volatile data storage capabilities [START_REF] Marti | Room-temperature antiferromagnetic memory resistor[END_REF][START_REF] Wadley | Electrical switching of an antiferromagnet[END_REF]. Second, since antiferromagnets do not produce parasitic stray fields, cross-talk between neighboring magnetic domains are suppressed, allowing for efficient device miniaturization and high storage densities. Another exciting feature of antiferromagnets, is their ultrafast spin dynamics. Due to the strong exchange interaction between the two sublattices, the intrinsic switching of antiferromagnets is in the THz regime [START_REF] Kampfrath | Coherent terahertz control of antiferromagnetic spin waves[END_REF][START_REF] Baierl | Terahertz-Driven Nonlinear Spin Response of Antiferromagnetic Nickel Oxide[END_REF], whereas it lies in the GHz range for ferromagnets [START_REF] Kirilyuk | Ultrafast optical manipulation of magnetic order[END_REF]. Moreover, antiferromagnets can host chiral spin textures that are expected to move orders of magnitude faster than their ferromagnetic counterparts, with lower current density [START_REF] Gomonay | High Antiferromagnetic Domain Wall Velocity Induced by Néel Spin-Orbit Torques[END_REF][START_REF] Tveten | Antiferromagnetic Domain Wall Motion Induced by Spin Waves[END_REF][START_REF] Selzer | Inertia-Free Thermally Driven Domain-Wall Motion in Antiferromagnets[END_REF][START_REF] Shiino | Antiferromagnetic Domain Wall Motion Driven by Spin-Orbit Torques[END_REF]. For all these reasons, the field of antiferromagnetic spintronics is currently attracting a deep scientific interest [START_REF] Baltz | Antiferromagnetic spintronics[END_REF][START_REF] Jungwirth | Antiferromagnetic spintronics[END_REF][START_REF] Jungwirth | The multiple directions of antiferromagnetic spintronics[END_REF]. However, most of conventional realspace magnetic microscopy techniques cannot probe the antiferromagnetic order at the nanoscale because their vanishing magnetization results in very low magnetic signals. This is a major obstacle for future developments of antiferromagnetic spintronics, since nanoscale imaging of the antiferromagnetic order is of key importance for understanding its behavior under external stimuli, such as spin currents or electric fields.

Imaging antiferromagnetic order at the nanoscale Despite decades of continuous progress in magnetic microscopy, nanoscale imaging of the magnetic order in antiferromagnets still remains a notoriously difficult task [START_REF] Cheong | Seeing is believing: Visualization of antiferromagnetic domains[END_REF]. A first approach consists in directly mapping the sample magnetization, which commonly implies sending and collecting back test particles whose interaction with matter has a magnetization-dependent term. This can be achieved by using advanced magneto-optic microscopy techniques [START_REF] Němec | Antiferromagnetic opto-spintronics[END_REF], e.g. based on second harmonic generation (SHG). However, the spatial resolution of such techniques remains fundamentally limited by diffraction at the micron scale (Fig. 1(a)). The spatial resolution can be significantly enhanced by using synchrotron light. By combining photoemission electron microscopy with X-ray magnetic linear dichroism (XMLD-PEEM), antiferromagnetic domains can be imaged with a resolution better than 100 nm [START_REF] Scholl | Observation of Antiferromagnetic Domains in Epitaxial Thin Films[END_REF]. This technique was recently used to image current-induced switching of antiferromagnetic domains in CuMnAs [START_REF] Grzybowski | Imaging Current-Induced Switching of Antiferromagnetic Domains in CuMnAs[END_REF] (Fig. 1(b)). However, synchrotron-based X-ray magnetic imaging is scarcely used in the literature since it is highly complex and requires large-scale experimental facilities. The only available microscopy technique which allows direct imaging of antiferromagnetic spin textures with atomic resolution, is spinpolarized scanning tunneling microscopy (SP-STM) [START_REF] Heinze | Real-Space Imaging of Two-Dimensional Antiferromagnetism on the Atomic Scale[END_REF][START_REF] Bode | Chiral magnetic order at surfaces driven by inversion asymmetry[END_REF] (Fig. 1(c)). The principle of this technique relies on the spin-dependent tunneling between a magnetized tip and the sample. Yet, besides being limited to conductive samples, SP-STM is only suited for the study of nearly perfect surfaces in ultrahigh vacuum, thus precluding the investigation of technologically-relevant magnetic materials. This brief state-of-the-art highlights the critical need to rely on alternative magnetic imaging strategies for probing the physics of antiferromagnetic materials at the nanoscale.

Another approach to magnetic microscopy consists in mapping the stray magnetic field generated outside the sample. In antiferromagnets, weak magnetic fields are produced by the rotation of tiny uncompensated moments whose orientations are linked to the Néel order [START_REF] Belashchenko | Equilibrium Magnetization at the Boundary of a Magnetoelectric Antiferromagnet[END_REF]. Mapping such fields requires the use of scanning magnetometers combining high field sensitivity with nanoscale spatial resolution. These performances are offered by a new generation of table-top magnetic microscopes employing a single Nitrogen-Vacancy (NV) defect in diamond as a non-invasive, atomic-size quantum sensor [START_REF] Rondin | Magnetometry with nitrogen-vacancy defects in diamond[END_REF]. Here static magnetic fields are measured by recording the Zeeman shift of the NV defect's electron spin sublevels through optical detection of the electron spin resonance (ESR). By integrating a single NV defect at the apex of a scanning tip, this method provides quantitative magnetic field distributions with a unique combination of spatial resolution and field sensitivity, even under ambient conditions. This novel generation of magnetic microscopes has already found numerous applications in condensed matter physics [START_REF] Casola | Probing condensed matter physics with magnetometry based on nitrogen-vacancy centres in diamond[END_REF], including the study of non-collinear spin textures in ultrathin ferromagnets [START_REF] Tetienne | Quantitative stray field imaging of a magnetic vortex core[END_REF][START_REF] Tetienne | Nanoscale imaging and control of domain-wall hopping with a nitrogenvacancy center microscope[END_REF][START_REF] Tetienne | The nature of domain walls in ultrathin ferromagnets revealed by scanning nanomagnetometry[END_REF][START_REF] Gross | Direct measurement of interfacial Dzyaloshinskii-Moriya interaction in X|CoFeB|MgO heterostructures with a scanning NV magnetometer[END_REF][START_REF] Dovzhenko | Magnetostatic twists in room-temperature skyrmions explored by nitrogenvacancy center spin texture reconstruction[END_REF][START_REF] Gross | Skyrmion morphology in ultrathin magnetic films[END_REF][START_REF] Akhtar | Current-Induced Nucleation and Dynamics of Skyrmions in a Co-based Heusler Alloy[END_REF][START_REF] Rana | Room-Temperature Skyrmions at Zero Field in Exchange-Biased Ultrathin Films[END_REF], two-dimensional magnetism in layered crystal down to the monolayer limit [START_REF] Thiel | Probing magnetism in 2D materials at the nanoscale with single-spin microscopy[END_REF], spin waves in ferromagnets [START_REF] Wolfe | Off-resonant manipulation of spins in diamond via precessing magnetization of a proximal ferromagnet[END_REF][START_REF] Van Der Sar | Nanometre-scale probing of spin waves using single electron spins[END_REF][START_REF] Du | Control and local measurement of the spin chemical potential in a magnetic insulator[END_REF] and current imaging in graphene-based devices [START_REF] Ku | Imaging viscous flow of the Dirac fluid in graphene[END_REF]. Notably, it was recently shown that scanning NV magnetometry can also be employed to image non-collinear spin textures in antiferromagnetic materials featuring tiny uncompensated magnetic moments rigidly linked to the Néel

Outline of the manuscript

The thesis is divided into two main parts. In the first part (Chapter 1 and Chapter 2) we investigate the antiferromagnetic order in a multiferroic material, BiFeO 3 (BFO). This compound has attracted a lot of interest since it is the only multiferroic that combines ferroelectricity and antiferromagnetism at room temperature. Its most advantageous feature, is the strong coupling of these two orders, coined as the magnetoelectric coupling, which allows electric-field manipulation of the antiferromagnetic order. The work presented in the first two chapters, was done in collaboration with

• Johanna Fischer, Cécile Carrétéro, Manuel Bibes, Vincent Garcia and Stéphane Fusil from Unité Mixte de physique CNRS/Thales, Palaiseau, France;

• Théophile Chirac, Jean-Yves Chauleau and Michel Viret from CEA, SPEC, Gif-sur-Yvette, France;

• Nicolas Jaouen from Synchrotron SOLEIL, Gif-sur-Yvette, France.

The first chapter is devoted to real-space imaging of the antiferromagnetic order in BFO using scanning NV magnetometry. In a first part, we tackle independently the origins of ferroelectricity and antiferromagnetism in BFO. We then introduce the working principle of NV magnetometry, starting with the electronic structure and the optical properties of the defect, and then the description of the experimental setup. Next, using an NV sensor, we image the antiferromagnetic order in BFO. Since this approach relies on the detection of the magnetic stray field produced at the surface of the sample, we first study the magnetization distribution in BFO and we then investigate the resulting magnetic stray field in different types of BFO samples. In the last part of the chapter, we image the antiferromagnetic spin textures in a single (001)-BFO crystal.

The second chapter aims at the manipulation of the antiferromagnetic order in BFO, which is a crucial task towards the realization of a memory device. This can be achieved by strain control in epitaxial BFO thin films, or by electric-field control through the magnetoelectric coupling. In the first part of the chapter, we introduce strain engineering of BFO thin films, which consists of growing epitaxial BFO films on an array of different substrates inducing different strain levels. We first describe the fabrication process of the films and then we discuss the structural characterization of the grown samples. We next study the strain-dependent magnetic phase diagram of strained BFO films, by imaging the set of samples with NV magnetometry. In the final part, we demonstrate the electric-field control of the antiferromagnetic order in BFO.

Beyond mapping static magnetic stray field produced by uncompensated moments in antiferromagnets, we demonstrate in the second part of the thesis (Chapter 3) a new approach for imaging antiferromagnets. It consists of mapping the magnetic noise they locally produce rather than their static magnetic field. This technique exploits the strong dependence of the NV defect photoluminescence on magnetic fluctuations at the NV spin resonance frequency. The work described in this chapter was done in collaboration with • William Legrand, Fernando Ajejas, Karim Bouzehouane, Nicolas Reyren and Vincent Cros from Unité Mixte de physique CNRS/Thales, Palaiseau, France;

• Thibaut Devolder, Jean-Paul Adam and Joo-Von Kim from Centre de Nanosciences et de Nanotechnologies, CNRS, Palaiseau, France.

In the first part of the third chapter, we introduce the working principle of the imaging technique. In the second part, we prove its efficiency by imaging domain walls in a synthetic antiferromagnet (SAF) that hosts thermally activated spin waves. This system, composed of two ferromagnetic layers coupled antiferromagnetically through a non-magnetic layer, has found its way into numerous applications in spintronics. In the last two parts of the chapter, the high tunability of SAFs that permits the stabilization of complex antiferromagnetic textures is exploited. We demonstrate that this new technique can also be used to image exotic spin textures such as spin spirals and SAF skyrmions. Multiferroics are a class of materials that simultaneously possesses at least two of the three primary ferroic orders -ferroelectricity, ferromagnetism and ferroelasticity -in a single phase [START_REF] Smolenskiȋ | Ferroelectromagnets[END_REF]. Since their discovery, researchers have been showing tremendous interest in multiferroics, trying to perceive their complexity and the possibility of exploiting them for the development of new functional devices [START_REF] Béa | Spintronics with multiferroics[END_REF][START_REF] Martin | Multiferroics and magnetoelectrics: Thin films and nanostructures[END_REF]. In a small selection of these materials exhibiting both ferroelectricity and ferromagnetism (extendedly the corresponding antiferroic properties), the two orders can couple (Fig. 1.1). This effect, known as the magnetoelectric coupling, enables to control one of the two orders by the other. It promises innovative applications in the field of spintronics, by controlling the magnetic state that encodes information with electric fields [START_REF] Spaldin | Advances in magnetoelectric multiferroics[END_REF].

To achieve device functionality, an ideal material would be a single phase multiferroic at room temperature with a strong magnetoelectric coupling. Such compounds are very scarce [START_REF] Hill | Why Are There so Few Magnetic Ferroelectrics?[END_REF]. Most technologyrelevant ferroelectrics are perovskites with a canonical chemical structure ABO 3 . In order for ferroelectricity to exist in perovskites, transition metal ions (A,B) must have empty d shells. Ferroelectricity is The coupling between ferroelectricity and magnetism in multiferroic materials is known as the magnetoelectric coupling. It allows electric-field control of magnetism, which paves the way towards innovative spintronic applications. Adapted from [START_REF] Martin | Multiferroics and magnetoelectrics: Thin films and nanostructures[END_REF].

then induced by the off-center shift of the transition metal ions. On the other hand, magnetism requires partially filled d shells. This contradiction justifies the scarcity of magnetoelectric multiferroics. One exceptional perovskite that is single-phase ferroelectric and antiferromagnetic at room temperature is bismuth ferrite, BiFeO 3 (BFO). Here ferroelectricity and antiferromagnetism arise from different chemical species, Bi 3`i ons at A-site and Fe 3`i ons at B-site, respectively. This compound has attracted tremendous interest in the last decades because it is the only multiferroic at room temperature, which exhibits a strong magnetoelectric coupling between its ferroelectric and antiferromagnetic orders. Guided by the properties of this material, many researchers are currently trying to exploit the ABO 3 formula in order to engineer novel multiferroic materials with tailored magnetoelectric properties [START_REF] Martin | Multiferroics and magnetoelectrics: Thin films and nanostructures[END_REF].

The scientific interest for BFO was notably revived in 2003 when Ramesh's group demonstrated a high spontaneous polarization (50 -60 µC{cm 2 ) in heteroepitaxially constrained thin films [START_REF] Wang | Epitaxial BiFeO 3 Multiferroic Thin Film Heterostructures[END_REF]. This value is ten times larger than the polarization measured in earlier studies on single BFO crystals by Smolenskii's group [START_REF] Smolenskiȋ | Ferroelectromagnets[END_REF]. The limitation of early electric measurements was mainly due to a leakage current as a result of defects and impurities at the grain boundaries. In 2007, Lebeugle et al. managed to grow single BFO crystals of good quality by using a Bi 2 O 3 -Fe 2 O 3 flux method [START_REF] Lebeugle | Roomtemperature coexistence of large electric polarization and magnetic order in BiFeO 3 single crystals[END_REF]. They confirmed the large spontaneous polarization observed in thin films, proving that it is intrinsic to the BFO phase. However, whereas the ferroelectric properties of BFO have been widely investigated (e.g. using piezoresponse force microscopy), revealing unique domain structures and domain wall functionalities, the corresponding nanoscale magnetic textures and their potential for spin-based technology still remain concealed.

This chapter aims at the real-space visualization of the antiferromagnetic order in BFO using a singlespin magnetometer based on a Nitrogen-Vacancy (NV) defect in diamond. The chapter is organized as follows. In a first section, we briefly remind the key properties of BFO including ferroelectricity and magnetism [ § 1 .1]. We then introduce scanning NV magnetometry, the tool used to image the antiferromagnetic order in BFO at the nanoscale under ambient conditions [ § 1 .2]. Since this magnetic microscopy technique relies on measurements of the stray magnetic field produced by the sample, the third section is devoted to a discussion on the origin of the stray magnetic field emanating from different BFO as a prototypical multiferroic at 300 K spin textures in BFO [ § 1 .3]. In the last section of this chapter, scanning NV magnetometry is used to study the non-collinear antiferromagnetic order in a bulk, (001)-oriented BFO crystal [ § 1 .4].

BFO as a prototypical multiferroic at 300 K

This section addresses the physics behind the ferroic orders in BFO. We begin by introducing ferroelectricity, and the microscopy tool used to probe it. We then discuss the different interactions that define the magnetic order of BFO and briefly review several applications of magnetoelectric coupling.

Ferroelectric properties

At room temperature, BFO is characterized by a slightly distorted rhombohedral structure, but is commonly described by a perovskite-type pseudo-cubic unit cell with lattice parameters a " 3.965 Å and α " 89.45 ˝, as shown in Fig. 1.2(a) [START_REF] Moreau | Ferroelectric BiFeO 3 X-ray and neutron diffraction study[END_REF][START_REF] Kubel | Structure of a ferroelectric and ferroelastic monodomain crystal of the perovskite BiFeO 3[END_REF]. [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] pc [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] ions sit at the A-sites of the cubic lattice, Fe 3+ at the B-sites, while oxygen ions are sitting at the face centers forming an octahedron. (b) BFO can be represented with a rhombohedral unit cell (illustrated in red). The spontaneous polarization resulting from the displacement of Bi 3+ relative to the FeO 6 octahedra is along the pseudo-cubic [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] pc axis that connects the two distorted perovskite cubes (illustrated in purple). (c) The oxygen octahedra connected with the [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] pc axis rotate alternatively clockwise and counterclockwise along this axis. The initial positions of the oxygen atoms are shown in light grey.

The transition metal Bi 3+ ions occupy the A-sites on the cube corners of the unit cell, the Fe 3+ ions occupy the B-sites on the body center while oxygen atoms are placed at face centered positions forming an octahedral cage. By connecting two of the distorted perovskite cells along a x111y pc axis (in pseudocubic notation), the structure is described by the rhombohedral unit cell shown in Fig. 1.2(b). The unmatched radii of A and B ions induce a rotation of the oxygen octahedra around the r111s pc direction in order to fit in the rhombohedral unit cell [START_REF] Goldschmidt | Die Gesetze der Krystallochemie[END_REF]. This rotation occurs alternatively in a clockwise and counterclockwise directions, with an angle of ˘13.8 ˝around the r111s pc axis (Fig. 1.2(c)) [START_REF] Kubel | Structure of a ferroelectric and ferroelastic monodomain crystal of the perovskite BiFeO 3[END_REF]. As a result, Fe 3+ is shifted away from the center of the octahedron. It is noted here that the Fe-O-Fe bond angle plays a key role in the superexchange and the Dzyaloshinskii-Moriya (DM) interactions [START_REF] Weingart | Noncollinear magnetism and single-ion anisotropy in multiferroic perovskites[END_REF] that 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution will be discussed in the next section. In addition to the Fe 3+ shift, the Bi 3+ ions are largely displaced relative to the oxygen octahedra [START_REF] Kubel | Structure of a ferroelectric and ferroelastic monodomain crystal of the perovskite BiFeO 3[END_REF] giving rise to the large spontaneous ferroelectric polarization along a x111y pc direction (Fig. 1.2(b-c)).

As a result, eight ferroelectric variants P ȋ can be obtained in BFO, as sketched in Fig. 1.3(a). The switching from one polarization to another yields three different types of ferroelectric domain walls, which are commonly distinguished by the rotation angle of the polarization across the domain wall: namely 71 ˝, 109 ˝and 180 ˝domain walls (DW), that are illustrated in Fig. 1.3(b). By applying an electric field in the right direction, it is possible to favor one of the eight polarization variants. This can be used to design all the conceivable domain wall types as well as single ferroelectric landscapes. 

Imaging the ferroelectric properties with piezoresponse force microscopy

The most popular technique for the nanoscale characterization of the ferroelectric properties is piezoresponse force microscopy (PFM). This technique relies on the detection of local piezoelectric deformation in a ferroelectric sample, which is induced by the application of an external electric field. Due to the coupling of the piezoelectric and ferroelectric parameters, the nature of the deformation determines the local polarization in the sample. In order to exert an electric field, a voltage is applied between a conductive tip and a bottom electrode underneath the sample of interest. The deflection of the tip indicates the nature of the local deformation, and hence, the local polarity (Fig. 1.4(a-d)). These deflections are monitored by a laser that is focused on the cantilever's surface, and then reflected on a quadrant photodiode used to detect the signal through lock-in techniques. The normal deformation of the ferroelectric domain can either be in the form of elongation, if the applied electric field and the polarization are parallel (Fig. 1.4(a)), or in the form of contraction when they are antiparallel (Fig. 1.4(b)) [START_REF] Gruverman | Piezoresponse force microscopy and recent advances in nanoscale studies of ferroelectrics[END_REF].

PFM can also detect the lateral component of polarization by measuring the torsional movement of the cantilever, induced by the shear piezoelectric deformation in the sample (Fig. 1 in static PFM measurements, the cantilever is also sensitive to the topography of the surface which also induces deflection of the readout laser. To discriminate between topography and piezoelectric effects, a dynamic approach is implemented where a modulated voltage is applied to the sample rather than a DC voltage. In this case, the tip tracks the sample's oscillation and the sensitivity of the technique to piezoelectric deformations is increased by three orders of magnitude [START_REF] Gruverman | Piezoresponse force microscopy and recent advances in nanoscale studies of ferroelectrics[END_REF]. For a polarization oriented downwards, the tip vibrates in phase with the voltage (φ "0 ˝), whereas for an upward oriented polarization, the tip vibrates in opposite phase with the voltage (φ "180 ˝). The same applies for the shear deformations as the oscillation phase of opposite lateral domains differs by 180 ˝. It should be noted here that lateral PFM measurements are only pertinent when the in-plane polarization is perpendicular to the 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution cantilever's physical axis. To obtain a full reconstruction of the polarization map, vectorial PFM must be performed, where the sample is rotated by 90 ˝with respect to the cantilever's axis. Two orthogonal in-plane images are thus obtained, and in addition to the out-of-plane images, vectorial reconstruction of the polarization can be finally achieved. This procedure is explained in details in Appendix A.1. An example of vectorial PFM is shown in Fig. 1.4(e,f).

PFM can be used not only in a reading scheme for the visualization of the ferroelectric state, but also in a writing scheme in which the ferrolectric polarization can be imprinted in the material. Application of a DC voltage exceeding the coercive field, between a bottom electrode and the conducting tip, can induce local polarization reversal. By raster-scanning the tip on the sample, due to the trailing field, it is possible to design micron-sized landscapes with a single ferroelectric variant [START_REF] Balke | Deterministic control of ferroelastic switching in multiferroic materials[END_REF][START_REF] Crassous | Polarization charge as a reconfigurable quasi-dopant in ferroelectric thin films[END_REF]. The details of PFM writing can be found in Appendix A.2. An example of PFM writing is shown in Fig. 1.4(g,h), where ferroelectric monodomains are deterministically designed on a BFO film.

Magnetic properties

BFO is an antiferromagnet with a Néel temperature T N " 643 K. The superexchange interaction mediated by the Fe-O-Fe bond favors a collinear antiferromagnetic ordering. If the angle of this bond was equal to 180 ˝, as in the case of an ideal perovskite, it would lead to a G-type antiferromagnetic structure, with all Fe 3+ surrounded by six antiparallel nearest neighbors, as shown in Fig. 1.5(a) [START_REF] Kiselev | Detection of magnetic arrangement in the BiFeO 3 ferroelectric by means of neutron diffraction study[END_REF]. The symmetric exchange interaction energy in the classical Heisenberg model can be defined as,

E ex " ÿ i,j J ij s i .s j , (1.1)
where J ij is the symmetric exchange coefficient, while s i and s j are the spin vectors at sites i and j.

An additional antisymmetric exchange interaction, commonly referred to as Dzyaloshinskii-Moriya interaction, takes place in BFO. It results from the slight shift of the Fe +3 ions away from the center of the oxygen octahedra. This antisymmetric exchange interaction was described by Katsura et al. [START_REF] Katsura | Spin Current and Magnetoelectric Effect in Noncollinear Magnets[END_REF], by considering hopping between d-orbitals of Fe and p-orbitals of O atoms. For canted neighboring spins, such a hopping induces a spin current which gives rise to a local electric polarization. This local polarization interacts with the spontaneous one, resulting in the asymmetric magnetoelectric interaction term, expressed as [START_REF] Lebeugle | Electric-Field-Induced Spin Flop in BiFeO 3 Single Crystals at Room Temperature[END_REF] 

E ME " ÿ i,j pP ˆeij q ¨ps i ˆsj q , (1.2)
where e ij is the unit vector that connects two sites.

This magnetoelectric interaction favors a constant canting angle between two neighboring spins. The competition between the superexchange and the magnetoelectric interactions, results in a cycloidal rotation of the Fe spins along a direction k perpendicular to the polarization P. This cycloidal antifer-BFO as a prototypical multiferroic at 300 K romagnetic order was first observed by using high-resolution neutron diffraction [START_REF] Lebeugle | Electric-Field-Induced Spin Flop in BiFeO 3 Single Crystals at Room Temperature[END_REF][START_REF] Sosnowska | Spiral magnetic ordering in bismuth ferrite[END_REF], leading to a characteristic wavelength λ b " 64 nm in a bulk BFO crystal, as sketched in Fig. 1.5(b). Importantly, the rhombohedral symmetry of BFO leads to three equivalent cycloidal propagation directions, forming three diverse magnetic domains for a given ferroelectric polarization, namely k 1 , k 2 and k 3 , which are lying in a ( 111) plane [START_REF] Lebeugle | Electric-Field-Induced Spin Flop in BiFeO 3 Single Crystals at Room Temperature[END_REF][START_REF] Sosnowska | Spiral magnetic ordering in bismuth ferrite[END_REF]. As an example, Fig. 1.5(c) shows the propagation vectors for a polarization pointing along the r111s pc axis, corresponding to the r110s (k 1 ), r011s (k 2 ), and r101s (k 3 ) axes. On a scale bigger than the interatomic distance, we stress that such a spin cycloid is perfectly compensated. Taking a closer look on a single spin of the cycloid in Fig. 1.5(d), one can see that (i) its nearest parallel neighbor is canted by an angle α c , and (ii) that its two nearest antiparallel spins are canted on each side by an angle ˘αc {2. Because the canting angle is imposed by the magnetoelectric coupling, it is constant from one site to the other. In consequence, each magnetic moment is compensated by the two 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution nearest neighbors. The bare spin cycloid is therefore perfectly compensated, and thus does not produce any stray magnetic fields (Fig. 1.5(e)). This point will be important for magnetic imaging with scanning NV magnetometry (section § 1.3).

Besides magnetoelectric coupling, a second Dzyaloshinskii-Moriya interaction takes place in BFO. It originates from the alternating rotation of the oxygen octahedra illustrated in Fig. 1.2(c). This interaction alternates sign from one [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] atomic layer to the next. It can be expressed as [START_REF] Chirac | New Spintronic Components Based on Antiferromagnetic Materials[END_REF] E DM "

ÿ i,j p´1q ij pe ij ˆD1 q ¨ps i ˆsj q , (1.3)
where the factor p´1q ij accounts for the alternate sign of the interaction and D 1 points along a x11 2y direction. This interaction cants the spins out of the cycloidal plane in a x112y direction, resulting in an uncompensated moment m DM whose amplitude is modulated along the cycloid propagation direction [START_REF] Ramazanoglu | Local Weak Ferromagnetism in Single-Crystalline Ferroelectric BiFeO 3[END_REF].

The resulting spin density wave (SDW) leads to a periodic wiggling of the cycloidal plane, as shown in Fig. 1.6. In this figure, we consider P r111s, and a propagation direction k 1 r110s, so that the uncompensated magnetic moment is pointing along the r112s axis. The amplitude of the uncompensated moment m DM remains debated. While it is often considered to BFO as a prototypical multiferroic at 300 K be small (ă 0.03 µ B ) or even negligible [START_REF] Park | Structure and spin dynamics of multiferroic BiFeO 3[END_REF], high resolution neutron scattering experiments revealed a maximum amplitude of 0.09 µ B [START_REF] Ramazanoglu | Local Weak Ferromagnetism in Single-Crystalline Ferroelectric BiFeO 3[END_REF]. As discussed in section § 1.3, the uncompensated magnetic moments of the SDW are responsible for the stray magnetic field produced by BFO.

Exploiting magnetoelectric coupling in BFO

After having considered the different interactions leading to the cycloidal order in BFO, we briefly discuss few applications of magnetoelectric coupling. The most desirable feature of BFO has always been the ability to manipulate the magnetic state by electrical means. This electric-field control of the magnetization was first demonstrated in BFO thin films by Zhao et al., who managed to control canted antiferromagnetic domains by switching the ferroelectric polarization, and visualized the correlation of the two orders by combining piezoresponse-force and X-ray photoelectron microscopies [START_REF] Zhao | Electrical control of antiferromagnetic domains in multiferroic BiFeO 3 films at room temperature[END_REF]. The coupling between the electric and magnetic orders was then demonstrated in bulk BFO crystals in a subsequent work of Lebeugle et al. [START_REF] Lebeugle | Electric-Field-Induced Spin Flop in BiFeO 3 Single Crystals at Room Temperature[END_REF]. The authors have shown by performing high-resolution neutron diffraction on a bulk BFO crystal, that the magnetic easy plane in which the Fe spins lie, rotates by switching the ferroelectric polarization with a bias voltage.

The drive behind this research is to realize functional low-dissipative magnetoelectric and spintronic devices. An idea to achieve this functionality, is to couple an antiferromagnetic layer to a ferromagnetic one, and to control it via a mechanism known as the exchange bias. Exchange bias can be explained by the interaction between the atoms of the two layers at the interface, that is, the magnetization of the ferromagnetic layer is pinned to that of the uppermost antiferromagnetic one at the interface, and the hysteresis loop of the ferromagnetic layer is widened or offset [START_REF] Nogués | Exchange bias[END_REF]. Using BFO in exchange-bias structures enables to manipulate ferromagnets by an applied electric field. In this framework, Béa et al. proved exchange bias at room temperature in a Co layer grown on BFO [START_REF] Béa | Tunnel magnetoresistance and robust room temperature exchange bias with multiferroic BiFeO 3 epitaxial thin films[END_REF] (Fig. 1.7(a)). A more recent work of Chu et al., proved this concept of controlling ferromagnetism with an electric field in a CoFe layer grown on BFO [START_REF] Chu | Electric-field control of local ferromagnetism using a magnetoelectric multiferroic[END_REF]. Using photoemission electron microscopy, the authors managed to observe the switching of the magnetization in the CoFe layer under the application of a voltage (Fig. 1.7(b)). These results show that the functionalities offered by BFO are very promising towards the realization of low-dissipative memory devices, where magnetization can be controlled electrically.

However, most of conventional real-space magnetic microscopy techniques cannot probe the antiferromagnetic order at the nanoscale because magnetic moments are mostly compensated, resulting in very weak magnetic signals. This is a major obstacle to the fundamental understanding of the intrinsic magnetic properties of BFO, and its response to external stimuli. In this thesis, we bring into play a tabletop magnetic microscopy technique based on a single NV defect in diamond, which provides real-space imaging of non-collinear antiferromagnetic spin textures with nanoscale resolution under ambient conditions. The next section is devoted to a description of the scanning NV magnetometer. 

Magnetic imaging with a single-spin magnetometer

As mentioned in the introduction of this thesis, the approach used to image antiferromagnetic spin textures in BFO relies on mapping its stray magnetic field. This requires a high sensitivity to magnetic fields and a nanoscale spatial resolution. Such performances are offered by a new generation of magnetometers exploiting the NV center in diamond as an atomic-sized quantum sensor [START_REF] Rondin | Magnetometry with nitrogen-vacancy defects in diamond[END_REF][START_REF] Maze | Nanoscale magnetic sensing with an individual electronic spin in diamond[END_REF][START_REF] Balasubramanian | Nanoscale imaging magnetometry with diamond spins under ambient conditions[END_REF]. In this section, we start by a brief reminder of the main optical and spin properties of NV defect in diamond. We then show how this atomic-size quantum system can be used for nanoscale magnetic imaging.

NV center as a magnetic sensor

As its name suggests, the Nitrogen-Vacancy (NV) center is the association of a substitutional nitrogen atom (N) and an adjacent carbon vacancy (V) in the diamond lattice (Fig. 1.8(a)). This point-like defect gives rise to localized electronic states whose energy levels are deeply buried inside the diamond bandgap (E g " 5.5 eV). The NV defect can thus be considered as an artificial atom, mostly decoupled from the valence and conduction bands of the host material. Like most point defects in semiconductors, the NV defect can be found in various charge states showing very different photophysical properties [START_REF] Treussart | Photoluminescence of single colour defects in 50nm diamond nanocrystals[END_REF]. Magnetic field imaging only relies on the negatively-charged state NV -, that will be simply denoted as NV in this thesis for the sake of clarity. The ground and excited levels of the NV center are coupled by a dipolar transition with a zero-phonon line (ZPL) at 1.945 eV (λ ZPL " 637 nm). Under off-resonance optical excitation with a green laser, this transition produces a strong and perfectly photostable photoluminescence (PL) emission, even at room temperature (Fig. 1.8(b)). This allows the detection of individual NV defects using optical confocal microscopy under ambient conditions [START_REF] Gruber | Scanning Confocal Optical Microscopy and Magnetic Resonance on Single Defect Centers[END_REF][START_REF] Brouri | Photon antibunching in the fluorescence of individual color centers in diamond[END_REF][START_REF] Kurtsiefer | Stable Solid-State Source of Single Photons[END_REF].

Optical detection of the electron spin resonance

A key property of the NV defect is that its ground level is a spin triplet state (S " 1), with a zero-field splitting D " 2.87 GHz between the m s " 0 and m s " ˘1 spin sublevels (Fig. 1.9(a)). Here m s denotes the spin projection along the NV defect quantization axis, which joins the nitrogen atom and the vacancy (Fig. 1.9(b)). The excited level is also a spin triplet with a weaker zero-field splitting D ex " 1.4 GHz and the same quantization axis as in the ground level [START_REF] Fuchs | Excited-State Spectroscopy Using Single Spin Manipulation in Diamond[END_REF][START_REF] Neumann | Excited-state spectroscopy of single NV defects in diamond using optically detected magnetic resonance[END_REF].

Once brought in the excited level through optical excitation, the NV defect can relax back to the ground level either through the same radiative transition by emitting red PL, or through a secondary path involving non-radiative decay via a metastable singlet level (S " 0) (Fig. 1.9(a)). The radiative transition path is mainly spin conserving, i.e. ∆m s " 0. On the other hand, non-radiative decay via the metastable singlet is strongly spin dependent. More precisely, the shelving rates from the excited level are much larger for m s " ˘1 spin sublevels than the ones from m s " 0. Conversely, decay from the metastable level occurs preferentially towards m s " 0 in the ground level [START_REF] Manson | Nitrogen-vacancy center in diamond: Model of the electronic structure and associated dynamics[END_REF][START_REF] Doherty | The nitrogen-vacancy colour centre in diamond[END_REF]. These spin-selective processes have two important consequences. First, they provide an efficient electron spin polarization in m s " 0 by optical pumping. Indeed, starting from a Boltzmann distribution of spin populations in the ground level, optical pumping transfers the population from m s " ˘1 to m s " 0 via spin-dependent decay through the metastable level, while m s " 0 populations are mostly preserved during optical cycles. As a result, the NV defect is polarized in m s " 0 after few optical cycles. Second, since the relaxation via the metastable level is non-radiative, the PL intensity of the NV defect is significantly higher when the m s " 0 spin sublevel is populated. In a simple picture, one can consider m s " 0 as a "bright" state, i.e. emitting a high level of PL, and m s " ˘1 as "dark" states [START_REF] Manson | Nitrogen-vacancy center in diamond: Model of the electronic structure and associated dynamics[END_REF][START_REF] Doherty | The nitrogen-vacancy colour centre in diamond[END_REF].

These two properties enable the optical detection of the electron spin resonance (ESR) on a single NV defect [START_REF] Gruber | Scanning Confocal Optical Microscopy and Magnetic Resonance on Single Defect Centers[END_REF]. To this end, a green laser initializes the NV center in its "bright" state m s " 0 and the PL signal is recorded while sweeping the frequency of a microwave excitation. When the microwave frequency is resonant with the electron spin transition, populations are driven from the m s " 0 to the Magnetic imaging with a single-spin magnetometer m s " ˘1 spin sublevels leading to a drop of the PL signal. A typical ESR spectrum recorded at zero field is shown in Fig. 1.9(c). A PL drop with a contrast reaching " 20%, indicates the zero-field ESR frequency of the NV defect D " 2.87 GHz. In the presence of an external magnetic field, the degeneracy of the m s " ˘1 spin states is lifted by the Zeeman effect. As a result, two resonance lines appear in the ESR spectrum, with a splitting directly linked to the magnetic field amplitude (Fig. 1.9(c)).

To understand the dependence of the ESR frequencies on the external magnetic field, we examine the spin Hamiltonian of the NV defect's ground level. Neglecting hyperfine interactions, it can be expressed in frequency unit as [START_REF] Rondin | Magnetometry with nitrogen-vacancy defects in diamond[END_REF] H

" DS 2 Z `EpS 2 X ´S2 Y q `γe 2π B.S , (1.4) 
where Z denotes the NV quantization axis (Fig. 1.9(b)), D and E are the zero-field splitting parameters, tS X , S Y , S Z u the Pauli matrices, and γ e {2π " 2.8 MHz{G is the gyromagnetic ratio of the electron spin.

The first term of the Hamiltonian is the longitudinal zero-field splitting characterized by the parameter D " 2.87 GHz. The second term describes the effect of local strain which slightly distorts the symmetry of the NV defect. It is characterized by the parameter E, that strongly depends on the properties of the diamond matrix. For a single NV defect hosted in a bulk diamond crystal, E is in the range of " 100 KHz, whereas, in diamond scanning probes used in this thesis it can reach few MHz. In any case the condition D " E is always fulfilled. The third term describes the Zeeman interaction with the external magnetic field B. This spin Hamiltonian can be expanded as

H " DS 2 Z `γe 2π B Z S Z looooooooomooooooooon H `γe 2π pB X S X `BY S Y q loooooooooooomoooooooooooon H K `EpS 2 X ´S2 Y q . (1.5)
In the weak field regime, such that H " H K , the ESR frequencies ν ˘in the ground level are simply given by

ν ˘" D ˘cE 2 `p γ e 2π B Z q 2 . (1.6)
This expression is only valid for magnetic fields with a transverse component fulfilling the condition

B K " a B 2 X `B2 Y ! |2πD{γ e ´BZ |.
In practice, it corresponds to magnetic field amplitudes smaller than " 5 mT. In this regime, the ESR frequencies ν ˘evolve quadratically with the projection B Z of the magnetic field along the NV quantization axis, as long as γe 2π B Z " E. Importantly, in the extreme case where the external magnetic field is such that γe 2π B Z ! E, the ESR frequencies are given by ν ˘« D ˘E and the NV defect becomes insensitive to first order magnetic perturbations. As illustrated in Fig. 1.10, the parameter E is typically around 2 MHz for a single NV defect hosted in a diamond scanning-probe unit. As a result, the NV defect is not sensitive to magnetic field smaller that " 50 µT. To avoid this limitation, a bias field B b in the order of few mT, i.e. such that γe 2π B b " E, is always applied along the NV quantization axis in order to compensate the strain-induced splitting. Denoting B NV the projection of the stray field produced by a sample of interest along the NV quantization The NV center can then be exploited as a highly sensitive magnetic field sensor by tracking the linear Zeeman shift of the ESR frequency. As a means to use the NV center as a magnetic probe in a scanning scheme, we integrate it into a scanning atomic force microscope as it will be described in the next section.

Scanning NV magnetometry

The principle of scanning NV magnetometry is sketched in Fig. 1.11(a). A single NV defect placed at the apex of a nanopillar in a diamond scanning-probe unit is integrated into an atomic force microscope (AFM) and scanned in close proximity of a magnetic sample. A microscope objective placed above the tip is used to excite the NV defect with a green laser and to collect its spin-dependent PL signal, while applying a microwave excitation through a gold stripline deposited on the sample. At each point of the scan, a quantitative measurement of the magnetic field component B NV emanating from the sample is obtained by recording the Zeeman shift of the NV defect's ESR frequency. The resulting magnetic field sensitivity lies in the range of a few µT{ ? Hz while the spatial resolution is fixed by the distance between the NV sensor and the sample d NV , which typically reaches few tens of nm [START_REF] Rondin | Magnetometry with nitrogen-vacancy defects in diamond[END_REF]. In addition, scanning NV magnetometry (i) is a non-invasive technique, (ii) can be operated under ambient conditions without any restriction of the choice of the magnetic materials and (iii) provides quantitative magnetic field distributions that can be directly compared to theoretical predictions.

During my thesis, I used a scanning NV magnetometer built by former PhD students of the group [START_REF] Rondin | Réalisation d'un Magnétomètre à Centre Coloré NV Du Diamant[END_REF][START_REF] Tetienne | Un microscope de champ magnétique basé sur le défaut azote-lacune du diamant : réalisation et application à l'étude de couches ferromagnétiques ultraminces[END_REF]. A detailed description of the experimental setup is given in Appendix B. All diamond scanningprobe tips containing a single NV defect were provided by the company QNAMI, located in Basel, Switzerland. The tip consists of a micrometer-thick diamond slab with a nanopillar engineered at its extremity (Fig. 1.11(b)). A single NV defect is created at the apex of the nanopillar through ion implantation [START_REF] Maletinsky | A robust scanning diamond sensor for nanoscale imaging with single nitrogenvacancy centres[END_REF][START_REF] Appel | Fabrication of all diamond scanning probes for nanoscale magnetometry[END_REF]. By scanning the green laser excitation on top of the cantilever, the PL image indicates a bright spot corresponding to the emission of the single NV defect implanted in the nanopillar, as shown in Fig. 1.11(c). A typical ESR spectrum recorded with a bias field B b " 1 mT along the NV axis is shown in Fig. 1.11(d).

Two parameters play a key role in quantitative scanning NV magnetometry:

• The flying distance d NV of the NV center;

• The orientation of the quantization axis of the NV center in the laboratory frame, which fixes the projection axis of magnetic field measurements.

These two parameters are always carefully measured before recording quantitative magnetic field distributions. The calibration procedure is described in Appendix B. In this thesis, the NV-to-sample distance is always lying in the range of 50 -80 nm. We note that this parameter sets the spatial resolution of the magnetic microscope.

1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution

Imaging modes

The scanning NV magnetometer can be operated in different imaging modes. In what follows, we present the two imaging modes used for exploring the antiferromagnetic order in BFO. We note that a third imaging mode will be introduced in Chapter 3 for the study of non-collinear spin structures in synthetic antiferromagnets.

In order to operate in the linear Zeeman shift regime (see § 1.2.1), a weak bias magnetic field B b is always applied to split the ESR lines. We then focus on the shift of one ESR line, e.g. ν `in Fig. 1.12, while scanning the sample. In the dual 'Iso-B' mode, two fixed microwave frequencies ν 1 and ν 2 chosen at the maximal slope of the ESR spectrum are applied consecutively at each point of the scan and the signal S " PLpν 2 q ´PLpν 2 q is recorded. This signal corresponds to the difference of PL intensities recorded for the two fixed microwave frequencies, ν 1 and ν 2 . As illustrated in Fig. 1.12, for a negative sign of the stray magnetic field (B NV ă 0), the ESR line is shifted to lower frequencies leading to S ą 0 while for a positive field (B NV ą 0), the ESR line is shifted to higher frequencies, leading to S ă 0. Although not fully quantitative, the dual 'Iso-B' imaging is very useful for preliminary characterization of magnetic field distributions. PL (a.u.)

Figure 1.12 : The dual Iso-B imaging mode. Two microwave frequencies ν 1 and ν 2 are applied consecutively at each point of the scan, and the signal S " P Lpν 2 q ´P Lpν 2 q is recorded. A magnetic field inducing a positive (resp. negative) shift of the ESR line leads to S ă 0 (resp. S ą 0).

To record a quantitative distribution of B NV , the 'Full-B' imaging mode is rather used. It consists of tracking one of the ESR frequencies (ν `or ν ´). At each point of the scan, the whole ESR spectrum is recorded and the magnitude of the stray field B NV is extracted from the Zeeman shift of the line. The acquisition time of a 'Full-B' image is ten times longer than the one of an 'Iso-B' image. Therefore, Iso-B images are usually performed prior to the quantitative images in order to uncover the zone of the sample that we desire to scan. These images are practical to extract dimensions such as the periodicity of the spin cycloid in BFO, owing to the short acquisition time that diminishes scanning drifts. In the following, scanning NV magnetometry will be the key tool used to explore the non-collinear antiferromagnetic order in BFO.

Real-space imaging of the antiferromagnetic order in BFO

The first real-space observation of the spin cycloid in BFO was realized during the PhD of Isabell Gross, using a thin (001)-oriented BFO film grown on a DyScO 3 (DSO) substrate [START_REF] Gross | Exploring Non-Collinear Spin Structures in Thin Magnetic Films with Nitrogen-Vacancy Scanning Magnetometry[END_REF]. Before showing the results, we first discuss qualitatively the expected magnetic field distributions (Fig. 1.13). 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution For a given variant of the ferroelectric polarization P, we have already indicated that three different propagation directions of the spin cycloid are possible; k 1 , k 2 and k 3 . Here we consider a polarization pointing along the [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] axis, so that k 1 r110s, k 2 r011s and k 3 r101s (Fig. 1.13(a)). As discussed in section § 1.1.2, a Dzyaloshinskii-Moriya interaction induces an uncompensated magnetic moment whose amplitude is modulated with a periodicity bounded to the spin cycloid. The resulting spin density wave generates a stray magnetic field whose distribution is linked to the cycloid propagation vector. Note that a detailed discussion about the origin of the stray field in BFO will be given in the next section ( § 1.3).

In order to discriminate between the three possible propagation directions, it is convenient to consider their projections on the sample surface, that corresponds here to a (001) plane. The k 1 propagation vector lies in the surface plane, making a 90 ˝angle with the in-plane projection of the polarization. The spin cycloid is then expected to produce an oscillating magnetic field along k 1 with a periodicity given by the one of the spin cycloid in the bulk, λ 1 " λ b " 64 nm (Fig. 1.13(c)). On the other hand, k 2 and k 3 propagation vectors are out of the sample plane, with an in-plane projection on the sample surface making an angle of 135 ˝and 45 ˝with the in-plane polarization, respectively (Fig. 1. 13(d,e)). In both cases, the periodicity of the stray field modulation is equal to the projection of the bulk cycloid wavelength on the (001) plane, leading to λ 2 " λ 3 " ? 2 λ b " 90 nm. The periodicity and the orientation of the magnetic field modulation can therefore be used to discriminate between the three possible propagation vectors of the spin cycloid. Typical magnetic field images recorded with the scanning NV magnetometer above a ferroelectric monodomain in a thin (001)-oriented BFO sample grown on a DSO substrate are shown in Fig. 1.14.

Origin of the stray magnetic field in BFO

Here a micron-sized ferroelectric domain with a well-defined polarization orientation was written by PFM (see Appendix A.2). The dual Iso-B image reveals a modulation of the stray magnetic field in a direction perpendicular to the in-plane projection of the ferroelectric polarization (Fig. 1.14(b)). This is the signature of a spin cycloid propagating with a wavevector k 1 . Linecuts across the magnetic image indicate a periodicity λ 1 " 70 ˘1 nm, a value slightly larger than the bulk value. This observation is attributed to a tiny strain imposed by the substrate.

A quantitative magnetic field image recorded in Full-B mode is shown in Fig. 1.14(c). It reveals an amplitude of the magnetic field modulation around ˘140 µT. Such a map can then be compared to the theoretical predictions in order to infer quantitative estimates of the uncompensated magnetic moments in BFO. This procedure, which has been an important part of my thesis work, is described in details in the next section.

Origin of the stray magnetic field in BFO

At the beginning of my PhD, it was commonly accepted that the spin cycloid in BFO was involving two different types of uncompensated moments: one linked to the "bare" cycloid, usually referred to as m eff , and the other one denoted m DM , resulting from a Dzyaloshinskii-Moriya interaction induced by the alternate rotation of the oxygen octahedra, that produces a spin density wave (SDW). This picture is actually wrong. Indeed, as discussed in section § 1.1.2, the "bare" cycloid, resulting only from the competition between the superexchange interaction and the magnetoelectric coupling, is perfectly compensated, so that m eff " 0 (see Fig. 1.15). This important point was verified by atomistic simulations performed by Théophile Chirac at SPEC, CEA, Gif-sur-Yvette, France. As a result, stray magnetic field is solely produced by the uncompensated moments of the SDW. For magnetic field calculations, we therefore consider only the modulated uncompensated moment m DM of the SDW, that can be expressed as 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution m DM pr 1 q " m DM cospk ¨r1 qpe k ˆeP q , (1.8)

P k 𝑒 ⃗ $ ×𝑒 ⃗ & 𝑒 ⃗ & 𝑒 ⃗ $ 𝐦 𝐃𝐌
where r 1 denotes the coordinate in the BFO crystal, e k and e P are orthogonal unit vectors, oriented along the cycloid propagation direction k, and the ferroelectric polarization P, respectively (see Fig. 1.15).

In this section, we study the stray magnetic field produced by such a distribution of uncompensated magnetic moments for different types of BFO crystals.

(001)-oriented BFO film

We begin by considering a (001)-oriented BFO crystal with a ferrolectric polarization oriented along the [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] axis and we calculate the stray magnetic field produced by a spin cycloid propagating along k 1 , i.e. along the [START_REF] Robledo | Spin dynamics in the optical cycle of single nitrogen-vacancy centres in diamond[END_REF] direction on the surface plane. The calculation for the other propagation directions (k 2 , k 3 ) is given in Appendix C. The cycloid rotates in the plane defined by P and k 1 , which makes an angle α " 35 ˝with the (001) surface, while the uncompensated magnetic moment points along the [START_REF] Bandiera | Comparison of Synthetic Antiferromagnets and Hard Ferromagnets as Reference Layer in Magnetic Tunnel Junctions With Perpendicular Magnetic Anisotropy[END_REF] axis.

The magnetization distribution used for the calculation is modeled by a vector M " m DM {V where V is the volume of the pseudo-cubic unit cell, and m DM is the uncompensated moment of the SDW defined by Eq. (1.8). A rotation matrix is first used to translate this magnetization into the laboratory frame of reference px, y, zq, in which the NV quantization axis is defined. Using Fourier analysis we then obtain the magnetic potential Φpx, y, zq on a horizontal plane (x, y) at a distance z above an infinite layer with a pseudo-cubic cell thickness a. The magnetic field produced by this monolayer (B mono ) is determined by taking the gradient of the potential Φpx, y, zq, i.e. B mono = -∇Φ. The details of the calculation can be found in Appendix C.

The magnetic field produced at a distance z above the surface of a monolayer can be expressed as

$ ' ' ' ' ' ' & ' ' ' ' ' ' % B mono x " `µ0 sinhpak 1 {2q ? 2V e ´k1 z m DM cos α sinpk 1 ¨rq B mono y " ´µ0 sinhpak 1 {2q ? 2V e ´k1 z m DM cos α sinpk 1 ¨rq B mono z " `µ0 sinhpak 1 {2q V e ´k1 z m DM cos α cospk 1 ¨rq (1.9)
Here a " 0.3965 nm denotes the pseudo-cubic cell parameter that is also the thickness of a monolayer, V is the volume of the unit cell, α is the angle that the cycloidal plane makes with the (001) sample surface, r is the coordinate of a point in the laboratory frame, and k 1 " 2π{λ is the wavenumber.

Origin of the stray magnetic field in BFO

Considering a BFO film with a thickness t, the total magnetic field (B total ) produced at a distance z " d NV above the sample surface is then calculated by summing up the contributions from all monolayers leading to

$ ' ' & ' ' % B total x " `A e ´k1 d NV sinpk 1 ¨rq B total y " ´A e ´k1 d NV sinpk 1 ¨rq B total z " `?2A e ´k1 d NV cospk 1 ¨rq (1.10)
where A "

« µ 0 ? 2V 1 ´e´k 1 t 1 ´e´k 1 a sinh ´ak 1 2 ¯ff m DM cos α .
Finally, this field is projected along the NV quantization axis in order to obtain an analytical formula which can be used to fit the experimental data recorded with NV magnetometry. Denoting (θ NV , φ NV ) the spherical angles of the NV defect axis in the laboratory frame, the magnetic field component B NV is therefore finally expressed as 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution Two important observations can be noted from this calculation. First, the NV defect is sensitive to very few layers of BFO, since the field detected from the first layer for both values of m DM is in the order of few microteslas. Second, in contrary to the common idea that NV magnetometry is only sensitive to the shallow layers of the studied sample, the calculation shows that the NV sensor probes typically the first 50 nm of the sample thickness.

B NV " B total x cos φ NV sin θ NV `Btotal y sin φ NV sin θ NV `Btotal z cos θ NV . ( 1 
Inferring m DM from a magnetic field distribution

Eq. (1.11) can be used to fit the experimental data in order to obtain a quantitative estimate of m DM . To this end, a linecut was taken across the magnetic field distribution recorded above a (001)-oriented thin BFO film, as shown in Fig. 1.17(a)). The fitting procedure leads to m DM " 0.22 ˘0.09 µ B for a cycloid propagating along k 1 (Fig. 1.17(b)). We note that the uncertainty mainly results from the imperfect knowledge of the NV-to-sample distance, as discussed in details in Ref. [START_REF] Gross | Exploring Non-Collinear Spin Structures in Thin Magnetic Films with Nitrogen-Vacancy Scanning Magnetometry[END_REF]. This value of m DM is much larger than the one reported in the literature to date. Indeed, high-resolution neutron diffraction experiments performed on a bulk BFO crystal revealed a maximum value of " 0.09 µ B . This discrepancy could have different origins. A first explanation could be an enhancement of the Dzyaloshinskii-Moriya interaction due to the abrupt broken inversion symmetry occurring at the sample surface, which cants the spins further from the cycloidal plane resulting in a larger uncompensated moment. A second explanation could be a modification of the cycloidal plane itself close to the surface. Indeed, so far we have only considered a cycloid rotating in the plane defined by the propagation vector k 1 and the polarization vector P r111s. It is commonly considered that this plane makes an angle α " 35 ˝with the surface plane. Recalling Origin of the stray magnetic field in BFO Eq. (1.10), we see that the term cos α intricates with the term m DM . To shed light on the impact of the cycloidal plane angle α on the magnetic field amplitude, we now fix m DM " 0.09 µ B , and we calculate the field B NV as a function of α (Fig. 1.18(b)). The result shows that for α " 0 ˝, the projection of the field on the NV quantization axis results in a maximum amplitude. Whereas, when α increases, the projected field amplitude decreases. This result can be explained by the fact that the SDW is contained in a plane perpendicular to the cycloidal one, and therefore, when the cycloid tends to be in the (001) surface plane (α " 0 ˝), the SDW is prone to be out-of-plane, and the measured field projected on the NV quantization axis is higher. Conversely, in the extreme case where the cycloid is completely out-of-plane (α " 90 ˝), the SDW lies in the surface plane and the NV defect does not sense any magnetic field (B NV " 0). Resonant X-ray elastic scattering measurements are currently performed for the determination of the cycloidal plane on the surface. Preliminary results showed that the cycloid does not rotate in the plane containing P and k. However, even if the cycloid is found completely in-plane for α " 0 ˝, the maximal field amplitude that can be obtained for m DM " 0.09 µ B , is still smaller than the experimental value. This result calls for further investigations of interfacial effects in BFO thin films. 

(111)-oriented BFO film

After having demonstrated that the magnetic stray field produced by (001)-oriented BFO is originating from the SDW, we now investigate the case of (111)-oriented BFO. In such crystals, one variant of the ferroelectric polarization is normal to the sample surface, and the three magnetic vectors are then contained in the surface plane, as shown in Fig. 1.19. In this case, given that the SDW is transverse to the cycloidal plane defined by the polarization and the propagation vector, the uncompensated moment 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution lies in the surface plane. It is equivalent to the configuration with α " 90 ˝discussed in the previous section. As a result, the SDW is not producing stray magnetic fields for a ferroelectric polarization pointing out of the surface plane. However, another source of magnetic stray field comes into play in this particular geometry. If we consider the Fe moments to be positioned in a G-type arrangement on the corners of a cube, the lateral view of a ( 111)-oriented lattice shows that consecutive Fe planes are simply ferromagnetic layers that are coupled antiferromagnetically, as illustrated in Fig. 1.20(a). However, in reality the spins are rotating into an incommensurate spin cycloid in each of the [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] ferromagnetic planes, which are separated by a distance a ? 3

3 . The cycloid in a given ferromagnetic layer produces a stray magnetic field which is not perfectly compensated by the subsequent layer owing to the slight vertical shift between them. In consequence, the NV center in that case detects the difference of the magnetic fields produced by the pure spin cycloid in consecutive layers shifted by a ? 3

3 .

An analytical calculation similar to the one described in § 1.3.1 was performed to infer the stray magnetic field produced by the spin cycloid in a single layer of a (111)-oriented BFO crystal. The details of the calculation can be found in Appendix C. Here we consider a spin cycloid propagating along the y axis in the laboratory frame. The magnetic field components at a distance z above a monolayer are given by

$ ' ' ' ' ' & ' ' ' ' ' % B mono x " 0 B mono y " `2µ 0 M s e ´k1 z sinh ˆk1 a ? 3 6 ˙cospk 1 yq B mono z " ´2µ 0 M s e ´k1 z sinh ˆk1 a ? 3 6 ˙sinpk 1 yq (1.12)
where a is the lattice parameter, M s " 4.1µ B {a 3 is the effective magnetization per Fe atom, and k 1 " 2π{λ 1 is the wavenumber of the spin cycloid.

Origin of the stray magnetic field in BFO By summing the magnetic fields produced by each layer at a distance z " d NV `n a ? 3

3 with n " 1, ..., N , where N is the total number of layers, and by changing the sign of the magnetic field from one layer to the next, the following relation is obtained

$ ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' & ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' % B total x " 0 B total y " `2µ 0 M s e ´k1 d NV sinh ˆk1 a ? 3 6 ˙» - - - - 1 ´ˆ´e ´k1 a ? 3 3 ˙N 1 `e´k 1 a ? 3 3 fi ffi ffi ffi fl cospk 1 yq B total z " ´2µ 0 M s e ´k1 d NV sinh ˆk1 a ? 3 6 ˙» - - - - 1 ´ˆ´e ´k1 a ? 3 3 ˙N 1 `e´k 1 a ? 3 3 fi ffi ffi ffi fl sinpk 1 yq (1.13)
1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution Using Eq. (1.13), the sum of the magnetic field B NV resulting from the addition of consecutive layers up to N " 300 layers was calculated, and is represented in Fig. 1.20(b). The curve shows that the field measured from the first surface layer is considerable (" 130 µT). However as soon as a second layer is added, the magnetic fields with opposite signs emanating from the spin cycloids in the two consecutive layers compensate, and only a small field is measured due to the slight vertical shift between the layers. In consequence, the field amplitude alternates from a maximum for an odd number of layers, to a minimum for an even number of layers, and finally converges to a constant amplitude as the total number of layers exceeds N " 200.

Real-space imaging of the spin cycloid in a (111)-oriented BFO thin film

To verify these predictions, a (111)-oriented BFO film with a thickness around " 50 nm, provided by our collaborators at Unité Mixte de Physique CNRS/Thales, was imaged using scanning NV magnetometry. Preliminary characterization with PFM indicates a large, single ferroelectric domain with a polarization P normal to the surface plane (Fig. 1.21(a,b)). Although the three cycloid propagation directions are fully equivalent for such a geometry, an Iso-B image recorded with the NV magnetometer indicates a cycloid propagating along a single direction with a characteristic wavelength " 75 nm, slightly larger than the bulk value (Fig. 1.21(c)).

Next, a quantitative analysis was performed. A typical Full-B image is shown in Fig. 1.21(d). A stray magnetic field with a maximum amplitude around " 70 µT is observed. Using Eq. (1.13), the magnetic stray field profile was calculated for a 50 nm-thick film. The result of the calculation is shown in Fig. 1.21(e). A good agreement with the experimental data is obtained, which confirms that the magnetic field generated by [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF]-oriented BFO mainly originates from the slight vertical shift between ferromagnetic (111) planes.

Resonant elastic X-ray scattering (REXS)

In addition to the local real-space observation of this single cycloid, macroscopic measurements in the reciprocal space were also performed using resonant elastic X-ray scattering (REXS) at the synchrotron SOLEIL on the SEXTANTS beamline in collaboration with Nicolas Jaouen [START_REF] Jaouen | An apparatus for temperature-dependent soft X-ray resonant magnetic scattering[END_REF]. REXS allow the study of complex charge, spin and orbital spatial modulations at the nanoscale. Close to an absorption edge, soft X-rays induce virtual excitations from core to valence states in transition metals. These excitations strongly depend on the electronic and magnetic structures, i.e. the ordering of charges and spins forming superlattices having nanometer-sized wavelengths which matches the X-ray photons energy.

In order to obtain information on the magnetization profile of the sample, the tunability and the polarization of the synchrotron light are exploited. A circularly polarized beam is used to retrieve the phase information of the scattered light. In the presence of chiral magnetic structures, the difference between left and right circularly polarized light gives a signal that can be plotted as a dichroic diffracted pattern, where the blue and red colors correspond respectively to positive and negative dichroism. To increase the sensitivity to spin ordering, the light is tuned to the so-called L-edges of transition metals Origin of the stray magnetic field in BFO that involve 2p Ñ 3d transitions. In BFO, the magnetic periodicity of the spin cycloid gives rise to a 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution diffracted pattern at the Fe resonant L-edge revealing the distribution of the magnetic moments in the crystal [START_REF] Van Der Laan | Soft X-ray resonant magnetic scattering of magnetic nanostructures[END_REF].

The principle of the experiment is illustrated in Fig. 1.22(a). The measurement was performed in reflectivity geometry, where a circularly polarized X-ray beam is sent to the [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF]BFO sample surface at an angle θ, and is scattered elastically at the same angle θ with the surface. The incident and reflected beams define the incident plane. Q x and Q y are therefore the directions in the reciprocal space defined relative to the incident plane. A diffraction pattern, signature of the spatial modulation of the magnetic vector in the sample is obtained and is shown in Fig. 1.22(b). A set of spots can be seen, and correspond to only one family of cycloid along a single propagation direction, which confirms our NV magnetometry image. Although the three magnetic domains are degenerate, the REXS result shows that only one magnetic vector is present in all the film. This can be explained by an in-plane anisotropy induced by the substrate, that lifts the magnetic degeneracy and favors only one propagation direction in the whole film. As a remark, we stress that such a (111)-oriented BFO thin film appears as an ideal system for future studies of magnetoelectric coupling because it displays a unique magnetic domain in a single, large ferroelectric monodomain with a polarization normal to the sample surface. Such a situation is quite unique in BFO. 

Highly strained (001)-oriented BFO film

So far, we have only considered the stray magnetic field produced by the cycloidal spin order. However, the cycloid in BFO can be destroyed either by applying a large magnetic field (ą 20 T), or under a high Origin of the stray magnetic field in BFO level of strain in an epitaxial BFO thin film [START_REF] Popov | Discovery of the linear magnetoelectric effect in magnetic ferroelectric BiFeO 3 in a strong magnetic field[END_REF][START_REF] Bai | Destruction of spin cycloid in (111) c -oriented BiFeO 3 thin films by epitiaxial constraint: Enhanced polarization and release of latent magnetization[END_REF]. In this section we inspect the field detected by NV magnetometry for a highly strained (001)BFO film.

For high strain levels, the cycloid in BFO collapses, and the SDW turns into a uniform uncompensated moment resulting from a tiny canting of the Fe spins. For a given ferroelectric polarization variant, the symmetry of the crystal allows three different directions of the uncompensated moment, defining thus three canted antiferromagnetic domains, as illustrated in Fig. 1.23(a). Here, the Fe moments are portrayed as compensated for simplification, but in reality they are slightly canted due to the Dzyaloshinskii-Moriya interaction. In order to visualize the different directions of the uncompensated moment, we consider their projections on the ( 111 In a single ferroelectric domain, the coexistence of two or three different magnetic domain types is possible [START_REF] Chauleau | Multi-stimuli manipulation of antiferromagnetic domains assessed by second-harmonic imaging[END_REF]. A uniformly magnetized domain does not produce a stray field, it is only the rotation of the magnetic moments or the breaking of translational symmetry that create a stray magnetic field.

1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution Two scenarios, in which a magnetic stray field can rise on the sample surface, are therefore likely. The first one, is the rotation of the uncompensated moment occurring at an antiferromagnetic domain wall (Fig. 1.24(a)). The second one is the breaking of the translational symmetry on the edge of a step (Fig. 1.24(b)). Magnetic simulations were then conducted to compare the magnetic field distribution produced in both scenarios. We consider for the case of a domain wall, two blocks with uniform magnetizations, D 1 along r112s and D 2 along r211s as sketched in Fig. 1.24(a). The film thickness and the uncompensated moment are taken to be 70 nm and 0.02 µ B , respectively. The result of the calculation is shown in Fig. 1.24(c). A stray field B NV with a maximum amplitude around " 500 µT is obtained above the magnetic domain wall localized at x " 0. In the case of a step, we use the same parameters for a uniform magnetization D 1 , but we introduce a step of 2 nm height at x " 0. The resulting magnetic field distribution is shown in Fig. 1.24(d). A maximum amplitude around " 10 µT is obtained. This value is much smaller than the one generated by domain walls. We can therefore exclude the magnetic field contribution from topographic steps on the sample surface. In the previous simulations, the field was calculated for one type of domain walls. However, in a ferroelectric monodomain, the coexistence of two or the three different antiferromagnetic domain types Origin of the stray magnetic field in BFO is possible, which makes the interpretation of magnetic field distribution highly complex. A graph comparing the magnetic field distribution produced by three different types of domain walls, namely (D 1 {D 2 ), (D 1 {D 3 ) and (D 2 {D 3 ), is shown in Fig. 1.25. The calculations show that for the three combinations, the amplitude of the field is in the same order. As a result, NV magnetometry cannot discriminate between different types of canted antiferromagnetic domain walls in BFO. Moreover, given that the magnetic field profiles spread over few hundreds of nanometers around the domain wall position (x " 0 nm), the magnetic field produced by consecutive domain walls overlap as soon as the domain size is smaller than 500 nm. However, it is still possible in this case to locate approximately the position of the domain walls using zero-field contours in the magnetic map.
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Imaging antiferromagnetic domains in highly-strained (001)-oriented BFO

To illustrate these predictions, a highly strained (001)-oriented BFO thin film with a 70 nm thickness was studied with NV magnetometry. A single ferroelectric domain was designed on the BFO thin film using PFM (Fig. 1.26(a)). A quantitative magnetic field distribution recorded above this ferroelectric domain is shown in Fig. 1.26(b). The magnetic image displays a landscape of zones having positive and negative field amplitudes up to 500 µT, corresponding to the stray field produced by canted antiferromagnetic domain walls. The typical size of the magnetic domains is around 200 nm, meaning that the domain walls are close enough, such that the stray fields produced by different walls overlap. This explains why the field does not cancel inside the domains that are uniformly magnetized. In this case, the zero-field contours roughly indicate the position of the domain walls (see black dashed line in Fig. 1.26(b)). As already mentioned before, inside the ferroelectric monodomain, the three domain wall 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution types are possible. Therefore, it is extremely difficult to distinguish from the quantitative NV image, whether the observed domain walls correspond to (D 1 {D 2 ), (D 1 {D 3 ) or (D 2 {D 3 ). This is one limitation of NV magnetometry: for a single magnetic map, we could attribute a countless number of magnetization distributions. 

Summary

In this section, we have studied the origin of the stray magnetic field in different types of BFO samples. We have shown that:

• For a (001)-oriented BFO sample, the field is solely produced by the uncompensated magnetic moment m DM of the SDW. By comparing quantitative magnetic field distributions with theoretical calculations, we have shown that the amplitude of the uncompensated moment m DM can be inferred;

• For a (111)-oriented BFO film, the stray magnetic field originates from the vertical shift between compensated ferromagnetic (111) layers sustaining the spin cycloid. In this case, the SDW is lying in the surface plane and thus does not produce stray magnetic fields. In addition, we have shown that a (111)-oriented BFO thin film is a unique system, for which the native single ferroelectric domain displays a single cycloid state all over the film;

• For a highly-strained BFO film, the stray magnetic field originates from the domain wall separating two canted antiferromagnetic domains. While NV magnetometry enables to localize the position of domain walls, it is currently not possible to discriminate between the different types of canted antiferromagnetic domains.

Imaging multiferroicity in a single (001)-oriented BFO crystal

After having had a panoramic view on the different origins of the stray magnetic field in BFO films, we now image the antiferromagnetic textures in a single BFO crystal, where the strain is fully relaxed and the magnetic images are expected to be simple.

To this end, a high-quality millimeter-sized (001)-oriented bulk BFO crystal grown by the Bi 2 O 3 -Fe 2 O 3 flux method was provided by Michel Viret and Jean-Yves Chauleau from SPEC, CEA, Gif-sur-Yvette, France. The crystal was imaged using two complementary microscopy techniques. PFM was first used to reveal the ferroelectric polarization in the crystal and scanning NV magnetometry was then exploited to unveil the corresponding magnetic spin textures. In order to correlate PFM and NV images, gold markers were deposited on the BFO surface by laser lithography in addition to the stripline used for microwave excitation in NV magnetometry (see inset in Fig. 1.27(b)). The preparation of the sample and PFM measurements were carried out by Stéphane Fusil and Vincent Garcia at the Unité Mixte de physique CNRS/Thales, Palaiseau, France. The out-of-plane PFM image shown in Fig. 1.27(a) indicates a large bright ferroelectric monodomain with a polarization pointing downwards, crossed by few micrometers-wide dark stripes with an upward polarization. The homogeneous in-plane PFM image reveals that the two polarization variants have the same in-plane component (Fig. 1.27(b)). In fact, a single ferroelectric/ferroelastic domain is foreseeable in a BFO crystal owing to the low growth temperature used in the flux method. In general, most of BFO crystals synthesized by the flux method at temperatures lower than the ferroelectric phase transition (" 1100 K), usually have 1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution a single ferroelectric domain [START_REF] Lebeugle | Electric-Field-Induced Spin Flop in BiFeO 3 Single Crystals at Room Temperature[END_REF]. The slight presence of the upward polarization component is related to topographic inhomogeneities.

Quantitative analysis of the SDW in bulk BFO

After having identified the ferroelectric state of the sample, the magnetic order was imaged using scanning NV magnetometry. A magnetic image recorded using the dual Iso-B mode above the majoritary ferroelectric domain pointing downwards is shown in Fig. 1.28(b). The image reveals a modulated magnetic field, which is a fingerprint of the spin cycloid. As discussed in § 1.2.3, the propagation direction of the spin cycloid can be identified by the angle it makes with the in-plane projection of the ferroelectric polarization. Here, an angle of 45 ˝indicates an out-of-plane cycloid propagation along k 3 . This is further supported by the periodicity of the cycloid " 92 nm, which is consistent with a cycloid propagating along k 3 with an in-plane projection λ 3 " ? 2 λ b " 90 nm. Although the rhombohedral symmetry allows in principle three equivalent propagation directions of the cycloid in bulk BFO, we observe in this image only one of the three directions, as already reported for a single BFO crystal in Ref. [START_REF] Lebeugle | Electric-Field-Induced Spin Flop in BiFeO 3 Single Crystals at Room Temperature[END_REF].

A quantitative analysis was then performed in order to extract a value of the uncompensated moment m DM of the SDW in bulk BFO. A quantitative Full-B image was recorded on the same zone as the Iso-B image, as shown in Fig. 1.28(d). The image displays a modulated magnetic field with an amplitude around ˘85 µT. Using the same analytical procedure as the one described in § 1.3.1, the magnetic field components were calculated for a spin cycloid propagating along k 3 (see Appendix C for details). These components are expressed as
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where A "

« µ 0 ? 6V sinh ´ak 3 2 ? 2 ¯ff m DM .
Such field components are then projected along the NV quantization axis in order to obtain an analytical function for B NV . Fitting a linecut of the magnetic field distribution along the cycloid propagation with this function leads to m DM " 0.09˘0.03 µ B (Fig. 1.28(e)). This value is similar to the one reported in the literature for bulk BFO crystals [START_REF] Ramazanoglu | Local Weak Ferromagnetism in Single-Crystalline Ferroelectric BiFeO 3[END_REF] and is much smaller than the one obtained in the case of a cycloid propagating along k 1 in a (001)-oriented BFO thin film grown on a DSO substrate, m DM " 0.22˘0.09 µ B (see § 1.3.1). We will also see in the next chapter ( § 2.3.2), that in the case of a (001)-oriented BFO thin film grown on a GdScO 3 (GSO) substrate, the spin cycloid propagating out-of-plane along k 2 is characterized by an uncompensated moment close to the one obtained on bulk BFO.

Imaging multiferroicity in a single (001)-oriented BFO crystal

In-plane PFM Out-of-plane PFM These results could be explained by considering that the Dzyaloshinskii-Moriya interaction is enhanced for a spin cycloid that propagates in the surface plane (i.e. along k 1 ) rather than in the depth of the crystal (i.e. along k 2 , k 3 ). However, further experiments are required to conclude.

1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution

Multi-Q state in a ferroelectric monodomain

We now investigate if a single spin cycloid propagation is obtained in the whole ferroelectric domain, as observed for the (111)-oriented thin film discussed in § 1.3.2. Imaging multiferroicity in a single (001)-oriented BFO crystal

Degeneracy of k

The three different cycloid variants can thus be observed simultaneously in a single ferroelectric domain of a bulk BFO crystal. Furthermore, it is noticed that in a zone between the k 1 and the k 2 domains at the bottom left corner of the magnetic image, the rotation of the wavevector is accomplished continuously.

Continuous transition of the magnetic vector k

To scrutinize such a peculiar continuous transition, another zone of the ferroelectric monodomain was imaged. Fig. 1.30(a) shows a cycloidal pattern that features a swirling of the wavevector k. To better understand the complex magnetic image observed, a fast Fourier transform (FFT) of the Iso-B image was performed. As shown in Fig. 1.30(b), the FFT displays an ellipse resulting from the continuous transition of the k vector. Furthermore, six main satellites can be observed on the FFT pattern, which are linked to the three propagation directions. The vector that coincides with the major axis of the ellipse is associated to k 1 , while the two other axes making a 45 ˝angle with k 1 are associated to k 2 and k 3 . The spots corresponding to the k 1 vector are less intense than the ones corresponding to the other two vectors, which results from the dominance of k 2 and k 3 variants in the magnetic images. The diffusion of the spots is related to an inhomogeneity of the periodicity of the cycloid. However, all these observations are only limited to the scanned area, and cannot be generalized over the whole sample. To gain a better understanding on the magnetic order in the crystal, resonant elastic X-ray scattering (REXS) measurements, which are averaging over a wide zone of the crystal surface, are currently performed at the synchrotron SOLEIL. In addition, high-resolution neutron diffraction experiments are planned in order to probe the magnetic order far from the sample surface. These complementary experiments will enable to assess if the complex magnetic order observed in bulk BFO is solely arising at the sample surface.

1. Imaging the multiferroic orders in BiFeO 3 with nanoscale spatial resolution

Magnetic imaging on a ferroelectric domain wall

To close this section, we show a preliminary study of the magnetic order in a region of the sample featuring ferroelectric domain walls. The out-of-plane PFM image is shown in Fig. 1.31(a). A needle-like ferroelectric domain with a polarization pointing upward is localized in between two domains with downward polarization. As already mentioned in the introduction of this section, vectorial PFM measurements indicate that the two polarization variants have identical in-plane components (see Fig. 1.27(b)).

μm

Out-of-plane PFM An Iso-B image recorded across the needle is shown in Fig. 1.31(b). In the ferroelectric domains with downward polarization, the spin cycloid propagates along the same direction k 3 . At the ferroelectric domain walls, the spin cycloid suddenly rotates by 90 ˝. To understand this result, we consider the different expected magnetic field distributions on a domain wall that separates two ferroelectric domains with parallel in-plane polarizations. Three magnetic configurations are possible as sketched in Fig. 1. 31(ce). The 90 ˝rotation observed in the magnetic image, can only be explained by a switching of the propagation direction from k 3 to k 2 (Fig. 1.31(e)). The magnetic switching on ferroelectric domain walls is abrupt and sharp, unlike the one observed in a single ferroelectric domain. This is a demonstration Conclusion that the magnetic order can be modified by controlling the ferroelectric landscape. This point will be addressed in more details in the next chapter.

The experiments reported in this section indicate that the magnetic order in bulk BFO is rather chaotic and much more complex than expected. Further investigations are needed to gain a better understanding of the interplay between ferroelectric and magnetic properties in such crystals.

Conclusion

In this chapter we demonstrated that NV magnetometry is a powerful imaging tool for studying the antiferromagnetic order at the nanoscale in BFO. This technique allowed us to extract interesting quantities such as the amplitude of the uncompensated moment of the SDW, and to visualize in real space the intimate link between the magnetic and the ferroelectric orders in BFO.

In order for BFO and other multiferroics to make their way into spintronic device applications, the thin film architecture must be employed. The next chapter will address the control of the antiferromagentic order in thin BFO films using epitaxial strain and electric field. The full potential of our imaging tools, PFM microscopy, combined to the high magnetic sensitivity and the nanoscale spatial resolution of NV magnetometry, will be exploited to their extent to image a wide variety of reconfigurable antiferromagnetic spin textures in multiferroic BFO thin films. The future development of spintronic devices based on antiferromagnetic materials will require efficient handling of the antiferromagnetic order with external stimuli. While spin textures in ferromagnetic materials are conventionally tweaked by a magnetic field, antiferromagnets are intrinsically insensitive to external magnetic fields, thus calling for alternative control knobs to manipulate their magnetic order [START_REF] Baltz | Antiferromagnetic spintronics[END_REF]. In this context, current-induced manipulation of the magnetic order has been recently reported in non-centrosymmetric metallic antiferromagnets, such as CuMnAs [START_REF] Wadley | Electrical switching of an antiferromagnet[END_REF] and Mn 2 Au [START_REF] Godinho | Electrically induced and detected Néel vector reversal in a collinear antiferromagnet[END_REF][START_REF] Bodnar | Writing and reading antiferromagnetic Mn 2 Au by Néel spin-orbit torques and large anisotropic magnetoresistance[END_REF]. Although promising, this approach still requires large current densities and only a small fraction of antiferromagnetic domains are actually switched [START_REF] Grzybowski | Imaging Current-Induced Switching of Antiferromagnetic Domains in CuMnAs[END_REF]. Furthermore, the switching mechanism remains debated, and it is not yet clear whether it results from spin-orbit torques or from the heat generated by the current flow [START_REF] Chiang | Absence of Evidence of Electrical Switching of the Antiferromagnetic N\'eel Vector[END_REF]. An optimal control of antiferromagnetic materials would demand low current densities -ideally no current at all -to manipulate their magnetic order. To this end, one solution is to rely on strain actuation with a piezoelectric material. It was recently shown that this approach can provide an efficient control of antiferromagnetic memories with low power consumption [START_REF] Chen | Electric field control of Néel spin-orbit torque in an antiferromagnet[END_REF][START_REF] Yan | A piezoelectric, strain-controlled antiferromagnetic memory insensitive to magnetic fields[END_REF]. With this application in mind, we investigate in this chapter the impact of strain on the antiferromagnetic order in BFO thin films.

In BFO thin films, the strain level, which will be denoted as in the following, can be efficiently controlled by epitaxial growth on a substrate with a lattice mismatch (Fig. 2.1(a)). The availability of a large number of commercial substrates with diverse miscuts and orientations allows a fine tuning from compressive ( ă 0) to tensile strain ( ą 0). Depending on the strain level, growth conditions and crystal orientation, the magnetic state of BFO thin films can either show different types of non-collinear spin cycloids, canted G-type antiferromagnetic orders, or even a mixture of these [START_REF] Sando | Crafting the magnonic and spintronic response of BiFeO 3 films by epitaxial strain[END_REF][START_REF] Agbelele | Strain and Magnetic Field Induced Spin-Structure Transitions in Multiferroic BiFeO 3[END_REF].

Magnetic phase diagram of strained BFO thin films

An in-depth study of the effect of epitaxial strain on the magnetic order in (001)-oriented BFO thin films was conducted by Sando et al. [START_REF] Sando | Crafting the magnonic and spintronic response of BiFeO 3 films by epitaxial strain[END_REF]. By combining Mössbauer spectroscopy and calculations based on Landau-Ginzburg's theory, the authors constructed the magnetic phase diagram shown in Fig. 2.1(b). This diagram indicates that the magnetic order experiences complex transformations when the lattice mismatch between BFO and the growth substrate evolves from compressive to tensile strain. Three different magnetic phases can be identified.

At high strain levels, both compressive ( ă ´1.6%) and tensile ( ą `0.5%), the spin cycloid is suppressed, leading to the stabilization of a pseudo-collinear G-type order characterized by canted antiferromagnetic domains. In this case, the antiferromagnetic vector is predicted in the film plane for compressive strain, whereas for tensile strain, it is prone to be out-of-plane. For a slight compressive strain such that ´1.6% ă ă 0, a spin cyloid similar to the one of the bulk is stabilized, with three equivalent wavevectors lying in a p111q plane perpendicular to the ferroelectric polarization. This cycloidal spin configuration, which was discussed in details in the previous chapter, is referred to as cycloid type I in Fig. 2.1(b). Interestingly, for a narrow range of tensile strain such that 0 ă ă `0.5%, the magnetic phase diagram suggests the stabilization of an exotic spin cycloid with wavevectors contained in a p 110q plane. This result was recently supported by neutron diffraction experiments on Co-doped BFO films with a low tensile strain, where the propagation vector of the spin cycloid was found along the r11 2s direction [START_REF] Burns | Expansion of the spin cycloid in multiferroic BiFeO 3 thin films[END_REF]. This exotic cycloidal order is commonly referred to as cycloid type II.

To date, the impact of strain on the magnetic order in BFO thin films has been solely studied by experimental techniques providing an averaged information over the whole sample volume, such as Mössbauer spectroscopy or neutron diffraction. In this chapter, we use PFM and scanning NV magnetometry to explore the strain-dependent interplay between the ferroelectric and antiferromagnetic orders in BFO at the nanoscale. The chapter is organized as follows. A first section describes the fabrication and the structural characterization of BFO thin films with well-defined strain levels [ § 2.1]. In a second section, the magnetic phase diagram of strained BFO thin films is investigated with scanning NV magnetometry [ § 2.2]. We reveal at the local scale how strain stabilizes different types of spin cycloids (type I and type II) as well as pseudo-collinear G-type orders. Interestingly, we show that a type II cycloidal order can be stabilized for compressive strain, in contrast with the theoretical predictions shown in Fig. 2.1(b). In a last section [ § 2.3], we finally demonstrate that electric-field control of the ferroelectric landscape can be used to modify the antiferromagnetic order in BFO thin films. [START_REF] Sando | Crafting the magnonic and spintronic response of BiFeO 3 films by epitaxial strain[END_REF]. This diagram shows how the energies of different magnetic phases in BFO thin films evolve with the strain level. Three different phases can be stabilized: the G-type antiferromagnetic phase (blue), the bulk-like cycloid type I (red) and the exotic cycloid type II (orange).

Engineering strain in BFO thin films

In this section, we briefly describe the fabrication of a family of (001)-oriented BFO thin films with different levels of strain, and we discuss their structural and ferroelectric properties. This part of the work was done by Johanna Fischer, Cécile Carrétéro, Stéphane Fusil and Vincent Garcia at the Unité Mixte de physique CNRS/Thales. More details can be found in the thesis of Johanna Fischer.

Epitaxial growth by pulsed laser deposition

BFO thin films were grown by pulsed laser deposition (PLD). A KrF excimer laser (248 nm) with a fluence of 1 J/cm 2 was focused on a BFO target in an oxygen atmosphere. Laser pulses (" ns) vaporize

Engineering strain in BFO thin films matter from the target, creating a plasma plume which provides a material flux for the deposition of thin films on a substrate [START_REF] Eason | Pulsed Laser Deposition of Thin Films: Applications-Led Growth of Functional Materials[END_REF]. A large variety of substrates were used to tune the strain in BFO thin films, namely NdGaO 3 (NGO), SrTiO 3 (STO), DyScO 3 (DSO), TbScO 3 (TSO), GdScO 3 (GSO), SmScO 3 (SSO) and NdScO 3 (NSO). When grown on these substrates, the BFO film adapts to the underlying crystallographic structure, leading to a strained, monoclinic phase.

Prior to the BFO growth, a thin SrRuO 3 (SRO) bottom electrode (3 ´5 nm) was always deposited on the substrate, as sketched in Fig. 2.2(a). This thin buffer electrode, which has a close lattice match with BFO as well as the aforementioned substrates, is used to perform PFM measurements. The SRO electrode was grown at 660 ˝C under 0.2 mbar of oxygen pressure with a laser repetition rate of 5 Hz. The substrate pins its crystallographic structure into the thin SRO layer. The BFO film (30 ´60 nm) was subsequently deposited at the same temperature under 0.36 mbar of oxygen pressure and a repetition rate of 2 Hz. Following the growth of the epitaxial heterostructure, the samples were cooled down to room temperature under an oxygen pressure of 300 mbar. The topography of all BFO thin films was imaged using atomic force microscopy (AFM). A typical AFM image is shown in Fig. 2 

Structural characterization of strained BFO thin films

The structural properties of the BFO thin films were determined by X-ray diffraction (XRD) measurements using a Panalytical Empyrean diffractometer. The experiment consists of an X-ray source, which is focused on the sample with an angle ω. The diffraction angle, 2θ, is defined between the incident beam and the detector, as sketched in Fig. 2.3(a). In the symmetric Bragg-Brentano geometry, the position of the detector always fulfills the condition ω " θ. This configuration probes scattering vectors q perpendicular to the sample surface, which are linked to the out-of-plane lattice parameters of the sample. In practice, symmetric diffraction patterns, commonly referred to as 2θ-ω scans, are obtained by rotating simultaneously the X-ray source and the detector. Examples of 2θ-ω scans recorded for BFO thin films 2. Strain and electric-field control of antiferromagnetic spin textures in BFO thin films grown on various substrates are shown in Fig. 2.3(b). These diffraction patterns indicate that all films are single phase with a monoclinic (001) orientation. The high epitaxial quality of the films is further attested by the presence of Laue fringes around the (001) BFO peaks. We note that the periodicity of Laue fringes enables to infer the thickness of the films, which lies in the range of [START_REF] Gross | Direct measurement of interfacial Dzyaloshinskii-Moriya interaction in X|CoFeB|MgO heterostructures with a scanning NV magnetometer[END_REF] Interestingly, the position of the (001) BFO peak evolves from the left to the right of the substrate (001) peak upon increase of the in-plane pseudo-cubic lattice parameter of the substrate, going from compressive (for the film grown on STO, extreme left panel in Fig. 2.3(b)) to tensile strain levels (for the film grown on SSO, extreme right panel in Fig. 2.3(b)). This observation is a first indication of the strain level in the sample.

To obtain more quantitative information of the strain level, the in-plane monoclinic distortion of the BFO lattice must be precisely characterized. To this end, asymmetric diffraction measurements need to be performed in order to infer a two-dimensional mapping in reciprocal space. Reciprocal space maps (RSMs) measurements and their analyses are described in details in the thesis of Johanna Fischer. Two valuable information can be inferred from this study. First, RSMs indicate that all BFO thin films are fully strained by the substrate, with only two ferroelastic variants of the BFO monoclinic phase. Second, these measurements enable to calculate the monoclinic cell parameters of each BFO film. Using such parameters, the strain level can be estimated by comparing the average in-plane lattice parameter with the volume of the unit-cell. The evolution of the strain level as a function of the substrate is summarized in Fig. 2.3(c). It evolves from " ´2.9% compressive strain to " `0.9% tensile strain, which enables to explore the full magnetic phase diagram of BFO.

Ferroelectric properties

The out-of-plane and in-plane variants of the ferroelectric polarization were identified in each BFO sample using PFM (Fig. 2.4). For all the samples, the as-grown out-of-plane polarization is pointing downward (Fig. 2.4(a)), as a result of the poling effect induced by the SRO bottom electrode [START_REF] Chu | Domain Control in Multiferroic BiFeO 3 through Substrate Vicinality[END_REF]. Except for the BFO samples grown on NGO and NSO, which feature the largest strain levels (see Fig. 2.3(c)), the in-plane PFM images always display a striped-domain structure with two in-plane ferroelectric variants (Fig. 2.4(b)), that correspond to the two elastic domains observed in reciprocal space maps. Furthermore, vectorial PFM measurements indicate that the ferroelectric landscape is a periodic array of 71 ˝ferroelectric domain walls. As a result, the in-plane projections of the two polarization variants are orthogonal, as sketched in Fig. 2.4(c). This highly ordered ferroelectric landscape greatly simplifies the exploration and interpretation of the magnetic configuration for each ferroelectric domain, as will be shown in § 2.2. 

Summary of the studied samples

Before closing this section, we briefly discuss the position of each BFO sample within the straindependent magnetic phase diagram shown in Fig. 2.1(b). The following observations can be inferred:

• For the BFO samples grown on DSO ( " ´0.35%) and TSO ( " ´0.10%), a bulk-like type I spin cycloid should be stabilized;

• The BFO sample grown on GSO results in a slight tensile strain ( " `0.05%), which is lying at the border of the transition between a type I and a type II spin cycloid;

• The sample grown on SSO ( " `0.50%) is around the transition between a spin cycloid type II and a canted G-type antiferromagnetic phase;

• Conversely, the sample grown on STO results in a compressive strain ( " ´1.35%) close to the transition between a type I spin cycloid and a canted G-type antiferromagnetic phase;

• Finally, for the BFO samples grown on NSO ( " `0.93%) and NGO ( " ´2.9%), a canted G-type antiferromagnetic phase is expected.

With this set of samples, distinguishable only by their strain level, we now explore the strain-dependent magnetic phase diagram of BFO thin films using scanning NV magnetometry.

A journey into the antiferromagnetic spin textures in strained BFO thin films

Throughout this section, the scanning NV magnetometer is operated in the dual Iso-B imaging mode to identify, in real space, the antiferromagnetic order in strained BFO thin films.

Type I spin cycloid

We start by studying (001)-oriented BFO samples grown on DSO and TSO, which are characterized by a low compressive strain. In this case, the magnetic phase diagram indicates the stabilization of a bulk-like, type I spin cycloid.

We begin by discussing qualitatively the expected magnetic field distributions for a BFO film with striped ferroelectric domains associated with orthogonal in-plane polarizations, as shown in Fig. 2

.4(c).

To this end, we recall in Fig. 2.5(a,b) the three possible propagation directions of the type I spin cycloid (k 1 , k 2 , k 3 ) for a given ferroelectric polarization variant, and their projections on the surface with respect to the in-plane polarization vector P. As discussed in details in the previous chapter, for (001)-oriented BFO samples the stray field is produced by the uncompensated magnetic moment of a SDW bounded to the spin cycloid. The magnetic field distributions that are foreseen when the in-plane polarization vector rotates by 90 ˝are sketched in Fig. 2.5(c-h). Two different situations can be envisioned. First, the cycloid propagation variant k i can be identical in the two ferroelectric domains. In that case, the propagation of the spin cycloid rotates by a 90 ˝angle at the ferroelectric domain wall, as depicted in Fig. 2

.5(c-e).

Here the k 1 propagation vector, which lies in the surface plane, is the only variant ensuring a smooth connection of the spin cycloid at the ferroelectric domain wall (see Fig. 2.5(c)). Second, the cycloid propagation vector can be switched from k i to k j in consecutive ferroelectric domains. The expected magnetic field distributions for these configurations are shown in Fig. 2.5(f-h). The only case allowing a smooth connection of the spin cycloid corresponds to a switching between k 2 to k 3 (see Fig. 2.5(h)). 

Strain and electric-field control of antiferromagnetic spin textures in BFO thin films

A typical magnetic field image recorded with the scanning NV magnetometer above the BFO sample grown on DSO ( " ´0.35%) is shown in Fig. 2.6(a). It reveals a modulation of the stray magnetic field in a direction perpendicular to the in-plane projection of the ferroelectric polarization. Moreover, the propagation direction of the spin cycloid is periodically modified, leading to a zig-zag shaped magnetic field distribution, which mimics the shape and width of ferroelectric domains. More precisely, the 90 ˝in-plane rotation of the ferroelectric polarization results in a 90 ˝in-plane rotation of the cycloidal propagation direction (Fig. 2.6(b)). Such a spin texture, which has already been observed by I. Gross et al. [START_REF] Gross | Real-space imaging of non-collinear antiferromagnetic order with a single-spin magnetometer[END_REF], can only be explained by a type I spin cycloid featuring a single propagation variant k 1 (see Fig. 2.5(c)). The periodicity of the spin cycloid was inferred from the fast Fourier transforms (FFT) of the magnetic images, leading to λ 1 " 70 nm, a value slightly larger than the bulk value. As shown in Fig. 2.6(d-f), identical results were obtained for the BFO sample grown on TSO, which is characterized by a lower compressive strain ( " ´0.10%). These experiments confirm that a bulklike, type I cycloid with an in-plane k 1 propagation variant is stabilized in BFO thin films with a low compressive strain.

Type II spin cycloid

We now move to the tensile side of the strain-dependent magnetic phase diagram, where an exotic type II spin cycloid should be stabilized. To this end, we explore the magnetic order in the BFO sample grown on a GSO substrate, which is characterized by slight tensile strain ( " `0.05%). Such a strain level is lying at the border of the transition between a type I and a type II spin cycloid. A magnetic field image recorded above this BFO thin film is shown in Fig. 2.7(a). The periodicity of the ferroelectric landscape is still imprinted in the magnetic image, i.e. a single propagation direction of the spin cycloid is observed in each ferroelectric domain. However, the recorded magnetic field distribution can no longer be explained by a type I spin cycloid. Indeed the rotation of the cycloidal propagation at ferroelectric domain walls is characterized by an angle of 120 ˝˘5 ˝(Fig. 2.7(b)). Such a rotation is incompatible with all the different combinations of the magnetic vectors of the type I spin cycloid. The FFT of the magnetic image further confirms that the two propagation vectors are obviously not perpendicular (Fig. 2.7(c)). However, we note that periodicities calculated from the FFT are not distinguishable from the ones obtained for the type I spin cycloid in the BFO films grown on DSO and TSO substrates. As already mentioned, previous studies have reported the existence of exotic spin cycloids in BFO thin films grown under small tensile strain [START_REF] Sando | Crafting the magnonic and spintronic response of BiFeO 3 films by epitaxial strain[END_REF][START_REF] Agbelele | Strain and Magnetic Field Induced Spin-Structure Transitions in Multiferroic BiFeO 3[END_REF]. In these works, Mössbauer and nuclear resonant 2. Strain and electric-field control of antiferromagnetic spin textures in BFO thin films scattering data suggested a propagation vector contained in a ( 111) plane [START_REF] Sando | Crafting the magnonic and spintronic response of BiFeO 3 films by epitaxial strain[END_REF][START_REF] Agbelele | Strain and Magnetic Field Induced Spin-Structure Transitions in Multiferroic BiFeO 3[END_REF]. Such results were recently supported by neutron diffraction experiments on Co-doped BFO films, where the propagation direction of the spin cycloid was found to be along the [START_REF] Bandiera | Comparison of Synthetic Antiferromagnets and Hard Ferromagnets as Reference Layer in Magnetic Tunnel Junctions With Perpendicular Magnetic Anisotropy[END_REF] direction [START_REF] Burns | Expansion of the spin cycloid in multiferroic BiFeO 3 thin films[END_REF]. Guided by these seminal observations, we consider a type II spin cycloid with three possible propagation directions pk the ferroelectric polarization P (grey arrows in Fig. 2.9(b)) and cycloid propagation direction k 1 (red arrows in Fig. 2.9(b)) on both sides of a ferroelectric domain wall. Thus, both microscopic real-space experiments and macroscopic reciprocal-space ones are pointing towards a type I spin cycloid with a k 1 propagation variant in a BFO thin film with low compressive strain.

Strain and electric-field control of antiferromagnetic spin textures in BFO thin films

In contrast, for the BFO film grown on a GSO substrate imposing a slight tensile strain, the dichroic diffracted pattern is no longer square but rectangular (Fig. 2.9(c)). Hence, we preclude the abovementioned scenario with two type I cycloids featuring orthogonal propagation vectors. The two diagonals of the rectangular pattern (green arrows in Fig. 2.9(c)) form an angle of about 110 ˝˘5 ˝, in agreement with the typical angles observed in NV magnetometry images. The only plausible scenario, therefore, corresponds to two types of ferroelectric domains respectively harbouring alternating k 1 2 and k 1 1 propagation vectors of the type II spin cycloid, as observed in real space (Fig. 2.9(d)).

Type II cycloid stabilized at moderate compressive strain

In the previous paragraphs, we have demonstrated that a type II spin cycloid is stabilized in a BFO thin film with a slight tensile strain, as predicted by the strain-dependent magnetic phase diagram shown in Fig. 2.1(b). We now investigate if such a type II spin cycloid could be also stabilized on the other side of the magnetic phase diagram, i.e. for a moderate compressive strain. For that purpose, we imaged the BFO thin film grown on a STO substrate, which is characterized by a compressive strain " ´1.35%. A magnetic image recorded above this BFO film is shown in Fig. 2.10(a). It reveals a zig-zag shaped magnetic field distribution, which is very similar to the one observed for the BFO film grown on GSO. Here the cycloidal propagation direction rotates by an angle around 110 ˝at each ferroelectric domain wall (Fig. 2.10(b)), which is compatible with a switching between the k 1 2 and k 1 1 propagation direction of a type II spin cycloid. This point is well illustrated by the FFT of the magnetic image, which exhibits a clear rectangular pattern. From the FFT, we estimate a periodicity of the spin cycloid around 80 nm (Fig. 2.10(c)). This value is larger than the one measured for the BFO film grown on GSO. This observation is interpreted as being due to the larger strain level imposed by the STO substrate [START_REF] Agbelele | Strain and Magnetic Field Induced Spin-Structure Transitions in Multiferroic BiFeO 3[END_REF].

We tentatively conclude that a type II spin cycloid can also be stabilized for compressive strain, in contrast with the predictions shown in Fig. 2.1(b). This result thus calls for further theoretical input to explain the interplay between strain and antiferromagnetic textures on both sides of the strain-dependent magnetic phase diagram. 

G-type antiferromagnetic order

To finish exploring the magnetic phase diagram of strained BFO thin films, we now study the samples featuring the largest compressive (NGO substrate) and tensile strain levels (SSO and NGO substrates).

We start with the BFO film grown on a SSO substrate, which is characterized by a tensile strain " `0.50%. This strain level is around the transition between a type II spin cycloid and a canted antiferromagnetic G-type phase. Magnetic images recorded in different regions of the sample are shown in Fig. 2.11. Here, the cycloidal magnetic order is suppressed, resulting in canted antiferromagnetic domains, as discussed in section § 1.3.3. In this specific case, the ferroelectric periodicity is lost in the magnetic pattern, which suggests a weaker magnetoelectric coupling as compared to other magnetic interactions. In the final part of this section, we study the two BFO films grown on NGO and NSO, imposing a high compressive ( " ´2.9%) and tensile strain ( " `0.93%), respectively. At such strain levels, a canted antiferromagnetic G-type phase is expected [START_REF] Sando | Crafting the magnonic and spintronic response of BiFeO 3 films by epitaxial strain[END_REF]. For these two particular samples, the ferroelectric landscape is not a striped domain structure, like the one observed for all the other BFO thin films (see Fig. 2.4). Out-of-plane PFM measurements indicate that the ferrolelectric polarization is always pointing downwards (Fig. 2.12(a,d)), while in-plane PFM images indicate a mosaic-like domain structure with two in-plane ferroelectric polarization variants (Fig. 2.12(b,e)). The corresponding NV magnetometry maps are shown in Fig. 2.12(c,f). No sign of a magnetic cycloid can be seen in the magnetic images, implying that the cycloid is completely suppressed for such strain levels. The observed positive and negative magnetic field amplitudes correspond to the stray field produced by antiferromagnetic domain walls. We recall that in the G-type antiferromagnetic phase, three types of antiferromagnetic domains can be stabilized for a given ferroelectric polarization variant [START_REF] Chauleau | Multi-stimuli manipulation of antiferromagnetic domains assessed by second-harmonic imaging[END_REF]. However, it is not possible to identify the nature of the different magnetic domains from the NV images on these highly-strained samples, as discussed in § 1.3.3.

As a final remark, we note that no correlations can be observed between the magnetic and ferroelectric domain sizes. A single ferroelectric domain with an average size of 300 nm in the film grown on NGO can contain several antiferromagnetic domains with a typical size of " 100 nm. In the film grown on NSO, the ferroelectric domains are smaller and a single ferroelectric domain could correspond to a single antiferromagnetic domain. (d-f) Identical experimental results are obtained for the thin BFO layer grown on an NSO substrate characterized by a tensile strain level " `0.93%.

Summary

The results discussed in this section are summarized in Fig. 2.13, which displays all the observed antiferromagnetic textures of BFO thin films as a function of the substrate-induced strain level. We highlight the most important observations:

• At low compressive strain (DSO and TSO substrates), a bulk-like, type I spin cycloid was observed, as predicted by the magnetic phase diagram shown in Fig. 2.1(b);

• A subtle change of the strain towards the tensile side (GSO substrate) leads to the stabilization of a type II spin cycloid;

• Surprisingly, such a type II spin cycloid can also be obtained for moderate compressive strain (STO substrate), in contrast with theoretical predictions;

• Finally, for high strain levels (NGO, SSO and NSO substrates), the spin cycloid is suppressed leading to canted antiferromagnetic domains.

Further theoretical input is now needed to explain the interplay between strain and antiferromagnetic textures on both sides of the strain-dependent magnetic phase diagram. NV magnetometry images obtained on the set of BFO layers grown on different substrates (NGO, STO, DSO, TSO, GSO, SSO and NSO), characterized by strain levels ranging from compressive ( " ´2.9)%, to tensile ( " `0.93)%. The magnetic images demonstrate the strain-control of the antiferromagnetic order in BFO thin films.

DSO

Electric-field control of antiferromagnetic textures

Electric-field control of antiferromagnetic textures

After having demonstrated that the magnetic order can be modified by epitaxial strain, we now exploit the magnetoelectric coupling to manipulate the magnetic textures by electric fields.

Principle of the experiment

Beyond the observations on pristine configurations of ferroelectric domains in which the cycloid propagation is locked onto the polarization, we now manipulate the ferroelectric order using electric fields, with an aim to design on demand antiferromagnetic landscapes. Our collaborators at the Unité Mixte de physique CNRS/Thales used PFM to draw micron-size ferroelectric domains in the BFO thin films (see Fig. 2.14). As already discussed in § 1.1.1, this is accomplished by applying a DC voltage across the sample, between the conductive tip and the SRO bottom electrode (Fig. 2.14(b)). The in-plane ferroelectric component can then be defined by means of the trailing field. The details of the PFM writing procedure can be found in Appendix A.2. We note that microdiffraction experiments were performed in collaboration with Yorick A. Birkhölzer, from the Department of Inorganic Materials Science, University of Twente, Netherlands, in order to check that no strain difference could be detected between artificially written and as-grown striped-domains. The results confirmed that the structural properties and the strain level are not modified by PFM writing [START_REF] Haykal | Antiferromagnetic textures in BiFeO 3 controlled by strain and electric field[END_REF]. A gold stripline and markers were deposited over the films by laser lithography prior to the experiments, as illustrated in Fig. 2.15(a). While the stripline serves for transmitting the microwave excitation for magnetic imaging, the markers help to locate the written ferroelectric monodomains in NV magnetometry experiments (see Fig. 2.15(b,c)). We start by studying the magnetic order in a single ferroelectric domain written on the BFO film grown on a DSO substrate, characterized by a low compressive strain " ´0.35%. We recall that the magnetic images obtained on the pristine film displayed a zig-zag shaped magnetic field distribution attributed to two orthogonal k 1 vectors of the type I spin cycloid (see Fig. 2.6).

An Iso-B image recorded above a single ferroelectric monodomain is presented in Fig. 2.16(a). The magnetic image shows a well-defined modulation of the magnetic field along a direction perpendicular to the in-plane polarization vector, which corresponds the k 1 propagation variant of the type I spin cycloid (Fig. 2.16(b)). A similar image has been observed by I. Gross et al. on a PFM-written ferroelectric monodomain on a sample at the same strain level [START_REF] Gross | Exploring Non-Collinear Spin Structures in Thin Magnetic Films with Nitrogen-Vacancy Scanning Magnetometry[END_REF]. A fitting of a linecut taken along the cycloid propagation direction in the magnetic image gives a periodicity λ 1 " 65 ˘2 nm. This value is slightly smaller that the one inferred from the magnetic image in the pristine BFO film. In single domains, the spin cycloid period thus appears closer to that observed in bulk BFO, suggesting that periodic electric/elastic boundary conditions influence the cycloid period. Identical results were obtained for the BFO sample grown on TSO ( " ´0.10%), as shown in Fig. 2. 16(d-f). These experiments show that for a strain in the low compressive zone of the magnetic phase diagram, PFM writing preserves the type I spin cycloid with a propagation vector k 1 lying in the surface plane. (d-f) Identical experimental results are obtained for the thin BFO layer grown on a TSO substrate characterized by a strain level " ´0.10%

Electric-field control of antiferromagnetic textures

In the next two paragraphs, we exploit PFM writing to switch the antiferromagnetic order by tuning the ferroelectric landscape in BFO thin films with strain levels lying around transitions between two magnetic phases.

Switching the cycloid from type I to type II

We now investigate the effect of PFM writing on the BFO film grown on a GSO substrate, resulting in a slight tensile strain " `0.05%. Such a strain level is close to the transition between a type I and a type II spin cycloid. We recall that the magnetic image of the pristine sample revealed the stabilization of a type II spin cycloid with alternating k An Iso-B image taken on the ferroelectric monodomain designed by PFM is shown in Fig. 2.17(a).

Strain and electric-field control of antiferromagnetic spin textures in BFO thin films

The magnetic field distribution indicates the stabilization of a spin cycloid, which is characterized by a propagation direction making a 135 ˝angle with the in-plane ferroelectric polarization, as illustrated in Fig. 2.17(b). Such a propagation direction only matches with the k 2 variant of the type I spin cycloid. A fitting of a linecut taken along the cycloid propagation in the magnetic image leads to a period of λ 2 " 92 ˘3 nm (Fig. 2.17(c)). This value is in good agreement with the projection of the bulk cycloid wavelength on the (001) surface plane. This result shows that PFM writing enables to switch the magnetic state of BFO from a type II spin cycloid to a type I spin cycloid with the k 2 propagation variant.

A type I spin cycloid is thus observed for both low compressive and low tensile strain levels in PFMwritten ferroelectric monodomains, with however different cycloid propagation variants. This result suggests that strain primarily has an influence on the direction of the type I spin cycloid propagation direction, i.e. in-plane (k 1 ) for compressive and out-of-plane (k 2 ) for tensile strain levels.

BFO / SRO / GSO (𝜺 = +𝟎. 𝟎𝟓% ) We note that the spin cycloid shown in Fig. 2.17(a) has already been observed in the first chapter ( § 1.4) on a single (001)-oriented BFO crystal, where the cycloid propagation was mostly found along the k 2 and k 3 variants. In a BFO thin film grown on a GSO substrate, the strain level ( " `0.05) 2. Strain and electric-field control of antiferromagnetic spin textures in BFO thin films § 1.3.1). This result suggests that the Dzyaloshinskii-Moriya interaction is stronger for a spin cycloid propagating in the surface plane (k 1 ) than out of the plane (k 2 , k 3 ).

Switching from G-type antiferromagnetic order to cycloid type II

As a final experiment, we examine the effect of PFM writing on the BFO film grown on a SSO substrate resulting in high tensile strain " `0.50%. Such a strain level is close to the transition between the type II spin cycloid and a canted G-type antiferromagnetic phase. An Iso-B image recorded on a single ferroelectric domain designed by PFM on this sample is shown in Fig. 2.19(a). While a chaotic landscape of antiferromagnetic domains was observed on the pristine sample, the image recorded on a single ferroelectric domain reveals a spin cycloid propagating in a direction parallel to the in-plane variant of polarization (Fig. 2.19(b)). Considering all the possible vectors of both cycloids, this direction is only compatible with the k For such a cycloid propagation variant, we recall that the expected periodicity of the stray field modulation is given by λ 1 3 " ? 3λ b " 110 nm. Data fitting of a linecut in the magnetic image, gives a projected cycloid period of λ 1 3 " 146 ˘5 nm (Fig. 2.19(c)), corresponding to an intrinsic period of " 84 ˘3 nm, which is significantly larger than the bulk value. This effect is here attributed to Conclusion the significant tensile strain of BFO thin films grown on SSO [START_REF] Agbelele | Strain and Magnetic Field Induced Spin-Structure Transitions in Multiferroic BiFeO 3[END_REF]. In this latter example, we have demonstrated electric-field switching from a G-type antiferromagnetic order to a type II spin cycloid.

Conclusion

In this chapter, we have shown real-space evidence of multiple antiferromagnetic landscapes in BFO epitaxial thin films. Depending on the strain level induced by the substrate, different magnetic phases can be stabilized in the films such as a canted G-type antiferromagnetic phase, a bulk-like cycloid type I, or even an exotic cycloid type II, that unexpectedly, was shown to exist on both sides of the straindependent magnetic phase diagram of BFO. Besides strain control of the pristine magnetic textures in BFO films, electric fields were also used to manipulate the antiferromagnetic textures. PFM writing has proved that it is possible to switch between the two types of cycloids, or even from the antiferromagnetic G-type phase to the exotic cycloid II. These observations show that we are now able to electrically design single spin cycloids on demand with controlled propagation either in the plane or out of the film plane. This fully mastered magnetoelectric system, controllable by strain and electric field, is an ideal playground to investigate reconfigurable low-power antiferromagnetic spintronic architectures at room temperature. The next step towards achieving a switchable architecture, is to control the antiferromagnetic order in situ. To this end, a 'knob' coupled to the magnetic domains is required, allowing for the manipulation of the spin textures. One strategy consists of epitaxially growing a BFO thin film on top of a piezoelectrically active substrate, e.g. Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT). Application of a voltage 2. Strain and electric-field control of antiferromagnetic spin textures in BFO thin films across the piezoelectric substrate, should result in a change of the strain level in the BFO film, and subsequently antiferromagnetic domain switching or domain walls movement. The device has already been realized (see Fig. 2.20(a)), and preliminary PFM and NV images were taken on the pristine state of the sample as well as on a PFM-designed single ferroelectric domain (Fig. 2.20(b,c)). NV magnetometry will be used in the near future to image the magnetic state before and after the application of a voltage stimulus. In a next step, electrodes could be added on the BFO sample for deterministic switching of the ferroelectric polarization, providing in-situ manipulation of the antiferromagnetic order through magnetoelectric coupling. In the previous chapters, we have exploited NV magnetometry to map the static magnetic field generated by the uncompensated moment of the antiferromagnetic spin cycloid in BFO. This approach is indeed successful in the study of a special class of antiferromagnets producing nonvanishing magnetic fields, but it becomes challenging in the case of antiferromagnets whose magnetic moments are completely compensated. Following a recent proposal [START_REF] Flebus | Proposal for dynamic imaging of antiferromagnetic domain wall via quantum-impurity relaxometry[END_REF], we demonstrate that antiferromagnetic spin textures can be imaged by sensing the magnetic noise they locally produce, rather than their static magnetic stray field. To this end, we exploit the strong dependence of the NV spin relaxation time on magnetic fluctuations at the NV spin resonance frequency, that can be detected through optical means.

This chapter introduces this novel relaxometry-based technique, and proves its efficiency in imaging complex spin textures in antiferromagnets. The chapter is organized as follows. In a first part [ § 3.1], we present NV relaxometry, and then we tackle the new all-optical imaging mechanism relying on the NV defect PL quenching induced by a fluctuating magnetic field. As a proof of principle, this mechanism is applied for imaging domain walls in a synthetic antiferromagnetic (SAF) system through the detection 3. Imaging antiferromagnetic textures through single-spin relaxometry of the magnetic noise locally produced by thermally activated spin waves [ § 3.2]. Finally, the method is used to image more complex spin structures in SAF such as spin spirals [ § 3.3], and topological defects known as skyrmions [ § 3.4].

Principle of the experiment

In this thesis so far, we have exploited the sensitivity of the NV spin to static magnetic field. We imaged the magnetic stray field produced by the spin cycloid in BFO, by recording the Zeeman splitting of the ESR frequencies. In addition to the two imaging modes used in the previous chapters, namely the Full-B and the dual Iso-B, we add in this section a new imaging mode to the NV toolbox based on the modification of the NV defect spin dynamics, in the presence of a fluctuating magnetic field. We begin this section by briefly introducing the longitudinal electron spin relaxation of the NV defect.

Longitudinal spin relaxation of the NV defect

The longitudinal spin relaxation time T 1 , designates the characteristic time required for the NV spin polarized initially in m s " 0, to relax to the thermodynamic equilibrium. At room temperature, the thermal energy k B T is much greater than the transition energy hD between the spin sublevels m s " 0 and m s " ˘1 in the ground level. Thermodynamic equilibrium corresponds thus to a mixed spin state, where the populations are equally distributed among the three spin sublevels m s " 0, ˘1. The longitudinal electron spin relaxation of the NV defect is governed by two principal interactions: the interaction with phonons in the diamond lattice, and the interaction with a bath of paramagnetic impurities placed in the vicinity of the NV defect, which produces a magnetic noise at its ESR frequency. At room temperature, the intrinsic relaxation time T 1 of the NV spin is typically in the order of milliseconds for a single NV defect in a high-purity diamond crystal, whereas it can reach 100 seconds at 4 K [START_REF] Jarmola | Temperature-and Magnetic-Field-Dependent Longitudinal Spin Relaxation in Nitrogen-Vacancy Ensembles in Diamond[END_REF]. It can be expressed as [START_REF] Degen | Quantum sensing[END_REF] 1

T 1 9 1 T 0 1 `γ2 e S B K pDq , ( 3.1) 
where T 0 1 is the relaxation time in the absence of magnetic noise, i.e. induced by the interaction with phonons, γ e is the gyromagnetic ratio of the electron spin and S B K pDq is the spectral density of a transverse fluctuating magnetic field at the NV spin resonance frequency D, in the absence of an external static magnetic field. This expression reveals the dependence of the spin relaxation time on S B K pDq. Such a dependence can therefore be exploited to probe magnetic noise by measuring the shortening of the NV spin relaxation time [START_REF] Hall | Sensing of Fluctuating Nanoscale Magnetic Fields Using Nitrogen-Vacancy Centers in Diamond[END_REF]. This method is commonly referred to as "NV relaxometry" [START_REF] Degen | Quantum sensing[END_REF].

The experimental sequence used to measure the T 1 time is illustrated in Fig. 3.1(a). First, a green laser pulse of 6 µs is applied to polarize the system in the m s " 0 spin sublevel. After a waiting time τ in the dark, a second laser pulse allows the readout of the spin state by measuring the emitted PL, provided that m s " 0 is a "bright" state, whereas m s " ˘1 are "dark" states (see § 1.2.1). This sequence is repeated and accumulated for a long time in order to improve the signal-to-noise ratio. By gradually increasing the delay τ , the NV electron spin acquires a higher probability to jump from m s " 0 to Principle of the experiment m s " ˘1 which translates into a decay of the PL, until the system reaches thermal equilibrium within a characteristic time T 1 .

Signal

Reference

𝜏 = 0.5 𝜇𝑠 𝜏 = 2 𝑚𝑠
PL signal (a.u.) Typical PL traces of a single NV defect hosted in a diamond nanopillar, recorded during the readout pulse for different values of τ are shown in Fig. 3.1(b). Two distinct regimes can be observed: (i) a transient state of the PL signal at the beginning of the pulse that depends on the delay τ preceding the readout pulse, followed by (ii) a steady state of the PL signal, which is independent of τ . The transient state strongly depends on the initial spin population of the NV defect. Considering a short delay τ " 0.5 µs, the NV spin is still strongly polarized in m s " 0 of the ground level, and a high PL signal is measured (see Fig. 3.1(b)). This PL signal then decreases as a result of a progressive population in the metastable state, until it reaches the steady state. On the other hand, for a long delay τ " 2 ms ą T 1 , the NV defect has already relaxed to the thermal equilibrium characterized by a mixture of spin poplulations. This leads to a drop in the PL signal that is measured at the beginning of the readout optical pulse (see Fig. 3.1(b)). The PL then increases progressively until the system reaches the steady state as a result of the progressive polarization in m s " 0 induced by the readout pulse. To infer the longitudinal spin relaxation time, the PL signal is integrated over a 500 ns window in the transient state, while a reference 3. Imaging antiferromagnetic textures through single-spin relaxometry window is used in the steady state as illustrated in Fig. 3.1(b). The integrated signal in the transient regime is then normalized by the one obtained in the steady state. By plotting the normalized signal as a function of the delay τ , an exponential decay is obtained whose characteristic decay is fixed by the longitudinal spin relaxation time T 1 (see Fig. 3.1(c)). For single NV defects in bulk diamond samples, T 1 is dominated by the coupling with phonons [START_REF] Jarmola | Temperature-and Magnetic-Field-Dependent Longitudinal Spin Relaxation in Nitrogen-Vacancy Ensembles in Diamond[END_REF], and is in the order of 1 -10 ms. In a diamond tip on the other hand, the T 1 of the NV sensor is affected by the magnetic noise produced by paramagnetic impurities present on the surface of the diamond nanopillar [START_REF] Tetienne | Spin relaxometry of single nitrogen-vacancy defects in diamond nanocrystals for magnetic noise sensing[END_REF]. The T 1 time is then shortened to the order of few tens of microseconds up to 1 ms, depending on the diamond nanopillar.

The sensitivity of the NV relaxation time T 1 to fluctuating magnetic field at the ESR frequency of the NV defect can be exploited for local detection of regions that produce magnetic noise, which opens the way towards different applications relying on NV relaxometry.

NV-based relaxometry

After having introduced the longitudinal spin relaxation time of the NV defect, we now briefly discuss several applications of NV relaxometry. In the past years, NV relaxometry has been used in a sensing approach for various purposes, including the probing of magnetic noise produced by:

• Johnson noise in metals, i.e. thermally induced electrical currents causing fluctuating electric and magnetic fields in proximity to a conductor [START_REF] Kolkowitz | Probing Johnson noise and ballistic transport in normal metals with a singlespin qubit[END_REF];

• Current fluctuations in graphene devices [START_REF] Andersen | Electron-phonon instability in graphene revealed by global and local noise probes[END_REF];

• Spin waves in ferromagnets [START_REF] Van Der Sar | Nanometre-scale probing of spin waves using single electron spins[END_REF][START_REF] Du | Control and local measurement of the spin chemical potential in a magnetic insulator[END_REF][START_REF] Mccullian | Ferromagnetic dynamics detected via one-and two-magnon NV relaxometry[END_REF].

Beyond sensing applications, NV relaxometry can also be extended to imaging magnetic fluctuations in a scanning probe approach. This was first implemented in the study done by Schmid-Lorch et al., where the authors used a single NV defect to image superparamagnetic nanoparticles through the magnetic noise they produce [START_REF] Schmid-Lorch | Relaxometry and Dephasing Imaging of Superparamagnetic Magnetite Nanoparticles Using a Single Qubit[END_REF]. The authors attached the nanoparticles to an AFM scanning probe, and scanned it above a single NV defect implanted close to the surface of a bulk diamond sample. This allowed them to map the magnetic noise produced by the nanoparticles through T 1 relaxometry. Here the pulse sequence depicted in Fig. 3.1(a) was applied continuously for a fixed time delay τ s while scanning the magnetic particle. In such a "single-τ " relaxometry imaging mode, the value of τ s is chosen around the intrinsic T 1 time of the NV spin sensor, which is independently measured far from the superparamagnetic particle. When the NV defect is placed in the vicinity of the magnetic particles, the magnetic noise induces a shortening of the T 1 time, which results in a reduction of the PL signal while applying the "single-τ " pulse sequence. As shown in Fig. 3.2(a), the "single-τ " images indicate a quenching of the NV defect's PL induced by the magnetic noise detected above the superparamagnetic nanoparticle.

3. Imaging antiferromagnetic textures through single-spin relaxometry (Fig. 3.3(a)). In this simplified model, which was first introduced in Ref [START_REF] Dréau | Avoiding power broadening in optically detected magnetic resonance of single NV defects for enhanced dc magnetic field sensitivity[END_REF], the populations of both excited and metastable levels are not considered. The effect of the metastable level responsible for spin polarization is thus phenomenologically introduced by a relaxation process of the population from m s " ˘1 to m s " 0 with a polarization rate Γ p [START_REF] Dréau | Avoiding power broadening in optically detected magnetic resonance of single NV defects for enhanced dc magnetic field sensitivity[END_REF]. Given that the relaxation through the metastable level is governed by spin-conserving optical transitions, the polarization rate Γ p depends on the rate of optical cycles, which follows a saturation behavior with the optical pumping power P . Therefore, it can be written as [START_REF] Dréau | Avoiding power broadening in optically detected magnetic resonance of single NV defects for enhanced dc magnetic field sensitivity[END_REF] Γ p " Γ 8 p ˆP P `Psat , (

where P sat is the saturation power of the optical transition and Γ 8 p the polarization rate at saturation. This quantity is fixed by the lifetime of the metastable level, which is on the order of 200 ns at room temperature [START_REF] Robledo | Spin dynamics in the optical cycle of single nitrogen-vacancy centres in diamond[END_REF], leading to Γ 8 p « 5 ˆ10 6 s ´1. This polarization rate competes with the intrinsic relaxation rate of the two-level system Γ 1 " 1 2T 1 .

In this framework, the populations of the m s " 0 pn 0 q and m s " ˘1 pn 1 q spin sublevels are governed by the following equations

dn 0 dt " Γ p n 1 ´Γ1 n 0 `Γ1 n 1 (3.3) n 0 `n1 " 1 . ( 3.4) 
In the steady state, dn 0 dt " dn 1 dt " 0, these equations lead to

n st 0 " Γ 1 `Γp 2Γ 1 `Γp , ( 3.5 
)

n st 1 " Γ 1 2Γ 1 `Γp ,
where n st 0 and n st 1 denote the populations of m s " 0, ˘1 sublevels in the steady state, respectively. The PL rate can then be written as [START_REF] Dréau | Avoiding power broadening in optically detected magnetic resonance of single NV defects for enhanced dc magnetic field sensitivity[END_REF] R " P P `Psat p αn st 0 `βn st 1 q , (

where α and β (α ą β, here α " 1, β " 0.6) are phenomenologically introduced to take into account that the state m s " 0 is brighter than m s " ˘1. Using Eqs. (3.5), the PL rate finally reads

R " P P `Psat ˆαpΓ 1 `Γp q `βΓ 1 2Γ 1 `Γp ˙. (3.7) 
This equation shows that under continuous laser illumination, the PL intensity is ruled by a competition between the spin relaxation rate Γ 1 " 1{2T 1 and the polarization rate Γ p that depends on the optical power. The evolution of the PL intensity with the spin relaxation time T 1 can then be calculated using

Imaging domain walls in a SAF through NV relaxometry Eq. (3.7) for different values of P {P sat as shown in Fig. 3.3(b). Two remarkable observations can be inferred from this result. First, if we take a look at a particular curve, we can see that under standard experimental conditions corresponding to Γ 1 ! Γ p , the NV defect is efficiently polarized in m s " 0 by optical pumping, which leads to a high PL signal. In this regime, a plateau with a constant PL is observed for T 1 values higher than the characteristic pumping time 1{Γ p . If magnetic noise shortens the spin relaxation time T 1 such that Γ 1 " Γ p , the probability of the transitions towards m s " ˘1 increases, spin polarization is thus degraded and the overall PL intensity is reduced. Magnetic noise is therefore directly imprinted into the PL signal. Second, if we compare the two curves calculated for different optical excitation powers, we can see that the threshold of the PL reduction occurs at different spin relaxation times. The laser power can thus be adjusted to optimize the imaging contrast so that the drop of the PL occurs in the T 1 interval of interest. In the next section, we show that NV relaxometry can be employed for nanoscale, all-optical imaging of antiferromagnetic spin textures by probing the magnetic noise they locally produce via thermally activated spin waves [START_REF] Flebus | Proposal for dynamic imaging of antiferromagnetic domain wall via quantum-impurity relaxometry[END_REF].

𝑚 " = ±1 𝑚 " = 0 Γ ( Γ ) 𝐷 = 2.

Imaging domain walls in a SAF through NV relaxometry

As a proof-of-principle of the imaging mechanism based on NV relaxometry introduced in the previous paragraph, we image in this section domain walls in antiferromagnetically coupled ferromagnetic layers separated by a non-magnetic spacer, also known as synthetic antiferromagnets (SAF). SAF structures are technologically well-controlled and have already found numerous applications, including magneticfield sensing and magnetic random access memory (MRAM) [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF][START_REF] Bandiera | Comparison of Synthetic Antiferromagnets and Hard Ferromagnets as Reference Layer in Magnetic Tunnel Junctions With Perpendicular Magnetic Anisotropy[END_REF][START_REF] Lee | Current-induced magnetization switching of synthetic antiferromagnetic free layer in magnetic tunnel junctions[END_REF][START_REF] Hayakawa | Current-Induced Magnetization Switching in MgO Barrier Based Magnetic Tunnel Junctions with CoFeB/Ru/CoFeB Synthetic Ferrimagnetic Free Layer[END_REF][START_REF] Bergman | Ultrafast switching in a synthetic antiferromagnetic magnetic random-access memory device[END_REF]. Here, these systems were chosen 3. Imaging antiferromagnetic textures through single-spin relaxometry for proving the efficiency of our novel imaging mode for the following reasons. First, the high tunability of magnetic parameters in SAFs enables the stabilization of a large variety of antiferromagnetic spin textures [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. Second, similar to antiferromagnets found in nature, SAFs display a vanishing net magnetization. However, because the two magnetic layers are separated by a nanometer-thick spacer, small local stray fields are generated on a SAF surface. While other imaging techniques struggle to detect such weak magnetic signals, the high sensitivity of the NV defect to static magnetic field makes it an ideal tool for imaging SAFs, and allows us to endorse our novel imaging mechanism.

We begin by describing a SAF system and the different interactions that govern the magnetic properties of the sample. We then use NV relaxometry to image a domain wall in a SAF.

Description of a SAF sample

The SAF samples studied in this chapter were provided by our collaborators William Legrand et al. from Unité Mixte de physique CNRS/Thales. These magnetic systems are made of thin ferromagnetic layers coupled antiferromagnetically through an interaction known as the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interlayer indirect electronic exchange. This coupling is mediated by a non-magnetic layer separating the two ferromagnetic layers. The spin density in the non-magnetic spacer oscillates with the distance between the two magnetic layers [START_REF] Duine | Synthetic antiferromagnetic spintronics[END_REF]. Hence, by finely controlling the spacer thickness, the interaction between the magnetic layers can be tuned from ferromagnetic, where the spins in both layers are preferably aligned, to antiferromagnetic where the spins in the two layers are antiparallel. Unlike direct exchange or superexchange in antiferromagnets, the interlayer antiferromagnetic coupling is rather weak, which allows easier manipulation of the antiferromagnetic order in SAFs. Each magnetic layer of a SAF stack usually possesses a strong anisotropy and thus a uniform magnetization. The ground state in a SAF is therefore a configuration in which the magnetic moments are completely compensated along a direction perpendicular to the plane of layers. However, when the effective perpendicular magnetic anisotropy becomes negligible, the magnetization becomes free to rotate in the plane of the layer. Moreover, in the presence of a significant Dzyaloshinskii-Moriya interaction, an exotic spin configuration is favored and is referred to as "spin spiral" [START_REF] Legrand | Crafting Magnetic Skyrmions at Room Temperature : Size, Stability and Dynamics in Multilayers[END_REF]. By tuning individual layer thicknesses in the SAF stack, one can control the strengths of the aforementioned magnetic interactions and therefore stabilize different non-collinear spin textures [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], including domain walls ( § 3.2.2), spin spirals ( § 3.3) or even skyrmions by adding an additional ferromagnetic biasing layer as it will be discussed in § 3.4.

The SAF samples used in this chapter consist of a sputtered [Pt/Co/Rus ˆ2 multilayer stack. This platform offers several advantages [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]:

1. A significant Dzyaloshinskii-Moriya interaction is provided by the Pt/Co interfaces. The broken inversion symmetry required for this interaction is obtained by the asymmetrical repetition of the Pt/Co/Ru trilayer along the stacking direction (see Fig. 3.4(a));

2. The RKKY coupling between Co layers can be tuned by changing the Ru thickness. The first antiferromagnetic peak is obtained for a Ru thickness of 0.7 -0.9 nm. We note that inserting a

Imaging domain walls in a SAF through NV relaxometry thin Pt layer at the interface between Ru and the top Co layer maintains the RKKY coupling, although with a reduced strength [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF];

3. The effective perpendicular magnetic anisotropy K eff can be tuned by changing the thickness t Co of the Co layers. This parameter is given by

K eff " K u t Co ´µ0 M 2 s 2 ,
where K u denotes the interfacial magnetic anisotropy, and M s the saturation magnetization. The efficient tuning of the perpendicular magnetic anistropy with the Co thickness is illustrated in 

Imaging domain walls in a SAF

As a starting point, we first focus on a SAF structure with significant effective perpendicular magnetic anisotropy, and thus large antiferromagnetic domains (Fig. 3.5(a)). The out-of-plane magnetization hysteresis loop of the studied SAF with a cobalt thickness t Co " 1.41 nm, is presented in Fig. 3.5(b). It consists of the average out-of-plane magnetization component m z summed over all magnetic layers, measured as a function of the externally applied magnetic field in the same direction µ 0 H z . The loop shows a rather flat central plateau at zero magnetization, ended by transitions toward saturated magnetization states at its two ends, indicative of a significant effective magnetic anisotropy. The switching steps on A typical PL map was obtained on the SAF sample hosting domain walls, by simply recording the PL of the NV center on each point of the scanned area in the absence of a microwave excitation (see Fig. 3.5(c)). The image reveals a network of sharp PL quenching lines, which corresponds to domain walls in the SAF. The homogeneous bright areas correspond to the uniform antiferromagnetic domains that do not produce a magnetic stray field.

We note that very similar PL maps can be obtained above ultrathin ferromagnetic samples producing a static magnetic field [START_REF] Gross | Skyrmion morphology in ultrathin magnetic films[END_REF]. However, the PL quenching in the vicinity of ferromagnets is induced by a strong magnetic field component (B K ) perpendicular to the NV quantization axis, which induces an Imaging domain walls in a SAF through NV relaxometry efficient mixing of the NV defect spin sublevels. We verify in the next paragraph that the PL map measured above the SAF sample cannot be explained by this effect.

PL quenching induced by off-axis magnetic field B K

To understand how an off-axis field B K can induce a PL quenching of the NV defect, we recall the spin Hamiltonian of its ground level that was introduced in § 1.2.1

H " DS 2 Z `γe 2π B Z S Z looooooooomooooooooon H `γe 2π pB X S X `BY S Y q loooooooooooomoooooooooooon H K `EpS 2 X ´S2 Y q . (3.8)
In the first two chapters of this thesis, we have only considered the weak field regime H " H K . When this condition is no longer fulfilled, the ESR frequencies ν ˘strongly depend on the orientation of the magnetic field with respect to the NV defect axis [START_REF] Rondin | Magnetometry with nitrogen-vacancy defects in diamond[END_REF]. In this case, the NV sensor enters the 'High' off-axis field regime where the transverse component of the magnetic field B K " a B 2 X `B2 Y becomes significant (Fig. 3.6(a)). The quantization axis is no longer fixed by the NV defect axis in this regime, and the B K component induces a mixing of the NV spin sublevels m s " 0 and m s " ˘1 [START_REF] Rondin | Magnetometry with nitrogen-vacancy defects in diamond[END_REF]. This mixing results in strong modifications of the NV spin photodynamics under optical illumination [START_REF] Tetienne | Magnetic-field-dependent photodynamics of single NV defects in diamond: An application to qualitative all-optical magnetic imaging[END_REF], which strongly affects the efficiency of optically induced spin polarization of the system. The spin-dependent PL becomes inefficient, which reduces the ESR contrast and consequently inhibits magnetometry through the detection of the Zeeman splitting. Graph reprinted from [START_REF] Tetienne | Magnetic-field-dependent photodynamics of single NV defects in diamond: An application to qualitative all-optical magnetic imaging[END_REF].

However, the decreased ODMR contrast is accompanied by an overall reduction of the NV-defect PL intensity, as illustrated in Fig. 3.6(b). This magnetic-field-dependent PL quenching can be exploited to map the large magnetic fields produced by non-collinear spin textures, such as domain walls and 3. Imaging antiferromagnetic textures through single-spin relaxometry skyrmions, in ferromagnets [START_REF] Gross | Skyrmion morphology in ultrathin magnetic films[END_REF][START_REF] Akhtar | Current-Induced Nucleation and Dynamics of Skyrmions in a Co-based Heusler Alloy[END_REF][START_REF] Rana | Room-Temperature Skyrmions at Zero Field in Exchange-Biased Ultrathin Films[END_REF]. The technique simply relies on measuring the PL of the NV defect at each point of the scanned area. Regions of the sample producing large magnetic fields induce a sharp drop in the PL signal.

For the magnetic images recorded above the SAF sample, the PL quenching cannot be explained by a large off-axis magnetic field. Indeed, in a SAF the static field generated above a domain wall is too weak to produce a mixing of the NV spin sublevels. The stray field mainly results from the slight vertical shift between the two compensated magnetic layers with respect to the NV defect's position. This situation is similar to the one discussed for (111)-oriented BFO in § 1.3.2. To confirm this assumption, a quantitative map of the stray field produced above the domain wall is required.

Quantitative magnetic field map above a domain wall in SAF

A Full-B image was then recorded above a SAF domain wall and is shown in Fig. 3.7(a,b). The maximum amplitude of the stray field B NV measured above a SAF domain wall is around 500 µT, which is indeed in the weak field regime (! 5 mT). A stray field profile taken across the domain wall was compared with micromagnetic simulations performed by our collaborators from Centre de Nanosciences et de Nanotechnologies. The magnetization profiles resulting from micromagnetic calculations are shown in Fig. 3.7(c,d). As a result of the dipolar coupling between the two ferromagnetic layers, the domain wall width is larger in the top Co layer (w t " 24 nm) than in the bottom layer (w b " 19.1 nm). The stray field generated above the SAF domain wall results from this width difference in addition to the vertical shift between the two ferromagnetic layers. Due to the Dzyaloshinskii-Moriya interaction at the Pt/Co interface, a Néel type domain wall with a left-handed chirality is expected [START_REF] Yang | Anatomy of Dzyaloshinskii-Moriya Interaction at $\mathrm{Co}/\mathrm{Pt}$ Interfaces[END_REF]. To verify this, the magnetic stray field profiles for a counterclockwise rotating Néel wall, and a Bloch wall were computed by summing the contributions of both magnetic layers and are represented in Fig. 3.7(e,f). We obtain a qualitative agreement with the experimental data in terms of field amplitude for a Néel wall. However, the width of the calculated magnetic field profile in this case, appears to be larger than the experimental one. This can be explained by scanning drifts along the slow scan axis which is parallel to the lateral direction of the domain wall.

The experiments reported in this section indicate that the static magnetic field produced by a domain wall in the SAF sample is not strong enough to produce a PL quenching induced by the mixing of the NV defect spin sublevels. We therefore conclude that the observed PL quenching is rather induced by magnetic noise localized on the domain walls. This is further verified in the next paragraph through measurements of the longitudinal spin relaxation time of the NV defect.

NV spin relaxation measurements on the domain wall

Based on the two-level model discussed in § 3.1.3, we recall that a PL quenching produced by a fluctuating magnetic field at the NV defect ESR frequency, should be accompanied by a drop of the longitudinal spin relaxation time T 1 . In order to verify our hypothesis, a set of T 1 measurements was conducted. Using the pulse sequence described in § 3.1, T 1 measurements were performed for three different positions of the NV spin sensor: (i) far from the SAF surface (Fig. 3.8(a)), (ii) engaged on an antiferromagnetic domain with a uniform magnetization (Fig. 3.8(b)), and (iii) engaged on a domain wall (Fig. 3.8(c)). When the tip is retracted far away from the sample surface, the resulting spin relaxation 3. Imaging antiferromagnetic textures through single-spin relaxometry time is T 1 " 860 ˘300 µs, a value slightly smaller than the one inferred for single NV defects in bulk diamond samples. This observation is attributed to magnetic noise generated by paramagnetic impurities present on the surface of the diamond nanopillar [START_REF] Tetienne | Spin relaxometry of single nitrogen-vacancy defects in diamond nanocrystals for magnetic noise sensing[END_REF]. By engaging the tip above an antiferromagnetic domain, the relaxation time drops to T 1 " 120 ˘10 µs, indicating the presence of an additional source of magnetic noise with a spectral component at the ESR frequency of the NV defect. Finally, when the tip is placed above a SAF domain wall, T 1 is further shortened down to 22 ˘2 µs, revealing that magnetic noise is stronger at domain walls. In order to check that the shortening of the spin relaxation time observed above a uniform SAF domain has a magnetic origin, control experiments were performed on non-magnetic samples. Fig. 3.9(a) shows a relaxation curve with the tip far away from any surface, whereas the plots (b) and (c) display curves measured with the tip engaged on a Pt film and a bulk diamond sample. One explanation of the T 1 shortening on the domain could be the presence of Johnson noise in the Pt capping layer of the SAF Imaging domain walls in a SAF through NV relaxometry sample. The Johnson noise was already detected via NV relaxometry on Ag in Ref. [START_REF] Kolkowitz | Probing Johnson noise and ballistic transport in normal metals with a singlespin qubit[END_REF]. However, in our case, no significant variation of T 1 was observed as the tip is approached to a pure Pt layer, therefore this hypothesis is excluded. The T 1 shortening could also originate from a charge conversion effect of the NV center when it is brought very close to a surface. However, if this was the case, it should also occur during the control experiments on the Pt or the diamond surface. We therefore conclude that the decrease of T 1 measured when the tip is engaged above a SAF domain has a magnetic noise origin. 

Imaging antiferromagnetic textures through single-spin relaxometry

Power-dependent measurements on the domain wall

Recalling the evolution of the PL intensity with the spin relaxation time T 1 discussed in § 3.1.3, a significant PL quenching contrast is indeed expected at low optical excitation power when the T 1 time drops from 120 µs (above a SAF domain) to 20 µs (above a SAF domain wall). In addition, the quenching contrast should almost vanish when the excitation power reaches the saturation of the NV defect optical transition (see Fig. 3.3). To confirm this effect, magnetic images were recorded while increasing the optical excitation power. A saturation curve of the NV defect used in these experiments was first measured in order to infer the saturation power of the optical transition, here P sat " 540 µW (see Fig. 3.10(a)). PL maps recorded above the same SAF domain wall for excitation powers ranging from 25 µW (P {P sat " 0.05) up to 890 µW (P {P sat " 1.65) are displayed in Fig. 3.10(b). Upon the increase of the optical power, we notice a progressive decrease of the PL quenching contrast, as expected, until it almost vanishes for an optical power higher than the saturation power of the NV defect. 

Simulated noise map at a domain wall in SAF

To illustrate how the existence of such gapless modes provide the spatial contrast in NV-based relaxometry, a spatial map of the magnetic noise intensity at D " 2.87 GHz in the presence of a domain wall was then computed. The response of the SAF to a random spatial field which simulates thermal fluctuations was calculated. Magnetic disorder was included by adding fluctuations of the effective magnetic anisotropy K eff , in order to obtain more realistic static magnetization profiles such as roughening of domain walls. Fig. 3.12 represents the result of the simulated noise map. As observed in the experimental data, the strongest amplitude of magnetic noise is obtained at the domain wall, due to the thermally-excited gapless modes.

We note that the NV defect is mainly sensitive to magnetic excitations with a wave vector on the order of the inverse of the flying distance d NV [START_REF] Van Der Sar | Nanometre-scale probing of spin waves using single electron spins[END_REF]. This point can be understood by considering the static magnetic field produced by a periodic variation of a magnetization pattern. In the limit k Ñ 0, a uniformly magnetized state is obtained, which does not produce magnetic field. Conversely, in the limit k " 1{d NV , magnetic variations are averaged to zero at the NV position. This point is illustrated by the experiments reported in the first two chapters of this thesis on the spin cycloid in BFO. If the cycloid periodicity was much smaller than d NV , the NV magnetometer could not detect its stray field. In fact, the best sensitivity is obtained when k " 1{d NV [START_REF] Van Der Sar | Nanometre-scale probing of spin waves using single electron spins[END_REF]. Similarly, only magnetic noise originating from spin waves with a wavelength on the order of d NV can be efficiently detected. The shape of the k-filter function is given by k 2 e ´2kd NV [START_REF] Van Der Sar | Nanometre-scale probing of spin waves using single electron spins[END_REF] and is displayed in Fig. 3.13. For the magnetic imaging experiments performed on SAF domain walls, the scanning probe unit is characterized by a probe-to-sample distance d NV " 80 ˘5 nm. As a result, the NV center is mostly sensitive to thermal magnons with wavevectors lying between 5 and 30 µm ´1. From the dispersion relation shown in Fig. 3.11(c), it appears that we are mainly detecting excitations which are slightly off the maximum power density, but nevertheless sufficient to obtain a significant imaging contrast.
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Imaging antiferromagnetic textures through single-spin relaxometry

So far, we have shown that all-optical NV-based relaxometry provides nanoscale imaging of domain walls in a SAF with perpendicular magnetic anisotropy. The next section takes this newly introduced imaging technique to a step further, by demonstrating that this simple method can also be used to image more complex textures, such as antiferromagnetic spin spirals and SAF skyrmions.

Spin spirals in a SAF

In this section, we exploit the high tunability of magnetic parameters in SAFs, which allows the stabilization of exotic spin spirals. We first describe the spin-spiral SAF structure, then we present the experimental results obtained on the sample. 

Description of the sample

As already discussed in § 3.2.1, the use of a Pt/Co/Ru trilayer in a SAF stack, ensures a significant Dzyaloshinskii-Moriya interaction. On the other hand, the thickness of the Co ferromagnetic layer t Co , plays a key role in controlling the effective perpendicular magnetic anisotropy K eff (see Fig. 3.4(b)). When t Co is increased, a SAF with vanishing effective perpendicular magnetic anisotropy can be obtained, which allows the formation of spin spirals. Keeping the very same stack structure used in § 3.2, the Co thickness is first carefully adjusted to t Co " 1.47 nm (Fig. 3.14(a)). In this case, the magnetic ground state corresponds to an antiferromagnetic spin spiral, whose period is given by [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF] λ " 4πA{D DM .

(3.9)

3. Imaging antiferromagnetic textures through single-spin relaxometry

Micromagnetic simulations for the spin-spiral SAF sample

In order to support the NV relaxometry results reported in this section, micromagnetic simulations similar to the one described in § 3.2.4, were also performed on the spin-spiral SAF. To model the experimental system, the initial state comprises one full period of 250 nm over the size of the cell, with periodic conditions applied along both the x and y directions. The moments in the top and bottom magnetic layers of the SAF are antiparallel with a left-handed chirality, consistent with the chosen negative sign of the Dzyaloshinskii-Moriya interaction. This initial trial state is then relaxed towards an equilibrium state by minimizing the energy. The relaxed configuration is shown in Fig. 3.16(a). The resulting dispersion relation is displayed in Fig. 3.16(b). We can directly notice from the dispersion relation a quasi-gapless mode, which results in a strong magnetic noise intensity at the frequency D " 2.87 GHz. 

Skyrmions in a biased SAF

To gain further insight into the origin of the observed contrast, the noise map of the spin-spiral SAF structure was also computed. Fig. 3.16(c) shows the relaxed spin-spiral configuration in the presence of magnetic disorder, where a roughening of the spirals can be seen. The corresponding noise map of the disordered system at the NV defect ESR frequency is presented in Fig. 3. 16(d). A clear contrast of the spin spiral can be observed which is strongly correlated with the shape of the equilibrium magnetic profile as well as the experimental PL image (Fig. 3.15(a)). This result shows that the magnetic noise alternates between a minimum localized at the out-of-plane magnetization regions, and a maximum localized at the in-plane magnetization regions, which results in the bright and dark regions in the PL image, respectively. T 1 measurements on the spin spiral texture Additional relaxation time measurements were also performed on the sample hosting the spin spiral, in order to observe the shortening of T 1 accompanied with the PL quenching observed experimentally. Relaxation curves were recorded above the bright and the dark PL areas, as shown in Fig. 3.17. As expected, T 1 drops from 920 ˘60 ns above the bright area, to 400 ˘40 ns when the NV sensor is brought close to the dark area. However, for both cases the obtained values are much shorter than the ones obtained on the sample hosting isolated domain walls. Indeed, a SAF with vanishing perpendicular magnetic anisotropy exhibits a quasi-gapless dispersion relation with strong modes at D " 2.87 GHz. The NV defect is then expected to detect a stronger magnetic noise for a spin spiral than for a domain wall in a SAF sample with perpendicular magnetic anisotropy. 

Skyrmions in a biased SAF

In this final section of the chapter, other complex structures known as skyrmions are imaged with NV relaxometry. Skyrmions are non-trivial topological defects with a whirling spin texture. They hold 3. Imaging antiferromagnetic textures through single-spin relaxometry great promise for encoding information owing to their nanometer size, high stability and the ability to move them with electric currents [START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF]. These topological magnetic objects can be the basis of a promising memory architecture known as the racetrack memory, where the information bit can be encoded by the presence or the absence of a skyrmion, and the latter can be moved along the racetrack driven by electric currents [START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Fert | Skyrmions on the track[END_REF][START_REF] Tomasello | A strategy for the design of skyrmion racetrack memories[END_REF]. Skyrmions are stabilized by the Dzyaloshinskii-Moriya interaction in materials lacking inversion symmetry and exhibiting a strong spin-orbit coupling [START_REF] Dzyaloshinsky | A thermodynamic theory of "weak" ferromagnetism of antiferromagnetics[END_REF][START_REF] Moriya | Anisotropic Superexchange Interaction and Weak Ferromagnetism[END_REF]. After years of intense research, isolated skyrmions can now be stabilized at room temperature, in ferromagnetic multilayer stacks under external magnetic fields [START_REF] Romming | Writing and Deleting Single Magnetic Skyrmions[END_REF]. However, despite the progress made, applications based on ferromagnetic skyrmions encounter three major limitations. First, strong dipolar interactions forbid the stabilization of ultrasmall skyrmions hindering high storage densities [START_REF] Büttner | Theory of isolated magnetic skyrmions: From fundamentals to room temperature applications[END_REF]. Second, due to their topology, the current-induced motion of ferromagnetic skyrmions along a racetrack is prohibited by a transverse deflection known as the skyrmion-Hall effect [START_REF] Jiang | Direct observation of the skyrmion Hall effect[END_REF]. Third, for efficient skyrmion dynamics, large current densities are still required and the velocities are limited to few tens of meters per second [START_REF] Liu | Voltage-Driven High-Speed Skyrmion Motion in a Skyrmion-Shift Device[END_REF]. These limitations can all be circumvented by employing antiferromagnetic skyrmions (Fig. 3.18). In antiferromagnets, the antiparallel alignment of two spin sublattices generates vanishing dipolar fieds, which promises the stabilization of sub-10 nm skyrmions at room temperature without the assistance of an external magnetic field [START_REF] Büttner | Theory of isolated magnetic skyrmions: From fundamentals to room temperature applications[END_REF]. On the other hand, antiferromagnetic skyrmions are expected to move efficiently along the applied current direction owing to the compensation of the skyrmion-Hall effect from the two spin sublattices [START_REF] Zhang | Magnetic bilayer-skyrmions without skyrmion Hall effect[END_REF]. Moreover, theoretical calculation predicts faster skyrmion dynamics in antiferromagnets than in their ferromagnetic counterparts at lower current densities [START_REF] Jin | Dynamics of antiferromagnetic skyrmion driven by the spin Hall effect[END_REF]. A first experimental study conceived all these advantages in a ferrimagnetic material with a magnetization close to compensation [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF]. Only recently, William Legrand et al. succeeded in stabilizing skyrmions in a perfectly compensated structure at room temperature, that is a biased-SAF [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF].

Skyrmions in a biased SAF

In this section, we employ the same biased-SAF structure to prove the full potential of NV relaxometry in imaging antiferromagnetic textures, and particularly technology-relevant SAF skyrmions. We first describe the sample, we then show the experimental results.

Description of the sample

Starting from a spin-spiral state, SAF skyrmions can be stabilized by using a bias interaction [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. This is realized by adding a uniformly magnetized bias layer coupled ferromagnetically to the bottom layer of the SAF with vanishing anisotropy (see Fig. 3.19(a)). This coupling creates an effective out-ofplane bias field µ 0 H bias , which plays the same role as an external magnetic field for the stabilization of magnetic skyrmions in ferromagnetic materials. Fig. 3.19(b) shows the hysteresis loop measured for the biased-SAF structure. In this case, the loop of the spin-spiral SAF is superimposed to the one of the bias layer, which appears as the central rectangular sharp loop. This sample was then imaged through NV relaxometry. 

Experimental results

A PL quenching image recorded above the biased-SAF sample is shown in Fig. 3.20(a). The PL image displays dark spots corresponding to a quenching of the NV defect PL induced by SAF skyrmions. In order to estimate the average apparent size of the skyrmions in our NV images, a statistical analysis of linecuts taken across a set of 52 isolated skyrmions was conducted. An average width at half maximum of about 76 nm is inferred (Fig. 3.20(b,c)), which is most likely limited by the flying distance of the NV defect (d NV " 80 nm). These results are in line with the MFM measurements performed under vacuum on a similar sample in Ref. [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. Using micromagnetic simulations, we now investigate the origin of the magnetic noise localized at the skyrmions and inducing PL quenching. 

Micromagnetic simulations for the skyrmion SAF system

To simulate the dispersion relation in the uniformly magnetized domain of the biased-SAF, the same micromagnetic parameters as in the case of the spin-spiral configuration were used. A static bias magnetic field, µ 0 H b " 50 mT, applied to the bottom layer of the SAF was added to the calculation. Since the effective perpendicular magnetic anisotropy is vanishing in this case, the presence of this bias field helps to stabilize a uniform out-of-plane magnetization in the biased-SAF. Fig. 3.21(a) shows the obtained dispersion relation. Again, similar to the case of the spin spiral, a tiny gap is observed with a strong noise intensity at the NV defect ESR frequency, which is explained by the vanishing perpendicular magnetic anisotropy in the biased-SAF.

To understand the origin of the PL contrast observed on the skyrmions, the noise map of the biased-SAF structure was also computed. The static magnetization profiles of the skyrmion in the top and bottom layers used in the simulations are illustrated in Fig. 3.21(b,c). The noise intensity map was calculated for this configuration in the presence of magnetic disorder and is shown in Fig. 3.21(d). The map represents the values of the average square of the transverse noise component taken at d NV " 80 nm above the skyrmion. Under an excitation, the size of a skyrmion can oscillate around its equilibrium value in a lowest frequency mode, known as the breathing mode. Although the internal breathing mode frequency of the skyrmion does not match with the NV ESR frequency D " 2.87 GHz, a strong noise contrast at this frequency is observed. This implies that the magnetic noise at the origin of the PL Skyrmions in a biased SAF quenching observed in our NV-relaxometry images is not attributed to the internal breathing mode of the skyrmions, but is rather attributed to the propagating spin waves in the uniform domain that scatter at the skyrmions. This results in small displacements and deformations of the equilibrium profile. The simulated noise map in Fig. 3.21(d) reveals a smeared out contrast, both in the proximity of the skyrmion and within the domain, which arises from random scattering of the propagating spin waves at the NV ESR frequency. 

Conclusion

This chapter introduces a new way to image antiferromagnetic spin textures with nanoscale spatial resolution, which relies on the detection of magnetic noise locally produced by thermal populations of magnons. This is achieved by adding a relaxometry-based imaging mode to the scanning NV magnetometry toolbox. Unlike previous experiments that necessitate long laser pulse sequences to record T 1 curves, this mode simply relies on the detection of the NV defect's PL under continuous laser excitation, that drops at the presence of a fluctuating magnetic noise at the ESR frequency of the NV defect. Different antiferromagnetic structures hosted in tunable SAF samples were probed using this novel imaging mode, including domain walls, spin spirals and SAF skyrmions.

Beyond the study of ordered antiferromagnetic structures, NV relaxometry imaging could be extended to study magnetic order and disorder in other low-moment materials, such as domain structures in two-dimensional van der Waals systems with low Curie temperature in which spin fluctuations would become dominant under ambient conditions. The sensitivity to magnetic noise with nanoscale spatial resolution also opens up possibility of mapping out magnon-driven spin currents in different magnetic textures, which would provide valuable insights into magnon transport that are inaccessible through other experimental means.

Conclusion

In this thesis, we exploited the unique performances of scanning NV magnetometry to investigate nanoscale complex antiferromagnetic spin textures in technology-relevant materials.

In Chapter 1, we studied the antiferromagnetic order in multiferroic BFO. We demonstrated that the bare spin cycloid does not produce a magnetic stray field, and that the uncompensated moment m DM of the SDW is at the origin of the stray field in BFO. Based on a magnetization distribution depending solely on m DM , the magnetic field components were then analytically calculated in the laboratory frame for (001)-oriented BFO. In the case of a cycloid propagating along k 1 , the calculation allowed us to extract from an experimental magnetic field map a value of m DM which is much larger than the one reported in literature. The calculations also proved that NV magnetometry is sensitive to the monolayer, and is capable of probing the first tens of nanometers of the sample thickness. The chapter then addressed the case of (111)-oriented BFO, in which the SDW lies in the surface plane. The NV defect in this case does not detect any stray field from the SDW. However, the field measured has a different origin, that is, the difference of the field emanating from two consecutive ferromagnetic layers coupled antiferromagnetically and at different positions with respect to the NV center. A (111)-oriented BFO film that displays a huge ferroelectric monodomain, was then imaged both in real and in reciprocal spaces. An ordered magnetic image was observed, where only one cycloid family is present everywhere on the film, which makes (111)-oriented BFO a unique system. Next, we tackled the case of highly strained BFO films, where the cycloid is suppressed and a small uncompensated moment gives rise to a detectable magnetic stray field. Magnetic simulations proved that the stray field in such films, originates from the rotation of the spins at a domain wall, and that it is difficult to discriminate between different types of domain walls due to the overlapping of the magnetic field produced by two neighboring walls. We finally imaged a single (001)oriented BFO crystal. A quantitative analysis, allowed the extraction of an uncompensated moment for a spin cycloid propagating along k 3 in bulk BFO that approves the value reported in literature. However, the NV images recorded on the BFO crystal, displayed a chaotic and complex magnetic landscape. Further investigation is anticipated to gain a better understanding of the interplay between ferroelectric and magnetic properties in single BFO crystals.

Imaging antiferromagnetic textures through single-spin relaxometry

In Chapter 2, we addressed the strain and electric-field control of the antiferromagnetic order in epitaxial BFO thin films. In a first part we investigated the strain-dependent magnetic phase diagram of BFO. A set of BFO films grown on different substrates with different strain levels were imaged using scanning NV magnetometry. The magnetic images revealed a wide variety of antiferromagnetic spin textures that strongly depend on the strain level in the films. The results showed that in films characterized by slight compressive strain, a bulk-like spin cycloid of type I is stabilized, with a magnetic propagation vector that lies in the plane of the film. When the strain is slightly tuned to the tensile side of the phase diagram, an exotic spin cycloid of type II with magnetic vectors lying in the depth of the crystal is stabilized. Unexpectedly, such an exotic spin cycloid was also revealed on the compressive side of the phase diagram, which suggests further theoretical investigation. NV magnetometry also proved that high strain levels, both compressive and tensile, destroy the spin cycloid and stabilize canted Gtype antiferromagnetic domains. In a second part of the chapter, electric field was used to control the antiferromagnetic order in BFO films through the magnetoelectric coupling. This was achieved by writing single ferroelectric domains using PFM. NV magnetometry images on these ferroelectric monodomains, showed that depending on the strain level, it is possible to switch from a cycloid type II with out-of-plane magnetic vectors, to a cycloid type I with an in-plane magnetic vector. It is also possible to switch from a G-type antiferromagnetic phase to a cycloid type II phase. All these observations prove that BFO is an ideal playground to investigate reconfigurable low-power antiferromagnetic spintronic architectures at room temperature. The future step towards achieving a switchable device, would be an in-situ control of the antiferromagnetic order in BFO films, through strain applied by a bottom piezo-actuator, or through a voltage applied between conductive pads deposited on the film.

To extend the capabilities of the NV magnetometer, we introduced in Chapter 3 a new way to image antiferromagnetic spin textures with nanoscale spatial resolution. This approach consists of probing the magnetic noise locally produced by thermal populations of magnons. This is achieved by adding a relaxometry-based imaging mode to the scanning NV magnetometry toolbox, which is based on measurements of variations in the NV defect PL signal induced by magnetic noise. In a first part of the chapter, we introduced the new imaging technique and we discussed a simplified closed two-level system, which models the NV defect PL evolution as a function of the spin relaxation time of the NV ground level. This model shows that the imaging contrast can be optimized by simply changing the optical excitation power depending on the shortening interval of the NV spin relaxation time induced by magnetic noise. We then applied the proposed mechanism to image domain walls in SAF systems that host thermally activated spin waves. A quantitative map of the magnetic stray field produced at the domain walls confirmed that the contrast observed in PL maps, is induced by magnetic noise at the NV spin resonance frequency. Micromagnetic simulations showed that the noise detected by the NV sensor is originated from spin waves localized on the domain walls and at the NV defect ESR frequency. Next, we took advantage of the tunability of the SAF to image more complex structures. We showed that spin spirals and skyrmions in SAFs can also be probed using the new imaging mechanism.

In order to pursue the exploration of the uncharted territory of nanoscale antiferromagnetism, the performances of NV magnetometry will serve in future studies on other antiferromagnetic materials. An It is noted here that the PFM phase images were acquired with the reading position depicted in the inset sketch.

Measuring the NV quantization axis orientation in a topography image of the sample surface superposed to the magnetic image obtained from the ESR spectroscopy.

[001] The diamond probes host NV defects created by nitrogen ions implantation [START_REF] Maletinsky | A robust scanning diamond sensor for nanoscale imaging with single nitrogenvacancy centres[END_REF]. However, the implantation depth of the NV defect in the diamond nanopillar can vary from one probe to another, and four possible orientations of the NV quantization axis along the [START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] direction in (001)-grown singlecrystalline diamond can be found (Fig. B.2(b)). In order to use the NV sensor in our experiments, notably for quantitative magnetic imaging, the probe must be characterized beforehand. The orientation of the NV quantization axis and the distance between the NV defect and the sample surface must be calibrated.

B.2 Measuring the NV quantization axis orientation

In the laboratory (xyz) frame with respect to the translation axes of the AFM, the angles (θ NV , φ NV ) of the NV quatization axis are measured. A three-axis calibrated set of coils is placed around the AFM tower, aligned with the defined laboratory frame. The coils generate a magnetic field with the known angles (θ c , φ c ) ( A typical Zeeman-shift profile recorded while scanning the NV defect above the edges of the wire is shown in Fig. B.4(b) together with the simultaneously recorded topography of the sample. The probe to sample distance is then extracted by fitting the experimental data with the analytical formula, and a d NV " 60 nm is extracted. The uncertainty of the NV-to-sample distance calibration is about 2%. A systematic study of the uncertainty can be found in the thesis of Thomas Hingant [START_REF] Hingant | Étude de couches ferromagnétiques ultra-minces par microscopie à balayage de centre NV[END_REF].

C. Deriving the analytical formulas of the magnetic stray field in BFO Φpx, y, zq "

x 1 ,y 1 "`8 ij x 1 ,y 1 "´8 z 1 "`a{2 ż z 1 "´a{2 ´µ0 4π Mpx 1 , y 1 q ¨∇p 1 a px ´x1 q 2 `py ´y1 q 2 `pz ´z1 q 2 q dx 1 dy 1 dz 1 (C.2) Equation C.2 is a simple 2D convolution of two functions f px, yq ˚gpx, yq "

x 1 ,y 1 "`8 ij

x 1 ,y 1 "´8 f px 1 , y 1 q gpx ´x1 , y ´y1 q dx 1 dy 1 .

(C.3)

Based on this relationship, Equation C.2 can be rewritten as Φpx, y, zq " ´µ0 4π Fpcospk 1x xqq " δpk x ´k1x q `δpk x `k1x q 2 , Fpcospk 1y yqq " δpk y ´k1y q `δpk y `k1y q 2 , (C.6)

F ´B Bx 1 r ¯"i 2π k x e ´|k|pz´z 1 q | k | , F ´B By 1 r ¯" i 2π k y e ´|k|pz´z 1 q | k | , F ´B Bz 1 r ¯" ´2π | k | e ´|k|pz´z 1 q | k | (C.7)
where

| k |" b k x 2 `ky 2 .
We first compute FpΦq using the Fourier transforms shown in Equations C.6 and C.7 and finally apply the inverse Fourier transform to obtain Φpx, y, zq from a monolayer of the sample Φpx, y, zq " µ 0 sinhpak 1 {2q V k 1 e ´k1 z m DM cos α cospk 1 ¨rq (C.8)

Stray field produced by the cycloid in (111)-oriented BFO

The total magnetic field emanating from the crystal at an NV-to-sample distance d NV above the surface is calculated by summing the contribution of N " t{a layers. The field from each layer is calculated at a distance z " d NV `pn ´1q a where n " 1, 2, ..., N . Finally, the total magnetic field distribution is projected along the NV quantization axis defined by the angles (θ NV , φ NV ) in order to obtain an analytical formula given by Here e k and e P are orthogonal unit vectors oriented along the cycloid propagation direction which is chosen along the y direction, and the polarization P along the z direction.

The potential Φpx, y, zq for the previously defined magnetization distribution M is given by the following equation Φpx, y, zq "

x 1 ,y 1 "`8 ij
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Equation C.36 is a simple 2D convolution of two functions f px, yq ˚gpx, yq "
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 111 Figure 1.1 : Schematic showing the coupling between the three ferroic orders. The coupling between ferroelectricity and magnetism in multiferroic materials is known as the magnetoelectric coupling. It allows electric-field control of magnetism, which paves the way towards innovative spintronic applications. Adapted from [45].
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 12 Figure 1.2 : Simplified sketch of the crystal structure of BFO. (a) Pseudo-cubic unit cell of BFO: Bi 3+ions sit at the A-sites of the cubic lattice, Fe 3+ at the B-sites, while oxygen ions are sitting at the face centers forming an octahedron. (b) BFO can be represented with a rhombohedral unit cell (illustrated in red). The spontaneous polarization resulting from the displacement of Bi 3+ relative to the FeO 6 octahedra is along the pseudo-cubic[START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] pc axis that connects the two distorted perovskite cubes (illustrated in purple). (c) The oxygen octahedra connected with the[START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] pc axis rotate alternatively clockwise and counterclockwise along this axis. The initial positions of the oxygen atoms are shown in light grey.
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 13 Figure 1.3 : Ferroelectric variants represented in the pseudo-cubic unit cell of BFO. (a) Eight ferroelectric polarizations P ȋ pointing along the [111] pc directions are possible. (b) Sketch of the three types of ferrolectric domain walls (DW) in BFO (71 ˝DW, 109 ˝DW and 180 ˝DW).

Figure 1 . 4 :

 14 Figure 1.4 : Principle of piezoresponse force microscopy. A voltage is applied across a ferroelectric sample between a conductive tip and a bottom electrode. The tip deflects according to the local piezoelectric deformation of the sample and this deflection is detected by means of a laser reflected on the cantilever towards a quadrant photodiode. (a) In the case where the ferroelectric polarization is parallel to the applied electric field, the sample elongates. (b) When the polarization is antiparallel to the electric field the sample contracts. (c,d) The tip can also follow the shear piezoelectric response of the sample to the external electric field. (e,f) Out-of-plane (e), and in-plane (f) PFM images obtained on a BFO film grown on a DyScO 3 (DSO) substrate. The out-ofplane image in (e) shows a flat contrast, meaning that the native ferroelectric variants present in the sample are all pointing downward. The in-plane image in (f) shows a striped-like ferroelectric pattern with the alternation of two ferroelectric variants. (g,h) Out-of-plane (g), and in-plane (h) PFM images showing two ferroelectric monodomains written by PFM. The in-plane image in (h), shows micron-sized dark and bright monodomains with well-defined polarization vectors.
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 15 Figure 1.5 : Magnetic order resulting from the competition between superexchange and magnetoelectric interactions in BFO. (a) Superexchange interaction favors a G-type spin arrangement. The Fe moments of the same color are coupled ferromagnetically in the (111) planes and antiferromagnetically between adjacent planes. (b) Sketch of the cycloidal antiferromagnetic order induced by magnetoelectric interaction. The propagation direction of the spin cycloid k is normal to the ferroelectric polarization P. The light and dark blue spins represent the antiparallel Fe spins of two BFO sublattices, which rotate in the plane defined by P and k. (c) Three propagation directions of the cycloid, k 1 , k 2 and k 3 that lie in the (111) plane are possible for a given ferroelectric variant. (d) The Fe spins are canted from one site to the other by a constant angle α c due to the magnetoelectric interaction. Each spin of one sublattice, is compensated by the two neighboring spins of the other sublattice. (e) The cycloid can thus be represented by two perfectly compensated Fe spins, rotating in the plane defined by k and P.
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 16 Figure 1.6 : Spin density wawe (SDW) resulting from a second Dzyaloshinskii-Moriya interaction in BFO. (a) Scheme illustrating the canting of the spins out of the cycloidal plane, resulting in a modulating uncompensated moment m DM . (b) Schematic showing the modulation of the uncompensated moment along the[START_REF] Bandiera | Comparison of Synthetic Antiferromagnets and Hard Ferromagnets as Reference Layer in Magnetic Tunnel Junctions With Perpendicular Magnetic Anisotropy[END_REF] axis with a periodicity bounded to the spin cycloid. The sketch corresponds to a polarization pointing along the[START_REF] Smith | Coresonant Enhancement of Spin-Torque Critical Currents in Spin Valves with a Synthetic-Ferrimagnet Free Layer[END_REF] axis and a cycloid propagation along k 1 .
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 117 Figure 1.7 : Exchange-biased ferromagnetic layers grown on BFO. (a) Magnetic hysteresis loops of an exchange-biased Co layer grown on BFO. The hysteresis loops correspond to measurements along four in-plane orientations, [100], [010], [010] and [100] respectively. Reprinted from [66]. (b) Images recorded by photoemission electron microscopy, showing the change of the domain structure in a small area of the CoFe layer under the application of a voltage to the underlying BFO layer. Reprinted from Ref. [67].

Figure 1 . 8 :

 18 Figure 1.8 : The Nitrogen-Vacancy defect in diamond. (a) This point-defect consists of a substitutional nitrogen atom in the diamond matrix adjacent to a carbon vacancy. (b) Typical photoluminescence (PL) spectrum of a single NV defect under green laser illumination, showing a characteristic zero-phonon line at the wavelength λ ZPL " 637 nm.
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 119 Photoluminescence (a.u.)
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 1110 Figure 1.10 : Zero field splitting parameters. Typical ESR spectrum recorded at zero field for a single NV defect hosted in an all diamond scanning probe. The zero-field splitting parameters are E » 2.5 MHz and D " 2870 MHz.
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 111 Figure 1.11 : Scanning NV magnetometry. (a) Principle of the experiment (see main text). (b) Scanning electron microscope (SEM) image of a single-crystalline diamond probe used in our experiments (retrieved from qnami.ch). The image shows a diamond slab colored in red with a nanopillar engineered at its extremity. A quartz rod colored in yellow is used to integrate the diamond tip on a tuning fork used for AFM. (c) Typical PL image recorded while scanning the green excitation laser on top of the diamond cantilever. The bright spot corresponds to the emission of a single NV defect, which is efficiently guided through the nanopillar. (d) ESR spectrum recorded with a bias field B b " 1 mT.
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 113 Figure 1.13 : Expected stray field maps produced by the spin cycloid in BFO. (a) Sketch of the three possible propagation directions for a single ferroelectric variant. Here, P is along the [111] axis, so that k 1 r110s, k 2 r011s and k 3 r101s. (b) Projection of the three magnetic vectors on the (001) surface, with respect to the in-plane polarization. The projection of k 1 , makes a 90 ˝angle with the in-plane polarization, whereas the projections of k 2 and k 3 , make 135 ˝and 45 ˝with the in-plane polarization, respectively. (c-e) Expected magnetic field maps measured by NV magnetometry, showing a modulated field amplitude emerging from the uncompensated moment of the SDW for the three wavevectors. The projection of the cycloid's periodicity on the surface gives λ 1 " λ b " 64 nm for k 1 (c), and λ 2 " λ 3 " ? 2 λ b " 90 nm for k 2 (d), and k 3 (e).

Figure 1 . 14 :

 114 Figure 1.14 : Real-space imaging of the cycloid in a (001)-oriented BFO film using NV magnetometry. (a) In-plane PFM phase image of a designed ferroelectric monodomain with the polarization variant P 1 . The white arrow indicates the projection of the plarization on the (001) sample surface. (b) Magnetic Iso-B image above the ferroelectric monodomain, showing an oscillating magnetic field with a periodicity of 70 ˘1 nm, along a propagation vector corresponding to k 1 that makes a 90 ˝angle with the in-plane polarization. (c) Full-B image of the cycloid above the ferroelectric monodomain showing an oscillating magnetic field with an amplitude around ˘140 µT. The images are adapted from Ref. [40].
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 115 Figure 1.15 : Magnetization distribution used for magnetic field calculations. The system is modeled by a modulated uncompensated moment m DM lying in a plane perpendicular to the cycloidal plane. Notations are defined in the main text.
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 11 Using Eq. (1.11), we calculate the magnetic field amplitude produced by 300 layers for two different values of m DM . The sum is then projected on a chosen NV quantization axis (θ NV " 128 ˝, φ NV " 80 ˝), and with an NV-to-sample distance d NV " 50 nm. The results of the calculation shown in Fig. 1.16(b) indicate a strong dependence of the maximal stray field amplitude with the uncompensated moment of the SDW.
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 116 Figure 1.16 : Analytical calculation of the stray magnetic field produced by a (001)-oriented BFO thin film. (a) Schematic representing the geometry used to sum the contribution of the SDW from each layer of the sample at a distance z " d NV `na from the NV sensor. (b) Semi-logarithmic plot showing the magnetic field amplitude B NV as a function of the number of layers for two different values of m DM .
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 117 Figure 1.17 : Inferring m DM from quantitative magnetic field distributions. (a) Magnetic field distribution recorded above a 32 nm-thick BFO film, extracted from Ref. [40]. The NV-to-sample distance is d NV " 50 ˘2 nm, and the NV quantization axis is characterized by the spherical angles θ NV " 128 ˝and φ NV " 80 ˝. (b) Fitting with Eq. (1.11) the magnetic profile obtained from a linecut along the white dashed line in (a) leads to m DM " 0.22˘0.09 µ B . The uncertainty results mainly from the imperfect knowledge of the NV-to-sample distance.
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 118 Figure 1.18 : Maximum magnetic field amplitude B NV as a function of the angle α for a (001)oriented BFO sample. The calculation is performed for two values of m DM considering a 32 nm-thick BFO film, an NV-to-sample distance d NV " 50 nm and a NV quantization axis with spherical angles θ NV " 128 ˝and φ NV " 80 ˝.
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 119 Figure 1.19 : (111)-oriented BFO. Schematic representation of a (111)-oriented BFO crystal with a polarization P normal to the surface plane, and the three wavevectors k 1 , k 2 and k 3 lying in the surface plane.
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 1203 Figure 1.20 : Analytical calculation of the magnetic field amplitude in the case of (111)-oriented BFO. (a) Schematic representing the geometry used to sum the contribution from Fe moments in consecutive (111) ferromagnetic layers shifted by a distance a ? 3 3 . The magnetic moments belonging to the same layer are represented here in a ferromagnetic alignment, but in reality they rotate to form a pure cycloid producing a modulating stray field. (b) Semi-logarithmic plot showing the sum of the maximal amplitude of the magnetic field B NV produced by up to 300 layers of a (111)-oriented BFO sample. The calculation was conducted for an NV-to-sample distance d NV " 60 nm, and an NV quantization axis defined by the spherical angles θ NV " 55 ˝and φ NV " 0 ˝.
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 121 Figure 1.21 : Imaging the cycloid in a (111)-oriented BFO thin film grown on an orthorhombic (011) o DyScO 3 substrate. (a,b) Out-of-plane (a) and in-plane (b) PFM phase images showing both a flat contrast corresponding to a large single ferroelectric monodomain with a polarization normal to the surface plane. (c) Iso-B image recorded with NV magnetometry above the ferroelectric monodomain, showing a cycloid with a periodicity of " 75 ˘2 nm. (d) Full-B image showing a modulated stray magnetic field with an amplitude around " 70 µT. The NV-to-sample distance is d NV " 60 ˘1 nm. (e) Magnetic field profile obtained from a linecut along the cycloid propagation direction (dashed line in (d)). The solid line is the result of the calculation.
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 122 Figure 1.22 : Resonant elastic X-ray scattering measurements on a (111)BFO film. (a) Schematic representation of the REXS experiment. A soft X-ray beam is sent to the (111)BFO sample surface and the scattered light is collected. The diffraction pattern is obtained in the reciprocal space defined by the directions Q x and Q y relative to the incident plane. (b) Dichroic plot obtained from REXS, showing a set of spots associated to only one variant of the magnetic wavevector, confirming thus the results obtained with NV magnetometry.

  ) plane (Fig. 1.23(b)). The uncompensated moments are represented by three vectors denoted as D 1 , D 2 and D 3 . Similarly to the case of a SDW propagating in the (111) plane, in the G-type antiferromagnetic phase, D 1 , D 2 and D 3 lie in the (111) plane, making a 120 ˝angle between each other.

Figure 1 . 23 :

 123 Figure 1.23 : Different antiferromagnetic domains for a given ferroelectric polarization in highly strained BFO. (a) Sketch of the three possible antiferromagnetic domains in the G-type spin arrangement. The canting of the Fe spins is not represented here. (b) Possible directions of the uncompensated moment, D 1 , D 2 and D 3 , in a (111) plane.
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 124 Figure 1.24 : Stray magnetic stray field produced in a highly strained (001)BFO film. (a,b) Schematic representation of the two configurations giving rise to a stray field: (a) above a domain wall and (b) above a step in a uniformly magnetized domain. (c,d) Simulated magnetic profiles across a domain wall (c), and a 2 nm step (d). The film thickness is 70 nm and the uncompensated magnetic moment is fixed to 0.02 µ B . The calculation is done for an NV quantization axis characterized by (θ NV " 120 ˝, φ NV " 0 ˝), and an NV-to-sample distance d NV " 50 nm. The blue and green dashed lines show the field components B x and B z , respectively, while the red solid line is the projection B NV along the NV defect axis.
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 125 Figure 1.25 : Magnetic field distributions produced by three types of canted antiferromagnetic domain walls in a single ferroelectric domain. The calculation is done for an NV quantization axis characterized by (θ NV " 120 ˝, φ NV " 0 ˝), and an NV-to-sample distance d NV " 50 nm for the three combinations of the uncompensated moment directions, (D 1 {D 2 ), (D 1 {D 3 ) and (D 2 {D 3 ). The film thickness is 70 nm and the uncompensated magnetic moment is fixed to 0.02 µ B .
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 126 Figure 1.26 : Imaging the antiferromagentic phase in a highly strained (001)BFO film. (a) Outof-plane and in-plane PFM phase images showing a single ferroelectric domain with a ferroelectric polarization pointing downward. (b) Iso-B image above the ferroelectric monodomain shown in (a). The image displays antiferromagnetic domains with positive and negative magnetic field amplitudes. The domain walls are approximately located by the zero-field contours, which are indicated by black dashed lines.

Figure 1 . 27 :

 127 Figure 1.27 : PFM images of the bulk BFO crystal. (a) The out-of-plane PFM image shows one main single ferroelectric domain (bright phase signal). The corresponding downward polarization is represented by a white arrow. The image shows another component pointing upwards that forms striped-domains (dark phase signal). (b) In-plane PFM image showing that the two polarization variants have identical in-plane components. The inset in (b) shows an optical image of the sample on which a gold stripline and markers are deposited by laser lithography for magnetic imaging.

Figure 1 . 28 :

 128 Figure 1.28 : NV magnetometry images on a ferroelectric monodomain in a single BFO crystal. (a) Out-of-pane (left panel), and in-plane (right panel) PFM phase images showing a single ferroelectric domain with a ferroelectric polarization pointing downward. (b) Iso-B magnetic image taken on the single ferroelectric domain. The magnetic image shows the modulated stray magnetic field produced by the SDW, and propagating along a single propagation direction with a periodicity around λ 3 " 92 ˘2 nm and an angle of 45 ˝with the in-plane projection of the ferroelectric polarization. (c) Schematic representation of the 2D projection on the surface showing that the cycloid propagation direction matches with only the k 3 variant. (d) Quantitative Full-B image of the cycloid shown in (b). The image displays a modulated magnetic field along the direction k 3 with an amplitude of ˘85 µT. (e) Linecut of the magnetic field distribution along k 3 represented by the dashed line in (d). The experimental data (filled dots) were fitted (solid line) using Eq. (1.14), with d NV " 60 ˘1 nm, θ NV " 120 and
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 13 different region of the bright ferroelectric monodomain displays the magnetic image shown in Fig.1.29(a). Here the three different propagation directions of the cycloid can be simultaneously observed. Using the sketch shown in Fig.1.29(b), each direction can be unambiguously attributed to a given propagation vector by considering its angle with the in-plane projection of the ferroelectric polarization (see § 1.2.3). Linecuts of the magnetic field distributions recorded along each propagation direction are shown in Fig.1.29(c-e). Data fitting leads to cycloid periodicities, λ 1 " 63 ˘1 nm for k 1 , λ 2 " 96 ˘2 nm for k 2 , and λ 3 " 82 ˘2 nm for k 3 . These value are in fair agreement with the expected projections of the wavevectors on the surface plane.

Figure 1 . 29 :

 129 Figure 1.29 : Degeneracy of the three wavevectors k 1 , k 2 and k 3 . (a) An Iso-B image recorded on a ferroelectric monodomain shows the coexistence of the three propagation directions in the bulk crystal. The directions are correlated with the 2D projection on the surface as sketched in (b). (b) Sketch showing the projection of the three propagation directions on the surface with respect to the in-plane polarization P. (c-e) The left panels show a zoom on each domain family. The right panels indicate linecuts across the magnetic field profiles (black dashed lines in the left panel). The red solid lines are data fitting with a cosine function from which the periodicity of the cycloid is inferred.
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 130 Figure 1.30 : Continuous transition of the wavevector k. (a) Iso-B image showing a zone where the cycloid propagation direction is swirling. (b) Fast Fourier transform of the Iso-B image showing an ellipse, which is the signature of a continuous rotation of the wavevector.

Figure 1 . 31 :

 131 Figure 1.31 : NV magnetometry images on ferroelectric domain walls. (a) Out-of-plane PFM image, depicting with a red dashed square the zone imaged with NV magnetometry. (b) Iso-B image showing three magnetic domains. The spin cycloid makes a 90 ˝at the ferroelectric domain walls represented with black dashed lines. (c-e) Possible magnetic field distributions produced above a domain wall separating two ferroelectric domains with identical in-plane components of the polarization. Three different configurations are possible: (c) switching from k 3 to k 1 , (d) switching from k 3 to k 2 , and (e) k 3 in both domains.
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 221 Figure 2.1 : Magnetic phase diagram of strained BFO thin films. (a) Sketch illustrating how the strain level can be controlled from compressive to tensile by epitaxial growth on a substrate with a slight lattice mismatch. (b) Magnetic phase diagram of strained BFO films, adapted from [92]. This diagram shows how the energies of different magnetic phases in BFO thin films evolve with the strain level. Three different phases can be stabilized: the G-type antiferromagnetic phase (blue), the bulk-like cycloid type I (red) and the exotic cycloid type II (orange).
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 22 Figure 2.2 : BFO thin films grown by pulsed laser deposition. (a) Structure of the epitaxial heterostructure including a thin buffer electrode of SRO. (b) Typical topography image acquired by atomic-force microscopy on a BFO thin film grown on SSO, showing atomic steps and terraces. The z-scale is 4 nm.
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 23 Figure 2.3 : Structural characterization of strain-engineered epitaxial BFO thin films. (a)Principle of X-ray diffraction in the symmetric Bragg-Brentano geometry (θ " ω), which probes the scattering vector q perpendicular to the sample surface. (b) Symmetric 2θ-ω X-ray diffraction scans of BFO films grown on STO, DSO, TSO, GSO and SSO substrates (from left to right). (c) Evolution of the calculated epitaxial strain in BFO as a function of the substrate, evolving from " ´2.9% compressive strain (NGO) to " `0.9% tensile strain (NSO).

Figure 2 . 4 :

 24 Figure 2.4 : As-grown ferroelectric landscape of BFO thin films. (a) Out-of-plane PFM phase image showing a homogeneous bright contrast. (b) In-plane PFM phase image showing a striped-like ferroelectric pattern. (c) The dark and bright domains in (b) correspond to two alternating polarizations pointing downward and making a 71 ˝angle. Their projections on the sample surface indicated by the arrows are orthogonal. The data shown in this figure were recorded on a BFO sample grown on a DSO substrate. Identical results were obtained for BFO thin films grown on STO, TSO, GSO and SSO substrates. The PFM images recorded for NGO and NSO substrates, which feature the largest strain levels, are discussed in section § 2.2.3.
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 25 Figure 2.5 : Possible stray field maps produced by the type I spin cycloid in a BFO sample with a striped ferroelectric structure. (a,b) Propagation directions of the type I spin cycloid (k 1 , k 2 , k 3 ) for a given ferroelectric polarization variant. Panel (b) indicates their projections on the (001) sample surface with respect to the in-plane polarization vector P. (c-h) Possible magnetic field distributions produced above consecutive ferroelectric domains with orthogonal in-plane polarizations. Six different configurations of the propagation vectors are considered: (c) k 1 in both domains, (d) k 2 in both domains, (e) k 3 in both domains, (f) switching from k 1 to k 2 , (g) switching from k 1 to k 3 and (h) switching from k 2 to k 3 .

Figure 2 . 6 :

 26 Figure 2.6 : Stabilization of a type I spin cycloid at low compressive strain. (a-c) Experimental results obtained for the thin BFO layer grown on a DSO substrate characterized by a strain level " ´0.35%. (a) Iso-B magnetic image revealing a zig-zag shaped magnetic field distribution. The black dashed lines, which are drawn as guides to the eye, correspond to ferroelectric domain walls leading to abrupt rotations of the cycloidal propagation vector by a 90 ˝angle. (b) Zoom on the magnetic field distribution. (c) Fast Fourier transform (FFT) of the magnetic image shown in (a), showing two sets of spots associated to the two orthogonal k 1 vectors, with periodicities lying in the range of 70 nm. (d-f) Identical experimental results are obtained for the thin BFO layer grown on a TSO substrate characterized by a strain level " ´0.10%.
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 27 Figure 2.7 : Stabilization of a type II spin cycloid at low tensile strain. (a-c) Experimental results obtained for the thin BFO layer grown on a GSO substrate characterized by a strain level " `0.05%. (a) Iso-B magnetic image revealing a zig-zag shaped magnetic field distribution. The black dashed lines, which are drawn as guides to the eye, correspond to ferroelectric domain walls. (b) Zoom on the magnetic field distribution showing a rotation of the cycloidal propagation vector by a "120 ˝angle at ferroelectric domain walls. (c) Fast Fourier transform (FFT) of the magnetic image shown in (a).

  pointing along the [211],[START_REF] Finco | Imaging non-collinear antiferromagnetic textures via single spin relaxometry[END_REF], and[START_REF] Bandiera | Comparison of Synthetic Antiferromagnets and Hard Ferromagnets as Reference Layer in Magnetic Tunnel Junctions With Perpendicular Magnetic Anisotropy[END_REF] axes, respectively, as sketched in Fig.2.8(a).
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 8111111111111 Possible stray field maps produced by the type II spin cycloid. (a,b) Sketch of the propagation directions pk 1 q of the type II spin cycloid for a given ferroelectric polarization variant. Panel (b) indicates the projections of the propagation vectors on the (001) sample surface with respect to the in-plane polarization vector P. (c-h) Possible magnetic field distributions produced above consecutive ferroelectric domains with orthogonal in-plane polarizations. Six different configurations of the propagation vectors are considered: (c) k in both domains, (d) k in both domains, (e) k in both domains, (f) switching from k , (g) switching from k and (h) switching from k .

Figure 2 . 9 :

 29 Figure 2.9 : The two types of spin cycloids in real and reciprocal spaces. (a) Resonant X-ray elastic scattering at the Fe L-edge for a BFO thin film grown on a DSO substrate. The square pattern indicates a bulklike, type I cycloid with propagation vectors aligned 90 ˝from each other. (b) Corresponding NV magnetometry image zoomed in, with the propagation vectors sketched for both polarization variants. (c) Resonant X-ray elastic scattering at the Fe L-edge for a BFO thin film grown on a GSO substrate. The rectangular pattern corresponds to a type II cycloid with propagation vectors lying at 110 ˝˘5 ˝from each other. (d) Corresponding NV magnetometry image zoomed in, with the propagation vectors sketched for both polarization variants.
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 210 Figure 2.10 : Stabilization of a type II spin cycloid at moderate compressive strain. (a-c) Experimental results obtained for the thin BFO layer grown on a STO substrate characterized by a compressive strain " ´1.35%. (a) Iso-B magnetic image revealing a zig-zag shaped magnetic field distribution. The black dashed lines, which are drawn as guides to the eye, correspond to ferroelectric domain walls. (b) Zoom on the magnetic field distribution showing a rotation of the cycloidal propagation vector by a "110 ˝angle at ferroelectric domain walls. (c) Fast Fourier transform (FFT) of the magnetic image shown in (a).
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 211 Figure 2.11 : Canted G-type antiferromagnetic phase at high tensile strain. Experimental results obtained for the thin BFO layer grown on an SSO substrate characterized by a strain level " `0.50%. The Iso-B magnetic images recorded on different regions of the sample indicate a pattern of G-type antiferromagnetic domains.
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 212 Figure 2.12 : Canted G-type antiferromagnetic phase at high compressive and tensile strain levels. (a-c) Experimental results obtained for the thin BFO layer grown on an NGO substrate characterized by a compressive strain level " ´2.90%. (a) Out-of-plane PFM phase image showing a bright flat contrast corresponding to a downward ferroelectric variant. (b) In-plane PFM phase image showing bright and dark patches corresponding to two in-plane ferroelectric variants. (c) Magnetic Iso-B image revealing a pattern of G-type antiferromagnetic domains. (d-f) Identical experimental results are obtained for the thin BFO layer grown on an NSO substrate characterized by a tensile strain level " `0.93%.
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 213 Figure 2.13 : Strain-dependent magnetic textures in BFO thin films.NV magnetometry images obtained on the set of BFO layers grown on different substrates (NGO, STO, DSO, TSO, GSO, SSO and NSO), characterized by strain levels ranging from compressive ( " ´2.9)%, to tensile ( " `0.93)%. The magnetic images demonstrate the strain-control of the antiferromagnetic order in BFO thin films.
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 214 Figure 2.14 : Designing a single micron-sized ferroelectric domain using PFM. (a) In-plane PFM phase image showing the native stripy ferroelectric landscape in a BFO thin film grown on a GSO substrate. (b) Sketch of the principle of PFM writing. A DC voltage is applied across the BFO film between the conductive tip and the bottom SRO electrode. (c) In-plane PFM phase image showing a micron-sized written ferroelectric monodomain with the defined in-plane polarization variant represented by a white arrow.
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 2215 Figure 2.15 : Antenna and markers defined to spatially correlate PFM and NV imaging. (a) A golden antenna and markers were defined by laser lithography on top of each BFO sample. The markers are used for locating the ferroelectric monodomains. (b) A typical confocal optical image showing the diamond cantilever and the position of the diamond nanopillar (the dark spot) with respect to the markers and the microwave antenna. (c) PFM phase images of the scanned area delimited by a dashed box in (a), showing a single PFM-written ferroelectric domain between two markers.

LFigure 2 . 16 :

 216 Figure 2.16 : Type I spin cycloid with a k 1 propagation variant in a single ferroelectric monodomain. (a-c) Experimental results obtained for the thin BFO layer grown on a DSO substrate characterized by a strain level " ´0.35%. (a) Iso-B image recorded on a single ferroelectric domain defined by PFM. (b) Sketch illustrating the propagation vector k 1 of the type I spin cycloid observed in (a), making a 90 ˝angle with the in-plane polarization vector. (c) Fitting of a linecut taken across the magnetic image shown in (a) (represented by the dashed line), which gives a periodicity λ 1 " 65 ˘2 nm. (d-f) Identical experimental results are obtained for the thin BFO layer grown on a TSO substrate characterized by a strain level " ´0.10%
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 1 propagation variants (see Fig. 2.7).

Figure 2 . 17 :

 217 Figure 2.17 : Switching from a type II to a type I spin cycloid. (a) NV magnetometry image on a single ferroelectric domain written by PFM on the BFO film grown on a GSO substrate characterized by a strain level " `0.05%. (b) Sketch illustrating the propagation vector k 2 of the type I spin cycloid observed in (a), making a 135 ˝angle with the in-plane polarization vector. (c) Fitting of a linecut taken across the cycloid in (a) (represented by the dashed line), which gives a periodicity λ 2 " 92 ˘3 nm.

1 3

 1 propagation vector of a type II spin cycloid (see Fig. 2.8(b)).
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 21931 Figure 2.19 : Switching from a canted G-type antiferromagnetic phase to a type II spin cycloid. (a) NV magnetometry image recorded on a single ferroelectric domain written by PFM on the BFO film grown on SSO, which is characterized by a strain level " `0.50%. (b) Sketch illustrating the propagation vector k 1 3 of the cycloid II observed in (a), pointing along the in-plane polarization vector. (c) Fitting of a linecut taken across the cycloid in (a) (represented by the dashed line), which gives a periodicity λ 1 3 " 146 ˘5 nm.
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 220 Figure 2.20 : Principle of the piezo-induced switching experiment. (a) Schematics of the switchable device consisting of a BFO thin film grown on an SRO/PMNT-PT heterostructure. (b) Out-of-plane and in-plane PFM phase images on the as-grown sample (top), and a PFM-written ferroelectric monodomain (bottom). (c) Preliminary NV images on the pristine sample (top) and the ferroelectric monodomain (bottom).
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 31 Figure 3.1 : Principle of the measurement of the longitudinal spin relaxation time T 1 . (a) Laser sequence used for the measurement of the relaxation time T 1 of the NV spin. An initial pulse is used to polarize the system in the m s " 0 bright state. After a waiting time τ in the dark, another laser pulse is applied to read the spin state of the defect by recording the spin-dependent PL signal. (b) Time-resolved PL response obtained for two different waiting time values τ " 0.5 µs (blue trace) and τ " 2 ms (red trace). The red regions represent the integration windows used to plot the T 1 curve. (c) Typical T 1 curve recorded on an NV defect hosted in a diamond nanopillar. The fitting of the experimental data with an exponential function leads to a characteristic decay T 1 " 520 ˘120 µs.

Figure 3 . 3 :

 33 Figure 3.3 : Principle of NV relaxometry measurement. (a) Simplified closed two-level system used to model the spin-dependent PL of the NV defect. The model introduces an intrinsic relaxation rate Γ 1 of the m s " 0 Ø ˘1 transitions, and an optically-induced polarization rate in the bright m s " 0 state, Γ p . (b) Normalized PL intensity of the NV defect as a function of the spin relaxation time T 1 for two different regimes of optical excitation power P . The parameter P sat denotes the saturation power of the NV defect optical transition.
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 334 Figure 3.4 : The SAF structure and the dependence of magnetic anisotropy on Co thickness. (a) Scheme illustrating the multilayer composition of a SAF sample. The two magnetic Co layers are antiferromagnetically coupled through the Ru/Pt spacer layer by RKKY exchange interaction. The exact composition of the stack is Ta(10)/Pt(8)/Co(t Co )/Ru(0.75)/Pt(0.6)/Co(t Co )/ Ru(0.75)/Pt(3), with the thicknesses in nm. The effective perpendicular magnetic anisotropy of the SAF is controlled by varying the Co thickness t Co . (b) Evolution of the effective anisotropy field µ 0 H eff as a function of 1{t Co . The solid line is a linear fit of experimental data that crosses zero (K eff " 0) at the spin-reorientation thickness t Co " 1.49 nm. Graph extracted from [116].
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 335 Figure 3.5 : Imaging domain walls in a SAF with effective perpendicular magnetic anisotropy. (a) Simplified sketch of a scanning NV probe imaging a domain wall in a SAF sample with Co thickness t Co " 1.41 nm. (b) Average out-of-plane magnetization component m z hysteresis loop of the full stacks for the domain wall sample sketched in (a). (c) PL image recorded above a SAF sample with perpendicular magnetic anisotropy (t Co " 1.41 nm). The image shows an overview of the magnetic domain structure.
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 36 Figure 3.6 : PL quenching in the presence of a strong static magnetic field. (a) Sketch depicting a magnetic field B, which is applied with an angle θ with respect to the NV defect axis Z. (b) Integrated PL intensity as a function of the magnetic field magnitude B for different NV defects in nanodiamonds having different quantization axis orientations. Solid lines are calculations from a seven-level model described in[START_REF] Tetienne | Magnetic-field-dependent photodynamics of single NV defects in diamond: An application to qualitative all-optical magnetic imaging[END_REF]. Graph reprinted from[START_REF] Tetienne | Magnetic-field-dependent photodynamics of single NV defects in diamond: An application to qualitative all-optical magnetic imaging[END_REF].
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 37 Figure 3.7 : Quantitative mapping of the stray field above a domain wall. (a) PL image of a domain wall. (b) Quantitative map of the static stray magnetic field B NV recorded above the area marked with the dashed rectangle in (a). The NV-to-sample distance is d NV " 80 ˘5 nm, and the NV quantization axis is defined by the angles θ NV " 58 ˝and φ NV " 103 ˝. (c,d) Magnetization profiles in the top (c), and bottom (d) Co layers of the SAF sample obtained from micromagnetic simulations. The domain wall width is larger in the top layer (w t " 24 nm) than the one in the bottom layer (w b " 19.1 nm). (e,f) Comparison between the experimental field profile (the dashed line in (b)) and simulations of the expected stray field for a Néel wall with a counterclockwise rotational sense (e), and a Bloch wall (f). The solid line is the profile at d NV " 80 nm from the surface and the colored area corresponds to a ˘5 nm variation of d NV .
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 38 Figure 3.8 : T 1 measurements for different positions of the NV sensor. (a-c) Sketches of the position of the NV sensor with respect to the magnetic structure. The tip is either (a) retracted, (b) engaged above a domain, or (c) engaged above a domain wall. (d) NV spin relaxation curves measured for the three different tip positions.The T 1 time is obtained from a fit to an exponential decay (dashed lines). The results show a drop of T 1 (blue curve) when the tip is engaged on a domain (the bright region of the sample). T 1 is further shortened (green curve) when the tip is engaged on the domain wall (the dark region of the sample).
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 39 Figure 3.9 : Relaxation time measured above non-magnetic surfaces. Comparison of T 1 curves for different situations where the tip is: (a) retracted, (b) engaged on a Pt film and (c) engaged on a bulk diamond surface. The three measured T 1 times show no significant difference, endorsing thus the fact that the shortening of T 1 observed above the SAF sample is of magnetic origin.
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 310 Figure 3.10 : Power-dependent all-optical images on a domain wall. (a) Saturation curve of the NV center used to record the images in (a), with the background signal subtracted from the NV defect PL. The fit (dashed line) gives a saturation power P sat " 540 µW. (b) PL quenching images recorded above the same domain wall as a function of the excitation laser power P . The images show the progressive fading of the PL contrast upon the increase of the excitation power to a value higher than the NV defect's saturation power.
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 3311 Figure 3.11 : Micromagnetic simulations of the origin of magnetic noise. (a) Equilibrium domain wall configuration obtained by micromagnetic simulation. x w and x d indicate lines along which spin wave propagation is characterized. (b) Dispersion relation of the propagating spin wave modes in the SAF domain, taken at x " x d in (a). The solid lines indicate a theoretical prediction, while the colour map represents the power spectral density (PSD) computed from the damped transient response in micromagnetic simulations. (c) Dispersion relation of the channeled domain wall spin waves computed at x " x w in (a). The white dashed lines in (b,c) indicate the position of ESR frequency of the NV defect at zero field, D " 2.87 GHz.
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 312 Figure 3.12 : Simulated noise intensity maps under random field excitation. Simulated map of the magnetic noise intensity at the frequency D " 2.87 GHz, computed above a domain wall configuration in the presence of disorder at a flying distance d NV " 80 nm (including the additional capping layers in the experimental films) and an NV quantization axis defined by the angles θ NV " 58 ˝and φ NV " 103 ˝. The quantity x}δB K,i } 2 y denotes the noise intensity perpendicular to the NV quantization axis.
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 313 Figure 3.13 : Spatial filter function. Shape of the filter function which determines the sensitivity of the NV center to the wavelength of the magnetic fluctuations.

47 Figure 3 . 14 :

 47314 Figure 3.14 : SAF with a vanishing perpendicular magnetic anisotropy. (a) Simplified sketch of a SAF sample hosting a spin spiral. The composition of the stack is identical to the one shown in Fig. 3.5(a), but with a Co thickness t Co " 1.47 nm which leads to a SAF with vanishing magnetic anisotropy. (b) Average out-of-plane magnetization component m z of the full stacks for the SAF with t Co " 1.47 nm hosting a spiral.
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 316 Figure 3.16 : Spin wave dispersion relations and noise maps in SAF spin spirals. (a) Relaxed spin spiral configuration used for the calculation of the dispersion relation. The vertical dashed lines indicate the positions (x " x 1 , x 2 , x 3 ) at which the the spin wave response is computed, and b rf denotes a schematic of the spatial sinusoidal field applied. (b) Combined dispersion relations obtained at x " x 1 , x 2 , x 3 in the geometry given in (a), where the dashed line indicates the NV frequency D " 2.87 GHz. (c) Relaxed spin spiral configuration in the presence of magnetic disorder. (d) Simulated magnon noise map at 2.87 GHz for the configuration in (d) at 80 nm from the surface. The quantity x}δB K,i } 2 y denotes the noise intensity perpendicular to the NV quantization axis.
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 317 Figure 3.17 : T 1 measurements on the spin-spiral sample. NV spin relaxation curves measured above (a) the bright and (b) the dark areas of the PL image in Fig. 3.15(a). We observe a reduction of T 1 from 920 ˘60 ns to 400 ˘40 ns.
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 318 Figure 3.18 : Spin texture of an antiferromagnetic skyrmion. Illustration of the whirling spin structure of a skyrmion in an antiferromagnetic monolayer. The spins of different colors belong to two antiparallel magnetic sublattices of the host material. Figure extracted from Ref. [134].

Figure 3 .

 3 Figure 3.19 : A biased SAF structure hosting skyrmions. (a) Simplified sketch of a SAF sample including an additional bias layer which enables to switch the spin spiral into skyrmions. The composition of the bias layer is Ta(10)/Pt(8)/[Co(0.6)/Pt(0.45)] 3 . (b) Average out-of-plane magnetization component m z of the full stacks for the biased-SAF with t Co " 1.47 nm.
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 3320 Figure 3.20 : NV relaxometry imaging of skyrmions in a biased-SAF. (a) PL quenching image showing skyrmions in the biased-SAF sample. (b) Line profile across the skyrmion marked with the circle in (a). The solid line is data fitting with a Gaussian function. (c) Statistical distribution of the full width at half maximum w of the PL quenching spots, inferred from measurements over a set of 52 isolated skyrmions.
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 3211 Figure 3.21 : Noise spectrum of an isolated SAF skyrmion. (a) Simulated dispersion relation for the domain state. The dashed line indicates the NV defect ESR frequency D " 2.87 GHz. (b,c) Relaxed magnetic configurations of the skyrmion in the presence of magnetic disorder in the top layer (b), and the bottom layer (c). (d) Simulated map of the magnetic noise intensity at 2.87 GHz for an NV-to-sample distance d NV " 80 nm. The quantity x}δB K,i } 2 y denotes the noise intensity perpendicular to the NV quantization axis.
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 322 Figure 3.22 : T 1 measurements on the SAF sample hosting skyrmions. NV spin relaxation curves measured outside the skyrmion (red curve) and above a skyrmion (blue curve). We observe a reduction of the relaxation time from T 1 " 9.1 ˘0.6 µs above the uniform domain, to T 1 " 870 ˘60 ns above the skyrmion.
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 2 Figure A.2 : Designing single ferroelectric domains with PFM. (a) Out-of-plane poling in a BFO film is done by applying a DC voltage between the conducting tip and the bottom electrode. A positive bias field switches the polarization up while a negative voltage switches it down. (b) In-plane switching of the polarization can only be performed by simultaneously applying an out-of-plane voltage and combining it to the trailing field created by the tip motion during the scan. When the bias voltage is positive/negative, the trailing field is parallel/antiparallel to the slow scan axis. (c) For a cantilever aligned along (P 3 , P 1 ), it is possible to design a monodomain containing either P 2 or P 4 as a function of the trailing direction (right pannel). (d) An example of two monodomains with the in-plane components P 2 and P 4 written on a BFO film grown on DyScO 3 corresponding to the case in (c).It is noted here that the PFM phase images were acquired with the reading position depicted in the inset sketch.

Figure B. 2 :

 2 Figure B.2 : The four possible orientations of the NV axis in x001y grown diamond. (a) SEM image of the single-crystalline diamond probe (retrieved from qnami.ch) showing a diamond slab colored in red and a nanopillar at its extremity. A quartz rod colored in yellow is used to integrate the tip to the AFM tuning fork. (b) In the diamond nanopillar, four orientations of the NV quantization axis along the x111y directions are possible.

  Fig. B.3(a)) that splits the ESR frequencies ν ˘as a function of the projected field B NV on the quantization axis. In a first step, the angle θ c of the magnetic field is set to 90 ˝, which lays the magnetic field in the (xy) plane and then the field is rotated in the first quarter of the horizontal plane (right panel of Fig. B.3(b))
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 2 `y2 `pz ´z1 q 2 and M x , M y , M z are the components of the magnetization. Taking the Fourier transform of Equation C.4 and using the convolution theorem Frf ˚gs " F rf sFrgs, we obtain M x , M y and M z are functions of cosine terms (see equation C.1) whose Fourier transforms are given by the δ-function. The Fourier transforms of the corresponding terms are shown below
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 4 NV " B total x cos φ NV sin θ NV `Btotal y sin φ NV sin θ NV `Btotal z cos θ NV (C.34) Stray field produced by the cycloid in (111)-oriented BFO The distribution of magnetization is modeled by the vector M Mpr 1 q " M s cospkyq e k ´Ms sinpkyq e P `mDM cospkyq e k ˆeP . (C.35)
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  and M x , M y , M z are the components of the magnetization. Taking the Fourier transform of Equation C.38 and using the convolution theorem Frf ˚gs " F rf sFrgs, we obtain
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									z 1 "`a ? 3{6							
			Φpx, y, zq "	´µ0 4π	ż z 1 "´a ? 3{6	"´M	x	˚B Bx	1 r	¯`´M	y	˚B By	1 r	¯`´M	z	˚B Bz	1 r	¯ıdz 1	(C.38)
	where	1 r	"	a	1 x 2 `y2 `pz ´z1 q 2							
							z 1 "`a ? 3{6								
		FpΦq "	´µ0 4π	ż z 1 "´a ? 3{6	" FpM x qF	´B Bx	1 r	¯`FpM y qF	´B By	1 r	¯`FpM z qF	´B Bz	1 r	¯ıdz 1	(C.39)

Strain and electric-field control of antiferromagnetic spin textures in BFO thin films

Acknowledgements

The work presented in this thesis would not have been possible without the contribution of many people. I take this opportunity to express my sincere gratitude and appreciation to all those who contributed in their own particular way.

A journey into the antiferromagnetic spin textures in strained BFO thin films

The k 1 1 and k 1 2 propagation vectors are pointing out of the sample plane, with an in-plane projection on the (001) sample surface making an angle of ˘108 ˝with the in-plane ferroelectric polarization (see Fig. 2.8(b)). In both cases, the expected periodicity of the stray field modulation is equal to the projection of the cycloid wavelength on the (001) surface plane, leading to λ 1 1 " λ 1 2 " 1.1 ˆλb " 70 nm. On the other hand, the k 1 3 propagation vector is characterized by an in-plane projection on the sample surface, which is parallel to the in-plane ferroelectric polarization. For such a cycloid propagation variant, the expected periodicity of the stray field modulation is given by λ 1 3 " ? 3λ b " 110 nm. Like for the type I spin cycloid, the periodicity and the orientation of the magnetic field modulation can thus be used to discriminate between the three possible propagation vectors of the type II spin cycloid.

All the possible magnetic field distributions produced by a type II cycloid stabilized in consecutive ferroelectric domains with orthogonal in-plane polarizations are shown in Fig. 2.8(c-h). In our experiments, we observed a rotation of the spin cycloid propagation by an angle of "120 ˝at ferroelectric domain walls. Such a rotation angle is only compatible with a switching between k 1 2 and k 1 1 cycloid variants in consecutive ferroelectric domains (see Fig. 2.8(f)). This experiment constitutes the first real-space observation of a type II cycloid in BFO.

Resonant elastic X-ray scattering (REXS) measurements

In order to support the results obtained in real-space with scanning NV magnetometry, resonant elastic X-ray elastic scattering (REXS) measurements were performed in collaboration with Nicolas Jaouen at the Synchrotron SOLEIL, Gif-sur-Yvette.

Two BFO samples were investigated: the first one was grown on a DSO substrate (stabilizing a type I spin cycloid) and the second one on a GSO substrate (stabilizing a type II spin cycloid). The principle of the experiment is presented in section § 1.3.2. As the spin cycloid is a periodic magnetic object, it gives rise to a diffracted pattern at the Fe resonant L-edge. In order to select the diffracted signal of magnetic origin, the difference between left and right circularly polarized light is plotted as a dichroic diffracted pattern, with red and blue contrast corresponding to positive and negative dichroism, respectively. The inverted contrast between `q and ´q diffraction spots is a signature of chirality. Indeed, BFO spin cycloids in which spins rotate in a plane defined by the polarization P and the propagation vector k are chiral objects.

The REXS measurement performed on the BFO thin film grown on DSO is shown in Fig. 2.9(a). The presence of two orthogonal cycloid propagation directions (red arrows in Fig. 2.9(a)) 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 coming from the modulation of the magnetic periodicity by the ferroelectric one [START_REF] Chauleau | Electric and antiferromagnetic chiral textures at multiferroic domain walls[END_REF]. However, here our focus is only on the cycloid propagation direction and periodicity. The spacing between the `q and ´q spots corresponds to a cycloid period of 72 ˘5 nm for both spin cycloids with a k 1 propagation vector. Consistently at the local scale, the combination of PFM and scanning NV magnetometry allows to identify the relative orientation of is indeed very close to the bulk case. We now take advantage of this result, to quantitatively infer the uncompensated magnetic moment m DM of the SDW in the case of a spin cycloid propagating along k 2 in a slightly strained BFO film. To this end, a Full-B map was recorded on the ferroelectric monodomain and is presented in Fig. 2.18(a). Following the same analytical procedure as the one described in § 1.3.1, the amplitude of the magnetic field produced by a cycloid propagating along k 2 was calculated in the laboratory frame. The details of the calculation can be found in Appendix C. The magnetic field produced at a distance z above the surface of a monolayer can be expressed as

where A "

These field components were then projected along the NV quantization axis in order to obtain an analytical function for B NV . Fitting a linecut of the magnetic field distribution along the cycloid propagation with this function leads to m DM " 0.12 ˘0.05 µ B (Fig. In a more recent work [START_REF] Ariyaratne | Nanoscale electrical conductivity imaging using a nitrogen-vacancy center in diamond[END_REF], Ariyaratne et al. demonstrated the nanoscale electrical conductivity imaging on an array of Al nanopatterns. An NV center was scanned over the nanopatterns that produce Johnson noise, and a T 1 curve was recorded at each point of the scan. The resulting T 1 map displayed in Fig. 3.2(b) shows a drop of the relaxation time above the Al nanostructures that recovers above the gaps. Although the authors reduced the imaging time to a minute per pixel through the implementation of an adaptive single-τ algorithm, this technique remains a long procedure as it requires the repetition of a pulsed laser sequence at each pixel of the image in order to record a point-by-point T 1 map.

In the following section, we introduce a new relaxometry-based imaging mode, which simply relies on the measurement of the PL signal of an NV defect hosted in an all-diamond scanning probe under continuous laser illumination. This all-optical mode does not require the long acquisition of spin relaxation curves and is more practical since the NV sensor implemented in a nanopillar is scanned above the sample.

PL quenching induced by magnetic noise

In this section, we describe the protocol of the relaxometry-based imaging mode that we proposed. To this end, we first introduce a simple model that reveals the spin-dependent PL response of the NV defect as a function of its longitudinal spin relaxation time T 1 under continuous laser illumination.

A thorough modeling of the NV photodynamics under green laser excitation, requires the consideration of several energy levels of the NV center. However, for the sake of simplicity, we consider here a simple closed two-level system corresponding to the ground states with spin projections m s " 0 and m s " ˘1

Imaging domain walls in a SAF through NV relaxometry

These experiments illustrate that the imaging contrast can be optimized by adjusting the excitation power. The optimal excitation power depends on the amplitude of the drop in T 1 time induced by magnetic noise. In the next section, we investigate the physical process at the origin of the detected magnetic noise.

Origin of the magnetic noise

The observed variations in NV spin relaxation time are explained by magnetic noise generated by thermal populations of magnons in the SAF sample. To support this interpretation, our collaborators Joo-Von Kim et al. from Centre de Nanosciences et de Nanotechnologies, Palaiseau, computed the dispersion relation of spin waves for both the uniform antiferromagnetic domain and the domain wall. The details of the calculation can be found in Ref. [START_REF] Finco | Imaging non-collinear antiferromagnetic textures via single spin relaxometry[END_REF].

Magnon dispersion relations

The simulation geometry used for the calculation of the magnon dispersion relations is presented in Fig. 3.11(a). It consists of an equilibrium magnetic configuration comprising Neél-type domain walls with an antiparallel alignment between the layers. Periodic boundary conditions are applied along the y direction, parallel to the length of the domain wall. Fig. 3.11(b,c) display the obtained dispersion relations of the spin waves inside an antiferromagnetic domain at x d , and at the position of a domain wall at x w .

In the uniform SAF domain and in the absence of an applied magnetic field, the dipolar coupling between the two ferromagnetic layers lifts the degeneracy between the acoustic and optic spin wave modes, as indicated by the solid lines in Fig. 3.11(b). Propagation of spin waves is characterized by a quadratic dispersion in the wavevector k with a frequency gap determined by the perpendicular magnetic anisotropy and the RKKY interlayer exchange coupling. However, by including the measured value of Gilbert damping (α " 0.1) in the calculation, these two branches are smeared out as shown in the colour map of the simulated power spectral density in Fig. 3.11(b). We remark that the bottom of the spin wave band, which is determined by the frequency of the uniform mode (k " 0), remains above the ESR frequency of the NV defect at zero field (D " 2.87 GHz). However, given the line broadening induced by damping, the NV frequency falls into the tail of the thermal power spectrum. As a result, a moderate reduction in the spin relaxation time T 1 is obtained when the tip is engaged above a uniform antiferromagnetic domain (Fig. 3.8(b,d)).

For a domain wall, the situation is radically different, as shown in Fig. 3.11(c). Indeed, the dispersion relation is characterized by a gapless mode that propagates parallel to the domain wall [START_REF] Winter | Bloch Wall Excitation. Application to Nuclear Resonance in a Bloch Wall[END_REF], with a slight nonreciprocity that arises from a combination of the Dzyaloshinskii-Moriya and dipolar interactions [START_REF] Garcia-Sanchez | Narrow Magnonic Waveguides Based on Domain Walls[END_REF][START_REF] Henry | Unidirectional spin-wave channeling along magnetic domain walls of Bloch type[END_REF]. These modes have been recently observed experimentally with time-resolved scanning transmission X-ray microscopy (STXM) [START_REF] Sluka | Emission and propagation of 1D and 2D spin waves with nanoscale wavelengths in anisotropic spin textures[END_REF]. Therefore, magnon modes at the resonance frequency of the NV defect exist on the domain wall and are populated by thermal energy, which explains the large drop of T 1 on the domain wall (Fig. 3.8(c,d)).

Spin spirals in a SAF

Here, A is the Heisenberg exchange parameter and D DM is the effective Dzyaloshinskii-Moriya interaction constant. Fig. 3.14(b) shows the out-of-plane magnetization m z hysteresis loop of the multilayer stack illustrated in Fig. 3.14(a). The loop shows a linear evolution of its average m z towards saturation, characteristic of an antiferromagnetic RKKY coupling of the magnetic layers with vanishing effective anisotropy. Such conditions allow the spin-spiral state under zero external field. The SAF sample is then imaged using NV relaxometry.

Experimental results

A typical PL quenching image recorded with the scanning NV sensor above the SAF sample described in the previous section, is shown in Fig. 3.15(a). A disordered spin-spiral structure is clearly visible through alternating bright and dark PL stripes. A similar image on the same type of SAF has already been observed with magnetic force microscopy (MFM) in Ref. [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. However, MFM measurements are performed using a magnetic tip that might perturb the magnetization of the sample. Moreover, the magnetic signal emanating from the SAF system is very low, and in order to increase the magnetic sensitivity, MFM measurements were conducted under low pressure [START_REF] Legrand | Crafting Magnetic Skyrmions at Room Temperature : Size, Stability and Dynamics in Multilayers[END_REF]. NV relaxometry on the other hand, is free of these obstacles. The diamond tip is non-invasive and the NV spin is highly sensitive to magnetic signals under ambient conditions. The spin-spiral periodicity was therefore accurately extracted from the NV center PL maps. Analysis of a linecut taken across an ordered zone of the spin spiral in the PL image indicates a period λ " 250 nm (see Fig. 3.15(b)). Considering an exchange parameter A " 20 pJ m ´1, we extract from Eq. (3.9) an effective Dzyaloshinskii-Moriya interaction constant D DM " 1 mJ m ´2, which is in good agreement with earlier studies [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. 

Conclusion

interesting candidate, that is a natural transition-metal oxide, is antiferromagnetic NiO. This material has been used for studying different novel spintronic phenomena including spin-orbit-torque switching [START_REF] Moriyama | Spin torque control of antiferromagnetic moments in NiO[END_REF][START_REF] Chen | Antidamping-Torque-Induced Switching in Biaxial Antiferromagnetic Insulators[END_REF][START_REF] Baldrati | Mechanism of Néel Order Switching in Antiferromagnetic Thin Films Revealed by Magnetotransport and Direct Imaging[END_REF], and exchange-bias coupling to ferromagnets [START_REF] Arenholz | Magnetic structure near the Co/NiO(001) interface[END_REF][START_REF] Matsuyama | Microscopic Imaging of Fe Magnetic Domains Exchange Coupled with Those in a NiO(001) Surface[END_REF][START_REF] Cartier | Magnetic domain configurations in exchange-coupled NiO/Co bilayer films[END_REF]. A key ingredient for the exploration of the physics behind these phenomena, is the nanoscale mapping of magnetic stray field generated at domain walls in this material. The main question is whether it is possible to detect the weak stray field generated by such intrinsic antiferromagnet. Preliminary experiments were performed on a 100 nm-thick NiO film grown on Al 2 O 3 by Jean-Baptiste Moussy at SPEC, CEA (see Fig. 

Appendix

A Vectorial piezoresponse force microscopy A.1 Vectorial PFM imaging

To visualize the ferroelectric state of the sample, an AC voltage is applied between the conducting tip and the bottom electrode, the amplitude of the applied voltage being below the coercive voltage of the sample for non-destructive reading of the ferroelectric state. The vertical vibration of the tip probes the out-of-plane ferroelectric component (first column in Fig. A.1), bright and dark contrasts correspond to polarizations pointing downwards and upwards respectively. Determining the in-plane components is however subtle given that the lateral response of the polarization depends on the cantilever's position (second column in Fig. A.1). To have a complete construction of the ferroelectric polarizations present in the sample, a sequence of acquisitions must be performed where the tip is rotated by 90 ˝with respect to the sample, and the combination of in-plane phase and amplitude images allow the determination of the in-plane components.

In Fig. A.1 an example of vectorial PFM measurements is illustrated for a BFO thin film grown on SrRuO 3 /DyScO 3 [START_REF] Robledo | Spin dynamics in the optical cycle of single nitrogen-vacancy centres in diamond[END_REF]. In a first acquisition, the cantilever is oriented in position 1 that is perpendicular to the ferroelectric stripes. The out-of-plane PFM phase is homogeneous and bright, indicating only downward polarization variants. The in-plane PFM phase shows alternating bright and dark domains with equal amplitudes. As sketched on the right panel, this could correspond to (P 1 , P 4 ) variants in the bright regions and (P 2 , P 3 ) variants in the dark regions.

The cantilever is now turned to position 2 which is parallel to (P 2 , P 4 ), thus these two variants do not respond as they are aligned with the cantilever's axis and the tip is only sensitive to shear deformations produced by the perpendicular in-plane polarizations. The in-plane PFM phase and amplitude show that only one family of domains is responding and its phase signal is bright. This signal corresponds to the P 3 variant (right of the cantilever). The next step consists of turning the cantilever by an angle of 90 ˝to determine the second family of domains.

In position 3, the cantilever is parallel to (P 1 , P 3 ). The in-plane PFM phase and amplitude show that only one family of domains is responding and its phase signal is dark. This signal corresponds to the P 4

Designing single ferroelectric domains with PFM Supplementary Figure 3. Determining the 71-degree domain walls structure with vectorial piezoresponse force microscopy. 

A.2 Designing single ferroelectric domains with PFM

Besides reading the ferroelectric state of the sample, PFM can be used to write a single ferroelectric domain. In that case, a DC voltage is applied between the tip and the bottom electrode, and in order to switch the polarization, the voltage must be higher than the coercive field of the sample (« 12 kV cm ´1) [START_REF] Park | Structure and spin dynamics of multiferroic BiFeO 3[END_REF]. Note that a small DC voltage applied to a thin BFO film of about 5 V can induce a giant electric field of few MV cm ´1 in a tip having a small diameter [START_REF] Crassous | Polarization charge as a reconfigurable quasi-dopant in ferroelectric thin films[END_REF]. The tip-electrode bias field controls the outof-plane component of the polarization; a positive voltage switches the polarization upwards, whereas a negative voltage switches it downwards (Fig. A.2(a)). However, determining the in-plane component is more subtle. It is through the so-called trailing field that the in-plane component is controlled [START_REF] Balke | Deterministic control of ferroelastic switching in multiferroic materials[END_REF][START_REF] Crassous | Polarization charge as a reconfigurable quasi-dopant in ferroelectric thin films[END_REF]. By applying a tip-electrode bias voltage and simultaneously scanning the tip, a trailing field aligned with the slow scan axis is created (Fig. A.2(b)). A positive bias voltage induces a trailing direction parallel to the slow axis, whereas the trailing direction is antiparallel to the slow axis for a negative bias voltage. Therefore, by controlling the tip movements and consequently the trailing direction, one can Appendix B NV magnetometry setup and characterization of the magnetic probe

B.1 Experimental setup

The scanning NV magnetometry setup consists of a confocal mciroscope combined to a tuning-forkbased atomic force microscope (AFM) that integrates a diamond scanning probe hosting a single NV defect as depicted in Fig. B.1(a). The optical setup comprises an excitation and a detection paths. In the excitation path, a 532 nm green laser is sent to a dichroic mirror that selectively passes the red and reflects the green. The laser is then reflected on a steering mirror that is used to scan the beam in x and y in the laboratory frame. Afterwards, the beam passes through an objective (with a high numerical aperture of 0.9), that focuses it on the diamond tip and excites the NV center, which in its turn, emits red photons. The red photons are simultaneously collected by the same objective, and the red light follows the same pathway of the green laser, until it's separated from the excitation path by passing through the dichroic mirror. The red photoluminescence goes then through a 50 µm-diameter pinhole positioned in the conjugate focal plane of the NV defect, and it isolates the signal coming from the NV center by blocking the undesired out-of-focus light. The light streaming from the pinhole is then filtered and finally detected by an avalanche photodiode (APD) that counts the photons. The confocal setup serves thus to isolate the NV defect under the objective, and to collect its PL in order to perform ESR spectroscopy. A typical PL image is shown in Fig. B.1(c), where the green laser is scanned via the steering mirror on top of the diamond cantilever, and at each pixel of the image the PL is collected by the APD and the resulting image shows a bright spot that corresponds to the emission of the NV center emerging from the nanopillar.

In order to obtain an ESR spectrum, a microwave excitation is needed and thus delivered through a gold antenna lithographed on top of the studied sample as depicted in the Zeeman splitting induced by the magnetic stray field emerging from the sample is extracted, and ultimately a magnetic map is obtained.

The tips used in our experiments are commercial all-diamond scanning probes with single NV defects (QuantileverMX) from Qnami (Basel, Switzerland). The probe is mounted on a quartz tuning fork having a typical resonance frequency of 32 KHz (Fig. B.2(a)). The AFM is operated in the dynamic (amplitude modulation) detection scheme, where the tuning fork is excited by a piezo actuator that oscillates the cantilever at its fixed resonance frequency with a fixed drive amplitude. The amplitude altered by the tip-sample interaction, is measured electrically, and controlled by a feedback loop that fixes it to a selected setpoint. In other words, at the presence of a topographic inhomogeneity on the sample surface, the tip-sample interaction changes the oscillation amplitude of the cantilever, the feedback loop acts then to bring the amplitude back to its setpoint by changing the z-signal of the sample, keeping thus the tip-sample distance always constant. This ∆z is recorded while scanning the sample, and results 

B.3 Calibration of the NV-to-sample distance

The spatial resolution in our experiments is defined by the distance d NV from the NV defect in the nanopillar to the sample. This distance can vary from one probe to the other, and therefore, it is crucial Calibration of the NV-to-sample distance to characterize each probe before using it. To determine d NV , a method described in Ref. [START_REF] Hingant | Measuring the Magnetic Moment Density in Patterned Ultrathin Ferromagnets with Submicrometer Resolution[END_REF] is used. The method consists of recording the magnetic stray field produced above the edges of a uniformly magnetized ferromagnetic wire, as sketched in Fig. B.4(a). An ESR line is tracked while the tip is scanned above the magnetic stripe. At each pixel of the scan an ESR spectrum is recorded, and the Zeeman shift of the ESR frequency is extracted and well approximated by ∆ν NV " a E 2 `pγ e B NV {2πq 2 in the magnetic field range considered in this work (<5 mT). Here E is the transverse zero-field splitting parameter of the NV sensor which is typically on the order of few MHz, γ e « 28 GHz/T is the electronic spin gyromagnetic ratio and B NV is the magnetic field projection along the NV defect quantization axis, defined by the spherical angles (θ NV , φ NV ) in the laboratory frame of reference px, y, zq. These angles are measured independently (see § B.2). For an ultrathin magnetic wire (d NV " t), with an infinite dimension along the y axis, the stray magnetic field B ed above an edge is given by the formula

This field depends on the magnetization of the wire M s and the NV-to-sample distance d NV that determines the spatial resolution. Using Eq. B.1, the Zeeman shift profile recorded above the edges of the wire is fitted, and both M s and d NV are determined. 

Magnetization pattern

We consider the uncompensated magnetic moments induced by the spin density wave m DM . The resulting spin texture in the sample is modeled by a magnetization vector M " m DM {V , where

Here e X and e Y are orthogonal unit vectors oriented along the cycloid propagation direction k 1 and a vector Y perpendicular to k 1 , making an angle α with the (001) plane. A rotation matrix was used to translate this magnetization into the laboratory frame of reference px, y, zq, in which the NV quantization axis is defined.

C.1.2 Analytical description of the magnetic field

In the next step the analytical fit function for the stray field is derived. Using Fourier analysis we first obtain the magnetic potential Φpx, y, zq on a horizontal plane (x, y) at a distance z above the given distribution of magnetization M which is considered to be contained in an infinite layer (x 1 ,y 1 ) with a unit cell thickness a. The field from this monolayer (B mono ) is determined by taking the gradient of the potential Φpx, y, zq i.e. B mono = -∇Φ. The total magnetic field (B total ) above the sample is subsequently calculated by summing up the contributions from all monolayers. Finally this field is projected along the NV-axis to attain an analytical formula which is eventually used to fit the 2D data measured with the NV magnetometry.

The potential Φpx, y, zq for the previously defined magnetization distribution M is given by the following equation Stray field produced by a cycloid propagating along k 2 in (001)-oriented BFO

The magnetic field at a distance z above the surface of such a monolayer can be calculated using the Finally, the total magnetic field distribution is projected along the NV quantization axis defined by the angles (θ NV , φ NV ) in order to obtain an analytical formula given by B NV " B x cos φ NV sin θ NV `By sin φ NV sin θ NV `Bz cos θ NV (C.12)

C.2 Stray field produced by a cycloid propagating along k 2 in (001)oriented BFO

The distribution of magnetization is modeled by the vector M m DM pr 1 q " m DM cospk 2 ¨r1 qpe k ˆeP q . (C.13)

Here e k and e P are orthogonal unit vectors oriented along the cycloid propagation direction k 2 and the polarization P.

C. Deriving the analytical formulas of the magnetic stray field in BFO

The cycloid in this case propagates along the vector k 2 that lies in the vertical plane defined by py, zq. The potential for the previously defined magnetization distribution M is reduced to Φpy, zq and is given by the following equation Φpy, zq "

4π Mpy 1 q ¨∇p 1 a py ´y1 q 2 `pz ´z1 q 2 q dy 1 dz 1 (C.14)

Equation C.14 is a simple 2D convolution of two functions:

f py 1 q gpy ´y1 q dy 1 .

(C.15)

Based on this relationship, Equation C.14 can be rewritten as Φpy, zq " ´µ0 4π

and M y , M z are the components of the magnetization. Taking the Fourier transform of Equation C.16 and using the convolution theorem Frf ˚gs " F rf sFrgs, we obtain

FpΦq " ´µ0 4π

Here M y and M z are functions of a cosine term, whose Fourier transforms are given by the Dirac δ function. The Fourier transforms of the corresponding terms are shown below Fpcospk 2y yqq " δpk y ´k2y q `δpk y `k2y q 2 (C.19)

We first compute FpΦq using the Fourier transforms shown in Equations C. [START_REF] Němec | Antiferromagnetic opto-spintronics[END_REF] The total magnetic field emanating from the crystal at an NV-to-sample distance d NV above the surface is calculated by summing the contribution of N " t{a layers. The field from each layer is calculated at a distance z " d NV `pn ´1q a where n " 1, 2, ..., N . Finally, the total magnetic field distribution is projected along the NV quantization axis defined by the angles (θ NV , φ NV ) in order to obtain an analytical formula given by

C.3 Stray field produced by a cycloid propagating along k 3 in (001)oriented BFO

The distribution of magnetization is modeled by the vector M m DM pr 1 q " m DM cospk 3 ¨r1 qpe k ˆeP q . (C.24)

Here e k and e P are orthogonal unit vectors oriented along the cycloid propagation direction k 3 and the polarization P.

The cycloid in this case propagates along the vector k 3 that lies in the vertical plane defined by px, zq. The potential for the previously defined magnetization distribution M is reduced to Φpx, zq and is given by the following equation Φpx, zq "

Equation C.25 is a simple 2D convolution of two functions f pxq ˚gpxq " Here M x and M z are functions of a cosine term, whose Fourier transforms are given by the Dirac δ function. The Fourier transforms of the corresponding terms are shown below Fpcospk 3x xqq " δpk x ´k3x q `δpk x `k3x q 2 (C.30)

where | k |" k 3 " 2π λ .

We first compute FpΦq using the Fourier transforms shown in Equations C. [START_REF] Gross | Direct measurement of interfacial Dzyaloshinskii-Moriya interaction in X|CoFeB|MgO heterostructures with a scanning NV magnetometer[END_REF]