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Investigation of ferrimagnetic insulators ultrathin films

Titre : Etude de films ultraminces isolants ferrimagnétiques à anisotropie perpendiculaire, élaborés et optimisés par ablation laser pulsé Mots clés : anisotropie perpendiculaire, isolants magnétiques, ablation laser pulsé, dynamique d'aimantation, bulles magnétiques, magnonique Résumé : L'isolant ferrimagnétique de grenat de Fer et d'Yttrium (YIG) est le terrain de jeu privilégié du domaine de la magnonique grâce à son amortissement de Gilbert unique de 𝛼 = 5. 10 -5 pour le bulk. L'émergence de nouvelles approches de croissance telles que le dépôt par ablation laser pulsé (PLD) et la pulvérisation hors axe a prouvé que les films ultraminces de grenat peuvent posséder des propriétés dynamiques comparables à celles des films micrométriques traditionnellement obtenus par épitaxie en phase liquide (LPE). Cependant, du point de vue des dispositifs, une anisotropie magnétique perpendiculaire (PMA) dans ce système est hautement souhaitable, par exemple pour effectuer une manipulation de l'aimantation par un couple spin-orbite. Récemment, des films minces de YIG aimantés perpendiculairement, et obtenus par pulvérisation et PLD ont été rapportés dans la littérature, ouvrant de nouvelles perspectives d'applications. Dans cette thèse, nous avons mis en évidence la stabilisation de l'anisotropie magnétique perpendiculaire induite par la contrainte épitaxiale, dans les films minces de YIG en utilisant un procédé de croissance par PLD. Lorsqu'il s'agit du domaine de la magnonique où les bicouches Pt/YIG sont largement utilisées, le YIG présente certaines limites. La principale est l'effet néfaste du chauffage par effet Joule -induit par le flux de courant dans la couche de Pt -sur le spectre des ondes de spin. Il a notamment été prouvé que les décalages de fréquence non linéaires limitent la fonctionnalité supplémentaire du paradigme magnon-spintronique. Ce problème peut être résolu en modifiant l'anisotropie magnétique des films de YIG par exemple en effectuant un dopage au Bismuth pour obtenir des films avec PMA. En fait, ce n'est que très récemment que des films ultraminces de YIG dopé au Bismuth (Bi-YIG) avec une anisotropie magnétique perpendiculaire et adaptés à la magnonique ont été obtenus. Ces films ont été récemment caractérisés par un amortissement de Gilbert de l'ordre de quelques 10 -4 et un mouvement de paroi de domaine induit par le courant ayant une vitesse dépassant 4000 m s -1 . Dans cette thèse, les conditions de croissance des films minces Bi-YIG sont optimisées pour accorder l'axe facile hors du plan et atteindre une aimantation effective nulle par une combinaison d'anisotropies magnéto-élastiques et induites par la croissance, qui compensent l'anisotropie dipolaire. Cet équilibre crucial est obtenu par le réglage fin de la température de croissance pendant le procédé de croissance PLD. Cette optimisation est également corrélée à une indépendance en température de la fréquence de résonance ferromagnétique. Enfin, l'observation récente de bulles de diamètre submicrométrique dans un grenat isolant ferrimagnétique, ainsi que la mise en évidence d'une interaction Dzyaloshinskii-Moriya (DMI) ont provoqué un regain d'intérêt pour cette classe de matériaux. Dans cette thèse, nous avons démontré que des bulles magnétiques de moins de 300 nm peuvent être stabilisées dans les films minces optimisés de YIG dopé au Bismuth et que les bulles peuvent ultimement former un réseau. L'anisotropie magnéto-cristalline est un ingrédient important dans leur stabilisation alors qu'aucune DMI notable n'a été mesurée dans les films minces de Bi-YIG.

In fact, it is only very recently that ultrathin Bismuth doped YIG (Bi-YIG) films with perpendicular magnetic anisotropy and suitable for magnonics have been obtained. These films have been recently characterized by Gilbert damping in the range of few 10 -4 and currentinduced domain wall motion with speed exceeding 4000 m s -1 . In this thesis, the growth conditions of Bi-YIG thin films are optimized to tune the out-of-plane easy axis and reach a vanishing effective magnetization through a combination of magneto-elastic and growth-induced anisotropies, that compensate the dipolar one. This crucial equilibrium is obtained through the fine tuning of the growth temperature during the PLD growth. This optimization is also correlated to a temperature independence of the ferromagnetic resonance frequency. Lastly, the recent observation of submicrometer diameter bubbles in ferrimagnetic insulator garnet as well as the evidence of sizable Dzyaloshinskii-Moriya interaction (DMI) have induced a renewal of interest for this class of material. In this thesis we evidenced that magnetic bubbles of less than 300 nm can be stabilized in the optimized Bismuth doped YIG thin films and that bubbles can ultimately form a lattice. The cubic magneto-crystalline anisotropy is an important ingredient in their stabilization while no sizable DMI has been measured in the Bi-YIG thin films.
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In this chapter, we present a brief literature review of the rapidly growing field of magnonics, and more specifically YIG magnonics. We start by giving a general background on this field and its information carriers: the spin-waves. We then discuss several promising applications in the fields of spintronics and magnonics, as well as the appropriate materials for their realization. We discuss the challenges related to the materials, and the material growth. To this end, we give a more specific insight on magnetic insulators with perpendicular magnetic anisotropy, the different growth techniques and lastly, we present a clear-cut background of this PhD thesis.

A. General background: magnonics

i. Historical overview: from charge to spin Research on computing-based system and information technology have been historically focused on the use of electron charge or voltage to encode, carry, propagate, process, and store the information [1]. The numerous investigations on this topic lead to the breakthrough discovery of the semiconductor transistor: a fundamental element for the development of "electronics" and today's miniaturized embedded electronic circuits. In fact, the successive miniaturization advances granted the multiplication of the number of transistors on a circuit, a behaviour that has been empirically described by "Moore law": which predicts that their number -hence the level of performance -double every two years. Yet, the downscaling of the complementary metal-oxide semiconductor (CMOS)-based technology faces some limitations, one of them being the possibility of thermal fluctuations, causing logic errors [2].

To overcome notably this loss of reliability, alternative routes have been investigated for "more-than-Moore" prospect. Among them, the development of spintronics which rely on the use of the electron spin property offers promising low-energy solutions.

Spintronics field which has been widely investigated in the past decades, accelerated the development of diverse new devices with noticeably the magnetic memory e.g., the spin-transfer-torque magnetoresistive random-access memory (STT-MRAM) [3]. The intense research effort in the field of spintronics gave rise to the emergence of novel phenomena and subfields that we cannot exhaustively describe here [4].

In the scope of this thesis, we focus on one of the subfields of spintronics: magnonics. This field relies, in a similar way to spintronics, to the use of the spin degree of freedom to manipulate the information. However, in magnonics the information is encoded, carried, propagated, and processed by the spinwaves -the collective excitation of the magnetic moment -or their quantum quasi-particle counterparts: the magnons, from which the field is named.

The resurgence of magnonics field in the early 21 st century brought new prospects for "beyond-CMOS" technology with e.g., a conceivable spin-wave based computing [1]. Even if spintronics and magnonics are recent fields, important milestones are already reported by Han et al. for who: "an era for spintronics and magnonics is blooming on the way" [5].

ii. The many facets of spin-wave

The spin waves (SW) which are defined as the collective excitation of the magnetic moments in a magnetic material are characterized by specific features. Among them, we firstly cite the selectivity of the spin waves dispersion relation in the dipolar regime, with respect to the SW propagation direction and the material magnetization. The dispersion relations of the "surface spin waves" (SSW), "backward volume spin waves" (BVSW) and "forward volume spin waves" (FVSW), and their associated measurement geometry are illustrated in the following Figure 1:

The spin waves can then be "volume" type: meaning that the spin wave excitation reaches the entire film thickness, or surface type [6].

If the spin-waves are volume-type, they can be characterized either by a positive group velocity 𝑣 𝑔 = 𝑑𝜔 𝑑𝑘 of the spin-wave packet: leading to "forward" volume SW, or a negative 𝑣 𝑔 for a "backward" non-reciprocal volume SW.

When the magnetization (𝑀 ⃗⃗ ) and the wavevector (𝑘) lie in the same plane, the propagation of the SW is anisotropic and nonreciprocal. In opposition, the forward volume spin waves are associated with isotropic and reciprocal SW propagation.

The geometry choice then allows multiple levels of selectivity: yet we emphasize that both reciprocity and non-reciprocity open possibilities for magnonics-based applications.

Secondly, one can access either linear or non-linear effects of propagative spin-waves when using "small amplitude" or "high amplitude" SW, respectively. This additional selectivity of linearity property paves the way to a wide range of applications for instance multiplexing operations, or logic-based devices that benefits from both aspects.

Finally, we accentuate that spin-waves have many advantages over classical electromagnetic waves: as indicated by Chumak et al., their frequencies are in the GHz range making them "of great interest for telecommunications and radars" [7]. Moreover, the spin-waves which can be compatible with CMOSbased technology i.e. logic-in-memory devices (see Figure 4), have nanometer wavelength: enabling a further miniaturization of the gates and devices. Lastly, but most importantly, the spin-waves propagate in a magnetic medium without any electronic displacement: leading to a Joule-free heating propagation of the information carriers [7].

iii. How to encode the information on spin waves?

To establish spin-waves as information carriers, one must be able to encode information upon it. Exploiting the different wave properties, information could theoretically be encoded on the frequency, the wavelength, the amplitude, or the phase of the spin-waves. In practice, for Boolean logic-based devices A. Barman and G. Gubbiotti et al. reported that both phase and amplitude are conveniently used [8].

The principle of amplitude, phase, as well as mixed amplitude-phase encoding are represented in the following Figure 2, the first idea being to associate the binary numbers "0" or "1" with a specific spinwave state.

For instance, and as illustrated in Figure 2.a the number "0" is paired with a null-amplitude, contrary to "1". It is also possible -when performing amplitude encoding -to define an amplitude threshold: if the input spin-wave amplitude is below (over) this point its state is associated with the number "0" ("1"). It is possible to encode information on spin-wave of similar amplitude, but different phase, as depicted in Figure 2.b: in this case, the spin-wave with 0-phase defined the "0", while the SW with 𝜋phase defined the "1". Finally, one can take advantage of both possibilities to realize a mixed amplitudephase encoding, which, as illustrated in Figure 2.c allows to define four distinct states associated with "0", "1", "2" and "3" numbers.

In fact, the choice of the encoded parameter can be adjusted with the prospective device. For instance, in their review, Barman et al. emphasized that amplitude encoding is most suitable for interferometerbased logic gates such as "XNOR" [8]. The "exclusive-NOR" logic functionality is described in the adjacent truth table.

Recently, this XNOR logic-gate has been experimentally realized, yet with phase encoding, in magnetic insulator materials: that are in the core of this PhD thesis [9].

In parallel, phase-encoded spin waves are preferred for majority logic-gates: a widely investigated concept in the field of magnonics. The "MAJ" functionality requires at least three inputs, and the output is defined by the majority state of the input after spin-wave interferences. Prototypes and experimental validation of a 3-input majority gate have been recently reported by Fischer et al. and Mahmoud et al. [10], [11] (see next section).

Finally, we want to emphasize that in the case of "small amplitude" regime, the spin-waves are noninteracting. This situation enables a frequency-or wavelength-multiplexing: the same logic gates can operate in parallel on different signal if they are at different frequencies or wavelength.

B. Promising devices for spintronics and magnonics

As we already underlined, spintronics and magnonics are alternatives routes to classical CMOS-based technology. In this section, without reminding the many developments, nor giving an exhaustive review of the applications, we report some state-of-the-art prospects devices for both fields. We recall that magnonics and spintronics devices are the forecast of this PhD research. 

i. Rising spintronics devices

Recently, Barla et al. have reviewed the potential of spintronics devices for the beyond-CMOS prospects [3]. In this regard, the authors pointed out that "Spintronic devices hold supremacy in terms of their non-volatility, scalability, ease to read and write, and high endurance over the CMOS devices" [3]. If some issues are still to overcome, spintronic is expected to become a "mainstream technology" [3].

Furthermore, Barla et al. argued that as far as memory is concerned, spin-valves -or more precisely magnetic tunnel junction (MTJ) -which are at the heart of magneto-resistive random-access memory (MRAM), are the most efficient and already commercialized spintronic devices. Yet, the improvement of the MTJ writing in terms of speed and energy consumption remains one of the current challenges.

The domain-wall (DW) and skyrmions based devices are both cited by Barla et al. as promising candidates for the development of new spintronics -and noticeably memory-based -devices. One of them is the racetrack memory, depicted in the following Figure 3, and extracted from [12]:

In this device, the information is encoded in the domain wall, which are equivalent to data bits. The reading can be performed by magnetic tunnel junctions as illustrated by Figure 3.c. Parkin et al. indicated that the writing can be realized by several ways, one of them exploits the spin-transfer-torque [12].

Furthermore, moving the domain walls along the racetrack is enabled by nanoseconds current pulses: and the domain wall velocity was firstly reported to be "exceeding 100 m/s".

With the development of synthetic antiferromagnets (SAF) structure in the recent years, these domain walls velocities could be increased up to 750 m s -1 , but for high current density (𝐽 𝑐 ) reported as 𝐽 𝑐 = 10 7 A cm -2 [13]. In comparison, Hirohata et al. have highlighted the potential of skyrmions for racetrack memory. Using the skyrmions instead of DW as information carrier, the critical current density can be reduced to 𝐽 𝑐 = 10 2 A cm -2 [13]. Yet, the skyrmions velocity -and hence the racetrack memory speed -is reported to be lower: about 100 m s -1 . Finally, Hirohata et al. also emphasized that skyrmions size can be controlled by external magnetic field: their diameter can be of only tens of nanometers, which gives a high degree of scalability. We note that the DW racetrack memory is not yet applied in real devices, due to the stringent requirements for nanofabrication, as reported by Hirohata et al. [13].

Complementary to the memory aspect, researchers also explore the potential of spintronics devices for efficient information processing. In fact, the integration of information processing combined with the memory system is today conceivable and is referred to "logic-in-memory" (LIM) devices. For this purpose, hybridization between a magnetic material and a semiconductor-base circuit are employed.

The realization of LIM -due to its 3D nature -allows a better compacity of the system, as represented in the below Figure 4 extracted from [14]: [12] One can see that the classical Von-Neumann architecture represented in Figure 4.a separates the logic and memory areas, while the new logic-in-memory structure depicted in Figure 4.b requires less surface and facilitates the data transfer. Interestingly, by reducing the back-and-forth data transfer between memory and logic areas, the use of LIM structure then reduces the data operation energy consumption and time [14], [15]. Multiple materials and directions are considered for these spintronics LIM devices, a broad overview that is out of the scope of this thesis, has been reported by Sebastian et al. [16].

Lastly, and independently from the memory, the realization of logic-based spintronics devices is widely investigated and still evolving. For instance, "all spin logic" (ASL) devices -firstly proposed in 2010 by Behin-Aein et al.-, has been pointed out by Barla et al. as a promising spintronics prospect [3], [17].

In this quest, Wang et al. recently proposed an ASL XOR logic gate, based on majority gates and inverters, as depicted in the following Figure 5 [18]: In the scheme displayed in Figure 5.a, we note the existence of four inputs, namely 𝐴, 𝐵, 0 and 1; as well as one output labelled 𝐹. The present scheme is made of three majority gates (MAJ) represented by the opened and wide "𝑀" arrows, paired with inverters (NOT logic gates) represented by opened circles: this combination creating minority gates. Finally, the opened "&" square is an AND logic gate, also paired with a NOT gate. In Figure 5.b, the adjacent scheme is reproduced with ferromagnets (FM1 to FM11), and spin-channel as well as metal wires are indicated.

The input interface containing the metal wires is boosting the performance of the presented all spin logic exclusive OR (XOR) gate proposed by Wang et al. [18]. We note that this interface also contains magnetic tunnel junctions (MTJ) -not represented here -, but that are needed to transfer the electric signals. Furthermore, the authors indicated that "the logic signal is represented by the magnetization Barla et al. [14].

direction of [the ferromagnets], and it can be transformed into voltage signal by using MTJ at the output terminals" [18].

In fact, both spintronics and magnonics are considered for beyond-CMOS logic-based devices. Before describing the promising magnonics devices, we remind the different truth tables of the NOT, XOR, AND, and MAJ logic gates in the following Figure 6:

ii. Up-and-coming magnonics devices

In a similar way to the previous spintronics sub-section, we address hereafter some up-and-coming magnonics-based devices reported in the literature, without aiming to be exhaustive.

As we already underlined, three-input majority gates (MAJ) based on spin-wave interferences -which is important for logic-based operations -has been successfully achieved by Fischer et al. [10]. We report the scheme of their proposed logic gate and experimental device in the following Figure 7:

The information is encoded on the spin-wave phase, as we notice from the presence of the "phase shifter" in Figure 7.a, and the output is the majority phase of the inputs, as described previously by the truth tables (see Figure 6). As one can see in Figure 7.a the majority gate -in green -is represented by a trident shape waveguide with three input branches 𝑖1, 𝑖2 and 𝑖3.

This waveguide, also visible in Figure 7.b is made of a thin film of Yttrium Iron garnet (YIG) which is a magnetic insulator widely used in magnonics due to its low magnetic losses. The spin-waves which are excited by underlying stripe lines, are presently propagating in the backward volume mode and interfere. Finally, the output signal, which is linked to an amplifier, can be read out on an oscilloscope. This investigation validated the use of spin-wave for logic-based devices. Although promising, this logic-prospect remains one among many for magnonics-based devices. As a matter of fact, "The 2021 Magnonics Roadmap" of A. Barman, G. Gubbiotti et al. reviewed the status, challenges, and progresses in no less than fourteen magnonics branches [8].

Among them, we report the emerging neuromorphic magnon computing, based on the spin-waves propagations, interferences and non-linearities. This prospect is enabled by the realization of "inversedesign magnonics" recently proposed independently by Papp et al. and Wang et al. [19], [20]. In their article A. Papp, W. Porod and G. Csaba indicated that "A central challenge of the research on neuromorphic devices is that most computing models require highly interconnected systems, i.e., artificial neurons with a large number of connections, often all-to-all connections" [19]. This challenge can be potentially met with spin-waves interconnections: for a computing device integrated in the spinwave propagating medium.

In fact, Papp et al. emphasized that both the linear and non-linear spin-waves properties are required and can be exploited for efficient neuromorphic magnon computing. The non-linearity property noticeably allows to achieve a nanoscale neural network based on interferometry. Such system has been investigated by Papp et al. by means of micromagnetic simulation as represented in Figure 8:

As depicted in Figure 8.a the considered system is made of a ferrimagnetic insulator thin film here, Yttrium Iron garnet (YIG) grown on a Gadolinium Gallium garnet (GGG) substrate. Yttrium Iron garnet is a strong contender in the quest of best spin-wave propagation medium material, since YIG is characterized by ultralow magnetic losses even in nanometer thin films (see next section). The spinwaves are excited in the ferrimagnetic insulator medium by a coplanar-wave guide and propagate under a perpendicularly magnetized nanomagnets network until the three represented outputs: 𝑂 1 , 𝑂 2 , and 𝑂 3 .

These bi-stable nanomagnets, best represented in Figure 8.b can be easily configured: low (high) magnetic field being associated with the white (black) coloured and a specific binary state. The depicted spin-waves-based device can be used in the linear regime, using small amplitude and non-interacting spin waves. In this first case, the nanomagnets can be configured to transform the system, for instance, as a spectrum analyser [19].

The same system can alternately be used in the non-linear regime, in which high amplitude input spin waves interact with each other. The bi-stable perpendicular nanomagnets are configured using a magnetic field in such a way that the dispersion relation of the spin-waves is locally modified, causing scattering, multiple SW interactions and interferences. In this non-linear regime, the system is then changed from a "spin waves classifier" to a "spin-waves scatterer", creating a nanoscale neural network [19]. [19].

The result of the micromagnetic simulation over an area of 10 × 10 µm² is depicted in Figure 8.c. In this example, and for a specific input voltage, the output intensity pattern is trained to be the output 𝑂 1 . Lastly, Papp et al. have demonstrated that the spin-wave scatterer has been successfully trained for vowel recognition -by focusing spin-waves in specific output -, making the crossover of magnonics and neuromorphic computing a promising future.

Another prospect, more fundamental and still in its initial stage, concerns the use of magnons Bose-Einstein condensate (BEC) for e.g., the realization of supercurrent data transport [8]. The Bose-Einstein condensate corresponds to a single quantum state, associated with the nature of magnons: which are Bosons. As pointed out by V. I. Vasyuchka and B. Hillebrands, the BEC usually happens after thermalization processes, but can also be observed at room temperature in a system in which magnons density can be increased e.g. by magnons injection, until being "overpopulated" [8]. The authors also underlined that one of the most promising mediums to observe BEC in solids is Yttrium Iron garnet (YIG) thin films, again taking benefits of their ultralow magnetic damping.

The experimental evidence of spin-current driven magnons BEC, in a Bismuth doped YIG thin film, has been recently reported by Divinskiy et al. [21]. To obtain the Bose-Einstein condensate, the adopted strategy presented here is to induce spin current in the ferrimagnetic insulator medium. One of the advantages is that -contrary to the most widely used microwave parametric pumping -, the spintorques inducing the spin current allows to "simultaneously affects the population of all magnon modes" [21]. Furthermore, the Bi-YIG thin film under investigation has been optimized in such a way that a compensation between the dipolar and uniaxial anisotropy contributions is achieved. This optimization is leading to the evanescence of the nonlinear effects, the latter being unfavourable to the stabilization of the Bose-Einstein condensate. The experimental set-up as well as the results are depicted in Figure 9:

As illustrated in Figure 9.a, a dc-electrical current is induced in the non-magnetic metallic Platinum (Pt) layer overlying the Bi-YIG film, while a magnetic field (𝐻 0 ) is applied in the plane of the film. At the (c-d) the evidence of BEC probed by micro-Brillouin light scattering spectroscopy. The figure is extracted from [21].

interface between the ferrimagnetic insulator and the non-magnetic metallic layer, angular momentums are transferred through spin-transfer-torque (STT), resulting in the creation of a pure spin current (𝐼 𝑆 ) in the Bi-YIG insulator thin film. The propagating spin-waves are then probed by micro-Brillouin light scattering (BLS) spectroscopy (see Chapter II).

As we previously underlined, the spin-waves propagation owns multiple properties, and their dispersion relation offers a selectivity with the measurement geometry. This characteristic of spinwaves is of first importance here since, as illustrated in Figure 9.b frequencies of the magnon state can be lower than the ferromagnetic resonance frequency (𝑓 𝐹𝑀𝑅 ) for backward volumes spin-waves (BVSW) only. The minimum frequency (𝑓 𝑚𝑖𝑛 ) which is associated with 𝑘 = 7.6 µm -1 , corresponds to the magnon state of lowest energy: which is conducive to the existence of a Bose-Einstein condensate.

In fact, the formation of a Bose-Einstein condensate is experimentally evidenced in Figures 9.c and 9.d. Indeed, under a certain current threshold of 𝐼 = 1.3 mA, multiple magnons modes are excited and lead to the observation of a wide BLS intensity pattern -displayed in Figure 9.c. One can note that by increasing the current intensity, the frequency of the BLS main intensity peak is gradually shifting to 𝑓 < 𝑓 𝐹𝑀𝑅 . The measured BLS pattern is modified for 𝐼 ≥ 1.3 mA: a critical current beyond which the magnon state of low energy is populated as indicated in Figure 9.d. The evidence of spin-current driven BEC, reported in Bi-YIG thin film by Divinskiy et al. is a promising prospect for quantum magnonics.

Finally, we want to briefly introduce a last magnonics forecast based on the interactions of spin-waves with spin textures. As reported in the review of A. Barman, G. Gubbiotti et al., domains walls have recently been demonstrated to act as spin-waves nano-channelling, as a promising alternative route to the more classical geometrically designed nano-conducts [8]. Recently, Hämäläinen et al. have also demonstrated that spin-wave transmission can be controlled by reconfigurable Néel domain walls [22]. This result has been obtained experimentally in a ferromagnetic-ferroelectric CoFeB/BaTiO3 bilayer. Hämäläinen et al. have evidenced that by applying an external in-plane magnetic field parallel (perpendicular) to the domain wall, one can obtain a broad "head-to-head" or "tail-to-tail" (a narrow "head-to-tail") domain wall. Interestingly, the broad domain wall is "transparent" from the spin waves point of view, while the latter are almost entirely reflected against a narrow domain wall. This result, obtained experimentally by means of micro-Brillouin light scattering (µ-BLS) spectroscopy, is presented in the below Figure 10 extracted from [22]: The figure is extracted from [22].

The spin-waves, excited from the antenna propagates until the domain wall -represented by the grey bar in Figures 10.a and 10.d -, and the measurement has been realized for two frequencies 𝑓 = 9.85 GHz and 𝑓 = 10.85 GHz for broad and narrow domain walls.

The detected intensity, related to the spin-waves, drastically dropped for the "head-to-tail" domain wall case as displayed in the Figures 10.a, 10.d (red-line) and Figures 10.b,10.e where the SW intensity is almost zero beyond the domain wall. In the contrary, spin-wave propagation is recorded by BLS for distances up to 4 µm in the case of "head-to-head" domain wall -see Figures 10.a,10.d (black line) and Figures 10.c,10.f. Beyond this distance, the observed attenuation is not attributed to the broad domain wall but to the intrinsic properties of the SW. The result for each configuration is schematically represented on top of Figure 10.

Within this investigation, Hämäläinen et al. have demonstrated that easily reconfigurable domain-walls can act as a spin-waves filters: making spin waves and spin textures an interesting prospect for magnonics based devices [22]. Now that we have described several spintronics and magnonics rising devices, we elaborate on the magnetic materials on which they are based, and the important research activity that it represents.

C. Which magnetic materials are the most suitable?

In this section, we first give a brief overview of different magnetic material that can be used in the fields of spintronics and magnonics. In a second time, we elaborate more precisely on the ferrimagnetic insulators (FMI) garnet, and notably Yttrium Iron garnet: the most appropriate material to convey the spin-waves. We also report the emerging stabilization of perpendicular magnetic anisotropy (PMA) in Thulium Iron garnet thin films and finally, the growth techniques of these FMI garnets are overviewed.

i. Glimpse on different magnetic materials

The research on magnetic materials which are downscaled to few nanometers is an on-going and necessary field of research activity for beyond-CMOS applications. Investigations on both "well known" and emerging materials are carrying multiple prospects with for instance: faster, more efficient, more scalable, more complex, more compact, more reliable, or less power-hungry spintronics and magnonics devices. Among the many possibilities, some materials -or class of materials -are recognized to be particularly suitable for specific applications.

In this regard, Zhang et al. have recently reviewed the different materials promising for memory applications [23]. The authors notably evaluated the optimum material combination for efficient spintransfer-torque MRAM (STT-MRAM) described as a high-performance memory. This non-volatile memory, widely investigated since decades, is noticeably based on the use of magnetic tunnel junction (MTJ). In fact, Zhang et al. reported that the efficiency of the MTJ can be assessed with several ways, two of them being the tunnelling magnetoresistance (TMR) ratio and the magnetic anisotropy nature of the MTJ [23]. These two factors are directly impacted by the material choices of both the ferromagnetic and the spacing layers that form the core of the single-cells STT-MRAM. One of the best materials combinations to obtain perpendicular-MTJ (p-MTJ) is reported to be ferromagnetic Cobalt Iron Boron (CoFeB) for the free and reference layers, spaced by a Magnesium oxide (MgO) layer. With this pairing, highest TMR coefficient as well as p-MTJ are reported in the literature, which result in high performance and high thermal stability of the MTJ, respectively [23].

Emerging volatile memories based on two dimensional (2D) materials has also been recently reported by several groups [23]- [25]. In the last decades, the use of Graphene (Gr) -a 2D material first exfoliated in 2004 -, has been investigated to overcome the downscaling limitation required for the realization of novel flash memories. First attempts validated the compatibility of 2D materials with this volatile memory, even if the high required energy prevented a possible application [23].

With a different approach, Wang et al. have demonstrated a less power-hungry 2D material-based flash memory, using a specific non-magnetic heterostructure depicted in the following Figure 11 [26]:

In this figure, a semi floating gate (SFG) based on the specific MoTe2/h-BN/Gr heterostructure investigated by Wang et al. is illustrated. In this configuration, Gr is used as a floating gate (or trapping layer), h-BN as a spacing (or tunnelling) layer and MoTe2 as a channelling layer.

The polarity of the heterostructure can be easily adjusted with the use of two stimuli, which are electric field and UV illumination. After the shut-down of the stimuli, the authors emphasized that the heterostructure polarity remains unchanged.

With this system, Wang et al. have evidenced the possibility to adjust the heterostructure polarity, in a non-volatile way: offering both a lowering of energy consumption and a higher flexibility. The prospects are to integrate this bi-polar heterostructure on existent CMOS circuits.

One of the great potentials of 2D material is also their application as tunnel barrier for magnetic tunnel junctions with e.g., the use of insulator hexagonal Boron Nitride (h-BN) as spacing layer (see Figure 11). Finally, the interest of these materials for spintronics applications is parallelly reported by Ahn et al. who pointed out that 2D materials can be used for logic-based devices: "spin logic switches, spin valves, and spin transistors are specifically investigated" [24].

We note that other class of materials such as antiferromagnetic (AF) and topological insulators (TI) are also investigated for spintronics prospect. In their review, Hirohata et al. have given some examples of suitable materials in each class [13]. The authors indicated that appropriate AF materials for spintronics are based on Manganese (Mn) based metals or alloys with e.g., IrMn3 or NiMn3 and PtMn3, respectively [13]. In the other hand, one promising TI materials for spintronics is based on Bismuth and Seleniumof chemical formula Bi2Se3-, that can induce a strong spin transfer torque [13].

For magnonics prospect, one of the most widely investigated material is Yttrium Iron garnet (YIG) which belongs to the family of ferrimagnetic insulator. This class of material is detailed in the next (sub)section. Aside from this material, and as we previously underlined, hybrid ferromagneticferroelectric structure and hence materials -such as CoFeB/BaTiO3 (see Figure 10) -are also currently investigated for efficient magnonics applications.

In fact, CoFeB is one of the most suited material platforms for magnonics applications, in a similar way than Permalloy (Py) and Heuslers alloys such as CMFS (Co2Mn0.6Fe0.4Si) compounds. These three materials have been highlighted by A. V. Chumak, A. A. Serga and B. Hillebrands due notably to their combined low Gilbert damping (𝛼) and high saturation magnetization (𝑀 𝑆 ) value with 𝛼 ≅ 10 -3 and 𝑀 𝑆 ≥ 800 kA m -1 [27].

A decade ago, Obry et al. have used Permalloy as a based material for the realization of magnonics crystals: a device in which the spin-wave can be manipulated by a micro-structured periodic variation of the saturation magnetization [28]. Alternative materials for the realization of magnonics crystal have recently been exploited with e.g., a bilayer multiferroic/ferromagnetic structure reported by Merbouche et al. [29]. In this system, where no micro-structuration has been made, the magnonics crystal offers a reconfigurability thanks to ferroelectric pattern-imprinted piezoresponse force microscopy (PFM) writing, in a top multiferroic layer of BiFeO3. The experimental set-up and result are displayed in the following Figure 12 extracted from [29]:

As depicted in Figure 12.a, the state of the multiferroic BiFeO3 (BFO) layer can be electrically configured to be in a uniform or in a periodic configuration. In the experiment, and as illustrated in Figure 12.b, the reported periodicity is of 500 nm. This periodic configuration induces a modulation of the spinwave, that propagate in the underlying ferromagnetic La0.67Sr0.33MnO3 (LSMO) thin film, creating a magnonics crystal. Due to this periodic patterning, spin-wave frequency filtering has been evidenced in this heterostructure. This frequency filtering, depicted in Figure 12.c is attributed to the creation of a robust magnonics band gap of the ferromagnetic layer. Perovskites material can hence be used for magnonics based prospects. Now that we have cited several well-suited materials and class of materials for spintronics and magnonics applications, we address a more detailed description on the garnet ferrimagnetic insulator.

ii. Iron garnets: the unescapable ferrimagnetic insulators

In the mid 1950's, the discovery of Yttrium Iron garnet (YIG), a ferrimagnetic insulator with the lowest ever recorded magnetic damping, has led until the 1980's to extensive research for microwave-based applications. The Gilbert damping (𝛼) parameter, which is related to the magnon lifetime (or the propagation length of the spin-waves) is for bulk-YIG of 𝛼 = 10 -5 : making YIG a "King among lowdamping magnetic material" [30].

With the emergence of spintronics, and even more recently magnonics fields, the use of a magnetic material with ultra-low damping raised lot of interest. This concern was also sparked by the recent discovery of spin-to-charge interconversion reported in 2010 by Kajiwara et al. [31]. In their article, the authors have demonstrated that spin-transfer-torque (STT) (or spin-pumping) can be used to convert a charge current into a spin current (or a spin current into a charge current). The experiment is based on a Pt/YIG bilayer: the spin-to-charge interconversion is then enabled in this heavy metal/ferrimagnetic insulators heterostructure [31]. This effect provides an efficient way to excite spin-waves in magnetic insulator, in which a propagation without Joule-heating is realized over macroscopic distances. As a result, research into low damping ferrimagnetic garnet insulators, unescapably including YIG, has regained momentum in the past decade.

Before elaborating on the state-of-the-art investigation on YIG thin films, we give more details about the properties of this material which is -with Bismuth doped YIG -in the core of this PhD thesis.

Yttrium Iron garnet (YIG) is a ferrimagnetic insulator characterized by a high Curie temperature (𝑇 𝐶 ) of 𝑇 𝐶 = 560 K, an ultra-low magnetic damping, and a complex cubic structure with a unit cell containing 160 atoms. The YIG unit cell is represented in the following Figure 13 extracted from [32]:

Yttrium Iron garnet has a cubic structure associated with the space group 𝐼𝑎3 ̅ 𝑑 and a "large" lattice constant (𝑎 𝑌𝐼𝐺 ) parameter of 𝑎 𝑌𝐼𝐺 = 12.376 Å. In fact, the YIG unit cell can be divided into 8 sub-cells of 20 atoms for which the chemical formula is Y3Fe5O12. As indicated in the right part of Figure 13, the ions are distributed over three types of sites: Y 3+ ions are in dodecahedral sites, while Fe 3+ are divided unequally into tetrahedral and octahedral sites.

In the unit cell, we note that even if the Yttrium ions are distributed over 24 dodecahedral sites, 6 of them are non-equivalents. Additionally, the 40 Fe 3+ distribution is split over 16 octahedral and 24 tetrahedral sites. The magnetic properties of YIG arise from the super-exchange interaction between the Fe 3+ of opposite spins. Finally, each unit cell (of 160 atoms) owns a net magnetic moment of 40 µ 𝐵 . The ferrimagnetic order, temperature dependence and the different term of anisotropies existing in YIG are detailed in the next chapter.

Despite its complex structure, the elaboration (yet in an on-going development) of high quality YIG films having ultralow magnetic damping of 𝛼 ≅ 10 -4 have been early demonstrated in micrometerthick YIG//GGG films, making them one of the best media for spin-wave propagation. As we underlined in the previous section, Yttrium Iron garnet films can notably be used as an efficient waveguide in logicbased magnonics devices [10], [19]. The spin-wave propagation in these YIG-based waveguide -the spin-wave channel -, is usually investigated in the Damon-Eschbach configuration by studying the surface spin waves (SSW).

In fact, the choice of this configuration is consistent with the natural in-plane magnetic anisotropyresulting from the dipolar anisotropy -, of monocrystalline thin YIG//GGG film. By studying SSW or backward volume spin waves (BVSW), no or few external magnetic fields is required to lie the magnetization in the plane of the film. In the contrary, investigating forward volume spin waves (FVSW) in YIG//GGG film would require an important external bias field: which is not suitable for a device prospect. For magnonics application, both the SW group velocity (𝑣 𝑔 ) and propagation attenuation length (𝐿 𝑎𝑡𝑡 ) are factors of merit. In particular, the ability to propagate information quickly (high value of 𝑣 𝑔 ) and over long distances (high value of 𝐿 𝑎𝑡𝑡 ) is expected.

As reported by Chumak et al. and due to the ultralow magnetic losses of the µm-thick (nm-thick) YIG film, the surface spin-wave in this medium typically propagate over distances of tens of millimeters (tens of micrometers) [27]. Recently, several routes have been exploited to study or to enhance the spin-wave propagation length in nanometer thick YIG film.

Investigation on the backward volume spin wave propagation has for instance been recently reported by Heinz et al. in a 44 nm thick YIG wave conduit [33]. The authors have experimentally verified that, as expected from theory, the downscaling of the waveguide width (𝑤 𝑊𝐺 ) -which is required for beyond-CMOS prospect -, induces a reduction of the BVSW propagation length (𝐿 𝑎𝑡𝑡 ). For a nanoscale waveguide conduit width of only 𝑤 𝑊𝐺 = 50 nm, the measured propagation length of the BVSW is 𝐿 𝑎𝑡𝑡 = 2 µm. Interestingly however, Heinz et al. emphasized that: "In spite of the drop in the free path, the potential circuit complexity [calculated as 𝑅 𝑃𝐶𝐶 = 𝐿 𝑎𝑡𝑡 𝑤 𝑊𝐺 ⁄ ] increases by a factor of 3 from 𝑅 𝑃𝐶𝐶 = 12 to 𝑅 𝑃𝐶𝐶 = 36, rendering nano-waveguides more attractive for the construction of magnonics circuits" [33].

In another way, Divinskiy et al. have demonstrated that a dispersion-less propagation of the surface spin waves is possible, in a 50 nm thick YIG waveguide, by the application of nano-seconds microwave pulses in an overlying Pt layer [34]. The results which have been observed for a specific range of the excitation frequency, evidence over a distance of 𝐿 = 10 µm a dispersion-less propagation of the spinwave attributed to the "minimization of the group velocity dispersion" [34]. Finally, the authors emphasized that this minimization results from the appropriate combination of the dipolar and exchange contributions: that is ultimately adjustable by the thickness of the YIG waveguide.

Finally, a promising route to enhance the SW propagation length has been recently demonstrated by Evelt et al. [35]. In their investigation, the authors have evidenced that the spin-wave propagation length can be increased by a factor 10 in the Pt/YIG bilayer using spin-orbit-torque (SOT). The experimental set-up as well as the result are summarized in the following Figure 14: As depicted in Figure 14, the probed heterostructure is made of a 20 nm thick YIG thin film covered by a 8 nm thick Pt layer. The applied magnetic field (µ 0 𝐻 0 ) is used to magnetize the Pt/YIG waveguide, and the spin-waves are excited by the metallic antenna designed of top of the Pt layer. Furthermore, a dc current (𝐼) is induced in the Pt layer in which a spin accumulation occurs through spin-Hall effect (SHE). This spin accumulation, and more precisely the angular momentums can be transferred at the interface of the Pt/YIG bilayer via spin-transfer-torque (STT): the transfer of this spin accumulation is referred as spin-orbit-torque (SOT). Depending on the measurement geometry the generated SOT can either enhance or compensate the damping term of the spin-wave i.e., decrease or increase the spin-wave propagation length, respectively. Ultimately, the anti-damping term induced by the SOT generated by the SHE in Pt is promising to suppress the natural spin-wave damping and place the YIG system in a loss-less auto-oscillation regime [35].

In their experiment, Evelt et al. have probed the spin-wave propagation by means of Brillouin light scattering (BLS) spectroscopy. As depicted in Figure 14, the authors have evidenced that spin-wave propagation length can be efficiently modulated with the use of SOT [35]. The Figure 14.a displays the BLS intensity of the spin-wave across the 1µm-wide Pt/YIG waveguide: for a distance of 10 µm, the recorded intensity is decreased by 60 %. The propagation length of the spin waves is reported in Figures 14.b and 14.c for different input dc current (𝐼): one can see that by increasing 𝐼 -and hence increasing the spin accumulation and the SOT strength -the spin-wave propagation length can reach 𝐿 𝑎𝑡𝑡 = 25 µm , which is twice the length reported for the YIG layer, for a critical 𝐼 𝑐 = 2.55 mA. Beyond this critical current (𝐼 𝑐 ), the propagation length abruptly decreases. Evelt et al. have attributed this drop to the presence of strong non-linear effects [35].

More recently, the strategy to use SOT to enhance the spin-wave propagation in YIG has also been validated in another heterostructure type by Navabi et al. [36]. The authors have investigated a bilayer made of YIG and a Bi2Se3: a topological insulator from which SOT can be transferred to the µm-thick ferromagnetic layer. In this bilayer system, Navabi et al. evidenced that the anti-damping term enhanced the SW propagation length and indicated a reduction of 60% of the YIG damping rate [36].

In addition to Yttrium Iron garnet, we stress out that Thulium Iron garnet (TmIG) has also attracted a lot of interest over the last decade. In this ferrimagnetic insulator, which owns the same garnet structure than YIG (see Figure 13), the possibility of a perpendicular magnetic anisotropy (PMA) in nanometers films has been firstly evidenced in 2012 by Kubota et al. [37]. This stress-induced perpendicular magnetic anisotropy is facilitated by the strongly negative magneto-strictive coefficient characterizing Thulium Iron garnet. We note that this result has participated to open new prospect for the field of spintronics: the most widely investigated YIG thin films grown on GGG system owning an in-plane magnetic anisotropy.

Since the significant result reported by Kubota et al. the stabilization of a robust perpendicular magnetic anisotropy has been investigated in Thulium Iron garnet and was recently achieved for ultrathin TmIG films with sub-10 nm thicknesses [38]. As underlined by Quindeau et al. ferrimagnetic insulators with perpendicular magnetic anisotropy are particularly interesting for the fields of spintronics, to consider "the study of proximity effects, SOT and other exotic phenomena occurring at the interfaces" [38]. In this regard, heterostructures of Pt/TmIG have been particularly investigated in such bilayer and the spin-orbit torque switching of the magnetization has been recently demonstrated by Avci et al. [39].

Additionally, the presence of interfacial Dzyaloshinskii-Moriya interaction (iDMI), an important ingredient for the stabilization of spin textures such as skyrmions, has been recently revealed and investigated at the Pt/TmIG interface [40], [41]. For instance, Caretta et al. have assessed the presence of iDMI in several heterostructures and reported it for Pt/ferrimagnet based on rare-earth iron garnet (REIG): TmIG and Terbium Iron garnet (TbIG) [40]. The authors underlined that both oxide/substrate and heavy metal/oxide interface contribute to the iDMI, and that the strength of iDMI increases with the increasing SOC of the RE element. Yet, the origin of this iDMI remains unclear. Parallelly, the interfacial nature of the DMI has been evidenced by Ding et al. who also observed micrometer diameter skyrmions and current-induced domain wall motion by means of magneto-optical Kerr microscopy (MOKE) [41].

Lastly, we want to point out that the current-driven domain wall dynamics have been recently investigated by Vélez et al. in a Pt/TmIG heterostructure [42]. The efficient SOT magnetization switching of the perpendicularly magnetized TmIG, as well as SOT-driven domain wall have been experimentally evidenced. In their investigation, Vélez et al. also indicated a DMI constant (𝐷) of 𝐷 = -5.3 ± 1.8 µJ m -2 and stated on the Néel nature of the domain wall: validating the presence of a spin texture chirality [42]. Finally, high speed domain wall velocity (𝑣 𝐷𝑊 ) up to 𝑣 𝐷𝑊 = 400 m s -1 has been reported: high domain wall mobility is attributed to the low value of saturation magnetization and magnetic damping of garnets, compared with most widely investigated heavy metal/metallic ferromagnet heterostructures [42]. We also note that the development of novel Iron garnets combining both Yttrium and Thulium are on-going investigations [43].

It should be noted that perpendicular magnetic anisotropy can also be obtained in doped YIG thin films. In this regard, Bismuth doped YIG (Bi-YIG), appears as an interesting alternative bringing new opportunities in the scope of spintronics and magnonics applications. In this material, where the magnetic anisotropy can be adjusted, ultralow damping in ultrathin films has been recently stabilized. This material, which hence combined low magnetic losses and perpendicular magnetic anisotropy is in the core of this PhD, is more deeply reviewed in the following.

In many ways, ferrimagnetic insulators are promising for spintronics and magnonics applications. We emphasize that aside the investigation of YIG films for which active research is still on-going, the FMI with perpendicular magnetic anisotropy such as TmIG and Bi-YIG and the heavy metal/ferrimagnetic garnet insulator heterostructures are emerging spintronics and magnonics prospects.

iii. Growth deposition techniques for YIG and doped YIG In this sub-section, we give a brief introduction on the growth technique allowing to obtain high-quality magnetic material. With regard to the ferrimagnetic garnet insulator, three main growth techniques have been extensively reported in the literature: liquid phase epitaxy (LPE), pulsed laser deposition (PLD) and sputtering.

In past decades, the synthesis of high quality YIG films with micrometer thicknesses relied on the use of liquid phase epitaxy (LPE) [44]. With this technique, which provides "superior control over the film composition" according to H. L. Glass, excellent dynamical properties have been reported [44]. For instance, magnetic damping as low as 𝛼 = 5 × 10 -5 , close to the bulk value, has been achieved in µmthick YIG film as related by Chumak et al. [27]. Yet, the apparent difficult downscaling of the YIG film thickness using LPE growth underlined in the recent review of Yang et al., has participated to the development of alternative growth technique for nm-thick YIG film [45].

Very recently however, sub-micrometer YIG thin film have been successfully elaborated by liquid phase epitaxy: for instance, Castel et al. reported a decade ago the use of a 200 nm LPE-grown YIG thin film in which 𝛼 ≈ 2 × 10 -4 [46]. More recently, a further downscaling of the YIG thin film grown by LPE has been reported by e.g., Rao et al. and Dubs et al. who obtained magnetic damping ranging between 𝛼 = 2.7 × 10 -4 and 𝛼 = 9.3 × 10 -5 for film thicknesses ranging from 11 to 120 nm, respectively [47], [48].

The use of liquid phase epitaxy is then highly efficient for the growth of micrometer as well as nanometer thick YIG film characterized by excellent dynamical properties. We also want to emphasize that the growth of LPE Bismuth doped YIG, or Bismuth-Thulium doped YIG film have been investigated in the 1980's, during the many investigations on magnetic bubble garnet memory [49]. In these micrometer thick LPE grown film, the perpendicular magnetic anisotropy has been ascribed to the growth induced anisotropy contribution. More recently, Imamura et al. also performed the growth of LPE Bi-YIG films with various Bi content, for films thicknesses in the micrometer range [50]. However, the growth of high-quality nanometer thick Bismuth doped-YIG films and TmIG is, according to the numerous literature articles, preferably performed by pulsed laser deposition or sputtering respectively.

We indicate that the growth of nanometer thick YIG and TmIG thin film has been recently achieved by sputtering. Significantly, the room-temperature sputtering growth of a 22 nm YIG thin film, further annealed, has been reported by Chang et al. who indicated in this film an ultralow magnetic damping of 𝛼 = 8.6 × 10 -5 [51]. More recently, the successful growth of nanometers doped YIG thin film with perpendicular magnetic anisotropy, and noticeably Bi-YIG films have been reported by Zhang et al. [52]. Finally sputtering growth of Thulium Iron garnet has been recently reported by Wu et al. for thicknesses ranging from 10 to 30 nm [53].

A decade ago, Sun et al. have evidenced high quality growth of Yttrium Iron garnet nanometer thin film by using pulsed laser deposition (PLD) [54]. Following this significant advance, the use of PLD for thin YIG growth has been investigated by many other groups, as underlined in the review of Yang et al. [45]. Regarding Yttrium Iron garnet, Yang et al. reported the recent work of Hauser et al. in which the lowest magnetic Gilbert damping of 𝛼 = 6.2 × 10 -5 has been obtained after the recrystallization of the roomtemperature PLD grown YIG film [45], [55].

We also note that high quality TmIG thin film have been recently grown using PLD technique. For instance, Tang et al. have reported the successful growth of perpendicularly magnetized Thulium Iron garnet thin films of 10 nm [56]. These films have been grown by PLD on (111)-oriented sGGG substrate, and the films owns ultra-flat surfaces with a root-mean-square roughness of 0.14 nm only [56]. More recently, the robustness of the perpendicular magnetic anisotropy in TmIG has been probed by Ciubotariu et al. who performed the epitaxial PLD growth of TmIG//sGGG of various thicknesses [57].

By using pulsed laser deposition (PLD) high quality of Bismuth doped YIG has also been reported by several group in the last decade. For instance, Soumah et al. have investigated the impact of Bi content on the magnetic anisotropy for Bi-YIG thin films grown by PLD [58]. In their article, Soumah et al. reported magnetic damping of 𝛼 = 3. 10 -4 for thin film thicknesses ranging from 8 to 50 nm [58]. Additionally, Kumar et al. have investigated the impact of the PLD grown Bismuth doped YIG film thickness on its dynamical magnetic properties [59]. The authors evidenced high quality epitaxial growth of the Bi-YIG film on (111)-oriented GGG substrate and reported from ferromagnetic resonance investigations the increase of the magnetic damping with the decreasing film thickness [59]. More recently, Lin et al. report the existence of perpendicular magnetic anisotropy in a PLD-grown Bi-YIG thin film thickness of 8 nm and 18 nm [60]. In their article, Lin et al. evidenced the high quality of the PLD grown Bi-YIG films for which a Gilbert damping of 𝛼 = 7.3 × 10 -4 and narrow ferromagnetic linewidth of less than 2 mT [60]. Finally, we report the recent work of Fan et al. who investigated a magnon driven domain wall motion in perpendicularly magnetized Bi-YIG thin film grown by PLD [61]. In their article, Fan et al. achieved the growth of a PMA 17 nm thick Bi-YIG film in which the ultralow damping of 𝛼 = 1.3 × 10 -4 enable high domain wall velocity and ultralow power consumption [61].

The different growth techniques reviewed in this sub-section have demonstrated, through the many investigations led in the past decades, their efficiency to obtain high quality nanometer thick ferrimagnetic insulator garnet films. Now that we have reviewed several aspects of the spintronics and magnonics recent advances, and challenges, we lastly address the clear-cut background of this PhD thesis in the following section.

D. Clear-cut background and prospect of this thesis

In this PhD, we used the pulsed laser deposition technique to perform the growth of ultrathin film of Yttrium Iron garnet (Y3Fe5O12) and Bismuth doped YIG (Bi1Y2Fe5O12) ferrimagnetic insulator. This technique is, as we emphasized in the previous section, efficient to obtain both YIG and Bi-YIG thin films of high structural and magnetic quality for nanometer-thick films.

In the present thesis, thin films with thicknesses ranging from 10 to 60 nm have been prepared, with the search of optimized growth conditions. In our PhD, the aim was to demonstrate the control of the magnetic anisotropy: in-plane or perpendicular, as well as the tuning of their strength, in ultrathin ferrimagnetic insulator garnet films. This control has been realized through the optimization either of the strain or of the growth conditions. In the next chapter, aside the different anisotropy terms impacting the YIG and Bi-YIG system, the different existing strategies to achieve the control of the magnetic anisotropy in garnets are presented.

The preparation of the thin films has been paired with both structural and magnetic characterizations with the ambition to investigate the magnetic anisotropy nature of the thin films. Ferromagnetic resonance (FMR) and magneto-optical Kerr effect (MOKE) have noticeably been exploited. The various characterization techniques that we used are extensively reviewed in Chapter II. Some of the main results of this thesis are presented in Chapters III, IV and V.

With respect to the promising spintronics and magnonics prospects that we pointed out above, the accomplishment of both perpendicular magnetic anisotropy and ultralow damping is targeted for both YIG and Bi-YIG ultrathin films. Recently, the stabilization and the use of perpendicularly magnetized thin films of YIG and Bi-YIG has been investigated. Some recent findings, that we briefly review below, underlined the potential of PMA ferrimagnetic insulator garnet thin film growth for spintronics and magnonics applications. Since we managed to stabilize PMA in YIG ultrathin films owning competitively low magnetic damping (Chapter III), those films can be used as ideal platforms for several prospects. [62]. In this regard, the authors have recently investigated the forward spinwave propagation in a Manganese doped YIG thin film having a thickness of 30 nm. The isotropic and reciprocal spin-wave propagation that was expected has been evidenced. The forward volume spinwave is presently characterized by a group velocity of 𝑣 𝑔 = 150 m s -1 and an attenuation length of 𝐿 𝑎𝑡𝑡 = 3.7 µm, and the use an out-of-plane magnetic field of only µ 0 𝐻 𝑎𝑝𝑝 = 5 mT is reported [62]. Chen et al. emphasized that the isotropic and reciprocal FVSW propagation would be beneficial for logic-based magnonics applications such as interferometers. We accentuate that recently; Goto et al. have successfully realized a reduced footprint three-port logic gate based on the use of forward volume spin-wave (FVSW) interference in a 54 nm thick YIG film [9]. Secondly, Capku et al. who recently accomplished the PLD growth of perpendicularly magnetized YIG thin films of tens of nanometers on Silicon substrate underlined the benefits of this material platform, either for logic-based or STT-MRAM devices [63]. In fact, spin-orbit-torque (SOT) switching in a perpendicular Pt/YIG heterostructure has recently been realized by Guo et al. [START_REF] Guo | Spin-orbit torque switching in perpendicular Y3Fe5O12/Pt bilayer[END_REF]. The growth of YIG thin film has been realized by sputtering on various substrates and strain-induced perpendicular magnetic anisotropy has been obtained for films thickness of tens of nanometer. In this system, Guo et al. reported that SOT-induced magnetization switching is realized for a critical current of 𝐼 𝑐 = 9 mA, and a bias field of µ 0 𝐻 𝑎𝑝𝑝 = 5 mT was used. With this result, Guo et al. emphasized that the use of "SOT could simplify the writing process, making writing more energy-efficient and the device structure simpler" [START_REF] Guo | Spin-orbit torque switching in perpendicular Y3Fe5O12/Pt bilayer[END_REF].

Firstly, and as indicated by Chen et al.: "Magnetic thin films with perpendicular magnetic anisotropy (PMA) offer opportunities for studying magnetostatic forward volume mode (MSFVM) spin waves with isotropic propagation"

In Chapter IV and Chapter V we detailed our work on the Bi-YIG system in which we achieved the control of the magnetic anisotropy. Perpendicularly magnetized thin films of Bi-YIG//sGGG with ultra-low damping have been prepared. By having a fine control of the magnetic anisotropy, new properties are found notably a thermal stability of the dynamics conditions and small magnetic bubbles are demonstrated in these films. These properties could benefit and undoubtedly enlarge the spectra of prospects for Bi-YIG thin films: a system already raising a lot of interest.

For instance, the use of spin orbit torque (SOT) in PMA Bi-YIG thin films has recently been demonstrated as a very promising approach. One significant advance being e.g., the evidence of SOT-induced coherent spin-wave propagation reported by Evelt et al. [START_REF] Evelt | Emission of Coherent Propagating Magnons by Insulator-Based Spin-Orbit-Torque Oscillators[END_REF]. In this study, a thin PLD grown Bi-YIG film of 20 nm, characterized by PMA is used as a spin-wave waveguide in a Pt/Bi-YIG heterostructure. As we previously described, the SOT at the Pt/Bi-YIG interface can create an anti-damping term and ultimately lead the system into an auto-oscillating regime. This achievement could not be met in previous investigation on Pt/YIG due to the presence strong non-linearities [35]. However, Evelt et al. have demonstrated that using a thin film with PMA could suppress the non-linearities. Consequently, the emission of a coherent spin-wave propagation has been evidenced in the Pt/Bi-YIG system [START_REF] Evelt | Emission of Coherent Propagating Magnons by Insulator-Based Spin-Orbit-Torque Oscillators[END_REF].

Additionally, SOT-induced magnetization switching, and the record of ultrafast current-driven domain wall velocity have been recently achieved in a perpendicular Pt/Bi-YIG heterostructure. These results are reported by Caretta et al. in a Pt/BiYIG heterostructure using an ultra-thin PMA Bi-YIG film of 7 nm with low damping, suitable for high domain wall mobility [START_REF] Caretta | Relativistic kinematics of a magnetic soliton[END_REF]. The authors have evidenced the SOTinduced magnetization switching by means of magneto-optical Kerr effect and used the same characterization technique to assess the domain-wall velocity at room temperature. Strikingly, Caretta et al. have reported in this heterostructure ultrafast current-driven domain wall velocity that can reach "relativistic speeds in excess of 4300 m/s" [START_REF] Caretta | Relativistic kinematics of a magnetic soliton[END_REF].

Lastly, the mutual interactions between spin-waves and magnons in a perpendicularly magnetized Bi-YIG thin film have been recently probed by Fan et al. [61]. The authors evidenced that domain-wall can reduce the magnon transport. Inversely, magnon-driven domain wall motion has been evidenced. This result opened new field of possibilities for the use of PMA Bi-YIG in spintronics and magnonics field. In that respect, Fan et al. concluded that: "The high DW velocity and ultralow power consumption enabled by low-damping PMA BiYIG facilitates applications in magnon-based spintronic devices and circuits where DWs and other magnetic textures may be effectively written, reconfigured, and detected by a magnon current." [61].

We believe that the results presented in this PhD work can contribute to or open new prospects in the rapidly growing fields of spintronics and magnonics, in which low damping ferrimagnetic insulator garnets have already started to pave the way for the study of novel physical phenomena and devices.

Chapter I: How to control the magnetic anisotropy in thin garnet film, via the pulsed laser deposition growth?

In this Chapter, we first remind the origin of the magnetization and ferrimagnetic order in Yttrium Iron garnet. We then introduce the different energies and anisotropies contributions that exist and must be consider for specific ferrimagnetic insulator garnet. In this regard, we address in detail the case of Yttrium Iron garnet (YIG) and Bismuth-doped YIG (Bi-YIG) that are in the core of this thesis. We also emphasize some of the structural and magnetic changes induced by the doping in the Bi-YIG system. Finally, we present the existing and emerging strategies to modify the anisotropy contributions via the growth process.

A. Magnetic moment and magnetization in Yttrium Iron Garnet (YIG)

i. Sublattices and magnetic moments in the unit cell In this PhD thesis, the attention is focused on a specific class of magnetic materials: rare-earth ferrimagnetic garnets. One of the particularities of this system is that the total magnetic moment (𝑀 𝑡𝑜𝑡𝑎𝑙,𝑌𝐼𝐺 ) is the sum (or the difference) of the magnetic moments existing and interacting in multiple sublattices. In the case of Yttrium Iron garnet (YIG), the magnetic moments are solely carried by the Iron ions (Fe 3+ ) that are distributed over tetrahedral (d-sites) and octahedral (a-sites) locations, this latter distribution creating two magnetic sublattices. A third sublattice containing both Yttrium (Y 3+ ) and Oxygen (O 2-) ions is present in the system and the non-magnetic Y 3+ are localized in dodecahedral csites.

The nature of the site (a, c, or d) is associated with the distinct O 2-environments existing in the unit cell, as represented in the following Figure 1: The Figure 1.a depicts the three different environments described above, that are typical of a garnet structure [1]. We have highlighted in orange (purple) the Fe 3+ in its tetrahedral (octahedral) environment. In Figure 1.b we reported the spin configuration of the unpaired electrons in both tetrahedral and octahedral cases: we note that the spins have opposite directions.

In the garnet unit cell, the O 2-couple the Fe 3+ ions antiferromagnetically, through a super-exchange interaction responsible for the magnetic properties of YIG. It should be noted that in an eighth of the unit cell -that is the formula unit Y3Fe5O12 -, the distribution of the Iron ions is asymmetrical: among the five Fe 3+ , three locate in d-sites against two in a-sites (see Figure 1).

In the formula unit, the magnetic moment (𝑀 𝑝𝑎𝑟𝑡𝑖𝑎𝑙,𝑌𝐼𝐺 ) is hence defined as follows:

𝑀 𝑝𝑎𝑟𝑡𝑖𝑎𝑙,𝑌𝐼𝐺 = 𝑀 𝑡𝑒𝑡𝑟𝑎ℎ𝑒𝑑𝑟𝑎𝑙 (𝐹𝑒 3+ ) -𝑀 𝑜𝑐𝑡𝑎ℎ𝑒𝑑𝑟𝑎𝑙 (𝐹𝑒 3+ ) namely as the difference between the magnetic moment of the two sublattices carrying magnetic moments. To calculate the value of 𝑀 𝑡𝑜𝑡𝑎𝑙,𝑌𝐼𝐺 , one needs to consider the electronic configuration of the Fe 3+ written as: 1s 2 2s 2 2p 6 3s 2 3p 6 3d 5 4s 0 , the latter d-electronic layer containing five unpaired electrons. The spin configurations of these unpaired electrons are depicted in From Equation I.1 and the above-mentioned considerations, the magnetic moment in the YIG formula unit is approximately equal to one magnetic moment of the d-site Iron ions (µ(𝐹𝑒 3+ ) = µ(𝐹𝑒 ↓ 3+ )). The latter can be estimated from Equation I.2:

µ(𝐹𝑒 3+ ) = µ 𝐵 . 𝑔. √𝑆. (𝑆 + 1) + 𝐿. (𝐿 + 1)

where µ 𝐵 is the Bohr magneton and 𝑔 is the gyromagnetic ratio (𝑔 = 2.00). Additionally, 𝑆 = 5 2 ⁄ is the total spin momentum and 𝐿 = 0 is the total orbital momentum associated to Fe 3+ . Because there is only a spin contribution, one could equivalently estimate the magnetic moment using Equation I.3:

µ(𝐹𝑒 3+ ) = µ 𝑠𝑝𝑖𝑛 (𝐹𝑒 3+ ) = µ 𝐵 . 𝑔. √(𝑛. (𝑛 + 2))
where µ 𝐵 is the Bohr magneton and 𝑛 is the number of unpaired electrons. In the case of YIG, and as described above 𝑛 = 5. The theoretical value expected along the quantification axis is µ 𝑧 (𝐹𝑒 3+ ) = 5 µ 𝐵 per formula unit. This value is consistent with the magnetic moment of the formula unit reported in the literature to be 𝑀 𝑧,𝑝𝑎𝑟𝑡𝑖𝑎𝑙,𝑌𝐼𝐺 = 5 µ 𝐵 and 𝑀 𝑧,𝑡𝑜𝑡𝑎𝑙,𝑌𝐼𝐺 = 40 µ 𝐵 for the entire unit cell. This result has been obtained by considering the different magnetic ions interactions occurring:

• between two Fe 3+ at tetrahedral sites (a-a)

• between two Fe 3+ at octahedral sites (d-d) • between two Fe 3+ located in distinct type of sites (a-d)

The molecular field coefficients -λaa, λdd and λad, respectively -associated with these interactions are used to calculate 𝑀 𝑡𝑜𝑡𝑎𝑙,𝑌𝐼𝐺 using the molecular field theory [2], [3]. This value has been verified experimentally in the 1960's by several groups e.g., by Anderson et al. [2].

Finally, the temperature dependence of the magnetization in the YIG system has further been investigated and behaves as illustrated in the following Figure 2 [2], [4] :

In Figure 2, the spontaneous magnetization (𝜎) of Yttrium Iron garnet as a function of the measurement temperature is reported. We note that the magnetization is maximum at 𝑇 = 0 K and gradually decreases until the Curie temperature 𝑇 𝐶 = 559 K, far beyond the room temperature. This property is one of the advantages of YIG system which owns a ferrimagnetic order at 𝑇 = 300 K.

From Figure 2, one can extract the spontaneous magnetization 𝜎(𝑇) ≡ 𝑀(𝑇) in the figure. In the following Table 1 we then report the value of 𝜎 (in emu g -1 ) at 𝑇 = 0, 300 and 559 K for the YIG system. (Equation I.2)

(Equation I.3)
Using the documented density (𝑑) of YIG -which is 𝑑 = 5.17 g cm -3 -, and the values extracted from Figure 2 we also indicate in Table 1 the magnetization (in kA m -1 ): We emphasize that at 𝑇 = 300 K -at which most characterizations are performed in this thesis -, the YIG system owns a ferrimagnetic order and its saturation magnetization (𝑀 𝑆 ) is 𝑀 𝑆 = 140 kA m -1 [4].

Temperature (K) 𝜎 (emu g -
ii. Origin of the ferrimagnetic order and magnetization

In each sublattices, and at any temperature up to 𝑇 = 𝑇 𝐶 , the magnetic moments are parallelly aligned due to the existence of a ferrimagnetic order. This phenomenon originates from an exchange interaction taking place between the magnetic moments themselves. Considering only two first neighbour spin magnetic moments (𝑠 1 ⃗⃗⃗ and 𝑠 2 ⃗⃗⃗ ), the associated exchange interaction energy (𝐸 𝑒𝑥𝑐ℎ,12 ) is defined as:

𝐸 𝑒𝑥𝑐ℎ 12 = -2. 𝐽 𝑒𝑥𝑐ℎ . ( 𝑠 1 ⃗⃗⃗ . 𝑠 2 ⃗⃗⃗ )
with 𝐽 𝑒𝑥𝑐ℎ an exchange integral with a positive or negative sign. In the case of a ferromagnetic material 𝐽 𝑒𝑥𝑐ℎ is positive, and the exchange energy is then minimized for two parallels spins. Above, only first neighbour's interactions are considered; this approximation is enabled by the short range of the exchange interaction. Consequently, the total interaction exchange energy (𝐸 𝑒𝑥𝑐ℎ ) can be written as the sum of all the paired (and first neighbour) magnetic moments (𝑖, 𝑗):

𝐸 𝑒𝑥𝑐ℎ = -∑ 𝐽 𝑒𝑥𝑐ℎ . ( 𝑠 𝑖 ⃗⃗ . 𝑠 𝑗 ⃗⃗ ) 𝑖≠𝑗
This energy contribution is of importance for the system and compete with dipolar interactions and spin-orbit-coupling (see section B). The exchange interaction encompasses several parameters:

• the exchange constant (𝐴 𝑒𝑥𝑐ℎ ) which can be obtained by BLS, and the exchange integral (𝐽 𝑒𝑥𝑐ℎ ):

𝐽 𝑒𝑥𝑐ℎ = 𝐴 𝑒𝑥𝑐ℎ µ 0 𝑀 𝑆 ²
• the exchange stiffness (𝜎 𝑒𝑥𝑐ℎ ):

𝜎 𝑒𝑥𝑐ℎ = 2𝐴 𝑒𝑥𝑐ℎ 𝑀 𝑆
• the exchange length (𝜆 𝑒𝑥𝑐ℎ ):

𝜆 𝑒𝑥𝑐ℎ = √ 2𝐴 𝑒𝑥𝑐ℎ µ 0 𝑀 𝑆 ²
With 𝑀 𝑆 the saturation magnetization of the material -𝑀 𝑆 = 140 kA m -1 at room temperature for YIG -and µ 0 = 4𝜋 × 10 -7 T m A -1 the vacuum permeability. The exchange stiffness represents the strength of the magnetic interaction, and it can be obtained experimentally. The Ferromagnetic Resonance (FMR) measurement is one of the ways to obtain its value: the exchange stiffness has been reported by S. Klinger et al. to be: 𝜎 𝑒𝑥𝑐ℎ = 5.18 × 10 -17 T m 2 and 𝜎 𝑒𝑥𝑐ℎ = 5.34 × 10 -17 T m 2 in micrometers thick YIG films [5]. Therefore, the authors obtained the exchange constant parameter 𝐴 𝑒𝑥𝑐ℎ = 3.65 ± 0.38 pJ m -1 : an important material characteristic regarding the magnetic domain configuration and the domains walls dynamics (see next section and Chapter V).

With these values, one can calculate the exchange length of YIG to be 𝜆 𝑒𝑥𝑐ℎ = 17.2 nm. This value represents the length over which the magnetization can be considered as uniform.

Note finally that the magnetization (𝑀 ⃗⃗ ) is defined as the spatial distribution of the magnetic moment per unit volume as indicated in the following Equation I.9:

𝑀 ⃗⃗ = 𝑑µ ⃗ 𝑑𝑉 = ∑ µ ⃗ 𝑉
with µ ⃗ the individual magnetic moment per atom. The control of 𝑀 ⃗⃗ direction in ultra-thin films will be of interest in the rest of the manuscript.

One of the purposes of this PhD is to have via the growth process, a fine control of the magnetization direction in ultrathin films of YIG and Bismuth doped YIG. In the following parts of this chapter, the anisotropies contribution in pure YIG and doped-YIG will be described as well as the different anisotropies tuning strategies existing regarding the growth process.

B. Different terms of anisotropies and energies in a pure YIG system

In several magnetic materials, including ferrimagnets, the magnetization aligns spontaneously along preferred axes (called "easy axes"). These axes are defined by the different anisotropy energies present in the system.

Different anisotropies contribution can simultaneously be present, and their origin, strength, tunability differ from one to another. In magnetic materials in general, we distinguish several anisotropies with e.g.:

• Magneto-crystalline anisotropy • Shape (or dipolar) anisotropy • Magneto-elastic anisotropy • Induced magnetic anisotropy • Surface anisotropy • Growth induced anisotropy …

In pure YIG (bulk and thin films) system, only the magneto-crystalline, the magneto-elastic anisotropy and the dipolar anisotropy are present. The Bi-doped YIG system owns an additional growth-induced anisotropy. The resultant anisotropy is the combination of all their contributions. One of the challenges of this work being to have a control of this resultant anisotropy.

We first detailed the three anisotropy contributions existing in pure Yttrium Iron garnet films, considering the specific case of thin films.

i. Dipolar anisotropy energy in Yttrium Iron Garnet (Equation I.9)

One of the most important contributions of the magnetic anisotropy emanates from the dipolar interaction in YIG thin films. Indeed, due to the magnetization itself, the alignment of the magnetic moments creates dipoles over the film surface. The dipolar anisotropy (also referred as "magnetostatic" or "shape" anisotropy) energy is then strongly dependent of the shape of the material. We represented the effect of the dipolar anisotropy on the magnetization (𝑀 ⃗⃗ ) in the following Figure 3:

In the above figure, one can see a sketch of the dipole distribution over the film surface. In this representation, the magnetization is tilted from the normal axis (𝑛 ⃗ ) by a 𝜃 angle due to the presence of dipoles.

The latter are in fact connected by stray fields going from (+) to (-), creating a so-called "demagnetizing field" (µ 0 𝐻 𝑑 ⃗⃗⃗⃗⃗ ), defined as the following tensorial product:

µ 0 𝐻 𝑑 ⃗⃗⃗⃗⃗ = -µ 0 𝑁 ⃡ 𝑀 ⃗⃗
between the magnetization vector (𝑀 ⃗⃗ ) and the shape tensor 𝑁 ⃡ . In the specific case of a thin film considered infinite in (x,y) plane, the shape tensor is reduced only to one component: 𝑁 𝑥 = 𝑁 𝑦 = 0

and 𝑁 𝑧 = 1. It follows that the demagnetizing field expression is simplified to: 𝐻 𝑑 ⃗⃗⃗⃗⃗ = -(𝑁 𝑧 × 𝑀 𝑆 ) 𝑛 ⃗ ;

with 𝑛 ⃗ the normal of the film plane (see Figure 3).

The dipolar anisotropy energy (𝐸 𝑑𝑖𝑝 ), which allows to quantify the dipolar anisotropy in the system, is expressed as a function of 𝐻 𝑑 ⃗⃗⃗⃗⃗ and 𝑀 ⃗⃗ according to the following Equation I.11:

𝐸 𝑑𝑖𝑝 = - µ 0 2 𝐻 𝑑 ⃗⃗⃗⃗⃗ 𝑀 ⃗⃗ = + µ 0 2 𝑀 𝑆 2 cos²(𝜃)
where 𝜃 is the angle between 𝑀 ⃗⃗ and 𝑛 ⃗ (see Figure 3), µ 0 is the vacuum permeability µ 0 = 4𝜋 × 10 -7 T m A -1 and 𝑀 𝑆 is the saturation magnetization. The dipolar anisotropy energy, according to Equation I.11 is then minimal for 𝜃 = ± 𝜋 2 : namely when the magnetization lies in the plane of the surface sample (in-plane anisotropy). This is the preferred orientation: the dipolar anisotropy hence tends to align the magnetic moments in the plane of the film.

The dipolar anisotropy energy can equivalently be written as 𝐸 𝑑𝑖𝑝 = -𝐾 𝑑𝑖𝑝 . cos²(𝜃) where 𝐾 𝑑𝑖𝑝 is the dipolar anisotropy constant defined as:

𝐾 𝑑𝑖𝑝 = -µ 0 𝑀 𝑆 ² 2 
The anisotropy constant 𝐾 𝑑𝑖𝑝 yields an important contribution which is proportional to the squared saturation magnetization according to the above Equation I.12. We note that dipolar anisotropy is particularly important in the case of thin films. We have chosen to express the dipolar energy with a (Equation I.10) (Equation I.12) (Equation I.11)

negative anisotropy constant to later define the effective anisotropy as the sum of all the anisotropy terms. In the case of YIG, this contribution is calculated by considering the documented 𝑀 𝑆 = 140 kA m -1 value, leading to:

𝐾 𝑑𝑖𝑝 = -12 300 J m -3
This value is, as we will see in the following subsections, 20 times more important than the magnetocrystalline anisotropy contribution, and 6 times more important than the magneto-elastic anisotropy constant for pure YIG//GGG (111). The strength of this anisotropy contribution however depends on the intrinsic properties of the material: a doping of the unit cell can change the saturation magnetization (see section D). Note finally that this term is temperature dependent.

ii. Magneto-elastic anisotropy energy in Yttrium Iron Garnet

This second anisotropy contribution depends on both the magneto-strictive properties of ferromagnetic materials (FM), and the strain induced between the film and the substrate during the growth process.

The magneto-strictive property of a material reflects its deformation in the presence of a magnetic field (µ 0 𝐻 𝑎𝑝𝑝 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ ): the material's volume change is either positive or negative. This change is associated with a magneto-strictive expansion coefficient 𝜆 ℎ𝑘𝑙 with (ℎ, 𝑘, 𝑙) the Miller indexes associated with the deformation axis.

We note that the magneto-strictive effect embodies a conversion from a magnetic energy to a mechanical energy. The reversed process -of importance in this study -also exists and is called the Villari effect: when being under an applied strain, the magnetization of the material changes.

The strain (𝜎) -which is the other factor defining the magneto-elastic anisotropy -occurs in the case of the thin films at the interface between the film and the substrate. The strain strength depends on the mismatch of the film-substrate structural properties, and the nature of the strain can be either tensile or compressive. The magneto-elastic anisotropy, that originates from the spin-orbit coupling, is then mostly strain-induced by the growth process [6].

The magneto-elastic anisotropy energy (𝐸 𝑀𝑂 ) is defined as follows:

𝐸 𝑀𝑂 = 3 2 . 𝜎. 𝜆 ℎ𝑘𝑙 . sin ²(𝜃)
With 𝜎 the strain and 𝜆 ℎ𝑘𝑙 the magneto-strictive coefficient that we described above, and 𝜃 is in our case the angle between the magnetization 𝑀 ⃗⃗ and the film normal (see Figure 3). We emphasize that Equation I.13 can equivalently be written as: 𝐸 𝑀𝑂 = 𝐾 𝑀𝑂 . sin ²(𝜃 𝑢 ). The first term corresponds to the magneto-elastic anisotropy constant expressed as:

𝐾 𝑀𝑂 = 3 2 . 𝜎. 𝜆 ℎ𝑘𝑙
The value of 𝐾 𝑀𝑂 helps to quantify the magneto-elastic anisotropy contribution. Finally, the magnetoelastic anisotropy field (µ 0 𝐻 𝑀𝑂 ) can be calculated using Equation I.15:

µ 0 𝐻 𝑀𝑂 = 2𝐾 𝑀𝑂 𝑀 𝑆
Before describing the magneto-crystalline anisotropy, we now give more information about both the strain and the magneto-strictive coefficients. For a thin film, as it is the case in this thesis, the strain that emerges at the film-substrate interface can be calculated using the following Equations I.16:

𝜎 = 𝐸 1 -µ × ( 𝛥𝑎 1 𝑎 0 ) = 𝐸 1 -µ × ( 𝑎 0 -𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑎 0 )
where the first term is a ratio involving 𝐸 = 2.055 × 10 11 J m -3 -the Young modulus -and µ = 0.29 -the Poisson coefficient for Iron garnets - [7]. The second term is related to the substrate lattice parameter (𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ) and the undistorted film lattice parameter (𝑎 0 ) detailed below.

From this Equation I. 16, it then appears that the sign of the strain only depends on (𝑎 0 -𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ): if 𝑎 0 > 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 then the cell is compressively strained and 𝜎 > 0. In the opposite, if the relaxed lattice parameter is lower than that of the substrate, the cell is under tensile strain and 𝜎 < 0.

The relaxed film lattice parameter (𝑎 0 ) can be calculated using the out-of-plane (𝑎 𝑓𝑖𝑙𝑚,⏊ ) and in-plane lattice parameter (𝑎 𝑓𝑖𝑙𝑚,// ) of the thin films. In the hypothesis of a pseudo-morphic cubic growth, we have considered:

(1) 𝑎 𝑓𝑖𝑙𝑚,// = 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (2) 𝑎 𝑓𝑖𝑙𝑚,⏊ = 𝑎 𝑓𝑖𝑙𝑚 with 𝑎 𝑓𝑖𝑙𝑚 the out-of-plane lattice parameter probed by X-Ray diffraction With these considerations, and the above notation, 𝑎 0 is expressed as follows [7]:

𝑎 0 = (𝑎 𝑓𝑖𝑙𝑚 -𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ) × ( 1 -µ 1 + µ ) + 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
Therefore, 𝑎 0 can be greater (lower) than 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 if the out-of-plane lattice parameter is greater (lower) than the in-plane lattice parameter.

We note that an equivalent formula of Equation I. 16, used in the literature is [8]:

𝜎 = 𝐸 2µ × ( 𝛥𝑎 2 𝑎 0 ) = 𝐸 2µ × ( 𝑎 𝑓𝑖𝑙𝑚 -𝑎 0 𝑎 0 )
In the following chapters, we use the above Equation I.18 to calculate the thin films strains.

In this PhD work, we have epitaxially grown YIG and doped-YIG thin film on (111)-oriented Gadolinium Gallium garnet substrates. The associated magneto-strictive coefficient 𝜆 ℎ𝑘𝑙 = 𝜆 111 is negative for all the grown thin films (see below and section C). Consequently, according to Equation I.14, the sign of the magneto-elastic anisotropy constant (𝐾 𝑀𝑂 ) only depends on the sign of the strain. The latter as we underlined above, depends on (𝑎 0 -𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ): in the case of a tensile strain (i.e. 𝑎 0 < 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ) the obtained positive 𝐾 𝑀𝑂 supports the achievement of perpendicular magnetic anisotropy (PMA) [9].

In a similar way, Kubota et al. indicated that the negative (positive) nature of the magneto-strictive coefficient (𝜆 ℎ𝑘𝑙 ) favours a perpendicular magnetic anisotropy in a system under tensile (compressive) strain. For instance, the authors evidenced that the strongly negative 𝜆 ℎ𝑘𝑙 of Thulium Iron garnet (TmIG) -reported by Quindeau et al. to be 𝜆 111 = -5.2 × 10 -6 -causes the magnetic anisotropy to be perpendicular when grown in the (111) direction [9], [10]. We note that the magneto-strictive coefficient is usually negative for rare-earth iron garnets [9]- [11]. It should also be noted that the magneto-strictive coefficient (𝜆 ℎ𝑘𝑙 ) is temperature dependent (see Figure 9).

In the specific case of YIG thin films grown in the (111) direction, the magneto-strictive coefficient (𝜆 111 < 0) is at room temperature 𝜆 111 = -2.4 × 10 -6 for bulk [7]. For YIG thin films grown on GGG (111)-oriented substrate, the typical value of the anisotropy constant is 𝐾 𝑀𝑂 = -2 000 J m -3 . The (Equation I.18) (Equation I.16) (Equation I.17)

negative value of the magneto-elastic anisotropy constant indicates the compressive nature of the strain in the YIG film. The magneto-elastic contribution, in YIG//GGG (111) is hence weaker than the previously described dipolar contribution.

By using a different substrate, the nature and the strength of the magneto-elastic anisotropy can be adjusted to 𝐾 𝑀𝑂 > 10 000 J m -3 (see Chapter III). Finding strategies to overcome the dipolar anisotropy contribution is one of the aims of this work.

iii. Magneto-crystalline anisotropy energy in Yttrium Iron Garnet

In YIG system, the last contribution is the magneto-crystalline anisotropy energy which originates from the spin-orbit coupling (SOC) interaction. Even if Fe 3+ magnetic ions in YIG showed no orbital momentum (𝐿 = 0), the electronics orbitals are however submitted to small distortions creating a weak spin-orbit coupling. Since the SOC strength is weak in YIG, the magneto-crystalline anisotropy contribution is often neglected in anisotropy considerations for calculation, but it is, however, of importance in this PhD work (see Chapter V).

The electronics configurations of the different elements of the crystalline structure are the following:

• Magnetic Fe 3+ : 1s 2 2s 2 2p 6 3s 2 3p 6 3d 5 4s 0 • Linking non-magnetic O 2-: 1s 2 2s 2 2p 6

• Rare-earth non-magnetic Y 3+ : 1s 2 2s 2 2p 6 3s 2 3p 6 4s 2 3d 10 4p 6 One can notice the difference between the different electronic orbitals:

It is the deformation of these electronic orbitals, by the crystalline field, that allows a SOC in YIG [12]. The magneto-crystalline anisotropy is related to the structure of the material itself: the SOC is entwined around the crystallographic axes.

Since YIG belongs to the garnet family, it owns a specific cubic structure -with 160 atoms per unit cell -and is associated to the space group: Ia3d. In this cubic structure, six directions are equivalent: (100), (010), (001) and (1 ̅ 00), (01 ̅ 0), (001 ̅ ).

The projection of ( 𝑀 ⃗⃗ ‖𝑀 ⃗⃗ ‖

) along the crystallographic axes gives three director cosines: And the magneto-crystalline anisotropy energy (𝐸 𝑀𝐶 ) is written according to αi (i=1,2,3) as follow:

• α 1 = sin 𝜃 cos 𝜑 • α 2 = cos 𝜃 sin 𝜑 • α 3 = cos 𝜃 (a) (b) (c)
𝐸 𝑀𝐶 = 𝐾 1 . (α 1 ²α 2 ² + α 1 ²α 3 ² + α 2 ²α 3 ²) + 𝐾 2 . (α 1 ²α 2 ²α 3 ²)
with 𝐾 1 and 𝐾 2 the first and second orders of the magneto-crystalline anisotropy constants. Literature reports value of first and second order of the magneto-crystalline anisotropy constant to be: 𝐾 1 = -610 J m -3 and 𝐾 2 = -26 J m -3 for YIG at room temperature, which is at least one order of magnitude smaller than the other anisotropy contributions [12].

Finally, the magneto-crystalline anisotropy field (µ 0 𝐻 𝑀𝐶 ) is expressed as follow:

µ 0 𝐻 𝑀𝐶 = 2𝐾 𝑀𝐶 𝑀 𝑆
with 𝐾 𝑀𝐶 the magneto-crystalline anisotropy constant and 𝑀 𝑆 the magnetization saturation. In the following, we will consider for 𝐾 𝑀𝐶 only the contribution of the first order (𝐾 𝑀𝐶 = 𝐾 1 ), since 𝐾 2 is one order of magnitude smaller than 𝐾 1 . The saturation magnetization value in YIG is 𝑀 𝑆 = 140 kA m -1 at 300 K (see Figure 2).

In this work, the value of 𝑀 𝑆 has been verified experimentally via SQUID magnetometry (see Chapters IV and V). We did not measure 𝐾 1 that can be obtained by Ferromagnetic Resonance measurements or torque measurements, relying on the literature value [13].

Also note that 𝐾 1 has a temperature (𝑇) dependence and its behaviour with 𝑇 has been reported experimentally in the early 1970's as indicated in the adjacent Figure 6 [14].

The magneto-crystalline anisotropy constant adds a negative contribution to the system, and its strength increases with decreasing temperature value, with a maximum of 𝐾 1 = -2400 J m -3 at 𝑇 = 4 K.

Any deformation of the lattice, including the doping of the material with Bi 3+ impacts the SOC coupling strength and hence 𝐾 1 (see next section).

iv. Total energy contributions in Yttrium Iron Garnet

In the previous sections we described the different anisotropy energy contributions for a YIG thin film.

One can distinguish that their origin is either spin-orbit-coupling or dipolar interaction. We also introduced in section A the exchange interaction as a source of energy contribution in the system. In the absence of an external magnetic field, the total energy is then the sum of the above cited contributions.

However, when under an external magnetic field (µ 0 𝐻 𝑒𝑥𝑡 ), a Zeeman energy contribution (𝐸 𝑍 ) must be considered. The Zeeman energy is expressed as:

𝐸 𝑍 = -µ 0 𝑀 ⃗⃗ . 𝐻 𝑒𝑥𝑡 ⃗⃗⃗⃗⃗⃗⃗⃗ = -µ 0 . |𝑀 ⃗⃗ |. 𝐻 𝑒𝑥𝑡 . cos(𝜃 𝑒 )
with 𝜃 𝑒 the angle between the magnetization 𝑀 ⃗⃗ and µ 0 𝐻 𝑒𝑥𝑡 ⃗⃗⃗⃗⃗⃗⃗⃗ the external magnetic field. This contribution depicts the interaction between magnetic moments and the applied field that tends to reorient them. Finally, for a YIG thin film grown on a (111)-oriented GGG substrate and under an external magnetic field, the total energy (𝐸 𝑡𝑜𝑡𝑎𝑙 ) of the system arises from the sum of the different energy contributions, as indicated in Equation I.22:

𝐸 𝑡𝑜𝑡𝑎𝑙 = 𝐸 𝑍 + 𝐸 𝑒𝑥𝑐ℎ + 𝐸 𝑀𝐶 + 𝐸 𝑀𝑂 + 𝐸 𝑑𝑖𝑝

We illustrate the different energy contributions in the following figure: Please note that Figure 7 is a purposely schematic representation of an "intermediate" magnetization state, to visualize all the anisotropy axes. In YIG//GGG (111) the easy magnetization axis lies in the film plane: due to the dominant dipolar anisotropy in this system. In section D of this chapter, we give enlightenment on how to control the different contributions represented on Figure 7.

In this PhD work, we most particularly focus on two energy contributions of Equation I.22: the magnetoelastic (𝐸 𝑀𝑂 ) and the dipolar (𝐸 𝑑𝑖𝑝 ) anisotropy energies. Before describing the changes occurring in the case of a doped-YIG system, we developed the origin of the magnetic domains in rare-earth iron garnets.

v. Magnetic domains in Yttrium Iron Garnet thin films

In a thin film, not only the anisotropy axis but also the magnetic state results from its intrinsic interactions. Notably, the competition between the dipolar and the exchange interactions to minimize the system's energy determines the existence of areas that have different magnetizations orientations: the magnetic domains.

In section A we introduced the exchange interactions and its related constants. One of them, the exchange length (𝜆 𝑒𝑥𝑐ℎ ), can in fact be written as the ratio between the exchange constant (𝐴 𝑒𝑥𝑐ℎ ) and dipolar anisotropy constant (𝐾 𝑑𝑖𝑝 ) [15]:

𝜆 𝑒𝑥𝑐ℎ = √ 2𝐴 𝑒𝑥𝑐ℎ µ 0 𝑀 𝑆 ² = √ 𝐴 𝑒𝑥𝑐ℎ 𝐾 𝑑𝑖𝑝 (Equation I.22) (Equation I.23)
The exchange length parameter denotes the competition between dipolar and exchange interaction.

As we previously underlined, the length value, calculated to be 𝜆 𝑒𝑥𝑐ℎ = 17.2 nm, defines the distance over which the magnetization can be considered as uniform. For thin films longer than 𝜆 𝑒𝑥𝑐ℎ , the surface can accommodate magnetic domains. For thin films with perpendicular magnetic anisotropy, side by side domains have an opposite magnetization state and are delimited by a domain wall (DW): where the reorientation of the magnetic moments operates. The domain wall properties (energy, width, nature: Bloch or Néel) depends on intrinsic properties of the material.

For instance, the DW energy (𝜎 𝑊 ) is related to the exchange constant (𝐴 𝑒𝑥𝑐ℎ ) and the anisotropy constants (𝐾) by the following formula:

𝜎 𝑊 = 4√𝐴 𝑒𝑥𝑐ℎ × (𝐾)
Where, in general, 𝐾 = 𝐾 𝑒𝑓𝑓 is the effective anisotropy constant "felt" by the system. It is defined as 𝐾 𝑒𝑓𝑓 = 𝐾 𝑈 + 𝐾 𝑑𝑖𝑝 with 𝐾 𝑈 the uniaxial anisotropy constant. In the specific case of YIG system 𝐾 𝑈 = 𝐾 𝑀𝑂 . Considering 𝐾 = 𝐾 𝑒𝑓𝑓 and the following values for YIG//GGG (111): 𝐴 𝑒𝑥𝑐ℎ = 3.65 pJ m -1 and |𝐾 𝑒𝑓𝑓 | ≅ 14 300 J m -3 , we obtained: 𝜎 𝑊 ≅ 9. 10 -4 J m -2 . However, 𝐾 is sometimes referred in the literature to 𝐾 = 𝐾 𝑈 : a discussion about the "accurate 𝐾" definition is started in Chapter V.

The domain wall energy can also be calculated from the domain size value obtained with magnetooptical (MO) characterization. However, note that the MO characterization efficiency depends on the Faraday coefficient of the material: imaging the domain state in pure YIG is more difficult than in the doped system (see Chapters III and IV). Size and shape of the domains and DW change with the nature of the anisotropy (in the plane or perpendicular to the film plane), as observed in Chapter IV.

Finally, we introduce the notion of "pinning effect" related to the domains and DW, an effect occurring in a thin film having (surface) defects. Local inhomogeneities or defects create pinning sites: areas that lock the DW (and the magnetic moments), and in which more energy is needed to deform or move the DW. Consequently, the DW velocity that can be controlled by the application of an external magnetic field is hindered. When mastered, the pinning is of importance for the scope of magnonics devices as it provides a way of controlling the DW motion [16], [17].

In Chapters III, IV and V, the imaging of magnetic domains will be reported for pure YIG as well as Bismuth doped YIG systems. In the latter system, the magnetic anisotropy and the energies are slightly modified, as we present in the following section.

C. Energy modifications in a doped-YIG system

From the pure-YIG system owning the chemical formula: Y3Fe5O12, it is possible to make considerable changes of the magnetic properties when doping partially or totally the system [18]. For instance, Kucera et al. have demonstrated that the Cerium doping of Yttrium sites enhances the magneto-optical properties [19]. More recent study evidenced that the magnetization saturation (𝑀 𝑆 ) can be highly reduced when partially doping YIG with Gallium [23], this doping also giving the system a perpendicular magnetic anisotropy [20]. As last example taken among many investigations, the strain-induced control of the magnetic anisotropy has been demonstrated in totally doped Samarium and Holmium YIG systems [21].

In this PhD work, when investigating doped-YIG system, we mainly focus on the rare-earth Bismuth doping of the Yttrium sites: BixY3-xFe5O12 (x=1) also referenced as Bi-YIG. Other systems with rare-earth doping are also mentioned in the manuscript: notably Thulium Iron garnet TmxY3-xFe5O12 (x=3) referenced as TmIG (see Chapter 0). In this section, we present the structural and magnetic changes

(Equation I.24)
induced by the Bi doping and impacting the energy contribution terms. The magneto-optical properties, highly enhanced by the Bismuth substitution, are not presented here, but are beneficial for the magnetic characterization of the thin films (see Chapter IV).

i. Modifications of the lattice due to Bi doping

Since Bi 3+ has a larger ionic radius than Y 3+ , one of the major impacts of the atomic doping is the modification of the unit cell size and structure. Effective ionic radii (𝑟) of Yttrium and Bismuth ions have been reported by R. D. Shannon to be: 𝑟 𝑌 3+ = 1.019 Å and 𝑟 𝐵𝑖 3+ = 1.17 Å respectively [22].

The Bi doping leads to a global increase in the lattice parameter, estimated to be [7]:

𝑎 𝐵𝑖-𝑌𝐼𝐺 = 𝑎 𝑌𝐼𝐺 + 0.0828𝑥
with 𝑎 𝐵𝑖-𝑌𝐼𝐺 the lattice parameter of the doped YIG film and 𝑥 the nominal Bismuth content. The unit cell of YIG and Bi-YIG (𝑥 = 1) are reported in the following Figure 8 extracted from Vesta software:

The left (right) part of Figure 8.a and 8.b is the unit cell without (with) the interatomic bonds. The colour code is the following: Oxygen (red), Iron (brown) -independently of their sites, Yttrium (blue) and Bismuth (purple). The structures have been represented using Vesta software, in which we implement the crystallographic parameters reported in the International Centre for Diffraction Data (ICDD) database.

The lattice parameter of the Bi-YIG is, as expected, higher than the one of YIG. We report that the documented lattice cell parameters are: 𝑎 𝑌𝐼𝐺 = 12.375 Å and 𝑎 𝐵𝑖-𝑌𝐼𝐺 = 12.457 Å, consistent with the above Equation I. 25.

From the ICDD database, we also extracted the inter-atomic distances and angles between the different ionic species. We presented these interatomic values in the following Table 2 and Table 3, respectively.

(Equation I.25) From Table 2, we emphasize that the Bi-doping increases not only the lattice size but also almost all the interatomic bonds length. Therefore, as seen in Table 3, the angles between one Iron ion and two Oxygen ions (O 2--Fea 3+ -O 2-and O 2--Fed 3+ -O 2-) are modified. Lastly, the super-exchange interaction angle (𝜃 𝑆𝐸 ) indicated in the last line of Table 3 (O 2--Fed 3+ -Fea 3+ ) is opening from: 𝜃 𝑆𝐸 = 125.77 ° to 𝜃 𝑆𝐸 = 127.13 ° for the Bi-YIG system. This indicates an increase of the distance between the two Iron ions. From this deformation, the super-exchange interaction strength may be modified and of the magnetic properties impacted [23].

ii. Modifications of the saturation magnetization

The structural re-arrangement of the unit cell yields modifications on the magnetic properties, such as the saturation magnetization (𝑀 𝑆 ). In their investigation about the magnetic role of Bi 3+ in a Bi-YIG system, M. Niyaifar and H. Mohammadpour [24] reported that both an increase or a decrease in 𝑀 𝑆 can be observed in the Bi-YIG system as explained below.

The increase of the 𝑀 𝑆 value has more than one reported explanation; one of them being the enhancement of exchange interactions in the Bi-YIG system compared to the pure-YIG system. This enhancement is allowed by the hybridization of Bi 3+ orbitals with the Fe 3+ and O 2-electronic orbitals [24]. Another explanation supported by Geller et al., is the modification of the super-exchange strength due to distance and angle modifications. Over the different introduced assumptions to justify the increase of 𝑀 𝑆 , M. Niyaifar and H. Mohammadpour conclude in favour of an enhanced exchange interaction due to the hybridization of 6p orbitals with 2p and 3d orbitals.

M. Niyaifar and H. Mohammadpour also addressed the possible decrease of the saturation magnetization in the Bi-YIG system. The retained explanation reports that the distortion of the unit cell leads to the canting of magnetic moments and subsequently a global decrease of 𝑀 𝑆 value. Recently, the saturation magnetization has been experimentally obtained to be 𝑀 𝑆 = 116 kA m -1 by Lin et al., a lower value than in YIG system, very close to the value we obtained for our Bi-YIG thin films (see Chapter IV) [8].

The saturation magnetization parameter appears in each energy terms introduced in Equation I.22: if a change of the 𝑀 𝑆 value occurs, it greatly modifies the system energy.

iii. Anisotropy energy contributions modifications

The hybridization of the Bi orbitals with the Fe and O ones has a second major impact in the system as it enhances its spin-orbit-coupling (SOC). It has been evidenced by T. Oikawa, S. Suzuki and K. Nakao that the SOC increase arises from the 6p-3d hybridization and partial overlap [25]. Independently, it is suggested that the SOC coefficient follows the atomic number [26], [27]: substituting 39 Y by 83 Bi is then in favour of a stronger SOC in the Bi-YIG, as it is also underlines in recent work [8].

Previously, we attributed the origin of both the magneto-crystalline and the magneto-elastic anisotropy to SOC: its enhancement leads to modifications of 𝐾 1 and 𝐾 𝑀𝑂 .

The magneto-crystalline anisotropy constant (𝐾 1,𝐵𝑖-𝑌𝐼𝐺 ) is, in a doped YIG system, modified to: where 0 ≤ 𝑥 ≤ 3 is the nominal Bi content, and Equation I.28 is extracted from [7]. Changing the nominal Bi content alone, when other conditions have been optimized, allow to control the nature of the magnetic anisotropy [28]. Yet in this PhD work, we investigate the Bi-YIG system with a chosen and fixed nominal Bi content of 𝑥 = 1, and give clarifications on how to control the anisotropy differently. 

𝐾 1,𝐵𝑖-𝑌𝐼𝐺 = 𝐾

iv. Additional anisotropy energy contribution

In partially doped BixY3-xIG (0 < 𝑥 < 3) the system carries a sixth energy contribution, called the growth induced anisotropy. This term, introduced five decades ago by H. Callen arises from the preferential occupation by Bi atoms on the nonequivalent dodecahedral sites of the unit cell [31]. As a matter of fact, among the 24 c-sites occupied by the Y atoms, 6 are nonequivalent with respect to their atomic environment [32]. The c-sites have different probabilities of occupancy, and the non-random distribution of Bi 3+ therefore results in a symmetry lowering along the growth direction [33].

The growth-induced anisotropy energy (𝐸 𝐺𝑟𝑜𝑤𝑡ℎ ) is written:

𝐸 𝐺𝑟𝑜𝑤𝑡ℎ = 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ . 𝑠𝑖𝑛²(𝜃 𝑢 )
with 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ the anisotropy constant and 𝜃 𝑢 the angle defined previously as the angle between the magnetization 𝑀 ⃗⃗ and the "uniaxial" anisotropy axis (see Figure 7). This term contributes to the uniaxial anisotropy energy and can be included in Equation I.22 by replacing 𝐸 𝑀𝑂 with:

𝐸 𝑈 = 𝐾 𝑈 . sin ²(𝜃 𝑢 )
where 𝐾 𝑈 = 𝐾 𝑀𝑂 + 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ in the case of a partially doped film, as the Bi-YIG system. Note that 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ is positive under either a compressive or a tensile strain: this anisotropy term then favors a uniaxial anisotropy perpendicular to the film plane.

A. H. Eschenfelder states that the strength of 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ depends on the rare-earth (RE) ions of the film: 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ = 𝐾 𝑖,𝑗 × (𝑥 𝑖 𝑥 𝑗 ) with 𝑥 𝑖 𝑥 𝑗 a pair of RE ions and 𝐾 𝑖,𝑗 the related coefficient [33]. According to

(Equation I.28) (Equation I.29) (Equation I.30)
the chemical composition of our system (BixY3-xFe5O12): 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ ∝ 𝑥(3 -𝑥)² with 𝑥 the Bismuth nominal content [33], [34], which gives the system a great tunability from the doping percentage. It should be noted that the growth-induced anisotropy in a system can be impacted by the Fe 3+ -Bi 3+ interactions, as argued by P. Novak [32].

In the following sections, the exact value of the growth-induced anisotropy constant for our systems under investigation is calculated using: 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ = 𝐾 𝑈 -𝐾 𝑀𝑂 . The uniaxial anisotropy constant 𝐾 𝑈 is experimentally obtained by Ferromagnetic Resonance (FMR, see Chapter II), while 𝐾 𝑀𝐶 ≅ 𝐾 1 and 𝐾 𝑀𝑂 are calculated for the Bi-YIG system from the above Equations I.26-27. In the above sections, we have detailed the different energy contributions of the YIG and the doped YIG (Bi-YIG) systems, and the distinct terms of anisotropies energy. Hereafter, we expose one crucial aspect of this PhD work: how to control the magnetic anisotropy by the growth process?

D. Changing the magnetic anisotropy in garnets by the growth process

In this PhD work, we investigate thin films of garnets with low-Gilbert damping while the prospects of this work rely on an efficient spin-wave (SW) propagation for magnonics devices. The motivation behind the control of the magnetic anisotropy is then the control of the SW propagation. An isotropic SW propagation is only possible when the magnetization in the thin film points out-of-plane (OOP) [35]. Combining both low-Gilbert damping and isotropic SW propagation is one of the goals of this PhD. Investigating the perpendicular magnetic anisotropy (PMA) strength in different garnets mono-or

(Equation I.31)
multi-layers is a complementary one. The growth process, here only pulsed laser deposition (PLD) and its optimization are an integral part of this research work.

In this section, we distinguish the external growth parameters (substrate, thickness, doping nature and content…) from the growth conditions (temperature, pressure…) specific to each technique. Both aspects greatly impact the magnetic anisotropy in thin films, and both can be optimized to obtain the desired material properties (see Chapter IV).

i. Modifying 𝐾 𝑑𝑖𝑝 with the accurate doping element

In garnets, the dipolar anisotropy is usually the dominant contribution and the one responsible for inplane (IP) magnetic anisotropy. Yet, reducing the strength of 𝑀 𝑆 by doping (see section C) is an efficient strategy to control the nature of the magnetic anisotropy: overcoming the dipolar anisotropy is facilitated since 𝐾 𝑑𝑖𝑝 ∝ -𝑀 𝑆 ² (see Equation I.12).

One of the most recent examples is the Ga:YIG system, in which the substitution of Ga atoms on the Fe sites allows to drastically reduce 𝑀 𝑆 from the bulk value of 180 mT down to 20 mT, as indicated in Figure 11 extracted from [36]: Saturation magnetization in the Bi-YIG system has recently been experimentally reported to be lower than the 𝑀 𝑆 of YIG (see section C), but the magnitude of the change is significantly smaller than in the case of Ga:YIG [8].

ii. Enhancing 𝐾 𝑀𝑂 by the doping deformation of the unit cell

The partial doping of the unit cell yields to structural deformation (see section C) that may not only modify the saturation magnetization but also the strain in the thin film itself. The magneto-elastic anisotropy depends on the strain strength and state of the film (see Equation I.13): the doping nature and/or content may then enhance the 𝐾 𝑀𝑂 contribution.

This tunability has been for instance demonstrated by Wang et al. for the Mn:YIG system and Soumah et al. for the Bi:YIG system [28], [37]. In both investigations, different nominal contents of the doping element have been considered. In the case of Mn doping the magneto-elastic constant monotonically increases with the nominal content: boosting PMA in thin Mnx:Y3-xIG films [37]. For the Bix:Y3-xIG system, the variation of the Bi content allows to control the PMA [28]. When grown on the same sGGG substrate, the magnetization in Bi:YIG thin films points toward OOP (𝑥 = 0.7, 𝑥 = 1) or IP (𝑥 = 1.5): this adjustable anisotropy is attributed to a tuning of both 𝐾 𝑀𝑂 and 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ .

iii. Inducing and enhancing 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ by the doping content

Unquestionably compared to what we have introduced, the existence of the growth-induced anisotropy in doped garnet systems is beneficial to overcome the dipolar anisotropy contribution (see section C). In this pursuit, the growth induced anisotropy makes the greatest contribution. The strength of 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ is greatly dependent on the nominal content of the dopant element [33], [34]. The doping content is then a lever to control the magnetic anisotropy from this contribution.

iv. Modifying 𝐾 𝑀𝑂 and 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ by changing the nature of the substrate By performing pulsed laser deposition (PLD) to elaborate thin films, we ensure an epitaxial and pseudomorphic growth (see Chapter II). During the growth process, the film adapts to the lattice parameters of the substrate. The choice of the latter is then decisive for the strain state: yielding a tensile or compressive strain in the system. The strength of the strain notably depends on the mismatch between the film and the substrate. It is worth noting that the strain state, can be fully maintained only until a maximal thickness called "critical thickness" (𝑡 𝑐𝑟𝑡 ).

Changing the nature of the substrate is therefore another way to tune the anisotropy constants (𝐾 𝑀𝑂 and 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ ): for two films with the same doping nominal content, the magnetic anisotropy can be modified only by growing them on substrates of distinct chemical composition [28].

This efficient strategy has also been used recently for controlling the magnetic anisotropy in epitaxially grown pure YIG thin films [38]- [40]. Strain-induced PMA can then occur in YIG thin film with precise substrate selection, the difficulty being to maintain a high level of strain and crystallinity throughout the thickness. This is depicted in Figure 12 extracted from the work of Guo et al. [38]: The shadow area covers thin films with PMA. This figure highlights that strain-induced PMA can be achieved in a thin film by changing the substrate. It also accentuates that the thickness is a complementary external growth parameter to tailor the magneto-elastic anisotropy.

v. Modifying 𝐾 𝑀𝑂 by changing the orientation of the substrate Strain-induced PMA has been evidenced in other several systems such as Thulium (TmIG), Europium (EuIG) and Terbium (TbIG) garnets thin films for instance [9], [41]. However, substrate orientation provides a side level of tuning for 𝐾 𝑀𝑂 . In their investigation, Ortiz et al. have evidenced that the magneto-strictive coefficients (𝜆 100 and 𝜆 111 ) of EuIG and TbIG are of different magnitudes and even Figure 12: Effect of the strain on the magnetic anisotropy of YIG thin films grown on five different substrates. This figure is extracted from [38].

signs, depending on the substrate structure [41]. The authors also emphasized the role of the thickness in controlling the strain-induced anisotropy.

vi. Modifying 𝐾 𝑀𝑂 by changing the thickness of the film

As stressed out e.g., by Ortiz et al. and Guo et al., the fine control of the magnetic anisotropy by the strain is paired with precise value of thicknesses [38], [41]. For instance, one can notice in Figure 12 that strain-induced PMA is limited by the value of 𝑡 𝑌𝐼𝐺 . The YIG thin films thicker than 𝑡 𝑌𝐼𝐺 = 10, 20 or 40 nm (when grown on substrate D, A-B, or C, respectively, see Figure 12) do not retain a perpendicular magnetic anisotropy. In pure YIG with strain-induced anisotropy, it is easier to have a robust PMA for low 𝑡 𝑌𝐼𝐺 . This can be explained by the interfacial nature of the strain: occurring at the film-substrate interface, its strength weakens as the film thickness increases. Additionally, when 𝑡 𝑌𝐼𝐺 ≥ 𝑡 𝑐𝑟𝑡 a strain relaxation takes place (with 𝑡 𝑐𝑟𝑡 the critical thickness). This relaxation can be partial or total and does not allow robust PMA in the thin films due to the presence of dislocations.

The same observation has been reported by Lin et al. in the Bi-YIG system [8]. The authors concluded that a large PMA can be obtained in Bi:YIG//sGGG thin films due both to the Bi doping and the unrelaxed stress for 𝑡 𝐵𝑖:𝑌𝐼𝐺 ≤ 20 nm as revealed by Figure 13. The ordinate refers to the "squareness" of the hysteresis loops which is calculated by the ratio 𝑀 𝑀 𝑆 ⁄ at µ 0 𝐻 𝑎𝑝𝑝 = 0 mT. The value of the ratio can be obtained from Magneto-Optical Kerr Effect (MOKE) or Vibrating Sample Magnetometry (VSM) measurements.

These results are consistent with previous investigations performed on the early 2000's on the magnetic properties thickness-dependence in YIG thin films grown by PLD [42], [43]. In this PhD work we have achieved a thickness-dependent investigation on YIG thin films (see Chapter III).

vii. Modifying 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ by changing the substrate temperature Aside from the external growth parameters detailed above, we emphasize that one can consider the growth conditions as a lever to tune the magnetic anisotropy. In the garnet thin films literature, growth conditions are investigated mainly to optimize the film structural or magnetic properties. For example, Dorsey et al. and Sun et al. studied the effects of substrate temperature, oxygen pressure and laser repetition on the FMR linewidth of their garnet thin films [44], [45]. As for Jin et al. the film optimization of the dynamical property relies on the annealing process [46]. To our knowledge, there is no reports making clear correlation between growth conditions and a control of the magnetic anisotropy.

In this PhD thesis, we demonstrate that once the film magnetic and structural quality has been optimized, a fine tuning of the growth conditions allows to adjust the magnetic anisotropy. This investigation has been led for Bi-YIG thin films and the study evidenced the substrate growth temperature (𝑇 𝐺𝑟𝑜𝑤𝑡ℎ ) as a new knob to tailor 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ and therefore the PMA (see Chapter IV). Chapter II: Investigating the thin films properties: a detailed overview of the experimental techniques.

In this chapter, we introduce the different experimental techniques we have used during this PhD thesis to grow, optimize, and investigate the properties of the thin ferrimagnetic insulators films. We start this chapter by elaborating on the pulsed laser deposition (PLD) technique from which the films are grown. We emphasize the many growth parameters that can be optimized to achieve a growth of high structural quality and appropriate magnetic properties. We then review the X-ray reflectivity (XRR), Xray diffraction (XRD), as well as the atomic force microscopy (AFM) technique from which we obtain the structural and surface properties of the films. In the third and fourth sections, we lastly discuss the different magnetic characterization techniques that we used. We then develop about the ferromagnetic resonance measurement (FMR), the Brillouin light scattering (BLS) spectroscopy, the magneto-optical Kerr effect (MOKE) and finally the Nitrogen vacancy (NV) magnetometry techniques.

The above-mentioned characterization techniques are reviewed from a technical and scientific point of view. 

Outline -Chapter II

A. Epitaxial growth of garnet thin films

The elaboration of thin films by pulsed laser deposition (PLD) technique is one of the pivots of this PhD work. As previously described in Chapter I, the tuning of the magnetic properties of our thin films is done by the optimization of the growth parameters. To provide a picture as complete as possible of the thin film growth, we develop several points in this section. We first give an introduction on the different type of depositions to grow oxide thin films. Next, we explain the principle of the PLD technique, the growth stages and review their growth parameters. And finally, we bring to light the mechanisms involved behind a stoichiometric and an epitaxial PLD growth. The keys to understand the PLD growth are found in section ii.

i. Short introduction of the growth techniques

Most of the thin film growth processes can be classified into two broad categories either physical vapor deposition (PVD) or chemical vapor deposition (CVD). Each of them encompasses numerous deposition techniques, that have been recently reviewed e.g., by Abegunde et al. and Chaudhari et al. [1], [2]. In the case of the ferrimagnetic garnet insulator growth, and as we underlined in Chapter 0 the most suited deposition techniques are: the liquid phase epitaxy (LPE), the sputtering and the pulsed laser deposition (PLD).

In the following Figure 1, we indicate some recent works reporting the growth of ferrimagnetic insulator thin films using the different techniques [3]- [11]:

Sputtering, LPE and PLD all are efficient deposition techniques for the growth of garnet thin films. In the above Figure 1, we have indicated that they can be classified into two distinct categories: chemical or physical vapor deposition (CVD, or PVD). In fact, the distinction between PVD and CVD is motivated by the difference in their underlying mechanisms. An important characteristic of the CVD is, for instance, that the chemical steps rely on thermodynamics at quasi equilibrium. As a comparison, the PVD process involves both kinetics and thermodynamics and the deposition can be done out-ofequilibrium e.g., in the case of PLD. Major distinctions are also found in the process itself.

In a Physical Vapor Deposition process, the growth is ensured by the successful realization of three different steps of the deposited material [1]: [11] While in the case of a CVD process, the growth happens consequently to a chemical reaction (near or at the surface) between a pre-cursor and the substrate [1]. The CVD process can also be described in few steps: Diffusion of the reactant(s) -Transport of the reactant to the surface -Growth of the material; yet the two first concern the reactant and not the material itself as for PVD. The numerous chemical reactions can be adjusted by changing the parameters of the growth chambers (temperature, pressure, etc…) [12].

• (1)

: Insight on three different deposition technique, efficient for the growth of garnet thin films. We indicate some of the state-of-the art works in which the growth of YIG, TmIG or Bi-YIG is performed. [3]-

Among the deposition techniques indicated in Figure 1, and in addition to PLD, we emphasize that both the sputtering [6]- [8] and the liquid phase epitaxy (LPE) [3]- [5] are relevant -and still among the most extensively used techniques -to achieve epitaxial growth of garnets films. However, in the context of this thesis, we solely explore the epitaxial growth of garnet thin films by PLD: a technique detailed in the next section.

ii.Pulsed Laser Deposition technique: principle and growth conditions

First PLD growths started about sixty years ago as reported by H.M. Smith and A. F. Turner [16]. In their investigation, the authors have tried to achieve the pulsed laser deposition with different candidates and indicated that: "Apparently each material will require individual study", already pointing out the importance of the PLD optimization process.

The interest and the dissemination of the PLD use has however been reinforced twenty years later, with the achievement of Dijkkamp et al. in 1987 when they successfully grown YBaCuO [17]. Since then, a wide variety of materials: from superconductors [18] to metals [19], 2D materials [20] or complex oxides [21] have been successfully optimized and grown using PLD. This deposition technique yet having complex growth mechanisms, is known to rely on a simple principle. The typical pulsed laser deposition set-up is schematized as follows:

The different steps of a PVD process previously described are present here and labelled on Figure 2.

(1) : The solid to vapor phase change of the material is enabled by evaporation of the target caused by the impact of a focused and pulsed laser beam. (2) : The transport from the target to the substrate is depicted. The ejected ions, atoms and electrons form a plasma also called "laser plume" that can be visible. Oxygen pressure is important at this step for oxides growth, while non-oxide materials can be either grown in vacuum or in the presence of other gases such as Argon. (3) : The growth occurs after the condensation of the plasma at the surface of a substrate suitably placed in the chamber. Between pulses, the substrate temperature gives to the atoms a surface mobility for crystallisation.

Thereafter are some additional comments about the elements displayed in Figure 2:

• Laser beam: before entering the chamber, the laser beam can encounter different optical elements. In our case (see Figure 3.a), we have a frequency multiplier to set the wavelength to 𝜆 = 355 nm, an attenuator to adapt the laser beam energy, and an optical lens to focus the beam on the target.

• Target: the target can be placed on a carrousel -a holder containing several targets. There are typically 6 to 8 spots on the carrousel, enabling the growth of multilayers. During the laser pulses, the motorized carrousel is moving according to a pre-defined path to favour a stoichiometric growth. Prior to deposition, the target is ablated for the first time on a larger path, see Figure 3 for more insight.

• Laser Plume to Substrate: the species are theoretically all ejected from the target with the same angle of 90° -with respect to its surface -, while the laser incident angle is at 45°. Consequently, the substrate must be placed along the z axis of the target to ensure the growth. The distance between the target and the substrate (T-S) is also important: it allows the plume to reach the substrate, an inadequate distance favours some species -atoms or moleculesover others (leading for instance to a surplus/lack of species or re-sputtering). The PLD growth chamber can be either vertical or horizontal (as displayed on Figure 2).

• Vacuum chamber: Gas can be introduced in the chamber during the deposition, notably for oxide growth. In the latter case, the deposition is done in a controlled Oxygen pressure environment, ensuring the good transport of the plume by favouring for instance the collisions 
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with the atomic species and setting the good growth dynamics. For other types of deposition vacuum or Argon gas is preferred for metals or 2D materials, respectively.

• Heatable sample stage: the substrate is placed on a heating and rotating holder. The elements contained in the plume and reaching the substrate have therefore an additional energy to rearrange at the surface and between the pulses. The rotation of the holder favours the thickness uniformity of the films.

By optimizing certain parameters, the PLD process offers numerous advantages; among them we can firstly cite: the ability to obtain a stoichiometric growth even of complex oxides structures, the ease of thickness control by adjusting the deposition time, the ability to obtain an epitaxial growth. Secondly, we cite the wide variety of materials that can be grown by PLD, the variety of target nature usable, the possibility of having multiple targets and growing multilayers. Finally, we emphasize that a pulsed laser deposition allows a high tunability of the film properties by the growth parameters.

Some drawbacks should however be considered when tackling a PLD growth: the length of the optimization process (can be tedious), the non-reproducibility of the growth parameters from PLD setup from one to another, the extreme sensitivity of the growth quality to growth parameter (as a backeffect of the tunability), and the usually limited sample area for deposition: the maximum area is typically 1 cm². For the latter point, we want to stress out that industrial scale PLD set-ups have been developed to produce homogeneous thin film over larger areas up to a maximum -and anecdotal -of 10 m² [22].

Before ending this section with an insight on how the growth parameters impact the film and growth quality (see Table 1), we briefly detail the different steps of the growth process hereafter:

(a) Before entering the growth chamber: the substrate is cleaned and mounted on a substrate holder. The target is cleaned and mounted on the carrousel. The carrousel is introduced in the load lock and the growth chamber which is continuously under high vacuum -about 10 -8 mbar.

(b) Prior to deposition: the pressure is increased in the growth chamber up to 10 -1 mbar of Oxygen.

The laser fluence (J cm -2 per pulse) and the repetition frequency (2.5 Hz) are set to the deposition parameter. The laser path is defined, and the carrousel is raised to its deposition height. The target is pre-ablated for 15 minutes. After the deposition, the chamber is pumped to vacuum, and the substrate holder is introduced in the growth chamber.

(c) Deposition process: the pressure is set at few 10 -1 mbar in the growth chamber. The substrate is cleaned for 10 minutes by heating up to 𝑇 = 800 °C. The growth parameters: target-substrate distance, laser energy and frequency, oxygen pressure, substrate temperature, substrate rotation speed, and target path are set. Once all of them are stable, the PLD process starts for the chosen deposition time.

(d) After deposition: the sample is cooled down for 1 hour under a high Oxygen pressure. In our case we set 𝑃𝑂 2 = 300 mbar.

The quality of the film growth depends on the adjustment of the growth parameters, as summarized below in Table 1:

It should be noted that the growth quality is a consequence of successful growth mechanisms. In the following section, we will provide some information about the underlying phenomena happening during the PLD.

iii. Mechanisms involved in a stoichiometric and an epitaxial growth

The complexity of the pulsed laser deposition relies on the physical mechanisms involved in the plasma formation and transport, and the nucleation and growth at the substrate surface [18], [21], [23]. These four aspects are of importance to ensure both a stoichiometric and an epitaxial growth of the film.

We previously described that the plasma formation occurs after a laser-solid interaction. To be more precise, it follows the photon-electron absorption, near to the target surface containing electrons, of a dense laser energy carried by photons. After the absorption, the temperature at the target surface is strongly and rapidly increased, causing both ionisation and evaporation of species, and for electrons some transitions from fundamental to excited states. The plasma formation is one of the three processes reported by A. Miotello and R. Kelly and labelled in their article as "vaporization": including a sublimation and an evaporation of a solid [24]. The authors underlined that vaporization could occur for wide range of laser wavelengths and fluence, but the process is more efficient for laser pulses greater than 1 ns. However, the loss of stoichiometry can occur at many stages during the plasma formation.

To avoid this loss, the laser energy must be sufficient to ionise and eject the different species at the surface of the target. The fluence (amount of energy per area) must be equal over the target surface to preserve stoichiometry in the plume and on the target surface [18]. This is favoured by the definition of a laser beam path and the use of large targets. After the absorption, a laser-plasma interaction that induces a secondary heating of the plume may occur and modify the plume composition [21]. In this regard, Christen et al. reported that longer laser pulses which favours this kind of interaction are not beneficial for the film stoichiometry. The authors also pointed out that the wavelength of the laser impacts the penetration depth: boiling under the surface must be avoid by keeping the laser-solid interaction near the surface [21].

The plasma is made of different atomic species, of various nature, travelling at distinct velocities. During the transportation of the laser plume to the substrate, all these components of the plasma can interact with the oxygen background gas [21]. Different models have been developed to understand the flux propagation. The two models historically used to describe it, called the "shock wave" and the "drag force" models were discussed by M. Strikovski and J. H. Miller who developed an "adiabatic thermalization process" model [23]. More recently, a new and more general one based on "particle scattering" model has been developed by Wijnands et al. in 2020 [25]. In parallel, optimization of the plume properties by growth parameters has been investigated.

For instance, Sambri et al. have demonstrated that the plume-gas interaction can be modified by changing the substrate growth temperature as illustrated in Figure 4 [26].

The effect of the substrate growth temperature is dual: not only it impacts the growth process at the substrate surface, but it also modifies the resistance of the background gas leading to modification of the plume velocity. Aside, the target-substrate distance has been evidenced to be a crucial parameter: for a given distance "L0" the growth conditions are expected to be optimal, allowing notably the thermalization of the different species in the plume [23]. The authors also emphasize an optimum growth rate of 0.1 nm/pulse for oxides.

Finally, the oxygen background pressure value impact both the shape of the plume and its velocity, as depicted in Figure 5.a and 5.b respectively [27]:

There are then several ways to tune the plume properties to ensure the stoichiometric transfer from the target to the substrate.

Once this transfer is completed, the plasma will re-condensate at the substrate surface. For hetero epitaxy pulsed laser deposition technique is often used. The epitaxy term has been first named by L. Royer in 1928 and originates from Greek "epi"-upon and "taxis"-arrangement [29]. Hetero epitaxy corresponds to atom's arrangement at the surface of a substrate, having a different nature but a mutual film-substrate crystallographic correspondence.

The growth kinetics is described by several common processes: adsorption at the substrate surface, diffusion of adatoms, sticking of adatoms at special sites and desorption as displayed in The thin film morphology depends on the lattice parameters and mismatch between the deposited film and the substrate, as well as the adhesion factor of the surface, and the surface energy cost of the growth formation. It is summarized by the following table inspired from Markov et al. [28]:

Morphology Change in surface energy Adhesion energy Substrate surface energy 3D Δσ > 0 β < 2σ σ 𝑠 < σ + σ 𝑖 2D Δσ = 0 β = 2σ σ 𝑠 = σ + σ 𝑖 2D -3D Δσ < 0 β > 2σ σ 𝑠 > σ + σ 𝑖 Table 2:
The different criteria for a 3D, 2D or 2D-3D morphology growth. Each of the column is an independent criterion to fulfil. The data are extracted from [30].

Where σ, σ 𝑠 and σ 𝑖 are the surface energies of the film, the substrate and the film-substrate, interface respectively. In the table, Δσ = σ + σ 𝑖 -σ 𝑠 is the change in the surface energy, and β is the adhesion energy between the substrate and the film. Moreover, the presence of a strain will favour the 3D or mixed 2D-3D type of morphology. The Stranski-Krastanov growth can for instance take place when the homogeneous strain is not maintained after a critical thickness: leading to the formation of 3D islands after few 2D monolayers. It should finally be noted that the substrate temperature and the growth rate have an important impact on the kind of nucleation.

To conclude this section, we remind that pulsed laser deposition is one among the physical vapor deposition process. The pulsed laser deposition is a simple process with a high tunability of the numerous growth parameters. The growth, described by complex mechanisms, is most of the time stoichiometric, epitaxial even for strained film, with a fine control of the film thickness, and particularly suitable for the growth of complex oxides.

The next sections are about the characterization techniques used on the thin films grown by pulsed laser deposition during this PhD.

B. Structural characterization of the thin films

The first techniques introduced hereafter concern the structural properties of the thin films, probed by means of X-ray reflectivity, X-ray diffraction (XRR, XRD) and atomic force microscopy (AFM). Each of them is described in the following sections.

i. X-ray measurements

The X-ray measurements rely on the result of the interaction between the x-ray beam and the film structure. Both reflectivity and diffraction measurements have been achieved with an Empyrean Panalytical diffractometer displayed in Figure 8 and containing four main elements: (1) an X-ray source: composed of a tube with a Copper anode, inside which the electrons are accelerated due to the application of a high tension. After their acceleration, the electrons are abruptly stopped at the Cu anode: this creates a continuous beam known as "Bremsstrahlung" and the emission of X-ray beam from the fluorescence of Cu atoms from the anode. (2) a monochromator: used to filter the X-ray beam and select only the first ray of Cu the 𝐾𝛼 1 peak, with 𝜆 𝐾𝛼 1 = 1.54056 Å. The "Bremsstrahlung" creates nevertheless a background noise in the resulting signal.

(3) a motorized sample stage: to align the sample prior to the XRR and XRD measurements. The position (X, Y), height (Z), and angles (χ, ϕ) can be adjusted remotely thanks to a 5 axes goniometer. (4) and a PIXcel 3D detector: to collect the signal after the beam-sample interaction.

The configuration in the diffractometer is characterized by several factors. Firstly, if the diffraction planes are parallel to the surface, the measurement is achieved in a "symmetric" configuration. In the other case: the deviation must be corrected, and the measurement is called "asymmetric". Secondly, we are measuring in a Bragg-Brentano geometry: this affects the focalisation of the beam on the sample surface. Finally, different configurations can be used, and this depends on the beam-film and the film-detector angles during the measurement.

The Bragg-Brentano geometry, in which the measurements have been achieved in this thesis, is illustrated in the following Figure 9: In Figure 9, the sample stage is stationary and both source and detector are probing the film structure with the same 𝜃 angle. We have schematically represented the crystallographic planes, parallel to the surface, and separated by an inter-reticular distance (𝑑 ℎ𝑘𝑙 ) associated with the Miller indexes.

In this PhD thesis, the reflectivity and diffraction characterizations are achieved in the "2𝜃-𝜔" mode using the configuration depicted in Figure 9. We now give more insight into the XRR and XRD measurements.

a. X-ray reflectivity

For the specific case of reflectivity measurements, the X-ray beam impacts the film with a grazing incidence. The principle is based not on diffraction but rather on the reflection of the incident beam as schematized in the following Figure 10:

The incoming X-ray beam is firstly reflected at the air-film interface. Above a specific critical angle (𝜃 𝑐 ), the beam crosses the structure of the film through its entire thickness. Then, the beam encounters the film-substrate interface and is reflected a second time. If the sample is composed of multi-layers, the same effect takes place at each interface. The reflected beams interfere before entering the detector: the typical result of a XRR measurement is composed of multiple oscillations because of the constructive and destructive interferences occurring after the beam-sample interaction.

This technique has been extensively used in this PhD work to obtain the thickness of the thin films, and consequently their growth rate. The scope of this technique is however wider as it allows to obtain other structural parameters such as the surface or interface roughness and the density of the thin films [29].

Indeed, the reflection at each interface is related to different refractive indexes: 𝑛 𝑎𝑖𝑟 , 𝑛 𝑓𝑖𝑙𝑚 and 𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 . Since the film and substrate refractive indexes depend on their densities (𝜌), 𝜌 𝑓𝑖𝑙𝑚 and 𝜌 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 must be sufficiently different to be able to achieve XRR measurements. Moreover, the roughness of the film impacts the signal intensity and the amplitude oscillations decay: low roughness at the interfaces is preferred to perform the measurements. Note that the X-ray reflectivity technique is non-destructive and suitable for the investigation of thin film samples from 5 to 100 nm.

As an example, Figure 11 displays the typical XRR measurement result of two Yttrium Iron garnet (YIG) thin films grown on Gadolinium Gallium garnet (GGG) by PLD for distinct deposition time. The period between each oscillation is related to the thickness of the sample as evidenced in Figure 11. The thickness is extracted from a Fourier analysis of the signal.

More details about X-ray reflectivity can be found in the article of M. Yasaka [29]. 

b. X-ray diffraction

The XRD measurements are achieved in the symmetric 2𝜃-𝜔 configuration. The principle relies on interferences caused, not anymore by the reflection at the interfaces, but by the Rayleigh diffusion of the X-ray beam by the atoms constituting the film. The atoms in a crystal can be represented schematically as placed periodically on parallel "lattice" planes. Both constructive and destructive interferences result from the beam-film interaction, as displayed in Figure 12.a and 12.b respectively.

On the figure, the indicated 2𝜃 angle corresponds to the angle between the incident beam and the detector, 𝜆 = 𝜆 𝐾𝛼 1 = 1.54056 Å is the wavelength of the x-ray beam and 𝑑 is the smallest interreticular distance. The inter-reticular distance (𝑑), the incident angle (𝜃) and the wavelength (𝜆) are linked by the Bragg law:

2𝑑 ℎ𝑘𝑙 𝑠𝑖𝑛(𝜃) = 𝑛𝜆
with 𝑛 the order of diffraction. The diffraction peak positions then depend on the structural order of the film. Using the Miller indexes (ℎ𝑘𝑙) of the lattice and in the specific case of a cubic crystal, the interreticular distance (see Figure 9 and Figure 12) can be expresses as:

𝑑 ℎ𝑘𝑙 = 𝑎 𝑓𝑖𝑙𝑚 √ℎ 2 + 𝑘 2 + 𝑙 2
with 𝑎 𝑓𝑖𝑙𝑚 is the out-of-plane lattice parameter probed by X-ray diffraction. The in-plane lattice parameters can be extracted from Reciprocal Space Mapping (RSM) measurements.

The Equations II.1 and II.2 are particularly used in this work to calculate the film strain and its magnetoelastic contribution from an XRD measurement. The penetration depth of the X-ray beam is about tens of µm: more than the thin film thickness. Hence, the substrate diffraction peaks are, as well as the film peak, visible on the typical X-ray diffraction scans. The strain of the film can be obtained qualitatively by the angular position of the film diffraction peak and quantitatively by using Equations I. 16 and I.17

(see Chapter I-B).
Finally, for films of high structural quality, an additional pattern is found in the XRD spectra and is known as Laue fringes. The period between each oscillation (𝛥𝜃) can eventually be used to calculate the thickness (𝑡) of the film. When it matches the thickness extracted by XRR measurements, these fringes indicate that the strain induced at the film-substrate interface is maintained over all the film thickness. 

(Equation II.2)
The XRD spectra of the 49 nm thick YIG//GGG (111) thin film characterized by XRR is displayed in the following Figure 13 as example: In this figure, one can see the XRD spectra focused between 2𝜃 angles ranging from 49.5 to 52.5 °, namely around the (444) diffraction plane of the Gadolinium Gallium garnet (GGG) substrate. One can see in Figure 13 the diffraction peak of the substrate (sharp) and the YIG film (at the GGG peak basis), as well as the presence of multiple Laue fringes indicated in the inset of the figure. For this YIG film of 49 nm, the compressive strain is maintained -as expected due to the very small mismatch between the YIG and GGG lattice parameters -, and high-structural quality is evidenced.

ii. Atomic force microscopy (AFM)

To investigate the topography of the thin films and extract their roughness, we employed the AFM technique. The set-up is composed of a laser diode, a probing tip mounted on a cantilever, and a photodiode sensor. The set-up is schematized in the following Figure 14: The principle is based on the measurement of the laser diode deflection on top of the cantilever: the variation of the deflection gives information on the surface forces or the topography, depending on the measurement mode chosen for the tip. Several measurement modes are indeed available with an AFM set-up, but in our case, to characterize the film roughness, we only used the tapping mode -which is also the least damaging one.

In this mode, the tip is oscillating around its resonance frequency, and the tip is scanning the entire sample surface lines by lines (the grey line in Figure 15 is for indication), while contacting the surface only at the lowest point of the oscillation (Figure 15.a). In the tapping mode, the deflection of the laser diode may vary, but the amplitude of the oscillation is controlled and kept constant. The height of the tip is then, regarding the surface, adjusted with the sample topography. In Figure 15 we schematized different steps of the measurement on a surface with defects.

More precisely, when the tip is getting closer to the sample due to a surface defect, the amplitude of the oscillation is firstly decreased due to interaction forces at the surface (Figure 15.b). To maintain the oscillation amplitude constant, the tip-sample distance is consequently increased and stabilized until the next change of the topography (Figure 15.c). After the defect, the distance must be decreased (Figure 15.d). This is schematized in the following figure: From the scanning of the film, we extract the roughness via the root mean squared (rms) analysis.

Crystalline dislocations arising from a strain relaxation may also be observed through this technique, as it is the case for YIG//GSGG films when thickness exceeds 50 nm (see Chapter III). Finally, both magnetic and structural properties may be obtained simultaneously using Magnetic Force Microscopy (MFM), see Chapter III. A typical result of an AFM scan is displayed above for YIG//GGG (111) thin film: As shown in Figure 16.b the surface is mostly flat, while the white peaks are associated with the presence of defects probed after the PLD growth. However, the rms indicated in Figure 16.a is only of 681 pm over a surface of 100 µm²: this value -which is typical for our as-deposited films of garnets, is not impacting the magnetic characterizations. The latter are described in the following sections.

C. Magnetization dynamics and magnons

The investigation of the thin film's dynamical properties is of paramount importance when dealing with magnonics. In this field, the spin wave (SW) propagation length is a key parameter to optimize for propagating the information over the longest distance. This propagation length is deeply linked to an intrinsic film property: the Gilbert damping, that can be probed by broadband Ferromagnetic Resonance (FMR) measurement (𝑘 = 0) -a commonly used technique [30], [31]. To further investigate the magnetic properties, we used the spatially resolved Brillouin Light Scattering (BLS) spectroscopy, a technique based on the photon-magnon interaction and for which 𝑘 ≠ 0 (see below).

In this PhD work, we used the above techniques to characterize the film dynamical and magnetic properties, but it should be noted that these are only two of many. For instance, Nitrogen-Vacancy (NV) magnetometry [32], [33] or micro-focused BLS (µ-BLS) [34], [35], are also suitable to investigate the damping, the magnetic properties, or the SW propagation in thin films.

In this section, we give more details on the magnetization dynamics and magnons, as well as both the FMR and the BLS techniques that we used for our characterizations.

i. Ferromagnetic Resonance (FMR): precession in phase

During the film optimization process, we attached importance to the Gilbert damping (α) of the material: the factor of merit for magnonics. Using broadband FMR as a characterization technique then allowed us to assess the film quality. Besides the α parameter, ferromagnetic resonance experiment is also useful to extract the nature of the magnetic anisotropy from the effective magnetization (𝑀 𝑒𝑓𝑓 ) value of the film.

To perform the measurement, we used the stripe line ferromagnetic resonance (SL-FMR) technique [36]. The measurement is achieved at a fixed radiofrequency (𝑓 ≡ 𝑓 𝑅𝐹 ) with a sweeping magnetic field (µ 0 𝐻 𝑎𝑝𝑝 ). The typical ranges are 𝑓 = 1 to 20 GHz and |µ 0 𝐻 𝑎𝑝𝑝 | < 900 mT. The different elements of the set-up are displayed in the following Figure 17: The radiofrequency (rf) signal is sent from the rf source (a) to the sample via a non-reciprocal diode (b). The sample (c) is chip flipped and placed on top of a stripe line (d) of 2 mm wide designed on a coplanar waveguide (CPW). The CPW (e) is placed between magnets (f) which radiate a DC magnetic field (µ 0 𝐻 𝑎𝑝𝑝 ). In addition, an AC radiofrequency field (µ 0 𝐻 𝑅𝐹 ) which radiates in an electromagnetic wave is applied to the system perpendicularly to µ 0 𝐻 𝑎𝑝𝑝 . The DC magnetic field is modulated by the lock-in (g) at a fixed frequency (𝑓 𝑚𝑜𝑑 ) typically 𝑓 𝑚𝑜𝑑 = 78 Hz. The output microwave signal is rectified by the diode and processed by the lock-in technique.

At the resonance field and frequency condition, the material absorbs a part of the microwave power. This energy absorption is detected as a loss for the output signal (Figure 18.b) and the signal/ratio noise is improved after the demodulation of the field by the lock-in detection. In the following, we are working with the derivative of this signal. For a fixed frequency, the typical result of the ferromagnetic resonance measurement is an anti-Lorentzian curve (Figure 18.a) as displayed below: The peak-to-peak linewidth (𝛥𝐻 𝑝𝑝 ) and the resonance frequency (𝑓 𝑟𝑒𝑠 ) are linked by the following relation [31]:

µ 0 𝛥𝐻 𝑝𝑝 = µ 0 𝛥𝐻 0 + 4𝜋 µ 0 𝛾. √3 × 𝛼 × 𝑓 𝑟𝑒𝑠
where 𝛥𝐻 0 is the inhomogeneous broadening, 𝛾 is the gyromagnetic ratio (see Equation II.7), and 𝛼 is the previously introduced Gilbert damping constant. For several frequencies, and by plotting µ 0 𝛥𝐻 𝑝𝑝 as a function of 𝑓 𝑟𝑒𝑠 one can then extract the damping constant of the film. This is represented in the example given in Figure 19 and plotted from experimental points. The fitting of the curve gives: µ 0 𝛥𝐻 0 = 1.6 mT, µ 0 𝛥𝐻 𝑝𝑝 < 2.6 mT up to 𝑓 𝑟𝑒𝑠 = 16 GHz, and 𝛼 = 0.0015 ± 0.002 for a sub-10 nm thick Bi-YIG film. The phenomenon of ferromagnetic resonance has been observed experimentally by J. H. E. Griffiths for the first time in 1946 with the discovery of a maximum of microwave absorption for a specific external applied field [37]. The theory behind ferromagnetic resonance has then been developed in several papers among which the article of C. Kittel in the late 40's [38]. In his theory, Kittel notably included the shape of the material to establish the resonance frequency equations.

(Equation II.3)

To get more insight on the underlying mechanisms, we describe below the magnetization dynamics and its precession frequency that are in the core of the FMR experiment.

❖ Magnetization dynamics

The presence of a continuous magnetic field during the ferromagnetic resonance experiment induces a specific magnetization dynamic that we develop below.

In a first approach, we can consider that the static DC magnetic field (µ 0 𝐻 𝑎𝑝𝑝 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ ) yields to the precession of the film's magnetic moments around the magnetic field axis. The magnetization (𝑀 ⃗⃗ ) in the sample is considered uniform and saturated:|𝑀 ⃗⃗ |= 𝑀 𝑆 and we moreover consider that all the magnetic moments rotate in phase (𝑘 = 0).

The magnetization dynamic (

𝑑𝑀 ⃗⃗ 𝑑𝑡 ) is described by the Landau-Lifshitz equation (Equation II.4) as the torque exerts between 𝑀 ⃗⃗ and the applied magnetic field [39]. The magnetization owns a specific precession frequency (𝑓 𝑝 , see Equation II.5) called the Larmor frequency.

𝑑𝑀 ⃗⃗ 𝑑𝑡 = -µ 0 𝛾. (𝑀 ⃗⃗ ˄ 𝐻 𝑎𝑝𝑝 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ ) 𝑓 𝑝 = µ 0 𝛾 2𝜋 . |𝐻 𝑎𝑝𝑝 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ |
Yet, during the ferromagnetic resonance experiment, two magnetic fields are simultaneously applied to the system. The first one is the DC field described above; the second one is an AC high frequency magnetic field (µ 0 𝐻 𝑅𝐹 ⃗⃗⃗⃗⃗⃗⃗ ), perpendicularly applied to µ 0 𝐻 𝑎𝑝𝑝 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ . Moreover, all the anisotropy term

(Equation II.4) (Equation II.5)
described in the first chapter also contribute to the definition of the resonance conditions. In fact, these contributions create an effective magnetic field (see Figure 20).

Finally, instead of an infinite precession, the system tends to relax. In the following, we then consider a modified magnetization dynamic expression, described by the Landau-Lifshitz-Gilbert equation [40]:

𝑑𝑀 ⃗⃗ 𝑑𝑡 = -µ 0 𝛾. (𝑀 ⃗⃗ ˄ 𝐻 𝑒 ⃗⃗⃗⃗ ) + 𝛼 |𝑀 ⃗⃗ | . (𝑀 ⃗⃗ ˄ 𝑑𝑀 ⃗⃗ 𝑑𝑡 )
In Equation II.6, the first term indeed describes the precession of the magnetization around µ 0 𝐻 𝑒 ⃗⃗⃗⃗ axis.

The second term, which has been added by Gilbert denotes the damping of the precession, in other words the natural tendency of the system to stabilize in an equilibrium position along the µ 0 𝐻 𝑒 ⃗⃗⃗⃗ axis [40]. This is displayed in Figure 20: It should be noted that the gyromagnetic ratio introduced in Equation II.3 is defined by the following relation:

𝛾 = 2𝜋𝑔µ 𝐵 ℎ = 1.77 × 10 -7 rad s -1 T -1
with µ 𝐵 the Bohr magneton, and ℎ the Planck constant. However, in this PhD we considered approximative values of the 𝑔 factor and the gyromagnetic ratio, to be 𝑔 = 2.00 and 𝛾 0 = 28 GHz T -1 , respectively.

The magnetization of the thin film, disturbed by the two applied magnetic fields then owns a specific dynamic described by the Landau Lifshitz Gilbert (LLG) equation.

❖ Precession frequency

The solutions of the LLG equation (Equation II.6) have been published in the seminal article of C. Kittel [38]. It gives the precession frequency (𝑓 𝑟𝑒𝑠 ) of the magnetization as a function of demagnetizing field factors 𝑁 𝑥,𝑦,𝑧 .

(Equation II.7)

(Equation II.6) (a) (b)
In the following, we used a simplified version of the Kittel solutions where the precession's frequency (𝑓 𝑝 ≡ 𝑓 𝑟𝑒𝑠 ) of the magnetic moments is related to the gyromagnetic ratio (𝛾) defined above, the external applied field (µ 0 𝐻 𝑎𝑝𝑝 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ ) and an effective magnetization (𝑀 𝑒𝑓𝑓 ) of the film.

Moreover, the solutions are given depending on the experiment geometry, hereafter: when the plane of the film is parallel (Equation II.8) or perpendicular (Equation II.9) to the direction of the applied field [41], [42].

𝑓 𝑟𝑒𝑠 = µ 0 𝛾√𝐻 𝑎𝑝𝑝 × (𝐻 𝑎𝑝𝑝 + 𝑀 𝑒𝑓𝑓 ) 𝑓 𝑟𝑒𝑠 = µ 0 𝛾 × [(𝐻 𝑎𝑝𝑝 -𝑀 𝑒𝑓𝑓 )]
In Chapter I, we detailed the different anisotropies terms and interactions applying in a thin film and pointed out that 𝑀 ⃗⃗ is the combination of all of them in the material. The strength of the external DC magnetic field applied in the system is then modified by the presence of the dipolar, and uniaxial field, creating an "effective field".

For the film, this notion is encompassed in an effective magnetization (𝑀 𝑒𝑓𝑓 ) term used in the Kittel solutions which can be expresses in a first approximation as:

µ 0 𝑀 𝑒𝑓𝑓 = µ 0 𝑀 𝑆 -µ 0 𝐻 𝐾 𝑈
where µ 0 𝑀 𝑆 is the dipolar anisotropy field and µ 0 𝐻 𝐾 𝑈 is the uniaxial anisotropy field. The uniaxial anisotropy constant (𝐾 𝑈 ) is defined as the sum of the magneto-elastic (𝐾 𝑀𝑂 ) and the growth induced (𝐾 𝐺𝑟𝑜𝑤𝑡ℎ ) anisotropy constants (see Chapter I).

According to Equations II.8 and II.9, the value of the effective magnetization can be extracted from the ferromagnetic resonance experiment when plotting 𝑓 𝑟𝑒𝑠 as a function of the magnetic fields µ 0 𝐻 𝑎𝑝𝑝 = µ 0 𝐻 𝑟𝑒𝑠 at resonance. By fitting the data with the above equation, µ 0 𝑀 𝑒𝑓𝑓 can be obtained, as displayed in the following figure: This quantitative information is beneficial to determine the value µ 0 𝐻 𝐾 𝑈 = µ 0 (𝑀 𝑆 -𝑀 𝑒𝑓𝑓 ) of the material -since µ 0 𝑀 𝑆 can be obtained independently with e.g., SQUID magnetometry (see Chapter IV).

Moreover, the knowledge of µ 0 𝑀 𝑒𝑓𝑓 sign is significant to deduce the nature of the magnetic anisotropy in the film. Indeed, according to Equation II.10 a negative µ 0 𝑀 𝑒𝑓𝑓 yields that the uniaxial anisotropy is dominant over the dipolar one: the magnetic anisotropy is then out-of-plane (OOP). In the contrary, if µ 0 𝑀 𝑒𝑓𝑓 > 0 then µ 0 𝑀 𝑆 > µ 0 𝐻 𝐾 𝑈 , leading to an in-plane (IP) magnetic anisotropy.

(Equation II.10) (Equation II.8) (Equation II.9)

It should also be noted that the above definition of µ 0 𝑀 𝑒𝑓𝑓 is valid when neglecting the magnetocrystalline anisotropy: an approximation that stands for most of the case, due to the weak 𝐾 𝑀 𝐶 strength. However, when both contributions of Equation II.10 are compensating, we suggested to include the magneto-crystalline anisotropy field (𝐻 𝑀 𝐶 ), which results by:

µ 0 𝑀 𝑒𝑓𝑓 = µ 0 𝑀 𝑆 + µ 0 𝐻 𝑀 𝐶 -µ 0 𝐻 𝐾 𝑈
The interpretation of the magnetic anisotropy from the sign of the effective magnetization is not changed. It is more complicated however to disentangle the contribution of the magneto-crystalline term and the uniaxial one. To do so, one way is to perform angular-dependence FMR measurement, as it has been reported for instance by Makino et al. and Lee et al. for garnets system [43], [44].

It should also be noted that during this PhD work, the ferromagnetic resonance measurements have been mainly performed in the in-plane configuration (with µ 0 𝐻 𝑎𝑝𝑝 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ in the plane of the thin film), and at a fixed 𝑇 = 300 K. The temperature dependence of the FMR properties has been investigated using a physical property measurement system (PPMS). The measurements have been performed in the same condition, with the possibly to have a temperature ranging from 10 to 400 K (see Chapter IV).

We finally emphasize that the saturation magnetization (µ 0 𝑀 𝑆 ) can be obtained independently using a superconducting quantum interference device (SQUID) magnetometer. The SQUID magnetometry is based on the measurement of the magnetic flux (𝜙) variation while moving the magnetic sample between superconducting coils. Experimental results of the SQUID measurement on Bi-YIG thin films are presented in Chapter IV. Now that we have described the principle of FMR and discuss the important parameters (𝛼, 𝑀 𝑒𝑓𝑓 ) in the context of this work, we move on the description of Brillouin light scattering spectroscopy.

ii.Brillouin Light Scattering (BLS) spectroscopy: magnons

During this PhD, we performed BLS measurement in collaboration with A. Thiaville at the "Laboratoire de Physique des Solides" (LPS) in Orsay, France.

The study of the magnetization dynamics can also be performed by Brillouin light scattering spectroscopy, a technique which investigates the spin-waves and their properties. Before describing the technique, we give a brief introduction about magnons.

For this purpose, in the following let us consider the magnetic moments not as a global magnetization as before, but rather as an assembly of spins covering the surface of a ferromagnetic thin film. In this picture, each magnetic moment owns an angular momentum and is submitted to precession under magnetic field perturbations. Yet in a ferromagnetic thin film, there are only three possibilities to describe the precession state between two neighbouring magnetic moments:

(a) they have an identical frequency and phase (FMR) (b) they have an identical frequency but different phase (BLS) (c) they have both different frequency and phase (unexploitable)

As indicated, the first situation corresponds to the state in which we are working during the FMR experiment where there is no notion of phase. However, considering the phase becomes unavoidable when performing BLS experiment: the phase difference is the key parameter to create a spin-wave (SW) in the material. In this case, the magnetic moments are the "magnons" of this SW. The last case © is, to our knowledge, not exploitable.

(Equation II.11)

The precession of the magnetization (𝑀 ⃗⃗ ) around the effective field (𝐻 𝑒 ⃗⃗⃗⃗ ) for the above cited cases (a)

and (b) are displayed in Figure 22: The SW is characterized by its wavelength (𝜆 𝑆𝑊 , see above) and amplitude: on which the information may be coded. The wave carries an energy and is propagating along a k-wave vector without motion of the electrons. The field of "magnonics" exploits this property of dissipative-free Joule heating spinwave propagation, to create alternative route for information technology [34]. Investigating the SW properties, for instance with BLS is then of relevance for this field.

Brillouin light scattering spectroscopy is an optical technique based on the interaction between light and spin-waves -or from a quasiparticle point of view: between photons and magnons. The physical process involved is the inelastic scattering of photons in the magnetic material medium: a magnon can be created (absorbed) by the energy loss (gain) of a photon. The magnon creation is displayed in the adjacent Figure 23:

The creation (annihilation) of a magnon is called the Stokes (anti-Stokes) process. It results in the presence of a "magnon" peak in the BLS spectra, characterized by a specific wave vector 𝑘 𝑆 (𝑘 𝐴𝑆 ) and frequency 𝑓 𝑆 (𝑓 𝐴𝑆 ) that deviate from the incident photon peak -or laser reference peak, associated with (𝑘 0 , 𝑓 0 ). From Figure 23 and by describing the scattered photons with (𝑘 1 , 𝑓 1 ), we can then write the scattered parameters as a function of the (𝑘 0 , 𝑓 0 ) and the spin-waves characteristics (𝑘 𝑆𝑊 , 𝑓 𝑆𝑊 ):

𝑓 1 = 𝑓 0 -𝑓 𝑆𝑊 ≡ 𝑓 𝑆 ; 𝑓 1 = 𝑓 0 + 𝑓 𝑆𝑊 ≡ 𝑓 𝐴𝑆
and

𝑘 1 = 𝑘 0 -𝑘 𝑆𝑊 ≡ 𝑘 𝑆 ; 𝑘 1 = 𝑘 0 + 𝑘 𝑆𝑊 ≡ 𝑘 𝐴𝑆
The typical result of a Brillouin light scattering spectroscopy measurement is composed of the laser reference peak and two scattered peaks at Stokes and anti-Stokes frequencies as displayed in Figure 24 extracted from Adeyeye et al. [45]. The frequency shift between the incident and the scattered peaks is then directly linked to the spin-wave frequencies.

Other film characteristics as e.g., the exchange (𝐴) or the Dzyaloshinskii-Moriya interaction (𝐷) parameters can also be obtained as detailed by Nembach et al. for a metallic system [46].

In the context of this thesis, where we used BLS mainly to assess the presence of DMI in the garnets, we probed un-patterned thin films: for which the conventional k-resolved BLS is well suited. Micro-focus Brillouin light scattering (µ-BLS) on the other hand, can be used to combine both a spatial and temporal resolution for instance to study the spin-wave propagation [47].

One of the main differences between conventional and micro-BLS relies on the spatial resolution of the technique, as detailed by Yu et al. and illustrated in Figure 25 [48]. During the measurements, we work with conventional BLS in the backscattering configuration.

Finally, the set-up is represented in the following scheme, in Figure 26 [49]. It is made of (a) a monochromatic laser (b) split in a reference beam and a probing beam; the latter is guided by (c) an optical path to reach (d) the sample which is in a magnetic field created by (e) the magnet. The sample is mounted on a sample holder (not shown below) that can (f) rotate, and the homogeneity of the probing region is previously checked by (g) a camera. Once already gone through the sample, the laser beam is travelling back in the optical path until (h) the entrance pinhole of (i) the tandem Fabry-Perot (Equation II.12) (Equation II.13) interferometer (TFPI) in which the beam is passing three times each by (j) the two mirrors before being (k) filter and finally send to (l) the detector. extracted from [49] and has been slightly modified: we added the magnet and the notion of rotative sample.

When reaching the sample, the laser spot is about tens of microns [50]. The spectral frequency window of the measurement, ranging from 3 to 300 GHz, is adjustable by changing the distance between the mirrors of the tandem Fabry-Perot interferometer [51]. The frequency resolution of the measurement is about 50 MHz. The magnetic field strength is adjustable and at first is applied perpendicularly to the sample. The sample is then rotated during the experiment to select the k-wave vector value as described below.

Indeed, the spin-wave wave-vector (𝑘 𝑆𝑊 ) and the incident angle (𝜃 ≡ 𝜃 𝑖𝑛𝑐 ) of the laser on the sample are linked by the following relation [51]:

𝑘 𝑆𝑊 = 4𝜋 sin(𝜃 𝑖𝑛𝑐 ) 𝜆
where 𝜆 is the wavelength of the laser. In our experiments, we used a green and a blue laser, with 𝜆 = 532 nm or 𝜆 = 473 nm, respectively. By changing 𝜃 𝑖𝑛𝑐 , one can then access to different order of the spin wave modes. In the experiment, we usually change the angle of incidence ranging from 10 ° to 50 °. For a green laser, the wave-vector are then typically ranging from 𝑘 = 4.10 to 𝑘 = 18.09 µm -1 (see Figure 27.a below). By plotting the k-wave vector as a function of the SW frequency (𝑓 𝑆𝑊 ) one can then obtain the dispersion relation of the spin wave.

As previously indicated, for the purpose of this PhD, the BLS spectroscopy has mainly been used to assess the presence of DMI in the garnet system, and notably in Bi-doped YIG films (see Chapter V).

The motivation is partially based on the recent investigation of Wang et al. in which the authors evidence DMI in 7 nm YIG thin films experimentally verify with BLS measurements [52]. Interfacial DMI (iDMI) has also been reported in Thulium (Tm) and Terbium (Tb) Iron garnets, and not yet in Bi-YIG according to Caretta et al. [53].

(Equation II.14)

The effective DMI constant (𝐷 𝑒𝑓𝑓 ) for bulk or interfacial system can be obtained after a BLS experiment, with the following relation [51]:

∆𝑓 = 𝑓 𝑆 -𝑓 𝐴𝑆 = 2𝛾𝐷 𝑒𝑓𝑓 𝜋𝑀 𝑆 × 𝑘 𝑆𝑊
where ∆𝑓 is the frequency shift between the Stokes (𝑓 𝑆 ) and anti-Stokes (𝑓 𝐴𝑆 ) frequencies, 𝑘 𝑆𝑊 is the k-wave vector previously defined. This effective constant accounts for a volume value of DMI.

In the case of a purely interfacial effect, the effective DMI constant 𝐷 𝑒𝑓𝑓 is defined as the ratio between the iDMI coefficient (𝐷 𝑖𝑛𝑑 ) and the film thickness (𝑡) [51], [54]:

𝐷 𝑒𝑓𝑓 = 𝐷 𝑖𝑛𝑑 𝑡
This definition stands for most of cases but can be refined, as for instance in [46]. By plotting the frequency shift as a function of the 𝑘 𝑆𝑊 wave-vector as displayed in the following In this section we detailed two experimental techniques suitable for the investigation of the dynamical properties of the ferromagnetic thin films. Yet, the static properties of the garnet thin films also give qualitative and quantitative information, notably via the imaging of the magnetic domains which are in the core of next section.

D. Imaging the magnetic domains

Complementary to the structural and dynamical characterization developed in section II-B and II-C, we performed statical investigation about the magnetic state of the thin garnet films grown by PLD. In this purpose, the magneto-optical Kerr effect (MOKE) which is detailed in the first part of this section has been extensively used during this thesis. This has been motivated by the excellent magneto-optical properties of the garnet, and notably of the Bismuth doped-YIG [55]. An introduction about NV magnetometry is given in the second part, as this probing tool has been used lately for specific samples showing small magnetic bubbles.

i. Magneto optical Kerr effect: exploring the magnetic states

(Equation II.15) (Equation II.16)
In the introduction of his article, in 1877, John Kerr stated: ''I was led some time ago to think it very likely, that if a beam of plane-polarized light were reflected under proper conditions from the surface of intensely magnetized iron, it would have its plane of polarization turned through a sensible angle in the process of reflection.''

This sentence forms the basis of the eponymous Kerr effect and its associated microscopy, which detects the deviation of the reflected polarized light after its interaction with a magnetic thin film. This effect is analogous to the Faraday one discovered earlier in 1845 that, in contrast, is dealing with the transmitted light.

❖ Describing the Kerr effect with the Lorentz force

In the MOKE experiment the incident light -an electromagnetic wave, is linearly polarized. The electromagnetic wave is said to be p-(s-) polarized if the electric field is polarized in the plane (perpendicular to the plane) of incidence. This is schematized in Figure 28: Both the intensity and the orientation of the linear polarization (either p or s) is generally modified after the reflection on a magnetic sample -yet depending on the geometry of the set-up (see below).

Indeed, when reaching the magnetic sample, the electric field component of the linearly polarized light excites the electrons of the thin films. Following this electric-dipole interaction, an additional component (𝐸 𝑁 ) parallel to the incident light is created: the reflected light then differs from the incident one [56]. Due to the presence of 𝐸 𝑁 ⃗⃗⃗⃗⃗ within the magnetic field, the Lorentz force (𝐸 𝑁 ⃗⃗⃗⃗⃗ × 𝑀 ⃗⃗ ) gives rise to a Kerr component (𝐸 𝐾 ) perpendicular to both 𝐸 𝑁 and the magnetization (see Figure 32 below). Hence, the reflected light is generally composed of a s-and a p-component that are out-of-phase: making the reflected polarization of the light elliptical and with its main axis deviated from the incident one [56]. A similar effect is happening for the Faraday effect in the transmission geometry.

The reflected (transmitted) light polarization is then deviated compared to the incident light, by a Kerr (Faraday) angle θ 𝐾 (θ 𝐹 ) which is proportional to the magnetization of the sample. The reflection and transmission of an incident s-polarized light on a magnetic sample is illustrated in the above Figure 29.

As indicated in Figure 29, the reflected (transmitted) light is characterized by at least two parameters: the Kerr (Faraday) rotation angle θ 𝐾 (θ 𝐹 ), and the Kerr (Faraday) ellipticity 𝜀 𝐾 (𝜀 𝐹 ). The former is a figure of merit of the material: for the prospects of magneto-optical devices, the most suitable materials are those with the highest Faraday coefficient.

Moreover, as illustrated in Figure 30, the orientation of 𝑀 ⃗⃗ impacts the direction of rotation of θ 𝐾 .

In this figure, one can see that the Kerr rotation is inversed for the two different magnetic domains (having opposite magnetization). The Kerr effect allows one to distinguish and visualize the magnetic domains of the sample.

Before describing the experimental set-up and giving an example of data obtained after a MOKE measurement, we give a short insight about the formation and observation of the magnetic domains in the thin films.

❖ Magnetic domains: the origins

The presence of magnetic domains in a ferromagnetic material has been predicted more than a century ago by Pierre Weiss, and their origins are exposed in the article of Charles Kittel [57].

In the latter, C. Kittel developed that the creation of domains in a ferromagnetic material governed by exchange interaction, is energetically favourable for the system. It appears, that a saturated state (Figure 31.a) requires a more important amount of energy than if the sample is, for instance "splits" in two or more adjacent areas (Figure 31.b and 31.c) with opposite magnetizations -domains. Still, the magnetic domains are separated by a domain wall, which also require energy to be created.

In Figure 31, one can see that the dipolar energy -or equivalently the stray fields intensity, is reduced after the domain's subdivision. This leads to the reduction of the total energy of the system (see Equation I.22). Following this observation, one should expect the surface to be subdivided in "as many domains as possible", until the saving in energy is smaller than the one needed to create the domain wall [57].

Yet, considering the large number of implied energies, the prediction of the number, size or shape of the magnetic domains is not as simple, hence a direct imaging of the magnetic domains is highly beneficial [58]. This can be achieved by using the MOKE microscopy: a technique particularly suited to image the magnetic domains in garnets, since this material family is known for its high Faraday coefficient.

During this PhD, this coefficient has been measured by a Faraday rotation set-up: among the garnets elaborated during this PhD, the Bi-YIG is the one with the highest coefficient: we obtained a θ 𝐾 = -4 deg µm -1 : about twice the expected value found in the literature [59]. It should also be noted that the magneto-optical properties of the film are expected to be enhanced with the increasing amount of Bismuth [55].

❖ Experimental part: set-up and results

We used the magneto-optical Kerr effect experiment to obtain valuable information either from a quantitative (i.e. the magnetic fields -coercive and saturation, the domains size) or a qualitative (i.e., the shape of the domains or of the hysteresis loop) point of view. In this last sub-section, we describe the experimental approach.

First, it is necessary to choose the appropriate set-up geometry depending on the magnetic anisotropy of the film. There are indeed three well-known geometries used for the MOKE experiment, and named because of the orientation of 𝑀 ⃗⃗⃗⃗ with the plane of incidence (𝑃 𝑖 ) and the plane of the sample (𝑃 𝑠 ): The Kerr effect as a function of the set-up geometry and the light polarization is summarized in Figure 32, extracted from the PhD thesis of A. Mannan [56]:

During this thesis we mainly worked on thin films with PMA hence, to characterize them we chose the polar geometry -which is the most relevant to probe the out-of-plane (OOP) magnetic domains. The longitudinal mode has also been used yet combined with a small OOP magnet (see Chapter V). In both cases, the light polarization experienced a change from linear (incident light) to elliptical (reflected light) polarization -contrary to the transverse mode (see Figure 32).

This modification of intensity and angle is the information probed during a magneto-optical Kerr effect experiment and the experimental set-up used to perform this measurement is displayed in Figure 33 extracted from [42]: During the magneto-optical Kerr effect experiment, when using the polar (longitudinal) geometry, the out-of-plane (in-plane) magnetic domains of a ferromagnetic thin film can then purposely be visualized (see Chapter IV and V), as e.g., in Figure 34:

More precisely, the domains are visible during the magnetic field range corresponding to the reversal of the magnetic moments, in other words between the saturation magnetic fields (±µ 0 𝐻 𝑠𝑎𝑡 ). Between the saturation fields, the magnetic moment gradually reorient themselves, and consequently the size and the shape of the magnetic domains are evolving -phenomena of domain nucleation can sometimes be observed. The coercive field (±µ 0 𝐻 𝑐 ) is another important information of a magnetic system. Note that both ±µ 0 𝐻 𝑠𝑎𝑡 and ±µ 0 𝐻 𝑐 are quantify during the MOKE experiment. The plot of the Kerr intensity as a function of the applied field (µ 0 𝐻 𝑎𝑝𝑝 ) as shown in Figure 35, allows us to obtain the hysteresis loop of the film, and associated the different µ 0 𝐻 𝑎𝑝𝑝 to distinct magnetic states: In fact, the coercive field corresponds to the width of the hysteresis loop, here: µ 0 𝐻 𝑐 < 1 mT. In the case pictured in Figure 35, the MOKE measurement has been performed using the polar geometryfor an investigated thin film with a perpendicular magnetic anisotropy. From this graphic, we obtain the value of the saturation field to be µ 0 𝐻 𝑠𝑎𝑡 = ±5 mT while the reorientation of the magnetic moments starts at µ 0 𝐻 𝑎𝑝𝑝 = ±2 mT. We note that this coercive field is small: this is associated with the "soft" nature of Bi-YIG as a ferromagnet. The inset shown the magnetic states at two distinct stages: for ii. Nitrogen vacancy magnetometry: imaging via the stray fields

During this PhD, we performed complementary Nitrogen vacancy magnetometry measurements in collaboration with K. Bouzehouane in our laboratory.

The static characterization of the samples has been done almost exclusively by the magneto-optical Kerr effect described above. However, the NV magnetometry measurements have been necessary in a specific case: to quantify the size of the small magnetic bubbles that we discovered in Bi-YIG samples during this thesis.

The set-up we used is made of a single NV center and the principle is the following: by adding a Nitrogen defect in a diamond tip, the latter acts like a small magnet that is sensitive to the stray fields of the sample. The variation of the magnetic field changes the photoluminescence (PL) intensity received by the detector: it allows to rebuild the magnetic state and visualize the magnetic domains of our samples.

The Nitrogen vacancy set-up is schematized in the following The electrons of the NV center are excited by a green laser light and the MW antenna that disturbs the system at a specific frequency. Consequently, the NV center is emitting photons during a photoluminescence process. The intensity of the PL is detected by the objective represented in Figure 36.a, and the signal is made of one main peak in the absence of magnetic field. However, the presence of a magnetic field in the system creates a Zeeman splitting of the energy levels of the electrons: two peaks appear in the resulting spectrum -the optically detected electron spin resonance (ESR).

The distance between the two peaks (∆𝜈) is characteristic of the magnetic field of the scanned area: the NV center is sensitive to the stray fields emitted from the sample. Hence, a variation of ∆𝜈 indicates that the NV tip experiences locally a variation of the magnetic field. Finally, the change in magnetic field as a function of the position of the tip allows to reconstruct the magnetic state of a sample, as displayed as an example in the following Figure 37 from [61]: The resolution depends on the distance between the tip and the sample (see Figure 37.a) and is about few tens of nanometers [62]. This value which is smaller than what can be achieved with magnetooptical Kerr effect microscopy: the NV center is an efficient method to image various types of magnetic domains such as e.g., skyrmions, vortices, or spin waves in ferromagnets [63]. Chapter III: Making Yttrium Iron Garnets thin films perpendicularly magnetized

In this Chapter, we report our investigation on Yttrium Iron garnet thin films, for which we seek to obtain a perpendicular magnetic anisotropy. The ultrathin films with thicknesses ranging from 𝑡 = 10 to 60 nm are elaborated by pulsed laser deposition. To obtain the perpendicular magnetic anisotropy in pure-YIG thin films, we have chosen three different substrates: with increasing mismatch -compared to the YIG lattice parameter -to favour a strain-induced PMA as recently reported.

We address in this chapter both a substrate-dependence and a thickness-dependence of the structural and magnetic properties of the YIG thin films. We first investigate YIG thin films with in-plane anisotropy grown on two distinct (111)-oriented substrates. Then, the perpendicular magnetic anisotropy is evidenced for YIG films grown on (111)-oriented Gadolinium Scandium Gallium garnet (GSGG) substrate at various thicknesses, and the growth process is simpler than lately reported in the literature. Finally, for the YIG thin films with perpendicular magnetic anisotropy, we achieved the imaging of magnetic domains: which to our knowledge have never been observed previously.

Outline -Chapter III 

A. Starting from in-plane magnetized YIG thin films

In this section, we investigate the properties of Yttrium Iron garnet (YIG) thin films elaborated on (111)oriented Gadolinium Gallium garnet (GGG) substrates. When grown on this substrate, we obtained films with in-plane (IP) magnetic anisotropy for film thicknesses of tens of nanometers. The IP anisotropy, resulting from a dominant shape anisotropy in the system is expected due to the very small mismatch between YIG and GGG, as reported in the literature [1]. The lattice parameters of YIG (𝑎 𝑌𝐼𝐺 ) and GGG (𝑎 𝐺𝐺𝐺 ) are 𝑎 𝑌𝐼𝐺 = 12.376 Å and 𝑎 𝐺𝐺𝐺 = 12.383 Å (see Figure 6). Additionally, YIG//GGG grown along the (111) direction have excellent dynamical magnetic properties i.e., films with Gilbert damping of few 10 -4 [2].

In the remainder of this chapter, we show how to change the magnetic anisotropy of YIG thin films from in-plane to out-of-plane by tuning the magneto-elastic contribution. This present section A will help us to compare the film's magnetic properties between the strained films (see section B) and the YIG//GGG (111) ones; there is no seek of optimization in this first section.

We used pulsed laser deposition (PLD) to perform the growth of the YIG thin films (labelled III-A1 to III-A8) of different thicknesses. The growth parameters are summarized in the following Table 1:

Table 1: Growth parameters of the YIG//GGG (111) thin films. The other parameters: as the laser frequency (𝑓 = 2.5 Hz), the target-substrate distance (𝑑 = 45 mm), and the Oxygen pressure (𝑃 𝑂2 = 0.3 mbar) were kept constants for all the films.

From this table, one can see that the main parameter variation is the deposition time changing from 125 to 720 seconds. The growth temperature (𝑇 𝐺 ) varies from 575 to 653 °C, while the attenuated laser energy (𝐸 𝑎𝑡𝑡 ) is almost equal for all films: between 58 and 62 ± 2 mJ. The growth rate (𝑅 𝐺 ), however, is changing -from 0.61 to 0.93 Å s -1 , without clear correlation with the laser energy. It is assumedly explained by the variation of the fluence: due to possible misalignments of the lens.

In the other hand, the laser frequency (𝑓), the target-substrate distance (𝑑), the Oxygen pressure (𝑃 𝑂2 ) and the velocity of the substrate rotation (𝑅 𝑠𝑢𝑏 ) have been kept constants: with 𝑓 = 2.5 Hz, 𝑑 = 45 mm, 𝑃 𝑂2 = 0.3 mbar, and 𝑅 𝑠𝑢𝑏 = 15 rotations per minute, respectively. These parameters are the result of preliminary optimization work.

the thinnest (the two thickest) YIG film. One can directly see that in this case, the period of oscillations is indeed wider (narrower) than for the films of 28 nm -namely films III-A1, A4, A5. The difference of the decay oscillation angle for films III-A2 and III-A8 is visible in Figure 1.d -for which 2𝜃 𝑑 = 3 ° and 2𝜃 𝑑 = 3.5 °, respectively.

The small variation of 2𝜃 𝑐 cannot be correlated to the change of the deposition time, or growth temperature reported in Table 1. However, it is corresponding to a change of the thin film density, that we attributed to the modification of the fluence [3]. This assumption is reinforced by the facts that: we used substrate from the same wafer, and two films grown in a row -as for example III-A1 and A2 -, have the same critical angle value i.e., the same film density. This information will be important for the comparison in the next sections.

Secondly, the oscillation decay angle variation corresponds to a change in the sample roughness.

Investigations about the impact of the growth parameters (target rotation, frequency rate, growth temperature) or the film thickness over the film's roughness grown by PLD are reported in the literature [4], [5]. In our case however, we see no straightforward correlations either between the growth parameters or the films thicknesses, and 2𝜃 𝑑 . Moreover, in the following, we experimentally find that the magnetic properties of the thin films are not dependent of 2𝜃 𝑑 : this variation, originating from the roughness of the 10 × 10 mm² surface or film-substrate interface will then be neglected.

To understand the strain state of the sample, we performed x-ray diffraction (XRD) measurements on the YIG//GGG thin films. The expected diffraction peaks for the GGG -of chemical formula Gd3Ga5O12, are reported in the following Table 2:

We use this table to index the different diffraction peaks of a XRD spectra to their crystallographic planes. Yet, the YIG films are grown on ( 111 These observations stand for all the YIG//GGG (111) thin films introduced above: no additional phases are observed, and the spectra is composed of two peaks of high intensity for the (444) and (888) diffraction planes. In the following section, in which we are interested by the magneto-elastic anisotropy control, the impact of the strain will be readily visible on these XRD spectra. Before investigating this point, we assessed the dynamical magnetic properties of the films by ferromagnetic resonance experiment (FMR) at room temperature.

ii. Probing the dynamical properties of the thin films We chose to plot the data as a function of a varying parameter: the growth rate, which we find more appropriate than the thickness in the present case. Each thin film is associated with a colour indicated on top of the figure. Data of thin films III-A7 is not presented here, due to magnetic inhomogeneities.

In Figure 5.a, we reported the extracted Gilbert damping (𝛼) value of the thin films that are ranging from 𝛼 = 0.00026 to 𝛼 = 0.0013 for III-A1 and III-A8, respectively. The darker area highlights the films with Gilbert damping for which 𝛼 < 0.0006. Among them, we can see that films III-A1, III-A4 and III-A5 are the ones with the lowest 𝛼. As a comparison, the dashed-orange line indicates one of the best damping reported in literature for YIG films grown by PLD on GGG (111) and for which 𝛼 = 0.00032 [6].

In Figure 5.b, we reported the extracted µ 0 𝑀 𝑒𝑓𝑓 value for each film, which have effective magnetization value ranging from µ 0 𝑀 𝑒𝑓𝑓 = 188.5 mT to µ 0 𝑀 𝑒𝑓𝑓 = 207.9 mT -for films III-A6 and III-A5, respectively. The dashed-orange line is indicating the value of the saturation magnetization (µ 0 𝑀 𝑆 ) of YIG. It appears in this figure that all the films have: µ 0 𝑀 𝑒𝑓𝑓 > 0 indicating an in-plane magnetic anisotropy, and µ 0 𝑀 𝑒𝑓𝑓 > µ 0 𝑀 𝑆 = 176 mT.

From Equation II.10 (µ 0 𝑀 𝑒𝑓𝑓 = µ 0 𝑀 𝑆 -µ 0 𝐻 𝐾 𝑈 ), having µ 0 𝑀 𝑒𝑓𝑓 > µ 0 𝑀 𝑆 necessarily means that we have µ 0 𝐻 𝐾 𝑈 < 0. In the case of YIG//GGG, the main contribution to the uniaxial anisotropy is coming from the magneto-elastic anisotropy. The sign of µ 0 𝐻 𝐾 𝑈 is then determined by the one of µ 0 𝐻 𝑀𝑂 .

According to Equations I.14 to I.17, the only way to fulfil the above criteria is to have a compressive strain. This magnetic characterization evidence both the presence of a compressive strain and the inplane magnetic anisotropy of the YIG//GGG (111) thin films.

As a summary of this first section, YIG thin films of thicknesses ranging from 𝑡 = 11 to 56 nm have been successfully grown on GGG substrates. The (111) direction of the YIG thin films has been evidenced with XRD characterization. These YIG//GGG films have good dynamical properties with damping in the order of few 10 -4 . Moreover, the best of them -having similar thicknesses of 𝑡 = 28 nm, have peak-to-peak linewidths below 0.5 mT at 10 GHz, and a damping comparable to the state-ofthe-art values for films grown by PLD [6]. Finally, the dynamical characterization allowed us to conclude on the compressive strain state and the in-plane magnetic anisotropy of the YIG//GGG (111) films. These characteristics are compared with the result of next section.

B. Inducing strain by the substrate in YIG thin films

During this PhD, one of the goals was to understand and succeed to control the magnetic anisotropy in garnet ultra-thin films. In this section, we show how the strain induced by the substrate allows us to tune the magneto-elastic anisotropy in YIG films and change the anisotropy from in-plane to out-ofplane. Such a realization is interesting for the fields of spintronics and magnonics, since according to Capku et al., YIG with perpendicular magnetic anisotropy (PMA) can offer "fast response in microwave devices, logic devices, spin-transfer torque and magneto-optical device applications" [7].

As mentioned in Chapter I-D, this approach has already been taken: we refer in particular to the works of Popova et al. and more recently to Guo et al. [8], [9]. However, in these examples, either the thicknesses are limited to 𝑡 < 14 nm, or the growth process includes several post-annealing steps: both to maintain highly strained films with perpendicular magnetic anisotropy.

In this section, we propose a simpler growth process and evidence PMA in YIG thin films up to 𝑡 = 27 nm, while keeping competitive dynamical and resonance properties. Additionally, we investigate the impact of the induced strain by growing YIG thin films on different substrates.

i. Growth of the YIG films on two different substrates Thin films of thicknesses ranging from 𝑡 = 13 to 61 nm have been prepared by PLD on (111)-oriented substrates. Aside the GGG, we used both substituted-Gadolinium Gallium garnet (sGGG) and Gadolinium Scandium Gallium garnet (GSGG) substrates to grow the YIG thin films.

We report the lattice parameters of YIG, GGG, sGGG and GSGG -𝑎 𝑌𝐼𝐺 , 𝑎 𝐺𝐺𝐺 , 𝑎 𝑠𝐺𝐺𝐺 , and 𝑎 𝐺𝑆𝐺𝐺 respectively, and the associated increasing mismatch in the following Figure 6:

The lattice parameter of the YIG that is reported in the upper part of Figure 6 corresponds to the YIG bulk value, while 𝑎 𝐺𝐺𝐺 , 𝑎 𝑠𝐺𝐺𝐺 , and 𝑎 𝐺𝑆𝐺𝐺 are the value given by the substrate's furnisher. The indicative mismatch (𝛥𝑎 𝑎 𝑠𝑢𝑏 ⁄ ) has been calculated using the following formula:

𝛥𝑎 𝑎 𝑠𝑢𝑏 = ( 𝑎 𝑌𝐼𝐺 -𝑎 𝑠𝑢𝑏 𝑎 𝑠𝑢𝑏 )
with 𝑎 𝑠𝑢𝑏 the substrate lattice parameter. One can see that for YIG grown on sGGG (GSGG) rather than the "usual" GGG substrate, the mismatch is approximately 16 times (24 times) stronger. The strain state is then expected to be very different than for films of section A, as discussed further in this section. Before reaching this point, we give more information about the growth process.

Firstly, to make a comparison between all the thin films possible, we attempt to grow YIG//sGGG and YIG//GSGG films under the same exact conditions yet only varying their thicknesses. Secondly, for all the films we targeted a growth temperature of 𝑇 𝐺 = 582 -586 °C, trying to reproduce the growth conditions of films III-A1 and III-A5 -that own both the lowest roughness and the best dynamical properties. It should also be noted that the films are presented "as grown", without post-annealing steps.

Finally, the different thin films -labelled III-B1 to III-B10, and their growth parameters are introduced in the following Table 3: From Table 3, one can see that most of the growth parameters were kept constant for films III-B1 to III-B10. We report few variations of the growth temperature and the growth rate from film to film, with 𝛥𝑇 𝐺 = 20 °C and 𝛥𝑅 𝐺 < 0.2 Å s -1 , respectively. Aside, the growth parameters are kept constant: with 𝑓 = 2.5 Hz, 𝑑 = 45 mm, 𝑃 𝑂2 = 0.3 mbar, 𝑅 𝑠𝑢𝑏 = 15 rotations per minute and 𝐸 𝑎𝑡𝑡 = 60 ± 2 mJ, for films III-B1 to III-B10.

(Equation III.1)
ii. First evidence of the strain-induced PMA in YIG films

From X-ray reflectivity measurements, we found that YIG films of thicknesses between 𝑡 = 16 and 49 nm have been grown on sGGG substrates, and between 𝑡 = 13 and 61 nm on GSGG. The XRR data are displayed in the following figure:

In the above In the above Figure 7.a and 7.b we wanted to highlight the fact that the oscillations decay angle is high (2𝜃 > 4.25 °) for all the thin films -except III-B5 and III-B7 which are the thickest samples. This indicates that the thin films up to 𝑡 = 28 nm have a relatively low roughness, comparable to the best films of section A. Using X'Pert Reflectivity software to fit our data, we obtained for these YIG thin films a root-mean-square roughness of 0.6 nm.

In section III-C, the topography of several samples is obtained from magnetic force microscopy measurement: we note the presence of surface defects (dots) of tens of nanometers heigh. We assume that for the thickest films, there is an additional strain relaxation, leading to an increase in the surface roughness (due e.g., to dislocations). Further measurements would be beneficial to understand the roughness origins and the impact of the growth parameter on it.

Continuing the structural characterization, we performed x-ray diffraction measurement of the YIG thin films. This measurement also allowed us to investigate the strain state (compressive or tensile) of the films. The results are reported in the following Figure 8, for YIG grown on sGGG:

In In Figure 8.b, the table displays the YIG lattice parameter (𝑎 𝑓𝑖𝑙𝑚 ), the relaxed lattice parameter (𝑎 0 ) and the magnetoelastic anisotropy constant (𝐾 𝑀𝑂 ). One can see that the anisotropy constant is ranging from 𝐾 𝑀𝑂 = 9800 J m -3 to 11500 J m -3 . This positive value is already indicating a tensile strain in our samples.

We have indexed the different YIG diffraction angles presented in Figure 8.a and used Equations II.1 and II.2 to calculate the lattice parameters (𝑎 𝑓𝑖𝑙𝑚 ) indicated above. We obtained 12.286 < 𝑎 𝑓𝑖𝑙𝑚 < 12.316 Å, values that are inferior to the bulk one 𝑎 𝑌𝐼𝐺 (see Figure 6). The fact that 𝑎 𝑓𝑖𝑙𝑚 < 𝑎 𝑌𝐼𝐺 < 𝑎 𝑠𝐺𝐺𝐺 is a second indication of a tensile strain occurring in the YIG films: the in-plane components are stretching to adapt to the substrate lattice parameter. Therefore, the out-of-plane component -the one that is probed by XRD measurement, is reduced and this leads to an apparent 𝑎 𝑓𝑖𝑙𝑚 < 𝑎 𝑌𝐼𝐺 . The relaxed cell parameter (𝑎 0 ), the strain (𝜎) -not shown here, and finally the magneto-elastic anisotropy constant (𝐾 𝑀𝑂 ) have been calculated using the value of 𝑎 𝑓𝑖𝑙𝑚 and Equations I.14, I.17 and I. 18. Compared to the case of bulk YIG, we used for these calculations a magneto-strictive coefficient of 𝜆 111 ≅ -2.8 × 10 -6 .Using Equation I.15 (µ 0 𝐻 𝑀𝑂 = 2×𝐾 𝑀𝑂 𝑀 𝑆

) and the saturation magnetization of YIG 𝑀 𝑆 = 140 kA m -1 extracted from the literature, we calculated the magneto-elastic field value for each film [10]. The results are displayed in the above Table 4. As µ 0 𝐻 𝑀𝑂 < µ 0 𝑀 𝑆 = 176 mT, this table already highlights that the tensile strain is -at least alone, not sufficient to have PMA in these YIG//sGGG films.

Similarly, we probed the structural properties of the YIG thin films grown on GSGG by means of X-ray diffraction measurement. According to the high mismatch between YIG and GSGG (see Figure 6), we expect an enhancement of the strain by using this substrate -for which 𝑎 𝐺𝑆𝐺𝐺 = 12.554 Å. We present the results of the XRD characterization in Figure 9:

In the adjacent Figure 9.a, the XRD spectra is depicted for a specific angle range: 49 < 2𝜃 < 53 °. This allows us to visualize the GSGG peak and the YIG peak of the (444) plane. The substrate peak, indicated by the black-dashed line is located at 2𝜃 = 50.314 °. Meanwhile, the YIG diffraction peaks of films III-B6 to III-B10 are encompassed in the grey rectangle.

Moreover, for each YIG//GSGG films we reported the value of 𝑎 𝑓𝑖𝑙𝑚 , 𝑎 0 , and 𝐾 𝑀𝑂 in the table shown in Figure 9.b. The magneto-elastic anisotropy constant is positive, and larger than for the previous YIG//sGGG. This indicates the presence of a stronger tensile strain for films grown on GSGG, as we expected.

As we explained previously, we have indexed the position of the YIG diffraction peak and used several equations introduced in Chapters I and II, to obtain the parameters indicated in the above table.

The lattice parameter of the YIG film is ranging from 𝑎 𝑓𝑖𝑙𝑚 = 12.228 and 12.263 Å, while the bulk YIG lattice parameter is 𝑎 𝑌𝐼𝐺 = 12.376 Å. This indicates again a stretching of the in-plane lattice parameters and a reduction of the out-of-plane one. Finally, the magneto-elastic anisotropy constant obtained is ranging from 𝐾 𝑀𝑂 = 15.800 to 17.700 kJ m -3 : which is high compared to the case of YIG//GGG thin films where 𝐾 𝑀𝑂 ≤ 2 kJ m -3 . Using Equation I.15, and the value of the magneto-elastic anisotropy constant, we calculated µ 0 𝐻 𝑀𝑂 for each film, as reported in the adjacent Table 5. On this table, one can see that the magneto-elastic anisotropy field of each film is stronger than µ 0 𝑀 𝑆 = 176 mT, in other words than the dipolar anisotropy.

As developed in the first chapter, the dipolar anisotropy must be overcome to obtain thin films with perpendicular magnetic anisotropy. It is exactly our finding in the present case. With this XRD result and analysis, we already anticipate that thin films of YIG//GSGG must be with PMA. We experimentally verify this point with the help of magnetic characterizations, starting with ferromagnetic resonance measurement. The FMR experiments have been performed at room temperature, in the in-plane configuration, for frequencies mainly ranging from 𝑓 𝑟𝑒𝑠 = 8 to 20 GHz.

iii. Second evidence of PMA and dynamical properties of YIG films

The nature of the magnetic anisotropy (perpendicular or in-plane) of the film, can be obtained from the ferromagnetic resonance experiment thanks to the extracted effective magnetization (µ 0 𝑀 𝑒𝑓𝑓 ) parameter. The sign of µ 0 𝑀 𝑒𝑓𝑓 is associated with the nature of the anisotropy and its value to the strength of this anisotropy (see Chapter II-C and III-A for more details).

After fitting each resonance absorption peak for several 𝑓 𝑟𝑒𝑠 , we plot the extracted resonance field value as a function of the resonance frequencies and fit it using Equation II.8 to obtain µ 0 𝑀 𝑒𝑓𝑓 . The effective magnetization of YIG thin films grown on GGG, sGGG and GSGG substrates is reported in the following Figure 10:

In the above figure, we have plotted µ 0 𝑀 𝑒𝑓𝑓 as a function of the thickness (𝑡) of the YIG thin films. We reported the result of FMR for films III-A1 to III-A8 grown on GGG: symbolized by coloured-disks. Thin Each substrate is associated with a symbol, as displayed in the inset. The colour is specific to a single film. The impact of the strain is visible on this graph: the higher is the mismatch, the lower is µ 0 𝑀 𝑒𝑓𝑓 .

films grown on sGGG substrate (III-B1 to III-B5) are represented by coloured-diamonds while YIG grown on GSGG (III-B6 to III-B10) are symbolized by coloured-hexagons.

The dashed-black line indicates a null-effective magnetization: when, according to Equation II.10, there is a perfect balance between the dipolar and the uniaxial anisotropies. The dotted-red lines are linear fits done for YIG//GGG and YIG//GSGG thin films.

First of all, from this figure we indexed that thin YIG films grown on GGG have 163 < µ 0 𝑀 𝑒𝑓𝑓 < 230 mT, while those grown on sGGG have a significantly reduced effective magnetization ranging from 8 to 59 mT. Additionally, when grown on the GSGG substrate, YIG thin films are characterized by -77 < µ 0 𝑀 𝑒𝑓𝑓 < -31 mT. The range of the effective magnetization value, as well as its sign, is then very dependent on the nature of the substrate. Hence, this figure gives us a direct lecture of the impact of the magneto-elastic strain on the magnetic anisotropy of the thin films. This dynamical characterization evidences that both YIG//GGG and YIG//sGGG thin films have in-plane magnetic anisotropy (µ 0 𝑀 𝑒𝑓𝑓 > 0), while YIG//GSGG films have a perpendicular magnetic anisotropy (µ 0 𝑀 𝑒𝑓𝑓 < 0), for each thickness.

These results are consistent with the previous structural characterization. For instance, it is confirmed that while a tensile strain occurs in YIG//sGGG thin films, this is not enough -even combined with the magneto-crystalline anisotropy, to overcome the dipolar anisotropy. Secondly, a strong PMA is measured in YIG//GSGG thin films, especially for thinnest ones.

The second important observation we make on Figure 10 is that the magnetic anisotropy seems to be thickness dependent for YIG//GGG and YIG//GSGG thin films. The effective magnetization scales almost linearly with the increasing thickness (𝑡) as underlined by the dotted-red lines in Figure 10.

The result of the linear fitting gives:

To our knowledge, the thickness-dependent behaviour of the magnetic anisotropy is not reported clearly in the literature. We found no evidences in the work of Ding et al. for YIG//GSGG films of lower thicknesses, while Haidar et al. developed about the thickness dependence of the damping [11], [12]. If this dependence of 𝑀 𝑒𝑓𝑓 is verified by more measurements, this could however be a beneficial information and a way of controlling the magnetic anisotropy in YIG thin films. We finally emphasize that the relationship between the obtained µ 0 𝑀 𝑒𝑓𝑓 (or 𝐾 𝑀𝑂 ) and the strain is almost perfectly linear.

To emphasize the substrate dependence on the magnetic anisotropy properties, we plot the resonance fields (µ 0 𝐻 𝑟𝑒𝑠 ) as a function of the resonance frequencies (𝑓 𝑟𝑒𝑠 ) for films of similar thicknesses but Table 6: Parameters extracted from the linear fit in Figure 10. In these figures, one can see that for a similar resonance frequency, the resonance field is different depending on the nature of the substrate. It is always larger for YIG thin films grown on GSGG rather than on sGGG -for which we report intermediates µ 0 𝐻 𝑟𝑒𝑠 values, or on GGG which has the lowest resonance fields. For a fixed frequency of e.g., 𝑓 𝑟𝑒𝑠 = 10 GHz, one can also see that by comparing Figure 11.a and 11.b: the resonance field value is reduced by 8 ± 2 mT for YIG//GGG and YIG//GSGG films. The smooth transition from in-plane magnetic anisotropy to perpendicular magnetic anisotropy is enlightened in the above Figure 11. Now that we have experimentally evidenced this transition, we assess the dynamical properties of the YIG thin films grown on sGGG and GSGG.

From the results of the FMR characterization, one can obtain the Gilbert damping (𝛼). Best dynamical properties with 𝛼 in the order of 10 -4 are found for films of 27 nm -similarly to section A, as displayed in the following Figure 12:

In the above figure, we focused on four YIG thin films grown on sGGG and GSGG. Among them, III-B1, III-B2 and III-B6 have a similar thickness of 27 nm. The last one, III-B7 corresponds to the thickest PMA YIG//GSGG thin films -with 𝑡 = 61 nm.

In the outer part of Figure 12, we plotted µ 0 ∆𝐻 𝑝𝑝 as a function of 𝑓 𝑟𝑒𝑠 for each of the films, and indicated the extracted damping constant (𝛼) on top of them. In the inner part, we displayed the power absorption peak for a fixed frequency of 𝑓 𝑟𝑒𝑠 = 8 GHz (III-B1 and III-B6) or 𝑓 𝑟𝑒𝑠 = 10 GHz (III-B2 and III-B7). The solid red lines correspond to the different fits made on the acquired FMR data.

For both YIG//sGGG films presented in Figure 12, we report excellent dynamical properties with a low Gilbert damping of 𝛼 = 4. 10 -4 and a peak-to-peak linewidth ranging from 0.4 < µ 0 ∆𝐻 𝑝𝑝 < 0.8 mT, which is almost identical to our findings on YIG//GGG thin films (see section III-A). The fits for these films indicate an inhomogeneous broadening of µ 0 ∆𝐻 0 = 0.38 mT and µ 0 ∆𝐻 0 = 0.42 mT -for films III-B1 and III-B2, respectively. The peak linewidth is narrow, as displayed in the associated power absorption spectra in the inner part of the figure.

For the film III-B6, we still observe narrow peak-to-peak linewidths with µ 0 ∆𝐻 𝑝𝑝 ranging from 1.1 to 1.3 mT, which is about twice the ones of YIG//GGG or sGGG. The fits give an inhomogeneous broadening of µ 0 ∆𝐻 0 = 1.1 mT and a Gilbert damping of 𝛼 = 3.7 × 10 -4 only. To our knowledge, this is the lowest damping reported for YIG thin films with PMA (see Table 7 in section D).

Finally, for the YIG//GSGG thin film of 61 nm, we notice a large broadening of the linewidth, about ten times compared to the YIG//sGGG films. This broadening is visible on the power absorption spectra displayed in the inner part of Figure 12. For the film III-B7, we report 4.9 < µ 0 ∆𝐻 𝑝𝑝 < 6.1 mT while the inhomogeneous broadening is µ 0 ∆𝐻 0 = 4.5 mT. From these measurements, the extracted Gilbert damping is 𝛼 = 1.9 × 10 -3 . This value is one order of magnitude above the 𝛼 value of YIG//GGG thin films, yet one order below other garnets used for spintronics, such as Thulium Iron garnet for instance [13].

To conclude, the dynamical properties of YIG thin films of 𝑡 = 27 nm, are found to be comparable for films grown on GGG and sGGG, with almost identical linewidth and Gilbert damping. This is surprising since YIG//sGGG experienced a tensile strain and owns a reduced effective magnetization. Secondly, for YIG thin film of similar thickness grown on GSGG, we measured narrow peak-to-peak linewidth, and an increase of the Gilbert damping still having 𝛼 ~ 10 -3 -10 -4 , down to 𝛼 = 3.7 × 10 -4 at best. Moreover, the resonance properties of this film -associated with a low µ 0 ∆𝐻 𝑝𝑝 , are competitive with e.g., the ones of Bi-YIG thin film with PMA (see Chapter IV).

In fact, high resonance properties are found for YIG//sGGG thin films, as well as some YIG//GSGG films with PMA. To visualize it, we sorted the µ 0 ∆𝐻 𝑝𝑝 of the films III-B1 to III-B10 from the lowest to the highest values in the following Figure 13:

This figure illustrates that most of the presented YIG thin films have µ 0 ∆𝐻 𝑝𝑝 ≤ 2 mT. For YIG thin films with PMA, we report an enhancement of the peak-to-peak linewidth for III-B10, III-B7 and III-B9.

However, these values must be compared to the ones of literature for YIG with PMA. For a film of 50 nm, Chen et al. have reported a damping of 𝛼 = 4.5 × 10 -3 and 4.5 < µ 0 ∆𝐻 𝑝𝑝 < 5.4 mT close to our findings on the thickest YIG//GSGG film III-B7 [14]. For a YIG//GSGG film of 12 nm, Ding et al. indicate a damping of 𝛼 = 7.3 × 10 -4 and an inhomogeneous broadening of µ 0 ∆𝐻 0 = 3.9 mT [11], three times larger than in our thin film (III-B8) of similar thickness.

The YIG//GSGG films III-B6, III-B8 and III-B10 grown during this PhD have better resonance properties than the state-of-the art, and competitive dynamical properties. Last but not least, we imaged the magnetic domains of the perpendicularly magnetized YIG films. This is presented in the next section. In this section, we present our investigation on the imaging of the magnetic domains, for YIG thin films grown on GSGG. For these films with perpendicular magnetic anisotropy, we first attempted to visualize the domains by means of magneto-optical Kerr effect (MOKE). With MOKE, we obtained the hysteresis loop of the films and mainly imaged surface defects. In a second approach, we used the magnetic force microscopy (MFM) technique and obtained both the topography and the imaging of the domains. It is the first time, to our knowledge, that imaging magnetics domains of YIG thin films with PMA is achieved and reported.

C. Imaging magnetic domains of YIG films with PMA

i. Using MOKE: hysteresis loop and surface defects

As introduced in Chapter II, the magneto-optical Kerr effect (MOKE) is a robust characterization technique that allows simultaneously to obtain: the magnetic properties and the domains visualization of a thin film. The efficiency of this method, however, depends on the Faraday rotation coefficient (𝜃 𝐹 ) of the probed material.

In fact, P. Hansen and J. Krumme have investigated the magneto-optical properties of Iron garnets and reported, at room temperature, Faraday coefficient of 𝜃 𝐹 = 0.07 deg µm -1 and 𝜃 𝐹 = -2.5 deg µm -1 for Y3Fe5O12 and Bi1Y2Fe5O12, respectively [15]. If Yttrium Iron garnet is not the best candidate, it is still possible to characterize it with MOKE.

We have used MOKE in the polar configuration (see Figure 32, Chapter II-D) to probe the perpendicularly magnetized YIG films. To be sure to saturate the samples, we have recorded the hysteresis loop of several YIG//GSGG thin films by sweeping the out-of-plane magnetic field from at least µ 0 𝐻 𝑎𝑝𝑝 = -200 to + 200 mT. The result is displayed in the following Figure 14:

The magneto-optical Kerr effect characterization is performed on YIG//GSGG films of three different thicknesses. One can see the variation of the coercive fields (µ 0 𝐻 𝑐 ) and saturation fields (µ 0 𝐻 𝑠𝑎𝑡 ) from film to film. The hysteresis loop are acquired lens-less i.e., without focusing on a specific region: the detected intensity is an average over all the sample's surface.

For films III-B7 presented in Figure 14.c, the saturation fields are high with µ 0 𝐻 𝑠𝑎𝑡 ≥ 100 mT. On the contrary, for the films of 𝑡 = 20 and 27 nm -displayed in Figure 14.a and 14.b, the magnetic state saturation is reached at µ 0 𝐻 𝑠𝑎𝑡 = 25 and 20 mT, respectively. For III-B10 and III-B6, we also report small coercive fields of µ 0 𝐻 𝑐 = 1.5 mT and µ 0 𝐻 𝑐 = 0.5 mT only. Moreover, the hysteresis loop are square-shaped for these two films -as expected for PMA films probed by polar-MOKE, while the squareness "disappears" for the thickest film III-B7. These observations are in favour of a strong PMA for YIG//GSGG thin films of 𝑡 = 20 and 𝑡 = 27 nm. The absence of the squareness displayed in Figure 14.c is assumedly explained by the existence of a partial strain-relaxation for the thickest film, already hinted by the XRD data of this film. We suggest that the film III-B7 is thicker than the critical thickness (𝑡 𝑐𝑟𝑡 ): in this case, a partial relaxation may occur. Fu et al. found similar result about the squareness on a YIG film of 𝑡 = 40 nm, compared with films of lower thicknesses [16].

From this characterization we conclude that robust PMA is found for YIG thin films up to at least 𝑡 = 27 nm, without the need of further annealing or over-layer in the PLD growth process. For films III-B10 and III-B6, we have recorded images during the hysteresis loops.

The image resolution is low, but already reveals the presence of the magnetic domains. We present images recorded by MOKE for the film of 20 nm in the following Figure 15:

The images displayed in Figure 15 are acquired with the highest magnification lens. The white bar on each figure, indicating the scale, corresponds to 20 µm. The bottom right image is a "background" image illustrating the surface state of the sample independently of the magnetic field. It appears on the latter image that the thin film owns several surface defects (black dots) as well as straight lines (in dark grey) over all the surface of the sample. It is not clear up to now, if these lines already exist prior to the deposition, or if it may be a consequence e.g., the important strain existing in YIG//GSGG films.

The other images are recorded during the hysteresis loop at µ 0 𝐻 𝑎𝑝𝑝 = + 0.74, -0.76 and -2.7 mT.

One can notice that these images are composed of two dominant contrast which are dark grey and light grey. The quality of the image is impacted by the numerous defects. In the top left image for which µ 0 𝐻 𝑎𝑝𝑝 = + 0.74 mT, the back of the image is light grey, while we see some dark-grey-circular shapes randomly distributed. By inverting the magnetic field sign, the contrast is inverted, confirming the magnetic nature of the objects. Furthermore, by decreasing the magnetic field down to µ 0 𝐻 𝑎𝑝𝑝 = -2.7 mT, the contrast is maintained but the shape has changed: the object size is larger than for µ 0 𝐻 𝑎𝑝𝑝 = -0.76 mT, indicating a phenomenon of reorientation for the magnetic domains.

The impact of the defects and of the straight lines on the magnetic domains are not clearly understood from this first imaging. It is not the first time that lines are observed in PMA garnet film grown on garnet substrates. Fewer but look-alike lines are for instance observed by Rosenberg et al. for TmIG thin film: the authors ascribed it to "surface scratches [that] are present in the substrate prior to deposition" [17]. Due to their specific direction, we suggest that the lines could be crystallographic dislocations that may originate either from the substrate itself, the substrate-film interface, or a strain-relaxation of the film.

However, we want to stress out that the lines are found on each YIG//GSGG thin films we imaged with MOKE, regardless of their thicknesses or strain quality probed by XRD. The same crosslines pattern is then visible for films III-B6 and III-B7 as depicted in Figure 16:

Thin films III-B6 and III-B7 are imaged by polar-MOKE with lenses of different magnification: the white (black) bar indicated on the image corresponds to 20 µm (100 µm). On both images, the black crosslines pattern exists, and we also notice white crossing lines. The images are captured at zero out-of-plane field, after a magnetic saturation of the samples. Additionally, we have checked that the lines were not magnetic object by sweeping the field from at least µ 0 𝐻 𝑎𝑝𝑝 = -200 to + 200 mT. Regardless the Faraday coefficient of the YIG//GSGG thin films, this patterning makes difficult the achievement of domains imaging by MOKE.

ii.

Using MFM: defects as nucleation point of the magnetic domains

In a second approach, we then performed magnetic force microscopy (MFM) measurement on the perpendicularly magnetized YIG thin films. The principle of the MFM experiment is similar to that of atomic force microscopy introduced in Chapter II-B. One of the main differences rely on the nature of the tip: in our case, we used a magnetic tip made of Cobalt Iron Boron (CoFeB) of 7 nm covered by Aluminium (30 nm) to probe the YIG//GSGG samples. Both the topography and the phase are obtained, as illustrated in Figure 17.

We have probed the sample III-B10 -which have a thickness of 20 nm, by magnetic force microscopy over a surface of 𝑠 = 200 µm². In white to dark grey, and the phase range is of 8 °. Since the phase shift of the tip corresponds to a change from an attractive to a repulsive force, this gives us an indirect imaging of the magnetic state. One can see in Figure 17.b that we obtained the imaging of large magnetic domains that are not meandershaped. The sharped edges also remind the lines visualized by MOKE, but not distinguishable in the topography image in Figure 17.a.

To image the domains formation, we used a second MFM set-up in which we can apply a variable outof-plane magnetic field (µ 0 𝐻 𝑎𝑝𝑝 ). The magnetic tip used is made of CoFeB (5 nm) covered by 30 nm of Aluminium. The result of the magnetic force microscopy measurement for the thickest YIG//GSGG film is displayed in Figure 18: As indicated in Figure 18.a, we have probed a film area which contains both surface defects (white dots) and two crossing lines (light grey) in a surface of 𝑠 = 25 µm². The saturation state is displayed in Figure 18.b for an out-of-plane field of µ 0 𝐻 𝑎𝑝𝑝 = 27.7 mT, the red-coloured dots and lines corresponding to the topography of the film III-B7. By reducing the magnetic field down to µ 0 𝐻 𝑎𝑝𝑝 = 16.8 mT, one can see the start of the domain creation: the red dots seem to act as nucleation points.

When continuing to reduce the magnetic field, the domain extends as bridges between the two lines, like in Figure 18.d. The lines appear to be "anchor points" for the magnetic domain. From Figure 18.d we extracted a magnetic domain width about 0.5 µm. As illustrated in Figure 18.e, coming from positive field, the saturation state is reached at µ 0 𝐻 𝑎𝑝𝑝 = -32.7 mT.

The magnetic domains appear as parallel stripes making bridges between the lines coming from the topography. Despite their presence, the lines do not avoid the formation of continuous magnetic domains.

The domains are better visualized in the following Using this characterization technique, we were also able to visualize magnetic domains in the film of 𝑡 = 27 nm. We then note that the MFM imaging is efficient to image magnetic domains in perpendicularly magnetized YIG thin films.

D. Summary on the magnetic anisotropy in YIG thin films

In the first section, we have detailed the properties of Yttrium Iron garnet thin films grown by pulsed laser deposition. We have evidenced that thin films from 𝑡 = 11 to 56 nm were epitaxially grown along the (111) direction, on (111)-oriented Gadolinium Gallium garnet substrate. Using ferromagnetic resonance experiment at room temperature, we obtained the resonance and the dynamical properties of the samples. Most of the YIG//GGG thin films presented in section A are characterized by Gilbert damping lower than 𝛼 = 6 × 10 -4 . Among them and as indicated in Figure 5.a, thin films of 𝑡 = 27 and 28 nm have the best dynamical properties. For these latter, we report damping values of 𝛼 = 3.6 × 10 -4 , 𝛼 = 3.1 × 10 -4 and 𝛼 = 2.5 × 10 -4 associated with sharp peak-to-peak linewidth with µ 0 ∆𝐻 𝑝𝑝 = 0.5 ± 0.1 mT at 𝑓 𝑟𝑒𝑠 = 10 GHz.

The damping values are comparable to the ones reported in the literature for YIG thin films grown by pulsed laser deposition technique by e.g., Sun et al. and Bhoi et al. [6], [18].

From the FMR characterization performed on these YIG//GGG films, we also obtained the nature of the magnetic anisotropy thanks to the extracted effective magnetization (µ 0 𝑀 𝑒𝑓𝑓 > 0). With this information, we verified that YIG films grown on (111)-GGG have in-plane magnetic anisotropy and that films were grown with a compressive strain.

In the second section, we have investigated the effect of the strain on the properties of the YIG thin films, by growing films of various thicknesses on different substrates. We investigated thin film of thicknesses ranging from 𝑡 = 13 to 61 nm and introduced films grown on both substituted-GGG and Gadolinium Scandium Gallium (GSGG) substrates.

With the structural characterization performed with X-ray diffraction, we obtained that YIG thin films grown on sGGG and GSGG have a tensile strain. We have calculated the magneto-elastic anisotropy constant (𝐾 𝑀𝑂 ) of the different thin films. We found high value of 𝐾 𝑀𝑂 , due to the important strain induced in the films. The anisotropy constant is ranging from 𝐾 𝑀𝑂 = 9800 to 11500 J m -3 for YIG//sGGG films, and from 𝐾 𝑀𝑂 = 15800 to 17700 J m -3 for YIG//GSGG films.

With this result also consolidated by the FMR measurement, we evidenced that the tensile strain in YIG//sGGG is not sufficient to overcome the shape anisotropy -even with the magneto-crystalline contribution, while YIG films grown on GSGG have a perpendicular magnetic anisotropy (µ 0 𝑀 𝑒𝑓𝑓 < 0) up to film thickness of 𝑡 = 61 nm. [21], [22]. On other substrates, PMA has been evidenced in YIG films up to 𝑡 = 40 and 𝑡 = 50 nm [1], [7], [14], [21]. Among them, the articles of Ding et al. and Chen et al. are the only to report damping values (see [11], [14]).

From ferromagnetic resonance experiment, we obtained the dynamical properties of YIG thin films grown on sGGG and GSGG. For thin films of 𝑡 = 27 nm -and similarly to section A, we obtained damping of 𝛼 = 4.3 × 10 -4 and 𝛼 = 3.7 × 10 -4 for YIG films grown on sGGG and GSGG, respectively. For the thickest YIG//GSGG film, we obtained 𝛼 = 1.9 × 10 -3 . These values are comparable, or even better, to the ones reported in the literature for YIG films with PMA. This is summarized in the following Table 7:

In the third section, we probed the YIG thin films with PMA by means of magneto-optic Kerr effect microscopy, and magnetic force microscopy. By doing the MOKE characterization in the polar configuration, we obtained the hysteresis loop of the different thin films. We observed squared hysteresis loops for YIG thin films with thicknesses up to 𝑡 = 27 nm. For thin films of 𝑡 = 20 and 27 nm, we found saturation fields of µ 0 𝐻 𝑠𝑎𝑡 = 25 and 20 mT and low coercitive fields of µ 0 𝐻 𝑐 = 1.5 and 0.5 mT, respectively. The thickest film of 𝑡 = 61 nm has higher saturation and coercive fields: assumedly due to a partial strain relaxation of the YIG film, which is mainly PMA. We conclude on a robust PMA for films up to a thickness of 𝑡 = 27 nm for which 𝛼 = 3.7 × 10 -4 .

The images acquired during the MOKE measurement revealed the presence of defects as well as nonmagnetic lines in the surface of the samples. The magnetic domains, although they can be "guessed" as e.g., in Figure 15 cannot be properly visualized, due at least to two factors: the weak Faraday coefficient of YIG thin films, and the highly contrasted defects and lines observed at the surface.

However, for perpendicularly magnetized YIG films, we evidenced that the imaging of the magnetic domains can be achieved with MFM. Using a set-up in which we can induce an out-of-plane magnetic field, we observed that the defects were acting as nucleation starting point of the magnetic domain, while the lines appear as "anchor" points. Despite the lines, the magnetic domain are continuous on the surface, and we obtained a domain width of 0.5 µm in the thickest film. Defects and lines, where the magnetic properties are slightly different, do not seem to limit the formation of continuous domains. To our knowledge, it is the first time that magnetic domains are imaged in YIG thin films with perpendicular magnetic anisotropy.

To go further, we suggest some prospects for this work:

(1) A deeper optimization of the growth parameters, especially for thin films with 𝑡 ≠ 27 nm that already shown excellent dynamical properties. We believe that dynamical properties can be improved for films of other thicknesses for YIG//GSGG thin films. Eventually, optimizing the growth parameters of YIG//sGGG films could allow one to reduce their effective magnetization and have a finer control of the magnetic anisotropy. (2) An exploration of more thicknesses would be helpful to better understand the system and notably obtain the critical thickness. A first range of exploration could be between 𝑡 = 27 and 61 nm. (3) Use a different substrate, with a lattice parameter intermediary between sGGG and GSGG would also be interesting. In this case, perpendicularly magnetized thin films could be prepared, with a reduced risk of structural defects or deformation (that is important in the YIG//GSGG system). ( 4) Finally, the MFM study on PMA YIG thin films should be continued, to better understand the origin of the magnetic and non-magnetic lines, and the domain formation. We suggest this investigation should be done on thin films where no partial relaxation occurs.

Chapter IV: Evidence of a new knob to adjust the anisotropy and to obtain thermally stable FMR properties in Bi-YIG thin films

It is now well-established that the doping of Yttrium Iron garnet (YIG) thin films by another element such e.g., Europium (𝐸𝑢), Thulium (𝑇𝑚), or Bismuth (𝐵𝑖) makes considerable changes in its magnetic properties [1]- [3]. One of these changes being the possible transition of the thin film anisotropy from in-plane (undoped) to out-of-plane (doped YIG films), requested for several spintronics and magnonics devices (see Chapter 0). More recently, investigation have also been carried out on lighter elements like Manganese (𝑀𝑛) or Gallium (𝐺𝑎) with the same purpose of obtaining perpendicular magnetic anisotropy (PMA) [4], [5] (see Chapter I).

Aside the perpendicular magnetic anisotropy, one may also want to take advantage of the outstanding dynamical properties of the YIG also known as "the 'miracle material' of microwave magnetics" according to Princep et al. [6] (see Chapter 0).

One approach is then to find the best-suited doping element, allowing a control of the magnetic anisotropy while keeping the excellent dynamical and resonance properties that characterize YIG. Among the several possibilities, Bismuth doped YIG (Bi doped YIG, or Bi-YIG) has proven to be fulfilling this condition: in this material, PMA can be stabilized for nanometers thin films and damping values of 𝛼 = 3 × 10 -4 and 𝛼 = 7.03 × 10 -4 have recently been reported [3], [7].

In this chapter, we present our investigation on Bi doped YIG thin films in which we have demonstrated two new features. First, the perpendicular magnetic anisotropy can be finely adjusted through a tuning of the growth-induced anisotropy, and secondly, the ferromagnetic resonance properties can be thermally stable in this system. 

Outline -Chapter IV

A. Tuning the anisotropy in perpendicularly magnetized Bi-YIG thin films

In this section, we present our work on Bismuth doped YIG thin films, of chemical formula BixY3-xFe5O12 that we have grown by pulsed laser deposition on (111)-oriented substituted-Gd3Ga5O12 (sGGG) substrates. By varying the growth temperature (𝑇 𝐺 ) as the only adjustable parameter, we evidence that the magnetic anisotropy can be finely adjusted by 𝑇 𝐺 . This has been experimentally demonstrated by statical (MOKE) and dynamical (FMR) magnetic characterizations. In the second section, we discuss the 𝑇 𝐺 -dependence on the different term of anisotropy in this system. The same films are finally characterized by temperature-dependence ferromagnetic resonance measurements in the third section of this chapter.

We elaborated thin Bi-YIG films, having a unique nominal content of Bismuth (𝑥 = 1), by using PLD and a single Bi1Y2Fe5O12 target. The latter has been probed by X-ray-diffraction and owns a lattice parameter of 𝑎 𝐵𝑖-𝑌𝐼𝐺 = 12. 45 Å [8]. The thin films were grown on (111)-oriented sGGG substrates for which the lattice parameter is 𝑎 𝑠𝐺𝐺𝐺 = 12.497 Å.

Except the deposition time and 𝑇 𝐺 , the growth parameters we chose have been optimized in previous works by Lucile Soumah. We verified they were ensuring the growth of Bismuth doped YIG thin film of good structural and resonance properties, for thin films thicknesses of 𝑡 = 16, 26, 32, 45 and 50 nm. Notably, thin Bi-YIG films of 𝑡 ≤ 26 nm are characterized by a perpendicular magnetic anisotropy (PMA). The Bi-YIG films presented in this chapter, labelled IV-A1 to IV-A6, have been grown in a row. Their growth parameters are indicated in Table 1:

In this table, one can see that the only varying parameter is the growth temperature (𝑇 𝐺 ), ranging from 𝑇 𝐺 = 405 to 475 °C. This temperature has been measured by a pyrometer on the surface of the substrate. There is no post-growth annealing. The substrate is (111)-oriented sGGG, the deposition time of 540 seconds is constant for all the films, as well as the attenuated laser energy (𝐸 𝑎𝑡𝑡 ) and the fluence (𝐹) with 𝐸 𝑎𝑡𝑡 = 45 mJ and 𝐹 = 1.3 J cm -2 , respectively. Additionally, the laser frequency (𝑓), the oxygen pressure (𝑃𝑂 2 ), and the target-substrate distance (𝑑) are constant with 𝑓 = 2.5 Hz, 𝑃𝑂 2 = 0.26 mbar and 𝑑 = 44 mm.

We seek to understand the impact of the growth temperature on the thin film's properties. In the following of this section, and from the result of the characterizations, we point out the similarities and the differences of films grown at different 𝑇 𝐺 .

iii. Structural properties of the Bi-YIG thin films

To obtain the film thickness, as well as the growth rate (𝑅 𝐺 ), we performed X-ray reflectivity measurements on the Bi-YIG thin films. We have extracted from this measurement a film thickness of 𝑡 = 22 nm, with variation of ± 1 nm. We illustrate the result of our characterization and the film-tofilm thickness variation in the following On this figure, one can also see that the decay oscillation angle (2𝜃 𝑑 ) for all thin films is 2𝜃 𝑑 > 6 °, underlining a low roughness of the films when grown in these conditions. The roughness should be comparable for these films, regardless of their growth temperature (see Figure 4). For 2𝜃 𝑑 > 3 °, we also notice that compared to the other films, IV-A3 has higher oscillation amplitudes. This highlights a slight difference in the density contrast between the film and the sGGG substrate [9].

The thicknesses of the different thin films are indicated in Figure 1 to be 𝑡 = 22.4, 23.4 and 21.4 nm for films IV-A3, IV-A4 and IV-A5, respectively. The growth rate (𝑅 𝐺 ) value is 𝑅 𝐺 = 0.41 Å s -1 , with a variation of ± 0.02 Å s -1 .

We report an average film thickness of 𝑡 = 22 nm with variation of ±1 nm for films IV-A1 to IV-A6. With this thickness and according to the previous work, we expect the Bi-YIG thin films to have a perpendicular magnetic anisotropy.

The magnetic anisotropy, as we detailed in previous chapters, strongly relates to the strain state of the films. To investigate it, we performed X-ray diffraction measurements on the Bi-YIG//sGGG films, and reported the result in the following Figure 2: It should be noted that the presence of two diffraction peaks for sGGG is characteristic of the substrate we used for the growth of the thin films. Interestingly, one can also notice that the diffraction spectra of the Bi-YIG thin films are equally described (from the shape of the peak) and quantitatively identical (angle value of the peak) for all the films. This is more clearly evidenced in the following Figure 3, in which we highlighted the films grown at the lowest (Figure 3.a) and the highest (Figure 3.b) temperature: It arises from this characterization that the growth temperature, within the explored range, has no impact on the diffraction spectra and hence neither on the strain state of the Bi-YIG thin films. We have calculated the structural and the magneto-elastic parameters from the extracted diffraction peak angle of the films.

On the X-ray diffraction spectra of Figure 2, we have indexed the diffraction peaks angles to be: 2𝜃 = 117.31 ° and 2𝜃 = 118.5 °, for the main substrate peak (of higher intensity) and the film peak, respectively. Using Equation II.1 and II.2 we have calculated the out-of-plane lattice parameter (𝑎 𝑓𝑖𝑙𝑚 ) of the thin films to be 𝑎 𝑓𝑖𝑙𝑚 = 12.42 Å. The relaxed lattice parameter (𝑎 0 ), that corresponds to the parameter of the undistorted cell, is calculated from 𝑎 𝑓𝑖𝑙𝑚 and Equation I.17, and we obtained 𝑎 0 = 12.45 Å. This lattice parameter is larger than of undoped YIG (𝑎 𝑌𝐼𝐺 = 12.38 Å), as a consequence of the larger ionic radius of Bismuth compared to that of Yttrium (see Chapter I-C).

Finally, we calculated the strain (𝜎) and the magneto-elastic anisotropy constant (𝐾 𝑀𝑂 ) using Equations I.18 and I.14, respectively. For the magneto-strictive coefficient, we considered in these Bi-YIG thin films 𝜆 ℎ𝑘𝑙 = 𝜆 111 = -4.45 × 10 -6 [3]. In Equations I.18 and I.14, we want to emphasize that the only free parameter is the ratio

( 𝑎 𝑓𝑖𝑙𝑚 -𝑎 0 𝑎 0
) that is itself related to the strain state of the films. Hence, we obtain a unique strain and unique magneto-elastic anisotropy constant for all the Bi-YIG thin films of Table 1, with 𝐾 𝑀𝑂 = 6660 J m -3 .

The positive sign of 𝐾 𝑀𝑂 is a result of the tensile strain in the Bi-YIG thin films. Yet, the magneto-elastic contribution alone is not sufficient to overcome the shape anisotropy neither its associated anisotropy constants as the resulting anisotropy field is smaller than the demagnetization field (see section B). We summarize these results in the Table 2:

To complete this structural characterization, we want to point out that the Bi-YIG thin films are epitaxially grown along the (111)-direction. The entire X-ray diffraction spectra, with 2𝜃 ranging from 10 to 130 degree, present no additional other phases than Bi-YIG. Finally, the roughness of the Bi-YIG//sGGG films has been obtained from atomic force microscopy measurement. The result is displayed in the above Figure 4.

Thin films presented in Figure 4 have been probed by AFM in tapping mode and over a surface of areaa 𝑠 = 25 µm². The top (bottom) image of each film corresponds the 2D (3D) view of the surface. We remind the growth temperature of the films presented above to be 𝑇 𝐺 = 405, 420 and 475 °C for Figure 4.a, 4.b and 4.c, respectively. Some defects -the white dots -are visible for each probed sample in Figure 4. However, most of the surface is flat, and we extracted rough mean square (RMS) ranging from 0.384 to 0.623 nm: indicating very low thin films roughness. Additionally, we do not find a correlation between the roughness and 𝑇 𝐺 .

The structural characterizations of the Bi-YIG thin films epitaxially grown along (111), demonstrate that the growth temperature has little or no impact on the thickness, the roughness, the density, and the strain state of the films.

iv. Significant changes in the magnetic properties The result of the magneto-optical Kerr effect characterization is illustrated for thin films IV-A1 to IV-A4 in the above figures. For each of them -in the left part -, we have reported the hysteresis loop obtained in the polar configuration. The magnetic field (µ 0 𝐻 𝑎𝑝𝑝 ) which is ranging in the figures between -10 and +10 mT, is applied perpendicularly to the plane of the film. Moreover, prior to the measurement, the thin films have been magnetically saturated by an applied magnetic field of at least µ 0 𝐻 𝑎𝑝𝑝 = 100 mT.

As indicated in the Figure 5-8, we found that the saturation field value is µ 0 𝐻 𝑠𝑎𝑡 ≤ 10 mT for the Bi-YIG thin films grown between 𝑇 𝐺 = 405 and 442 °C. For thin films grown at higher temperatures i.e., thin films IV-A5 and IV-A6 grown at 𝑇 𝐺 = 460 and 475 °C, we report in the polar configuration high saturation fields with µ 0 𝐻 𝑠𝑎𝑡 ≥ 40 mT (see Figure 10 and Figure 11).

One can notice from Figure 5 to Figure 8, that the shape of the hysteresis loop is varying from film-tofilm. The squareness is indeed more pronounced for the film grown at the lowest temperature (𝑇 𝐺 = 405 °C), while the loops are "distorted" for films IV-A2, A3 and A4. This is presumedly associated with a variation of the magnetic anisotropy strength, that is later confirmed by the ferromagnetic resonance characterization. Among them, the film grown at 𝑇 𝐺 = 428 °C is characterized by a hysteresis loop with the most atypical shape that remind the "skyrmionics hysteresis loops" (see Chapter V). Yet the opening of the hysteresis loop and the low value of the saturation field are in favour of a perpendicular magnetic anisotropy of the Bi-YIG//sGGG thin films IV-A1 to IV-A4.

Moreover, we have captured the magnetic state of the thin films for the different applied fields. As indicated in Figure 5 to Figure 8, each hysteresis loop is labelled: the magnetic states surface imaging associated with the different µ 0 𝐻 𝑎𝑝𝑝 are displayed in the right part of the figures. The white scale bar corresponds to 25 µm, and the black scale bar -only for films IV-A3 -indicates 5 µm.

Meander-shape domains, that are expected for thin films with perpendicular magnetic anisotropy, are observed for thin films IV-A1, IV-A2 and IV-A4 yet with noticeable variation of the domain size. We report that the domains size is decreasing with the increasing growth temperature. Close to their saturation field value, we also note the presence of "worms" for each of them: see for instance images (b), (e), (f) in Figure 5; (d) and (g) in Figure 6; and image (f) in Figure 8. The smallest magnetic domains, with both meander and stripe shape domains are observed for thin films IV-A3. In fact, using a higher magnification, magnetic bubbles are even observed for this sample (see Chapter V).

Most of the surface of the thin films is magnetically homogeneous: the surface defects visible on the above images e.g., Figure 6 (f), have no -or neglectable -impact on the domain formation.

Yet it exists in the Bi-YIG thin films some local defects around which the magnetic properties are strongly different. These defects are most of the time located on the edge of the samples, and we associate them with an excess of Bismuth. We display an example in the adjacent Figure 9 for a Bi-YIG//sGGG thin films with PMA grown in similar conditions. The scale, given by the blue bar in Figure 9 is 25 µm.

This type of defect is easily spottable (and easily avoidable). Indeed, one can see that around the defect, the magnetic properties are affected in a circular area of 50 µm radius. We find similar results for the film IV-A6, as illustrated by:

The dashed purple lines are guides-for-the eye to indicate µ 0 𝐻 𝑎𝑝𝑝 = 0 mT and the half magnitude of the intensity -centred here on zero. From the magneto-optical Kerr effect measurement, we obtained again an asymmetrical hysteresis loop for thin films IV-A6 recorded in the polar configuration (see From the magneto-optical Kerr effect characterization, we evidenced that thin Bi-YIG films grown at temperatures ranging from 𝑇 𝐺 = 405 to 442 °C have distinct magnetic properties compared to the thin films grown at 𝑇 𝐺 = 460 and 475 °C. By considering the hysteresis loop shape, the saturation fields, and the domain imaging, the results point out a perpendicular magnetic anisotropy for thin films IV-A1 to IV-A4, and in-plane magnetic anisotropy for films IV-A5 and IV-A6.

Complementary, we probed the magnetic properties of the Bi-YIG thin films by FMR at room temperature. As we previously indicated, the effective magnetization that is extracted from the ferromagnetic resonance experiment, is a significant information to determine the nature of the magnetic anisotropy in thin films. Therefore, our first interest was to obtain this value for each Bi-YIG thin films.

We used the FMR set-up in the in-plane configuration and probed the samples at frequencies ranging from 𝑓 = 4 to 20 GHz (see Chapter II). For each film of this chapter, we have fitted the power absorption signals to extract the resonance magnetic fields (µ 0 𝐻 𝑟𝑒𝑠 ) associated with the resonance frequencies (𝑓 𝑟𝑒𝑠 ). The resonance values as well as the fits we performed on the data are illustrated in the following As expected from the Kittel's relations, the resonance field (µ 0 𝐻 𝑟𝑒𝑠 ) increases with the increasing resonance frequency (𝑓 𝑟𝑒𝑠 ). The relationship between the two terms is defined by Equations II.8 and II.9 and depends on the configuration of the measurement. In our case, we used Equation II.8 to perform the data fits. From these latter, we obtained the effective magnetization (µ 0 𝑀 𝑒𝑓𝑓 ) values that we have reported in Table 3 (see the inset in Figure 13).

One can see in this table, that thin films grown at 𝑇 𝐺 ≤ 442 °C have negative effective magnetization value with -46.6 ≤ µ 0 𝑀 𝑒𝑓𝑓 ≤ -1.5 mT, for thin films IV-A1 and IV-A3 respectively. Whereas the two films grown at higher 𝑇 𝐺 have positive effective magnetization value, with µ 0 𝑀 𝑒𝑓𝑓 > 30 mT. From the ferromagnetic resonance characterization, we validate that films IV-A1 to IV-A4 (IV-A5 and IV-A6) have perpendicular (in-plane) magnetic anisotropy. 3.

These results are consistent with the previous observations and results obtained on the MOKE and they strengthen our conclusion on the nature of the magnetic anisotropy in these Bi-YIG thin films. The variation of the effective magnetization, however, is better visualized in Figure 14, in which we plotted µ 0 𝑀 𝑒𝑓𝑓 as a function of the growth temperature of the Bi-YIG thin films:

The effective magnetization value of each Bi-YIG thin film is indicated by coloured circles in the above Figure 14. The dashed-black line allows to distinguish thin films with perpendicular magnetic anisotropy -for which µ 0 𝑀 𝑒𝑓𝑓 < 0 mT, from the ones with in-plane anisotropy for which µ 0 𝑀 𝑒𝑓𝑓 > 0 mT. The orange line is the result of the data fitting, which demonstrates a "quasi-linear" relation between the effective magnetization and the substrate growth temperature (𝑇 𝐺 ).

In this figure, one can see the variation of the effective magnetization ranging from µ 0 𝑀 𝑒𝑓𝑓 = -46.6 to +33.5 mT, while the growth temperature is varying only from 𝑇 𝐺 = 405 to 475 °C. The general trend we notice is that µ 0 𝑀 𝑒𝑓𝑓 increases with increasing 𝑇 𝐺 . We note a transition of the magnetic anisotropy from out-of-plane (𝑇 𝐺 ≤ 442 °C) to in-plane (𝑇 𝐺 ≥ 460 °C) for these Bi-YIG thin films.

The Figure 14 highlights the fact that for films grown at different temperatures, yet having identical structural properties, we found important difference in the magnetic properties.

Notably, we obtained non negligible variation of µ 0 𝑀 𝑒𝑓𝑓 = µ 0 𝑀 𝑆 -µ 0 𝐻 𝐾𝑢 (Equation II.10) for thin films IV-A1 to IV-A4. The saturation magnetization (µ 0 𝑀 𝑆 ) of the Bi-YIG thin films has been measured independently. Using superconducting quantum interferometer device (SQUID) magnetometry we obtained a constant value of 𝑀 𝑆 = 116 kA m -1 (see Figure 16).

Therefore, the Bi-YIG//sGGG thin films grown at 𝑇 𝐺 ≤ 442 °C are characterized by a perpendicular magnetic anisotropy but with different uniaxial anisotropies. For instance, the Bi-YIG//sGGG thin film IV-A1 has a stronger uniaxial magnetic anisotropy than films IV-A2, A3 and A4. One can also notice that thin film IV-A3 is perpendicularly magnetized, while its effective magnetization is the closest to µ 0 𝑀 𝑒𝑓𝑓 = 0 mT for which -according to the Equation II.10 reminded above -, a compensation between the dipolar and uniaxial anisotropy is achieved. We remind that this thin film is characterized by the most "atypical" hysteresis loop: this may be a cause or a consequence of this almost compensated effective magnetization.

It should finally be noted that with these optimized growth parameters, we obtained values of the effective magnetization that are close to µ 0 𝑀 𝑒𝑓𝑓 = 0 mT for all films. Indeed, the values indicated in Figure 14 are lower than in other works concerning Bi-YIG thin films, in which different growth parameters were used. This is illustrated in the following From Figure 15, one can see that the effective value reported for Bi-YIG thin films in the other works are typically of hundreds of mT independently from the film thickness. The only additional point with -50 < µ 0 𝑀 𝑒𝑓𝑓 < 50 mT is found for a Bi-YIG//sGGG thin film of Soumah et al.: changing the substrate or the nominal content has important impact on the µ 0 𝑀 𝑒𝑓𝑓 value. Yet, it is not the only parameters [12], and Gurjar et al. [13]. Each nominal Bi content is associated with a colour.

In the above figure, we present the result of the SQUID magnetometry characterization. Thin Bi-YIG//sGGG films IV-A4 and IV-A6 were probed in the configuration matching with their easy magnetization axis. Consequently, and according to the MOKE characterization, these films can be saturated at magnetic fields lower than 10 mT. The raw data obtained from SQUID are displayed in From Figure 16.a we note that the dominant part of the detected signal is linear: this is attributed to the substituted-GGG substrate for two reasons. Firstly, because the measurement encompasses the entire volume of the sample: which means the film (𝑡 = 22 nm) and the substrate (𝑡 𝑠 = 500 µm). And secondly, the sGGG substrate is a paramagnetic material i.e., it responds linearly to the magnetic field when probed at 𝑇 ≥ 𝑇 𝐶 = -3 K, which is always our case [15].

The sGGG linear contribution is then extracted to obtain the magnetic contribution of the Bi-YIG films, as depicted in the above Figure 16.b and 16.c. We note the saturation field (µ 0 𝐻 𝑠𝑎𝑡 ) of the films IV-A4 and IV-A6 to be µ 0 𝐻 𝑠𝑎𝑡 = 7 and 1 mT, respectively. Additionally, we calculated the saturation magnetization (𝑀 𝑠 ) from Equation IV-1:

𝑀 𝑠 = 𝑀 𝑉
, namely the ratio between the magnetic moment (𝑀)

-obtained from the SQUID measurement -and the volume of the thin film (𝑉).

We have found the saturation magnetization values to be 𝑀 𝑠 = 110 and 120 kA m -1 , for thin films IV-A4 and IV-A6, respectively. We have estimated that those 𝑀 𝑠 values have 10 % of error: since the sample may be slightly tilted, the substrate response not perfectly linear, and because the surface is determined independently.

The extracted saturation fields are consistent with the MOKE characterization. The saturation magnetization, however, is smaller than the one reported for YIG thin films. For instance, Onbasli et al. obtained for YIG thin films of various thicknesses 𝑀 𝑠 = 135 kA m -1 , close to the bulk YIG value of 𝑀 𝑠 = 140 kA m -1 [16]. Nonetheless, our findings are consistent with the reported value of the saturation have reported 𝑀 𝑠 = 117 kA m -1 and 𝑀 𝑠 = 115 kA m -1 which are in the error bar of our measurement [3], [10].

The saturation magnetization value is therefore consistent for a wide variety of Bi-YIG films and seems robust against the variation of the growth conditions, once the films have been optimized. From the SQUID measurement, we then conclude that the saturation magnetization is, in our case, and considering error bars, independent of the growth temperature of the Bi-YIG thin films. In the following we consider -according to the investigations of Lin et al. and Chern et al. on Bi1Y2Fe5O12 -a saturation magnetization of 𝑀 𝑠 = 116 kA m -1 . This yields that the dipolar anisotropy constant (𝐾 𝑑𝑖𝑝 ) of the Bi-YIG thin films is constant with 𝐾 𝑑𝑖𝑝 = -8455 ± 700 J m -3 .

The variation of the effective magnetization, observed from the result of the ferromagnetic resonance characterization in section A, is then attributed to a change of the magneto-crystalline or uniaxial anisotropy (𝐻 𝐾𝑈 ) strength from film-to-film.

ii. Magneto-elastic and magneto-crystalline anisotropy contributions

Both magneto-crystalline and magneto-elastic anisotropy contribute to the resultant anisotropy (see Chapter I). Yet, the magneto-crystalline anisotropy is often neglected. As we previously introduced, these two contributions are dependent of the structural and strain state of the Bi-YIG thin films.

From the characterizations presented in the first section of this chapter, we have demonstrated that Bi-YIG thin films grown between 405 ≤ 𝑇 𝐺 ≤ 475 °C have identical structural properties.

Moreover, the Bi-YIG thin films IV-A1 to IV-A6 are epitaxially grown along the same direction on a (111)oriented sGGG substrate, and the films have a unique doping content. We then expect no variation of the magneto-crystalline anisotropy constant (𝐾 𝑀𝐶 ), which is an intrinsic property of the material. The value of the anisotropy constant has been reported by e.g., R.F. Pearson who indicated 𝐾 𝑀𝐶 = -610 J m -3 in the case of YIG [17]. Using Equation I.26, we then estimated the magneto-crystalline anisotropy constant to be: 𝐾 𝑀𝐶 = -660 J m -3 for the Bismuth doped YIG thin films of this investigation (𝑥 = 1). This contribution usually remains of second order in the Bi-YIG system.

Besides the epitaxial growth, we documented in the first section that the Bi-YIG thin films have no -or negligible -, variations of the films thickness, roughness, and density. We also evidenced a unique strain state for all the thin films, independently of their growth temperature (see section A).

Therefore, and as we discussed in section A, the Bi-YIG thin films presented in this chapter have an identical magneto-elastic anisotropy contribution. From the results of the structural characterization, we have calculated the magneto-elastic anisotropy constant (𝐾 𝑀𝑂 ) of the Bi-YIG thin films to be 𝐾 𝑀𝑂 = 6660 ± 650 J m -3 , using a magneto-strictive coefficient of 𝜆 111 = -4.45 × 10 -6 [3], [10]. This contribution is ten times more important than the magneto-crystalline one, and both are independent of the growth temperature of the Bi-YIG thin films. One can also note that the magneto-elastic anisotropy, alone, is not sufficient to overcome the dipolar one and obtain perpendicular magnetic anisotropy in our Bi-YIG thin films.

iii. The growth-induced anisotropy contribution

The perpendicular magnetic anisotropy of the Bi-YIG thin films is achieved thanks to one last, wellknown, anisotropy contribution (see Chapter I). The growth-induced anisotropy is recognized -in the same way as the strain-induced anisotropy -, as one of the knobs to obtain PMA in garnet thin films [18]. In fact, this contribution to 𝐻 𝐾𝑢 that is found in doped garnet system, arises from the existence of non-equivalents sites in the film structure.

We remind here that the entire unit cell of YIG is made of 24 dodecahedral sites with, among them, six that are non-equivalents. The substitution of Yttrium by Bismuth, and the Bi distribution among the sites are then responsible of the apparition of the so-called "growth-induced anisotropy" (see Chapter I). The anisotropy constant term (𝐾 𝐺𝑟𝑜𝑤𝑡ℎ ) cannot be obtained independently by experiments, but it can be deduced from experiments if all other anisotropy constants value are known.

Using the results of the ferromagnetic resonance experiment, one can use µ 0 𝑀 𝑒𝑓𝑓 to obtain the value of the uniaxial anisotropy constant (𝐾 𝑈 ), that we reported in the following Table 4:

In this table, one can see the variation of the uniaxial anisotropy constant from 𝐾 𝑈 = 11 200 to 6 500 J m -3 , for the thin films with strongest perpendicular and in-plane anisotropy, respectively. We propose that our findings can be explained by the following assertion: the PMA in Bi-YIG thin films can be tuned by the substrate growth temperature, through a tuning of the uniaxial magnetic anisotropy, and more precisely the growth-induced anisotropy.

From the 𝐾 𝑈 anisotropy constant, defined by Equation IV-2: 𝐾 𝑈 = 𝐾 𝑀𝑂 + 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ , we finally calculated the growth-induced anisotropy contribution. The effective anisotropy constant (𝐾 𝑒𝑓𝑓 ), defined as: 𝐾 𝑒𝑓𝑓 = 𝐾 𝑑𝑖𝑝 + 𝐾 𝑈 (Equation IV-3) can also be extracted [18]. We have calculated the value of the growth induced anisotropy for films IV-A1 to IV-A6 presented in this chapter, and summarized all the different contributions in the following Table 5:

Table 4: Uniaxial anisotropy constant obtained for the different Bi-YIG thin films of this study.

Table 5: Summary of the different anisotropy constants contribution of the Bi-YIG//sGGG thin films IV-A1 to IV-A6 obtained from the different characterization.

For thin Bi-YIG films grown at temperatures ranging from 𝑇 𝐺 = 405 to 475 °C, we indicate the variation of the growth induced anisotropy constant. It is important to recall that the growth induced anisotropy constant cannot be negative, as symmetry breaking along the growth direction in garnets always favours PMA. Hence the values for films IV-A6 and IV-A6 point toward a null contribution of the growth induced anisotropy and the numbers in Table 5 are representative of the overall margin of error of our modelling. Nevertheless, we found that the value of 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ decreases with increasing growth temperature. One can also notice that for the thin films IV-A2, IV-A3 and IV-A4 which have a negative effective magnetization but are the closer to µ 0 𝑀 𝑆 = 0 mT, the effective anisotropy constant is only of hundreds of J m -3 . In this case, the magneto-crystalline anisotropy impact cannot be overlooked (see Chapter V).

From the different structural and magnetic characterizations performed on films IV-A1 to IV-A6, we conclude that the perpendicular magnetic anisotropy can be finely tuned in Bi-YIG//sGGG thin films. This tuning, allowed by a change of the substrate growth temperature, affects the growth-induced anisotropy of the films. We attribute this to a modification of the Bi repartition among the nonequivalent sites: at higher growth temperature, Bi distributes better on the different Y sites. The thermal stability of these thin films has also been investigated.

C. Temperature dependent measurement in the Bi-YIG films

In this section, we investigate the evolution of the dynamical properties of the Bi-YIG//sGGG thin films.

We have probed the films with ferromagnetic resonance measurements for temperatures ranging from 𝑇 = 260 to 400 K. Surprisingly, and contrary to the usual power laws, we obtained an exponent 𝑛 = 2 between 𝑀 𝑆 (𝑇) and 𝐾 𝑈 (𝑇), that yields a quasi-temperature independence of the effective magnetization, and therefore of the FMR properties. This is the second major experimental result in these Bi-YIG//sGGG thin films.

The temperature-FMR characterization has been performed on Bi-YIG//sGGG thin films by using a DynaCool physical property measurement system (PPMS). One of the advantages of this set-up is the possibility to reach wide ranges of temperature, with 2 < 𝑇 < 400 K while having magnetic fields up to µ 0 𝐻 𝑎𝑝𝑝 = 9 T.

We have probed the dynamical properties of these Bi-YIG thin films for frequencies ranging from 𝑓 𝑟𝑒𝑠 = 5 to 40 GHz and fitted the data to extract the associated resonant magnetic fields (𝐻 𝑟𝑒𝑠 ). The effective magnetization 𝑀 𝑒𝑓𝑓 (𝑇) of films IV-A3 and IV-A6 is finally obtained -after fitting 𝑓 𝑟𝑒𝑠 (𝐻 𝑟𝑒𝑠 ) -, for temperatures ranging from 𝑇 = 260 to 400 K. The temperature dependence of the FMR propertiesof films IV-A3 and IV-A6 -are reported in the following Figure 17:

In Figure 17.a, we report the obtained value of µ 0 𝑀 𝑒𝑓𝑓 -which are symbolized by coloured trianglesfor the different probing temperatures indicated on the x-axis. The solid-coloured lines are fits showing the linear trend of the effective magnetization with the measurement temperature. The dashed-black line is a guide-for-the eye indicating µ 0 𝑀 𝑒𝑓𝑓 = 0 mT. This line helps distinguishing the films with OOP from IP anisotropy.

We notice, from Figure 17.a, that the Bi-YIG thin film with perpendicular (in-plane) magnetic anisotropy has effective magnetization values increasing (decreasing) with the increasing 𝑇. For film IV-A3, the value of µ 0 𝑀 𝑒𝑓𝑓 increases from µ 0 𝑀 𝑒𝑓𝑓 = -16.2 to -10.3 mT in a temperature range of 140 K. In the contrary, for the film with in-plane anisotropy, the effective magnetization decreases from µ 0 𝑀 𝑒𝑓𝑓 = 34.8 to 28.1 mT, for the same temperature range.

We then obtained an effective magnetization shift of only 6 mT for temperature ranging between 260 K and 400 K. Finally, the fits performed for both thin films indicate a linear variation, yet with opposite slopes, of the effective magnetization with the temperature:

𝑑𝑀 𝑒𝑓𝑓 𝑑𝑇 = 0.04 mT/K for film IV-A3, and 𝑑𝑀 𝑒𝑓𝑓 𝑑𝑇 = -0.04 mT/K for film IV-A6 in this temperature range.

Besides the effective magnetization, we also reported the ferromagnetic resonance shift of the resonance magnetic field for the Bi-YIG thin films. The resonance field shift (∆𝐻 𝑟𝑒𝑠 ) is displayed for films IV-A3 and IV-A6 in the above Figure 17.b and 17.c, respectively. In these figures, the measurements were performed at a fixed frequency of 𝑓 𝑟𝑒𝑠 = 5 GHz, for different temperatures with 𝑇 = 260, 300 and 340 K. As indicated in the inset, each probing temperature is associated with a different symbol. The dashed-black line indicates the resonance field shift of the different thin films. We obtained the resonance field value to be of ∆𝐻 𝑟𝑒𝑠 = 4 mT -for film IV-A3 -, and ∆𝐻 𝑟𝑒𝑠 = 2.6 mT -for film IV-A6.

The obtained values of the effective magnetization shift, and of the resonance field shift do not exceed 6 and 4 mT, respectively, when the measurement temperature is varying over 140 K. These low shift values already underline a certain thermal stability of the Bi-YIG thin films, but to visualize it more easily, we performed additional measurements.

Complementary to thin films IV-A3 and IV-A6, we chose to probe Bi-YIG thin films with stronger perpendicular or in-plane anisotropy, characterized by µ 0 𝑀 𝑒𝑓𝑓 values of hundreds of mT at 𝑇 = 300 K. These films, that we labelled IV-C1, IV-C2 and IV-C3 are Bi-doped YIG thin films grown on sGGG by L. Soumah. The films are grown by pulsed laser deposition on the same substrate but with different Bi nominal content (IV-C1 and IV-C2) or laser energy (IV-C3).

The result of the temperature dependent FMR measurement -that was performed in similar conditions -, is depicted in the following Figure 18:

The data points of films IV-C1, C2 and C3 are indicated in the above Figure 18, by coloured hexagons. Data of thin films IV-A3 and IV-A6, presented in Figure 17 are also reported in this figure. Finally, each thin film is associated with a specific colour, as indicated in the inset of the figure. The effective magnetization variation, for measurement temperature ranging from 260 to 400 K is reported in the above Table 6.

In this figure, we note that the trend already observed in Figure 17 stands for each of the thin film. Namely, we obtained that the Bi-YIG thin films with perpendicular (in-plane) magnetic anisotropy have effective magnetization values increasing (decreasing) with the increasing measurement temperature. The amplitude of the variation (∆𝑀 𝑒𝑓𝑓 ), however, is more important for films IV-C1, C2, and C3 -with ∆𝑀 𝑒𝑓𝑓 = 25, 66, and 29 mT, respectively -than for films IV-A3 and IV-A6.

The Bi-YIG thin films IV-C1 to IV-C3 are characterized, at 𝑇 = 300 K, by higher effective magnetization value. We report these values to be µ 0 𝑀 𝑒𝑓𝑓 = -97, +220 and -156 mT, respectively. Nonetheless, the variation of ∆𝑀 𝑒𝑓𝑓 is not scaling with the difference of the effective magnetization strength. The above Figure 18 stresses that, for Bi-YIG//sGGG thin films grown in specific conditions, the temperature-dependence of the effective magnetization is almost vanished, as it is the case for thin films IV-A3 and IV-A6. To explain why, we have investigated the temperature dependence of the effective magnetization contributions.

In fact, the effective magnetization is defined by temperature-dependent terms: µ 0 𝑀 𝑆 (𝑇) and µ 0 𝐻 𝐾𝑈 (𝑇), each of them having distinct evolution with temperature. For Bi-YIG thin films, the value of µ 0 𝑀 𝑒𝑓𝑓 is then expected to vary, in a specific way, with 𝑇. Indeed, it should be noted that the main contributions of the effective magnetization -the dipolar and uniaxial anisotropies -are linked by a power law, defined by H. Callen and E. Callen as follows [19]:

𝐾 𝑈 (𝑇) 𝐾 𝑈 (0) = [ 𝑀 𝑆 (𝑇) 𝑀 𝑆 (0) ] 𝑛 (Equation IV-4)
with 𝐾 𝑈 the uniaxial anisotropy constant, 𝑀 𝑆 the saturation magnetization and 𝑛 = 𝑙(𝑙+1)

2
an exponent associated with the crystal symmetry. For systems with uniaxial anisotropy, the exponent of 𝑛 = 3 has been predicted by J.H. Van Vleck and C. Zener [20], [21]. Experimentally however and since its predictions, this exponent has been questioned in several systems.

It is also worth noting that the Callen and Callen power law is accurate for 𝑇 ≪ 𝑇 𝐶 , and we remind that 𝑇 𝐶 = 559 K for the Bi-YIG system. In our range of measurement temperature, we may be a little beyond this "low temperature" criterion given above: further measurements should be performed at lower 𝑇.

Using the relation linking the uniaxial anisotropy constant (𝐾 𝑈 ) and the uniaxial anisotropy field (𝐻 𝐾𝑈 ), we obtained -based on Equation IV-4 -the following Equation IV-5:

𝐻 𝐾𝑈 (𝑇) 𝐻 𝐾𝑈 (0) = [ 𝑀 𝑆 (𝑇) 𝑀 𝑆 (0) ] 𝑛-1
In the following of this section, and thanks to the temperature-FMR measurement, we were able to verify the value of this exponent in our Bi-YIG thin films.

With the above PPMS measurement of the ferromagnetic resonance properties, we already collected the value of µ 0 𝑀 𝑒𝑓𝑓 (𝑇) for the Bi-YIG//sGGG thin films of this chapter. To obtain the value of 𝑛, it was necessary to disentangle the effective magnetization contribution to extract the value of 𝐻 𝐾𝑈 (𝑇).

We have researched the temperature dependence of 𝐾 𝑀𝐶 (𝑇) that ranges from 𝐾 𝑀𝐶 = -800 to -200 J m -3 between 𝑇 = 260 and 400 K, respectively [22]. Because the magneto-crystalline anisotropy constant is at least one order of magnitude weaker than the dipolar and uniaxial ones (see Table 5), we have considered µ 0 𝑀 𝑒𝑓𝑓 (𝑇) = µ 0 𝑀 𝑆 (𝑇) -µ 0 𝐻 𝐾𝑈 (𝑇). The temperature dependence of the saturation magnetization value has been probed by SQUID magnetometry. For the Bi-YIG thin films, we have obtained the following evolution of the µ 0 𝑀 𝑆 with the temperature:

The data points, obtained by SQUID magnetometry on a Bi-YIG thin film, are symbolized by black dots.

The measurement was performed for temperatures ranging between 𝑇 = 260 to 400 K. The redcurved line is the result of our fitting of 𝑀 𝑆 (𝑇), that we performed using a formula extracted from [23].

In their article, Wang et al. fitted the temperature dependence of the saturation magnetization with the following Equation IV-6:

𝑀 𝑆 (𝑇) = 𝑀 𝑆 (0) × [1 -( 𝑇 𝑇 𝐶 ) 𝜌 ]
with 𝑇 𝐶 the Curie temperature, 𝑀 𝑆 the saturation magnetization at 0 K, and 𝜌 an exponent. In our case, we have used a constant 𝑇 𝐶 = 560 K, while the two other parameters -𝑀 𝑆 (0) and 𝜌 -are variables fitting parameters. The fits are in good agreement with the experiments for obtained parameters 𝜌 = 2.9 and 𝑀 𝑆 (0) = 140 kA m -1 .

We note that the magnetization saturation of the Bi-YIG thin films is increasing with the decreasing temperature. We report the saturation magnetization value to be 𝑀 𝑆 (260 𝐾) = 128 kA m -1 while 𝑀 𝑆 (400 𝐾) = 93 kA m -1 . This behaviour is consistent with the previous report published for YIG thin films (see Chapter I).

Using the value of µ 0 𝑀 𝑆 (𝑇) and µ 0 𝑀 𝑒𝑓𝑓 (𝑇) for temperature ranging from 𝑇 = 260 to 400 K, we have obtained the temperature dependence of the uniaxial anisotropy field µ 0 𝐻 𝐾𝑈 (𝑇). Using the relation:

µ 0 𝐻 𝐾𝑈 = 2𝐾 𝑈 𝑀 𝑆
, we have calculated 𝐾 𝑈 (𝑇). Finally, we have plotted the temperature dependence of the uniaxial anisotropy as a function of the 𝑇-dependence of the saturation magnetization.

The result is displayed in the following Figure 20: The fits were performed using the formula extracted from [19] for a fixed, and then a free n exponent.

In the above figure, the black points correspond to the extracted data of 𝐾 𝑈 (𝑇) associated with each µ 0 𝑀 𝑆 (𝑇). The value of µ 0 𝑀 𝑆 (𝑇) is decreasing with the increasing measurement temperature: to clarify it we indicated the point corresponding to 𝑇 = 260 K in the figure, with a dashed black line. The two coloured-lines are the result of the data fitting using the Callen and Callen power law (Equation IV-4) that we remind below [19]:

𝐾 𝑈 (𝑇) 𝐾 𝑈 (0) = [ 𝑀 𝑆 (𝑇) 𝑀 𝑆 (0) ] 𝑛
The blue line is the result of the first fitting when we fix the exponent to its predicted value i.e., 𝑛 = 3, while the purple line is the result of the fit in which 𝑛 was set a free fitting parameter. The fits are in good agreement with the experimental findings for an exponent 𝑛 = 2.02, contrary to the expected exponent.

The Bi-YIG thin films then have a power law of 𝑛 = 2 between the uniaxial anisotropy constant and the saturation magnetization. Consequently, and according to Equation IV-5:

𝐻 𝐾𝑈 (𝑇) 𝐻 𝐾𝑈 (0) = [ 𝑀 𝑆 (𝑇) 𝑀 𝑆 (0) ] 1
meaning that the uniaxial anisotropy field and the saturation magnetization behave similarly with the temperature. This yields that in the Bi-YIG thin films, the effective magnetization is temperatureindependent, as we also observed experimentally with the weak variations of the FMR properties (see Figure 17). We conclude that, not only the Bi-YIG thin films grown in this specific growth conditions have effective magnetization values one order smaller than in usually reported garnet films, but also that the terms are linked by a power law with an unusual exponent 𝑛 = 2 responsible of thermal stability of the FMR properties.

D. Theoretical consideration on the temperature dependence of the FMR

In the above sections we undertaken an experimental approach to characterize the properties of the magnetic thin films. Among them, the ferromagnetic resonance measurement, performed at room temperature and in a second stage from 𝑇 = 260 to 400 K carried many significant results. The observations we made led us to associate three physical properties, namely:

(1) a vanishing effective magnetization at room temperature (𝑀 𝑒𝑓𝑓 = 0) (2) a temperature independent effective magnetization (𝑀 𝑒𝑓𝑓 (𝑇) = 0) (3) an anisotropy exponent equal to 2 (𝑛 = 2 in Equation IV-4)

As we demonstrate in the following of this section, these three properties are in fact uniquely interconnected. To inquire the necessary and sufficient condition to obtain a temperature independent FMR frequency -or equivalently a temperature independence of the effective magnetization -, we start by considering the following equation:

µ 0 𝑀 𝑒𝑓𝑓 (𝑇) = µ 0 𝑀 𝑆 (𝑇) -µ 0 𝐻 𝐾𝑈 (𝑇)
Using the relation associating the uniaxial anisotropy field (𝐻 𝐾𝑈 ) and its anisotropy constant (𝐾 𝑈 ), we obtain: 𝑀 𝑒𝑓𝑓 (𝑇) = 𝑀 𝑠 (𝑇) -2𝐾 𝑈 (𝑇) µ 0 𝑀 𝑆 (𝑇) (Equation IV-8). Then, using Equation IV-4 to replace 𝐾 𝑈 (𝑇), we come by:

𝑀 𝑒𝑓𝑓 (𝑇) = 𝑀 𝑆 (𝑇) - 2𝐾 𝑈 (0) µ 0 𝑀 𝑆 (𝑇) [ 𝑀 𝑆 (𝑇) 𝑀 𝑆 (0) ] 𝑛
The above Equation IV-9 can equivalently be written as:

𝑀 𝑒𝑓𝑓 (𝑇) = 𝑀 𝑆 (𝑇) - 2 µ 0 𝐾 𝑈 (0) • 𝑀 𝑆 (𝑇) 𝑛-1 • 𝑀 𝑆 (0) -𝑛
And finally, we can disentangle two terms as the following (Equation IV-11):

𝑀 𝑒𝑓𝑓 (𝑇) = 𝑀 𝑆 (𝑇) [1 - 2 µ 0 𝐾 𝑈 (0) • 𝑀 𝑆 (𝑇) 𝑛-2 • 𝑀 𝑆 (0) -𝑛 ] = 𝑀 𝑆 (𝑇) • 𝐴 𝑛,𝑇
The first term of Equation IV-11 corresponds to the documented temperature dependence of the saturation magnetization, while the second term 𝐴 𝑛,𝑇 encompasses both 𝑛 and 𝑇 dependent terms.

The temperature dependence of the effective magnetization can be evaluated by deriving the above Equation IV-11 as a function of the temperature. This leads to the following equation:

𝜕𝑀 𝑒𝑓𝑓 (𝑇) 𝜕𝑇 = 𝑀 𝑆 (𝑇) • 𝜕𝐴 𝑛,𝑇 𝜕𝑇 + 𝐴 𝑛,𝑇 • 𝜕𝑀 𝑆 (𝑇) 𝜕𝑇
All terms involved in defining 𝐴 𝑛,𝑇 being temperature independent but the saturation magnetization, a vanishing temperature dependence of the effective magnetization can only be obtained by having 𝑛 = 2 :

𝜕𝐴 𝑛,𝑇 𝜕𝑇 = 𝜕 𝜕𝑇 (1 - 2 µ 0 𝐾 𝑈 (0) • 𝑀 𝑆 (𝑇) 0 • 𝑀 𝑆 (0) -2 ) = 0
Furthermore, fixing 𝑛 = 2 allows to write Equation IV-13:

𝐴 2,𝑇 = 1 - 𝐻 𝐾𝑈 (0) 𝑀 𝑆 (0) (Equation IV.7) (Equation IV.9) (Equation IV.10) (Equation IV.12) (Equation IV.13)
By achieving a vanishing of the effective magnetization i.e., 𝑀 𝑒𝑓𝑓 ≈ 0, the above Equation IV-13 interestingly becomes: 𝐴 2,𝑇 = 1 -𝐻 𝐾𝑈 (0) 𝑀 𝑆 (0) ≈ 0. Consequently, both terms presented in Equation IV-12 are equal to zero.

As a conclusion, obtaining a temperature independent effective magnetization (2) requires two strong conditions: (3) an exponent that is equal to 𝑛 = 2 (in Equation IV-4) and (1) a uniaxial magnetic anisotropy that compensates almost exactly the dipolar field. Please note that further measurements at lower temperature are necessary to better verify the Callen and Callen power law in this system.

E. Conclusions on the new findings on the Bi-YIG thin films

In this work, we have experimentally evidenced two new findings for the Bismuth doped YIG thin film grown on sGGG substrate: firstly, the magnetic anisotropy can be finely adjusted with the help of the growth temperature, and secondly the dynamical properties are temperature independent in these Bi-YIG films.

The films have been grown by pulsed laser deposition technique, and their thickness is about 22 nm. The growth conditions were previously optimized to obtain thin films with good structural and magnetic properties. In fact, with the "best-optimized" growth conditions, the Bi-YIG thin films are characterized by effective magnetization of tens of mT, instead of hundreds of mT as reported in the literature (see Figure 15).

We have demonstrated that once the optimized growth conditions are found, the growth temperature is an efficient and additional lever to finely tune the perpendicular magnetic anisotropy. Thin films with identical structural properties, Bi doping content, thickness, and substrate, can then have variable magnetic properties. We evidenced that by changing only the growth temperature, we obtained Bi-YIG thin films with perpendicular or in-plane anisotropy.

We also discovered that using this lever, the perpendicular anisotropy can be weak with the effective magnetization as close to zero as µ 0 𝑀 𝑒𝑓𝑓 = -1.5 mT. When µ 0 𝑀 𝑒𝑓𝑓 < 0 and close to zero, we found atypical hysteresis loops and evidenced the presence of magnetic bubbles, see Chapter V.

It is the first time, to our knowledge, that the growth temperature is used and demonstrated as a tuning knob for the magnetic anisotropy. By investigating the different anisotropy terms, we conclude that the growth temperature tuned the magnetic anisotropy through a tuning of the uniaxial anisotropy. More precisely, and because the magneto-elastic anisotropy is identical for all Bi-YIG thin films regardless of their magnetic anisotropy, we conclude that 𝑇 𝐺 impacts the growth-induced anisotropy.

Secondly, we investigated the thermal stability of the effective magnetization in these Bi-YIG thin films. We experimentally evidenced through temperature-dependent ferromagnetic resonance measurement, that the effective magnetization as well as the resonance field variation are weak -only few mT -, contrary to the usual dependence observed for Bi-YIG, and garnet thin films in general.

We have used SQUID magnetometry to independently obtain the saturation magnetization of the thin films and finally evidenced from fits an "unusual" exponent between the saturation magnetization and the uniaxial anisotropy constant. For the Bi-YIG thin films investigated in this Chapter, we found an exponent 𝑛 = 2, yielding a temperature independence of the effective magnetization, consistent with our observations. A deviation from 𝑛 = 3 is however not uncommon. For instance, Chatterjee et al. and Wang et al. have reported variation of the predicted exponent, with 𝑛 = 2.6 and 𝑛 = 1 obtained experimentally for NiFe2O4 and BaFe12O19, respectively [23], [24]. An exponent of 𝑛 = 2 has only been reported for ordered Pt-Fe alloys of L10-type [25]. This specific temperature dependence has been ascribed by Inoue et al. to a two-ion anisotropy related to the induced moments on the Pt. In our case, the two-ions like magnetic anisotropy behaviour for Bi-YIG thin films can be related to the complex [5d,6s] Bi orbitals hybridization with Fe.

We finally conclude that, the temperature-independent observations of the FMR properties are resulting from two effects that are: growth-induced anisotropy sensitivity to growth temperature and the magnetic state of Bismuth.

We strongly believe that the two main results presented in this Chapter are beneficial for the field of magnonics. We suggest some prospects for this work in the following points:

(1) Demonstrate a difference in the occupation of Y sites by Bi ions as a function of the growth temperature would help us to consolidate the current conclusion on the impact of 𝑇 𝐺 . The results have undoubtedly evidenced that, in our specific case, 𝑇 𝐺 had no influence on either the dipolar or the magneto-elastic anisotropy contributions. However, the origin of the variation of the growth-induced anisotropy contribution with the growth temperature is still unknown. (2) Investigate the 𝑇 𝐺 dependence in Bi-YIG system with other doping levels, or in other doped YIG systems, would also give numerous enlightenments over our results. This could generalize a way to control the growth-induced anisotropy. We also believe that performing the same investigations with other growth techniques could be interesting to validate our method and investigate other systems. (3) For the temperature independence of the FMR conditions, evidence the presence of a twoions like anisotropy is an important prospect. This investigation may require a simulation approach. (4) Finally, the temperature dependent measurement of the FMR may be performed on more conventional YIG//GGG thin films and also on YIG//sGGG thin films (Chapter III) which can have an effective magnetization close to zero. As already mentioned, extending the temperature measurement range to lower temperature is also required.

Chapter V: Stabilization of magnetic bubbles in Bi-YIG thin films with diameters below 300 nm

Investigations on magnetic texture as information carriers has started long ago. In fact, until the late seventies, magnetic bubbles have been extensively studied in several materials including hexaferrites, orthoferrites and garnets [1]. The period of intense research gained momentum after the patent -from Bell Laboratories researchers in 1969 -of non-volatile memory devices based on magnetic-bubbles in iron garnets [2]. After commercialization of bubble memories in the beginning of the 80s for niche applications, the solution of semiconductors-based memory was finally preferred for the storage of information in consumer electronics.

However, with the development of spintronics in the beginning of 21 st century, there has been a renewed interest for topological magnetic texture as information carriers. The increasing amount of research in these materials notably led to the discovery of room-temperature skyrmions -sometimes defined as magnetic bubble with a peculiar topology -in metallic multilayers [3]. These new kinds of magnetic bubbles can be, so far only at low temperature, as small as few nanometers which is of interest for high density memories. The manipulation of skyrmions is enabled, in these metallic multilayers, by the spin-orbit-torque (SOT) induced by electrical current flow in a heavy metallic layer. An important ingredient for their stabilization is most of the time related to the presence of a sizable Dzyaloshinskii-Moriya interaction (DMI). Nonetheless, one of the main limitations in these materials is the high damping value, reducing the bubbles velocity.

In parallel, ferrimagnetic insulators which are greatly investigated since the discovery of YIG, have shown a regain of interest due to their application potential in the magnonics and magneto-optics fields. This was notably triggered by the recent investigation of Kajiwara et al. who evidenced their compatibility with spintronic torques with the possibility of spin-to-charge interconversion in these insulating materials [4] (see Chapter 0). Recently DMI has been evidenced in Iron garnets with PMA such as Thulium Iron garnet (TmIG), opening the possibility to stabilize nanometer size objects and to combine "the best of the two worlds" [5]. For example, Büttner et al. recently investigated the thermal nucleation of sub-micrometer magnetic bubbles in TmIG [6]. Yet, to our knowledge no clear control of skyrmions or such small magnetic textures have been reported for Iron garnets: this is the aim of this chapter. In this chapter, we first review the observations of the magnetic bubbles -mostly by MOKE -and present the peculiar field dependences of the bubble disordered lattice state. After a finer characterization of the bubbles, and based on our MOKE observations, we finally explain the asymmetries by the stronger than usual role of the cubic magnetocrystalline anisotropy. These results are supported by micromagnetic simulations.
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A. Observations of sub-micrometers magnetic bubbles in Bi-YIG films

In this chapter, we present our investigation on magnetic bubbles that we observed and stabilized in thin Bi-YIG films having a thickness of 𝑡 = 22 nm. The growth conditions of the Bi-YIG films are presented in the previous Chapter IV. In these optimized thin films in which we evidenced a perpendicular magnetic anisotropy (PMA), the effective magnetization (µ 0 𝑀 eff ) is tuned to be close to zero. In the first section, we report the observation of the magnetic bubbles that was achieved by means of magneto-optical Kerr effect (MOKE) and discuss the bubble material parameters. In the second section, we investigate the size and the stability of these magnetic bubbles, by MOKE and Nitrogen vacancy (NV) microscopies, and evidence the impact of the magneto-crystalline anisotropy. Finally, in the third section, we assess the presence of DMI in our Bi-YIG system by means of Brillouin light scattering (BLS) spectroscopy and micromagnetic simulations.

Most of the results presented in this chapter concern the Bi-YIG thin film IV-A3, that has been exhaustively characterized. The details of the characterizations are found in the previous Chapter IV.

However, we want to underline that magnetic bubbles have been observed in several Bismuth doped YIG thin films, grown during this PhD and owning common characteristics. Among them, we emphasize that the Bi1-YIG films grown on sGGG have a weak perpendicular magnetic anisotropy, with µ 0 𝑀 eff ~ 0 mT and an atypical hysteresis loop usually associate with "skyrmionics materials".

i. Observation of magnetic bubbles by MOKE: using OOP magnetic fields

We first image the magnetic domain structure by magneto-optical Kerr effect (MOKE) microscopy, using the polar configuration and only a perpendicular magnetic field (µ 0 𝐻 𝑜𝑜𝑝 ). The measurement was performed in the conditions that were previously described (see Chapter IV), but with finer field steps of 0.5 mT and using a 100x lens working in immersion (N.A. = 1.3 in a high refraction index oil n = 1.5).

The result is presented in Figure 1:

In the left part of Figure 1, we report the hysteresis loop of the Bi-YIG thin films performed in the polar configuration. In the above figure, we focus on a magnetic field ranging between µ 0 𝐻 𝑜𝑜𝑝 = -10 and 10 mT. Prior to the measurement, we have saturated the film with µ 0 𝐻 𝑜𝑜𝑝 = -100 mT. The intensity of the detected signal is normalized by the saturation magnetization (µ 0 𝑀 𝑆 ). Moreover, we have labelled peculiar points in the hysteresis loop (a-d) and reported in the right part the associated magnetic states imaging of the Bi-YIG film. The white bar indicates 20 µm.

In the hysteresis loop displayed in Figure 1, we observe a nearly linear mOOP(HOOP) at low field (|µ0HOOP| < 3 mT), and an increase of the slope at about half the saturation field. This shape is "atypical" from the ones usually observed for iron garnets thin films with stronger PMA, characterized by a square hysteresis loop [5]. As we pointed out in previous chapter, this is related to the fact that the effective magnetization in this film is close to zero. Coming from a negative saturation, one can see in Figure 1 that the magnetic state is saturated until µ 0 𝐻 𝑜𝑜𝑝 = -4 mT, and that magnetic bubbles forming a lattice are observed at µ 0 𝐻 𝑜𝑜𝑝 = -2 mT. The reversal of the magnetic moments occurs until the complete saturation of the magnetic state: at µ 0 𝐻 𝑜𝑜𝑝 = 8 mT.

We have labelled four points along the magnetization hysteresis as the external field is swept from negative to positive field, each one corresponding -as one can see in Figure 1 -to a different magnetic state. In addition to the saturated state, we can count four distinct magnetic states: one of them being the "worms"-shaped magnetic domains close to µ 0 𝐻 𝑜𝑜𝑝 = 0 mT. Second, we observed isolated magnetic bubbles close to µ 0 𝐻 𝑜𝑜𝑝 = -4 mT and, third, a mixed state of domains and magnetic bubbles at intermediary fields. Finally, one can note in Figure 1 that an important number of magnetic bubbles, is forming our fourth state, a "lattice" observed at µ 0 𝐻 𝑜𝑜𝑝 = -3 mT. This is the first experimental evidence of the presence of magnetic bubbles in our Bismuth doped YIG thin films. The lattice state is better visualized in the following Figure 2, showing an extended film surface:

The magnetic state of the Bi-YIG thin films was recorded at µ 0 𝐻 𝑜𝑜𝑝 = -3 mT and µ 0 𝐻 𝑜𝑜𝑝 = -2.5 mT (after saturation at negative field) and is displayed in the above Figure 2.a and 2.b, respectively. The white bar is a scale corresponding to 20 µm. The magnetic bubble lattice state is observed for both fields and cover most of the surface. The "uncovered" areas presumedly correspond to compositional defects, as mentioned in Chapter IV.

We also notice that the density of magnetic bubbles increases from Figure 2.a to Figure 2.b, with the increase of the out-of-plane field value. Then, by varying µ 0 𝐻 oop not only one can drastically change the magnetic state from (a) to (d) (see Figure 1), but a given magnetic state can be smoothly tuned: here the bubble density is controlled by the field value (see Figure 2). This point is further discussed and investigated later in this chapter.

It should also be noted that if no -or few -bubbles are observed in specific areas, these however do not prevent the presence of magnetic domains, as depicted in Figure 3:

On the adjacent Figure 3, the magnetic state of the thin film, recorded under a perpendicular magnetic field of -0.5 mT is displayed. We have imaged the same area than in previous figures, the white bar is 20 µm. One can see that the film surface is composed of magnetic domains covering the entire film surface. However, we note the presence of some inhomogeneities, better visualized in Figure 4:

In Figure 4, four defect areas are highlighted by red circles on the image previously presented. We correlate the observed inhomogeneities with the variations of the domain period visible in Figure 4.c, and the absence or the reduced number of magnetic bubbles in Figures 4.a and 4.b. In defect-free area, however, we observe a uniformity of the magnetic state -bubbles or domains. We assume that defect areas with larger domain period at remanence probably have a larger anisotropy, precluding the stabilization of the bubbles at negative fields.

Lastly, we can notice in Figure 4.c that the domains are oriented in the same direction: we interpret that as a signature of a remanent in-plane anisotropy in the film combined with a prior in plane magnetic field applied to the film. To verify this point, we have investigated the angular dependence of the magnetic states by using a second, in-plane, magnet.

ii. Observation of magnetic bubbles by MOKE: using a quadrupole magnet

To obtain a more complete study of the magnetic phase diagram, we performed additional magnetooptical Kerr effect measurement by applying simultaneously a vectorial in-plane field (µ 0 𝐻 𝑖𝑝 ) and an out-of-plane field (µ 0 𝐻 𝑜𝑜𝑝 ), that are controlled independently. The perpendicular magnetic field is created by a coil, mounted on a quadrupole magnet. The quadrupole magnet is calibrated to produce an in-plane magnetic field that can be oriented -with respect to the plane of the sample -over 360 degree. With this set-up, the maximum values of the magnetic fields are µ 0 𝐻 𝑜𝑜𝑝 = 10 mT and µ 0 𝐻 𝑖𝑝 = 200 mT, enough to saturate the Bi-YIG thin films.

We have investigated the impact of µ 0 𝐻 𝑖𝑝 on the Bi-YIG system by realizing in-plane hysteresis loops with in-plane fields ranging from µ 0 𝐻 𝑖𝑝 = -50 to 50 mT, at different angles and for different fixed outof-plane fields. After the out-of-plane saturation, the perpendicular magnetic field was fixed. We have evidenced that the magnetic state can be controlled by the in-plane field by two distinct ways, as reported in the following Figures 5 and6.

In the Figure 5, we report the magnetic state imaging of the Bi-YIG thin film for a fixed out-of-plane field of µ 0 𝐻 𝑜𝑜𝑝 = -3 mT. The changing value of the in-plane field (µ 0 𝐻 𝑖𝑝 ) is indicated in each image. The in-plane field is oriented along the long side of the image, pointing to the right. The red scale corresponds to a distance of 10 µm. By only varying the value of the in-plane field, one can see in Figure 5.a to 5.d that the four different magnetic states introduced previously can be obtained for specific values of µ 0 𝐻 𝑖𝑝 for a fixed µ 0 𝐻 𝑜𝑜𝑝 = -3 mT.

For instance, the bubble lattice is displayed in Figure 5.a and was imaged for an in-plane field of µ 0 𝐻 𝑖𝑝 = -9 mT, while isolated bubbles are observed at µ 0 𝐻 𝑖𝑝 = 10 mT (see Figure 5.b). The in-plane field is then increased up to µ 0 𝐻 𝑖𝑝 = 50 mT and decreased down to µ 0 𝐻 𝑖𝑝 = -50 mT. The magnetic field "history" is indicated on the figure for more clarity. During this second phase, we have imaged the mixed domains and bubbles state at µ 0 𝐻 𝑖𝑝 = -1 mT and worms shape magnetic domains at µ 0 𝐻 𝑖𝑝 = -7 mT, see Figures 5.c and 5.d, respectively. Finally, with Figure 5.e, we stress out that the density of distinct magnetic textures -here the bubble lattice -, can be controlled by the value of the in-plane magnetic field. The density of the magnetic bubbles decreases between We then evidenced that the magnetic state, and its density, can be adjusted through the in-plane magnetic field values, independently of any out-of-plane field variation. It should however be noted that a finite perpendicular magnetic field (µ 0 𝐻 𝑜𝑜𝑝 ≠ 0 mT) is required to observe magnetic bubbles. We emphasize that the applied magnetic fields are low, only few mT. Another observation is that the magnetic state also depends on the in-plane orientation of the µ 0 𝐻 𝑖𝑝 applied field. To visualize it, we report four images captured by MOKE, in which the only change is the angle of the applied in-plane field. This is illustrated in the below Figure 6, in which we display the magnetic state associated with different in-plane field angles (𝜑 𝑖𝑝 ), with 𝜑 𝑖𝑝 = 0, 30, 60 and 90 °. We indicate that fixed values of magnetic fields are: µ 0 𝐻 𝑜𝑜𝑝 = -3 mT and µ 0 𝐻 𝑖𝑝 = 5 mT. The red bar corresponds to 10 µm. With these choices of magnetic fields, one can observe magnetic bubbles for an in-plane field applied at 𝜑 𝑖𝑝 = 0 and 30 ° -as depicted in Figures 6.a and 6.b, respectively. Interestingly, by applying the same magnetic fields but at higher angles, the bubbles elongate and form magnetic "worm domains". Moreover, these worms-shaped magnetic domains are oriented along the direction of the applied field. This is striking for 𝜑 𝑖𝑝 = 60 and 90 ° in the above Figures 6.c and 6.d, respectively. This result is consistent with the previous observations in which 𝜑 𝑖𝑝 = 0 ° (see Figures 1 and3).

We also note the alignment of the magnetic domains along µ 0 𝐻 𝑖𝑝 is achieved while the applied field is, in the present case, only of µ 0 𝐻 𝑖𝑝 = 5 mT. It finally appears that the domain wall density is unchanged in the above Figures 6.c and 6.d. By doing this experiment we evidenced the angular dependence of the magnetic state with respect to the in-plane magnetic field. It is noteworthy to underline that this 𝜑 𝑖𝑝 -dependence of the magnetic state is generalized for several values of in-plane and out-of-plane fields (see section B).

With these magneto-optical characterizations, we evidenced in this system the presence of five magnetic states, including the saturation and small magnetic bubbles. We have demonstrated three different ways to access and control the five magnetic states in these specifics Bi-YIG thin films:

-by changing the value of the out-of-plane magnetic field, alone (see Figure 1) -by changing the value of the in-plane field, when µ 0 𝐻 𝑜𝑜𝑝 ≠ 0 mT (see Figure 5) -by changing the angle of the applied in-plane field, when µ 0 𝐻 𝑜𝑜𝑝 , µ 0 𝐻 𝑖𝑝 ≠ 0 (see Figure 6)

We finally emphasize that the two first levers allow to control either the domain wall or the spin textures density. Ultimately, by using the best-suited value of µ 0 𝐻 𝑜𝑜𝑝 , µ 0 𝐻 𝑖𝑝 and 𝜑 𝑖𝑝 , one can then stabilized the densest magnetic bubbles lattice (see Figure 5.a). We now detailed the specific physical parameters that governs the magnetic phase diagram of our system.

iii. Magnetic bubbles and magnetic bubbles materials: the parameters As we underlined in the introduction of this chapter, it is not the first time that magnetic bubbles are observed in Bi-YIG films, or garnets, in general [1]. In the pioneer articles, the minimal bubbles diameter is found to be comparable with the film thickness (denoted ℎ), that at this time, was in the micrometers range. This is e.g., depicted in Figure 7, extracted from [1]: the evolution of the size and the shape of the magnetic bubbles are investigated as a function of the bias field value. In this figure, the film under investigation has a thickness of ℎ = 5.25 µm. One can see that the magnetic bubbles tend to collapse for fields between 10 and 12 mT. And the minimal bubble diameter is in this case about few microns down to half a micron, as indicated by the y-axis. No such small diameters were reported for Bi-YIG films.

In fact, the diameter of the magnetic bubbles is not only related to the bias applied field, but also to several intrinsic parameters of the thin film. These parameters, necessary to describe the system also defined important "requirements" to be able to obtain magnetic bubbles and magnetic bubbles materials. This resulted from the numerous investigations led on the magnetic bubbles in the eighties and has been summarized notably by A. P. Malozemoff and J. C. Slonczewski [7].

We listed these important parameters as: the thickness (ℎ), the "characteristic length parameter" (𝑙), the wall energy per unit of area (𝜎 𝑤 ), the exchange parameter (𝐴), the uniaxial anisotropy constant (𝐾 𝑢 ), the saturation magnetization (𝑀 𝑆 ), the quality factor (𝑄 = 2𝐾 𝑢 /(µ 0 𝑀 𝑠 2 )) and the coercive field (𝐻 𝑐 ).

We remind the three requirements stated by A. P. Malozemoff and J. C. Slonczewski, necessary to obtain a magnetic bubble material [7]:

(1) The thickness and the characteristic length parameter should be proportional with ℎ ~ 4𝑙 and the minimum domain size is expected to be 8𝑙. (2) The quality factor should be: 𝑄 > 1, meaning that the film has a uniaxial and perpendicular magnetic anisotropy. (3) The coercive field is low with 𝐻 𝑐 < 0.05𝑀 𝑠 to ensure low coercive loss during the domain wall motion.

In our case, we report a thickness of ℎ = 22 nm, an exchange parameter of 𝐴 = 3.65 pJ m -1 , a uniaxial anisotropy constant of 𝐾 𝑢 = 8820 J m -3 , and a saturation magnetization of 𝑀 𝑆 = 116 kA m -1 . All these parameters are obtained experimentally. From Figure 1, we extracted the saturation field to be µ 0 𝐻 𝑠𝑎𝑡 = 6 mT -the coercive field is difficult to precisely determine. Yet, with this upper bound, we still verify the requirement (3) for our system in which 𝐻 𝑠𝑎𝑡 𝑀 𝑆 = 0.041.

We have calculated the wall energy per unit of area, the characteristics length and the quality factor using the following Equations V.1, V.2 and V.3:

𝜎 𝑊 = 4√𝐴(𝐾) = 145 µJ m -2

𝑙 =

𝜎 𝑊 µ 0 𝑀 𝑆 ² = 8.6 nm and ℎ = 2.6 𝑙 The requirements (2) and ( 3) are then verified for our Bi-YIG system, while we note that the ratio between the film thickness and the characteristics length parameter is lower than expected.

Please note that the above calculations are performed considering 𝐾 = 𝐾 𝑒𝑓𝑓 , but the result is significantly modified is one consider 𝐾 = 𝐾 𝑈 , as emphasized in section C (see section C -Table 1).

Interestingly, using our parameters and the usually reported value of the magnetization saturation for YIG: 𝑀 𝑆 = 140 kA m -1 , we have noticed great variations, and neither the requirement (1) nor ( 2) are fulfilled. The reduced value of the saturation magnetization, that we experimentally obtained for our thin films (see Chapter IV), then plays in favour of the presence of magnetic bubbles.

Using these parameters, the diameter of the magnetic bubbles could be predicted, by the abacus in would, in this case, be extremely high. Nonetheless, this would not match with the ( ℎ 𝑙 ) value that we have obtained previously. The observation of magnetic bubbles, exhaustively investigated in µm-thick garnet materials, are then, according to this table and our parameters, not expected in our nm-thick Bi-YIG system. The diameter of the magnetic bubbles, neither that their stability, can be predicted from the above figure. We investigate these points in the following section. respectively. We have previously concluded that for comparable fields, the estimated period obtained from FFT, magnetic domains and magnetic bubbles should have the same width (see Figure 10.a). With this consideration, we may expect the diameter (𝑑) of the magnetic bubbles to be about 200 nm.

B. Period, diameter, and stability of magnetic bubbles in Bi-YIG nm-films

The result of the Nitrogen vacancy measurement, for the second area in which we observe magnetic bubbles, is reported in the following Figure 12:

We present a second NV center imaging performed on the same thin film; the latter being shifted from few microns only. As one can see in Magnetic bubbles are visualized in this second area, which is more precisely focused on three magnetic objects. Interestingly, one can notice from Figure 12.a three different shapes, namely: a circular, elliptical and dumbbell shape -for object 1, 2 and 3, respectively. It then appears that the three shapes already described in Figure 7, can co-exist in our films for a given value of magnetic field (about 2 mT). This bubble shape could even be different, according to the recent work of Lin et al., in the case of the dense bubble lattice, that in our case has not been yet imaged with NV magnetometry [8].

The profiles (about 600-nm long) of the different magnetic objects are depicted in Figures 12.1, 12.2 and 12.3. One can notice that the field value (µ 0 𝐻 𝑁𝑉 ) is ranging between µ 0 𝐻 𝑁𝑉 = 1 and 9 mT. The minimum of this magnetic field is associated with the presence of a domain wall and a dark grey colour on the image. The domain width is extracted between the two minimums. For the "dumbbell-shaped" magnetic bubble, we have obtained a length 𝑑 𝑙𝑒𝑛𝑔𝑡ℎ = 630 nm. As indicated in the above figure, we report 𝑑 𝜔𝑖𝑑𝑡ℎ ≅ 260 nm for magnetic objects 1, 2 and 3.

We emphasize that the shape and the size of these magnetic bubbles could evolve in the case of a dense bubble lattice. In the present case, the NV magnetometry was performed in the "mixed domain bubbles" state. Far from this dense lattice, we have obtained magnetic bubbles diameter of 260 nm. It is the first time, to our knowledge, that such small magnetic bubbles are observed in a garnet thin film.

Indeed, only Büttner et al. have reported sub-micrometer bubbles diameter in a garnet thin film. In their article, they have investigated a Thulium Iron garnet (TmIG) film having a thickness of 𝑡 = 25 nm [6]. Magnetic bubbles with an estimated diameter of 500 nm are visualized after electric current pulses induced in a Pt over layer. The magnetic bubbles "appear almost exclusively under the Pt track, i.e., only where the current excitation was applied" and their nucleation is ascribed to thermal effect, due to Joule heating resulting from the current pulses [6].

More recently, Lin et al. investigated bubbles lattice in Bismuth doped system grown on (111)-GGG [8].

The chemical composition is close to Bi0.5Y2.5Fe5O12 and the film thickness is about 3 µm. The shape of the magnetic bubbles is investigated: it results that the shape of the magnetic bubbles can be controlled. In fact, Lin et al. indicated that the bubble "evolve from discrete circular to latticed triangular and hexagonal shapes" with the strength of the perpendicularly applied magnetic field [8]. The diameter of the bubbles in this Bi-YIG doped system is reported to be of several microns, which is consistent with the film thickness.

We now investigate the stability conditions of the bubbles and the different magnetic states in our system.

ii. Stability of the different magnetic states in the Bi-YIG thin film

In the first section, we have evidenced that the magnetic state in our Bi-YIG system is field-dependent and -with respect to the in-plane field -angular dependent (see Figures 123456). We also emphasized that with these three knobs, one could obtain the densest bubble lattice for precise values of µ 0 𝐻 𝑜𝑜𝑝 , µ 0 𝐻 𝑖𝑝 and 𝜑 𝑖𝑝 . The density variation of either bubbles or worm domains is also presented via the FFT analysis, from which we obtain the variation of the period with the magnetic fields and angles (see Figure 10).

It is noteworthy to underline that the angular dependence of the magnetic state, that we observed in Figure 6, can be generalized for several magnetic fields. In fact, to obtain a global insight into the magnetic field value and angle impact on the magnetic state, more measurements have been performed. In this part, we investigate the stability conditions of the different magnetic states, with respect to µ 0 𝐻 𝑜𝑜𝑝 , µ 0 𝐻 𝑖𝑝 and 𝜑 𝑖𝑝 . This investigation was carried out with magneto-optical Kerr effect microscopy.

In a similar way to the previous section, we have performed in-plane field hysteresis loop for fixed values of in-plane field angle and the out-of-plane magnetic field. Our investigation on the stability conditions relies on the analysis of the variation of the relative intensities obtained from the hysteresis loop. We give more details on this analysis principle by considering first a typical in-plane hysteresis loop as an example.

In the below Figure 13, the measurement was performed for magnetic fields ranging between µ 0 𝐻 𝑖𝑝 = -50 and 50 mT and for fixed values of µ 0 𝐻 𝑜𝑜𝑝 = -1.5 mT and 𝜑 𝑖𝑝 = 0 degree. Coming from negative saturation, the first part of the in-plane hysteresis loop is depicted in Figure 13.a, in which we have indicated the magnetic states observed for the different µ 0 𝐻 𝑖𝑝 values. This was done from the analysis of the images acquired by MOKE during the measurement and each magnetic state is associated with a colour as specified in the inset. In Figure 13.b, we have calculated the relative intensities detected during the in-plane hysteresis loop (see the below Equation V.4). The resulting intensity is associated with a colour, as specified in the colour scale bar. Then, the result is reported on a polar plot, for which the maximum radius corresponds to an absolute value of the in-plane field of 50 mT. The lecture of the different magnetic state, performed in Figure 13.a is equivalently obtained on this polar plot, through the intensity analysis. This is shown for instance for the lattice and isolated bubbles state -associated with red and yellow colours, respectively -as we pointed out with the arrows. Note that one intensity corresponds to different magnetic states: the intensity should be paired with the in-plane field value to perform the analysis.

As illustrated in Figure 13.a, with this choice of out-of-plane field and in-plane field angle, and coming from a negative saturation, the magnetic state is evolving from domains to a mixed state, to a lattice bubble and finally to isolated bubbles, before saturation. This sequence of magnetic states is also reproduced in the associated polar plot depicted in Figure 13.b for an in-plane field going from µ 0 𝐻 𝑖𝑝 = -50 to 50 mT. In fact, each magnetic state i.e.: lattice, mixed, isolated, domains, or saturation, is associated with a specific relative intensity and µ 0 𝐻 𝑖𝑝 value. We have generalized this polar plot approach to analyse our result hereafter.

To obtain the stability conditions for each µ 0 𝐻 𝑖𝑝 , 𝜑 𝑖𝑝 and µ 0 𝐻 𝑜𝑜𝑝 , we performed in-plane hysteresis loop, from µ 0 𝐻 𝑖𝑝 = -200 to 200 mT and probed the thin film for angles ranging from 𝜑 𝑖𝑝 = 0 to 360 degree by steps of 5 degrees. Moreover, we have conducted this measurement for out-of-plane magnetic field ranging from µ 0 𝐻 𝑜𝑜𝑝 = -6 to 6 mT by steps of 0. 5 mT. The relative intensities (𝐼 𝑅 ) are calculated using a unique formula: 𝐼 𝑅 = 𝐼 -𝐼 µ 0 𝐻 𝑜𝑜𝑝 =0 𝐼µ 0 𝐻 𝑠𝑎𝑡 -𝐼 µ 0 𝐻 𝑜𝑜𝑝 =0 (Equation V.4).

We first illustrate the evolution of the polar plot obtained as a function of negative out-of-plane field ranging from µ 0 𝐻 𝑜𝑜𝑝 = -1.5 to -5.5 mT in the following Figures 14: The same measurements were performed for positive values of the out-of-plane fields and interestingly, we obtained the same three-fold symmetry, but rotated by an angle of 𝜑 𝑖𝑝 = 60 °, as displayed in Figure 16:

In Figure 16, we validated the existence of a three-fold symmetry with respect to µ 0 𝐻 𝑖𝑝 and 𝜑 𝑖𝑝 for positives µ 0 𝐻 𝑜𝑜𝑝 values. In Figure 16.a, we found that the bubble lattice is stable for -20 < µ 0 𝐻 𝑖𝑝 < 0 mT. The observed three-fold symmetry vanishes for magnetic field µ 0 𝐻 𝑜𝑜𝑝 > ̃5.5 mT. Again, these results are comparable to the ones obtained in Figure 14.a, 14.b and 14.c except than the three lobes are shifted by an angle of 𝜑 𝑖𝑝 = 60 °. We ascribed the three-fold symmetry, presented in Figures 14 and16, as a manifestation of the cubic magneto-crystalline anisotropy in our Bi-YIG system.

The Bi-YIG system that we investigate in this chapter owns a cubic structure, and a weak cubic magnetocrystalline anisotropy (MCA), of the order of 0.5 kJ m -3 , that exists along its main crystallographic axes (see Chapter I). In In Figure 17.a, where we also indicate the growth direction (1 1 1) of the Bi-YIG film, the positive (negative) out-of-plane field represented by the blue (red) arrow is parallel to the growth direction, which is also the direction of the easy axis perpendicular uniaxial anisotropy.

The MCA favours different magnetic configurations when the applied field points roughly along an easy axis or in-between them. Therefore, using a non-zero out-of-plane field component, a three-fold symmetry is induced in the in-plane field direction, the one observed in the polar plots as we will demonstrate in section C.

We demonstrated experimentally that this three-fold symmetry is observed in our Bi-YIG system for several thin films having a weak effective magnetization with µ 0 𝑀 𝑒𝑓𝑓 = -1.5 mT. In this case, the uniaxial anisotropy constant 𝐾 𝑈 is only about one order of magnitude larger than the MCA constant (𝐾 𝑀𝐶 ) (see Chapter IV). For a film with stronger perpendicular magnetic anisotropy, we could not observe a three-fold rotational symmetry, the system seems isotropic as depicted in the following Figure 18.

In the above figure, we present the polar plots resulting from MOKE measurements which were performed in the same conditions, for a fixed out-of-plane magnetic field of µ 0 𝐻 𝑜𝑜𝑝 = -2.5 mT. The radius is 50 mT for both One can see in Figure 18.b that contrary to Figure 18.a, the magnetic state is isotropic with respect to the in-plane field azimuthal angle. We ascribe this absence of visible angular dependence to the fact that the magneto-crystalline anisotropy has a minor role in defining the magnetic state of a film with strong PMA. Additionally, and because the perpendicular magnetic anisotropy is stronger, the in-plane saturation fields (associated with dark blue and purple-red colours) are found to be higher than in Figure 18.a. In the film with stronger PMA, no magnetic bubbles were observed: we then conclude that the combined effects of weak effective magnetization, PMA, and small applied µ 0 𝐻 𝑜𝑜𝑝 ≠ 0 are the requirements to observe magnetic bubbles in our Bi-YIG system. Moreover, the magnetic bubbles are only stable when the external field is aligned along the hard axis of the magneto-crystalline anisotropy: which make this "weak" anisotropy contribution of first importance in this case.

To conclude, we have obtained a map of the stability conditions for the different magnetic states. We have performed, via MOKE microscopy, in-plane hysteresis loop measurements for in-plane field angle over 360 ° and reported our result as polar plots. In the latter, the information about the magnetic state is simultaneously given as a function of the in-plane field value and angle. We note that for outof-plane magnetic fields ranging between µ 0 𝐻 𝑜𝑜𝑝 = -3 and -5 mT, the magnetic state is mainly composed of magnetic bubbles. For µ 0 𝐻 𝑜𝑜𝑝 < -5 mT, the magnetic state is saturated and between µ 0 𝐻 𝑜𝑜𝑝 = -0.5 and -2.5 mT, the five magnetic states previously reported were visualized. The same result is obtained symmetrically for positive out-of-plane magnetic field. From these polar plots, we have evidenced the existence of a three-fold symmetry in our Bi-YIG system. We have ascribed this three-fold symmetry to the magneto-crystalline anisotropy and suggest that its effect vanishes when the external field or the effective perpendicular uniaxial anisotropy are too large. The role of the magneto-crystalline anisotropy is quantitatively investigated in the next section.

C. Assessing the different "ingredients" for bubbles stability

Now that we have established the existence of magnetic bubbles < 300 nm diameter and studied the field parameters for their lattice stabilisation in our Bi-YIG system; we investigate the possible underlying ingredients involved in this stability. Indeed, if the dipolar energy alone is not sufficient, we need to understand which other interaction can contribute to the stability. On the basis of our previous results, we have ascribed the three-fold symmetry observed in the polar plots to the magnetocrystalline anisotropy. This contribution is evaluated in this section, by means of micromagnetic simulations. In a second time, we assess the presence of Dzyaloshinskii-Moriya interaction (DMI) in our Bi-YIG system, by means of Brillouin light scattering (BLS) spectroscopy and simulations. Indeed, DMI can reduce the DW energy and help stabilizing skyrmions.

i. The role of cubic magneto-crystalline anisotropy: a simulation approach

We have used MuMax3 to perform complementary investigation on our Bi-YIG system, and in a first place to assess the role of the magneto-crystalline anisotropy (MCA). To perform these micromagnetic simulations, one needs to input the different parameters of the probed system. In our case, we have notably indicated the film thickness, the uniaxial anisotropy constant (𝐾 𝑈 ) and the saturation magnetization (𝑀 𝑆 ). We have firstly simulated our system without implementing the magnetocrystalline anisotropy. In a second time, we added the magneto-crystalline anisotropy constant (𝐾 𝐶1 ) with a value estimated to be 𝐾 𝐶1 = -464 J m -3 for the first order of this cubic anisotropy. We note that we used the values of 𝐾 𝑈 = 8816 J m -3 and 𝑀 𝑆 = 116 kA m -1 obtained from previous characterizations.

We simulated a volume made of cubic cells having a side dimension of 𝑡 = 5 nm. The number of square cells (𝑁 𝑖 ) for the associated 𝑖-axis were chosen as: 𝑁 𝑥 = 𝑁 𝑦 = 256 (in-plane, so 1.28-µm wide square) and 𝑁 𝑧 = 4 to simulate our Bi-YIG thin film of 𝑡 ≈ 20 nm. Periodic boundary conditions have been used along the 𝑥 and 𝑦 axes.

After implementing all these parameters, we have simulated the experiments done by magneto-optical Kerr effect measurements presented above for our Bi-YIG system. We first simulated our system: a Bi-YIG film with a weak perpendicular magnetic anisotropy (𝐾 𝑈 = 8816 J m -3 , corresponding to 𝐾 𝑒𝑓𝑓 = 361 J m -3 if MCA is neglected), as the one that we measured. We then performed the same simulation considering a thin film with stronger perpendicular magnetic anisotropy, by changing solely the value of the uniaxial anisotropy constant to 𝐾 𝑈 = 15068 J m -3 leading to 𝐾 𝑒𝑓𝑓 = 6600 J m -3 when neglecting the MCA. We have reported the results of the simulations in the following Figure 19:

In Figure 19, we present the result of the micromagnetic simulations for three different cases. In Figure 19.c, whereas we have implemented the magneto-crystalline anisotropy, the result of the simulation evidences the quasi-disappearance of the three-fold symmetry in this case: the magnetization value is roughly angular independent. This is consistent with the previous observations made in Figure 18.b from magneto-optical Kerr effect microscopy measurements.

As expected, even if the magneto-crystalline anisotropy is always present in the Bi-YIG system, its impact is not always visible if other anisotropies dominate. In our present Bi-YIG system, in which we have a PMA roughly equal to the MCA, this anisotropy contribution is however of first importance, and causes the existence of the three-fold symmetry. We remind that the magnetic bubbles are stable when the external field points along the hard axes of the magneto-crystalline anisotropy.

The micromagnetic simulations, in good agreements with the experimental observations, helped us to validate the importance of the magneto-crystalline anisotropy in our system. We now investigate the presence of DMI, already reported in other garnets as indicated in the introduction.

ii. Study of the symmetric (𝐴 𝑒𝑥𝑐 ) and antisymmetric (𝐷) exchanges in the Bismuth doped YIG system

The Dzyaloshinskii-Moriya interaction usually arises from an inversion symmetry breaking and the presence of a strong SOC. Even if this interaction was not expected in centrosymmetric system, DMI has been recently evidenced in several garnet systems. For instance, Vélez et al. have demonstrated the presence of this interaction in TmIG//sGGG system from NV magnetometry measurements (looking at the chirality of domain walls) [9]. Interestingly, Vélez et al. emphasized that DMI is evidenced in a system without any metallic layer: revealing that DMI can originate at the interface between the substrate and the magnetic oxide [9]. Additionally, As we have briefly introduced, the Dzyaloshinskii-Moriya interaction (DMI) is an important ingredient to stabilize topological magnetic texture, and notably skyrmions, which have raised a lot of interest in the past decade [11]. In fact, both DMI and perpendicular magnetic anisotropy (PMA) are requirements in these "skyrmions-hosting materials", in which the manipulation of the skyrmions is realized through spin-orbit torque (SOT) interactions. In this section, we evaluate the presence of a sizable Dzyaloshinskii-Moriya interaction in our Bi-YIG system, to elucidate the mechanisms under the small diameter bubbles stabilization.

We have first performed 𝑘-resolved Brillouin light scattering (BLS) spectroscopy on our Bi-YIG system, to access -in a way similar to Wang et al. -the possible value of the DMI parameter (see Chapter II) [10]. We remind that the DMI (𝐷) is related both to the frequency shift (∆𝑓) observed when reversing the magnons the 𝑘-wavevector (see Equation II.15).

Prior to the measurements, we have made several trials to find the best configurations to probe the garnet thin films. To maximize the signal-to-noise ratio we placed the transparent sample on a specific holder and flipped the sample. Before the mounting, the samples were cleaned, and we chose defectfree areas located with a camera. We used either a blue or a green laser having a wavelength of 𝜆 = 473 nm and 𝜆 = 532 nm, respectively. In our system, the BLS intensity is generally higher with the blue laser.

The result of the Brillouin light scattering spectroscopy measurement, for a Bi-YIG thin film in which we observed the magnetic bubbles, is reported in the following Figures 20,21 and 22. For these measurements, we used a fixed magnetic field of µ 0 𝐻 𝑎𝑝𝑝 = 215 mT, a scan amplitude 𝑓 ≈ 25 GHz and a green laser, with a fixed power of 10 mW. We have recorded the BLS signal at various angles as illustrated below:

The angles at which we have performed the measurements -indicated on the inset of each figure -, are ranging from 𝜃 = 10 and 50 ° with respect to the plane of the sample. The data points are represented by black dots, while the Lorentzian fit is indicated by the solid red line for 𝜃 = 30 °. For most of the angles, the Lorentzian fits could not be properly achieved due to the presence of disturbing phonon peaks at the basis of the magnetic peaks. However, we have indexed each of them, as indicated by the dotted-red line and we reported their associated value on the figures. The peak of highest intensity, located at 𝑓 = 0 GHz corresponds to the photon or the "laser reference" peak.

On Figure 20, one can see that the value of the Stokes and anti-Stokes frequencies (see Chapter II) slightly evolved with the measurement angle (see Figure 22). For instance, by taking the extremum angles, we indicated Stokes (anti-Stokes) frequencies of 𝑓 𝑆 = -5.79 GHz (𝑓 𝐴𝑆 = 5.77 GHz) and 𝑓 𝑆 = -7.12 GHz (𝑓 𝐴𝑆 = 7.02 GHz) in Figure 20.a and 20.e, respectively. The peaks that are not indexed, and that have a lower intensity, are ascribed to phonons peaks due to their high angular dependence, while the magnetic field is fixed. We have also verified the magnetic nature of the indexed peaks, by performing an additional measurement at 𝜃 = 30 ° for a different value of the magnetic field (not shown here). We have found that the peaks shifted from 𝑓 𝑆 = -6.13 GHz (𝑓 𝐴𝑆 = 6.08 GHz), as indicated in Theoretically, and according to Equation II.15, one should expect a linear relation between the frequency shift and the 𝑘-wavevector. If the trend is visible in Figure 21, we emphasize that due to the weak values of the frequency shift, using only the Brillouin light scattering spectroscopy, we could not obtain any sizable 𝐷 for our Bi-YIG thin film of 𝑡 = 22 nm. In a thinner Bi-YIG thin film of 𝑡 = 9 nm, in which no magnetic bubbles were observed, we could not extract either a sensible 𝐷 value by BLS measurements.

Aside for the DMI parameter, the results of the Brillouin light scattering spectroscopy measurements allow to access to the exchange parameter: another important contribution in our system. The exchange parameter (𝐴 𝑒𝑥𝑐 ) is in fact related to the mean frequency (𝑓 0 ) and the 𝑘-wavevector by the following Equation V.5 [12]: From this table, one can see the exchange parameter impact on the "required" parameters to obtain a bubble material that we have calculated considering both 𝐾 = 𝐾 𝑒𝑓𝑓 and 𝐾 = 𝐾 𝑈 for the calculation of the domain wall energy per unit area (see section A). Considering, 𝐾 = 𝐾 𝑒𝑓𝑓 , we note that the characteristic length varies from 𝑙 = 8.6 to 9.6 nm: the change of the exchange value is not sufficient to obtain the targeted ratio of ℎ = 4𝑙, and to place our Bi-YIG system in the curve depicted in Figure 8. However, we note that the enhanced value of 𝐴 𝑒𝑥𝑐 impact the domain wall energy, that changes from 𝜎 𝑊 = 145 to 162 µJ m -2 , meaning that domains of smaller size could be stabilized. Same observations, yet at different values, can be made when considering 𝐾 = 𝐾 𝑈 instead of 𝐾 = 𝐾 𝑒𝑓𝑓 in the calculation of the domain wall energy.

𝑓 0 = 𝛾µ 0 2𝜋 √(𝐻 𝑎𝑝𝑝 + 2𝐴 𝑒𝑥𝑐 𝑀 𝑆 𝑘 2 + 𝑀 𝑆 𝑘𝑡 2 ) × (𝐻 𝑎𝑝𝑝 + 2𝐴 𝑒𝑥𝑐 𝑀 𝑆 𝑘 2 - 𝑀 𝑆 𝑘𝑡 2 -𝐻 𝐾𝑒𝑓𝑓 )
The question about the definition of 𝐾 is important and not so simple. To clarify which is the "most relevant 𝐾" to use in our system, we have performed preliminary investigations and obtained from MuMax3 simulations that 𝐾 ≈ 3𝐾 𝑒𝑓𝑓 should be the relevant value. By using 𝐾 ≈ 3𝐾 𝑒𝑓𝑓 , we have calculated 𝑙 = 25 nm and ℎ 𝑙 ⁄ = 0.9, an intermediate value compared to Table 1. With this new ratio, it may be possible to place our system in the previously presented Figure 8. Yet, to validate it, further investigations are still needed on these questions of domain wall energy and of the relevant 𝐾.

We finally emphasize that the value of the exchange parameter that we obtained by the fit, remains an estimated value: further investigation of the 𝐴 𝑒𝑥𝑐 value for Bi-YIG system should be conducted in the future. For the following of the chapter, we just keep in mind that the exchange constant value may differ from the one reported for YIG.

Using the BLS spectroscopy, and by changing the measurement angle, we have probed our Bi-YIG system for several 𝑘, and obtained spectra composed of Stokes and anti-Stokes frequencies that we indexed. We have attempted to extract a DMI parameter (𝐷) by plotting the frequency shift as a function of the wavevector. Yet, due to the weak value of the frequency shift, we could not extract a sizable value of 𝐷 for our Bi-YIG system. Furthermore, by plotting the mean frequency value as a function of 𝑘, and fitting the data, we have obtained an estimated value of the exchange constant parameter. We found that this estimated value is compatible (within our very large error margins), with reported values of the exchange in YIG system in the literature. In the following, we then consider the impact of both value: 𝐴 𝑒𝑥𝑐 = 4.58 pJ m -1 and 𝐴 𝑒𝑥𝑐 = 3.65 pJ m -1 for the stabilization of magnetic texture to verify the role of the symmetric exchange for the stabilization of bubbles.

To probe in a different way the presence of DMI in our Bi-YIG system, we have performed complementary micromagnetic simulations using Mumax3. In a similar way than for the previous micromagnetic simulations, we have implemented the value of the saturation magnetization, uniaxial anisotropy constant and magneto-crystalline anisotropy to be: 𝑀 𝑆 = 116 kA m -1 , 𝐾 𝑈 = 8816 J m -3 , and 𝐾 𝐶1 = -464 J m -3 . The system is simulated by the same volume, discretized the same way as before: 𝑁 𝑥 = 𝑁 𝑦 = 256 and 𝑁 𝑧 = 4 cubic cells of similar size of 5 nm and periodic boundary conditions. We have simulated the stabilization of magnetic objects of various diameters, by varying both the exchange constant (𝐴 𝑒𝑥𝑐 ) and the DMI (𝐷) parameters.

We have fixed an out-of-plane magnetic field of µ 0 𝐻 𝑎𝑝𝑝 = 3 mT for which, in the absence of any inplane magnetic field, we should obtain the stabilization of isolated magnetic bubbles (see Figure 1).

The system was initialized as a cylinder of 300 nm diameter, without domain wall, so there is no chirality favoured by the initial state. We have performed the simulations for 𝐴 𝑒𝑥𝑐 and 𝐷 values ranging from 𝐴 𝑒𝑥𝑐 = 3 to 4.6 pJ m -1 and 𝐷 = 0 to 30 µJ m -2 . Finally, we have simulated the system considering successively an interfacial (𝐷 𝑖𝑛𝑑 ) or a bulk (𝐷 𝑏𝑢𝑙𝑘 ) nature of the DMI contribution.

Following the Landau Lifshitz Gilbert equation, the system relaxed, and the diameter of the magnetic bubble can be extracted for each 𝐴 𝑒𝑥𝑐 and 𝐷 couples. We report the first result of the micromagnetic simulation in the following and 𝑚 𝑦 states. The same configuration was found for a system initialized with a bulk DMI (not shown here). One can also note that regardless of the value of the 𝐷 𝑖𝑛𝑑 parameter -and as depicted in the 𝑚 𝑧 state -the system stabilizes as a magnetic bubble. Yet, for a fixed exchange parameter, the diameter of the magnetic bubble increases with the increasing 𝐷 𝑖𝑛𝑑 value, as illustrated in Figure 23. We report the 𝑚 𝑥 , 𝑚 𝑦 and 𝑚 𝑧 state once the system is stabilized.

In fact, each 𝐴 𝑒𝑥𝑐 and 𝐷 couples allow to stabilize magnetic bubble of specific parameter. To obtain a global insight, we have performed the same simulations for various values of 𝐴 𝑒𝑥𝑐 , 𝐷 𝑖𝑛𝑑 and 𝐷 𝑏𝑢𝑙𝑘 , and we extracted the diameter of the relaxed texture. The result of these simulations is reported in the following Figure 24:

In the above figure, we have plotted the exchange constant parameter as a function of either the interfacial or the bulk DMI, as depicted in Figure 24.a and 24.b, respectively. For each of these couples, the simulations resulted in the stabilization of a magnetic texture, from which we extracted the diameter. This diameter is reported on each figure as a specific colour, as indicated by the colour scales bar. The white colour corresponds to a diameter of 300 nm that is a "upper" value of the magnetic bubbles observed previously by Nitrogen vacancy magnetometry (see section B).

In this figure, one can see that the diameter of the relaxed magnetic texture is ultimately dependent of the value of the exchange constant parameter. In fact, as illustrated in Figure 24.a and Figure 24.b, magnetic texture of 300 nm or less can be stabilized only for exchange value 𝐴 𝑒𝑥𝑐 ≥ 3.6 pJ m -1 .

Moreover, for exchange value of more than 𝐴 𝑒𝑥𝑐 = 3.6 pJ m -1 , the stabilization of smallest magnetic textures (with diameter 𝑑 < 300 nm) can be achieved without the presence of any interfacial (𝐷 𝑖𝑛𝑑 ) or bulk (𝐷 𝑏𝑢𝑙𝑘 ) parameter. However, for higher value of the exchange parameter, the stabilization of magnetic texture with a specific diameter of 300 nm is paired with a DMI contribution. We also note that in both cases, the diameter increases with the 𝐷 parameter.

We note that with the standard exchange value of YIG for which 𝐴 𝑒𝑥𝑐 = 3.65 pJ m -1 , and the parameters of our system, it is not possible -according to the simulations -to observe such magnetic texture having a diameter of less than 300 nm. Yet, we note that the exchange value parameter that was estimated from the BLS results is in favours of the presence of DMI in our system to stabilize such small textures. More precisely, the stabilization of magnetic bubbles of 260 nm, with this value of 𝐴 𝑒𝑥𝑐 would require a DMI contribution of about 5 µJ m -2 .

However, this value of the exchange constant is still an estimation, and we do not ensure its reliability. We finally want to emphasize that magnetic texture -of various diameters -can be stabilized, for each exchange parameter value, without any DMI contribution. For instance, with an exchange value of 𝐴 𝑒𝑥𝑐 = 3.2 pJ m -1 , magnetic bubbles no larger than 450 nm in diameter, can be stabilized without any DMI type i.e., while 𝐷 𝑖𝑛𝑑 = 𝐷 𝑏𝑢𝑙𝑘 = 0 µJ m -2 . Without more certainty on the exchange parameter value, it is then difficult to conclude on the presence or absence of an interfacial or bulk Dzyaloshinskii-Moriya interaction.

With these simulations, we evidenced that for various values of the exchange and the initialized DMI parameter, the system always relaxes to a magnetic bubble with Bloch configuration. The diameter of the relaxed magnetic texture is dependent on both 𝐴 𝑒𝑥𝑐 and 𝐷 values and increases with their increasing contribution. We obtained the critical minimal exchange value constant to stabilize magnetic bubbles of less than 300 nm and found that this cannot be achieved for the standard YIG exchange constant. We emphasized that magnetic bubbles do not require any DMI to be stabilized in our system, but that small diameters can only be achieved -depending also on 𝐴 𝑒𝑥𝑐 -with a 𝐷 𝑖𝑛𝑑 or 𝐷 𝑏𝑢𝑙𝑘 contribution. Finally, the ultimate importance of the exchange parameter value is underlined, and so far, we do not conclude on the presence or absence of DMI.

D. Conclusions on the magnetic bubble stabilization

In this chapter, we have evidenced the unexpected presence of small magnetic bubbles in our Bi-YIG system. We have first observed these bubbles by means of magneto-optical Kerr effect (MOKE). In fact, we observed five different magnetic states that we listed as magnetic: saturation, lattice bubble, isolated bubble, mixed bubble-domains, and worm domain state only. We have demonstrated that three different levers, combined or independently, can allow one to change, in a reduced range of magnetic fields, the magnetic state of the sample. We have emphasized that more than the magnetic state, the density of domain walls or bubbles can be controlled by the in-plane and out-of-plane field values. We have shown that, ultimately, the densest lattice bubble state can be obtained for targeted value of in-plane and out-of-plane magnetic fields, but also in-plane magnetic angles. We have also compared our Bi-YIG system parameters, and notably the characteristic length, the factor of quality and the coercive field values to the "required values" formulated in the late seventies, when magnetic bubbles in garnet was extensively investigated.

We have then investigated the density of our magnetic states with estimated period obtained with fast Fourier transform (FFT). We found that period as small as 700 nm can be obtained both for stripes domains and lattice bubble, by performing the FFT analysis for several in-plane field angles. This already indicates that the magnetic bubbles should have a sub-micrometer diameter. Such a small diameter of magnetic bubbles in garnet, has only be achieved to our knowledge in Thulium iron garnet thin film, and by thermal nucleation. Using Nitrogen vacancy magnetometry, we have been able to extract bubbles diameters and domains width about 260 nm: making them the smallest magnetic bubbles ever reported in a garnet, and in Bi-YIG thin film in particular. By investigating the stability conditions of this magnetic texture, we have evidenced the existence of a three-fold symmetry with respect to the applied in-plane magnetic field. We have ascribed this symmetry to the magneto-crystalline anisotropy and underlined that its impact is limited to the case for which: the applied out-of-plane field is sufficiently weak, as well as the perpendicular magnetic anisotropy (PMA) of the probed thin film. The importance to consider the magneto-crystalline anisotropy in our system is consequently strongly emphasized.

Finally, by means of micromagnetic simulations, we have reproduced the MOKE experiment by realizing in-plane magnetic field loop. By doing this, we have confirmed that the three-fold symmetry exists in our Bi-YIG system only if the magneto-crystalline anisotropy is implemented as input parameter in the simulation. We have also verified that its contribution is saturated in the case of a too strong uniaxial magnetic anisotropy -i.e., a film with stronger PMA. In a quest of evaluate the presence of a possible Dzyaloshinskii-Moriya interaction in our Bi-YIG system, we have performed Brillouin light scattering (BLS) spectroscopy and micromagnetic simulations. Using the Brillouin light scattering experiment, we could not obtain a measurable DMI parameter due to the weak value of the Stokes and anti-Stokes frequency shift. Yet, from the BLS result, we have estimated an exchange value parameter and compared it to the YIG value usually reported. With the micromagnetic simulations, we obtained that for various exchange (𝐴 𝑒𝑥𝑐 ) and DMI (𝐷) parameter value, the system relaxes as a magnetic bubble with Bloch configuration. Moreover, we have mapped the relaxed magnetic texture diameter as a function of (𝐴 𝑒𝑥𝑐 , 𝐷) and emphasized that the presence or absence of DMI finally depends on the exchange constant value of our Bi-YIG system. Yet, for each 𝐴 𝑒𝑥𝑐 value, magnetic textures with diameter of less than 500 nm can be stabilized without 𝐷.

These highly innovative results undoubtedly open up new avenues for the study of Bi-YIG thin films.

We would like to address some of the potential prospects to go further in this work:

(1) Determine the nature of the magnetic objects i.e., magnetic bubbles or skyrmions, is one of the prospects. As mentioned, this work has already been started by the evaluation of a DMI contribution without sufficient information to conclude yet on the nature of the objects. (2) Obtain the accurate value of the exchange constant (𝐴 𝑒𝑥𝑐 ) could be very beneficial, in a first place to better analyse the result of the simulations -in particular, Figure 24.

(3) Determine the relevant definition of the "𝐾" and relatedly the correct value of the domain wall energy, is of first importance to better understand our system and its hidden dynamics. (4) Further investigations should be carried out on e.g., the mutual interaction between bubbles and spin-waves or the possibility of a current-induced magnetic bubbles displacement. We believe that numerous avenues can be explored with the bubbles and bubble lattice in this rich Bi-YIG system.

YIG//GSGG films have a perpendicular magnetic anisotropy (µ 0 𝑀 𝑒𝑓𝑓 < 0) up to film thickness of 𝑡 = 61 nm. From FMR, we obtained a magnetic damping of 𝛼 = 4.3 × 10 -4 and 𝛼 = 3.7 × 10 -4 for YIG films of 𝑡 = 27 nm grown on sGGG and GSGG, respectively. For the thickest YIG//GSGG film, we obtained 𝛼 = 1.9 × 10 -3 . These values are comparable, or even better, to the ones reported in the literature for YIG films with PMA.

In the third section, we probed the YIG thin films with PMA by means of magneto-optic Kerr effect microscopy, and magnetic force microscopy. By doing the MOKE characterization in the polar configuration, we obtained squared hysteresis loops for YIG thin films with thicknesses up to 𝑡 = 27 nm. For thin films of 𝑡 = 20 and 27 nm, we found saturation fields of µ 0 𝐻 𝑠𝑎𝑡 = 25 and 20 mT and low coercitive fields of µ 0 𝐻 𝑐 = 1.5 and 0.5 mT, respectively. The thickest film of 𝑡 = 61 nm has higher saturation and coercive fields: assumedly due to a partial strain relaxation of the YIG film, which is mainly PMA. We conclude on a robust PMA for films up to a thickness of 𝑡 = 27 nm for which 𝛼 = 3.7 × 10 -4 . The images acquired during the MOKE measurement revealed the presence of defects as well as non-magnetic lines in the surface of the samples. The magnetic domains cannot be properly visualized, due at least to two factors: the weak Faraday coefficient of YIG thin films, and the highly contrasted defects and lines observed at the surface.

However, for perpendicularly magnetized YIG films, we evidenced that the imaging of the magnetic domains and domains walls can be achieved with MFM. Using a set-up in which we can induce an outof-plane magnetic field, we observed that the defects were acting as nucleation starting point of the magnetic domain (walls), while the lines appear as "anchor" points. Despite the lines, the magnetic domain and domain walls are continuous on the surface, and we obtained a domain width of 0.5 µm in the thickest film. Defects and lines, where the magnetic properties are slightly different, do not seem to limit the formation of continuous domains. To our knowledge, it is the first time that magnetic domains are imaged in YIG thin films with perpendicular magnetic anisotropy.

In Chapter IV, we have experimentally evidenced two new findings for the Bismuth doped YIG thin film grown on sGGG substrate: firstly, the magnetic anisotropy can be finely adjusted with the help of the growth temperature, and secondly the dynamical properties are temperature independent in these Bi-YIG films. The films have been grown by pulsed laser deposition technique, and their thickness is about 22 nm. The growth conditions were previously optimized to obtain thin films with good structural and magnetic properties. In fact, with the "best-optimized" growth conditions, the Bi-YIG thin films are characterized by effective magnetization of tens of mT (ranging from µ 0 𝑀 𝑒𝑓𝑓 = -46.6 to 33.5 mT), instead of hundreds of mT as reported in the literature.

In Chapter IV, we demonstrated that once the optimized growth conditions are found, the growth temperature is an efficient and additional knob to finely tune the perpendicular magnetic anisotropy. Thin films with identical structural properties, Bi doping content, thickness, and substrate, can then have variable magnetic properties. We evidenced that by changing only the growth temperature, we obtained Bi-YIG thin films with perpendicular or in-plane anisotropy. We also demonstrated that using this lever, the perpendicular anisotropy can be weak with the effective magnetization as close to zero as µ 0 𝑀 𝑒𝑓𝑓 = -1.5 mT. When µ 0 𝑀 𝑒𝑓𝑓 < 0 and close to zero, we found atypical hysteresis loops and evidenced the presence of magnetic bubbles (see Chapter V).

It is the first time, to our knowledge, that the growth temperature is used and demonstrated as a tuning knob for the magnetic anisotropy. By investigating the different anisotropy terms, we conclude that the growth temperature tuned the magnetic anisotropy through a tuning of the uniaxial anisotropy. More precisely, and because the magneto-elastic anisotropy is identical for all Bi-YIG thin films regardless of their magnetic anisotropy, we conclude that 𝑇 𝐺 impacts the growth-induced anisotropy.

Secondly, we investigated the thermal stability of the effective magnetization in these Bi-YIG thin films. We experimentally evidenced through temperature-dependent ferromagnetic resonance measurement, that the effective magnetization as well as the resonance field variation are weak -only few mT -, contrary to the usual dependence observed for Bi-YIG, and garnet thin films in general. We have used SQUID magnetometry to independently obtain the saturation magnetization of the thin films: 𝑀 𝑆 = 116 kA m -1 and finally evidenced from fits an "unusual" exponent between the saturation magnetization and the uniaxial anisotropy constant related by the Callen and Callen power law.

For the Bi-YIG thin films investigated in this Chapter, we found an exponent 𝑛 = 2, yielding a temperature independence of the effective magnetization, consistent with our observations. A deviation from 𝑛 = 3 is however not uncommon. For instance, Chatterjee et al. and Wang et al. have reported variation of the predicted exponent, with 𝑛 = 2.6 and 𝑛 = 1 obtained experimentally for NiFe2O4 and BaFe12O19, respectively [23], [24]. An exponent of 𝑛 = 2 has only been reported for ordered Pt-Fe alloys of L10-type [25]. This specific temperature dependence has been ascribed by Inoue et al. to a two-ion anisotropy related to the induces moments on the Pt. In our case, the twoions like magnetic anisotropy behaviour for Bi-YIG thin films can be related to the complex [5d,6s] Bi orbitals hybridization with Fe. We finally conclude that the temperature-independent observations of the FMR properties are resulting from two effects that are: growth-induced anisotropy sensitivity to growth temperature and the magnetic state of Bismuth.

In Chapter V, we have evidenced the unexpected presence of small magnetic bubbles in our Bi-YIG system. We have first observed these bubbles by means of magneto-optical Kerr effect (MOKE). In fact, we observed five different magnetic states that we listed as magnetic: saturation, lattice bubble, isolated bubble, mixed bubble-domains, and worm domain state only.

In Chapter V, we demonstrated that three different levers, combined or independently, can allow one to change -in a reduced range of magnetic fields -, the magnetic state of the sample. We have emphasized that more than the magnetic state, the density of domain walls or bubbles can be controlled by the in-plane and out-of-plane field values. We have shown that, ultimately, the densest lattice bubble state can be obtained for targeted value of in-plane and out-of-plane magnetic fields, but also in-plane magnetic angles. We have also compared our Bi-YIG system parameters, and notably the characteristic length, the factor of quality and the coercive field values to the "required values" formulated in the late seventies, when magnetic bubbles in garnet was extensively investigated.

We have then investigated the density of our magnetic states with estimated period obtained with fast Fourier transform (FFT). We found that period as small as 700 nm can be obtained both for stripes domains and lattice bubble, by performing the FFT analysis for several in-plane field angles. This already indicates that the magnetic bubbles should have a sub-micrometer diameter. Such a small diameter of magnetic bubbles in garnet, has only be achieved to our knowledge in Thulium iron garnet thin film, and by thermal nucleation. Using Nitrogen vacancy magnetometry, we have been able to extract bubbles diameters and domains width of less than 300 nm.

By investigating the stability conditions of this magnetic texture, we have evidenced the existence of a three-fold symmetry with respect to the applied in-plane magnetic field. We have ascribed this symmetry to the magneto-crystalline anisotropy and underlined that its impact is limited to the case for which: the applied out-of-plane field is sufficiently weak, as well as the perpendicular magnetic anisotropy (PMA) of the probed thin film. The importance to consider the cubic magneto-crystalline anisotropy in our system is consequently strongly emphasized.

Finally, by means of micromagnetic simulations, we have reproduced the MOKE experiment by realizing in-plane magnetic field loop. By doing this, we have confirmed that the three-fold symmetry exists in our Bi-YIG system only if the magneto-crystalline anisotropy is implemented as input parameter in the simulation. We have also verified that its contribution is saturated in the case of a too strong uniaxial magnetic anisotropy -i.e., a film with stronger PMA. In a quest of evaluate the presence of a possible Dzyaloshinskii-Moriya interaction in our Bi-YIG system, we have performed Brillouin light scattering (BLS) spectroscopy and micromagnetic simulations. Using the Brillouin light scattering experiment, we could not obtain a measurable DMI parameter due to the weak value of the Stokes and anti-Stokes frequency shift. Yet, from the BLS result, we have estimated an exchange value parameter and compared it to the YIG value usually reported. With the micromagnetic simulations, we obtained that for various exchange (𝐴 𝑒𝑥𝑐 ) and DMI (𝐷) parameter value, the system relaxes as a magnetic bubble with Bloch configuration. Moreover, we have mapped the relaxed magnetic texture diameter as a function of (𝐴 𝑒𝑥𝑐 , 𝐷) and emphasized that the presence or absence of DMI finally depends on the exchange constant value of our Bi-YIG system. Yet, for each 𝐴 𝑒𝑥𝑐 value, magnetic textures with diameter of less than 500 nm can be stabilized without 𝐷.

B. Prospects

In Chapter 0, we give an insight into the potential of PMA ferrimagnetic insulator thin films. We remind the different prospects to consider for YIG and Bi-YIG films with perpendicular magnetic anisotropy.

Firstly, and as indicated by Chen et al.: "Magnetic thin films with perpendicular magnetic anisotropy (PMA) offer opportunities for studying magnetostatic forward volume mode (MSFVM) spin waves with isotropic propagation" [62]. In this regard, the authors have recently investigated the forward spin-wave propagation in a Manganese doped YIG thin film having a thickness of 30 nm. The isotropic and reciprocal spin-wave propagation that was expected has been evidenced. The forward volume spin-wave is presently characterized by a group velocity of 𝑣 𝑔 = 150 m s -1 and an attenuation length of 𝐿 𝑎𝑡𝑡 = 3.7 µm, and the use an out-of-plane magnetic field of only µ 0 𝐻 𝑎𝑝𝑝 = 5 mT is reported [62]. Chen et al. emphasized that the isotropic and reciprocal FVSW propagation would be beneficial for logic-based magnonics applications such as interferometers. We accentuate that recently; Goto et al. have successfully realized a reduced footprint three-port logic gate based on the use of forward volume spin-wave (FVSW) interference in a 54 nm thick YIG film [9].

Secondly, Capku et al. who recently accomplished the PLD growth of perpendicularly magnetized YIG thin films of tens of nanometers on Silicon substrate underlined the benefits of this material platform, either for logic-based or STT-MRAM devices [63]. In fact, spin-orbit-torque (SOT) switching in a perpendicular Pt/YIG heterostructure has recently been realized by Guo et al. [START_REF] Guo | Spin-orbit torque switching in perpendicular Y3Fe5O12/Pt bilayer[END_REF]. The growth of YIG thin film has been realized by sputtering on various substrates and strain-induced perpendicular magnetic anisotropy has been obtained for films thickness of tens of nanometer. In this system, Guo et al. reported that SOT-induced magnetization switching is realized for a critical current of 𝐼 𝑐 = 9 mA, and a bias field of µ 0 𝐻 𝑎𝑝𝑝 = 5 mT was used. With this result, Guo et al. emphasized that the use of "SOT could simplify the writing process, making writing more energy-efficient and the device structure simpler" [START_REF] Guo | Spin-orbit torque switching in perpendicular Y3Fe5O12/Pt bilayer[END_REF].

Thirdly, the use of spin orbit torque (SOT) in PMA Bi-YIG thin films has recently been demonstrated as a very promising approach. One significant advance being e.g., the evidence of SOTinduced coherent spin-wave propagation reported by Evelt et al. [START_REF] Evelt | Emission of Coherent Propagating Magnons by Insulator-Based Spin-Orbit-Torque Oscillators[END_REF]. In this study, a thin PLD grown Bi-YIG film of 20 nm, characterized by perpendicular magnetic anisotropy is used as a spin-wave waveguide in a Pt/Bi-YIG heterostructure. As we previously described, the SOT at the Pt/Bi-YIG interface can create an anti-damping term and ultimately lead the system into an auto-oscillating regime. This achievement could not be met in previous investigation on Pt/YIG due to the presence strong nonlinearities [35]. However, Evelt et al. have demonstrated that using a thin film with PMA could suppress the non-linearities. Consequently, the emission of a coherent spin-wave propagation has been evidenced in the Pt/Bi-YIG system [START_REF] Evelt | Emission of Coherent Propagating Magnons by Insulator-Based Spin-Orbit-Torque Oscillators[END_REF].

Additionally, SOT-induced magnetization switching, and the record of ultrafast current-driven domain wall velocity have been recently achieved in a perpendicular Pt/Bi-YIG heterostructure. These results are reported by Caretta et al. in a Pt/BiYIG heterostructure using an ultra-thin PMA Bi-YIG film of 7 nm with low damping, suitable for high domain wall mobility [START_REF] Caretta | Relativistic kinematics of a magnetic soliton[END_REF]. The authors have evidenced the SOTinduced magnetization switching by means of magneto-optical Kerr effect and used the same characterization technique to assess the domain-wall velocity at room temperature. Strikingly, Caretta et al. have reported in this heterostructure ultrafast current-driven domain wall velocity that can reach "relativistic speeds in excess of 4300 m/s" [START_REF] Caretta | Relativistic kinematics of a magnetic soliton[END_REF].

Moreover, the mutual interactions between spin-waves and magnons in a perpendicularly magnetized Bi-YIG thin film have been recently probed by Fan et al. [61]. The authors evidenced that domain-wall can reduce the magnon transport. Inversely, magnon-driven domain wall motion has been evidenced. This result opened new field of possibilities for the use of PMA Bi-YIG in spintronics and magnonics field. In that respect, Fan et al. concluded that: "The high DW velocity and ultralow power consumption enabled by low-damping PMA BiYIG facilitates applications in magnon-based spintronic devices and circuits where DWs and other magnetic textures may be effectively written, reconfigured, and detected by a magnon current." [61].

Finally, the evidence of magnetic bubbles of less than 300 nm in our Bi-YIG thin films open new prospects. In this thesis, we have demonstrated that small magnetic texture can be stabilized in optimized Bismuth doped YIG thin films, having a thickness of 22 nm, without the necessary need of Dzyaloshinskii-Moriya interaction (DMI). Using Nitrogen vacancy magnetometry, we have been able to extract bubbles diameters and domains width about 260 nm: making them the smallest magnetic bubbles ever reported in a garnet, and in Bi-YIG thin film in particular. In this system, mutual interactions between spin-waves and magnetic bubbles, or current-induced motion of magnetic bubbles appear as first promising prospects.

In Chapters III, IV and V we have listed several prospects directly related to our PhD work:

The results presented in Chapter III are competitive with the international state-of-the-art. To go further, we suggest:

(1) A deeper optimization of the growth parameters, especially for thin films with 𝑡 ≠ 27 nm that already shown excellent dynamical properties. We believe that dynamical properties can be improved for films of other thicknesses for YIG//GSGG thin films. Eventually, optimizing the growth parameters of YIG//sGGG films could allow one to reduce their effective magnetization and have a finer control of the magnetic anisotropy. (2) An exploration of more thicknesses would be helpful to better understand the system and notably obtain the critical thickness. A first range of exploration could be between 𝑡 = 27 and 61 nm. (3) Use a different substrate, with a lattice parameter intermediary between sGGG and GSGG would also be interesting. In this case, perpendicularly magnetized thin films could be prepared, with a reduced risk of structural defects or deformation (that is important in the YIG//GSGG system). ( 4) Finally, the MFM study on PMA YIG thin films should be continued, to better understand the origin of the magnetic and non-magnetic lines, and the domain formation. We suggest this investigation should be done on thin films where no partial relaxation occurs.

We strongly believe that the two main results presented in Chapter IV are beneficial for the field of magnonics. We suggest some prospects for this work in the following points:

(1) Demonstrate a difference in the occupation of Y sites by Bi ions as a function of the growth temperature would help us to consolidate the current conclusion on the impact of 𝑇 𝐺 . The results have undoubtedly evidenced that, in our specific case, 𝑇 𝐺 had no influence on either the dipolar or the magneto-elastic anisotropy contributions. However, the origin of the variation of the growth-induced anisotropy contribution with the growth temperature is still unknown. (2) Investigate the 𝑇 𝐺 dependence in Bi-YIG system with other doping levels, or in other doped YIG systems, would also give numerous enlightenments over our results. This could generalize a way to control the growth-induced anisotropy. We also believe that performing the same investigations with other growth techniques could be interesting to validate our method and investigate other systems. (3) For the temperature independence of the FMR conditions, evidence the presence of a twoions like anisotropy is an important prospect. This investigation may require a simulation approach. (4) Finally, the temperature dependent measurement of the FMR may be performed on more conventional YIG//GGG thin films and also on YIG//sGGG thin films (Chapter III) which can have an effective magnetization close to zero. As already mentioned, extending the temperature measurement range to lower temperature is also required.

The highly innovative results presented in Chapter V undoubtedly open up new avenues for the study of Bi-YIG thin films. We would like to address some of the potential prospects to go further in this work:

(1) Determine the nature of the magnetic objects i.e., magnetic bubbles or skyrmions, is one of the prospects. As mentioned, this work has already been started by the evaluation of a DMI contribution without sufficient information to conclude yet on the nature of the objects. (2) Obtain the accurate value of the exchange constant (𝐴 𝑒𝑥𝑐 ) could be very beneficial, in a first place to better analyse the result of the simulations -in particular, Figure 24.

(3) Determine the relevant definition of the "𝐾" and relatedly the correct value of the domain wall energy, is of first importance to better understand our system and its hidden dynamics. (4) Further investigations should be carried out on e.g., the mutual interaction between bubbles and spin-waves or the possibility of a current-induced magnetic bubbles displacement. We believe that numerous avenues can be explored with the bubbles and bubble lattice in this rich Bi-YIG system.

titre informatif, la distance de propagation des ondes de spin dans les couches de YIG micrométriques (nanomètriques) est de l'ordre de quelques dizaines de millimètres (micromètres) [27]. Grâce aux faibles pertes magnétiques qui le caractérisent, le YIG peut donc être envisagé comme un guide d'onde par exemple dans les dispositifs magnoniques logiques [10,19].

Récemment, V.E. Demidov et al. ont mis en avant l'avantage du phénomène de couplage spin-orbite (SOT) pour le domaine de la magnonique : l'excitation, la propagation, et l'amplification des ondes de spins dans du Bi-YIG sont démontrés dans ce matériau lorsque leur anisotropie magnétique est perpendiculaire (PMA).

Dans cette thèse, nous nous sommes justement particulièrement intéressés à la réalisation et l'étude de couches minces de YIG et de YIG dopé au Bismuth (Bi-YIG), et au contrôle de leurs anisotropies magnétiques. Pour terminer cette partie introductive, nous évoquons les différentes techniques de croissances adaptées à ces grenats, puis présentons leurs structures et certaines de leurs propriétés.

Lors des dernières décennies, l'élaboration de films micrométriques de YIG de grande qualité a été réalisée par la technique d'épitaxie par phase liquide (LPE) [44]. Avec l'utilisation de ce procédé de croissance, qui assure un « contrôle supérieur sur la composition du film » d'après H. L. Glass, d'excellentes propriétés dynamiques ont été rapportées [44]. Par exemple, un paramètre d'amortissement aussi faible que 𝛼 = 5 × 10 -5 , donc très proche de la valeur du matériau massif, a été mesuré dans des films de YIG micrométriques comme indiqué par A. V. Chumak et al. [27].

Malgré cela, la difficulté apparente d'utiliser la LPE pour la réalisation de couches sub-micrométriques a participé au développement de techniques de croissance alternatives [45]. Parmi elles, nous mettons en avant la pulvérisation et l'ablation laser pulsé (PLD), des techniques expérimentales particulièrement adaptées à la croissance de couches minces de grenats de Fer. Nous citons plusieurs références concernant la croissance de films de YIG, Bi-YIG ou TmIG -grenat de Fer et de Thulium -par LPE [46][47][48][49][50], pulvérisation [51][52][53] et PLD [45,[55][56][57][58][59][60][61] et invitons les lecteurs à les consulter pour obtenir plus de détails.

Le grenat de Fer et d'Yttrium (YIG) est un isolant ferrimagnétique caractérisé par une haute température de Curie (𝑇 𝐶 ) de 𝑇 𝐶 = 560 K, un très faible amortissement magnétique, et une structure cubique complexe : sa maille unitaire contient 160 atomes. Cette dernière est représentée dans la Figure 1 ci-dessus, extraite de [32]. aimantation s'aligne préférentiellement le long des axes dit « axes faciles ». Ces derniers sont définis par les différentes énergies d'anisotropies présentes dans le système.

Les couches minces de YIG et de Bi-YIG, possèdent trois anisotropies en commun qui sont l'anisotropie : dipolaire (𝑑𝑖𝑝), magnéto-élastique (𝑀𝑂) et magnéto-cristalline (𝑀𝐶). Une anisotropie additionnelle dite induite par la croissance (𝑔𝑟𝑜𝑤𝑡ℎ) apparaît dans les couches minces de YIG substitué par exemple au Bismuth (Bi-YIG) dans le cas où la substitution est partielle i.e. pour une formule unitaire de la forme BixY3-xFe5O12 avec 0 < 𝑥 < 3. Cette dernière provient de la répartition non-aléatoire du Bi 3+ sur les sites dodécaédriques d'Y 3+ dont 6 24 ⁄ sont non-équivalents.

Les différentes énergies d'anisotropies s'écrivent : de la composition nominale : plus la substitution est importante, plus sa contribution à l'énergie du système l'est [33]. Dans ce cas, ce sont les ions (non-magnétiques) de terre rare, comme l'Yttrium, et leurs interactions qui importent. L'anisotropie uniaxiale évolue également avec la température.

𝐸
Nous notons que la constante d'anisotropie magnéto-élastique dépend, d'après notre définition, de deux termes : le coefficient magnétostrictif 𝜆 ℎ𝑘𝑙 (qui dépend du matériau, de l'épaisseur du film, et de la température), et la contrainte 𝜎. Cette contrainte peut se calculer en utilisant par exemple le modèle de déformation élastique. Dans ce cas, cette dernière s'exprime selon [8]:

𝜎 = 𝐸 2µ × ( 𝛥𝑎 2 𝑎 0 ) = 𝐸 2µ × ( 𝑎 𝑓𝑖𝑙𝑚 -𝑎 0 𝑎 0 )
avec 𝐸 = 2.055 × 10 11 J m -3 -le module de Young -et µ = 0.29 -le coefficient de Poisson -deux constantes pour les films de YIG et de Bi-YIG [7]. De plus, la contrainte dépend de deux paramètres de maille : un paramètre relaxé (𝑎 0 ) et un paramètre contraint (𝑎 𝑓𝑖𝑙𝑚 ) mesuré dans la direction 𝑧 (on considère 𝑎 𝑓𝑖𝑙𝑚 = 𝑎 𝑓𝑖𝑙𝑚,⏊ ). On comprend donc que si le paramètre de maille contraint est plus important que le paramètre relaxé (𝑎 𝑓𝑖𝑙𝑚,⏊ > 𝑎 0 ), alors la contrainte est compressive et 𝜎 > 0. Au contraire, si 𝑎 𝑓𝑖𝑙𝑚,⏊ < 𝑎 0 alors la contrainte est en tension et 𝜎 < 0.

Dans l'hypothèse d'une croissance cubique pseudomorphique, nous avons considéré :

(1) Que le paramètre de maille dans le plan est égal à celui du substrat : 𝑎 𝑓𝑖𝑙𝑚,// = 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (2) Que le paramètre de maille hors du plan est celui mesuré par rayons X : 𝑎 𝑓𝑖𝑙𝑚,⏊ = 𝑎 𝑓𝑖𝑙𝑚 Avec ces considérations, 𝑎 0 s'exprime comme suit [7] : Nous rappelons que le couplage spin-orbite est à l'origine des anisotropies magnéto-élastique et magnéto-cristalline, ainsi que du coefficient Faraday de matériau. L'augmentation de ce coefficient est favorable pour étudier et exploiter les effets magnéto-optiques dans les couches minces de Bi-YIG.

𝑎 0 = (
Ces trois (quatre) termes d'anisotropie magnétique impactent la direction de l'aimantation -dans le plan ou perpendiculaire à la surface du film -dans les couches minces de YIG (Bi-YIG). Il est donc possible de contrôler la direction de l'aimantation et la rendre perpendiculaire en modifiant une ou plusieurs contributions d'anisotropies magnétiques.

(Equation I.17)

Dans la littérature, plusieurs stratégies sont déjà adoptées en ce sens :

-réduire 𝐾 𝑑𝑖𝑝 (en réduisant 𝑀 𝑆 ) en dopant le YIG avec du Gallium [36] -augmenter 𝐾 𝑀𝑂 en modifiant la structure de la maille, par exemple après une substitution au Bismuth ou au Manganèse [28,37] -modifier 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ en ajustant la composition nominale (i.e. le niveau de dopage) [33,34] -modifier 𝐾 𝑀𝑂 et 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ en fonction du choix du substrat [38][39][40] -modifier 𝐾 𝑀𝑂 en fonction de l'orientation du substrat et donc de l'axe de croissance [9,41] -modifier 𝐾 𝑀𝑂 en jouant sur l'épaisseur du film [8,38,41] Dans cette thèse, nous apportons un nouveau niveau de contrôle fin de l'anisotropie magnétique pour des systèmes de YIG substitués au Bismuth :

-modifier 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ en ajustant la température de croissance (voir Chapitre IV) Cela constitue un résultat important de cette thèse : il est présenté en détail dans le Chapitre IV, et a permis d'obtenir d'autre résultats intéressants et importants présentés aux Chapitre IV et V. Dans un deuxième temps, nous avons réalisé les croissances de couches minces de YIG sur les substrats de sGGG et GSGG. Nous avons ciblé pour ces films une température de croissance dans la gamme 𝑇 𝐺 = 582 -586 °C, pour reproduire les conditions de croissances des films III-A1 et III-A5 -qui possèdent à la fois la rugosité la plus faible et les meilleures propriétés dynamiques. Nous soulignons également que nous n'avons pas effectué de recuits post-croissance sur les couches minces.

Chapitre II : Étudier les propriétés des couches minces : une revue des techniques expérimentales

Les différents films, nommés III-B1 à III-B10, et leurs paramètres de croissance sont présentés dans le Tableau 2 suivant : Ce résultat est corroboré par une caractérisation magnétique de FMR, résumée ci-dessous : Nous notons que les films de Bi-YIG ayant une anisotropie magnétique perpendiculaire (planaire) ont une aimantation effective qui augmente (décroît) lorsque la température (𝑇) de mesure augmente. Cependant, comme indiqué dans le tableau de la Chapitre V : Stabilisation de bulles magnétiques ayant un diamètre inférieur à 300 nm dans des films minces de Bi-YIG En effet, seuls Büttner et al. ont indiqués l'existence de bulles sub-micrométriques dans les grenats : leurs diamètres, deux fois plus importants, est de 500 nm. Les bulles magnétiques existent dans leur système dans des films de 𝑡 = 25 nm de grenat de Fer et de Thulium (TmIG) [6]. Les bulles magnétiques « apparaissent presque exclusivement sous la piste de Platine, i.e., seulement là où le courant a été appliqué » et leurs nucléations sont attribuées à un effet thermique, dû au chauffage par effet Joule après l'application d'un courant pulsé [6].

Plus récemment, Lin et al. ont étudiés des réseaux de bulles magnétiques dans du Bi-YIG//GGG (111). La composition chimique pour leur système est proche de Bi0.5Y2.5Fe5O12 et l'épaisseur du film est d'environ 𝑡 = 3 µm [8]. La forme des bulles magnétiques micrométrique est étudiée : dans leur article, les auteurs indiquent que la bulle « évolue depuis une forme circulaire vers des réseaux triangulaires et hexagonaux » en fonction du champ magnétique perpendiculaire qui est appliqué [8].

Dans notre système, nous avons étudié les conditions de stabilité des bulles magnétiques en fonction de µ 0 𝐻 𝑜𝑜𝑝 , µ 0 𝐻 𝑖𝑝 et 𝜑 𝑖𝑝 . Cette étude a été réalisée avec le MOKE : la stratégie a été de réaliser des cycles d'hystérésis en faisant varier µ 0 𝐻 𝑖𝑝 , et cela pour plusieurs valeurs de µ 0 𝐻 𝑜𝑜𝑝 et de 𝜑 𝑖𝑝 . Nous calculons les intensités relatives obtenues lors de ces mesures et reportons nos résultats sous la forme d'un cercle polaire. Plus de détails sont donnés dans le manuscrit (voir Chapitre V.B.ii).

Nous illustrons le résultat de nos mesures pour quatre valeurs de µ 0 𝐻 𝑜𝑜𝑝 , pour un champ magnétique µ 0 𝐻 𝑖𝑝 variant entre -50 et 50 mT pour tous les angles 𝜑 𝑖𝑝 par pas de 5 ° dans la Figure 15 suivante : Nous attribuons la symétrie trois observée ci-dessus à la présence et à l'impact de l'anisotropie cubique magnéto-cristalline. En effet, comme présenté précédemment, le Bi-YIG possède une structure cubique et une anisotropie magnéto-cristalline faible, généralement négligée dans les calculs, car elle est de l'ordre de 0.5 kJ m -3 . Cette anisotropie magnéto-cristalline existe le long des axes cristallographiques : soit six directions en absence de champ magnétique extérieur. Sous l'effet d'un champ magnétique perpendiculaire µ 0 𝐻 𝑜𝑜𝑝 , même faible, trois axes sur les six deviennent des directions privilégiées, créant dans notre système une symétrie trois. Nous avons expérimentalement vérifié qu'en inversant le signe de µ 0 𝐻 𝑜𝑜𝑝 , la symétrie trois est décalée de 𝜑 𝑖𝑝 = 60 °, de plus les bulles magnétiques sont toujours stables selon l'axe difficile de l'anisotropie magnéto-cristalline.

Cette hypothèse a de surcroît été étayée par les résultats de simulations micro-magnétiques. Pour ces dernières, la symétrie trois n'apparaît qu'en ajoutant dans le système l'anisotropie magnéto-cristalline en plus des autres termes présentés précédemment : Nous notons que dans le cas de couches minces avec une anisotropie magnétique perpendiculaire plus importante, l'état magnétique est le même quelque-soit l'angle 𝜑 𝑖𝑝 selon lequel est appliqué le champ magnétique µ 0 𝐻 𝑖𝑝 (voir Figure 16.c). La symétrie trois observée précédemment dans notre système disparaît : dans ces films « plus anisotropes » la contribution de l'anisotropie magnéto-crystalline est négligeable face aux autres termes. Ce résultat est également vérifié expérimentalement : la symétrie trois et les bulles ne s'observent dans des films de Bi-YIG avec PMA que lorsque µ 0 𝑀 𝑒𝑓𝑓 ≈ 0 auquel cas 𝐾 𝑒𝑓𝑓 ≈ 𝐾 𝑀𝐶 . Nous rappelons également que les bulles magnétiques sont stables selon l'axe difficile de l'anisotropie cubique magnéto-cristalline.

Enfin, nous avons évalué la présence de l'interaction Dzyaloshinskii-Moriya (DMI) dans notre système. En effet, cette interaction qui a récemment été mise en évidence également dans des grenats est un ingrédient important pour la stabilisation de textures magnétiques topologiques, notamment les skyrmions [9,10]. La présence de cette interaction dans nos couches minces de Bi-YIG pourrait expliquer les faibles diamètres des bulles magnétiques observées et stabilisées précedemment. Nous avons sondé la présence du DMI en réalisant en collaboration avec le Laboratoire de Physique des Solides (LPS) des mesures de diffusion Brillouin (BLS). Le résultat de ces mesures est représenté dans la Les résultats ont certes montré que, dans notre cas spécifique, 𝑇 𝐺 n'avait d'influence ni sur la contribution de l'anisotropie dipolaire, ni sur celle de l'anisotropie magnéto-élastique, cependant : l'origine de la variation de la contribution de l'anisotropie induite par la croissance est encore inconnue.

(2) Étudier la dépendance de 𝑇 𝐺 dans le système de Bi-YIG ayant d'autres niveaux de dopage, ou dans d'autres systèmes de YIG dopés, apporterait également beaucoup d'informations complémentaires. Cela pourrait conduire à une manière généralisée de contrôler l'anisotropie induite par la croissance. Nous pensons également qu'il serait intéressant de mener la même étude avec d'autres techniques de croissance afin de valider notre méthode. (3) En ce qui concerne l'indépendance de la température des conditions FMR, prouver la présence d'une anisotropie à deux ions est une perspective importante. Cette étude peut nécessiter une approche par simulation. (4) Enfin, les mesures de FMR en fonction de la température peuvent être effectuée sur des films minces plus conventionnels de YIG//GGG et également sur des films minces de YIG//sGGG (Chapitre III) qui peuvent avoir une aimantation effective proche de zéro. Comme nous l'avons déjà mentionné, il est également nécessaire d'étendre la plage de température de mesure FMR à des températures plus basses.

Les résultats très novateurs présentés au Chapitre V ouvrent sans aucun doute de nouvelles voies pour l'étude des couches minces Bi-YIG. Nous présentons quelques perspectives potentielles à ce travail :

(1) Déterminer la nature des objets magnétiques, c'est-à-dire bulles magnétiques ou skyrmions, est une des possibilités. Comme nous l'avons mentionné, ce travail a déjà été commencé lors de l'évaluation du DMI, sans que les informations obtenues soient suffisantes pour déterminer la nature des objets magnétiques. (2) Obtenir la valeur exacte de la constante d'échange (𝐴 𝑒𝑥𝑐ℎ ) pourrait être très bénéfique, en premier lieu pour mieux analyser le résultat des simulations -en particulier, la Figure 24.

(3) Déterminer la définition correcte du "K " et, par conséquent, obtenir l'énergie de paroi de domaine correcte, est d'une importance capitale pour mieux comprendre notre système et sa dynamique interne. (4) D'autres recherches devraient être menées, par exemple sur l'interaction mutuelle entre les bulles et les ondes de spin ou sur le déplacement des bulles magnétiques induit par un courant. Nous pensons que de nombreuses pistes peuvent être explorées avec les bulles et le réseau de bulles dans ce système très riche qu'est le Bi-YIG.
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 1 Figure 1: Representation of three different spin-waves dispersion relation associated with 𝑀 and 𝑘 orientation. The figure is extracted from Mahmoud et al. [1].
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 2 Figure 2: Representation of (a) amplitude (b) phase and (c) mixed encoding on spin-waves. The figure is extracted from [1].
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 3 Figure 3: Principe of (a) vertical and (b) horizontal racetrack memory. The figure is extracted from Parkin et al.[12] 
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 5 Figure 5: Representation of (a) the XOR gate scheme and (b) the layout including an input interface. The figure is extracted from Wang et al.[18] 
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 4 Figure 4: Illustration of (a) the classical Von-Neumann architecture and (b) logic-inmemory structures. The figure is extracted from Barla et al. [14].
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 6 Figure 6: Truth tables of the different logic gates typically used for spintronics logic-based devices.

Figure 7 :

 7 Figure 7: Three-input majority gate (a) scheme and (b) associated testing experimental device. The figure is extracted from [10].
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 8 Figure 8: Representation of a spin-waves based neuronal network with (a) the sketch of the realizable spin-waves scatterer (b) the binary state associated with each magnet of the neural network and (c) the resulting spin-waves intensity pattern after interferences. The figure is extracted from [19].
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 9 Figure 9: Representation of (a) the Bose Einstein condensate experimental probing set-up (b) the spin wave relation dispersion indicating the BEC frequency and k-wavevector and(c-d) the evidence of BEC probed by micro-Brillouin light scattering spectroscopy. The figure is extracted from[21].
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 10 Figure 10: Experimental observation of a domain-wall based spin-wave filtering with (a-f) the result of the probed SW propagation by µBLS.The figure is extracted from[22].
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 11 Figure 11: Representation of the MoTe2/h-BN/Gr heterostructure with non-volatile bi-polarity. The figure is extracted from [26].
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 12 Figure 12: Magnonics crystal based on BFO/LSMO heterostructure in which (a) the different states are written with PFM. In the periodic configuration the (b) BFO/LSMO is a magnonics crystal probed by VNA which act as a (c) frequency filter. The figure is extracted from [29].
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 13 Figure 13: Representation of the cubic structure of Yttrium Iron garnet composed of 160 atoms distributed on three distinct types of sites. The figure is extracted from [32].
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 14 Figure 14: Principle (left) and result (right) of the experiment performed by Evelt et al. [35]. Spin-wave intensity (a) decays over the 10 µm waveguide. Its propagation length is enhanced via (b) increasing current up to (c) 25 µm, yet a drop is observed for I > 2.5 mA.
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 1 Figure 1: Representation of (a) the different a, c and d type of sites, as well as (b) the spin configuration of Fe 3+ in tetrahedral or octahedral sites. The figure 1.a is extracted from Uemura et al. [1].
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 2 Figure 2: Temperature dependence of the magnetization in Yttrium Iron Garnet indicating experimental and theoretical results. The figure is extracted from [4].
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 3 Figure 3: Representation of the dipolar anisotropy origin in a thin film.
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 4 Figure 4: Representation of the (a) 2p (b) 4p and (c) 3d electronics orbitals. Source: Science Photo Library, Winter, Dr. Mark J.
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 5 Figure 5: Representation of the magnetization in the cubic structure typical of YIG unit cell.
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 6 Figure 6: Temperature dependence of the first-order magneto-crystalline anisotropy constant 𝐾 1 extracted from [14].
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 7 Figure 7: Summary of the different energy contributions and anisotropies existing in YIG system.
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 8 Figure 8: Crystallographic structure of (a) YIG and (b) Bi-YIG without (left) and with (right) interatomic bonds. The lattice parameters are indicated on top of each figure.

  For the Bi1Y2Fe5O12 thin films, we use in the following chapters a magneto-strictive coefficient of 𝜆 111 * = -4.45 × 10 -6 [29]. It is worth noting that the magneto-strictive coefficients (𝜆 111 , 𝜆 111 * ) are temperature dependent; this property has been investigated by Hansen et al. and is depicted in Figure 9 extracted from [30]:
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 9 Figure 9: Magneto-strictive coefficients for the Bix-YIG doped system (x=0 and x=1) reported by Hansen et al. for (100) and (111) planes.

  The total energy expressed by Equation I.22 is rewritten as Equation I.31:𝐸 𝑡𝑜𝑡𝑎𝑙 = 𝐸 𝑍 + 𝐸 𝑒𝑥𝑐ℎ + 𝐸 𝑀𝐶 + 𝐸 𝑈 + 𝐸 𝑑𝑖𝑝with 𝐸 𝑈 = 𝐸 𝑀𝑂 + 𝐸 𝐺𝑟𝑜𝑤𝑡ℎ as explained above. The temperature dependence of the uniaxial anisotropy constant 𝐾 𝑈 has been investigated by P. Novak for (111) Bix-YIG films[32]. Three distinct nominal Bi content: 𝑥 = 0.73, 𝑥 = 1.03 and 𝑥 = 1.44 (represented by: respectively) have been considered. The result is depicted in Figure10:
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 10 Figure 10: Temperature dependence of the uniaxial anisotropy constant for three different Bi doped YIG films grown in the (111) direction. The figure is extracted from [32].

Figure 11 :

 11 Figure 11: Effect of Ga doping of YIG on its magnetic properties, obtained experimentally by VSM and FMR. The Figure is extracted from [36]. Böttcher et al. link the reduction of the saturation magnetization to the obtained PMA and a "more isotropic" SW propagation. They also emphasize that lowering 𝑀 𝑆 is beneficial for SW devices as the exchange length 𝜆 𝑒𝑥𝑐ℎ is increased (see Equation I.8 and Figure 11). Complementary, Carmiggelt et al. characterized the isotropic spin-wave propagation in a 45 nm thick Ga:YIG film, by means of electrical spectroscopy and validated the interest of this material for SW devices [20].

Figure 12

 12 Figure 12 displays the growth of YIG thin films of various thicknesses (𝑡 𝑌𝐼𝐺 ) from 5 to 60 nm. The strain is plotted as a function of 𝑡 𝑌𝐼𝐺 for GGG and four different substrates labelled A, B, C and D.

Figure 13 :

 13 Figure13: Effect of the thickness on the PMA strength in Bi:YIG thin films grown on sGGG. This figure is extracted from[8].
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  Solid to Vapor phase change; by evaporation, sputtering or ion bombardment • (2) Transport mechanisms to the substrate; by molecular flow, thermal scattering, collisions • (3) Growth on the substrate; by condensation, nucleation, motion at the surface

Figure 1

 1 Figure 1: Insight on three different deposition technique, efficient for the growth of garnet thin films.We indicate some of the state-of-the art works in which the growth of YIG, TmIG or Bi-YIG is performed.[3]-[11] 

Figure 2 :

 2 Figure 2: Insight in a pulsed laser deposition growth chamber.

Figure 3 :

 3 Figure 3: Insight on (a) the optical path (b) the target carrousel (c) the YIG target (blue) after PLD process and (d) the laser beam path on the YIG target

Figure 5 :

 5 Figure 5: Impact of the background gas pressure on the plume properties with (a) variation of the shape and (b) of the velocity. The front position corresponds to the front plume. The figures are extracted from [27].

Figure 4 :

 4 Figure 4: Plume front position as a function of time and temperature; underlining the impact of heating on the plume velocity. The figure is extracted from [26].

Figure 6 [

 6 28].IfMarkov et al. have indicated that the processes are alike than for the growth of a bulk material, they also highlight the existence of three kind of growth morphologies for thin film growth, represented in Figure6and 7[28]:(a) 3D islands or "Volmer-Weber" growth (b) 2D layer-by-layer or "Franck-Van Der Merwe" growth (c) 2D followed by 3D or "Stranski-Krastanov" growth

Figure 6 :

 6 Figure 6: Description of the different growth kinetics at the surface of the substrate. The desorption is not represented. The figure is taken from the course of Fernando Stavale (Paris-Sorbonne University).

Figure 7 :

 7 Figure 7: Representation of the three kinds of growth. The figure is extracted from [28].

Figure 8 :

 8 Figure 8: Empyrean Panalytical diffractometer used for the XRR and XRD measurements.

Figure 9 :

 9 Figure 9: Representation of the Bragg-Brentano geometry used for the x-ray diffraction measurements.

Figure 11 :

 11 Figure 11: Result of a XRR measurement for two YIG//GGG (111) thin films grown by PLD with different deposition times.

Figure 10 :

 10 Figure 10: Sketch of the x-ray reflectivity configuration measurement at the surface of a thin film. The red arrow indicates the growth axis.

Figure 12 :

 12 Figure 12: Illustration of the x-ray diffraction principle and the Bragg condition. The interferences are (a) constructive or (b) destructive. This file is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license.

Figure 13 :

 13 Figure 13: X-ray diffraction spectra in the (444) plane of a YIG thin film grown on (111) oriented GGG. The film peak is merged with the substrate peak. The Laue fringes underline the high structural quality.

Figure 14 :

 14 Figure 14: Atomic force microscopic set-up principle. The image is taken from: https://physik.uni-greifswald.de/en/researchgroups/soft-matter-and-biophysics-prof-christiane-helm/methods/afm-atomic-force-microscope/

Figure 15 :

 15 Figure 15: Schema of the tapping mode measurement when the tip is scanning (a) a flat surface (b, c) a defect and (d) is back to a flat surface of the sample. The amplitude is represented by the grey dashed lines and the tip-sample distance by the grey arrow.

Figure 16 :

 16 Figure 16: Atomic force microscopy of a YIG film grown on GGG with (a) the properties and (b) the 3D view of the thin film topography over a 5x20 µm² surface.

Figure 17 :

 17 Figure 17: Picture of the stripe line ferromagnetic resonance set up used in the laboratory with the labelled key elements.

Figure 18 :

 18 Figure 18: Adaptation from [43] of the typical curves obtained from the ferromagnetic resonance experiment.

Figure 19 :

 19 Figure 19: Peak-to-peak linewidth as a function of fres (the two missing frequencies fres = 10 and 11 GHz have not been probed properly). The inset display the resonance peaks for fres = 9 and 12 GHz. The extracted damping after fitting is α = 1.10 -3 and the linewidth remains below 2.6 mT at 16 GHz.

Figure 20 :

 20 Figure 20: Magnetization dynamics made of (a) a precession and a damping behaviour around (b) the effective magnetic field created by the different magnetic fields displayed.

Figure 21 :

 21 Figure 21: Plot of 𝑓 𝑟𝑒𝑠 as a function of the external DC field. The measurement is made in the in-plane configuration. Using Equation II.8 to fit allow to extract: 𝑀 𝑒𝑓𝑓 = -51.3 mT for this film.

Figure 22 :

 22 Figure 22: Magnetization precession with (a) the same frequency and phase or (b) with the same frequency but different phases. The top view in the second case allows to visualize the spin-wave (the red line is a guide for the eyes) associated with a specific wavelength 𝜆 𝑆𝑊 .

Figure 23 :

 23 Figure 23: Principle of the inelastic scattering resulting in magnon creation during a BLS experiment. The figure is extracted from [34].

Figure 24 :

 24 Figure 24: Typical Brillouin light scattering spectra showing the three expected: Stokes (created magnons), laser (incident photons), and anti-Stokes (absorbed magnons) peaks. The figure is extracted from [52].

Figure 25 :

 25 Figure 25: Representation of two types of Brillouin light scattering spectroscopy: which can be either k-resolved (left) or space-resolved (right).

Figure 26 :

 26 Figure 26: Scheme of the conventional BLS set-up: the main elements cited above are labelled on the figure. This figure isextracted from[49] and has been slightly modified: we added the magnet and the notion of rotative sample.

  Figure 27.b, one can then obtain the effective DMI constant of the film.

Figure 27 :

 27 Figure 27: Data obtained from a BLS experiment showing (a) the magnon spectra with 𝑓 𝑆 and 𝑓 𝐴𝑆 for different 𝑘 𝑆𝑊 and positive (negative) magnetic field, see blue (red) line and (b) the plot of the frequency shift as a function of 𝑘 𝑆𝑊 for film of various thicknesses. Both figures are extracted from [51].

Figure 28 :

 28 Figure 28: Illustration of p-or s-polarized light during the MOKE experiment. The plane of incidence encompasses the incident and reflected light. The figure is inspired from [56].

Figure 29 :

 29 Figure 29: Illustration of the Kerr and Faraday effects occurring after the interaction of a s-polarized light and a magnetic sample. The main axis of the reflected light is deviated from the s-axis by a Kerr or Faraday angle (𝜃 𝐾 or 𝜃 𝐹 ). The figure is extracted from [58].

Figure 30 :Figure 31 :

 3031 Figure 30: Illustration of the Kerr effect in domains of opposite magnetization. The figure is extracted from https://www.klaeui-lab.physik.unimainz.de/2020/09/09/kerr-microscope/

  (a) 𝑀 ⃗⃗ // (𝑃 𝑖 ) and 𝑀 ⃗⃗ // (𝑃 𝑠 ): LONGITUDINAL (b) 𝑀 ⃗⃗ // (𝑃 𝑖 ) and 𝑀 ⃗⃗ ⊥ (𝑃 𝑠 ): POLAR (c) 𝑀 ⃗⃗ ⊥ (𝑃 𝑖 ) and 𝑀 ⃗⃗ // (𝑃 𝑠 ): TRANSVERSE

Figure 32 :

 32 Figure 32: Summary of the Kerr deviation as a function of the set-up geometry (a, b, or c) and the nature of the (p-or s-) polarized light. The figure is extracted from A. Mannan thesis [56].

Figure 33 :

 33 Figure 33: Magneto-optical Kerr effect set-up used in the laboratory. The different elements are labelled. In this case, a perpendicular magnet is used. The figure is extracted from [42].It is made of (a) a source of white (or blue) light that is (b) polarized and reaches the (c) sample placed on a top of (d) a magnet. Depending on the chosen geometry, we use either the (e) perpendicular or the (f) quadrupole (planar) magnet -for the polar and the longitudinal configuration, respectively. The reflected light is travelling back to the Kerr microscope to reach (g) an analyser that detects the polarization deviation of the light. The magnetic domains can be directly visualized thanks to (h) the optical lenses and (i) the recording CCD camera that process the signal deviation. The lateral resolution is about 300 nm at best, allowing an imaging of magnetic domains of different shapes and size. The applied magnetic field (µ 0 𝐻 𝑎𝑝𝑝 ) is usually ranging from ± 200 mT -but can be extended to ± 1000 mT if necessary, by adding polar pieces under the sample.

Figure 34 :

 34 Figure 34: Imaging of magnetic domains using the polar geometry of the MOKE (the green bar is 50 µm). We used a blue light source, and a lens x50 to image the maze-shape domains of this Bi-YIG thin film.

Figure 35 :

 35 Figure 35: MOKE measurement of a Bi-YIG thin film with perpendicular magnetic anisotropy. We used the polar configuration and a lens x50, green bar is 50 µm. The figure displays the hysteresis loop and the associated domain imaging at different µ 0 𝐻 𝑎𝑝𝑝 . From this experiment, we extract µ 0 𝐻 𝑠𝑎𝑡 = 5 mT and µ 0 𝐻 𝑐 < 1 mT.

  a) µ 0 𝐻 𝑎𝑝𝑝 = -1 mT where we can see a maze-pattern and (g) µ 0 𝐻 𝑎𝑝𝑝 = -3.4 mT with the same shape but a smaller domains density. Stages (d) and (h) represent a saturated state while (b), (c), (e) and (f) are intermediate magnetic states.

Figure 36

 36 extracted from [60]: As indicated on Figure 36.a the main elements of the NV center set-up are: an atomic force microscopy (AFM) tip, a microwave (MW) antenna and an objective that collects the PL intensity. The AFM tip is pictured in Figures 36.b and 36.c, the pictures illustrate the presence, at the edge of the AFM tip of a diamond tip containing a NV defect as the probing tip.

Figure 36 :

 36 Figure 36: Representation of the Nitrogen vacancy (NV) center with (a) the main elements of the set-up and (b,c) a zoom on the probing NV tip. The figure is extracted from [67].

Figure 37 :

 37 Figure 37: NV center probing a film using (a) a single center placed at a distance d of the magnetic film in which (b,c) magnetic domains are successfully imaged via the magnetic field variation probed by the NV tip. The figure is extracted from [61].
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  )oriented GGG substrate. Then, for an epitaxial film only two diffraction peaks should appear -around 2𝜃 = 51.083 ° and 119.19 ° according to Table 2, for the (444) and (888) planes, respectively. The entire XRD spectra with 2𝜃 ranging from 20 to 130 °, is plot in the adjacent Figure 2 for film III-A5: In this figure, we report two peaks with high intensity at 2𝜃 = 51.06 ° and 2𝜃 = 119.06 ° for theTable 2: Diffraction peak angles (2𝜃) of a GGG sample, for a scan between 17.540 ° and 132.99 °. The second column indicates the inter-reticular distance (𝑑), while the third gives the intensity (𝐼) of the diffraction peak. The bold lines correspond to the most intense peaks. The three last columns are the Miller indexes (ℎ, 𝑘, 𝑙) indicating the diffraction plane.

Figure 2 :

 2 Figure 2: Full range x-ray diffraction spectra of the YIG//GGG (111) sample labelled III-A5.

(

  444) and (888) direction (see below). The XRD spectrum is also composed of four narrower and lower intensity peaks, which are displayed in the next Figure3.In the above figure, we focus on the different diffraction peaks composing the XRD spectrum. In Figure3.a-c the peaks are located at 2𝜃 = 24.9 °, 2𝜃 = 37.86 °, 2𝜃 = 44.02 °, and 2𝜃 = 80.54 ° while their signal intensity is lower than 200 counts. Using Table2, these peaks are not expected neither from the substrate nor from the films. Their sharpness suggest however that they are substrate peaks. Their very low intensity points toward forbidden reflections present due to residual strain in the substrate. Their angular position corresponds to the (222), (333) and (666) reflections.The Figure3.d displays the diffraction GGG peak at 2𝜃 = 51.06 ° corresponding to the substrate diffraction in the (444) plane. The diffraction of the YIG film is guessed from the broadening of the GGG substrate peak, as indicated by the arrow. The presence of Laue fringes is the signature of a crystallographic quality: in particular, the film's strain is consistent over the entire film thickness. Finally, the diffraction GGG peak in the (888) plane is shown in Figure3.e for 2𝜃 = 119.06 ° while the YIG peak is also visible by the broadening of the GGG peak.

Figure 3 :

 3 Figure 3: Zoom on the different diffraction peaks of film III-A5, with (a,b,c) the peaks of lower intensity and(d,e) the two expected diffraction peaks.

Figure 6 :

 6 Figure 6: The lattice parameters of bulk YIG and the three different substrates used for the growth are found in the upper part. The lower part of the figure indicates the (increasing) mismatch between the YIG and the targeted substrate.

Figure 7 .

 7 a (Figure7.b), we plot the result of the XRR measurement for YIG thin films grown on sGGG (GSGG). Each film is associated with one colour indicated as inset in the figures. We report small variation of the 2𝜃 𝑐 angle from film to film, similarly to section A. The decay oscillation angle, however, seems more homogeneous. To have a better insight on this point, we provide in Figure 7 a zoom of the XRR signals at the highest 2𝜃 angles, more precisely between 2𝜃 = 2.25 ° and 4.25 °. For each thin films presented in the right part of Figure 7, we report 2𝜃 𝑑 > 4°.

Figure 7 :

 7 Figure 7: X-ray reflectivity measurement of YIG films grown on (a) sGGG substrate and (b) GSGG substrate. The right part of the figure shows the reflectivity signal at the highest angle of this measurement.

Figure 8 .

 8 a, one can see the XRD spectra of the different films III-B1 to III-B5, focused on a specific area ranging from 2𝜃 = 49 to 53 °. This encompasses the diffraction peaks of the sGGG (left) and YIG films (right) in the (444) plane. The sGGG diffraction peak is located at 2𝜃 = 50.559 ° as indicated by the dashed-black line. The YIG diffraction peak maximum is slightly changing, yet always found at 2𝜃 > 51 °. The grey rectangle encompasses the YIG diffraction peak of the different films as well as their Laue fringes.

Figure 8 :

 8 Figure 8: X-ray diffraction characterization of YIG films III-B1 to III-B5 with (a) the XRD spectra focused around the (444) plane and (b) the parameters calculated from the extracted YIG diffraction peak angle.

Figure 9 :

 9 Figure 9: Structural characterization of the YIG films grown on GSGG, with (a) the XRD spectra and (b) the parameters derived from it.

Figure 10 :

 10 Figure 10: Plot of µ 0 𝑀 𝑒𝑓𝑓 -extracted from FMR measurement, as a function of thickness of the YIG films.Each substrate is associated with a symbol, as displayed in the inset. The colour is specific to a single film. The impact of the strain is visible on this graph: the higher is the mismatch, the lower is µ 0 𝑀 𝑒𝑓𝑓 .

Figure 11 :

 11 Figure 11: Impact of the substrate on the magnetic anisotropy for YIG films of (a) 𝑡 1 = 20 nm and (b) 𝑡 2 = 27 nm; grown on three distinct substrates. Each substrate is associated with a symbol, similarly to the previous figure.

  grown on different substrates. We focus on two thicknesses: 𝑡 1 = 20 ± 1 nm and 𝑡 2 = 27 ± 1 nm, as displayed in Figure11.In the aboveFigure 11.a, we plot the data obtained from ferromagnetic resonance measurements for YIG films III-A6 ( ), III-B3 ( ) and III-B10 ( ). The FMR data of thin YIG films labelled III-A5 ( ), III-B1( ) and III-B6 ( ) are displayed in Figure 11.b.

Figure 12 :

 12 Figure 12: Ferromagnetic resonance characterization of YIG thin films of 27 nm, grown on sGGG and GSGG, showing the best dynamical properties with 𝛼 in the order of few 10 -4 . We also plot the thickest YIG//GSGG thin films (𝑡 = 61 nm) having PMA and a damping of 𝛼 = 2. 10 -3 .

Figure 13 :

 13 Figure 13: Peak-to-peak linewidth range for the YIG thin films grown on sGGG and GSGG. The values indicated on the arrow are extracted from the FMR characterization.

Figure 14 :

 14 Figure 14: Hysteresis loop recorded by MOKE experiment in the polar configuration for PMA YIG thin films of (a) 20 nm (b) 27 nm and (c) 61 nm grown on GSGG.

Figure 15 :

 15 Figure 15: Magnetic state imaging of a YIG sample of 20 nm with PMA, for several µ 0 𝐻 𝑎𝑝𝑝 indicated on top of each image.In the bottom right we captured the background state. The white bar is 20 µm.

Figure 17 .

 17 a, one can see the topography of the sample, which is made of several defects corresponding to the black dots observed in Figure 15. The phase shifts of the magnetic tip over the same surface are visualized in Figure 17.b by the variations of the contrast, from

Figure 16 :

 16 Figure 16: Crosslines pattern observed in YIG//GSSG thin films of 27 and 61 nm, with MOKE.The white bar corresponds to 20 µm and the black bar to 100 µm.

Figure 17 :

 17 Figure 17: Magnetic force microscopy characterization of film III-B10 with (a) the topography of the sample and (b) the associated phase indicating magnetic domains in the sample.

Figure 18 :

 18 Figure 18: Highlight of the domain formation probed by MFM technique with (a) the topography of the sample, (b) the saturation state, (c) the beginning of the nucleation process that leads to (d) domain bridges between the two lines and finally (e) the saturation state opposite to (b).

Figure 19 .

 19 c and Figure 19.d, where the remanent state as well as the magnetic state at µ 0 𝐻 𝑎𝑝𝑝 = -1.3 mT are depicted: In the Figure 19.c and 19.d, in which the contrast is inverted compared to Figure 19.a and 19.b, the magnetic domains are represented by the red colour, whereas the blue colour is associated with the domain of opposite polarization. The lighter areas are ascribed to the presence of structural dislocations.

Figure 19 :

 19 Figure 19: Result of the magnetic force microscopy imaging of the thickest sample with (a, c) the remanent state and (b, d) the magnetic state at µ 0 𝐻 𝑎𝑝𝑝 = -1.3 mT. The images (c) and (d) have inverted constrast to better visualized the domains.

  If PMA in YIG//GSGG film has been recently reported by Guo et al., Li et al., and Ding et al., it is found in films where the maximal thicknesses are 𝑡 = 10 or 𝑡 = 12 nm [11],
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Figure 1 :

 1 This measurement has been performed by (2𝜃 -𝜔) scans, for 2𝜃 angle ranging from 0.25 ° to 6 °. The above figure reports the results of XRR measurement of three Bi-YIG thin films -IV-A3, IV-A4 and IV-A5 -and each of them is associated with a colour indicated in the inset.The dashed orange line is an indicator of the average critical angle (2𝜃 𝑐 ) of the thin films, with 2𝜃 𝑐 = 0.68 °. The film-to-film variation of this angle is less than 0.02 °. This indicates that the films have almost identical densities: the composition of the thin film may not be affected by the variations of the growth temperature.

Figure 1 :

 1 Figure 1: Result of the XRR characterization of the thin films, showing a mean thickness of 22 nm with variation of 1 nm, forBi-YIG films IV-A3, A4 and A5.

Figure 2 :

 2 Figure 2: X-ray diffraction spectra of the different Bi-YIG//sGGG thin films. The dashed lines indicate the substrate diffraction peaks and the dotted line the film diffraction peak in the (888) plane.

Figure 3 :

 3 Figure 3: Focus on the XRD spectra of Bi-YIG thin film grown at (a) 𝑇 𝐺 = 405 °C (IV-A1) and (b) 𝑇 𝐺 = 475 °C (IV-A6).

Figure 4 :

 4 Figure 4: Atomic force microscopy characterization of Bi-YIG thin films (a) IV-A1 (b) IV-A2 and (c) IV-A6. We probed a surface of 25 µm² and indicated the extracted roughness on the figure.

  In the late 90's, Chern et al. have investigated the effect of the Bismuth doping on the magneto-optical properties of BixY3-xFe5O12[10]. They evidenced that the Faraday coefficient (𝜃 𝐹 ) is greatly enhanced by the substitution, and proportional to the nominal content (𝑥) of Bismuth. From their measurementsperformed at 𝜆 = 633 nm -they indicate: 𝜃 𝐹 = -1.9𝑥 deg µm -1 which is valid up to a complete doping (𝑥 = 3). This value must be compared to the Faraday rotation of undoped YIG, which is about 𝜃 𝐹 = 0.07 deg µm -1[11] (see Chapter III). The magneto-optical Kerr effect (MOKE) microscopy is then wellsuited to investigate the Bismuth doped YIG thin films.We used MOKE in the polar configuration (see Chapter II) to perform the measurements. For thin films IV-A1 to IV-A4, we obtained low saturation field with µ 0 𝐻 𝑠𝑎𝑡 ≤ 10 mT and we imaged domains with meander shapes: typical of thin films with a perpendicular magnetic anisotropy. The results are displayed more in details inFigures 5, 6, 7 and 8 below:

Figure 15

 15 Figure 15

Figure 17 Figure 5 , 6 , 7 , 8 :

 175678 Figure 17 Figure 5,6,7,8: Result of the MOKE characterization for thin film IV-A1, A2, A3 and A4 grown at 𝑇 𝐺 = 405, 420, 428 and 442 °C. The hysteresis loop is displayed on the left part of the figure. The images, on the right part of the figure, corresponds to different magnetic states, labelled in the hysteresis loop. The (white) scale bar indicated in the images is 25 µm, except for Figure 7 in which the (black) scale bar is 5 µm.

Figure 9 :

 9 Figure 9: The presence of defects in Bi-YIG thin films induces a local change of the magnetic properties. The blue scale bar is 25 µm.

Figure 11 .

 11 a). The saturation fields we obtained are µ 0 𝐻 𝑠𝑎𝑡 = 40 mT and µ 0 𝐻 𝑠𝑎𝑡 = 5 mT, in the polar and transverse mode (see Figure 11.b), respectively. This indicates the presence of in-plane magnetic anisotropy in the film IV-A6 grown at 𝑇 𝐺 = 475 °C. For films IV-A5 and IV-A6, we present the magnetic domain imaging obtained by MOKE using the in-plane contrast mode:The images displayed in Figure12.a and 12.b have been captured -for films IV-A5 and IV-A6, respectively, within the transverse configuration. The white bar on each image indicates 20 µm. One can notice that the shape of the magnetic domains greatly differs from the meanders (or stripes) shapes displayed in Figures5, 6, 7 and 8. It appears in the above Figure12that the magnetic domains have zig-zag boundaries, characteristics of thin films with in-plane magnetic anisotropy, strengthening the fact that films grown at higher temperatures have a different anisotropy.

Figure 11 :

 11 Figure 11: Result of the MOKE characterization on films IV-A6, using (a) the polar and (b) the transverse modes. The dottedpurple line is indicating the value of the saturation field.

Figure 12 :

 12 Figure 12: Magnetic domain imaging of thin films (a) IV-A5 and (b) IV-A6 in the transverse mode, by MOKE. The white bar corresponds to 20 µm.

Figure 13 :

 13 In this figure, the experimental data points -that we obtained from the FMR experiment -are symbolized by coloured circles. Each thin film is associated with a colour indicated on the top-left of the figure. The fits of the data points are displayed by the straight coloured lines.

Figure 13 :

 13 Figure 13: Plot of the resonance frequencies as a function of the resonance magnetic field. The data point, represented by coloured circles are obtained from the FMR experiment. The fits are indicated by the colouredstraight lines. The obtained µ 0 𝑀 𝑒𝑓𝑓 are reported in the inset Table3.

Figure 14 :

 14 Figure 14: Effective magnetization of the Bi-YIG thin films -obtained from fitted FMR data -, as a function of their growth temperature: the only difference between the films. The dashed black line indicates the anisotropy transition, and the orange line is a guide-for-the-eye showing a quasi-linear trend.

Figure 15 :

 15 In this figure, we indicate the µ 0 𝑀 𝑒𝑓𝑓 values reported in the literature for BixY3-xFe5O12 thin films of various thicknesses. Symbols are associated with a specific article, and colours with a Bi nominal content.For instance, Kumar et al. and Gurjar et al. investigated weakly doped Bi-YIG films with 𝑥 = 0.25 and 𝑥 = 0.1, respectively[12],[13]. Several Bi doping nominal contents have been investigated by Soumah et al. with 𝑥 = 0.7, 𝑥 = 1 and 𝑥 = 1.5 -symbolised by yellow, brown, and black hexagons, respectively[7]. The grey dotted lines delimitate the value of the effective magnetization obtained in this work, in which we investigated only Bi-YIG thin films with 𝑥 = 1.

Figure 15 :

 15 Figure15: Typical values of the effective magnetization for Bi-doped YIG thin films. We compare the result of our work with the one reported by Soumah et al.,Kumar et al. [12], and Gurjar et al.[13]. Each nominal Bi content is associated with a colour.

Figure 16 .

 16 a, whereas Figures 16.b and 16.c are obtained after removing the linear contribution.

Figure 16 :

 16 Figure 16: Result of the SQUID measurements of films (a-b) IV-A4 in the OOP configuration and (c) IV-A6 in the IP configuration. The linear contribution of the substrate visible in (a) must be removed. We then obtained figures (b) and (c), from which we obtained the value of the saturation magnetization, and saturation field.

Figure 17 :

 17 Figure 17: Temperature-dependent ferromagnetic resonance characterization of Bi-YIG thin films. The measurements have been done for temperatures ranging between 260 and 400 K. We report for these two films (a) the 𝑇-dependence of µ 0 𝑀 𝑒𝑓𝑓 and (b, c) their frequency shift between 260 and 340 K.

Figure 18 :

 18 Figure 18: Temperature dependence for Bi-YIG thin films showing variation of the effective magnetization variation with the measurement temperature.Table 6 reports the ∆𝑀 𝑒𝑓𝑓 associated with each thin films presented in the figure.

Figure 19 :

 19 Figure19: Variation of the saturation magnetization with the measurement temperature. The black dots are the data obtained from SQUID magnetometry. The temperature dependence has been fit from a formula extracted from[23].

Figure 20 :

 20 Figure 20: Temperature dependences of 𝐾 𝑈 and µ 0 𝑀 𝑆 , extracted from the FMR and SQUID magnetometry measurements.The fits were performed using the formula extracted from[19] for a fixed, and then a free n exponent.
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Figure 1 :

 1 Figure 1: Result of the magneto-optical Kerr effect characterization of a Bi-YIG thin films grown on sGGG, with (left) the OOP hysteresis loop and (right) the associated domain imaging, evidencing a wide variety of magnetic states in the sample.

Figure 2 :

 2 Figure 2: Magnetic bubble lattice state observed by polar-MOKE microscopy at different applied field coming from negative field saturation, with (a) µ 0 𝐻 𝑜𝑜𝑝 = -3 mT and (b) µ 0 𝐻 𝑜𝑜𝑝 = -2.5 mT. The white bar is 20 µm.

Figure 3 :

 3 Figure 3: Visualization of the magnetic state in the Bi-YIG thin films, at µ 0 𝐻 𝑜𝑜𝑝 = -0.5 mT. The white scale bar is 20 µm.

Figure 4 :

 4 Figure 4: Focus on several defect areas (red circles) for different out-of-plane magnetic field and more precisely (a) µ 0 𝐻 𝑜𝑜𝑝 = -3 mT (b) µ 0 𝐻 𝑜𝑜𝑝 = -2.5 mT and (c) µ 0 𝐻 𝑜𝑜𝑝 = -0.5 mT. The white scale is 20 µm.

Figure 5 .

 5 a and Figure 5.e whereas only the in-plane field value is changed by 10 mT.

Figure 5 :

 5 Figure 5: Magnetic state imaging of the Bi-YIG film for a fixed µ 0 𝐻 𝑜𝑜𝑝 = -3 mT, and a varying µ 0 𝐻 𝑖𝑝 field as indicated on the inset of the images. The different magnetic states are visualized in (a-e). The red scale is 10 µm.

Figure 6 :

 6 Figure 6: Angular dependence of the magnetic state for fixed in-plane and out-of-plane fields. We report the images acquired for a magnetic field µ 0 𝐻 𝑖𝑝 = 5 mT, applied at (a) 0 (b) 30 (c) 60 and (d) 90 degrees. The white arrows indicate the applied inplane field direction and the red bar indicates 10 µm.

Figure 7 :

 7 Figure 7: Bubble diameter and shape as a function of the bias field, for a thin film of ℎ =5.25 µm. The figure is extracted from [1].

Figure 8 ,

 8 Figure 8, extracted from[7]. In this figure, the ratio ( 2𝑟 𝑙 ) with 2𝑟 the magnetic bubble diameter (𝑑) and 𝑙 the characteristic length calculated above, are given as a function of the ratio ( 𝐻 oop𝑀 𝑆). Finally, the

Figure 8 :

 8 Figure 8: Magnetic bubble state and diameter (2𝑟) as a function of other material parameters: the thickness, characteristic length, applied field and magnetization saturation. The figure is extracted from [7].

Figure 12

 12 .a, the probed area is more than 2 × 2 µm², and we have laid out three profiles: one for each magnetic object visualized in the figure. The diameter of these different magnetic object is indicated in Figures 12.1, 12.2 and 12.3.

Figure 12 :

 12 Figure 12: Result of the NV measurement showing (a) two magnetic bubbles and one elongated bubble. The profiles of each magnetic object are reported in (1-3).

Figure

  Figure 13: Result of the MOKE measurement for (a) an in-plane hysteresis loop obtained for a fixed µ 0 𝐻 𝑜𝑜𝑝 = -1.5 mT and a fixed 𝜑 𝑖𝑝 = 0 °. The lecture of the different magnetic states can be equivalently obtained in (b) the polar plot in which the relative intensities are calculated at each field step and reported as a colour point in the circle. The colour scale bar is indicated.

  Figure 13: Result of the MOKE measurement for (a) an in-plane hysteresis loop obtained for a fixed µ 0 𝐻 𝑜𝑜𝑝 = -1.5 mT and a fixed 𝜑 𝑖𝑝 = 0 °. The lecture of the different magnetic states can be equivalently obtained in (b) the polar plot in which the relative intensities are calculated at each field step and reported as a colour point in the circle. The colour scale bar is indicated.

Figure 14 :

 14 Figure 14: Visualization of the stability conditions through polar plots. We focused on the unsaturated region of the in-plane hysteresis loop, over 360 degree and a fixed µ 0 𝐻 𝑜𝑜𝑝 value of (a) -1.5 mT (b) -2.5 mT (c) -3.5 mT and (d) -5.5 mT.

Figure 17

 17 .a, we represent the magneto-crystalline anisotropy easy axes along the (0 0 1), (0 1 0) and (1 0 0) directions with dark grey colours. In a similar way, the three complementary directions (0 0 -1), (0 -1 0) and (-1 0 0) are represented by the light grey arrows. The film grows along the (1 1 1) direction (shown by the blue arrows), and the sample crystalline structure viewed from the point of view of the MOKE is shown in Figure17.b, which underlines the three-fold symmetry of the (1 1 1)-oriented Bi-YIG system regarding the MCA.

Figure 16 :

 16 Figure 16: Polar plots obtained from the data obtained by magneto-optical Kerr effect microscopy measurement for positive out-of-plane magnetic fields. The µ 0 𝐻 𝑜𝑜𝑝 value is (a) 1.5 mT (b) 2.5 mT (c) 3.5 mT and (d) 5.5 mT. The colours are associated to relative intensities as indicated in the colour scale bar. The maximum radius of the polar plots is 50 mT.

Figure 17 :

 17 Figure 17: Representation of the cubic magneto-crystalline anisotropy axes (a) along the cube axes and (b) in a top view.

  Figure 18.a and 18.b. The polar plots are associated with two Bi-YIG thin films having a perpendicular magnetic anisotropy: the only difference rely on the strength of the PMA for each thin film, which is associated with their effective magnetization measured as µ 0 𝑀 𝑒𝑓𝑓 = -1.5 mT for Figure 18.a and µ 0 𝑀 𝑒𝑓𝑓 = -50 mT for Figure 18.b.

Figure 18 :

 18 Figure 18: Polar plots obtained for two Bi-YIG thin films, for a similar µ 0 𝐻 𝑜𝑜𝑝 value of -2.5 mT. We have reported the results for Bi-YIG thin films having (a) a weak and (b) a strong perpendicular magnetic anisotropy. The magnetic field radius is 50 mT.

Figures 19 .

 19 a and 19.b both correspond to the simulation of our Bi-YIG system -where 𝐾 𝑒𝑓𝑓 ≈ 𝐾 𝑀𝐶 -, but for opposite values of the fixed out-of-plane field and Figure19.c corresponds to the case of a film with stronger PMA -where 𝐾 𝑒𝑓𝑓 > 10𝐾 𝑀𝐶 -, as described above.We have reproduced the in-plane hysteresis loops done with MOKE, for magnetic fields ranging from µ 0 𝐻 𝑖𝑝 = -100 to 100 mT (Figure19.a and Figure 19.b) and µ 0 𝐻 𝑖𝑝 = -200 to 200 mT (Figure 19.c). The value of the in-plane magnetic field is indicated as a scale bar on the left of each figure. The simulations are realized for in-plane angle ranging from 𝜑 𝑖𝑝 = 0 to 180 °. We have performed these simulations for fixed out-of-plane field value of µ 0 𝐻 𝑜𝑜𝑝 = -3 (Figure 19.a) and 3 mT (Figure 19.b and Figure 19.c), coming from a negative out-of-plane field saturation. The resulting 𝑚 𝑧 i.e., the mean outof-plane component of the normalized magnetization, obtained through the simulations, is colourcoded in the polar plots.In Figure19.a and 19.b, one can see that the results of the simulations are in good semi-quantitative agreement with the experimental observations we have made with MOKE microscopy. The three-fold symmetry that we observed and its 𝜑 𝑖𝑝 = 60 ° shift when reversing the out-plane field are well depicted in the above figure.

Figure 19 :

 19 Figure 19: Polar plots obtained from Mumax3 simulations, using the exact parameters of our Bi-YIG system and (a) a negative and (b) a positive out-of-plane magnetic field. Changing only the strength of the uniaxial anisotropy constant result in the (c) polar plot. The z-component value of the magnetization is indicated by the colour scale. The radius of the polar plot is indicated by the left scale for each figure.

Figure 20 :

 20 Figure 20: Result of the Brillouin light scattering spectroscopy performed in a Bi-YIG thin films with magnetic bubbles. The measurement was realized at an incidence angle of (a) 10 ° (b) 20 ° (c) 30 ° (d) 40 ° and (e) 50 ° with respect to the sample plane. The peaks have been fitted or indexed, and the value are reported on each figure.

Figure 20 21 :

 2021 .c, to 𝑓 𝑆 = -7.76 GHz (𝑓 𝐴𝑆 = 7.63 GHz) when the magnetic field is µ 0 𝐻 𝑎𝑝𝑝 = 275 mT. Finally, one can note from the inset of each figure, that the shift (∆𝑓) between the Stokes and anti-Stokes frequencies are only of tens of MHz (see Figure 20.a to Figure 20.e), which is about, or below, the instrumental resolution of the BLS set-up. This prevents us to obtain a reliable value of the DMI in our Bi-YIG system. To visualize the global trend, we have nonetheless plotted the variation of the frequency shift as a function of the 𝑘-wavevector in Figure The frequency shift calculated from the fitted or indexed values of the Stokes and anti-Stokes frequencies from Figure 20 are indicated as black dotted points in Figure 21. The red solid line is a linear fit, used as guide to the eye to underline the general trend of ∆𝑓 with the increasing 𝑘-wavevector values. Please note that the resolution of the set-up is about 50 MHz.The 𝑘-wavevector values, calculated using Equation II.14, are ranging between 𝑘 = 4 and 18 µm -1 , while the frequency shift is varying from ∆𝑓 = 15 to 100 MHz. We note that the frequency shift values indicated in the above Figure20are in the same order than the ones obtained by Wang et al. for the YIG thin films[10]. For the thin film of 𝑡 = 10 nm, they reported ∆𝑓 values ranging between 50 and 150 MHz. Moreover, the frequency shift increases with the decreasing thickness of their YIG thin films, and this is related to the interfacial nature of the DMI in the YIG system.

Figure 21 :

 21 Figure 21: Variation of the frequency shift, extracted from the BLS measurement, as a function of the k-wavevector.

Figure 23 :

 23 In the above figure, we have reported the 𝑚 𝑥 , 𝑚 𝑦 and 𝑚 𝑧 components of the magnetization for the stabilized state of the system. The simulations have been initialized for different value of interfacial DMI with 𝐷 𝑖𝑛𝑑 = 0, 10 and 20 µJ m -2 for Figures 23.a, 23.b and 23.c, respectively. For 𝑚 𝑥 and 𝑚 𝑦 , the blue and red part indicates a chirality. Interestingly, one can note that even if the interfacial DMI favours a stabilization in a Néel configuration, the final state exhibits a Bloch orientation, as depicted by the 𝑚 𝑥

Figure 23 :

 23 Figure 23: Result of the micromagnetic simulation, initialized with interfacial DMI value 𝐷 𝑖𝑛𝑑 of (a) 0 µJ m -2 (b) 10 µJ m -2 and(c) 20 µJ m -2. We report the 𝑚 𝑥 , 𝑚 𝑦 and 𝑚 𝑧 state once the system is stabilized.

Figure 24 :

 24 Figure 24: Result of the micromagnetic simulations for various values of the exchange and DMI parameter. The simulations were performed considering (a) an interfacial and (b) a bulk nature of the DMI. The diameter of the relaxed magnetic texture is associated with a colour, as indicated by the colour scale bar.

Figure 1 :

 1 Figure 1 : Représentation de la structure cubique du grenat de Fer et d'Yttrium, composée de 160 atomes occupant trois types de sites distincts. La figure est extraite de [32].

  𝑑𝑖𝑝 = 𝐾 𝑑𝑖𝑝 sin²(𝜃) 𝐸 𝑀𝑂 = 𝐾 𝑀𝑂 sin ²(𝜃) 𝐸 𝑀𝐶 = 𝐾 1 (α 1 ²α 2 ² + α 1 ²α 3 ² + α 2 ²α 3 ²) + 𝐾 2 (α 1 ²α 2 ²α 3 ²) 𝐸 𝐺𝑟𝑜𝑤𝑡ℎ = 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ 𝑠𝑖𝑛²(𝜃 𝑢 ) avec 𝜃 (𝜃 𝑢 ) l'angle entre le vecteur d'aimantation et la normale au plan du film (l'axe d'anisotropie uniaxiale, dans notre cas équivalente à la normale du film). Dans le cas du YIG, l'anisotropie uniaxiale correspond à l'anisotropie magnéto-élastique. Dans le cas du Bi-YIG, l'énergie d'anisotropie uniaxiale (𝐸 𝑈 ) est définie comme la somme de deux contributions : 𝐸 𝑈 = 𝐸 𝑀𝑂 + 𝐸 𝐺𝑟𝑜𝑤𝑡ℎ = 𝐾 𝑈 sin ²(𝜃) que sont l'énergie magnéto-élastique et l'anisotropie induite par la croissance. En considérant l'énergie d'échange, ainsi que l'énergie Zeeman en présence d'un champ magnétique, l'énergie totale du système s'écrit finalement comme : 𝐸 𝑡𝑜𝑡𝑎𝑙 = 𝐸 𝑍 + 𝐸 𝑒𝑥𝑐ℎ + 𝐸 𝑀𝐶 + 𝐸 𝑈 + 𝐸 𝑑𝑖𝑝 Nous rappelons également les expressions des différentes constantes d'anisotropies magnétiques : 𝐾 𝑑𝑖𝑝 = -µ 0 𝑀 𝑆 ² 2 avec 𝑀 𝑆 = 140 kA m -1 pour le YIG et 𝑀 𝑆 = 116 kA m -1 pour du Bi-YIG dopé 1 (i.e. 𝑥 = 1) ; ℎ𝑘𝑙 avec 𝜎 la contrainte induite à l'interface entre le film et le substrat, et 𝜆 ℎ𝑘𝑙 le coefficient magnétostrictif propre au matériau. Dans le cas des couches minces, et pour des grenats déposés dans la direction (111), ce coefficient vaut 𝜆 111 = -2.4 × 10 -6 pour le YIG et 𝜆 111 = -4.45 × 10 -6 pour le Bi-YIG (dopé 1) [7,29]. Ce coefficient magnétostrictif varie avec la température. De plus : 𝐾 𝑀𝐶 ≈ 𝐾 1 avec 𝐾 1 la constante d'anisotropie au premier ordre, qui vaut 𝐾 1 = -610 J m -3 pour le YIG et qui est légèrement modifié dans le cas du Bi-YIG (dopé 1) pour lequel 𝐾 1 = -660 J m -3 . Enfin : 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ = 𝐾 𝑈 -𝐾 𝑀𝑂 la constante d'anisotropie induite par la croissance est définie comme la différence des constantes d'anisotropie uniaxiale et magnéto-élastique. Elle est nulle dans le cas du YIG, et dépend pour le Bi-YIG

  Les caractérisations structurales nous permettent de vérifier : que les films de YIG sont épitaxiés selon la direction (111) et que la rugosité des films est faible. Les films ayant la surface la moins rugueuse sont les films III-A1 et III-A5, déposés à 𝑇 𝐺 = 582 ± 2 °C. Les mesures de réflectivité nous permettent d'obtenir l'épaisseur des films III-A1 à III-A8. Les propriétés magnétiques dynamiques de ces films ont été évaluées par résonance ferromagnétique. Les résultats sont indiqués dans la Figure3suivante : Le facteur d'amortissement de Gilbert varie dans nos films entre α = 2.6 × 10 -4 et α = 1.3 × 10 -3 : pour tous les films excepté le film III-A8, les très faibles valeurs de damping témoignent de la qualité des films -d'un point de vue des propriétés dynamiques. Nous insistons sur le fait que ces résultats sont comparables, ou légèrement meilleur, que ceux de la littérature internationale. Parmi eux, trois possèdent des damping particulièrement faibles, il s'agit des films III-A1, III-A4 et III-A5. La ligne pointillée orange indique à titre de comparaison le damping le plus faible reporté dans la littérature pour une couche mince de YIG déposée par PLD sur du GGG (111) et pour lequel 𝛼 = 3.2 × 10 -4 [6]. Nous rappelons ici la formule reliant l'aimantation effective -obtenue en utilisant les formules de Kittel pour analyser nos résultats à la suite de mesures FMR -à la contribution dipolaire et uniaxiale : µ 0 𝑀 𝑒𝑓𝑓 = µ 0 𝑀 𝑆 -µ 0 𝐻 𝐾 𝑈 Dans la Figure 5.b, nous avons reporté l'aimantation effective µ 0 𝑀 𝑒𝑓𝑓 mesurée par FMR pour chaque film, cette valeur varie entre µ 0 𝑀 𝑒𝑓𝑓 = 188.5 mT et µ 0 𝑀 𝑒𝑓𝑓 = 207.9 mT. La ligne pointillée orange indique la valeur de µ 0 𝑀 𝑆 pour le YIG. Il apparaît sur la figure que pour tous les films : µ 0 𝑀 𝑒𝑓𝑓 > 0 ce qui indique une anisotropie magnétique dans le plan du film. Nous notons aussi que µ 0 𝑀 𝑒𝑓𝑓 > µ 0 𝑀 𝑆 = 176 mT. D'après les Équations I.14 et I.17, la seule façon de remplir ces deux critères est d'avoir une contrainte compressive.

Figure 3 :

 3 Figure 3 : Bilan des mesures FMR effectuées sur les échantillons de YIG//GGG (111) avec (a) le facteur d'amortissement (damping) obtenu et (b) l'aimantation effective des films III-A1 à III-A8. L'épaisseur de chaque film est indiquée sur les figures.

Tableau 2 :

 2 Paramètres de croissances des films de YIG déposés sur sGGG (films III-B1 à III-B5) et GSGG (films III-B6 à III-B10).

Figure 4 :

 4 Figure 4 : XRD des films de YIG//sGGG avec (a) le spectre XRD centré dans le plan (444) et (b) trois paramètres calculés à partir de la valeur du pic de diffraction.

Figure 5 :

 5 Figure 5 : Caractérisation structurale des films de YIG//GSGG, avec (a) le spectre centré sur (444) et (b) les paramètres calculés à partir de cette mesure.

Figure 18

 18 Figure 18

Figure 9 :

 9 Figure 9 : Imagerie des domaines magnétiques (a) IV-A5 et (b) IV-A6 dans le mode transverse. L'échelle correspond à 20 µm.

Figure 8 :

 8 Figure 8 : Cycle d'hystérésis et domaines magnétiques de IV-A1. L'échelle correspond à 25 µm.

Figure 10 :

 10 Figure 10 : Aimantation effective des films de Bi-YIG, tracée en fonction de leur seule différence : la température de croissance.

Figure 11 :

 11 Figure 11 : Dépendance en température de l'aimantation effective des films de Bi-YIG. La variation (∆𝑀 𝑒𝑓𝑓 ) entre 260 et 400 °K est indiquée dans le tableau.

Figure 11 ,

 11 les variations sont bien plus importantes pour les films IV-C1, IV-C2 et IV-C3 comparé aux films IV-A3 et IV-A6. Pour ces derniers, nous notons une variation de l'aimantation effective de 𝑑𝑀 𝑒𝑓𝑓 𝑑𝑇 = 0.04 mT/K pour IV-A3 et 𝑑𝑀 𝑒𝑓𝑓 𝑑𝑇 = -0.04 mT/K pour IV-A6. Pour expliquer cette stabilité thermique, nous avons étudié la dépendance en température des différents termes de µ 0 𝑀 𝑒𝑓𝑓 définie précédemment. Nous indiquons que les deux termes concernés varient avec la température, nous notons µ 0 𝑀 𝑆 (𝑇) et µ 0 𝐻 𝐾𝑈 (𝑇). De plus, µ 0 𝑀 𝑆 (𝑇) et 𝐾 𝑈 (𝑇) sont reliés par une loi de puissance, définie comme suit par H. Callen et E. Callen [19] : 𝐾 𝑈 (𝑇) 𝐾 𝑈 (0) = [ 𝑀 𝑆 (𝑇) 𝑀 𝑆 (0) ] 𝑛 Pour notre système la valeur théorique de l'exposant est 𝑛 = 3 : des variations de µ 0 𝑀 𝑒𝑓𝑓 avec 𝑇 sont donc attendues. Pour vérifier cette valeur nous avons mesuré indépendamment les variations de l'aimantation à saturation avec la température grâce au SQUID. Nous avons de plus extrait 𝐾 𝑈 (𝑇) des mesures de FMR en température, puis tracé 𝐾 𝑈 (𝑇) en fonction de µ 0 𝑀 𝑆 (𝑇) : Nous trouvons un exposant 𝑛 = 2 déviant de la valeur attendue. Cette valeur singulière signifie que le champ d'anisotropie uniaxiale et l'aimantation à saturation ont la même dépendance en température (voir Chapitre IV pour plus de détails). Par conséquent, les variations de l'aimantation effective avec la température sont faibles ou négligeables. L'indépendance en température de l'aimantation effective i.e., µ 0 𝑀 𝑒𝑓𝑓 (𝑇) = 0, requiert deux conditions : (1) un exposant 𝑛 = 2 entre 𝐾 𝑈 (𝑇) et µ 0 𝑀 𝑆 (𝑇) et (2) une aimantation effective proche de zéro à température ambiante. Nous avons démontré cela théoriquement (voir partie D du Chapitre IV). Nous notons que la loi de Callen et Callen est valide pour 𝑇 ≪ 𝑇 𝐶 : notre gamme de mesure entre 𝑇 = 260 et 400 K pourrait donc être au-delà du critère de « faibles températures ». Ainsi, des mesures supplémentaires à plus basses températures devraient être réalisées. Nous soulignons finalement que des preuves expérimentales de la déviation de l'exposant 𝑛 = 3 ont d'ores et déjà été reportées dans la littérature par plusieurs groupes. Cependant, un exposant 𝑛 = 2 n'a été indiqué à notre connaissance que dans le cas d'un alliage Pt-Fe : une anisotropie à deux ions avait dans ce cas été avancée pour expliquer la déviation de l'exposant vers cette valeur. Dans notre système, une anisotropie à deux ions pourrait exister à la suite de l'hybridation complexes des orbitales de Bismuth avec celles du Fer.

Figure 12 :

 12 Figure 12 : Vérification de la loi de puissance entre 𝐾 𝑈 (𝑇) et µ 0 𝑀 𝑆 (𝑇).

Figure 14

 14 Figure 14 : Observation de différentes bulles magnétiques grâce au centre NV.

Figure 15 :

 15 Figure 15 : Visualisation des conditions de stabilité. Les cercles polaires sont le résultat d'une mesure réalisée dans des conditions identiques si ce n'est pour la valeur de µ 0 𝐻 𝑜𝑜𝑝 qui vaut (a) -1.5 mT (b) -2.5 mT (c) -3.5 mT et (d) -5.5 mT.

Figure 16 :

 16 Figure 16 : Résultat des simulations Mumax3, où les paramètres exacts de notre système sont utilisés, pour un champ magnétique perpendiculaire (a) négatif et (b) positif. Pour un film avec une anisotropie perpendiculaire plus importante, nous obtenons (c).

  Figure 17 suivante : La différence de fréquence (𝛥𝑓) est calculée à partir de la valeur des fréquences Stokes et anti-Stokes obtenues par BLS. La ligne rouge souligne l'évolution linéaire de 𝛥𝑓 en fonction du vecteur d'onde 𝑘. Cette variation linéaire est théoriquement attendue, et pourrait permettre d'extraire la valeur du DMI dans nos couches minces. Cependant, vu les faibles valeurs de 𝛥𝑓 par rapport à la résolution de la BLS (50 MHz), il n'est pas possible d'extraire un paramètre 𝐷 pour nos couches minces de Bi-YIG. Si ce paramètre existe, il est dans notre cas trop faible pour être mesuré. Pour sonder différemment la présence du DMI dans notre système, nous avons réalisé des simulations micro-magnétiques supplémentaires. Les paramètres utilisés sont ceux obtenus pour nos couches minces par les différentes caractérisations. Nous avons simulé la stabilisation d'objets magnétiques de différents diamètres : pour différentes valeurs de la constante d'échange (𝐴 𝑒𝑥𝑐 ) et du paramètre DMI (𝐷) dans le cas Bloch et Néel. Ce dernier résultat important est reporté dans la Figure 18 :

Figure 17 :

 17 Figure 17 : Variation de la différence de fréquence, extraite des mesures de BLS, en fonction du vecteur d'onde k.

Figure 18 :

 18 Figure 18 : Résultat des simulations pour différents couples (𝐴 𝑒𝑥𝑐 , 𝐷) pour un DMI (a) d'interface et (b) de volume. L'échelle de couleur indique le diamètre des bulles magnétiques.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 

Table truth of the XNOR Boolean logic gate: both inputs should be identical to obtain "1" as an output.

Table 1 :

 1 Spontaneous magnetization at three different temperatures, extracted from Figure 2.

			Magnetization
		1 )	(kA m -1 )
	0	38	196
	300	27	140
	559	0	0

Table 2 :

 2 

(left) Interatomic distances reported in YIG and Bi-YIG unit cells. The doping is modifying all the interatomic distances. Table 3: (right) Summary of the different angles between neighbouring atoms. The super-exchange interaction is directly impacted by the doping (see last line).

Table 1 :

 1 Summary of the different growth parameters associated to the PLD elements. The last column gives an insight on the impact of the choice of the parameters on the growth process.

Table 3 :

 3 

Growth parameters of YIG thin films grown on sGGG (films III-B1 to III-B5), and GSGG (films III-B6 to III-B10).

Table 5 :

 5 

Magneto-elastic anisotropy constant (𝐾 𝑀𝑂 ) and field (µ 0 𝐻 𝑀𝑂 ) of YIG films grown on GSGG.

Table 7 :

 7 Comparison of the dynamical properties of the YIG films with PMA from the literature and this work.

Table 1 :

 1 

Growth parameters of the Bi-YIG thin films, labelled IV-A1 to IV-A6.

Table 2 :

 2 

Structural parameters calculated from the extracted data of the x-ray diffraction characterization. These values stand for thin films IV-A1 to IV-A6.

  Caretta et al. have reported DMI in TmIG and TbIG multilayers and concluded that DMI originated from both interfaces and was enabled by the rare-earth nature of the Tm and Tb[5]. In the same article, Caretta et al. indicated that in comparison, no DMI was obtained for Bi-YIG thin films. Finally, Wang et al. have evidenced the presence of Dzyaloshinskii-Moriya interaction in YIG thin films, by two means, one of them is the Brillouin light scattering spectroscopy[10]. With this experiment, Wang et al. have achieved the measurement of a sizable interfacial DMI in a 7 nm thin film, with 𝐷 𝑖𝑛𝑑 = -16 µJ m -2[10]. An interfacial DMI, which favours Neel domain walls can then exist in garnet thin films. We note that DMI can also be bulk type, in this case favourizing Bloch type domain walls.

Table 1 :

 1 Calculated parameter of the Bi-YIG for the standard and the experimentally obtained exchange constants.

  𝑎 𝑓𝑖𝑙𝑚 -𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ) × ( 1 -µ 1 + µ ) + 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 avec µ = 0.29 le coefficient de Poisson. Grâce aux mesures de diffraction des rayons X, il est donc possible d'obtenir les paramètres de maille nécessaires au calcul de la constante d'anisotropie magnéto-élastique. Il apparaît d'ores et déjà que la substitution de l'Yttrium par du Bismuth modifie les différents termes d'anisotropie (et en induit un quatrième). Cette substitution implique également des modifications structurales : en effet, le rayon ionique de Bi 3+ étant plus important que celui de Y 3+ , la taille et la structure de la maille se voient modifiées. Les rayons ioniques effectifs de ces éléments ont été rapportés par R. D. Shannon : 𝑟 𝑌 3+ = 1.019 Å et 𝑟 𝐵𝑖 3+ = 1.17 Å [22]. En conséquence de la modification structurale, l'angle entre les ions d'Oxygène (O 2+ ) et les ions de Fer (Fe d 3+ , Fe a 3+ ) occupant les sites 𝑑 et 𝑎 est plus important dans le cas du Bi-YIG que dans le YIG et l'interaction de super-échange est modifiée. Nous notons finalement que le Bismuth ( 𝐵𝑖 83 ) est un élément plus lourd que l'Yttrium ( 𝑌 39 ) : le couplage spin-orbite dans le Bi-YIG est donc plus important.

  Dans ce Chapitre, nous avons réalisé une revue détaillée des nombreuses techniques expérimentales utilisées au cours de ce travail de thèse. Nous invitons le lecteur à consulter le Chapitre II du manuscrit pour obtenir des informations à la fois sur les aspects techniques et physiques derrière le principe des mesures, ainsi que les notions importantes permettant d'analyser les résultats. Nous nous contentons dans ce résumé de citer les différentes techniques expérimentales utilisées.La croissance des échantillons a été exclusivement réalisée par mes soins via la technique d'ablation laser pulsé (PLD) au sein du laboratoire de l'Unité Mixte de Physique CNRS-Thales. Les paramètres de croissance ont été optimisés pour la réalisation de couches minces de YIG (Y3Fe5O12) et Bi-YIG (Bi1Y2Fe5O12) sur différents substrats présentés au Chapitre III. Les paramètres sont optimisés pour l'élaboration de couches minces d'épaisseurs variant de 𝑡 = 10 à 60 nm pour qu'elles possèdent de bonnes propriétés structurales et magnétiques.Les propriétés structurales ont été sondées avec des techniques de réflectivité et de diffraction des rayons X (XRR et XRD, respectivement). La topographie a été caractérisée avec la microscopie à force atomique (AFM). Les propriétés magnétiques statiques ont été obtenues par effet Kerr magnétooptique (MOKE) tandis que l'aimantation à saturation a été mesurée indépendamment par un dispositif supraconducteur d'interférence quantique (SQUID). Les propriétés magnétiques dynamiques ont été évaluées par résonance ferromagnétiques (FMR). Finalement, des caractérisations magnétiques complémentaires ont été réalisées par magnétomètre à centre azote lacune (NV) et par diffusion Brillouin (BLS).A l'exception des techniques de centre NV et de diffusion Brillouin, toutes les caractérisations ont été effectuées et analysées par mes soins. Grâce à ces techniques expérimentales, non seulement la qualité structurale, topographique, et magnétique des films est évaluée, mais les constantes d'anisotropie magnétiques peuvent être obtenues. Notamment, la technique des XRD nous permet de remonter à 𝐾 𝑀𝑂 et le SQUID nous permet d'obtenir 𝑀 𝑆 puis 𝐾 𝑑𝑖𝑝 . Enfin, la FMR nous donne accès à l'aimantation effective 𝑀 𝑒𝑓𝑓 , le champ d'anisotropie uniaxiale 𝐻 𝐾𝑈 (et donc 𝐾 𝑈 ), puis 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ lorsque 𝐾 𝑀𝑂 et 𝑀 𝑆 sont connus.

Remerciements

i. Structural characterization of the YIG//GGG films

To calculate the growth rate, we measured the thickness of our thin films using X-ray reflectivity (XRR). The error bar on the thickness is ± 1 nm. The result is displayed in the following Figure 1:

The XRR measurement is performed in the (2𝜃 -𝜔) mode, using small angles that range between 2𝜃 = 0.25 ° and 2𝜃 = 5 ° as indicated in the above Figure 1. We plot the intensity received by the detector as a function of the 2𝜃 angle, for thin films III-A1 to III-A8.

In Figure 1.a, the curves of the eight thin films are plotted simultaneously: we notice some variations of the critical angle (2𝜃 𝑐 ) and the oscillation decay angle (2𝜃 𝑑 ). The dashed-orange line is a guide for the eye of the average 2𝜃 𝑐 = 0.6529 °, whereas this angle varies from 2𝜃 𝑐 = 0.64 ° to 0.68 °. The oscillation decay angle, for its part, is between 2𝜃 𝑑 = 3 and 3.5 ° for III-A2, A3, A4 and A8, while we observe 2𝜃 𝑑 ≥ 4 ° for III-A6 and A7, and finally 2𝜃 𝑑 ≥ 5 ° for III-A1 and A5. There is no clear correlation between the film thickness and the decay angle. Yet, the higher the oscillation decay angle is, the lower is the roughness of the film surface or the film-substrate interface [3].

In Figure 1.b, we report the thickness (𝑡) of each film on a table: this value has been obtained after a Fourier transform of the data, using the software X'Pert Reflectivity. The thicknesses range from 𝑡 = 11 to 56 nm for films III-A3 and III-A2, respectively. This measurement allowed us to obtain the growth rate indicated in Table 1. Finally, in Figure 1.c (Figure 1.d) we highlighted the curve corresponding to We report hereafter the results for the thin film III-A4, which has one of the lowest damping we measured with 𝛼 ≅ 0.0003 ± 0.0001 (see Figure 4). A summary of the FMR measurement for YIG//GGG (111) is in a second time presented in Figure 5.

The FMR measurement has been performed in the in-plane configuration for frequencies ranging from 𝑓 𝑟𝑒𝑠 = 6 to 18 GHz. In Figure 4.a, we plot the intensity of the derivative power absorption as a function of the external applied field (µ 0 𝐻 𝑎𝑝𝑝 ) for a fixed 𝑓 𝑟𝑒𝑠 = 12 GHz. At this frequency, the resonance occurs at µ 0 𝐻 𝑟𝑒𝑠 = 345.9 mT and the peak-to-peak linewidth (µ 0 𝛥𝐻 𝑝𝑝 ) is sharp and only of 0.47 mT; these values are extracted from fits.

The same measurement is performed for various frequencies, and we plot the extracted peak-to-peak linewidth as a function of each 𝑓 𝑟𝑒𝑠 in We performed this FMR measurement and analysis for each YIG//GGG (111) previously introduced, and summarized the results in the following Figure 5: However, beside this circular area, the magnetic properties -and therefore the domain size -are homogeneous on the surface of the film. Additionally, some non-magnetic stripes can be sometimes observed in the garnet thin films, we presumedly associated them with the crystallographic axes.

For the thin films IV-A5 and IV-A6, grown at 𝑇 𝐺 = 442 and 460 °C, and with the polar-mode MOKE, we obtained higher value of the saturation fields, with µ 0 𝐻 𝑠𝑎𝑡 ≥ 40 mT. We then performed the magnetooptical characterization both in the polar and the transverse mode (see Chapter II). We report the results of these characterization in the following figures:

On Figure 10, we report the hysteresis loop of the films IV-A5 obtained with MOKE using two different configurations. The dashed blue lines are guides-for-the eye to indicate µ 0 𝐻 𝑎𝑝𝑝 = 0 mT and the half magnitude of the intensity -centred here on zero. The dotted blue lines indicate the saturation fields.

In Figure 10.a, in which the measurement has been performed in the polar configuration, the obtained hysteresis loop is asymmetrical. We note the saturation fields to be µ 0 𝐻 𝑠𝑎𝑡 = -40 mT and µ 0 𝐻 𝑠𝑎𝑡 = 60 mT, as well as an unexpected opening of the loop at µ 0 𝐻 𝑎𝑝𝑝 = 0 mT. This indicates that the magnetic properties of the film are inhomogeneous. Even if most of the thin film has in-plane anisotropy, regions with out-of-plane anisotropy are present and are most probably responsible for the field asymmetry and the abrupt step observed at zero field.

The same measurement, with magnetic field ranging from µ 0 𝐻 𝑎𝑝𝑝 = -100 to 100 mT has been performed in the transverse configuration. We report the result in Figure 10.b, with a zoom on the low fields region (µ 0 𝐻 𝑎𝑝𝑝 = -10 to 10 mT). We note the square shape of the hysteresis loop and a saturation field of µ 0 𝐻 𝑠𝑎𝑡 = 5 mT, lower than in Figure 10.a. This result demonstrates an in-plane magnetic anisotropy for film IV-A5 grown at 𝑇 𝐺 = 460 °C. to optimize, indeed we obtained µ 0 𝑀 𝑒𝑓𝑓 of hundreds of mT for Bi1-YIG//sGGG films grown at different laser energy. With the growth conditions we used, mainly optimized by L. Soumah for Bi1Y2Fe5O12//sGGG, we obtained effective values at least one order smaller than that generally reported.

In our work, we have demonstrated that once the growth parameters are optimized, effective magnetization of tens of mT can be obtained in Bi-YIG thin film. In a second time, the magnetic properties can be finely tuned by varying solely the growth temperature. More precisely, one can use 𝑇 𝐺 to change the nature of the magnetic anisotropy, for Bi-YIG thin films of similar growth conditions, thicknesses, Bi-doping content, and substrate. Ultimately, and as it is the case for thin films IV-A3, we obtained that an accurate 𝑇 𝐺 allows one to reach the compensation between the dipolar and uniaxial anisotropy terms. A feature that is of most importance for the fields of magnonics and magnonspintronics [14].

From these MOKE and FMR magnetic characterizations, we have evidenced that perpendicular magnetic anisotropy can be finely tuned by 𝑇 𝐺 , through a tuning of the uniaxial anisotropy (see next section). This finding, not reported previously, represents a precise knob to obtain the desired anisotropy in Bi-YIG thin films. We now give more details on the impact of the growth temperature on the different anisotropies terms of the Bi-YIG system.

B. Anisotropy terms and substrate growth temperature

In this section, we evaluate the different anisotropy terms to determine which ones are impacted by the variation of the growth temperature. As we introduced in Chapter I, the magnetic anisotropy in the Bi-YIG system is the result of four dominant independent contributions which are: the dipolar anisotropy, the magneto-crystalline anisotropy, the magneto-elastic anisotropy, and -in the case of doped films -the growth induced anisotropy.

i. The dipolar anisotropy in Bi-YIG thin films

We have assessed the dipolar anisotropy contribution by measuring the saturation magnetization of our Bi-YIG thin films. We used superconducting quantum interferometer device (SQUID) magnetometry to probe the Bi-YIG thin films IV-A4 and IV-A6 which have different magnetic anisotropies. Prior to the measurement, the samples are prepared to be either in the "in-plane" (IP) or the "out-of-plane" (OOP) configuration. In the "in-plane" ("out-of-plane") configuration, the plane of the sample is parallel (perpendicular) to the applied magnetic field (µ 0 𝐻 𝑎𝑝𝑝 ).

The measurement on IV-A4 and IV-A6 was performed at room temperature (𝑇 = 300 K), and samples have been saturated with µ 0 𝐻 𝑎𝑝𝑝 = 200 mT. We report the result of the characterization in the following Figure 16:

In a first place, we wanted to access the size of the magnetic bubbles in our Bi-YIG system. We have adopted two strategies to obtain this information: first, by performing a Fourier transform on the MOKE images, and second, by a direct observation through Nitrogen Vacancy center microscopy.

i. Obtaining the periods and the diameter of the magnetic bubbles

We have performed FFT on images acquired by MOKE during an in-plane hysteresis loop, for a fixed out-of-plane field of µ 0 𝐻 𝑜𝑜𝑝 = 2.5 mT and a fixed in-plane field angle of 𝜑 𝑖𝑝 = 10 degree. We present our result in the following Figure 9:

In the above figure, the magnetic state of the Bi-YIG thin films is displayed over a large surface, and the distance is indicated in the x-and y-axes. The images are acquired by MOKE during an in-plane hysteresis loop, and we reported only the magnetic state associated with µ 0 𝐻 𝑖𝑝 = -20 mT and µ 0 𝐻 𝑖𝑝 = 30 mT in Figure 9.a and 9.b, respectively. The result of the fast Fourier transform is indicated as insets in the figures.

In Figure 9.a (Figure 9.b) and with this choice of magnetic fields values and angle, we obtained a dense lattice bubble (dense number of oriented domains) as magnetic state. The fast Fourier transform results in a circle for the magnetic bubbles: as expected since these magnetic objects have no order, but a typical bubble-to-bubble distance. Interestingly, the size of circle evolved with the magnetic field: corresponding to a variation of the period. In the case of oriented worm domains, the circle disappears in favour of two diametrically opposed segments (see inset in From these FFT, we have extracted an estimated period for the different in-plane applied field. We have also investigated the 𝜑 𝑖𝑝 angular dependence of the period, our findings are summarized in the following Figure 10:

In the above figure, which results from a series of in-plane field hysteresis loop with the quadrupole magnet, we focus on magnetic field ranging from µ 0 𝐻 𝑖𝑝 = -40 to 40 mT. Out of this range, the thin film is in a magnetic saturated state. We obtained estimated period (𝑇) ranging from 𝑇 = 0.6 to 2.2 µm.

In Figure 10.a, the angle of the in-plane field corresponds to 𝜑 𝑖𝑝 = 10 °. We coloured three areas corresponding to different magnetic states: the lattice bubbles (red), isolated structures (grey) and the "stripe" domains (green). The isolated structure corresponds either to isolated bubbles or to a mixed domain-bubble state of low density. A characteristic magnetic state image and, when it is relevant, its associated FFT are displayed in inset. In Figure 10.b, the same approach is adopted for several angles ranging from 𝜑 𝑖𝑝 = 0 to 105 degrees.

One can see in Figure 10.a that the minimal period is found for high value of the in-plane magnetic field: more precisely for -40 < µ 0 𝐻 𝑖𝑝 < -20 mT and 25 < µ 0 𝐻 𝑖𝑝 < 40 mT. In these cases, the estimated period is ranging between 𝑇 = 750 to 1000 nanometers, indicating that the magnetic bubbles have a sub-micrometer diameter.

In Figure 10.b, one can notice that the trend observed for 𝜑 𝑖𝑝 = 10° is generalized to every probed angle. We note that the period can be slightly reduced to a minimal of 𝑇 ~ 600 nm for specific 𝜑 𝑖𝑝 as e.g., for 𝜑 𝑖𝑝 = 75°. Yet, this figure highlights that there is no dependence of the estimated period with the in-plane field angle, and only few variations of the period value. We remind that changing the inplane field angle has a direct impact on the magnetic state of the film (see Figure 6). We then conclude that, for comparable in-plane magnetic field, the estimated period of dense lattice bubble and aligned domains states are equivalent. We also evidenced from these extracted values of 𝑇, that the smallest magnetic bubbles must obviously have a diameter of less than 600 nm, making them one of the smallest bubbles observed in a garnet thin film. Using reasonable approximations, we can go further in the estimation of the bubble diameter. For a dense hexagonal lattice, the period T of the bubbles corresponds to an area per bubble of 𝐴 uc = √3 2 𝑇 2 . Making a second simplification, considering a bubble diameter 2r much larger than the domain wall width, the magnetization reverses over an area of 𝐴 sk = 𝜋𝑟 2 . We deduce that the z mean reduced component of the magnetization will be

√3𝑇 2 (assuming a negative polarity of the bubble). Using the measured mean magnetization, we deduce that 2𝑟 = √ √3 𝜋 (1 -〈𝑚 𝑧 〉) 𝑇 ≈ 450 nm.

To obtain another independent evaluation of the magnetic bubbles diameter in our Bi-YIG thin films, we have performed Nitrogen vacancy magnetometry measurement (see Chapter II). The resolution, using NV magnetometry, is roughly given by the height of the NV center above the film, which is a few tens of nanometers. During the measurement, there was no possibility to induce an in-plane magnetic field µ 0 𝐻 𝑖𝑝 , limiting our control of the probed magnetic state (see section A). However, the presence of a small bias-field in the set-up, allowed us to image the sample within a mixed state made of domains and bubbles (see Figure 5.c for example).

In this state, we have imaged the magnetic domains (Figure 11) and the magnetic bubbles (Figure 12) independently. The investigation on the worm-shaped magnetic domains is depicted in Figure 11:

The NV center imaging of magnetic domains is displayed in Figure 11.a, for an area of more than 𝑠 = 2 × 2 µm². In this figure, the scale is indicated in the inset, as well as the profile of the two magnetic domains. The information associated with each profile are reported in Figure 11.1 and 11.2 in which we plotted the magnetic field as a function of the position. We have indicated the domain width (𝑑 𝜔𝑖𝑑𝑡ℎ ), considering the "domain wall border -domain -domain wall border" distance (top).

In Figure 11.a, one can see that we have imaged two magnetic domains -or elongated bubbles -, that are spaced by only 𝑑 = 500 nm. The magnetic domains are surrounded by the magnetic domain wall associated with the dark grey colour. The light grey outer parts are edge effects. In fact, each colour is associated with a magnetic field value (µ 0 𝐻 𝑁𝑉 ), that is minimal in case of a magnetic domain wall: the magnetic domain itself is between these two minimums. From Figure 11.1 and 11.2, one can see that the magnetic field value is ranging from µ 0 𝐻 𝑁𝑉 = 1 mT (domain walls) to a maximum of µ 0 𝐻 𝑁𝑉 = 11 mT.

We have extracted the profiles resulting from the NV measurement -focused on the two domains visualized in Figure 11.a -over a distance of 600 nm. From these profiles, we have obtained the magnetic domain width to be of only 𝑑 𝜔𝑖𝑑𝑡ℎ = 198 and 204 nm, as indicated in The measurement has been performed over an in-plane field range of 400 mT, but we are focusing here only between µ 0 𝐻 𝑖𝑝 = -50 and 50 mT which is associated with unsaturated magnetic states.

In Figure 14.a we report the result of the MOKE measurement for µ 0 𝐻 𝑜𝑜𝑝 = -1.5 mT for every inplane field angle. Strikingly, one can notice the existence of a three-fold symmetry with respect to the in-plane field. This explains the angular dependence of the magnetic state that we experimentally obtained previously. The three lobes are spaced by 𝜑 𝑖𝑝 = 120 °, and we verified that this pattern was reproduced after positive saturation, for in-plane magnetic field going from µ 0 𝐻 𝑖𝑝 = 50 to -50 mT.

For this specific OOP field, the bubble lattice which is associated with relative intensity close to zero (red colour) is maintains from µ 0 𝐻 𝑖𝑝 = 0 to 20 mT for specifics in-plane field angles: -15 °< 𝜑 𝑖𝑝 < 15 °, 105 °< 𝜑 𝑖𝑝 < 135 ° and 225 °< 𝜑 𝑖𝑝 < 255 °. Additionally, we obtained a saturated state between µ 0 𝐻 𝑖𝑝 = -50 and -20 mT and aligned domains or mixed state for IP fields up to 0 mT.

In Figures 14.b and 14.c -in which the OOP field is µ 0 𝐻 𝑜𝑜𝑝 = -2.5 and -3.5 mT, respectively -the same three-fold symmetry is obtained and demonstrated the angular dependence of the magnetic state with 𝜑 𝑖𝑝 . We note that for µ 0 𝐻 𝑜𝑜𝑝 = -3.5 mT the magnetic state is mainly associated with magnetic bubbles -isolated or lattice. Finally, one can notice that the angular dependence disappears for stronger value of the negative out-of-plane magnetic field as the magnetization saturates (Figure 14.

d).

The polar plots presented in Figure 14 are obtained for in-plane field going from µ 0 𝐻 𝑖𝑝 = -50 to 50 mT and in-plane field ranging from 𝜑 𝑖𝑝 = 0 to 180 °. Yet, we want to accentuate that identical result are found for in-plane field coming from positive saturation, or for in-plane field angle from 𝜑 𝑖𝑝 = 180 to 360 ° as illustrated in Figure 15:

We then note that in-plane field history has no impact on the obtained polar plot, for a fixed out-ofplane field. where 𝛾 is the gyromagnetic ratio defined as

= 𝑔 × 13.996 GHz T -1 , with 𝑔 the Landé factor, considered constant with 𝑔 = 2. The other parameters are the vacuum permeability (µ 0 ), the applied magnetic field (𝐻 𝑜𝑜𝑝 ), the saturation magnetization (𝑀 𝑆 ), the film thickness (𝑡), and the effective magnetic field (𝐻 𝐾𝑒𝑓𝑓 ). For a specific system, all the above-cited parameters are constant; in our case we use the following parameters: 𝛾 2𝜋 = 28 GHz T -1 , µ 0 𝐻 𝑎𝑝𝑝 = 0.215 T, µ 0 𝑀 𝑆 = 0.146 T, 𝑡 = 22 × 10 -9 m and considered µ 0 𝐻 𝐾𝑒𝑓𝑓 = -4.3 mT, this latter value, obtained from ferromagnetic resonance is in great agreement with the one used for the MuMax simulations.

We have plotted the mean frequency (𝑓 0 ) calculated from 𝑓 𝑆 and 𝑓 𝐴𝑆 , as a function of 𝑘 and fitted our data with Equation V.5 and the indicated fixed parameters. The result is displayed in Figure 22: In the above figure, the data points are represented by black dots. The grey line was obtained using Equation V.5 (see above) for a fixed value of the exchange parameter. The blue line is the result of a fit using the same equation, but in which the exchange constant was initialized as a free parameter. The mean frequency (𝑓 0 ) is calculated from the Stokes and anti-Stokes frequencies obtained by Brillouin light scattering spectroscopy measurements, also directly readable on We reported mean frequencies ranging between 𝑓 0 = 5.78 to 7.07 GHz for wavevector going from 𝑘 = 4 to 18 µm -1 : illustrating that 𝑓 0 increases with the increasing 𝑘 value. Using Equation V.5 to perform the fits of the data, and with a free exchange parameter, we have obtained an estimated value of the 𝐴 𝑒𝑥𝑐 , as indicated in the inset of the figure, to be: 𝐴 𝑒𝑥𝑐 = 4.58 ± 1.55 pJ m -1 for our Bi-YIG system. We note that this value is more important that the ones usually reported for the YIG films, for which 𝐴 𝑒𝑥𝑐 = 3.65 pJ m -1 [13]. We have represented this case in the above Figure 22 with the grey line.

We have calculated for both exchange constant values the domain wall energy and the characteristic length, using Equation V.1 and V.2, as reported in the following Table 1: 

Conclusions and outlook

In this PhD, we used the pulsed laser deposition technique to perform the growth of ultrathin film of Yttrium Iron garnet (Y3Fe5O12) and Bismuth doped YIG (Bi1Y2Fe5O12) ferrimagnetic insulator. With respect to the promising spintronics and magnonics prospects that we pointed out in Chapter 0 (and hereafter in section B), the accomplishment of both perpendicular magnetic anisotropy and ultralow damping was targeted for both YIG and Bi-YIG films of tens of nanometers thick.

In Chapter I, we introduced the several anisotropy terms existing in the YIG and Bi-YIG system as well as the different existing strategies to achieve -via the growth process -the control of the magnetic anisotropy in garnets. We notably indicated the impact of the unit cell doping on the dipolar (𝐾 𝑑𝑖𝑝 ), magneto-elastic (𝐾 𝑀𝑂 ) and growth-induced (𝐾 𝐺𝑟𝑜𝑤𝑡ℎ ) anisotropy constants. We underlined that both the nature of the substrate and its orientation can modify 𝐾 𝐺𝑟𝑜𝑤𝑡ℎ and 𝐾 𝑀𝑂 , while the latter contribution is also impacted by the thickness of the film.

The various characterization techniques that we used are reviewed in Chapter II. The elaboration of the thin films by pulsed laser deposition (PLD) has been paired with both structural and magnetic characterizations with the ambition to investigate the magnetic anisotropy nature of the thin films. Ferromagnetic resonance (FMR) and magneto-optical Kerr effect (MOKE) have noticeably been exploited, as well as X-ray reflectivity and diffraction (XRR, XRD), atomic and magnetic force microscopy (AFM, MFM), superconducting quantum interference device (SQUID) magnetometry, Brillouin light scattering (BLS) spectroscopy and Nitrogen vacancy (NV) magnetometry.

A. Main results of this thesis

In Chapter III, we report our investigation on pure Yttrium Iron garnet thin films, for which we seek to obtain perpendicular magnetic anisotropy (PMA) in ultrathin films with thicknesses ranging from 𝑡 = 10 to 60 nm. To this end we have performed the PLD YIG films growth on three different substrates: with increasing mismatch -compared to the YIG lattice parameter -to favour a strain-induced PMA as recently reported. We address in this chapter both a substrate-dependence and a thicknessdependence of the structural and magnetic properties of the YIG thin films.

In Chapter III, we evidenced that films from 𝑡 = 11 to 56 nm were epitaxially grown on (111)oriented Gadolinium Gallium garnet (GGG) substrate. Most of the YIG//GGG thin films presented in Chapter III-A are characterized by Gilbert damping lower than 𝛼 = 6 × 10 -4 . Among them, thin films of 𝑡 = 27 and 28 nm have the best dynamical properties. For these latter, we report damping values of 𝛼 = 3.6 × 10 -4 , 𝛼 = 3.1 × 10 -4 and 𝛼 = 2.5 × 10 -4 associated with sharp peak-to-peak linewidth with µ 0 ∆𝐻 𝑝𝑝 = 0.5 ± 0.1 mT at 𝑓 𝑟𝑒𝑠 = 10 GHz. These damping values are comparable to the ones reported in the literature for YIG thin films grown by pulsed laser deposition technique by e.g., Sun et al. and Bhoi et al. [6], [18].

In the second section of Chapter III, we have investigated the effect of the strain on the properties of the YIG thin films, by growing films of various thicknesses on different substrates. We investigated thin film of thicknesses ranging from 𝑡 = 13 to 61 nm grown on both substituted-GGG (sGGG) and Gadolinium Scandium Gallium garnet (GSGG) substrates. With the structural characterization performed with XRD, we obtained that both YIG//sGGG and YIG//GSGG films have a tensile strain. The magneto-elastic anisotropy constant of the different films is ranging from 𝐾 𝑀𝑂 = 9800 to 11500 J m -3 for YIG//sGGG films, and from 𝐾 𝑀𝑂 = 15800 to 17700 J m -3 for YIG//GSGG films. The tensile strain in YIG//sGGG is however not sufficient to overcome the shape anisotropy. Yet all the Chapitre III : Rendre l'anisotropie magnétique perpendiculaire dans des couches minces de YIG Dans ce Chapitre, nous détaillons notre étude menée sur des couches minces de YIG (Y3Fe5O12) pour lesquelles nous voulions obtenir une anisotropie magnétique perpendiculaire. Pour ce faire, la stratégie adoptée a été de réaliser des croissances par PLD de films minces de YIG sur trois substrats différents ayant des paramètres de maille de moins en moins concordants avec celui du YIG. C'est donc par la variation de la contrainte épitaxiale que nous avons induit par la croissance une anisotropie magnétique perpendiculaire dans des couches minces ayant une épaisseur variant de 𝑡 = 10 à 60 nm.