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Introduction

The control of magnetism without applied magnetic fields is an emergent field of research allowing for the exploration of novel physical phenomena and the development of technological applications such as data storage devices. In 2007, the discovery of the all-optical switching by Stanciu et al. as an intriguing new possibility to switching the magnetization triggered a great interest from the scientific community. This all-optical switching consists in using ultrashort laser pulses without any other stimuli to achieve a complete and persistent reversal of the magnetization. Indeed, all-optical switching was first demonstrated in ferrimagnetic GdFeCo alloy films and was helicity-dependent, since the magnetization can be deterministically reversed using circularly polarized fs laser beam. Later, it was shown on the same material that all-optical switching is helicity-independent and achieved using a single linearly-polarized laser pulse. While the helicity-independent behavior was attributed to the distinct dynamics of Gd and FeCo sublattices, the underlying physics of the helicity-dependent behavior is heavily debated and was mainly attributed to the circular magnetic dichroism. Recent experimental investigations have shown that all-optical switching is a much more general phenomenon as it is not restricted to GdFeCo alloys. Indeed, all-optical switching was also demonstrated in a large variety of ferrimagnetic materials using fs laser beam. In contrast to GdFeCo films, the all-optical switching of these materials appears to be always helicity-dependent independently of the laser power. More recently, the pioneering experiments by Lambert et al. in 2014 showed that all-optical helicity-dependent switching is a rather general phenomenon and occurs for a wide range of ferromagnetic thin films and granular FePt films, where the theoretical models explaining the switching in GdFeCo films do not appear to apply. These findings question the uniqueness of the microscopic origin of all-optical switching.

These recent discoveries triggered an intensive debate about several aspects of the all-optical switching mechanism in ferri-and ferro-magnets. Indeed, several investigations elucidated the magnetic parameters ruling the observation of the all-optical switching, the role of heating in the switching process, and the symmetry breaking mechanism in both ferri-and ferromagnets. In this thesis, we investigated the optical response of ferrimagnetic alloys and ferromagnetic multilayers under the action of fs laser pulses and addressed mainly two key issues regarding the rich physics underlying the all-optical switching. The first issue we addressed in this thesis the magnetic parameter governing the observation of all-optical switching in both ferrimagnetic TbCo alloys and ferromagnetic Co/Ni and Co/Pt multilayers. The second key issue we addressed is the uniqueness of the all-optical switching mechanism in both ferriand ferro-magnets. This manuscript is divided into four chapters. The first chapter consists in a state of the art of both experimental and theoretical investigations of the all-optical switching. The second chapter presents the experimental tools used in this thesis to fabricate the studied samples and to perform the all-optical switching experiments. The third chapter focuses on the comprehensive investigation of the magnetic parameters ruling the observation of all-optical switching in both ferri-and ferro-magnets. In the fourth chapter, we investigate the all-optical switching in Hall cross devices via the anomalous Hall effect. We distinguished between two types of all-optical switching mechanisms: a single pulse switching for ferrimagnetic GdFeCo alloys as previously reported in literature, and a cumulative two regimes switching process for both ferrimagnetic TbCo alloys and ferromagnetic Co/Pt multilayers.

Chapter 1

All-optical magnetization switching

Introduction

The manipulation of magnetism without magnetic fields has triggered great interest as an emergent field of research, due to the prospect of exploring novel physical mechanisms and impacting many technological applications such as low-power electronics, magnetic recording and spintronic devices. Promising physical mechanism of magnetization consists in tuning of magnetic properties using an electric field as discovered in the last decade [1,2,3], and the spin transfer torque switching arising from several mechanisms namely the direct momentum transfer [4,5,6], the spin-orbit interaction [7,8] or the spin-Seebeck effect [9,10,11]. Nevertheless, an intriguing new possibility to switch the magnetization was discovered in the last decade, and consists in using ultrashort laser pulses without any other stimuli. This so-called "all-optical magnetization switching" was initially demonstrated in GdFeCo alloy films [12], and later in a variety of ferrimagnets and ferromagnets. After almost 10 years of experiments and theoretical studies, the underlying physics of the all-optical switching is still under debate. Therefore, this first chapter consists in a state of the art of the experimental and theoretical investigations of the all-optical switching, leading to an ongoing heavy debate on its microscopic origin. First, we present in section 1.1 the first experiments and microscopic modeling for the laser-induced ultrafast magnetization dynamics. Second, we report in section 1.2 on the discovery of the ultrafast all-optical magnetization switching in GdFeCo alloys. Third, we present in section 1.3 the extensive material-dependent investigation of all-optical switching demonstrating that the latter is a more general phenomenon. Finally, we discuss in section 1.4 different studies reported in the literature discussing the symmetry breaking mechanism, and the role of the laser heating and the orientation conservation in the achievement of all-optical switching.

Phenomenology of laser-induced ultrafast magnetization dynamics 1.2.1 Observation of ultrafast laser-induced demagnetization

The investigation of physical phenomena in metals using ultrashort lasers became possible thanks to the emergence of ultrafast optics in the eighties. Indeed, metals are first excited using a picosecond (ps) or femtosecond (fs) "pump" laser pulse, and later a delayed "probe" laser pulse strikes the metal. By measuring the reflection of the probe pulse, the laser-induced change in the magnetization is quantified as a function of delay time. In the early nineties, this "pump-probe" measurement did not show any laser-induced magnetization dynamics [13] or was not resolved due to the limited temporal resolution of the experiment [14]. Nevertheless, Beaurepaire et al. [15] performed in 1996 the first measurement on the laser-induced magnetization dynamics with a sub-picosecond temporal resolution. Using pump-probe experiment, Chapter 1. All-optical magnetization switching the magnetization of a Ni film under the action of a 60 fs laser pulse is measured as a function of delay time. As shown in figure 1.1, the magnetization drops during the first ps and partially recovers within 15 ps. This behavior was qualitatively explained by a three-temperature model [15]. However, the microscopic origin of this ultrafast demagnetization was unknown and is still under debate. This pioneering measurement paved the way for the field of ultrafast magnetization dynamics, which triggered a great interest from the scientific community. It has also introduced further physical phenomena, namely the laser-induced generation of spin currents [16,17,18] and the laser-induced terahertz (THz) emission [19].

Modeling of the ultrafast magnetization dynamics

To explain the ultrafast magnetization dynamics, many theoretical models focus mainly on the thermalization of spins via the absorption of the laser pulse by the electronic system [20] and highlight the major role of laser heating in the demagnetization process [21,22]. In the following we will discuss the different models proposed in the literature.

Phenomenological three-temperature model

The ultrafast demagnetization initially demonstrated in Ni films was first attributed to the energy transfer from the laser-excited electrons to the spin system [15]. To elucidate the demagnetization process, a simple model was proposed by Beaurepaire et al. [15] called the "three-temperature model" (3TM). This phenomenological model is based on the interactions between three different systems, namely the electrons, the lattice and the spins. Each system is a reservoir for energy. By taking into account the spin system, the 3TM is an extension of the two-temperature model (2TM) describing the energy transferred from the laser-excited electrons only to the lattice [23].

Electrons Lattice

Spins τ es τ sl τ el first absorbed by the electrons bath, then heat is transferred between the three-coupled reservoirs. τ ij is the time constant associated with the interaction between reservoirs i and j. Figure adapted from [24].

As illustrated in figure 1.2, the absorption of a laser pulse by electrons leads to a heat transfer between three-coupled reservoirs. Each of these coupled reservoirs has then its own temperature and heat capacity. Taking into account the energy balance, the temporal evolution of the temperature in each reservoir can be expressed by the following coupled equations:

C e (T e ) dT e dt = -G el (T e -T l ) -G es (T e -T s ) + P(t)

C s (T s ) dT s dt = -G es (T s -T e ) -G sl (T s -T l ) (1.2)

C l (T l ) dT l dt = -G el (T l -T e ) -G sl (T l -T s ) (1.3)
Where G ij is the interaction constant between the reservoirs i and j. C i and T i are heat capacity and temperature of the reservoir i, respectively. P(t) is the laser source term applying only to the electron term, since the initial laser-heating occurs only in the electrons reservoir.

The spin temperature is thus related to the magnetization through the measurement of M as function of temperature. The numerical solutions of the three-coupled equations are demonstrated in figure 1.3. The electron and spin temperature dynamics are in good agreement with the experimental data [15]. As shown in figure 1. 3, T e increases rapidly and separately within the first 500 fs. This rapid increase is attributed to the thermalization of electrons due to electron-electron interaction [25]. This thermalization is followed by an increase of T s and T l via electron-spin and electron-phonon interactions, respectively. T s increases more rapidly than T l since C l is much larger than C s . The increase of the spin temperature corresponds to the ultrafast demagnetization shown in figure 1.1. Since G el is much larger than G ls , the thermalized electrons relax their energy to the lattice due the electron-phonons interaction, while the spin reservoir remains hot. Once T s becomes higher than T e , the spin temperature decreases slowly, which corresponds to the remagnetization shown in figure 1. 1. The relaxation rates associated with the interaction between the reservoirs have also been measured. Indeed, the electron-lattice relaxation rate is of the order of few ps. The spinlattice relaxation rate is of the order of 100 ps, whereas the spin-electron relaxation rate is shown to be of the order of 100 fs [26].

Atomistic spin dynamics

The magnetization dynamics is usually modeled using the macrospin approximation, which assumes that the magnetization in a ferromagnet is spatially uniform, meaning that all atomic spins point in the same direction. Using the macrospin approximation, the magnetization dynamics in a ferromagnet under an external applied field H app is governed by the Landau-Lifshitz-Gilbert equation (LLG) [27,28], which is expressed as follows:

d ⃗ M dt = -γµ 0 ⃗ M × ⃗ H app + α M ⃗ M × d ⃗ M dt (1.4)
where γ is the gyromagnetic ratio, µ 0 is the permeability constant, and α the Gilbert damping constant. The first term corresponds to the field torque leading to a processional motion of magnetization around the applied magnetic field. The second term is the phenomenological damping term, leading to the damped oscillations of magnetization until it gets aligned with the applied field. The period of the damped oscillations is of the order of 100 ps, whereas the relaxation rate is of the order of a few ns and is determined by the Gilbert damping constant.

The LLG equation cannot be used to model the laser-induced magnetization dynamics, since it does not allow calculating the change in the amplitude of magnetization which is induced by an ultrashort laser pulse. To model the ultrafast magnetization dynamics in a metallic magnet, the LLG equation can be used to describe the spin dynamics of many atomistic spins instead of one single macrospin. As shown by Skubic et al. [29], this atomistic spin approach is based on a Born-Oppenheimer like approximation for the spin system, considering that atomistic spins are slow variables and the electrons as being very fast. Hence, the electronic dynamics will respond almost instantaneously to the pulse excitation.

A first difference from the LLG in equation (1.4) is that individual spins are coupled to their nearest neighbors via the exchange interaction. The contribution of the exchange interaction to the effective field experienced by the atomic spin "i" in a material is expressed as follows:

⃗ H exi = ∑ j J ij ⃗ m j (1.5)
where j denotes to the atomic index of the nearest neighbors of the atomic spin i and m j is the atomic moment of the atomic spin j. Moreover, another major difference from the LLG equation is a thermal stochastic field which is added to the effective field. This random field is a Gaussian stochastic process and is experienced by the individual atomic spins, leading to a random motion of the atomic moments ⃗ m i . The amplitude of the thermal fields is calculated based on the so-called fluctuation-dissipation theorem [30]. By assuming that the spins are strongly coupled to the electrons than to the phonons bath, the amplitude of the thermal field H th is given by:

H th = √ k B T e γm s α (1.6)
where T e is the electronic temperature, m s the atomic magnetic moment and k B Boltzmann's constant. The laser-induced rise of the electronic temperature T e depicted in figure 1.3 leads to a large increase of the random fields' amplitude, thus creating a disordered spin system. The macroscopic magnetization measured by the pump-probe experiment is reduced. Furthermore, these atomistic spin calculations show that the demagnetization takes place within 100 fs for Ni [31] and 150 fs for Fe [29]. A further advantage of the atomistic spin approach is the fact that it can be applied to a large variety of magnetic systems such as ferrimagnetic alloys [32,33]. However, the microscopic origin of the ultrafast demagnetization cannot be investigated with the atomistic spin calculations, since the conservation of the angular momentum is not taken into account in such approach.

Landau-Lifshitz-Bloch equation

Another approach derived from the atomistic spins stochastic dynamics is the Landau-Lifshitz-Bloch (LLB) equation, which combines the LLG equation at low temperatures and the Bloch equation at high temperatures. In the LLB equation, the exchange interaction is treated within the mean-field approximation (MFA) [34] leading to the following equation of motion for a macrospin M:

d ⃗ M dt = γ 0 [ ⃗ M × ⃗ H eff + α || M ( ⃗ M. ⃗ H eff ) ⃗ M - α ⊥ M ⃗ M × ⃗ M × ⃗ H eff ] (1.7)
where γ 0 is the Larmor precession frequency, and H eff is the effective field including the exchange interaction. α || and α ⊥ are the longitudinal and transverse damping parameters defined for temperatures T lower than the Curie temperature as follows:

α || = α 2T 3T c (1.8) α ⊥ = α [ 1 - T 3T c ] (1.9)
For T > T c , the longitudinal and transverse damping parameters are identical. The transverse damping α ⊥ results from the transverse relaxation of the individual spins. Contrary to the LLG equation, the amplitude of M in the LLB equation is not conserved, and the results are in Chapter 1. All-optical magnetization switching good agreement with the experimental observations. The LLB equation has several advantages over the atomistic spin approach, such as the fast computational time and the calculation on micrometer size systems. However, LLB equation applies less to complex magnetic systems such as ferro-and ferri-magnetic alloys.

1.3 All-optical switching in GdFeCo thin films

Experimental demonstration of all-optical switching in GdFeCo alloy films

A fascinating outcome of the experimental investigations on the ultrafast magnetization dynamics in magnetic systems is the demonstration of the all-optical switching (AOS) of magnetization using femtosecond laser pulses. Indeed, Stanciu et al. showed in 2007 that the magnetization in a ferrimagnetic Gd 22 Fe 74.6 Co 3.4 alloy film could be deterministically reversed using circularly polarized laser pulses and without any external applied field [12]. The direction of magnetization is given by the right-or left-circular polarization of the pulses. Later, it was demonstrated by Radu et al. [32] that the magnetization in Gd 25 Fe 65.6 Co 9.4 alloy film could be also reversed using a single linearly polarized fs laser pulse. In this section we will introduce the pioneering experimental observations of the all-optical switching in GdFeCo alloy films.

Multiple-pulse and single-pulse helicity-dependent switching

In 2007, the first observation of AOS using circularly polarized light was demonstrated on a 30 nm-thick Gd 22 Fe 74.6 Co 3.4 alloy film with perpendicular magnetic anisotropy (PMA). The sample is first placed under the Faraday microscope. As shown in figure 1.4(a), the domains with magnetization "up" and "down" could be observed as white and black regions, respectively. The sample is then excited using a Ti: sapphire laser with a repetition rate of 1 kHz, a wavelength of 800 nm and a pulse duration of 40 fs. The Gaussian fs laser beam illuminates the sample perpendicularly to the film plane, and is swept at a high speed across the sample so that each pulse landed at a different spot. Figure 1.4(b) shows that σ+ (resp. σpulses switch the magnetization in the black (resp. white) domain, without affecting the magnetization of the white (resp. black) domain. This reversal with circularly polarized light is called alloptical helicity-dependent switching (AO-HDS). The region exposed to linearly polarized light is turned into small domains randomly oriented up or down. Moreover, figure 1.4(b) shows that a demagnetized area is located to the right of the scanned region, at the point where the laser beam was turned off. The central area of the remaining spots at the end of each scan line consists of small magnetic domains, where the ratio of up to down magnetic domains is close to 1. Figure is adapted from [12].

In order to investigate this behavior, the laser beam with the three different polarizations was focused onto a domain wall as depicted in figure 1.5. The gray area observed in the center of the laser beam has an intermediate contrast. This area consists of small domains randomly oriented up and down by each excitation, which are due to the strong heating above T c in the central part of the Gaussian beam [12]. The effect of the helicity appears only on the perimeter of the gray area, as a white (resp. black) rim is observed with σ+ (resp. σ-) circularly polarized beam. However, a gray rim is observed with the linearly polarized beam indicating that only multiple domains are obtained, as shown in figure 1. 5. By strongly decreasing the laser power, a complete helicity-dependent reversal of magnetization is obtained in the laser-excited area without causing overheating and demagnetization [12]. In the same study, Stanciu et al. were also able to achieve AO-HDS using a single 40 fs circularly polarized laser pulse. 

L 150 µm

Single-pulse helicity-independent switching

In 2011, Radu et al. revealed for the first time a striking feature of all-optical switching in GdFeCo alloy films [32]. Indeed, they demonstrated that the magnetization of a 30 nm-thick Gd 25 Fe 65.6 Co 9.4 alloy film can be reversed using a single linearly polarized pulse. This all-optical helicity-independent switching (AO-HIS) was achieved within 12 ps timescale and measured by probing the two sublattices (Gd and FeCo) of the investigated GdFeCo alloy using X-ray magnetic circular dichroism technique (XMCD) [35,36]. Furthermore, such single-pulse and helicity-independent switching was also demonstrated on a 20 nm-thick Gd 24 Fe 66.6 Co 9.4 film with an out-of-plane (OOP) magnetization by Ostler et al. [33]. As shown in figure 1.6, the studied GdFeCo continuous film is illuminated with a sequence of 5 consecutive 100-fs laser pulses with linear polarization. Independently of the initial saturation, the magnetization in the laser-excited area switches completely with the first pulse, whereas the second pulse switches magnetization back to the initial state. Every pulse thereafter induces a complete reversal. Moreover, this single-shot AO-HIS was fully reproduced by the atomistic spin calculations introduced in section 1.2.2 [32,33]. The AO-HIS was also verified in patterned GdFeCo structures [33] in order to verify that such behavior is not driven by stray fields or domain walls motion as demonstrated in previous studies [37]. As shown in figure 1.7, the response of arrays of Gd 25 Fe 65.6 Co 9.4 disks to the action of consecutive pulses was investigated. The studied disks have a diameter of 2 µm and are therefore much smaller than the laser spot size (30 x 100 µm). The distance between the disks is as large as their diameter, leading to a negligible dipolar interaction between them.

The magnetization reversal was measured with photoemission electron microscopy (PEEM) which employs the XMCD effect. Figure 1.7(a) shows that the magnetization of both disks is completely reversed due to the action of single linearly polarized pulse. Every pulse thereafter induces a complete magnetization reversal. The same behavior was obtained on GdFeCo patterned disks with in-plane (IP) anisotropy, as shown in figure 1.7(b). These findings undoubtedly show that the AO-HIS is deterministic and is not induced by stray fields [33]. 

Unification of helicity-dependent and heat-only switching

The observation of both AO-HDS and AO-HIS in GdFeCo films raised a number of questions about the underlying microscopic physics of these two aspects of all-optical switching. In this section, we will present the theoretical and experimental investigations reported in the literature on the microscopic origin of all-optical switching in ferrimagnetic GdFeCo alloys.

Transient ferromagnetic-like state

As mentioned in section 1.3.1, the first measurement of the magnetization switching in GdFeCo alloy films with single fs-pulses was performed using XMCD technique [32]. In the ferrimagnetic GdFeCo alloy, the net magnetizations of the transition metal (TM) "FeCo" and the rare-earth (RE) "Gd" sublattices are antiferromagnetically exchange coupled. Hence, the XMCD serves as an element-specific probe of spins in both sublattices. Figure 1.8 shows the evolution of the XMCD signals at Fe and Gd edges due to the action of a single linearly-polarized fs-pulse [32]. The net magnetizations of Gd and Fe sublattices vanish rapidly and rebuilt their magnetic moments at two different timescale. Indeed, the Fe component demagnetizes faster than the Gd one. Moreover, the Fe sublattice is found to switch within 300 fs, whereas the Gd reversal time is much slower and equals 1.5 ps. Due to the different spin dynamics of Fe and Gd, a transient ferromagnetic-like state characterized by a temporary alignment of the net Gd and Fe moments is observed despite their antiferromagnetic coupling. Calculations based on the atomistic spin approach reproduced qualitatively the timescales for the demagnetization of each sublattice and the transient ferromagnetic-like state. More importantly, no transverse moment is observed during the reversal [32], thus indicating that the switching of the sublattice magnetizations occurs via the mechanism of linear reversal [38].

To conclude, AO-HIS in GdFeCo films is pure thermal and ultrafast. Moreover, its microscopic origin is attributed to distinct dynamics of Gd and FeCo sublattice, leading to the measured transient ferromagnetic-like state.

Role of magnetic circular dichroism

In regards to the AO-HDS in GdFeCo alloy films, it was demonstrated by Khorsand et al. [39] that the effect of the helicity using single fs laser pulses occurs only in a narrow window of fluence. As shown in figure 1.9, AO-HDS takes place only for laser fluence F LC < F < F RC , where F LC and F RC denote for the switching threshold for left-circularly and right-circularly polarized pulses, respectively. Moreover, AO-HIS occurs for fluences higher than F RC [39]. The window of the AO-HDS is thus defined as:

∆ = F RC -F LC 1 2 (F RC + F LC ) (1.10)
In order to determine the microscopic origin of such window, the relative absorption of σ+ and σwas calculated:

MCD = A LC -A RC A LC (1.11)
where A LC , A RC and A LP denote the total absorption of light with σ-, σ+ and π polarization, respectively. Hence, it was shown that the window ∆ corresponds to MCD for wavelengths ranging from 500 nm to 800 nm. More details on this experimental investigation are given in section 1.5.2. These findings show that magnetic circular dichroism (MCD) plays major role in the helicity-dependent reversal, indicating that laser-heating is behind the symmetry breaking for both AO-HDS and AO-HIS in GdFeCo alloys. This thermal origin is in agreement with simulations describing the longitudinal relaxation of multisublattice magnets, and demonstrating that the exchange interaction between the two sublattices under nonequilibrium conditions favors the sublattices reversal [40].

F LC F RC LC LP RC
Fluence (mJ/cm 2 ) P σ Figure 1.9: Switching probability P σ as a function of the fluence at λ = 700 nm for three different polarizations. The measurements with RC and LC pulses were performed at a different time than the ones with LP pulses, and therefore the laser stability ϵ was different. Shown in the inset are the switching probabilities in case of zero (solid) and nonzero (dashed) laser fluctuations. F LC and F RC denote the switching threshold of GdFeCo for LC and RC excitation pulses, respectively. Figure is adapted from [39].

Novel materials for all-optical helicity-dependent switching

For a long time, all-optical switching has been extensively studied in GdFeCo alloy films. However, recent experimental investigations have shown that all-optical switching is a much more general phenomenon, since it is not restricted only to GdFeCo films. In this section, we will present the extensive material-dependent study reported in the literature showing that the all-optical switching can be observed in a variety of ferrimagnetic as well as ferromagnetic materials.

Ferrimagnetic materials

Recently it has been shown that all-optical switching is observed in a wide range of ferrimagnetic materials, namely RE-TM alloys with others RE [41,42,43,44], RE/TM multilayers [43], RE-free synthetic ferrimagnets [43] and artificial zero moment magnets [45]. In order to investigate the optical response of these classes of ferrimagnets, the 100-fs laser beam with the three different polarizations is swept over the sample, thus the analog experiment performed on GdFeCo alloys by Stanciu et al. [12].

Ferrimagnetic alloys and multilayers

Mangin et al. [43] investigated a large range of RE-TM alloys, with RE = Gd, Tb, Dy and Ho and TM = Fe, Co or Fe-Co, in order to study the influence of the RE type and concentration on the observation of AO-HDS. The net magnetization of such RE-TM alloys (M) is given by the sum Chapter 1. All-optical magnetization switching of the magnetization of the RE (M RE ) and TM (M TM ) sublattices. Hence, the net magnetization at a given temperature can be equal to zero at given RE concentration x comp . For larger (resp. lower) RE concentration, M is pointing along M RE (resp. M TM ) and the net magnetization will be named "RE dominant" (resp. "TM dominant"). Moreover, RE-TM alloys show a magnetic compensation temperature (T comp ) at which the two collinear sublattice magnetizations M RE and M TM compensate. The studied ferrimagnetic alloys exhibit a wide range of magnetic parameters such as the exchange coupling, the spin-orbit interaction, the magnetization and the compensation temperature [46,47]. For instance, the spin-orbit coupling of Gd-based alloys is supposed to be small due to the zero net orbital momentum of Gd, resulting in a low magneto-crystalline anisotropy. At the opposite of the zero net orbital momentum of Gd, the orbital momentum in Tb, Dy and Ho is large, thus leading to a stronger spin-orbit coupling and larger magnetic anisotropy. This difference in the spin-orbit coupling (SOC) between Gd and the other RE is reported to be at the origin of different ultrafast demagnetization processes induced by ultrashort laser pulses [48].

Four types of RE-TM alloys have been studied by Mangin et al. [43], namely 25 nm-thick Gd x FeCo 1-x , Tb x Co 1-x and Ho x FeCo 1-x . All samples were grown on a Glass/Ta(4 nm) substrate, and were capped with a Ta(4 nm) layer to prevent sample oxidation. Most of the studied samples show strong PMA. Gd x FeCo 1-x alloys showed in-plane remanent magnetization for x < 22% and x > 28% due to the low magneto-crystalline anisotropy. The response for each of these samples to the action of circular polarized beam is probed with a Faraday microscope. Therefore, figure 1.10 shows the response to optical excitation of the studied RE-TM alloys as a function the RE concentration x [43]. As shown in figure 1.10, AO-HDS is observed for all of the studied ferrimagnetic alloys independently of the RE element, but only for a narrow window of RE concentrations around 25%. Such behavior has also been reported in other studies [41,42], indicating that this is a general response for RE-TM alloys. More importantly, figure 1.10 shows clearly that AO-HDS is observed only when T comp is near or above room temperature (RT), indicating that heating across T comp favors the observation of AO-HDS in RE-TM alloys [41,43]. Mangin et al. extended these studies to RE-TM multilayers, in order to investigate the role of the atomic ordering and thus the exchange coupling between the RE and TM sublattice on AO-HDS [43]. For instance, it was demonstrated that the ultrafast demagnetization can be quite different in alloys compared with multilayers, as shown in a comparison between FeNi alloy [49] and Fe/Ni multilayers [50]. The systems studied by Mangin et al. [43] are [RE(t 1 )/TM(t 2 )] N , where N is the number of repeats and were grown by DC sputtering on Glass/Ta(4 nm) substrate and capped with Ta(4 nm). The total thickness of the multilayers was kept constant at 25 nm to be comparable to the RE-TM alloy films. The RE-TM ratio is kept constant while growing different structures starting from a homogeneous isotropic amorphous alloy to RE-TM multilayers [43]. To keep a constant thickness and RE-TM ratio, the sample heterogeneity in RE-TM multilayers is tuned by increasing the layer thicknesses and reducing the number of repetition. In RE-TM multilayers, the magnetization of the RE layers M RE is antiferromagnetically coupled to the one of the TM layers M TM . Moreover, a T comp can also defined in RE-TM multilayers from the sign change of the Kerr signal and the divergence of the coercivity [43].

a b L L σ- σ+ σ+ σ-
For the studied [Tb/Co] and [Ho/CoFe] multilayers, the PMA is strong even for 3 nm-thick RE layers, whereas for [Gd/Co] multilayers, the PMA becomes weak and the magnetization lies in-plane once t Gd exceeds 1 nm. Figure 1.11 shows the response to optical excitation of three different samples with the same RE-TM ratio and total thickness, namely Tb 26 Co 74 (25 nm) alloy, [Tb(0.3 nm)/Co(0.3 nm)] 42 and [Tb(2.5 nm)/Co(2.5nm)] 5 multilayers. AO-HDS is observed on these three samples, indicating that AO-HDS is not limited to alloys. As shown in figure 1.10, AO-HDS is observed in RE-TM multilayers only for a narrow range of composition, which corresponds to T comp near or above RT. For instance, figure 1.12 shows that [Co(0.8 nm)/Tb(0.4 nm) 21 sample with a T comp below RT shows thermal demagnetization. To conclude, the investigation of the optical response for RE-TM systems highlights the role of the PMA and the antiferromagnetic coupling between non-equivalent sublattices in the observation of AO-HDS Chapter 1. All-optical magnetization switching [43]. These requirements have been proposed by Kimel as rules to achieve the all-optical magnetization switching [51]. 

GdFeCo

IP IP

Rare earth-free synthetic ferrimagnetic heterostructures

Furthermore, Mangin et al. [43] investigated the occurrence of AO-HDS in RE-free synthetic ferrimagnetic heterostructures (SFI), since they exhibit magnetic characteristics similar to the ones of RE-TM alloys and multilayers. Indeed, SFI exhibit PMA and consist of two distinct and antiferromagnetically coupled magnetic sublattices. Moreover, the two sublattices have different temperature dependences and show a T comp near or above RT, as depicted in figure 1.13 (a). In this context, Mangin et al. [43] synthesized Co/Ir multilayers based SFI, since Co/Ir multilayers possess PMA and a strong antiferromagnetic interlayer coupling [52]. In order to maximize the antiferromagnetic coupling between ferromagnetic layers, the Ir layer thickness was 0.4 nm. The optical response of [Co(1 nm)/Ir/Co(0.8 nm)] N antiferromagnetically coupled structures was first studied [43]. This structure does not exhibit AO-HDS. This was attributed to the fact that this structure does not exhibit T comp , since the 1 nm-thick Co layer has both a higher moment and a higher Curie temperature T c than the 0.8 nm-thick layer [43]. Hence, the 0. This structure exhibits PMA and a strong antiferromagnetic exchange coupling. As shown in figure 1.13, T comp equals 380 K and AO-HDS is observed.

Artificial zero moment magnets

The AO-HDS ability was also investigated in another class of ferrimagnetic materials called "artificial zero moment magnet" by Schubert et al. [45]. Such artificial zero moment magnets consist of two ferrimagnetic alloy layers designed to yield a zero remanent net magnetization at RT via an antiparallel interfacial exchange coupling of the dominant moments. Indeed, the studied artificial zero moment magnet is made of Tb 36 Fe 64 and Tb 19 Fe 81 alloys layers. Moreover, single Tb 36 Fe 64 and Tb 19 Fe 81 layers are Tb and Fe dominated, respectively. Both of these single layers show thermal demagnetization under the action of fs circularly polarized beam, which is in agreement with other studies [42,43]. Contrary to this, the studied Tb 36 Fe 64 /Tb 19 Fe 81 bilayer exhibits AO-HDS as depicted in figure 1.14. This was attributed to the zero remanence of the bilayer, leading to vanishing demagnetizing fields. This finding provides evidence that the ability for AO-HDS is correlated to the remanent sample magnetization and thus to the difference in magnetic moment of RE and TM sublattices [45], indicating that the low remanence is a criterion for the observation of AO-HDS [44].
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Ferromagnetic materials

Since the discovery of the all-optical magnetization switching in GdFeCo alloy films by Stanciu et al. in 2007 [12], efforts have been made to identify the microscopic origin of AOS in ferrimagnets [12,32,33,41,42,43,45,51] without reaching a consensus. Another key issue regarding the material-dependence of all-optical switching is whether the AO-HDS is specific to ferrimagnets or is a general process and can also be observed in the ferromagnetic materials. In 2014 the pioneering experiments by Lambert et al. [53] show that AO-HDS is a rather general phenomenon and occurs for a wide range of ferromagnetic thin films as well as granular FePt films. As depicted in figure 1.15(a), a thermal demagnetization (TD)is observed for N = 8. The scanned region by the laser is filled with small disordered stripe subdomains minimizing the dipolar energy [53,54]. A rim is observed at the edge of the scanned area with a magnetic orientation opposite to the background. This rim is stabilized by dipolar fields from the surrounding film.

Ferromagnetic films

For N = 5, a TD is also observed as depicted in figure 1.15(b). Moreover, the average size of the subdomains in the scanned region gets larger. This increase of the equilibrium domain size is attributed to the reduction of the film thickness [54]. While for N = 3, a pure AO-HDS is observed as depicted in figure 1.15(c). The multiple domains created with the linear polarization are much larger for N = 3, in accord with the small dipolar energy gain by domain formation [53]. Furthermore, AO-HDS is also observed for N = 3 with a laser spot kept at a fixed position, as shown in figure 1. 15(d). The effect of the helicity appears only on a rim of a demagnetized area. By decreasing the laser power, the demagnetized area disappears and a complete AO-HDS of the laser-excited area is obtained.

The AO-HDS was also observed in a large variety of ferromagnetic materials classes including Co/Pd, Co 1-x Ni x /Pd and Co/Ni multilayers [53]. In a similar manner to Co/Pt multilayers, the transition from AO-HDS to TD in these ferromagnetic materials takes place by increasing the number of repeats, which was attributed to the demagnetizing field increase. However, the pioneering experiments by Lambert et al. did not include the response to single fs laser pulses. Hence, the microscopic mechanism governing the all-optical switching in these ferromagnets

is not yet understood. 

Granular media

Furthermore, Lambert et al. explored the response of high anisotropy granular FePt films to the action of fs laser beam in combination with applied magnetic fields. These granular films are considered as a potential material for heat assisted magnetic recording (HAMR) media and are expected as the next generation of magnetic recording media [55,[START_REF] Kryder | Heat Assisted Magnetic Recording Proc. IEEE[END_REF]. The media investigated by Lambert et al. are FePtAgC and FePtC granular films which form high anisotropy FePt grains separation by C grain boundaries. The room temperature magnetic anisotropy and coercive fields are 7 T and 3.5 T, respectively. The average grain size is 9.7 nm and 7.7 nm for the FePtAgC and FePtC, respectively. Figure 1.16 shows the optical response of the FePtAgC granular film which is initially in a random magnetic state with equal up or down [53]. The randomly magnetized sample appears grey, since the grain size is smaller than the resolution of the Faraday microscope. As shown in figure 1.16(a), the fs laser beam is swept over the sample with the three different polarizations and without any applied fields. There is a clear net magnetization achieved that depends on the helicity of the circularly polarized light, while no change is observed with linear polarization. This clearly demonstrates that a percentage of the film is controlled by the polarization of the light, which is estimated to 80-90% by comparing the contrast to the saturated film [53]. The lack of saturation was attributed to at least two effects. The first effect is that AO-HDS is only affecting a subset of grains, whereas the second effect is that the magnetic grains are highly thermally activated [53]. The AO-HDS is also observed with a laser kept at a fixed position as depicted in figure 1. 16(b). In a similar manner to Co/Pt multilayers, the helicity-dependence occurs only in a rim of the optimum intensity. Furthermore, Lambert et al. quantified the role of the thermal activation on AO-HDS, by applying an external magnetic while the sample is illuminated by the polarized light. It was shown that a modest applied field of 70 mT is sufficient to suppress the effects of the helicity, indicating that the laser is heating the sample near T c [53]. 

Any general mechanism for all-optical switching ?

While AOS in ferrimagnetic GdFeCo alloys might be helicity-dependent and helicity-independent, the material study performed by Mangin et al. [43] showed that AOS in a large variety of ferrimagnetic systems is only helicity-dependent. Moreover, the experiments by Lambert et al. [53] demonstrate that AOS is not restricted to ferrimagnetic materials, and thus the antiferromagnetic coupling between two non-equivalent sublattices is not required. These observations triggered huge interest from the scientific community, and raised the questions whether there is a general mechanism for AOS in both ferri-and ferro-magnets and what are the parameters limiting the achievement of AOS in these material classes ? In this section, we will discuss the experimental and theoretical studies reported in the literature investigating the underlying physics of AOS in ferrimagnets. Hence, we will discuss the temperature influence on AOS in ferrimagnets, the possible origins of the symmetry breaking, and the material-related criteria for the observation of AOS.

Temperature influence on the AO-HDS of ferrimagnets

It was mentioned in section 1.2 that the fs-pulsed laser heating plays an important role in the demagnetization process [21,22], which was qualitatively explained by the three-temperature 1.5. Any general mechanism for all-optical switching ?

21 model [15]. Hence, the temperature of the interacting reservoirs is also expected to play a crucial role in the AOS process. Different approaches to investigate the temperature influence on AOS in ferrimagnets have been explored in previous studies [44,[START_REF] Hohlfeld | Athermal all-optical femtosecond magnetization reversal in GdFeCo[END_REF][START_REF] Alebrand | Interplay of heating and helicity in all-optical magnetization switching[END_REF].

Heat-induced reestablishment of all-optical switching

A first approach consists in heating the sample with a resistor or by tuning the pulse repetition rate to reestablish the AOS ability in ferrimagnetic films, as demonstrated by Hassdenteufel et al. [44]. Indeed, they investigated the optical response of a 16 nm-thick Tb 34 Fe 66 alloy film to the action of 100 fs-laser beam. The temperature influence is studied either by increasing the repetition rate υ from 10 kHz to 250 kHz, or by externally increasing the sample temperature by a heatable sample holder via Joule heating. Indeed, a pure thermal demagnetization is observed for υ = 10 kHz at room temperature, as depicted in figures 1.17(d)-1.17(f). However, AO-HDS is reestablished by increasing the repetition rate from 10 kHz to 250 kHz at RT, as shown in figures 1.17(a)-1.17(c). Moreover, AO-HDS is also reestablished gradually for υ = 10 kHz by increasing the sample temperature up to 370 K. In both cases, the reestablishment of AOS was attributed to the heat-induced reduction of the remanence and the coercivity [44]. 

Heat-induced switching fluence threshold shift

A second approach consists in investigating the shift of the AO-HDS fluence threshold by direct laser pulse heating of the sample or by externally cooling the sample using a cryostat. Indeed, [START_REF] Hohlfeld | Athermal all-optical femtosecond magnetization reversal in GdFeCo[END_REF].

In this context, Alebrand et al. performed an intriguing experiment on a Gd 24 Fe 66.5 Co 9.5 alloy film, which is called "σ-π experiment" [START_REF] Alebrand | Interplay of heating and helicity in all-optical magnetization switching[END_REF]. In the σ-π experiment, the pulse inducing the AO-HDS is split in one circularly (σ) and one linearly (π) polarized pulse [START_REF] Alebrand | Interplay of heating and helicity in all-optical magnetization switching[END_REF]. The σ pulse is used to transfer the helicity information, while the π pulse heats the sample. First, the switching fluence threshold with only σ pulse for a repetition rate υ = 5.2 kHz is determined F min = 3.43 mJ/cm 2 . In the σ-π experiment, the σ pulse is used with a fluence F σ = 3.31 mJ/cm 2 < F min , and is spatially and temporally overlapped with a heating π pulse with a fluence F π = 1.93 mJ/cm 2 .

Hence, figure 1. 18 Results of the σ-π switching experiment, performed by varying the delay between the σ and the π pulse in both directions (measured at υ r = 5.2 kHz). Negative delays indicate that the π pulse arrives before the σ pulse, and positive delays vice versa. Occurrence of switching 1(0) means yes(no). We used F π = 1.93 mJ/cm 2 and F σ = 3.31 mJ/cm 2 , which is lower than the threshold fluence for one-pulse switching (F min = 3.43 mJ/cm 2 ). The pulses had a FWHM of 100 fs, as sketched in the graph. Figure adapted from [START_REF] Alebrand | Interplay of heating and helicity in all-optical magnetization switching[END_REF].

Possible origins of the symmetry breaking for AO-HDS

One of the most challenging issues in the topic of AO-HDS is the origin of the symmetry breaking. Several origins have been proposed in the literature during the past decade, and can be divided into two categories, i) pure thermal origins such as the magnetic circular dichroism [39] and the distinct sublattices dynamics [32], and ii) non-thermal origin such as the inverse Faraday effect [START_REF] Vahaplar | All-optical magnetization reversal by circularly polarized laser pulses: Experiment and multiscale modeling[END_REF] and the transfer of angular momentum of light [43]. In this section we discuss the models reported in the literature which investigate the symmetry breaking mechanism in ferri-and ferro-magnets.

Inverse Faraday effect

Discovered by Michael Faraday in 1845, the Faraday effect consists in the rotation of the plane of polarization of an electromagnetic wave when interacting with a magnetized media. The Faraday effect results from the circular birefringence, which is the optical property of a material having different refractive indices for left-and right-circularly polarized light. Indeed, the two circular polarizations propagate at two different velocities, resulting in a phase shift called Faraday rotation. A reciprocal relationship was demonstrated between the Faraday rotation and the induction of a magnetization in a nonabsorbing material when illuminated by circularly polarized laser beam [START_REF] Van Der Ziel | Optically-induced magnetization resulting from the inverse Faraday effect[END_REF][START_REF] Pershan | Theoretical discussion of the inverse Faraday effect, Raman scattering, and related phenomena[END_REF][START_REF] Pitaevskii | Electric forces in a transparent dispersive medium[END_REF]. Hence, the circularly polarized pulses act on the magnetization as an effective magnetic field with a direction determined by the circular polarization. This effect is called the inverse Faraday effect (IFE).

The phenomenological expression of the effective field is expressed as follows:

H IFE (t, r) = ϵ 0 χ [E(t, r) × E * (t, r)] (1.12)
where H IFE is the effective opto-magnetic field, large ϵ 0 is the vacuum permittivity and large χ is the magneto-optical susceptibility. E(t,r) and E * (t,r) are the electric field of the light wave and its complex conjugate, respectively. In an isotropic media, H IFE is directed along the wavevector of the light and reverses its orientation when the helicity of the light is reversed. In 2005, a pioneering experiment by Kimel et al. demonstrated for the first time the ultrafast and non-thermal effect light in magnetic media [START_REF] Kimel | Ultrafast non-thermal control of magnetization by instantaneous photomagnetic pulses[END_REF]. Indeed, they showed that circularly Chapter 1. All-optical magnetization switching polarized fs laser pulses can be used to non-thermally excite and coherently control the spin dynamics in a DyFeO 3 sample by the way of the IFE [START_REF] Kimel | Ultrafast non-thermal control of magnetization by instantaneous photomagnetic pulses[END_REF]. Figure 1.19 shows that two different processes of the Faraday rotation start on the scale of 60 ps after excitation after excitation with a pump pulse. The helicity of the pump light controls the sign of the Faraday rotation, and thus the photo-induced magnetization. In the following years, the IFE has received much attention from the scientific community. Hence, theoretical work by Vahaplar et al. demonstrated that the IFE is a prominent candidate to explain the symmetry breaking in GdFeCo alloy films [START_REF] Vahaplar | All-optical magnetization reversal by circularly polarized laser pulses: Experiment and multiscale modeling[END_REF] (see figure 1.20). Vahaplar et al. solved the Landau-Lifschitz-Bloch (LLB) equation within the macrospin approximation by including the opto-magnetic field H IFE [START_REF] Vahaplar | All-optical magnetization reversal by circularly polarized laser pulses: Experiment and multiscale modeling[END_REF]. By assuming the Gaussian profile of the intensity of the laser beam in space, H IFE was introduced as:

⃗ H IFE = σ 2χF cτ f(t)e ( -r 2 2r0 2 ) ⃗ n (1.13)
where c is the speed of light, n is the unit vector in the direction of the wavevector of light 1.5. Any general mechanism for all-optical switching ? 25 and r 0 characterizes the Gaussian spot size. The coefficient s gives the degree of circular polarization and is equal to ± 1 for a right-(σ+), left-handed (σ-) circularly polarized light and equal to 0 for a linearly polarized (π), respectively. F is the laser pulse fluence and τ is the pulse duration (FWHM). Hence, the amplitude of the electric field E 0 can be estimated as :

|E 0 | 2 = cϵ 0 τ 2F .
The time-dependent function f (t) and the space-dependent Gaussian function describe the temporal and spatial profiles of the effective field, respectively [START_REF] Vahaplar | All-optical magnetization reversal by circularly polarized laser pulses: Experiment and multiscale modeling[END_REF].

Experimental investigations by Vahaplar et al. shown in figures 1.20(a) and 1.20(b) demonstrate that the AO-HDS in Gd 24 Fe 66.5 Co 9.5 alloy films is a two-fold action, which consists of ultrafast laser-induced heating (1 ps) followed by a helicity-dependent relaxation to the equilibrium state (few tens of ps) [START_REF] Vahaplar | All-optical magnetization reversal by circularly polarized laser pulses: Experiment and multiscale modeling[END_REF]. In order to investigate the role of the IFE in this process, Vahaplar et al. performed the multimacrospin LLB calculations taking into account the opto-magnetic field H IFE . Figure 1.20(c) shows the calculated distributions of the magnetization at various time delays for two opposite H IFE , whereas figure 1.20(d) shows the calculated time evolution of the z component of the magnetization in the center of the magnetic element shown in figure 1.20(c). One can see that the calculations reproduce the experimentally observed twofold AO-HDS. The circularly polarized laser pulse acts as an effective magnetic field of the amplitude up to 20 T. Therefore, the symmetry breaking in ferrimagnetic GdFeCo alloy films is attributed to the ultrafast IFE [START_REF] Vahaplar | All-optical magnetization reversal by circularly polarized laser pulses: Experiment and multiscale modeling[END_REF]. In a more recent theoretical work, Cornelissen et al. showed that the IFE can explain the AO-HDS also in ferromagnetic Co/Pt multilayers [START_REF] Cornelissen | Microscopic model for all optical switching in ferromagnets[END_REF]. They demonstrated that due to the strong SOC in Co/Pt multilayers, the minimal lifetime of IFE needed to obtain switching is of the order of 0.1 ps. These calculations demonstrated a direct single-pulse AO-HDS in Co/Pt multilayers via the IFE, although it is unknown whether a single pulse switching of Co/Pt multilayers can be experimentally observed.

Magnetic circular dichroism

Even if the IFE represents a prominent model to describe the AO-HDS in ferrimagnetic GdFeCo alloys, the experimental study by Khorsand et al. showed that the magnetic circular dichroism (MCD) can quantitatively explain the AO-HDS [39]. As mentioned in section 1.3.2, it was shown the effect of the helicity using single fs laser pulses occurs only in a narrow window of fluence ∆. In order to understand the origin of this window, Khorsand et al. compared the spectral dependence of ∆, the effective opto-magnetic field B eff and the relative absorption of σ+ and σ-MCD. Figure 1.21 (a) shows that the calculated B eff has a strong wavelength dependence, while the measured switching window ∆ and MCD are almost constant in this spectral range. Moreover, figure 1.22 (b) shows that AO-HDS depends on the amount of energy absorbed by the magnetic system independently of the wavelength. Indeed, the effective switching threshold F * σ (λ) = F σ (λ)A σ (λ), i.e., the actual absorbed energy density in the GdFeCo layer at which switching occurs, is independent of the polarization σ and the wavelength λ (see section 1.3.2). These findings unambiguously demonstrate that the symmetry breaking in GdFeCo alloys originates from the MCD [39]. 

Angular momentum transfer

In addition to the IFE and the MCD, the direct transfer of angular momentum (AM) of light has been proposed in literature to be involved in the AO-HDS process [43]. Two types of AM of light can be distinguished, namely the spin angular momentum (SAM) and the orbital angular momentum (OAM) which are the components of AM of light associated with its polarization and wavefront, respectively. In the case of any Laguerre-Gaussian mode, the light has no helical wavefront thus leading to a zero OAM. Hence, the OAM of the Gaussian laser beam used in the AOS experiments is zero. The SAM of a single photon in the case of a Laguerre-Gaussian mode is very small. Indeed, Beth made the first observation of the SAM of light [START_REF] Beth | Mechanical detection and measurement of the angular momentum of light[END_REF]. In his experiment, a half-wave plate was suspended by a fine quartz fiber. A beam light is circularly polarized by a fixed quarter-wave plate. The beam light passed then through the half-wave plate which transformed righthanded circularly polarized light into left-handed circularly polarized light and transferred 2 h of spin angular momentum for each photon to the birefringent plate. This measured torque is an agreement in sign and magnitude with that predicted by both wave and quantum theories of light. Therefore, the ratio of the angular momentum of N photons in the beam is J = ± N h, as depicted in figure 1.22 for a single photon.

L R J z = + h J z = -h

Orientation conservation

Other key issues regarding the topic of AO-HDS are the material-dependent parameters ruling the observation of the switching for both ferri-and ferro-magnetic materials. Concerning ferrimagnetic materials, experimental investigations on ferrimagnets with a magnetic thickness t 20 nm suggested that a T comp near or above RT is a necessary condition to observe AO-HDS [41,42,43]. Kimel proposed the PMA and the antiferromagnetic coupling between nonequivalent sublattices as rules for the observation of AO-HDS [51]. Furthermore, Hassdenteufel et al. demonstrated that the low remanence (M R < 220 kA/m) of 16 nm-thick ferrimagnets is a criterion for the observation of AO-HDS [44], as depicted in figure 1. 23.

In a more recent study, Hebler et al. showed that this low remanence criterion applies to ferrimagnetic TbFe alloys with a magnetic thickness ranging from 5 nm to 85 nm [START_REF] Hebler | Ferrimagnetic Tb-Fe alloy thin films: Composition and thickness dependence of magnetic properties and alloptical switching Front[END_REF]. Nevertheless, this low remanence criterion cannot apply to ferromagnets. As mentioned in section 1.4.2, Co/Pt multilayers with a high remanence (M R > 1400 kA/m) exhibit AO-HDS if their thickness is strongly scaled down to 2.4 nm which was attributed to the reduction of stray fields [53]. Therefore, the existence of a material-dependent parameter ruling the observation of AO-HDS and being common for both ferro-and ferri-magnets is still unclear.

Chapter 

Outlines of the thesis

The experimental investigations presented in this thesis address several key issues regarding the all-optical switching mechanism in ferri-and ferro-magnets. First, we will introduce in chapter 2 the experimental tools used in this thesis to fabricate and characterize the studied samples and to perform the all-optical switching experiments. Hereafter, chapter 3 focuses on the comprehensive investigation of the magnetic parameters ruling the observation of AO-HDS in ferrimagnetic alloys and ferromagnetic multilayers for a wide range of compositions and thicknesses. By taking into account the demagnetizing energy and the domain wall energy, the magnetic domain size is shown to be a relevant criterion for the observation of AO-HDS in both ferri-and ferro-magnets. Such criterion is confirmed by experimentally investigating the optical response of light-ion irradiated ferromagnets. In chapter 4, we introduce a novel approach combining both optics and spintronics, which consists in the investigation 1.6. Outlines of the thesis 29 of AO-HDS in Hall cross devices via the anomalous Hall effect. We distinguish between two types of all-optical switching mechanism, namely a single pulse switching for ferrimagnetic GdFeCo alloys as previously reported in chapter 1, and a two regimes switching process for both ferrimagnetic TbCo alloys and ferromagnetic Co/Pt multilayers. The newly demonstrated two regimes process consists of a helicity-independent multiple-domain formation, which is followed by a helicity-dependent remagnetization attributed to a helicity-dependent domain wall motion.

Chapter 2

Experimental tools and samples

Introduction

In this second chapter, we introduce the main experimental techniques used in this thesis for the sample elaboration and the study of all-optical magnetization switching. First, we report in section 2.2 on the sputtering technique used to elaborate the studied ferri-and ferro-magnetic samples, and on the light-ion irradiation method enabling to tune the magnetic anisotropy. Second, we introduce in section 2.3 the femtosecond pulsed laser setup used to perform the optical excitation. We discuss in section 2.4 the physics behind magneto-optical Kerr effect (MOKE), and we finally give a brief description of the Faraday microscope used for the alloptical switching measurement.

Samples elaboration and characterization

DC sputtering technique

The sputtering technique was used in this thesis to elaborate samples. Sputtering is a physical vapor deposition (PVD) whereby atoms are ejected from a pure element called "target", and are subsequently deposited on the "substrate". The bombardment of the target requires the formation of gaseous plasma, which is typically made of inert gas ions such as Argon ions Ar + . Indeed, Ar atoms are first introduced into a vacuum chamber at a pressure ranging from 1 to 10 mTorr. A DC voltage is then placed between the target and the substrate, enabling to ionize the Ar atoms and to create the plasma. These Ar + ions are accelerated to the cathode target, leading to the ejection of its atoms in the form of neutral particles into the vacuum space. These neutral particles can be either individual atoms, clusters of atoms or molecules. They can then ballistically travel from the target in straight lines until reaching the substrate. These ejected atoms start to bind to each other at the molecular level, thus forming a tightly bound atomic layer. Moreover, the electrons released during the ionization of Ar atoms are also accelerated to the anode substrate. These electrons collide subsequently with the additional Ar atoms, leading to more Ar ions and free electrons and thus continuing the cycle.

In order to enhance the sputtering process, sputtering systems often use magnetrons as for the Alliance system used in this thesis. Indeed, this so-called magnetron sputtering consists in using two permanent magnets of opposite polarity located below the target, as illustrated in figure 2.1. These magnets create a strong magnetic field parallel to the target surface and orthogonal to the electric field used to ionize the Ar atoms. Moreover, these two fields create field lines that trap the electrons released during the ionization process. These electrons follow then helical paths around the magnetic field lines due to the Lorentz force, leading to more ionizing collisions with the gaseous neutral atoms near the target surface. Therefore, the magnetron generates stable plasma with high density of ions, which is confined to an area near the target. This technique increases the efficiency of the sputtering process and improves the quality of coatings.

Chapter 2. Experimental tools and samples

Light-ion irradiation

The manipulation of magnetic anisotropy triggered a huge interest due to the strong contribution of the anisotropy in the recording stability in spintronic devices [1]. Therefore, Chappert et al. introduced in 1998 the light-ion irradiation as an innovative technique enabling to tailor the magnetic anisotropy in Co/Pt multilayers with PMA [2]. Indeed, this technique enables to modify both structural and magnetic properties in thin films; such modifications depend essentially on the energy density of the ion beam transferred to the atoms [3]. The ion irradiation differs from the ion implantation. Indeed, the latter enables to modify the physical properties of a material not by changing its structure, but via the direct effect of adding the atoms in the material.

In order to perform the ion irradiation, He + ions are mainly used Chappert98x,Devolder00x since they do not lead to extended collision cascades with energies going from 5 to 150 keV. The structural modifications are located in the vicinity of the ion path in the metal, and consist in recoils limited to one or two atomic distances [4]. The schematic representation of the He +irradiation setup is illustrated in figure 2.2. This device enables to ionize the Helium source by applying a high voltage, and thus creates He + ion beam with controlled energy and dose. As depicted in figure 2.2, the electrode allows extracting the He + ion beam from the source, which is then deflected by the magnet. The Faraday cage enables to set the voltage and the intensity, while the Einzel lens focuses the ion beam. Finally, the latter goes through a diaphragm before irradiating the sample. Our samples were irradiated with He + ions at irradiation doses ranging from 5 10 14 to 5 10 15 He + /cm 2 and at a constant energy of 15 keV. 

Magnetic characterization

Vibrating sample magnetometer

The magnetic measurements of the studied ferri-and ferro-magnets have been performed in this thesis by using a vibrating sample magnetometer (VSM). This technique was originally developed by Foner and consists in vibrating a sample within a uniform magnetic field, thus inducing an electric voltage in placed sensing coils [5]. This induced electric voltage in the sensing coils is directly proportional to the magnetization of the sample. The magnetic field is generated either by using conventional electromagnets for field strengths up to 3 T or by using superconducting magnets for field strengths up to 16 T.

Two different equipments have been used in this thesis, namely a 3-T VSM system developed by DMS Society and 7-T VSM-SQUID equipment developed by Quantum Design Company. The VSM-DMS system is based on regular sensing coils and thus is limited by a noise floor of 10 -6 emu, whereas the VSM-SQUID equipment uses a superconducting quantum interference device (SQuID) sensor enabling to measure the magnetic properties with a sensitivity of 10 -8 emu. The theoretical sensitivity achieved with a SQUID-VSM is 10 -12 emu, but it is practically limited to 10 -8 emu because of the environmental noise. Moreover, the VSM gives an open loop measurement, since the sample and the field source do not present a closed flux line loop. Indeed, the internal field experienced by a sample differs from the applied field due to the demagnetizing field which depends on the sample geometry. Therefore, the measured parameters must be corrected for these demagnetizing effects in order to yield the true intrinsic magnetic parameters.

Ferrimagnetic alloy films

Two different ferrimagnetic alloy films studied in this thesis, namely GdFeCo and TbCo alloys. These materials are very interesting for their PMA, the possibility of tuning magnetic properties [6,7] and their good magneto-optical properties. As illustrated in figure 2 In general the first sublattice in these RE-TM alloys consists of a transition metal (TM) which is characterized by a high Curie temperature and a magnetism arising from the 3d shell, whereas the second is a rare earth (RE) which is an element among the lanthanide family. The latter is subdivided into two parts, namely the light RE and the heavy RE depending on the filling level of their 4f shell. Indeed, the light RE corresponds to a 4f shell which is less than half filled (e.g. Sm, Pr, Nd and Eu), leading to a ferromagnetic coupling with the TM sublattice.

On the other hand, the heavy RE is above the half filling threshold (e.g. Gd, Tb, Dy, Ho and Tm), thus leading to an antiferromagnetic coupling with the TM sublattice [8]. The magnetic moment of RE has contribution from both 4f and 5d electrons. Nevertheless, magnetism of RE is mostly attributed to 4f electrons, since they approximately account for 90% of the absolute value of the RE atom. Moreover, the structure of RE elements can be in a raw approximation considered the same in alloys and pure elements as demonstrated by Uchiyama [9].

In RE-TM alloys, the microscopic coupling consists of three different contributions, namely the TM-TM coupling, TM-RE coupling and the RE-RE coupling. Indeed, the TM-TM coupling is a strong coupling and is due to the itinerant electrons from the 3d bands. Moreover, the TM-RE coupling arises mainly from the direct antiferromagnetic coupling between the 5d RE and 3d TM electrons, and is assisted by the indirect coupling between the 4f RE and 3d TM electrons [6,7]. This intersublattice exchange coupling is weaker than TM-TM coupling, but larger the RE-RE coupling [10].

The magnetic properties in the RE-TM alloys are strongly related to the concentration of the RE elements. These properties range from the net magnetization, the damping parameter, the individual amplitude of the moments for the RE and TM to the Curie temperature. For instance, the magnetization for a given temperature can be equal to zero at a given RE concentration x comp . Therefore, shown in figure 2.4 is the evolution of the saturation magnetization and the anisotropy field of Tb x Co 100-x alloys as a function of the Tb concentration. These measurements were performed at RT using a VSM by Alebrand et al. [11]. The magnetization of both RE and TM sublattices evolve differently with temperature. Therefore, the net magnetization will also change with temperature. The RE-TM alloy at a given concentration presents thus a characteristic temperature, called compensation temperature T comp , where the net magnetization of the alloy cancels out. As illustrated in figure 2.5, the individual RE and TM atoms at T comp will be magnetized, but the global system will have a zero total magnetization due to the temperature dependence of the magnetization of the two sublattices. The RE (resp. TM) subsystem has usually a stronger magnitude than the TM (resp. RE) one for a temperature lower (resp. higher) than T comp . As mentioned previously, the net magnetization M T of the RE-TM alloy is strongly related to the RE concentration. Hence, the temperature dependence of M T is also related to the RE concentration, as depicted in figure 2.6 for GdCo alloys [6]. First, T comp equals RT for the RE concentration x RE = 21. Moreover, T comp becomes higher than RT for 21 < x RE < 31.5 and reaches 500 K for x = 31.5. For x RE < 21, T comp is lower than RT and the net magnetization M T increases with temperature for RT < T < 500 K. While for TM-rich alloys with x RE < 10, M T only decreases with temperature.

Magnetization

Ferromagnetic multilayers

Two different ferromagnetic materials were studied in this thesis, namely Co/Pt and Co/Ni multilayers. Indeed, these materials are extremely interesting in terms of properties and applications such as the perpendicularly magnetized high density media. Both Co/Pt and Co/Ni multilayers show PMA and the Pt layer is magnetically polarized by Co [12,13]. Therefore, the Kerr rotation of Co/Pt is very large due to the polarization of Pt. While performing AOS experiments on these ferromagnetic materials, the ultrashort laser pulses bring both angular momentum and heat. Thus, it is interesting to take into account the evolution of the magnetization as a function of temperature. Figure 2.7 shows that varying the Co thickness in Co/Pt multilayers modifies drastically the Curie temperature T c . Indeed, decreasing the Co thickness leads to a reduction of T c , which is attributed to the intermixing of Co and Pt that form a solid solution T c . However, the Co/Pt multilayers studied for the AOS are much thinner than the one presented in figure 2.7. Therefore, their Curie temperature is expected to be much lower. In Co/Ni multilayers, the magnetization arises from the interfacial coupling of Co and Ni elements. The structure seems similar to the (CoNi) alloys, but the ratio of the two atoms is very different as the Ni is the major ingredient in our case. However, Co/Ni multilayers have lower spin-orbit coupling and thus lower Kerr rotation than for Co/Pt multilayers. The magnetic properties of Co/Ni have been extensively investigated in the literature, thus a complete description could be find in these articles [15,16,17].

Femtosecond pulsed laser 2.3.1 Femtosecond laser pumping

In 1986, the first Ti:sapphire oscillator was developed by Moulton [18]. It enables producing ultrashort pulse trains, of the other of 5 fs for the most performing systems. Ti:sapphire can be tuned from 680 nm to 1130 nm, which is the widest tuning range of any crystal of its class. As depicted in figure 2.8, the Ti:sapphire oscillator emits preferentially around 800 nm, while its absorption band peaks near 490 nm. Therefore, Nd:YAG lasers are typically used to pump the Ti:sapphire crystal. Furthermore, the Kerr-lens modelocking (KLM) is used to achieve the femtosecond duration of the pulses. First, the continuous wave (CW) Gaussian beam propagates through the Kerr medium inside the laser cavity. Due to the optical Kerr effect, the refractive index experienced by the beam is greater in the center of the beam than at the edge.

Therefore, short bursts of light will then be focused differently from CW. Second, only short pulses will go through an aperture, since the latter is smaller than the CW beam diameter. Therefore, the Ti:sapphire oscillator will work in pulse mode. Nevertheless, a group velocity dispersion (GVD) occurs due to the propagation of pulses through the dispersive components inside the cavity. The GVD causes a variation in the temporal profile of the laser pulses while the spectrum remains unchanged. In order to compensate this dispersion, a pair of prisms can be arranged to separate spectral components of the pulses and produce a negative dispersion, thus balancing the usually positive dispersion of the laser medium. Another alternative to prisms consists of using chirped mirrors. Indeed, these dielectric mirrors are coated so that different wavelengths have different penetration lengths, and thus different group delays.

Femtosecond laser amplification

To achieve a high peak power, the seed fs laser pulses generated by Ti:sapphire oscillators are amplified using the so-called chirped pulse amplification (CPA) introduced by Strickland et al. [20]. This amplification takes place also in a Ti:sapphire crystal, called gain medium, which is pumped by a Nd:YLF laser source. In order to avoid the damage of the gain medium by the high intensity of the seed pulses, their peak power is first decreased using a grating-based stretcher. The seed pulses can be safely amplified using a regenerative amplifier. Finally, the amplified pulses are then recompressed to the initial duration using a grating-based compressor.

Indeed, the seed pulses are first stretched out using a pair of gratings. These gratings expand the incident seed pulse spectrally and are arranged so that the low-frequency component of the laser pulse travels a shorter path than the high-frequency does, as depicted in figure 2.9.

The stretcher introduces a negative dispersion. The pulse is thus stretched and has longer pulse duration than the original by a factor of 10 3 to 10 5 . Therefore, the stretched pulses can be safely amplified by a factor 10 6 or more without damaging the gain medium. Two of the most widely used techniques for this amplification are the multipass and the regenerative amplification. In this thesis, we used the Legend Elite Duo amplification stage developed by Coherent Inc. This regenerative amplifier delivers up to 8 W with a 5-kHz repetition rate thanks to an additional Carrier-Envelope Phase (CEP) stabilization.
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In the multipass amplification, different passes are geometrically separated and the number of passes is usually limited by the difficulties of focussing all the passes on a single spot of the gain medium. The bandwidth of the gain medium has to be broad enough to support the stretched pulse spectrum. Therefore, Ti:sapphire crystals with a wide tuning range are extensively used in the amplification process.

On the other hand, the regenerative amplification technique implies trapping of the pulse to be amplified in a laser cavity, as depicted in figure 2.10. The stretched pulse is kept in the resonator until all the energy stored in the Ti:sapphire crystal is extracted. The trapping and dumping of the pulse in and out of the resonator is performed using a Pockels cell and a broad-band thin film polarizer. Indeed, the Pockels cell is initially working as a quarter-wave plate. Once the stretched pulse is sent to the resonator, the voltage on the Pockels cell is applied (delay one) and the cell works then as a half-wave plate. Therefore, the pulse is kept in the cavity until reaching the saturation. Finally, a second voltage is applied (delay two) and the amplified pulse is then extracted from the resonator. After the amplification process, the pulse is recompressed to its original duration through the reversal process of stretching, and using a grating-based compressor as illustrated in figure 2.11. Contrary to the stretcher, the compressor introduces a positive dispersion, as the highfrequency component of the amplified pulse travels a shorter path than the low-frequency does. In order to cancel the negative dispersion of the stretcher, the positive dispersion of the compressor is precisely tuned by changing the distance between gratings. Therefore, the compressed pulses with a 35-fs pulse duration achieve a peak power with orders of magnitude higher than the one generated by the laser system before the invention of CPA. The final pulse duration of 35 fs can be tuned up to 250 fs by adjusting the gratings. The wavelength can be also tuned using the TOPAS-prime developed by Coherent Inc. This optical parametric amplifier (OPA) includes a white light seeding for an increased input noise performance and gives access to wavelength ranging from 190 nm to 1200 nm. This OPA requires a 35-fs pulse input, and thus it is not compatible with the tuning of the pulse duration.
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Magneto-optical Faraday microscope

In this section, we will first discuss the microscopic origin of the magneto-optical Kerr effect, and then give a brief description of the Faraday microscope used to probe the all-optical switching.

Magneto-optical Kerr effect

In 1845, Michael Faraday reported the first interaction between light and magnetism. Indeed, he demonstrated that linearly polarized light experiences a rotation when passing through a transparent magnetized medium, which is the Faraday effect. The rotation is called Faraday rotation and was shown to be linearly proportional to the component of the magnetic field in the direction of propagation. Thirty years later, John Kerr discovered that the same effect occurs when linearly polarized light reflects off a magnetic surface. This effect is called the magneto-optical Kerr effect (MOKE), and both effects have the same microscopic origin.

Indeed, the linearly polarized light is a linear combination of circularly polarized light with opposite helicities. Due to the magnetic circular birefringence (MCB), these two modes will transport differently in the magnetic material and will have a phase difference after reflection (or transmission), leading to a rotation of the polarization of the linearly polarized light. The schematic principle of MCB is depicted in figure 2.12. On the other hand, the two components of the linearly polarized light will also have different amplitudes after reflection or transmission due to the magnetic circular dichroism (MCD), as depicted in figure 2.13(a). The incident linearly polarized light becomes then elliptical, and gives rise to the Kerr ellipticity. By taking into account both effects, the incident linearly polarized light becomes elliptically polarized and also undergoes a rotation after reflection or transmission through a magnetic material, as depicted in figure 2.13(b). Hence, information regarding the magnetization of the material can be obtained by measuring the rotation or ellipticity of the reflected or transmitted light. From a phenomenological point of view, the optical response of an isotropic optical medium can be described using the dielectric tensor ϵ:

Incident

ϵ =   ϵ xx 0 0 0 ϵ yy 0 0 0 ϵ zz   (2.1)
However, the medium becomes optically anisotropic in the presence of magnetization. The magnetization is described by the non-diagonal components of the dielectric tensor given by the Onsager formulation [21]:

ϵ =   ϵ xx ϵ xy ϵ xz -ϵ xy ϵ yy ϵ yz -ϵ xz -ϵ yz ϵ zz   (2.2)
Now we consider that the medium is perpendicularly magnetized and that the incident linearly polarized light travels in the z direction. In this case, the z-components ϵ xz and ϵ yz become zero, and the eigenvalues ϵ = ϵ xx ± iϵ xy correspond to righthanded (σ+) and left-handed (σ-) circularly polarized light, respectively. Consequently, the complex refraction index of the material is different for σ+ and σ-, leading to the rotation of the polarization axis of the linearly polarized light. The complex Faraday rotation θ is given by [22]:

θ = φ + iδ = ϵ xy √ ϵ xx (ϵ xy -1) (2.3)
where φ is the Faraday rotation and δ is the Faraday ellipticity. The real and imaginary parts of the complex Faraday rotation are related by the Kramers-Kronig relations.

From a microscopic point of view, MOKE is due to the combination between the spin-orbit coupling and the exchange interaction, and also arises from the optical selection rules [23]. The optical transitions dictated by the selection rules have different absorption probabilities for σ+ and σpolarized beam. Indeed, the imaginary part of the non-diagonal components of the conductivity tensor σ xy is responsible for the magneto-optical response. Moreover, Im(σ xy ) changes sign when the magnetization M changes sign, thus providing the sensitivity of σ+ and σto M [24]. In ferromagnetic materials, it was demonstrated that MOKE originates mainly from the spin-orbit coupling [25].

The relative orientation of the magnetization with respect to the sample normal and the light's plane of incidence can strongly influence the magneto-optical contrast. We can distinguish between three different configurations of MOKE. As illustrated in figure 2.14(a), the first configuration is the polar MOKE. In this configuration, the magnetization is perpendicular to the reflection surface and lies in the plane of incidence. Shown in figure 2.14(b) is the longitudinal MOKE configuration, where the magnetization lies in the plane of incidence and the reflection surface. Finally, the third configuration is the transversal MOKE, where the magnetization lies in the reflection surface but is perpendicular to the plane of incident (see figure 2.14(c)). Since our samples are all perpendicularly magnetized, the polar MOKE is used in this thesis to probe the magnetization change during the all-optical switching experiments. 

Experimental setup

The study of all-optical switching in ferri-and ferro-magnetic continuous films is performed using the experimental setup depicted in figure 2.15. First, the 35-fs laser beam with a 5-kHz repetition rate and a 800-nm wavelength goes through a combination of a half-wave plate, a Glan-Taylor polarizer and a quarter-wave plate. The half-wave plate enables to tune the laser beam power, while the quarter-wave plate is used to transform the linearly polarized beam into right-and left-handed circularly polarized beam. The pulse-picker can also be used to select single pulses.

The response of magnetic films under the action of the laser beam is imaged using a Faraday imaging setup. The latter is a combination of a source of light, a pair of polarizer-analyzer, a converging lens and imaging device. Indeed, the light source is a 680-nm monochromatic high intensity LED. Moreover, the polarizer-analyzer pair is responsible for the polarization of the incident light from LED and its extinction after passing through the sample. In order to obtain a high contrast, we used Glan-Taylor polarizers with high extinction coefficients. The magnetic domains are then imaged using a regular charge-coupled device (CCD) camera with a pixel size of 0.13 µm for a total surface of 2448 x 2048 pixels. This CCD camera is coupled to a 20x-magnetization microscope objective. A 50/50 beam-splitter is then used to overlap of the imaging source and the laser beam, allowing for a direct imaging of magnetization during laser excitation. The converging lens enables to reduce the laser spot down to 60 µm. Finally, an IR blocking filter is used to prevent damage to the CCD camera. 

Introduction

In the third chapter of this thesis, we present a comprehensive investigation of the magnetic parameters ruling the observation of all-optical helicity-dependent magnetization switching in ferrimagnetic alloys and ferromagnetic multilayers for a wide range of compositions and thicknesses. The aim of this investigation is to reconcile the contradictions between the previously reported low remanence criterion (M R < 220 kA/m) for the observation of AO-HDS in ferrimagnetic materials [1,2,3], and the observation of AO-HDS in ferromagnetic materials with a high remanence (M R > 1400 kA/m) and a magnetic thickness reduced to 2.4 nm [4]. First, we give in section 3.2 a short overview about the origin of magnetic interactions and domains, and discuss the magnetization reversal in magnetic thin films with PMA. Second, we report in section 3.3 the thickness-dependent investigation of AO-HDS in ferrimagnetic TbCo alloys and ferromagnetic Co/Pt and Co/Ni multilayers. This approach enables to prove that ferrimagnetic TbCo alloys with a high remanence (M R = 830 kA/m) showing only thermal demagnetization (TD) for a high thickness exhibit AO-HDS if their thickness is strongly reduced. By taking into account the demagnetizing energy and the domain wall energy, we show in section 3.4 that the magnetic domain size is a relevant criterion for the observation of AO-HDS, which is common for both ferri-and ferro-magnets. Finally, we investigate in section 3.5 the optical response of light-ion irradiated ferromagnetic Co/Pt multilayers, confirming the large domain size criterion and highlighting the role of the domain wall energy in the AO-HDS process.

Magnetic interactions and domains

Magnetic interactions

In this section, we give a short overview about the origins of magnetic interactions.

Zeeman energy

The Zeeman interaction describes the action of an external magnetic field H app on magnetic moments. The magnetization M of the material tends to minimize the socalled Zeeman energy E z given by:

E Z = -µ 0 ∫ ⃗ M. ⃗ H app dV (3.1)
where the integral is done over the volume of the magnetic material V. The Zeeman energy is minimized when the magnetization is parallel to the applied field. Hence, this interaction tends to align the magnetization along the direction of the magnetic field.

Exchange interaction

Magnetic order is due to the exchange interaction between spins. The exchange interaction originates from the Pauli exclusion principle and Coulomb interaction, which makes impossible the existence of two electrons in the same state. Thus, the energy between two interacting electrons is reduced or increased depending on the exchange constant J and the relative orientation of their spins. The exchange constant J is determined by the relative distance between the two spins. The exchange energy between two spins S 1 and S 2 is given by:

E ex = -J ⃗ S 1 . ⃗ S 2 (3.2)
The sign of J influences the different magnetic configurations. Indeed, if J > 0 (resp. J < 0) the minimum energy is obtained for a parallel (resp. antiparallel) arrangement of the spins. The exchange interaction is a short-range interaction which is limited to first neighbor moments. It leads to magnetic order like ferromagnetic ( J > 0) and antiferromagnetic ( J < 0) order. Such order is lost at a certain critical temperature, called Curie temperature for ferromagnets and Néel temperature for antiferromagnets. If the temperature is higher than this critical value, the moments are randomly oriented because of the thermal fluctuations and then the material becomes paramagnetic.

Dipolar energy and shape anisotropy

The dipolar interaction is a long-range interaction which occurs between magnetic moments due to the dipolar magnetic field created by these moments. In a bulk material, this field points in the opposite direction of the global magnetization M, thus lowering the magnetization and creating a local distribution of magnetic moments. Therefore, this field is called the demagnetizing field H d . This effect can be described considering magnetic charges left at the surfaces of the material which create H d , as depicted in figure 3.1. The interaction of the magnetic moments with H d leads to the demagnetizing energy given by:

E d = - µ 0 2 ∫ ⃗ M. ⃗ H d dV (3.3)
H d tends to orientate the magnetic moments to directions where E d is minimum. The demagnetizing field H d depends on the size and geometry of the sample and induces preferential orientations for the magnetization. This phenomenon is described as the shape anisotropy.

In general, the calculation of the demagnetizing field is difficult and can only be performed by numerical methods. In the case of uniform magnetizations, the relation between M and H d is given by the so-called demagnetizing tensor [N] as follows:

⃗ H d = -[N]. ⃗ M (3.4)
The negative sign indicates that H d and M are antiparallel. The demagnetizing tensor [N] depends on the shape of the sample. Simplifications are possible for certain particular geometries such as the ellipsoid with a uniform magnetization. In this particular case, the demagnetizing field is given by [5]:

H d = -   N xx 0 0 0 N yy 0 0 0 N zz   M s (3.5)
The diagonal elements of N follow the relation:

N xx + N yy + N zz = 1.
Hence, in the case of a sphere we get N xx = N yy = N zz = 1 3 . While in the case of a thin film with a perpendicular magnetization, we get N xx = N yy = 0 and N zz = 1 leading to a demagnetizing energy per unit volume:

E d = - µ 0 2 ⃗ M s . ⃗ H d = µ 0 2 M s 2 (3.6)
where M s is the projection of the magnetization along the preferential z axis. The magnetocrystalline anisotropy (MCA) refers to the dependence of the internal energy of a material on the orientation of its magnetization relative to specific axes of the material. This anisotropy originates from the interaction of the orbital magnetic moments with the crystal lattice, leading to preferential orientations for the magnetization. Axis along which the magnetization prefers to lie is called easy axis, whereas another axis that will be difficult to align the magnetization with is called hard axis.
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In the case of crystals with a cubic symmetry, the energy per unit volume associated to the magnetocrystalline anisotropy is given by:

E d = K 1 (α 2 2 α 3 2 + α 3 2 α 1 2 + α 1 2 α 1 2 ) + K 1 α 1 2 α 2 2 α 3 2 + ... (3.7) 
where α 1 , α 2 and α 3 are the direction cosines with the crystallographic axes [100], [010] and [001], respectively. K 1 and K 2 are first and second anisotropy constants. Hence, figure 3.2 is the polar representation of the MCA in the simple case when K 2 = 0 and K 1 is positive or negative. [111]
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Polar representation of the energy associated to the magnetocrystalline anisotropy in the case of a cubic crystal. The energy is represented as a function of the magnetization direction in the plane (perpendicular to an axis with binary symmetry). This plane contains the three main symmetry axes. As the anisotropy is defined except to a constant term, K 0 is added to the anisotropy in order to facilitate the graphic presentation. Figure adapted from [6].

For K 1 > 0, the minimum of the MCA energy is obtained when moments are orientated in a <100> axis. The <100> axis thus corresponds to the easy axis. For K 1 < 0 this axis is a hard axis. In the case of crystals with uniaxial symmetry such as the hexagonal and the quadratic symmetries, the energy per unit volume associated to the MCA is given by:

E hex = K 1 sin 2 θ + K 2 sin 4 θ + K 3 sin 6 θ + K 4 sin 6 θ cos 6φ + ... (3.8) 
E qua = K 1 sin 2 θ + K 2 sin 4 θ + K 3 sin 4 θ cos 4φ + ... (3.9) 
where K i are the anisotropy constants. θ and φ are the angles between the magnetization and the crystallographic axis [001] and [100], as depicted in figure 3.3. 

Magnetocrystalline anisotropy in RE and TM elements

In bulk transition metals (TM) such as Co, Fe and Ni, the atomic magnetic moment due to the 3d bands has two sources, namely the orbital and the spin moments. Both moments are coupled via the spin-orbit coupling (SOC). Moreover, the orbital moment is coupled to the crystalline lattice via the crystalline electrical field (CEF) leading to the MCA. Therefore, the total moment which consists of the spin and orbital contributions is coupled to the crystalline lattice.

The strong lattice-orbit coupling in TM leads to the quenching of the orbital contribution to the magnetic moment. Thus, the magnetization in 3d elements is shown to be mainly due to the spin contribution [7]. Moreover, the indirect coupling of the spins to the lattice via the SOC also vanishes, since the orbital moment vanishes. Therefore, the transition metals have in general small MCA, expect the hcp Co. For rare earth (RE) elements, the CEF is small compared to the one in TM. However, the SOC is in general strong. Consequently, for a temperature far below the Curie temperature, materials with RE elements like Tb with a large orbital moment have large MCA compared to TM.

Anisotropy in perpendicularly magnetized thins films

In magnetic thin films, the shape anisotropy tends to align the magnetic moments parallel to the plane and is given by:

K shape = - µ 0 2 M s 2 (3.10)
where M s is the saturation magnetization. The negative sign indicates that this anisotropy in the case of thin films favors an in-plane (IP) orientation of the magnetic moments. In order to obtain a perpendicular magnetic anisotropy (PMA), the shape anisotropy has to be overcome. Other sources of anisotropy favoring an out-of-plane (OOP) orientation of the magnetic moments exist, namely the magnetocrystalline volume anisotropy (K u ), and also the magnetocrystalline interface anisotropy (K s ) which was introduced by Néel in 1954 [8].

Indeed, the interface anisotropy is related to the atomic orbitals located at the interfaces or the surface. For thin films with thicknesses of the order of atomic monolayers, the magnetocrystalline symmetry leading to the quenching of the orbital contribution is broken by the interfaces due to the high surface to volume ratio. Therefore, Néel attributed the interface anisotropy to the increase of the orbital momentum at the interfaces. The symmetry breaking due to the interfaces distinguishes the direction perpendicular to the interface from all the other directions. For a thin magnetic layer, two interfaces (1) and ( 2) exist. The corresponding interface anisotropies are K 1 s and K 2 s , and the interface contribution to the magnetocrystalline energy per unit volume is given by:

E s = K 1 s + K 2 s t sin 2 θ (3.11)
where t is the thickness of the magnetic layer. Since the orientation of the magnetization depends on the competition between the total MCA and the shape anisotropy, we define the effective anisotropy K eff as follows:

K eff = K u + K 1 s + K 2 s t - µ 0 2 M s 2 (3.12)
where K u is the magnetocrystalline volume anisotropy constant. The film is perpendicularly magnetized for K eff > 0 [9]. When the film thickness is scaled down, the interface contribution increases and the total MCA becomes larger than the shape anisotropy. Thus, the axis perpendicular to the film becomes an easy axis.

Magnetic domains and domain walls

Magnetic domains

A stable magnetic configuration corresponds to the minimization of the total magnetic energy. While the exchange interaction favors a uniformly magnetized sample, the dipolar interaction tends to orientate local magnetic moments in different directions in order to minimize the demagnetizing field. Therefore, the magnetic material can be divided into uniformly magnetized regions called magnetic domains. The region between two magnetic domains is called a domain wall (DW).

Indeed, a uniformly magnetized material as depicted in figure 3.4(a) exhibits magnetic charges at the surface, thus generating a strong demagnetizing field and leading to a large dipolar energy. This dipolar energy becomes low for a high length to width ratio. To reduce the dipolar energy, the magnetization could break into two domains as illustrated in figure 3.4(b). The dipolar energy is zero for the closure domain structure shown in figure 3.4(c), where the neighboring domains are not placed at an angle of 180 • to each other. However, this is only possible for materials with a low uniaxial anisotropy. 
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Domain walls

The division into magnetic domains takes place as long as the dipolar energy is still greater than the energy required to form the DW. The thickness and energy of the DW are determined by the competition between the exchange, the dipolar and the magnetocrystalline energies. Indeed, a strong magnetocrystalline anisotropy favors a narrow DW, whereas a strong exchange interaction favors a wider DW. In the case of a thin film with uniaxial perpendicular anisotropy K u and an exchange constant A ex , the balance between the MCA and the exchange interaction leads to the DW width δ and the DW energy per unit surface σ given by:

δ = √ A ex K u (3.13) σ = 4 √ A ex K u (3.14)
The DW thickness varies from a few atoms for materials with high anisotropy such as Fe/Pt multilayers [10] to the order of 100 nm for permalloy. Two types of DW can be distinguished, namely the Néel wall and the Bloch wall as depicted figure 3.5 [11,12]. Other DWs types exist such as the transverse [13] or vortex walls in nanostrips [14]. In a Néel wall, the spins rotate in the plane perpendicular to the plane of the DW, whereas in the Bloch wall the spins rotate within the plane of the wall. In the case of in-plane magnetized thin films, the Bloch wall is preferable for large thicknesses, whereas the Néel wall becomes favorable when the film thickness becomes smaller than the DW thickness [15].

Domain size calculation

The remanent state of a non-saturated sample gives a good illustration of the competition between the long-range dipolar interaction and the short-range exchange interaction. As shown in figures 3.6(a) and 3.6(b), a stripe domain pattern nucleates and stabilizes in the remanent state in order to balance the dipolar and domain wall energies. A model proposed by Kooy et al. enables the estimation of the domain size in the case of periodic stripe domains with a strong uniaxial anisotropy in an infinite plate [16]. The DW thickness is supposed to be negligible compared to the domain size. The magnetization within the magnetic domains is perpendicular to the film plane. Therefore, the minimization of the total energy results in the magnetic domain size D given by:

D = t exp [ πD 0 2t + ln π -1 + µ ( 1 2 -ln 2 ) ] (3.15)
where

D 0 = σ E d
is the dipolar length and µ = 1 + E d K u is the magnetic susceptibility.

E d = µ 0 2 M s 2
is the demagnetizing energy per unit volume, σ = 4 √ A ex K u is the DW energy per unit surface, and t is the magnetic thickness. The typical evolution of the domain size D as a function of the thickness t is depicted in figure 3.6(c) in the case of Co/Pt multilayers. For thick films with t > D 0 , the domain size scales as 2 √ tD 0 . For thin films with t < D 0 , the magnetic energy gain becomes small and the domain size diverges as t exp

( πD 0 2t
) .

Magnetization reversal in thin films

Nucleation-induced reversal

The most conventional way to reverse the magnetization of a thin magnetic film is by applying a magnetic field H app opposite to the direction of the magnetization M. In the case of a thin film with PMA, the magnetization will homogeneously reverse to the direction of H app when the Zeeman energy becomes larger than the total anisotropy energy. However, the anisotropy in real magnetic films is often not uniform, leading to an inhomogeneous magnetization reversal. When applying H app opposite to M, the first parts of the sample to switch are those with low anisotropy. These parts are either local defects or edges of the film. This process is called nucleation. The nucleation is a thermally activated and described as a Néel-Brown like process [18]. Hence, the nucleation rate increases at high temperatures. Moreover, a high magnetization M leads to a higher Zeeman energy, thus increasing the nucleation rate.

After the nucleation of the initial domains, two different modes of reversal are possible. In the first mode, the reversal can continue via the nucleation of small domains at fields H nuc much lower than the fields H prop necessary to move a DW. This so-called nucleation-induced reversal is illustrated in figure 3.7(a). 

Propagation induced-reversal

In the second mode, the reversal of the whole film can be achieved via the DW propagation at fields H prop lower than the fields H nuc necessary to nucleate reversed domains, as illustrated in figure 3.7(b). This mode is called propagation-induced reversal. For small applied fields, the DW propagation occurs by thermal activation and is strongly dependent on the structural defects of the sample. This regime is called DW creep regime [19]. While for large applied fields, the DW propagation deterministically flows through the film. This regime is the so-called flow regime. In real samples, the reversal behavior under the action of an external applied field is usually a mixture of the nucleation-and propagation induced reversal.

Thickness-dependence of all-optical switching in ferrimagnets and ferromagnets

In order to investigate the influence of the magnetic parameters and interactions discussed in section 3.2 on the observation of all-optical helicity-dependent switching, we study the optical response of ferri-and ferro-magnetic thin films of different compositions and thicknesses. All the studied films was grown by DC magnetron sputtering and show PMA leading to a magnetization perpendicular to film at zero applied field.

Studied ferri-and ferro-magnets

The investigated ferrimagnetic thin films are composed of Glass/Ta(3 nm)/Pt(5 nm)/ Tb x Co 100-x (t)/Pt(5 nm). The top Pt layer prevents sample oxidation. Tb and Co magnetic moments are antiferromagnetically coupled, and their sum gives the net magnetization of the alloy. As mentioned in section 1.4, the magnetization for a given temperature can be equal to zero at a given Tb concentration x comp . Hence, for larger (resp. lower) Tb concentration, the net magnetization will be pointing along the Tb (resp. Co) moment and the sample will be qualified as Tb dominant (resp. Co dominant). At RT and t = 20 nm, a transition from a Tb dominant to Co dominant ferrimagnet occurs if x is decreased below 20 [20].

Two nominal concentrations of Tb have been used, namely 16 at.% and 30 at.%. However, by strongly reducing the thickness of the TbCo alloy film, the nominal concentration x nom varies from the effective concentration x defined by the deposition. The latter is deduced from the saturation magnetization M s depicted in figures 3.8(a) and 3.8(b) and is compared with the one measured on thicker films (t = 20 nm) presented in [20]. Therefore, the Tb atomic concentration x in the studied TbCo alloy films is ranging from 8 at.% to 30 at.%, while the thickness t varies from 1.5 to 20 nm. As shown in figure 3.8(c), the composition x at which this crossover occurs depends on the magnetic thickness, which is agreement with previous studies [21,22].

Several mechanisms have been reported in the literature to explain this behavior. Indeed, it was attributed in [21,22] to the diffusion of rare earth atoms, causing a segregation process and a deviation of the Tb concentration in the studied films. Hence, this effect is particularly pronounced for low thicknesses due to the high surface to volume ratio. More recently, Hebler et al. demonstrated that the compensation point and the remanent magnetization of TbFe alloy films is related to a growth-induced modification of the microstructure of the amorphous films, thus affecting the short range order [3]. Therefore, the sperimagnetic cone angle of the Tb atoms changes, thus leading to a change of the saturation magnetization. Similar effects occur in our TbCo alloy thin films. In order to simplify the discussion, we report in the following the Tb concentration x which corresponds to the effective concentration in order to simplify the discussion. 

Thickness-dependence of the all-optical switching in ferrimagnets

We investigated the AO-HDS ability in Tb x Co 100-x (t) alloy films for a Tb concentration x ranging from 8 to 30 and a thickness t ranging from 1.5 nm to 20 nm. For AO-HDS experiments, we used a Ti:sapphire fs-laser with a 5-kHz repetition rate, a wavelength of 800 nm, and a pulse duration of 35 fs. The Gaussian beam is focused with a FWHM of approximately 50 µm. The response of the investigated magnetic films is probed using a Faraday microscope in order to image the magnetic domains in transmission.

The samples are excited through the glass substrate with laser powers ranging from 0.5 mW for films with lower thicknesses up to 3 mW for films with larger thicknesses. As demonstrated in previous studies [24], the AO-HDS ability of Tb x Co 100-x alloys is found to be maintained for a laser power ranging from the threshold below which the laser does not affect the magnetization to the damage threshold.

Prior to being optically excited, the studied films are saturated with an external magnetic field applied perpendicular to the film plane. For a large thickness t = 20 nm, Figures 3.9 and 3.10 show that thermal demagnetization (TD) is observed for x = 16 (see figure 3.9) while AO-HDS is observed for x = 30, which is in agreement with previous studies [1,20,24]. These results were first attributed to the T comp which is above (resp. below) RT for x = 30 (resp. x = 16) [20,24]. Therefore, this T comp can only be reached for x = 30 through laser-induced heating. On the other hand, these results were attributed by Hassdenteufel et al. to the low (resp. high) remanence at RT for x = 30 (resp. x = 16) [1].

As shown in figure 3.9, AO-HDS is obtained for x = 30 at first in the AOS rim at the edge of a demagnetized area. Then, AO-HDS is transferred to the scanned region leading to its total reversal. Furthermore, figure 3.9 shows that other Tb dominant alloys with x ranging from 22 to 27.5 and thickness down to 4.5 nm exhibit AO-HDS.

Thickness-dependence of all-optical switching in ferrimagnets and ferromagnets
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In regards to Co dominant alloys, figure 3.10 shows that the effect of the helicity starts to appear gradually by reducing the thickness. For t = 10 nm and x = 15.5, the helicity dependence is slightly observed at the level of the AOS rim, whereas the laser-induced multiple domains in the scanned region get larger. For t = 8 nm and x = 15, AO-HDS is almost obtained with a presence of a small stripe domain in the middle of the scanned region. However, a complete AO-HDS is achieved for t 6.5 nm and x ranging from 8 to 16.5, as depicted in figures 3.9 and 3.10. This is the first demonstration of AO-HDS in Co dominant TbCo alloys, which is achieved by strongly reducing the magnetic thickness below 6.5 nm. For instance, the Co dominated Chapter 3. Domain size criterion for the observation of all-optical switching Furthermore, multiple domains are obtained when the beam is turned off at the left of the scanned region. This is mainly related to the demagnetizing effect due to the cooling. One can clearly see that the size of magnetic domains in this demagnetized area increases for lower thicknesses, which is consistent with the model presented in section 3.2.2.

Thickness-dependence of the all-optical switching in ferromagnets

The recently discovery of AO-HDS in Co/Pt multilayers with a high saturation magnetization and no antiferromagnetic coupling between two sublattices [4] raises the question of what is the actual parameter ruling the observation of AO-HDS and if it is common to ferrimagnets and ferromagnets ? In this context, we have experimentally investigated the AO-HDS ability for both ferromagnetic Co/Ni and Co/Pt multilayers by performing the analog sweeping beam experiments to TbCo alloys.

In regards to [Co/Ni] N multilayers, figure 3.11 shows that the effect of the helicity starts to appear gradually by decreasing the number of repeats N and thus by decreasing the total magnetic thickness. Indeed, only TD is obtained for N ranging from 3 to 6, whereas AO-HDS is observed for N = 2. Moreover, the size of the multiple magnetic domains in the scanned area increases gradually by lowering N from 6 to 3, which is a hint that large domain size might also be an ingredient for the observation of AO-HDS.

We have also experimentally verified the AO-HDS ability in Co/Pt multilayers as previously demonstrated by Lambert et al. [4]. As depicted in figure 3.12, AO-HDS is observed for N = 1 and 2 whereas only thermal demagnetization is obtained for N = 3 and 4 with larger domain size in the scanned region for N = 3. Similarly to TbCo alloys, the switching ability for both Co/Pt and Co/Ni multilayers was maintained for a laser power ranging from the switching threshold to the damage threshold. To conclude, the AO-HDS is achieved in both Co/Pt and Co/Ni multilayers by strongly reducing the magnetic thickness. This behavior is similar to the one demonstrated in Co dominant TbCo alloy films in figure 3 

Domain size criterion for the observation of all-optical switching

The thickness-dependent investigation in ferri-and ferro-magnets reveals that AO-HDS is observed when the magnetic film thickness is reduced. This behavior is common for both ferriand ferro-magnets. Moreover, previous studies demonstrated that the magnetic domain size is strongly dependent on the magnetic thickness [16,17]. As mentioned in section 3.2.2, this finding is associated to the competition between the dipolar energy that stabilizes small domains, and the domain wall energy that tends to stabilize big domains. Therefore, it is reasonable to infer that if the size of stable magnetic domains after the laser-induced heating is smaller than the size of the laser spot, TD will be observed as the magnetic system will break into small domains during cooling. Otherwise, AO-HDS will be observed if the magnetic domain size is larger than the size of the laser spot. Therefore, the magnetic domain size can be considered as a relevant predictive parameter for the observation of AO-HDS.

Magnetic parameters for studied materials

To estimate the magnetic domain size for the investigated ferro-and ferri-magnets, we use the model of periodic stripe domains with a strong uniaxial anisotropy in an infinite plate introduced in section 3.2.2 [16]. As can be seen from Eq. (3.15), the material parameters involved in the calculation of the domain size are the saturation magnetization M s , the uniaxial anisotropy constant K u and the exchange constant A ex . An overview of the magnetic parameter values and the response to optical excitation for the studied films is presented in Table 1.

The M s of all studied films and the K u for Co/Pt and Co/Ni multilayers were measured with SQUID magnetometry. The values of K u for TbCo alloys were deduced from the experimental data of Alebrand et al. [20]. The exchange constant A ex for the investigated materials were estimated from literature data: A ex (Tb 27 Co 30 ) = 0.62 10 -11 J/m [26], A ex (Co/Pt) = 1.2 10 -11 J/m [27] and A ex (Co/Ni) = 0.88 10 -11 J/m [28,29]. In a first approximation, we suppose that A ex is unchanged with Tb concentration and magnetic thickness t for Tb x Co 100-x (t) alloy films, since its variation with t is negligible compared to the variation of the other magnetic parameters.

Ferri-and ferro-magnets t (nm) M s (x 10 

Domain size calculation for ferro-and ferrimagnets

Domain size at room temperature for ferromagnets

We first calculated the evolution of the magnetic domain size D as a function of the total magnetic thickness t at RT for the investigated Co/Pt and Co/Ni multilayers. As shown in figure 3. On the other hand, the sample temperature will increase during the AO-HDS process due to the laser-induced heating. Therefore, we should also take into account the evolution of the domain size during the cooling process. In the case of ferromagnets, fs laser beam heats the magnetic system leading to a strong decrease of M s [30]. Moreover, as can be understood from Eq. (3.15), the effect of the variation of K u and A ex on the domain size during cooling is low compared to the one of M s .

Due to the laser-induced decrease of M s , the size of magnetic domains during cooling for [Pt(0.7)/Co(0.6)] 1 and [Pt(0.7)/Co(0.6)] 2 is always larger than D at RT, and therefore larger than the spot size D th . For [Pt(0.7)/Co(0.6)] 3 , let us consider that the sample has cooled down to a temperature of 400 K. We estimate the M s at T = 400 K using the Curie-Weiss law with a Curie temperature T c = 650 K, and find M s = 1950 kA/m. Moreover, the estimated domain size for [Pt(0.7)/Co(0.6)] 3 with M s = 1950 kA/m coincides with the spot size, as depicted in figure 3.13(b). Taking into account the decrease of K u and A ex at T = 400 K, it can be understood from Eq. (3.15) that the domains are always smaller than the spot size during cooling from 400 K to RT. Moreover, the domains are also smaller than D th during cooling for [Pt(0.7)/Co(0.6)] 4 . Consequently, we can conclude that a domain size constantly larger than the spot size during cooling is a criterion for the observation of a persistent switching for ferromagnets.

Domain size at room temperature for ferrimagnets

In order to demonstrate that this large domain size criterion is common for ferro-and ferrimagnets, we use the same approach to estimate the domain size during cooling for Tb x Co 100-x (t) alloys for different ranges of Tb concentration x. It was demonstrated by Hansen et al. [31] for similar ferrimagnetic alloys that the saturation magnetization shows different behaviors with temperature depending on the Tb concentration. Therefore, three different ranges of x can be distinguished, namely 8 < x < 13.5, 14.5 < x < 16.5 and 25 < x < 30.5. The evolution of the domain size D at RT is studied for these three concentration ranges as shown in figures 3.14(a), 3.15(a) and 3.14(b), respectively.

One can see from 3.14(a) that for Tb x Co 100-x (t) films showing AO-HDS with x = 8, 10.5, 12, 13.5 and t = 1.5 nm, 2.5 nm, 3.5 nm, 5 nm, respectively, D is larger than D th at RT. Moreover, for 8 < x < 13.5, M s only decreases for T > RT as shown by Hansen et al. [31]. Hence, for this range of concentration, the domain size D during cooling for the samples showing AO-HDS is always larger than D at RT, and thus larger than the spot size. Therefore, the behavior of magnetic domains with temperature in this range of Tb composition is similar to the one of ferromagnets.

Concerning the range of Tb concentration 25 < x < 30.5, for Tb 25 Co 75 (6.5 nm), Tb 27.5 Co 72.5 (10 nm), Tb 30 Co 70 (20 nm) and Tb 30.5 Co 69.5 (15 nm) showing AO-HDS, D is larger than D th at RT as shown in Figure 3.14(b). For this range of concentration, Tb x Co 100-x alloys show a compensation temperature (T comp ) above RT. Hence, when the temperature decreases from T c during cooling, M s decreases with temperature and vanishes at T comp [20,31]. A further decrease of temperature from T comp towards RT leads to an increase of M s . However, since the nucleation is a thermally activated process and temperature is close to RT, the nucleation of new domains does not occur and AO-HDS is maintained. Consequently, the magnetic domains for these materials during cooling are larger than those at RT, and thus larger than the spot size. A more tricky behavior is the one observed for the range of Tb concentration 14.5 < x < 16.5. Indeed, for Tb 14.5 Co 85.5 (6.5 nm) and Tb 16.5 Co 83.5 (3.5 nm) AO-HDS is observed while for Tb 15 Co 85 (8 nm), Tb 15.5 Co 84.8 (10 nm) and Tb 16 Co 84 (20 nm) only TD is obtained. However, figure 3.15(a) shows that the domain size for all these samples at RT is always larger than D th . Nevertheless, M s increases with temperature (RT < T < 500 K) for this range of concentration [31]. For instance, an increase in the M s by 150 kA/m is estimated for Tb 16 Co 84 at T = 500 K. As shown in figure 3.15(b), the domain size for Tb 16 Co 84 (20 nm) with M s = 380 kA/m is smaller than the spot size. Taking into account the decrease of K u with temperature, the domains in Tb 16 Co 84 
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Conclusions

In this experimental investigation, we demonstrated that both ferro-and ferri-magnets with high saturation magnetization (M s > 700 kA/m) show a persistent AO-HDS if the magnetic thickness is strongly reduced, thus contradicting the magnetic parameters previously proposed in literature to explain the observation of AO-HDS. The main conclusion of this investigation is that the large magnetic domain size is a relevant criterion for the observation of AO-HDS. Indeed, after the circularly polarized laser pulses heat the perpendicularly magnetized sample, the magnetization tends to break into domains during the cooling process. Hence, if the magnetic domain size during cooling is larger than the laser spot size then AO-HDS can be observed, otherwise TD is obtained. More importantly, such large domain size criterion is common for both ferri-and ferro-magnets.

From a phenomenological point of view, we anticipate that more magnetic materials are expected to show AO-HDS, however, the initial effect of the helicity of the optical pulse is hidden by the formation of small magnetic domains during the cooling process. From a technological point of view, this decisive role of magnetic domains allows identifying the optimal conditions for the observation of a persistent AO-HDS, whether by significantly reducing the magnetic thickness or by strongly decreasing the laser spot size in order to fulfill the criteria of a domain size constantly larger than the laser spot size during cooling.

Magnetic anisotropy dependence of the all-optical switching

As demonstrated in section 3.3, the observation of AO-HDS in ferri-and ferro-magnets depends not only on the saturation magnetization, but on the magnetic domain size which takes into account the competition between the dipolar energy and the domain wall energy. In order to confirm the role of the DW energy, we experimentally investigated the optical response of Co/Pt multilayers in which the magnetic anisotropy is decreased in a controlled way via He + ion irradiation.

Tailoring magnetic anisotropy by light-ion irradiation Irradiation-induced evolution of structural and magnetic properties

In 1998 Chappert et al. demonstrated in their pioneering work that He + ion irradiation at 15 keV reduces the magnetic anisotropy and coercivity in perpendicularly magnetized Pt/Co/Pt sandwiches and [Pt/Co] multilayers [32]. As mentioned in section 2.1, the irradiation with He + ions at energies ranging from 5 to 150 keV does not lead to extended collision cascades, but the structural modifications are confined to the vicinity of the ion path in the metal [33,34]. Indeed, all He + ions stop deep in the substrate and the irradiation involves recoils limited to one or two atomic distances, leading to substitution of atoms : Co -> Co, Pt -> Pt, Co -> Pt and Pt -> Co. Thus, the irradiation process induces intermixing at the interfaces, whereas the initial crystallographic structure and microstructure (grain size) are maintained [32,34,35]. In the case of Pt/Co/Pt structure, the irradiation induces two different motions. As shown in figure 3.16, the upper Co interface undergoes short-range mixing resulting in an increase of the roughness, whereas the lower Co interface mostly evolves by longer-range mixing leading to Co-Pt alloy formation [34]. Therefore, the chemical environment of Co atoms is homogenized due to of the neighboring atoms by Pt [36].

Before irradiation

After A model existing in the literature based on simple purely collisional mixing enables the estimation of the mixing rates, their range in Pt and Co, and the asymmetry between the upper and lower interfaces [34,36,37]. Indeed, figure 3.17 shows the asymmetric distribution of foreign atoms deduced from simulations for an irradiation dose ID = 8 10 15 ions/cm 2 at 15 keV [34]. One can clearly see that the Pt atoms penetrate deeper into the Co layer than the Co atoms do into Pt layers. Indeed, the path of a Co atom in a Pt layer is 0.3 nm, whereas the path of a Pt atom in a Co layer is 0.5 nm [33]. The magnetic properties of light-ion irradiated Co/Pt multilayers with PMA have been reported in many experimental investigations [38]. The most important irradiation-induced change in the magnetic properties is the reduction of the magnetic anisotropy. Indeed, the irradiation of Co/Pt multilayers at sufficiently high fluences leads to a reduction of the PMA to the point where the shape anisotropy becomes dominant. Thus, the magnetic easy axis rotates into the film plane [32]. The irradiation also results in a reduction of the coercive field and the Curie temperature [38]. T c remains very precisely defined, thus indicating that the effects of irradiation are homogeneous [38]. Nevertheless, the saturation magnetization remains constant [39].

To explain this reduction of PMA, the irradiation-induced evolution of the structure should be taken into account. First, since the saturation magnetization remains constant, the shape anisotropy is unchanged. Second, the irradiation leads to an intermixing at the interfaces. Therefore, the incorporation of Pt atoms into the hcp Co layer leads to a decrease of the volume contribution of the MCA from the hcp Co value K u = 4.5 10 5 J/m 3 , to a much lower value for a random fcc CoPt alloy [39]. The interface contribution of the MCA also decreases with the irradiation. Indeed, it is well known that the more abrupt the interfaces are, the higher the interface anisotropy K s is [32]. Consequently, the irradiation-induced intermixing at the interfaces makes them less abrupt, and leads to a strong decrease of the interface anisotropy. Moreover, another consequence of the intermixing is the increase of the effective magnetic thickness of Co/Pt multilayers.

Studied light-ion irradiated Co/Pt multilayers

We investigated the ferromagnetic Glass/Ta(3 nm)/Pt(3 nm)/[Pt(0.7 nm)/Co(0.6 nm)] N /Pt(3 nm) multilayers, where the number of repeats N = 2 or 4. The top Pt layer prevents sample oxidation. The films show PMA leading to a magnetization perpendicular to the film plane at zero fields. They were subsequently irradiated with He + ions at irradiation dose (ID) ranging from 5 10 14 He + /cm 2 to 5 10 15 He + /cm 2 . The irradiation was performed at RT and at a constant energy of 15 keV. The change in the magnetic properties as a function of the irradiation dose was measured using SQUID magnetometry.

For non-irradiated films, the saturation magnetization M s = 1619 kA/m (resp. 1982 kA/m) and a first order anisotropy constant K u = 2.41 10 6 J/m 3 (resp. 3.15 10 6 J/m 3 ) for N = 2 (resp. 4) were obtained. As mentioned in section 3.2.1, the increase of M s with the number of repeats is attributed to the spin polarization of Pt atoms by the adjacent Co layers [23].

Concerning the irradiated [Co/Pt] 2 films, figure 3.18 shows that the anisotropy constant K u decreases strongly for high ID down to K u = 1.25 10 6 J/m 3 for ID = 5 10 15 He + /cm 2 , in agreement with previous studies on Co/Pt multilayers [39,40]. However, M s slightly increases for ID = 8 10 14 He + /cm 2 up to 1741 kA/m, then decreases down to 1400 kA/m for higher ID. Moreover, the coercive field H c at RT decreases from 4 mT measured for the non-irradiated films to H c = 2 mT for ID = 5 10 15 He + /cm 2 .

M s K u A similar trend is measured for irradiated [Co/Pt] 4 films. As depicted in figure 3.19, K u strongly decreases down to 2.17 10 6 J/m 3 at ID = 10 15 He + /cm 2 , while M s slightly decreases down to 1710 kA/m. However, the measured coercive field is H c = 7.6 mT and remains unchanged up to ID = 10 15 He + /cm 2 . For [Co/Pt] 4 multilayers irradiated at ID > 10 15 He + /cm 2 , the magnetization easy axis is rotated towards the in-plane orientation. 

Chapter 3. Domain size criterion for the observation of all-optical switching

All-optical control of magnetization in irradiated Co/Pt multilayers

We now continue to measure the optical response to laser beam excitation of the irradiated Co/Pt multilayers using the analog sweeping beam experiments to ferri-and ferro-magnets introduced in section 3.2.2. Prior to being optically excited, the irradiated films are saturated with an external magnetic field. During the optical excitation, no magnetic field is applied and the 35-fs laser beam is swept from right to left for both circular polarizations with a low sweeping speed of approximately 10 µm/s.

[Co/Pt] 2 multilayers

First, we investigate the optical response of irradiated [Co/Pt] 2 multilayers at ID ranging from 5 10 14 He + /cm 2 to 5 10 15 He + /cm 2 . Figure 3.20 shows that the non-irradiated (ID = 0) [Co/Pt] 2 multilayers exhibit AO-HDS, in agreement with the results presented in section 3.2.2. By increasing ID from 5 10 14 He + /cm 2 to 2 10 15 He + /cm 2 , the effect of the helicity following the excitation in the irradiated [Co/Pt] 2 multilayers disappears gradually. Indeed, as shown in figure 3.20, multiple domains start appearing in the scanned region and are stretched towards to the center of the beam spot. This behavior is attributed to thermal-induced domain wall motion [41,42].

For the maximum ID = 5 10 15 He + /cm 2 , thermal demagnetization is obtained and the multiple domains in the scanned region get smaller. The measurements were performed using a constant laser power of 0.75 mW.

Since the increase of ID leads to strong decrease of K u compared to the one of M s , these findings indicates that the magnetic anisotropy and thus the DW formation energy plays undoubtedly an important role in the AO-HDS process. Moreover, the reduction of K u leads to an increase of the magnetic size D, according to equation (3.15). In a first approximation, we suppose that the A ex and M s change only weakly with the irradiation dose, in agreement with previous studies on Co/Pt multilayers [34]. Therefore, we use the values of A ex and M s for nonirradiated samples in order to estimate the domain size. For instance, the measured K u for [Co/Pt] 2 irradiation at ID = 5 10 15 He + /cm 2 is 1.25 10 6 J/m 3 . As depicted in figure 3.21, the domain size D for [Co/Pt] 2 with K u = 1.25 10 6 J/m 3 coincides with the laser spot for a magnetic thickness t = 1.33 nm. Moreover, the magnetic thickness of [Co/Pt] 2 at ID = 5 10 15 He + /cm 2 slightly increases due to the intermixing at the interfaces, since the recoils of Co atoms are limited to one or two atomic distances. Therefore, taking into account this irradiation-induced increase of t, the domain size of [Co/Pt] 2 at ID = 5 10 15 He + /cm 2 is smaller than the spot size.

Spot size

Figure 3.21: Estimation of D as a function of the Co layer thickness t for [Co/Pt] 2 multilayers for K u = 2.41 10 6 J/m 3 measured for the non-irradiated sample and K u = 1.25 10 6 J/m 3 measured for a sample irradiation with ID = 5 10 15 He + /cm 2 . For t = 1.33 nm with K u = 1.25 10 6 J/m 3 , the domain size is smaller than the laser spot size. D is calculated with M s = 1619 kA/m measured for the non-irradiated sample and A ex = 1.2 10 -11 J/m estimated from literature [27]. The filled symbols indicate the magnetic thickness of the investigated [Co(0.6 nm)/Pt(0.7 nm)] 2 multilayers.

To conclude, this experimental investigation on irradiated [Co/Pt] 2 shows that the AO-HDS ability is lost by gradually increasing the irradiation dose, corresponding to a gradual decrease of the magnetic anisotropy and thus the magnetic domain size. Hence, because of the strong decrease of K u , a pure TD is obtained with the maximum ID leading to magnetic domains smaller than the spot size. These findings confirm the large domain size criterion for the observation of AO-HDS demonstrated in section 3.3, and highlight the crucial role of the DW energy in the AO-HDS process.

[Co/Pt] 4 multilayers

Finally, we verify the thermal demagnetization of irradiated [Co/Pt] 4 multilayers. Figure 3.22 shows that the non-irradiated [Co/Pt] 4 multilayers show TD, which is in agreement with the results presented in section 3.2.2. Similarly to [Pt/Co] 2 , irradiating the [Co/Pt] 4 leads to a reduction of K u and thus a decrease of the domain size. Since the domain size D for non-irradiated [Co/Pt] 4 is smaller than the spot size, D for the irradiated [Co/Pt] 4 is also smaller than the spot size. Therefore, only TD is expected for the irradiated [Co/Pt] 4 multilayers according to the domain size criterion. As expected, figure 3.22 shows that [Co/Pt] 4 multilayers irradiated at ID = 8 10 14 and 10 15 He + /cm 2 exhibit pure TD, in agreement with the domain size criterion. Furthermore, the multiple domains in the scanned area of irradiated [Co/Pt] 4 become too small to be optically resolved, confirming the decrease of the domain size with the irradiation. 

Summary

In this third Chapter, we experimentally demonstrated that both ferro-and ferri-magnetic materials with high saturation magnetization show AO-HDS if the magnetic thickness is strongly reduced, thus contradicting the magnetic parameters previously proposed in literature to explain the observation of AO-HDS. By taking into account the demagnetizing energy and the domain wall energy, we are able to define a criterion to predict whether AO-HDS or thermal demagnetization will be observed. This criterion for the observation of AO-HDS is that the equilibrium size of magnetic domains forming during the cooling process should be constantly larger than the laser spot size. More importantly, this large domain size criterion is common for both ferri-and ferro-magnets.

From a phenomenological point of view, we anticipate that more magnetic materials are expected to show AO-HDS, however, the initial effect of the helicity of the optical pulses is hidden by the formation of small magnetic domains during the cooling process. From a technological point of view, the decisive role of magnetic domains allows identifying the optimal conditions for the observation of a persistent AO-HDS, whether by significantly reducing the magnetic thickness or by strongly decreasing the laser spot size in order to fulfill the large domain size criterion.

We have also verified the influence of the domain wall energy on the observation of AO-HDS by investigating the optical response of light-ion irradiated Co/Pt multilayers. Indeed, irradiating Co/Pt multilayers with He + ions leads to a strong decrease of the magnetic anisotropy, while the saturation magnetization changes only weakly. Thus, the domain energy decreases strongly due to the irradiation, which leads to a decrease of the magnetic domain size. We demonstrated that the AO-HDS ability of Co/Pt multilayers is lost by gradually increasing the irradiation dose, which highlights the crucial role of the DW in the all-optical switching process. This investigation also confirms the large domain size criterion for the observation of AO-HDS.

Chapter 4

Distinction between two types of all-optical switching mechanisms via magneto-transport measurements

Introduction

In the fourth chapter of this thesis, we present an experimental investigation of the all-optical switching in Hall cross devices via the anomalous Hall effect. This novel approach provides new insights in the underlying physics of the all-optical switching, and on the other hand helps paving the way for a new field combining optics and spintronics called opto-spintronics [1]. First, we report in section 4.2 an electrical characterization of all-optical helicity-dependent switching (AO-HDS) of ferromagnetic Pt/Co/Pt Hall crosses subject to multiple-pulse excitations. Hence, this all-electrical probing of magnetization enables a statistical quantification of the switching ratio for different laser parameters, such as the helicity, the laser power and the sweeping speed. Second, a first demonstration of the all-optical control of magnetization in ferromagnetic CoFeB Hall crosses is shown in section 4.3, whereas an electrical investigation of AO-HDS in ferrimagnetic Tb 27 Co 73 Hall crosses is shown in section 4.4. Finally, we present in section 4.5 a time-dependent electrical investigation of the all-optical switching in ferrimagnetic and ferromagnetic Hall crosses, enabling to probe the switching on different timescales. Such an approach enables the distinction between two types of all-optical switching mechanisms; a "single pulse" switching for ferrimagnetic GdFeCo alloys as previously reported, and a "two regimes" switching process for both ferrimagnetic TbCo alloys and ferromagnetic Co/Pt multilayers which consists of a helicity-independent multiple-domain formation followed by a helicity-dependent remagnetization. The microscopic origin of such two regimes multiplepulse helicity-dependent switching mechanism is then discussed.

Electrical characterization of AO-HDS in ferromagnetic Pt/Co/Pt Hall crosses 4.2.1 Introduction

The discovery of AO-HDS by Lambert et al. [2] in pure ferromagnetic materials, such as Co/Pt and Co/Ni multilayers as well as granular media, raised a number of questions about its underlying physics. Despite the fact that the microscopic origin of all-optical switching in ferromagnets is still under debate [2,3], these experiments triggered great interest since all-optical switching has now a large potential for novel magnetic data storage. Moreover, the field of opto-spintronics makes use of the fact that both photons and electrons can carry a spin angular momentum, and thus is promising for both fundamental research such as the investigation of laser-induced magnetization dynamics [4,5,6] and applications [7,8]. For instance,
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AO-HDS could be implemented in spintronic devices such as spin-transfer torque (STT) based memories [9,10] or heat-assisted magnetic recording (HAMR) [11,12]. The main advantages of such integration are the speed and energy efficiency, since pulses are used instead of magnetic fields in today's technology.

In this context, we probe AO-HDS with pure magneto-transport read-out in ferromagnetic Pt/Co/Pt based Hall crosses. The helicity dependence plays a major role in this implementation, since it enables an all-optical writing and erasing of data without applying any external magnetic field. Furthermore, this novel method to probe the AO-HDS in Hall crosses via the anomalous Hall effect [13,14] enables a statistical quantification of the switching ratio for different laser parameters, thus giving new insights into the rich physics underlying the alloptical switching. It also enables to investigate the switching on different timescales ranging from 1 µs to a few seconds, thus bridging the gap between the ultrafast [4] and the quasi-static optical methods [2,15] used to probe magnetization. In sections 4.2, 4.3 and 4.4, the temporal resolution of the electrical measurements is 150 ms, whereas it equals 1 µs in section 4.5.

Anomalous Hall effect

The Hall resistivity in magnetic materials does not increase linearly with the applied field, and includes an additional contribution known as the anomalous Hall effect. Shown in figure 4.1 is a simple magnetic configuration with an applied magnetic field H and a magnetization M. We define B the magnetic flux through the sample due to M and H. The Hall resistivity can be expressed as follows:

ρ xy = R N ⃗ B. êz + R AHE ⃗ M. êz (4.1)
R N is the normal Hall coefficient, whereas R AHE is the anomalous Hall coefficient. For the anomalous Hall coefficient, two contributions are discussed namely the skew scattering [13] and the side-jump mechanisms [14]. Hence, R AHE can be expressed as a function of the resistivity ρ as follows:

R AHE = Aρ + Cρ 2 (4.2)
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"A" is attributed to the skew scattering [13] whereas "C" is attributed to the side-jump mechanisms [14]. Since the anomalous Hall effect results from the spin-dependent scattering of conduction electrons and is enhanced with a large spin-orbit coupling [16], it is mostly much larger than the normal Hall effect.

Outline of the experiments

The investigated ferromagnetic sample is a thin film of Glass/Ta(3 nm)/Pt(3.7 nm)/Co(0.6 nm)/ Pt(3.7 nm) grown by DC magnetron sputtering. The film has a saturation magnetization M s = 1483 kA/m and with a first order anisotropy constant K 1 = 2.65 10 6 J/m 3 , leading to a perpendicular magnetization in remanence with a RT coercive field H c = 8 mT. The sample is patterned into a 5-µm-wide Hall cross using optical lithography, as shown in figure 4.2. A DC current is injected along the x axis, and the Hall voltage is measured along the y direction in order to measure the z-component of magnetization within the Hall cross. During the experiments, no external magnetic field is applied. Hence, the measured Hall voltage V AHE can be expressed as follows:

V AHE = ρ xy I t (4.3)
with

ρ xy = R AHE ⃗ M. êz (4.4)
R AHE is the anomalous Hall coefficient, t the magnetic thickness and ρ xy is the Hall resistivity.

In our measurement, a current intensity I = 0.75 mA is applied and the typical value of the anomalous Hall voltage is V Hall = 0.18 mV. Moreover, the corresponding current density is 30 MA/m 2 . Such current density is negligible compared to the usual density (of the order of 0.3 TA/m 2 ) used to perform magnetization switching by current-induced spin-orbit torque (SOT) [17,18]. Furthermore, the investigated Pt/Co/Pt structure is symmetric. Therefore, a direct current-induced switching is improbable. 

. Distinction between two types of all-optical switching mechanisms via magneto-transport measurements

To investigate the magnetization switching within the Hall cross, we performed two different approaches using multiple-pulse excitation. In the first approach called "sweeping beam measurement", the fs laser beam is swept over the length of the magnetic wire along the x axis across the Hall cross as shown in figure 4.2. In the second approach called "static beam measurement", the laser spot is maintained at a fixed position on the Hall cross, and is whether "off-centered" as shown in figure 4 For both approaches, the sample is saturated before illumination under an external magnetic field applied along the z axis in order to measure the Hall voltage for the two saturated magnetic states ⃗ M s . êz and -⃗ M s . êz . No magnetic is applied during illumination, therefore the continuously measured Hall voltage reflects the static magnetic state of the Hall cross. A decrease of the Hall voltage might also be due to a heat-induced change in the Hall resistivity via the temperature increase. Nevertheless, by adding an external magnetic field to saturate the magnetization within the laser-heated Hall cross, the anomalous Hall voltage does not change compared to the one of the unheated Hall cross. Hence, with the range of power used in these experiments, a significant change of the Hall resistivity is excluded. 

Sweeping beam measurement

Circular polarization

We have firstly investigated the sweeping beam approach in Pt/Co/Pt based Hall cross for the four possible configurations of circular helicity and initial magnetization saturation. Hence, shown in figure 4.5 are the sweeping measurements for a sweeping speed of 40 µm/s and a power of 0.95 mW. The laser beam is swept from position -100 µm/s to 100 µm/s, while the zero position corresponds to the center of the Hall cross. In order to understand the shapes of the curves in figure 4.5, we take into account the decomposition of the laser-induced area into regions intensities, as shown in previous studies in GdFeCo alloy films [15,19] and Pt/Co/Pt multilayers [2] (see figure 1.5 in section 1.3.1). Indeed, the intensity in the central part of the laser spot is sufficiently high to demagnetize the Hall cross, whereas AO-HDS is obtained only at the level of a narrow rim with the optimum intensity called AOS rim. As shown in figure 4.5, the laser beam is far from the Hall cross in region I and does not effect of the magnetization. A drop of the absolute value of the Hall voltage is measured in region II since the first part of the inner circle of the laser beam enters the center of the Hall cross. This gradual drop of magnetization is probably due to a gradual presence of multiple domains. No switching is measured in the transition between regions I and II, which might be due to the small width of the AOS rim which is estimated using the Faraday microscope to 2-3 µm, and to the low temporal resolution of the measurement (150 ms). In region III, the laser beam is well centered on the Hall cross. The presence of multiple domains in it leads to a zero plateau of the Hall voltage. The helicity dependence starts to appear in region IV as the second part of the AOS rim goes through the center of the Hall cross. Independently of the initial magnetization saturation, σand σ+ switch gradually to up and down, respectively. In region V, the laser beam is far from the center of the Hall cross and the helicity-dependent switching is complete. This electrical measurement for the four configurations of initial saturation and circular polarization is a clear demonstration of the helicity-dependent switching in Pt/Co/Pt Hall crosses. It also enables the estimation of the size of the laser-induced area, corresponding to the diameter of the AOS rim. In our experimental set-up, this diameter equals 80 µm for a laser power of 0.95 mW.
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A complete helicity-dependent switching is obtained with a sweeping speed of 40 µm/s and a power of 0.95 mW. We will now investigate the effect of decreasing the number of photons in interaction with the Hall cross on the switching process following two different approaches.

The first approach consists of lowering the laser power, which enables to tune the maximum intensity of each pulse while the number and density of pulses is kept constant. The second approach consists of increasing the sweeping speed, leading to a decrease of the number of pulses per unit area. In this second approach, the sweeping speed is increased from 40 µm/s to 2500 µm/s. Hence, the distance between two consecutive pulses increases from 8 nm to 0.5 µm, which remains small compared to the laser-induced area that is about 80 µm and to the magnetic domain size. In order to take into account the stochastic component, all sweeping beam measurements with both approaches were performed 20 times with a reset of magnetization of its initial state after each sweep as shown in figure 4.7. For each measurement, we determine the switching ratio, corresponding to the relative change of the anomalous Hall voltage in comparison to the full switching. For instance, a value of τ = 100% corresponds to complete and deterministic switching. The values of τ given in figure 4.7 are arithmetic means of the switching ratio measured for each individual measurement, whereas the value of the standard deviation is given by the length of the error bars. In figure 4.7(a), the switching ratio is presented as a function of the laser power for various sweeping speeds. The initial up magnetization saturation with σ+ sweeping is exemplarily shown. Independently of the sweeping speed ranging from 40 µm/s to 2500 µm/s, we clearly observe a threshold power below which the laser does not affect the magnetization, and above which AO-HDS is observed. Above films by varying the sweeping speed from 40 µm/s to 2500 µm/s. We also use another approach to investigate the effect of the number of pulses interacting with film on the switching achievement by tuning the repetition rate from the default value of 5 kHz to 5 Hz using a pulse picker. Starting with a sweeping speed of 40 µm/s as shown in figure 4.8(a), a full switching is obtained for a repetition rate f ranging from 5 kHz to 1 kHz. By further reducing the repetition rate, multiple magnetic domains start to appear gradually in the laser-scanned area. Knowing that lowering the repetition rate leads also to a decrease of the number of pulses interacting with the Hall cross, these findings show that the switching of Pt/Co/Pt films with a swept beam is a cumulative process, which is in agreement with the results obtained on the Pt/Co/Pt based Hall cross. Second, figure 4.8(b) shows that by increasing the sweeping speed up to 200 µm/s, the repetition rate limit below which multiple domains are observed increases. Furthermore, the same behavior is measured for sweeping speeds of 1000 µm/s and 2500 µm/s as depicted in figures 4.9(a) and 4.9(b), respectively. Indeed, for both sweeping speeds, a partial presence of multiple domains is obtained for the default repetition rate of 5 kHz. Figure 4.9 shows also that for a low repetition rate of 5 Hz, the distance between two consecutive pulses becomes 

H ex H ex H ex H ex + σ + σ + σ + σ + σ + σ + σ + σ

Linear polarization

It was shown in previous studies that a swept linearly polarized beam (π) induces random magnetic domains up and down in ferrimagnets such as GdFeCo [15], TbCo films [20], and ferromagnets such as Co/Pt multilayers [2]. However, statistical quantification of the switching with linear polarization has not yet been performed. Here, we quantify the laser-induced multiple domain formation with linear polarization in Pt/Co/Pt based Hall cross following the sweeping beam approach, as shown in figures 4.10 and 4.11. Figure 4.10 shows the temporal evolution of the anomalous Hall voltage for the sweeping beam measurement repeated four times with a sweeping speed of 1000 µm/s and a power of 0.95 mW. A reset of magnetization to its initial state is performed after laser beam with linear polarization is swept back and forth over the Hall cross. The switching is random on average with a large stochastic contribution. Furthermore, we perform this sweeping measurement 20 times with linear polarized beam swept and speeds ranging from 40 µm/s to 2500 µm/s.

As depicted in figure 4.11, the switching ratio is measured for three different initial magnetic states, namely saturation up, saturation down and a demagnetized state. Switching ratio τ as a function of the swept beam's speed v with linear polarization and for three different initial magnetic states, namely saturation up (red), saturation down (red) and demagnetized state (green). The laser power is 0.95 mW.

One can see that the average value of the switching ratio with π sweeping for the investigated range of v varies from 50% to 70% with initial saturation up, from 20% to 50% with an initial 96 Chapter 4. Distinction between two types of all-optical switching mechanisms via magneto-transport measurements saturation down, and is around 50% with a sweeping speed of 40 µm/s and an initially demagnetized state. However, the standard deviation in all cases is extremely large, demonstrating the stochastic behavior with linear polarization. This can be explained by the fact that one of the domain orientations is predominant within the Hall cross. For a better understanding of such stochastic behavior, we perform sweeping experiment with linearly polarized beam on Pt/Co/Pt continuous film along a domain boundary. 

Longitudinal resistance measurement

In order to correlate the switching occurrence following the sweeping beam approach with the temperature increase within the Hall cross, we quantify the change of the longitudinal resistance R while the laser beam is swept over the x axis of the Hall cross as depicted in figure 4.13. The temporal resolution of the experiment is 150 ms. We define the laser-induced longitudinal resistance shift is defined as follows: One can see that the resistance rise scales linearly with laser power and seems to be only weakly dependent on the sweeping speed ranging from 40 µm/s to 2500 µm/s. This means that the average laser-induced heating is more related to the number of photons per pulse. Moreover, the laser-induced heating weakly change by varying the number of pulses interacting with the 5-µm-wide Hall cross from 625 to 10 pulses. Nevertheless, it was demonstrated earlier that, for a laser power above the switching power threshold, the achievement of a complete switching is strongly related to the number of pulses in interaction with the Hall cross and is weakly dependent on the laser power (see figure 4.7). Hence, we can conclude that the cumulative helicity-dependent switching process in Pt/Co/Pt based Hall cross is weakly related to the average laser-induced heating, however, it is mainly dependent on the number of pulses.

∆R = R C R A -1 (4.

Influence of current-induced heating

In Co/Pt based Hall crosses, the current density might affect the magnetization in various ways such as the DW propagation via the spin transfer torque (STT) [23] and the direct switching via the spin orbit torque (SOT) [17,18]. The typical current density used to perform such experiments is of the order of 10 GA/m 2 and 0.23 TA/m 2 , respectively. In the following we investigate the achievement of AO-HDS in the Pt/Co/Pt Hall cross via direct current-induced Joule heating, by varying the applied current intensity from 1 mA to 5 mA in a 7 µm-wide Pt/Co/Pt Hall cross. Hence, the current density varies from 28.5 MA/m 2 to 142 MA/m 2 and current-induced STT and SOT remain negligible. For each value of the applied current, we perform sweeping beam measurements with a sweeping speed of 40 µm/s and a laser power of 0.4 mW, corresponding to the switching power threshold (see figure 4.7). Figure 4.16 shows the evolution of the switching ratio and the resistivity as a function of the applied current intensity. We measured the resistivity change while no laser beam is applied, by assuming that the entire power is dissipated within the Hall cross and by taking into account the Ta buffer layer. As depicted in figure 4.16(a), no switching occurs for the minimum applied current of 1 mA. Moreover, a partial switching is obtained with an average switching ratio of 25% by increasing the applied current to 2 mA. The large stochastic contribution is attributed to heat-induced magnetic domain fluctuations. For I app = 5 mA, although a partial switching is obtained, the reversal is more reliable and a small helicity dependence starts to appear. The partial switching is probably due to the width of the laser-scanned area which is smaller than the width of the studied Hall cross. Such enhancement of AO-HDS via current-induced Joule heating indicates that the switching power threshold might be strongly dependent on sample temperature. A similar effect was demonstrated in the studies reported in section 1.5.1 on ferrimagnetic TbFeCo and TbCo alloys, where the switching power threshold is decreased (resp. increased) by heating (resp. cooling) the sample [24,25,26]. The resistivity increases with the applied Chapter 4. Distinction between two types of all-optical switching mechanisms via magneto-transport measurements current as shown in figure 4.16(b), which is due to the current-induced Joule heating. For I app = 5 mA, the resistivity is 4. 47 10 -7 Ohms.m.
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We now quantify the average laser-induced temperature increase in the entire longitudinal axis of the studied Pt/Co/Pt Hall cross. In this context, we increase gradually the current intensity in a 100 µm-wide Pt/Co/Pt Hall cross and measure the resistivity change. For each value of applied current, we also estimate the current-induced temperature increase with an infrared camera. The evolution of the resistivity of the Pt/Co/Pt based Hall cross as a function of temperature is depicted in figure 4.17. As expected, the resistivity scales linearly with the temperature and the temperature coefficient per • C is 0.00727. By extrapolating the data, ρ 

Static beam measurement with an off-centered beam

We now investigate the AO-HDS mechanism in the Pt/Co/Pt based Hall cross using the second approach called static beam measurement, which provides insight into the switching process and a better integration of all-optical switching in spintronics devices. Achieving such investigation is hard using magneto-optical Faraday imaging, since the all-optical switching rim is too small to be optically resolved. To compare with the sweeping beam measurements, we measure in the following both the anomalous Hall voltage and the longitudinal resistance with an off-centered static beam.

Anomalous Hall voltage measurement

We start our investigation by performing the static beam measurement introduced in section 4.2.1 (see figure 4.3) for the four possible configurations of circular polarization and initial saturation. In order to avoid demagnetization effects due to cooling when the laser beam is turned off, the switching ratio for each configuration is measured as the beam is on. A reset of magnetization to its initial state is performed after each individual measurement. These As shown in figure 4.18, no switching occurs for the minimum power of 0.5 mW since the laser power is too low to influence the magnetic state. Note that the size of the laser-excited area increases by increasing the laser power, leading to the spatial shift of the AOS rim. This spatial shift is demonstrated on a Pt/Co/Pt continuous film as shown in figure 4.19. Hence, the switching ratio increases as the AOS rim gets gradually centered on the Hall cross by varying the power from 0.6 mW to 0.8 mW. Moreover, a significant stochastic component appears. We attribute this behavior to heat-induced magnetic domain fluctuations which might play an important role for this range of power. For a laser power of 0.95 mW, a switching of about 90% is achieved with a small standard deviation. The fact that such reliable switching is uncomplete could be due to the small width of the AOS rim which is not completely covering the probed area of the Hall cross. Finally, the spatial displacement of the AOS rim with the laser power shown in figure 4.19 is a hint that the switching at the level of the rim occurs always with a certain optimum power value. This optimum power and the width of the AOS rim should be material-dependent. 

Longitudinal resistance measurement

We now continue by measuring the laser-induced increase of the longitudinal resistance during the static beam measurement. As depicted in figure 4.20, the off-centered laser beam is shined on the x axis, while the longitudinal resistance is continuously measured with a temporal resolution of 150 ms. The typical time evolution of the longitudinal resistance while performing four consecutive static beam measurements with a laser power of 0.95 mW and an applied current of 0.75 mA is depicted in figure 4.21. The initial saturation down with σpolarization is exemplarily shown. First, the resistance before laser exposition is measured R A = 1201 Ohms. Once the laser beam is shine, the longitudinal resistance increases up to R B = 1202 Ohms. When the laser beam is turned off, R decreases up to R C = 1201.06 Ohms. By fitting the data with an exponential decay, the characteristic times for the laser-induced heating and cooling are determined. The characteristic time is determined for both laser-induced heating and cooling by fitting the data with an exponential decay, yielding t B = 2.29 s and t C = 1.41 s, respectively.
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.21: Time evolution of the longitudinal resistance R while performing the static beam measurement four times, with an applied current of 0.75 mA and a laser power 0.95 mW. The initial saturation down and left-handed circular polarization is exemplarily shown. The resistance at "A" corresponds to the default value before laser exposition. The resistance at "B" is obtained when the off-centered laser beam is shined, whereas the resistance at "C" is achieved when the laser beam is switched off.

We define the laser-induced resistance shift as:

∆R = R B R A -1 (4.6) 
R B corresponds to the maximal resistance obtained when the laser beam is shined. The power dependence of the resistance shift is investigated by performing the static beam measurement 10 times. The resistance shift values shown in figure 4.22 are arithmetic means of the resistance shift measured for each individual measurement. The initial saturation down with σsweeping is exemplarily shown. Similarly to the longitudinal resistance measurement performed with a swept beam, figure 4.22 shows that resistance shift linearly with the laser power, meaning that laser-heating is strongly dependent on the number of photons per pulse absorbed by the Hall cross. Moreover, the same values of the longitudinal resistance are measured by performing such experiment with σ+ and linear polarizations, thus indicating that the average laser-induced heating with an off-centered beam is helicity-independent. 
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Static beam measurement with a centered beam

In this section we verify the demagnetization of the studied Pt/Co/Pt Hall cross with a beam kept well centered on the Hall cross. The experimental details were introduced previously in section 4.2.1 (see figure 4.4). No magnetization change is measured for the minimum power of 0.4 mW since the laser power is too low to influence the magnetization. For a laser power of 0.5 mW, a partial demagnetization is obtained as the laser-induced area is still smaller than the Hall cross. However, multiple domains are obtained when the laser beam is turned off and are due to the demagnetizing effect, as depicted in figure 4. 19. Hence, we attribute the large stochastic contribution when the laser beam is turned off to the large magnetic domain size in the Pt/Co/Pt multilayers, as shown in section 3.4.2. For a laser power ranging from 1 mW to 1.4 mW, the entire Hall cross is overheated, leading as expected to a full demagnetization (τ = 50%) with a negligible stochastic contribution.

Summary

In section 4.2, we investigated the underlying microscopic physics of the all-optical switching in ferromagnetic Co/Pt multilayers. Therefore, we probed AO-HDS in Pt/Co/Pt Hall crosses via the anomalous Hall effect. This novel approach combining both optics and spintronics enables a statistical quantification of the switching ratio for different laser parameters, thus giving new insight into the all-optical switching mechanism. Moreover, this approach enables to investigate the switching on different timescales ranging from 1 µs to a few seconds, thus bridging the gap between the ultrafast and the quasi-static methods used to probe magnetization.

We first demonstrated the AO-HDS in ferromagnetic Pt/Co/Pt films patterned into Hall crosses to allow electrical measurement of the magnetization via the anomalous Hall effect, using the sweeping beam and the static beam approaches. Both approaches indicate that a threshold power needs to be overcome in order to observe AO-HDS. We demonstrated that the switching becomes incomplete by increasing the sweeping speed, which is due to the persistent formation of multiple magnetic domains. These findings indicate that the AO-HDS in Pt/Co/Pt is a cumulative process, since a complete and reproducible switching requires a certain number of pulses.

In order to correlate the switching occurrence with the temperature increase within the Pt/Co/Pt Hall cross, we quantified the longitudinal resistance while sweeping with the laser beam over the Hall cross. We demonstrated that for a laser power above the switching power threshold, the AO-HDS process in Pt/Co/Pt is weakly related to the average laser-induced heating, however, it is mainly dependent on the number of pulses. Finally, we showed that the AO-HDS of Pt/Co/Pt Hall cross can be enhanced via current-induced Joule heating, indicating that the switching power threshold depends on sample temperature. In the next section, we will investigate for the first time the all-optical control of magnetization in ferromagnetic CoFeB/MgO based Hall crosses.

Electrical characterization of AOS in ferromagnetic CoFeB/MgO Hall crosses

Magnetic tunnel junctions (MTJs) with perpendicularly magnetized materials have triggered huge interest since they offer high thermal stability and low critical current for currentinduced magnetic reversal [27]. Furthermore, CoFeB/MgO based MTJs with in-plane magnetization [28,29] and especially with out-of-plane magnetization [30] were shown to be the most prominent candidate for the magnetic random access memory (MRAM), since they satisfy at the same time high thermal stability, high tunnel magnetoresistance and low current-induced magnetization switching. Ta/CoFeB/MgO heterostructures are also promising for domain wall Chapter 4. Distinction between two types of all-optical switching mechanisms via magneto-transport measurements devices [31,32], since they could exhibit PMA and reasonably low damping [30,33]. In this context, we investigate the integration of the all-optical switching using fs laser pulses in Ta/CoFeB/MgO based spintronic devices.

Hence, the studied sample is a thin film of Glass/Ta(5 nm)/CoFeB(0.7 nm)/MgO(2.6 nm)/ Ta(5 nm)/Pt(2 nm) grown by DC sputtering. The film was annealed at a temperature of 250 • C for 1 h in order to get the PMA. The sample is patterned into 7-µm-wide Hall crosses using optical lithography. Note that the annealing temperature and duration influence the magnetic anisotropy of Ta/CoFeB/MgO heterostructures, since an overheating could rotate the magnetic easy axis from out-of-plane (OOP) to in-plane (IP) [34,35]. This behavior is also expected by overheating the studied CoFeB/MgO Hall cross with laser beam. Moreover, a very low magnetic contrast is obtained in the studied CoFeB/MgO continuous films with our Faraday setup, thus the characterization of the all-optical control of magnetization in such material is only possible using patterned Hall crosses via the anomalous Hall effect. In order to explain this low magnetic contrast, we take into account the spin-orbit coupling. Indeed, the low damping in the studied CoFeB/MgO films scales with the spin-orbit coupling (SOC) [33]. Hence, SOC in CoFeB/MgO is low compared to the strong SOC in Co/Pt multilayers. On the other hand, it was shown that the Faraday rotation is strongly dependent on the spin-orbit coupling [36,37]. Consequently, the Faraday rotation in Ta/CoFeB/MgO films is smaller than in Co/Pt films. In the following, we study the all-optical switching in the CoFeB/MgO based Hall crosses using both sweeping and static beam approaches introduction in section 4.2.1. Then, demagnetization takes place gradually when the center of the laser beam gets closer to the Hall cross. Finally, the magnetization switches completely to up when the laser beam moves away from the center of the Hall cross. Moreover, a demagnetization followed by a complete reversal to up is obtained by sweeping back with σpolarization. The helicity dependence is conserved, as shown in figure 4.24(b). Independently of the initial magnetization saturation, σand σ+ switch magnetization up and down, respectively.

Sweeping beam measurement

Nevertheless, we were not able to achieve a statistical quantification of the switching ratio of different laser parameters similar to the one performed in Pt/Co/Pt based Hall cross. Indeed, the measured Hall voltage decreases significantly when the laser is illuminating the CoFeB/MgO based Hall cross for a long time. At a certain point the Hall voltage vanishes indicating that the magnetic easy axis becomes in-plane. We attribute this behavior to a cumulative laser-induced annealing of the Hall cross leading to a gradual decrease of the magnetic anisotropy [34,35]. Due to the laser-induced anisotropy reduction in the center of the Hall cross, a helicity-independent reversal could also be obtained. Indeed, a pure optical heating of the Hall cross center could result in a switching of magnetization in this region of the cross, whereas the outer closure would remain. We now continue to measure the change of the anomalous Hall voltage while sweeping the linearly polarized laser beam back and forth over the As shown in figure 4.25, demagnetization takes place gradually when the center of the linearly polarized laser beam gets closer to the initially saturated up Hall cross. Once the laser beam moves away from the Hall cross, magnetization switches completely to down. Furthermore, linearly polarized beam is swept back leading to a demagnetization followed by a complete reversal to up. Hence, sweeping with linearly polarized beam switches completely the magnetization independently of the initial magnetization saturation. This behavior is different from the stochastic behavior measured in Pt/Co/Pt Hall crosses. First, the possibility to switch Chapter 4. Distinction between two types of all-optical switching mechanisms via magneto-transport measurements the CoFeB/MgO based Hall cross after each sweep with linear polarization is attributed to the thermomagnetic writing [21]. Second, the complete switching of the studied Hall cross can be attributed to the low thickness of the studied films (t CoFeB = 0.7 nm) leading to a large magnetic domain size. Indeed, the magnetic domains left when the linearly polarized beam is swept over the CoFeB/MgO Hall cross might be larger than the probed area of the Hall cross (7x7 µm 2 ), leading to a complete switching of the Hall cross.
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Static beam measurement with a centered beam

Next, we investigate the change of magnetization in the CoFeB based Hall cross with a beam kept centered on the Hall cross, as depicted in figure 4.4. In the following, the temporal evolution of the anomalous Hall voltage is measured when the centered beam is on, and also when the latter is turned off. down) and σ+ (resp. σ-) polarization. The laser beam is well centered and turned on in "A", whereas it is turned off in "B".

As expected, a plateau of the Hall voltage is measured when the centered laser beam is on and is slightly asymmetric around zero. This plateau corresponds to a multidomain state due to the laser-induced heating. This demagnetization is obtained independently of the initial magnetization saturation and the beam polarization. Second, a complete reversal is surprisingly achieved when the laser beam is turned off. We also attribute this complete reversal to the large size of the magnetic domains obtained when the laser is turned off, which might be larger than the probed area. It is once again different from the one measured in Pt/Co/Pt based Hall cross (see section 4.2.4), where multiple domains are obtained when the laser beam is turned off due to the demagnetizing effects. The linearly polarized laser beam is well centered and turned on in "A", whereas the laser beam is turned off in "B".

Summary

In section 4.3, we investigated the integration of the all-optical magnetization switching in CoFeB/MgO based Hall crosses. These ferromagnetic heterostructures triggered huge interest for their large potential for future spintronic devices. Hence we demonstrated the AO-HDS in CoFeB/MgO based Hall crosses with a swept laser beam. Nevertheless, we were not able to achieve a statistical quantification of the switching ratio of different laser parameters similar to one performed in Pt/Co/Pt based Hall cross, due to the laser-induced anisotropy reduction in the CoFeB/MgO based Hall cross. Moreover, we demonstrated that sweeping over the CoFeB/MgO Hall cross with a linearly polarized beam leads to a complete reversal of the Hall cross. This tricky behavior is attributed to the thermomagnetic writing and the large magnetic domains in CoFeB/MgO which might be larger than the probed area of the Hall cross.

Electrical characterization of AO-HDS in ferrimagnetic TbCo Hall crosses

It was already shown that ferrimagnetic 20 nm-thick Tb x Co 1-x alloy films exhibit helicitydependent magnetization switching in the case of Tb dominant alloys, for which T comp is between RT and T c [20,38]. Moreover, we demonstrated in section 3.3.2 that AO-HDS is achieved even for Co dominant Tb x Co 1-x films if the magnetic thickness is strongly reduced (t < 5 nm). Now we study the implementation of all-optical switching in TbCo based Hall cross. The investigated ferrimagnetic sample is a thin film of Glass/Ta(5 nm)/Tb 27 Co 73 (20 nm)/Pt(3 nm) grown by DC magnetron sputtering. The film has a saturation magnetization M s = 258 kA/m and an anisotropy constant K 1 = 0.58 10 6 J/m 3 , leading to a perpendicular magnetization with a coercive field H c = 360 mT. Furthermore, the studied Tb 27 Co 73 alloy film is Tb dominant and present a compensation temperature above room temperature T comp = 500 K. The sample is then patterned into 7-µm-wide and 10-µm-wide Hall crosses using optical lithography, and the all-optical switching ability is probed via the anomalous Hall effect, using both sweeping and static beam approaches depicted in section 4.2.1.
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Sweeping beam measurement

We first investigate the sweeping beam measurements in the 7 µm-wide 

Static beam measurement with an off-centered beam

Now we measure the helicity-dependent switching in a 10 µm-wide based Hall cross by performing the static beam measurement with an off-centered beam and both circular polarizations. As mentioned previously, the temporal resolution of the measurement is 150 ms. The applied current is I = 3 mA and the typical value of the anomalous Hall voltage is V Hall = 2.05 mV. Figure 4.29 shows that σand σ+ switch M Co to up and down, and thus M T to down and up, respectively. A switching of about 90% is achieved and might be due to the small width of the AOS rim which is not completely covering the probed area of the Hall cross. This helicity-dependent switching is achieved independently of the initial magnetization saturation. We have additionally investigated the effect of adding a small external magnetic field H ex of 20 mT while the off-centered beam is illuminating a 7 µm-wide Tb 27 Co 73 based Hall cross. As shown in figure 4.30(a), the magnetization of the studied Hall cross is initially saturated up at "A" with H ex = +20 mT. Since the studied alloy is Tb dominant and the measurement of V Hall is mainly probing the Co sublattice, the sign of the Hall voltage while saturating with the positive H ex is thus negative. Next, no magnetic field is applied at "B" and the off-centered beam with σ+ polarization is illuminating the probed Hall cross, leading to a switching of M Co 80% to down. While at "C", the laser beam is still illuminating the Hall cross and a negative H ex = -20 mT is added. Surprisingly, M Co follows the direction of the applied magnetic field and switches to down instead of up. in "A". In "B", the off-centered beam with σ+ (resp. σ-) polarization is illuminating the Hall cross. A negative (resp. positive) external magnetic field H ex is added to the illuminated Hall cross in "C". In "D", the beam is turned off while H ex is still applied.

In order to understand this behavior, we take into account the temperature dependence of Tb and Co sublattice magnetizations. The only way to explain this result is by assuming that the fs laser beam induces a temperature increase above T comp = 500 K. Indeed, the Tb 27 Co 73 alloy becomes Co dominant when T comp is crossed due to laser heating [38,42,43]. Hence, despite that M Co at "B" is pointing to down, M T at "B" will also be pointing down. Therefore, the negative magnetic field at "C" will switch both M T and M Co to down. Finally, the σ+ polarized laser beam is turned off at "D" and negative magnetic field is still applied. The Tb 27 Co 73 alloy becomes again Tb dominant since the temperature decreases to RT. Consequently, M T (resp. M Co ) switches to down (resp. up) due to the negative magnetic field H ex = -20 mT.

This electrical measurement demonstrates that the fs laser beam with a power of 1.35 mW induces a local increase of the temperature of the probed area within the studied Tb 27 Co 73 Hall cross above 500 K. This probed area is in the center of Hall cross and overlaps with the AOS rim. As depicted in figure 4.30(b), the same results are obtained by illuminating the Hall cross with σpolarization and adding a positive external magnetic field. 

Static beam measurement with a centered beam

Summary

In section 4.4, we demonstrated the AO-HDS ability in Tb 27 Co 73 based Hall crosses while the laser beam is swept or kept static and off-centered. The electrical measurements showed that the Tb dominant Tb 27 Co 73 alloy becomes Co dominant due the laser-induced heating, indicating that the temperature of the probed area locally increase above T comp = 500 K.

Two types of all-optical switching mechanism distinguished via the anomalous Hall effect 4.5.1 Introduction

The work presented in this part focuses on studying the microscopic mechanisms involved in the all-optical switching of different materials. By combining two different approaches, we experimentally investigated the all-optical switching in ferrimagnetic GdFeCo and TbCo alloys as well as ferromagnetic Co/Pt multilayers. In the first approach, the magnetic response to one or several fs laser pulses is imaged on a quasi-static time scale via magneto-optical Faraday imaging. In the second approach, the magnetization change under multiple-pulse exposure is probed by performing the static beam measurement with an off-centered beam on a much shorter time scale (see section 4.2.1). Hence, the main feature of using the magneto-transport measurement is to measure the magnetization change over a wide timescale ranging from 1 µs to a few seconds. In the following, we distinguish between two types of all-optical switching Chapter 4. Distinction between two types of all-optical switching mechanisms via magneto-transport measurements mechanisms; a single-pulse helicity-independent switching in ferrimagnetic GdFeCo alloy films as previously shown [44,45], and a two regimes helicity-dependent switching in ferrimagnetic TbCo alloys as well as ferromagnetic Co/Pt multilayers.

Single-pulse switching of GdFeCo based Hall crosses and continuous films

We have initially investigated the AO-HIS of ferrimagnetic 20 nm-thick Gd 28 Fe 48 Co 24 alloy capped, with 3 nm-thick Ta layer to prevent sample oxidation and grown on a Glass/Ta(3 nm) by DC magnetron sputtering. Due to the zero net orbital momentum of Gd, the spin-orbit coupling of Gd-based alloys is supposed to be small, leading to a low magneto-crystalline anisotropy. Hence, the studied Gd 28 Fe 48 Co 24 alloy film shows perpendicular magnetization in remanence. The RT coercive field is H c = 20 mT. Moreover, Gd 28 Fe 48 Co 24 is Gd dominant and presents a T comp above RT. The studied sample was also patterned into a 5 µm-wide Hall cross using optical lithography to perform the static beam measurement.

Helicity-independent single-pulse switching in continuous films

First of all, we verified the single-pulse AO-HIS in Gd 28 Fe 48 Co 24 continuous films. The studied continuous film is initially saturated up or down, prior to being excited with two consecutive pulses as depicted in figures 4.32(a) and 4.32(b), respectively. The single pulses are selected using a pulse picker and have a laser fluence of 19 mJ/cm 2 .

- As shown in figure 4.32, a total reversal of magnetization occurs in the laser-excited area after the first pulse independently of its polarization and the initial magnetization saturation. The second pulse switches magnetization back to the saturated state, which is fully consistent with previous studies [45]. The laser-induced area gets larger by increasing the laser fluence. Its central area gets demagnetized with sufficiently high fluence due to overheating, whereas a large rim with helicity-independent switching is maintained. We now continue to measure the response of the studied Gd 28 Fe 48 Co 24 continuous film to the action of four consecutive 
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Helicity-independent single-pulse switching in Hall crosses

Next, we implement such single-pulse AO-HIS into Gd 28 Fe 48 Co 24 based Hall cross by performing the static beam measurement with an offcentered beam as introduced in section 4.2.1. First, the Hall cross is illuminated with a set of ten consecutive pulses, as depicted in figure 4.34. The measured change of the anomalous Hall voltage in the Gd dominant Gd 28 Fe 48 Co 24 based Hall cross corresponds to the FeCo sublattice magnetization "M FeCo " change in agreement with previous studies [39,40], since the conduction electrons come mainly from the 3d bands. Therefore, the evolution of the anomalous Hall voltage is at the opposite of that of the net magnetization of the alloy "M T ". We now verify the laser-induced thermal demagnetization of [Co(0.6 nm)/Pt(0.7 nm)] 3 under the action of single laser pulse with a laser fluence of 14 mJ/cm 2 . As shown in figure 4.39, small random magnetic domains are obtained independently of the initial magnetization saturation and pulse polarization. Moreover, it is hard to figure out the appearance of the AOS rim, since the magnetic domains are too small to be optically resolved. Nevertheless, the AOS rim is not expected to emerge taking into account the thermal demagnetization which is achieved in this material with a swept laser beam (see section 3.3).
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Tb 27 Co 73 alloys

The helicity-dependent switching in 20 nm-thick Tb 27 Co 73 alloy films was first obtained through multiple-pulse exposure with a swept laser beam [20,38] or a static beam as demonstrated in section 4.4.2. This multiple-pulse switching is helicity-dependent and conserved for a laser fluence ranging from the switching fluence to the damage fluence threshold. Counterintuitively, this behavior is at the opposite of the one measured on ferrimagnetic GdFeCo alloy films for which the helicity-dependence was achieved only in a narrow range of fluence [46], and is similar to the one measured on ferromagnetic Co/Pt films. This begs the questions of what are the main differences between TbCo and GdFeCo alloys and is the switching mechanism the same for TbCo alloys and Co/Pt multilayers ?

Both studied GdFeCo and TbCo alloys have approximately the same RE concentration and are RE dominant at RT. They also have a similar T comp around 500 K. Nevertheless, at the opposite of the zero orbital momentum of Gd, the orbital momentum in Tb is large, leading to a strong spin-orbit coupling and a large magneto-crystalline anisotropy. Moreover, it was shown that Gd-and Tb-based alloys show different ultrafast spin dynamics under the action of fs laser pulses [47], and also for pure elements [48]. Indeed, for both Gd-and Tb-based alloys, the transient ferromagnetic-like state is initiated. This transient state is followed by magnetization recovery in Tb-based alloy after the first 20 ps [47], whereas it is followed by magnetization reversal in Gd-based alloy [44]. These distinct magnetization dynamics were attributed to the large difference between SOC in Tb and Gd, and are a hint that the all-optical switching and coincides with the temporal resolution of 1 µs, indicating that each jump is occurring on a shorter time scale. These results are a hint that the studied Hall cross is subject to multiplepulse demagnetization. Moreover, the helicity-independence highlights the important role of laser heating in this process. A slight increase of the Hall voltage toward its initial value after each pulse is measured. This behavior might be due to a slow magnetization relaxation toward its thermal equilibrium. This behavior might be due to a slow magnetization relaxation toward its thermal equilibrium induced by the cooling of the material.

Chapter 4. Distinction between two types of all-optical switching mechanisms via magneto-transport measurements

To further investigate this step-like demagnetization, we added a small external magnetic field H ex of 20 mT to the laser-illuminated Hall cross as shown in figure 4.42. No change of the anomalous Hall voltage is measured, thus excluding a significant change of the Hall resistivity and indicating that the measured demagnetization within the first 1 ms corresponds to a helicity-independent step-like multiple-domain formation. Indeed, the heating effect due to the first 6 pulses helps to bring the magnetic system in a demagnetized state, which reduces the demagnetizing energy. This demagnetized state consists of magnetic domains with random orientations up and down, whose size is smaller than the Hall cross area.

Second, figures 4.41(b) and 4.41(d) demonstrate that the effect of the helicity starts to appear only after crossing the zero Hall voltage, which corresponds to a fully demagnetized multi-domain state. Independently of the initial magnetization saturation, the anomalous Hall voltage and thus the magnetization of the Hall cross under the action of left-and rightcircularly polarized pulses starts remagnetizing to up and down, respectively. Only 90% of the switching is achieved and might be due to the small width of the AOS rim, as previously mentioned in section 4.2.3. Furthermore, the reversal using circular polarized pulses with this used laser fluence is obtained only after an exposure time of approximately 30 ms, corresponding to 150 consecutive pulses. On the other hand, the Hall voltage under the excitation of linearly polarized pulses oscillates around the zero value up to 120 ms, as shown in figure 4. 41(b). This finding indicates that multidomain configuration is permanently obtained with linear polarization. Note that when the investigated Pt/Co/Pt Hall cross has an initial magnetization saturation up (resp. down), the remagnetization achieved with the right-(resp. left-) circularly polarized pulses and leading to a reversal to down (resp. up) takes place slightly before the opposite circular polarization. We attribute this behavior to the demagnetizing field which favors the magnetization reversal of the Hall cross in the opposite direction of the initial magnetization saturation. This demagnetizing field is mainly due to the outer parts of the Hall cross which remain unperturbed. To conclude, these experiments demonstrate that the all-optical switching of Pt/Co/Pt Hall crosses is helicity-dependent, cumulative and only achieved after a step-like multiple-domain formation. Therefore, this switching process is drastically different We continue by measuring the demagnetization of a 20-µm wide Pt/Co/Pt Hall using the same laser fluence F = 10 mJ/cm 2 , as shown in figure 4.44. The demagnetized state is reached only after an exposure time of 6 ms, corresponding to 30 consecutive pulses. This finding indicates that the number of pulses required to achieve the helicity-independent multiple-domain formation is related to the Hall cross size. The remagnetization does not take place in the 20-µm wide Hall cross since the AOS rim only overlaps with a small area of the cross. This indicates that a multidomain configuration is permanently obtained with the laser beam independently of its polarization, and is attributed to the small size of magnetic domains in [Co/Pt] 3 films (see section 3.4.2). As depicted in figures 4.47(a) and 4.47(b), the response of the anomalous Hall voltage to laser pulses is very similar to the one measured on Pt/Co/Pt Hall crosses, since it is also governed by a two regimes process. First, a step-like helicity-independent multiple-domain formation within the first 1 ms. Second, a gradual helicity-dependent remagnetization takes place within a 100 ms timescale, indicating that 500 pulses are needed to obtain a reliable switching. To conclude, these experiments undoubtedly demonstrate that two types all-optical switching mechanism can be distinguished; namely the single-pulse helicity-independent switching in ferrimagnetic GdFeCo alloy films, and a cumulative two regimes switching in ferrimagnetic TbCo alloys and ferromagnetic Pt/Co/Pt multilayers. More importantly, we show that for the latter, the helicity-dependent remagnetization takes place only after a step-like helicityindependent domain formation. In the following, we will discuss the microscopic origin of the demonstrated two regimes switching process. 

Discussion: Microscopic origin of multiple-pulse helicity-dependent switching

The main conclusion of these time-dependent measurements is that there are two different all-optical switching mechanisms. The most intriguing part of the observed reversal mechanism in Pt/Co/Pt and TbCo films is the helicity-dependent remagnetization that takes place only after the helicity-independent multiple domain formation. A potential scenario of such remagnetization would be a helicity-dependent domain wall (DW) motion.

Indeed, once the heat-only multiple domain state is achieved, a space-dependent symmetry breaking might arise from a difference in absorption of the two circular polarizations in the different materials. This particular point is in agreement with previous studies on GdFeCo films demonstrating the role of magnetic circular dichroism (MCD) in the helicity-dependent switching obtained with multiple-or single-pulse exposure [46]. Therefore, the domain-dependent and thus space-dependent absorption would create a non-uniform heat distribution in the multiple domain state, thus stimulating spin currents via the spin Seebeck effect (SSE) [49,50]. Following this, these stimulated spin currents passing through a domain wall might induce a spin transfer torque (STT) leading to a helicity-dependent shift of DWs and thus to the gradual helicity-dependent remagnetization [51,52,53]. Moreover, the motion of magnetic DWs might be purely thermal due to the time-dependent thermal gradient, as demonstrated by Torrejon et al. [54]. Furthermore, superdiffusive spin currents might also play a major role in the helicity-dependent remagnetization, as it has already been shown on GdFeCo alloys [55]. On the other hand, recent studies have shown that the all-optical switching of Co/Pt multilayers could also be explained by the inverse Faraday effect (IFE) [3]. However, the reversal in these models is obtained with a single laser pulse, which is not consistent with the measured cumulative reversal in Co/Pt multilayers. Hence, IFE is less likely to explain the helicity-dependent remagnetization.

One last issue we discuss here is the reason why the two regimes process does not take place again after the magnetization reaches the steady state, especially when the helicity which is 4.5. Two types of all-optical switching mechanism distinguished via the anomalous Hall effect 127 used does not lead to a reversal. Indeed, only the central area of the cross is probed with the anomalous Hall effect. Hence, a changed domain configuration in the surroundings of the probed area cannot be measured and might be the underlying difference with the initial state. As already mentioned, the all-optical switching in such materials occurs only in the AOS rim with an optimal intensity at the edge of demagnetized area [2]. Therefore, the main difference between the initial and steady state is the multiple domains obtained in the surroundings of the Hall cross center at the steady state. Such explanation is consistent with the role of magnetic domains as well as DW motion in the cumulative switching process in Pt/Co/Pt multilayers and TbCo alloys.

Summary

In section section 4.5, we investigated the underlying microscopic physics of the all-optical switching in ferro-and ferri-magnetic materials, namely ferromagnetic Pt/Co multilayers, as well as ferrimagnetic TbCo and GdFeCo alloys. Hence, we combined two different approaches to investigate the all-optical switching in ferrimagnetic GdFeCo and TbCo alloys and ferromagnetic Co/Pt multilayers. In the first approach, the magnetic response to one or two 35-fs laser pulses is imaged on a quasi-static time scale via magneto-optical Faraday imaging. While in the second approach, the magnetization change under multiple-pulse exposure is probed by performing the static beam measurement in Hall crosses with an off-centered beam and a temporal resolution of 1 µs.

We demonstrated that two different types of all-optical switching processes can be distinguished. The first type is the single-pulse helicity-independent switching in ferrimagnetic GdFeCo alloy films as shown in previous studies, while the second type is a two regimes helicity-dependent switching in both ferrimagnetic TbCo alloys and ferromagnetic Co/Pt multilayers. More importantly, we showed that the latter takes place at two different timescales, and consists in a step-like helicity-independent multiple-domain formation within the first 1 ms followed by a helicity-dependent remagnetization on several tens of ms. We attributed this remagnetization to a helicity-dependent domain wall motion. Indeed, once the heat-only multiple domain state is achieved, a space-dependent symmetry breaking might arise from a difference in absorption of the two circular polarizations, stimulating spin currents via the spin Seebeck effect and leading to the shift of domain walls and thus to the gradual helicitydependent remagnetization. On the other hand, the inverse Faraday effect could also explain the helicity-dependent remagnetization as demonstrated in recent theoretical investigations. However, the reversal in these models is obtained with a single laser pulse, which is not consistent with the measured cumulative reversal in Co/Pt multilayers.

Chapter 5

General conclusions and perspectives

In this thesis, we have experimentally investigated the optical response of ferrimagnetic alloys and ferromagnetic multilayers under the action of 35-fs laser pulses and addressed mainly two key issues regarding the rich physics underlying the all-optical switching. The first issue we addressed in this thesis is the magnetic parameter governing the observation of the AO-HDS in both ferrimagnetic TbCo alloys and ferromagnetic Co/Ni and Co/Pt multilayers. The second key issue we addressed is the uniqueness of the all-optical switching mechanism in both ferriand ferro-magnets. In the following, we will now present a summary of the results in this thesis.

The first part of this thesis aims to elucidate the magnetic parameters governing the observation of the all-optical switching. Indeed, several limitations have been proposed in the literature to explain the observation of AO-HDS in ferrimagnets. Experimental investigations on ferrimagnets proposed the perpendicular magnetic anisotropy and the antiferromagnetic coupling between non-equivalent sublattices as rules for the observation of AO-HDS. Later, the low remanence (M R < 220 kA/m) was demonstrated as a criterion for the observation of AO-HDS in ferrimagnets. Nevertheless, the recent discovery of AO-HDS in ferromagnetic multilayers with a high saturation magnetization and no antiferromagnetic coupling between two sublattices casts doubt upon the models explaining the AO-HDS for ferrimagnets, and thus questions the uniqueness of the limitating parameter for both ferri-and ferro-magnets.

In this context, we performed a comprehensive investigation of the AO-HDS ability in ferromagnetic Co/Ni and Co/Pt multilayers as well as ferrimagnetic TbCo alloys for a wide range of composition and thickness. The optical response of the studied films under the action of 35-fs laser beam was probed using a magneto-optical Faraday microscope in order to image the magnetic domains in transmission. Therefore, we demonstrated that Co dominant TbCo alloys with a high saturation magnetization and remanence (M R = 830 kA/m) and showing only thermal demagnetization for a high thickness (t = 20 nm) exhibit AO-HDS if their thickness is strongly reduced down to few nm. This finding contradicts the proposed low remanence criterion for the observation of AO-HDS in ferrimagnets.

It was shown in previous studies that the magnetic domain size is strongly dependent on the magnetic thickness, which is associated to the competition between the dipolar energy and the domain wall energy stabilizing small and large domains, respectively. Hence, we inferred that if the size of domain after laser-induced heating is smaller than the laser spot size, thermal demagnetization will be observed since the magnetic system will break into small domains during the cooling. While if the domain size is larger than the laser spot size, AO-HDS will be observed. Therefore, we estimated the domain size for the investigated films using the model of periodic stripe domains with a strong uniaxial anisotropy in an infinite plate. The magnetic parameters involved in the calculation of the domain size are the saturation magnetization, the uniaxial anisotropy constant and the exchange constant.

The calculations demonstrate that the occurrence of AO-HDS corresponds to a domain size constantly larger than the spot size during cooling, a criterion that is common for both investigated ferri-and ferro-magnets. These findings are a hint that much more materials are expected to exhibit AO-HDS, and the initial effect of the helicity is nevertheless canceled by the formation of small magnetic domains during the cooling process. From a technological point of view, such large domain criterion allows identifying the optimal conditions for the observation of a persistent AO-HDS, whether by significantly reducing the magnetic thickness or by strongly decreasing the laser spot size. These results have been published in Physical Review B [1].

Finally, we verified the influence of the DW energy on AO-HDS by investigating the optical response of light-ion irradiated Co/Pt multilayers. Indeed, irradiating Co/Pt multilayers with He + ions leads to a strong decrease of the magnetic anisotropy, while the saturation magnetization changes only weakly. Thus, the domain energy decreases strongly due to the irradiation, leading to a decrease of the magnetic domain size. We measured the optical response of the irradiated films using magneto-optical Faraday microscopy. We demonstrated that the AO-HDS ability of Co/Pt multilayers is lost by gradually increasing the irradiation dose, which highlights the crucial role of the DW in the all-optical switching process. Moreover, we estimated the domain size of the irradiated films. We found that the magnetic domains in the irradiated films showing TD are smaller than the laser spot size, thus confirming the large domain size criterion for the observation of AO-HDS (to be submitted).

The recent discovery of AO-HDS for a much larger variety of ferri-and ferro-magnetic films and granular nanostructures, where the theoretical models explaining the switching in GdFeCo does not appear to apply, questions the uniqueness of the all-optical switching mechanism. Hence, the second part of this thesis aims to investigate the underlying microscopic physics of the all-optical switching in ferro-and ferri-magnetic materials, namely ferromagnetic Co/Pt multilayers and CoFeB/MgO heterostructures, as well as ferrimagnetic TbCo alloys. Therefore, we probed AO-HDS in ferro-and ferri-magnetic Hall crosses via the anomalous Hall effect. This novel approach combining both optics and spintronics enables a statistical quantification of the switching ratio for different laser parameters, thus giving new insights into the all-optical switching mechanism. Moreover, this approach enables to investigate the switching on different timescales ranging from 1 µs to a few seconds, thus bridging the gap between the ultrafast and the quasi-static methods used to probe magnetization. From a technological point of view, these investigations showed a first integration of AO-HDS into spintronic devices, by storing the circular polarization of the light in the remanence state of the magnetization.

We first demonstrated the AO-HDS in ferromagnetic Pt/Co/Pt films patterned into Hall crosses to allow electrical measurement of the magnetization via the anomalous Hall effect. Two methods were used: either the fs laser beam was swept over the Hall cross, or kept static and off-centered to make the AOS rim overlap with the center of Hall cross. Both approaches indicate that a power threshold needs to be overcome in order to observe AO-HDS. Moreover, we showed that the switching becomes incomplete by increasing the sweeping speed, which is due to the persistent formation of multiple magnetic domains. Therefore, these findings indicate that the AO-HDS in Pt/Co/Pt is a cumulative process, since a complete and reproducible switching requires a certain number of pulses. These results have already been published in Applied Physics Letters [2]. Furthermore, a stochastic behavior is measured by sweeping over the Pt/Co/Pt Hall cross with a linearly polarized beam, and is attributed to the large domain size and the thermomagnetic writing in Pt/Co/Pt films.

In order to correlate the switching occurrence with the temperature increase within the Pt/Co/Pt Hall cross, we quantified the longitudinal resistance while sweeping with the laser beam over the Hall cross. We demonstrated that for a laser power above the switching power threshold, the AO-HDS process in Pt/Co/Pt is weakly related to the average laser-induced heating, however, it is mainly dependent on the number of pulses. Finally, we showed that the AO-HDS of Pt/Co/Pt Hall cross can be enhanced via current-induced Joule heating, indicating that the switching power threshold is dependent on sample temperature.

We also investigated the integration of the all-optical magnetization switching in CoFeB/MgO based Hall crosses. These ferromagnetic heterostructures triggered huge interest from the scientific community for their large potential for future spintronic devices. We first demonstrated the AO-HDS in CoFeB/MgO based Hall crosses with a swept laser beam. Nevertheless, we were not able to achieve a statistical quantification of the switching ratio of different laser parameters similar to the one performed in Pt/Co/Pt based Hall cross, due to the laser-induced anisotropy reduction in the CoFeB/MgO based Hall cross. Moreover, we demonstrated that sweeping over the CoFeB/MgO Hall cross with a linearly polarized beam leads to a complete reversal of the Hall cross. This tricky behavior is attributed to the thermomagnetic writing and the large magnetic domains in CoFeB/MgO which might be larger than the probed area of the Hall cross (to be submitted).

The AO-HDS ability was also demonstrated in Tb 27 Co 73 based Hall crosses while the laser beam is swept or kept static and off-centered. Moreover, these electrical measurements showed that the Tb dominant Tb 27 Co 73 alloy becomes Co dominant due the laser-induced heating, indicating that the temperature of the probed area locally increase above T comp = 500 K.

Finally, the most important investigations in the second part of the thesis concern the microscopic mechanisms involved in the all-optical switching of both ferri-and ferro-magnets. Hence, we combined two different approaches to investigate the all-optical switching in ferrimagnetic GdFeCo and TbCo alloys and ferromagnetic Co/Pt multilayers. In the first approach, the magnetic response to one or two 35-fs laser pulses is imaged on a quasi-static time scale via magneto-optical Faraday imaging. In the second approach, the magnetization change under multiple-pulse exposure is probed by performing the static beam measurement in Hall crosses with an off-centered beam and a temporal resolution of 1 µs.

Therefore, we showed that two different types of all-optical switching processes can be distinguished. Indeed, the first type is the single-pulse helicity-independent switching in ferrimagnetic GdFeCo alloy films as shown in previous studies. The second type is a two regimes helicity-dependent switching in both ferrimagnetic TbCo alloys and ferromagnetic Co/Pt multilayers. We demonstrated that the latter takes place at two different timescales, and consists in a step-like helicity-independent multiple-domain formation within the first 1 ms followed by a helicity-dependent remagnetization on several tens of ms. We attributed this remagnetization to a helicity-dependent domain wall motion. Indeed, once the heat-only multiple domain state is achieved, a space-dependent symmetry breaking might arise from a difference in absorption of the two circular polarizations, stimulating spin currents via the spin Seebeck effect and leading to the shift of domain walls and thus to the gradual helicity-dependent remagnetization. On the other hand, the inverse Faraday effect could also explain the helicitydependent remagnetization as demonstrated in recent theoretical investigations. However, the reversal in these models is obtained with a single laser pulse, which is not consistent with the measured cumulative reversal in Co/Pt multilayers. These results have been published in 136
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The investigations presented in this thesis have significantly contributed to a deeper understanding of the all-optical switching mechanism in different ferri-and ferro-magnetic materials. Nevertheless, several important features remain to be confirmed or clarified, and thus further theoretical and experimental work would be definitely required.

First, the large domain size criterion for the observation of AO-HDS could be confirmed by investigating the response of materials which exhibit only TD under the action of fs laser beam with a size strongly decreased to few µm. Second, the newly demonstrated two regimes reversal process might be measured using a time-resolved magneto-optical imaging technique.

However, performing a time-resolved imaging of the domain structures within the 2 µm-wide AOS rim requires both high temporal and spatial resolutions, which is difficult to fulfill. Hence, the use of a magnetic force microscope might be an alternative to probe the domain structures within the AOS rim after each laser pulse.

Another key issue which remains to be addressed is the origin of the symmetry breaking behind the helicity-dependent remagnetization measured in Co/Pt multilayers and TbCo alloys. Indeed, the two major origins debated in the literature are the inverse Faraday effect and the magnetic circular dichroism. Furthermore, it was experimentally shown that the microscopic origin of the helicity-dependent reversal in GdFeCo films is is more likely to be explained by the MCD, and not the IFE. Therefore, we believe that the MCD is more likely to explain the helicity-dependent remagnetization measured in Co/Pt multilayers and TbCo alloys. Nevertheless, additional studies are needed to experimentally determine the symmetry breaking origin.

Résumé

La manipulation de l'aimantation sans application de champ magnétique est un domaine de recherche émergent qui permet d'explorer de nouveaux phénomènes physiques et de développer des applications technologiques telles que les disques dures magnétiques. En 2007, une nouvelle possibilité pour retourner l'aimantation en utilisant des impulsions laser femtoseconde (fs) a été découverte par Stanciu et al. [4] et a suscité un grand intérêt au sein de la communauté scientifique. Ce retournement tout-optique de l'aimantation a été démontré initialement dans un film fait d'alliage ferrimagnétique de GdFeCo et s'est avéré dépendant de l'hélicité, le sens de l'aimantation étant donné par la polarisation circulaire droite ou gauche de la lumière [4]. Il s'agit du retournement tout-optique dépendant de l'hélicité, en anglais "all-optical helicity-dependent switching" (AO-HDS).

En 2011, Ostler et al. ont démontré dans le même matériau que le retournement tout-optique est indépendant de l'hélicité et obtenu avec une impulsion fs unique polarisée linéairement [5].

Alors que le retournement indépendant de l'hélicité a été attribué aux dynamiques distinctes des deux sous-réseaux de Gd et FeCo [6], l'origine microscopique du comportement dépendant de l'hélicité est fortement débattue, mais fut principalement attribuée au dichroïsme magnétique circulaire par Khorsand et al. [7]. Plus récemment, le retournement tout-optique a été également démontré pour une variété de matériaux ferrimagnétiques, sous formes d'alliages, de multicouches ainsi que dans des hétérostructures ferrimagnétiques synthétiques sans terres rares [8,9,10]. Récemment, ce phénomène a été également observé pour des films minces uniques de matériaux ferromagnétiques, ce qui ouvre la voie à l'intégration du retournement tout-optique dans l'industrie des mémoires magnétiques [11]. Contrairement aux alliages de GdFeCo, le retournement tout-optique dans ces matériaux ferri-et ferro-magnétiques est toujours dépendant de l'hélicité indépendamment de la puissance du faisceau laser.

Ces découvertes ont suscité un débat intensif à propos de plusieurs aspects du mécanisme du retournement tout-optique dans les matériaux ferri-et ferro-magnétiques. En effet, plusieurs études ont élucidé les paramètres magnétiques gouvernant l'observation du retournement tout-optique, le rôle du chauffage dans le processus du retournement, ainsi que l'origine de la brisure de symétrie. Pendant ce travail de thèse, nous avons étudié la réponse aux impulsions laser fs d'alliages ferrimagnétiques et de multicouches ferromagnétiques, dans l'objectif d'élucider divers aspects du mécanisme du retournement tout-optique. Ainsi, notre étude s'est articulée en deux grands axes : le premier vise à déterminer le paramètre magnétique gouvernant l'observation du retournement tout-optique dans les alliages ferrimagnétiques et les multicouches ferromagnétiques, tandis que le deuxième vise à élucider le mécanisme du retournement dépendant de l'hélicité dans ces deux types de matériaux. Nous allons à présent réaliser un bilan des résultats obtenus sur ces deux axes au cours de cette thèse.

Dans la première partie, nous avons étudié l'influence de plusieurs paramètres magnétiques sur l'observation du retournement tout-optique. Plusieurs modèles ont été reportés dans la littérature pour expliquer les conditions nécessaires pour observer le retournement tout-optique dans les matériaux ferrimagnétiques. En effet, Kimel a proposé l'anisotropie magnétique perpendiculaire et le couplage antiferromagnétique entre deux sous-réseaux non-équivalents comme conditions pour l'observation de l'AO-HDS [12]. En outre, la faible rémanence (M R < 220 kA/m) a été proposée ultérieurement comme critère pour l'observation de l'AO-HDS dans les matériaux ferrimagnétiques [13]. Cependant, la récente découverte de l'AO-HDS dans des multicouches ferromagnétiques [11] avec une aimantation à saturation élevée et sans couplage antiferromagnétique remet en question les modèles proposés dans la littérature. Ainsi, nous avons effectué une investigation approfondie de l'aptitude de l'AO-HDS dans des multicouches ferromagnétiques Il a été montré que la taille des domaines magnétiques est fortement dépendante de l'épaisseur magnétique, ce qui est dû à la compétition entre l'énergie dipolaire stabilisant des domaines petits, et l'énergie de paroi favorisant des domaines grands [14]. Ainsi, il est raisonnable de supposer que si après le chauffage induit par les impulsions laser la taille des domaines est inférieure à la taille du faisceau laser, la désaimantation thermique (TD) aura lieu. Ceci sera dû à la brisure du système magnétique en petits domaines lors du processus de refroidissement. Par contre, l'AO-HDS sera observé si la taille des domaines est supérieure à la taille du faisceau laser. Afin de vérifier ce critère, nous avons calculé la taille des domaines dans les films étudiés en utilisant le modèle proposé par Kooy et Enz [15] permettant d'estimer la taille des domaines magnétiques rectilignes parallèles à forte anisotropie uniaxiale. Dans ce modèle, les paramètres magnétiques impliqués dans le calcul de la taille des domaines sont l'aimantation à saturation, la constante d'anisotropie uniaxiale et la constante d'échange.

Les calculs montrent que l'AO-HDS a lieu dans des matériaux magnétiques ayant des domaines magnétiques constamment plus larges que la taille du faisceau laser pendant le processus de refroidissement. En outre, ce critère pour l'observation de l'AO-HDS est commun pour les matériaux ferri-et ferro-magnétiques. Ces résultats indiquent qu'un grand nombre de matériaux devraient présenter l'AO-HDS, mais l'effet de l'hélicité est annulé par la formation de petits domaines magnétiques au cours du refroidissement. D'un point de vue technologique, ce critère de large taille de domaines permet d'identifier les conditions optimales pour l'observation de l'AO-HDS, que ce soit par une réduction significative de l'épaisseur magnétique, ou par une diminution forte de la taille du faisceau laser.

Finalement, nous avons vérifié l'influence de l'énergie de paroi sur l'AO-HDS en étudiant la réponse aux impulsions laser fs des multicouches de Co/Pt irradiés avec des ions légers. En effet, l'irradiation des multicouches de Co/Pt avec des ions He + entraîne une forte diminution de l'anisotropie magnétique, tandis que l'aimantation à saturation ne change que faiblement [16]. Par conséquent, l'énergie de paroi décroît fortement pour des fluences d'irradiation élevées, entraînant ainsi une diminution de la taille des domaines. La réponse optique des films irradiés a été mesurée par microscopie Faraday, comme illustré en figure 3.20 (voir section 3.5). Nous avons démontré que la capacité de l'AO-HDS dans les multicouches de Co/Pt tend à disparaître progressivement en augmentant la fluence d'irradiation, mettant ainsi en évidence le rôle des parois de domaines dans le processus du retournement tout-optique. De surcroît, l'estimation de la taille de domaines des films irradiés montre que les films montrant de la désaimantation thermique ont une taille de domaines inférieure à la taille du faisceau laser. Ces résultats confirment le critère de larges domaines pour l'observation de l'AO-HDS.

La récente découverte de l'AO-HDS dans une large variété de films ferri-et ferro-magnétiques et nanostructures granulaires, où les modèles théoriques expliquant le retournement toutoptique dans le GdFeCo ne semblent pas s'appliquer, remet en question l'unicité du mécanisme du retournement tout-optique. Ainsi, nous avons étudié dans la deuxième partie de cette thèse l'origine microscopique du retournement tout-optique dans des matériaux ferriet ferro-magnétiques, à savoir les multicouches de Co/Pt, les hétérostructures de CoFeB/MgO et les alliages de CoTb. Nous avons ainsi caractérisé l'AO-HDS dans des croix de Hall ferri-et ferro-magnétiques via l'effet Hall extraordinaire [17,18]. Cette approche innovante combinant à la fois l'optique et la spintronique permet d'effectuer une quantification statistique du taux de renversement pour des paramètres laser différents, permettant ainsi une compréhension plus approfondie du mécanisme du retournement tout-optique. En outre, cette approche permet de mesurer le renversement sur des échelles temporelles allant de 1 µs à quelques secondes, comblant ainsi l'écart entre les méthodes ultra-rapides et quasi-statiques souvent utilisées pour sonder l'aimantation. D'un point de vue technologique, ces investigations montrent une première intégration de l'AO-HDS dans des dispositifs de spintronique, en mémorisant la polarisation circulaire de la lumière dans l'état rémanent de l'aimantation.

Nous avons tout d'abord démontré l'AO-HDS dans des films ferromagnétiques de Pt/Co/Pt microstructurés en croix de Hall en utilisant deux approches différentes. La première approche consiste à balayer le faisceau laser fs sur la croix de Hall, comme illustré en Les investigations les plus importantes de cette seconde partie de thèse concernent les mécanismes impliqués dans le retournement tout-optique pour les matériaux ferri-et ferromagnétiques. Nous avons ainsi combiné deux différentes approches pour étudier le retournement tout-optique dans les alliages ferrimagnétiques de GdFeCo et TbCo, ainsi que dans les multicouches ferromagnétiques de Co/Pt. Dans la première approche, la réponse magnétique à une ou deux impulsions est visualisée par imagerie Faraday sur une échelle temporelle quasistatique. Dans la deuxième approche, l'évolution de l'aimantation sous l'action d'impulsions laser multiples est quantifiée en effectuant les mesures électriques sur les croix de Hall avec une résolution temporelle de 1 µs. Ainsi, nous avons fait la distinction entre deux types de processus de retournement tout-optique. En effet, le premier type est le retournement indépendant de l'hélicité obtenu avec une impulsion unique dans les alliages ferrimagnétiques de GdFeCo comme il a été démontré dans des études précédentes [5]. Le second type est un retournement dépendant de l'hélicité suivant deux régimes différents dans les alliages ferrimagnétiques de TbCo et les multicouches ferromagnétiques de Co/Pt. Nous avons démontré que ce deuxième type de retournement a lieu sur deux échelles temporelles différentes, comme illustré en figure 4.41 (voir section 4.5). En effet, il consiste en une formation indépendante de l'hélicité de multidomaines magnétiques pendant la première 1 ms suivie d'une ré-aimantation dépendante de l'hélicité sur plusieurs dizaines de millisecondes.

Nous avons attribué la ré-aimantation à une propagation de parois de domaines dépendante de l'hélicité. En effet, une fois que la formation de multidomaines s'est produite pendant la première 1 ms, une brisure de symétrie dépendant de l'espace peut provenir d'une différence d'absorption des deux polarisations circulaires. Ceci peut stimuler des courants de spins via l'effet Seebeck de spin [20,21], entraînant le déplacement de parois de domaines et la ré-aimantation graduelle. D'autre part, l'effet Faraday inverse (IFE) peut aussi expliquer la ré-aimantation dépendante de l'hélicité comme il a été démontré dans des études théoriques récentes [22]. Cependant, le retournement tout-optique dans ces modèles a été obtenu avec une impulsion unique, ce qui n'est pas cohérent avec le retournement cumulatif mesuré sur les multicouches de Co/Pt.

Les résultats obtenus dans cette étude ont contribué significativement à la compréhension du mécanisme du retournement tout-optique de l'aimantation dans différents matériaux ferri-et ferro-magnétiques. Néanmoins, plusieurs pistes peuvent être considérées pour développer ce travail de thèse, et des travaux théoriques et expérimentaux complémentaires seraient certainement nécessaires. Tout d'abord, le critère de large taille de domaines pour l'observation de l'AO-HDS peut être confirmé en étudiant la réponse de films magnétiques montrant de la désaimantation thermique sous l'action d'un faisceau laser dont la taille est fortement réduite à quelques nm. En outre, le processus de retournement à deux régimes peut être également mesuré avec une technique d'imagerie magnéto-optique résolue dans le temps. Cependant, ceci nécessite d'une part une bonne résolution temporelle pour suivre le taux de répétition du Chapter 5. General conclusions and perspectives 141 laser, et d'autre part une bonne résolution spatiale pour imager les structures en domaines au sein de l'anneau du retournement faisant quelques µm, ce qui est difficile à réaliser. Ainsi, l'utilisation du microscope à force magnétique peut être une alternative pour imager les structures en domaines au sein de l'anneau du retournement.

Une question fondamentale qui reste encore à résoudre est l'origine de la brisure de symétrie permettant la ré-aimantation dépendante de l'hélicité mesurée dans les multicouches de Co/Pt et les alliages de TbCo. En effet, deux origines majeures sont débattues dans la littérature, à savoir l'effet Faraday inverse (IFE) et le dichroïsme magnétique circulaire (MCD). Par ailleurs, il a été démontré expérimentalement que l'origine microscopique de l'AO-HDS dans les alliages de GdFeCo est expliquée par le MCD, et non pas par l'IFE [7]. Ainsi, nous estimons que le MCD est plus susceptible d'expliquer la ré-aimantation dépendante de l'hélicité mesurée dans les multicouches de Co/Pt et les alliages de TbCo. Néanmoins, des études complémentaires sont nécessaires pour déterminer l'origine de la brisure de symétrie dans ces matériaux.

Mécanisme de retournement d'aimantation entraînant le retournement tout-optique dépendant de l'hélicité

Le contrôle de l'aimantation sans application de champ magnétique externe est un domaine de recherche en plein essor, étant prometteur pour les applications technologiques d'enregistrement magnétique et de spintronique. En 2007, Stanciu et al. ont découvert la possibilité de retourner l'aimantation dans un film fait d'alliage ferrimagnétique de GdFeCo en utilisant des impulsions laser femtoseconde. Longtemps cantonné aux alliages de GdFeCo, ce retournement tout-optique s'avère un phénomène plus général, puisqu'il a été mesuré plus récemment dans une large variété de matériaux ferrimagnétiques et ferromagnétiques. Cette découverte a ainsi ouvert la voie à l'intégration de l'écriture tout-optique dans l'industrie des mémoires magnétiques. Néanmoins, l'ensemble des modèles théoriques expliquant le retournement tout-optique dans le GdFeCo ne semblent pas s'appliquer aux autres matériaux magnétiques, mettant ainsi en question l'unicité de l'origine microscopique de ce phénomène.

Au cours de cette thèse, nous avons étudié la réponse aux impulsions laser femtoseconde des alliages ferrimagnétiques et des multicouches ferromagnétiques, dans l'objectif d'élucider divers aspects du mécanisme du retournement optique. Nous avons élucidé expérimentalement les paramètres magnétiques gouvernant le retournement tout-optique. Nous avons montré que l'observation du retournement tout-optique nécessite des domaines magnétiques plus grands que la taille du faisceau laser pendant le processus de refroidissement, un critère qui est commun à la fois aux matériaux ferrimagnétiques et ferromagnétiques. En outre, nous nous sommes intéressés à l'intégration du retournement tout-optique dans des dispositifs de spintronique. Grâce à une caractérisation temporelle de l'aimantation dans des croix de Hall via l'effet Hall extraordinaire, nous avons distingué entre deux types de mécanismes du retournement optique. Le premier type est un retournement purement thermique obtenu avec une impulsion unique dans les alliages ferrimagnétiques de GdFeCo, tandis que le deuxième type est un retournement cumulative et à deux régimes dans les alliages ferrimagnétiques de TbCo et les multicouches ferromagnétiques de Co/Pt. Ce dernier consiste en une formation indépendante de l'hélicité de multidomaines magnétiques suivie d'une ré-aimantation dépendante de l'hélicité sur plusieurs dizaines de millisecondes.

Mots clés : magnétisme, spintronique, retournement tout-optique, renversement de l'aimantation.

Magnetization reversal mechanism leading to all-optical helicity-dependent switching

The control of magnetization without external magnetic fields is an emergent field of research due to the prospect of impacting many technological applications such as magnetic recording and spintronics. In 2007, Stanciu et al. discovered an intriguing new possibility to switch magnetization in a ferrimagnetic GdFeCo alloy film using femtosecond laser pulses. This all-optical switching of magnetization had long been restricted to GdFeCo alloys, though it turned out to be a more general phenomenon for a variety of ferromagnetic and ferromagnetic materials. This discovery paved the way for an integration of the all-optical writing in storage industries. Nevertheless, the theoretical models explaining the switching in GdFeCo alloys films do not appear to apply in the other materials, thus questioning the uniqueness of the microscopic origin of all-optical switching.

In this thesis, we have investigated the response of femtosecond laser pulses in ferrimagnetic alloys and ferromagnetic multilayers to the action of femtosecond laser pulses, in order to elucidate several aspects of the all-optical switching mechanism. We have experimentally studied the magnetic parameters governing the all-optical switching. We showed that the observation of all-optical switching requires magnetic domains larger than the laser spot size during the cooling process; such a criterion is common for both ferrimagnets and ferromagnets. Furthermore, we have investigated the integration of all-optical switching in spintronic devices via the anomalous Hall effect. Through a time-dependent electrical investigation of the magnetization in Hall crosses, we distinguished between two types of all-optical switching mechanisms. The first type is the singlepulse helicity-independent switching in ferrimagnetic GdFeCo alloy films as shown in previous studies, whereas the second is a two regimes helicity-dependent switching in both ferrimagnetic TbCo alloys and ferromagnetic Co/Pt multilayers. The latter consists in a step-like helicity-independent multiple-domain formation followed by a helicity-dependent remagnetization on several tens of milliseconds.

Keywords: magnetism, spintronics, all-optical switching, magnetization reversal.
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Figure 1 . 1 :

 11 Figure 1.1: Normalized transient remanent MOKE signal of a Ni(20 nm)/MgF 2 (100 nm) film for 7 mJ/cm 2 pump fluence. The line is a guide to the eye. Figure adapted from [15].

Figure 1 . 2 :

 12 Figure 1.2: Interacting reservoirs (spin, electrons and lattice) in the 3TM model. The laser pulse is

Figure 1 . 3 :

 13 Figure 1.3: Evolution of spin T s , electron T e , and lattice T l temperatures as a function of delay time, as calculated by Beaurepaire et al. [15].

Figure 1 . 4 :

 14 Figure 1.4: (a) Magneto-optical image of the initial magnetic state of the sample before laser exposure. White and black areas correspond to up (M + ) and down (M -) magnetic domains, respectively. (b) Domain pattern obtained by sweeping at low speed 30 µm/s linear (L), right-handed (σ+), and lefthanded (σ-) circularly polarized beams across the surface of the sample, with a laser fluence of about 11.4 mJ/cm 2 . The central area of the remaining spots at the end of each scan line consists of small magnetic domains, where the ratio of up to down magnetic domains is close to 1. Figure is adapted from [12].
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 15101 Figure 1.5: Images of the laser spot focused onto a domain wall during the 1 kHz pulsed laser excitation with three different helicity. The images were obtained for a pulse fluence of about 11.4 mJ/cm 2 . In all three cases the central region of the optically excited area is demagnetized (gray color) due to extensive heating. For circularly polarized excitation (σ+ and σ-) opto-magnetic switching takes place on the perimeter of the excited area, where the temperature is just below T c . Figure is adapted from [12].

Figure 1 . 6 :

 16 Figure 1.6: The magneto-optical images of a Gd 24 Fe 66.5 Co 9.5 continuous film obtained after the action of a sequence of N 100 fs laser pulses. (a) and (b) Initial homogeneously magnetized state of the film with magnetizations "up" and "down" as represented by the circled dot and cross respectively. The light grey region represents magnetization pointing "down" and the darker grey "up". (c) and (d) The film after an excitation with N (N = 1, 2…5) pulses with a fluence of 2.30 mJ/cm 2 . Each laser pulse excites the same circular region of the film and reverses the magnetization within it. The scale bar on the right corresponds to 20 µm.Figure is adapted from [33].
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 17 Figure 1.7: XMCD images at Fe L 3 edge of 2-µm wide Gd 25 Fe 65.6 Co 9.4 structures. (a) Images of microstructures with out-of-plane anisotropy, magnetized perpendicular to the sample plane. The first image in (a) shows the initial state of the microstructures where the magnetization of the darker structure points down while the magnetization of the brighter one points up. The next image is taken after excitation with a single linearly polarized laser pulse and shows that the magnetizations of both elements are reversed. This reversal occurs after every laser pulse, as can be seen in the subsequent images in (a). (b) Images of microstructures with in-plane anisotropy. The bright and dark areas correspond to magnetization directions in the plane of the sample pointing parallel or anti-parallel to the X-ray direction. Figure is adapted from [33].

Figure 1 . 8 :

 18 Figure 1.8: Element-resolved dynamics of the Fe and Gd magnetic moments measured by time-resolved XMCD with femtosecond time-resolution. (a) Transient dynamics of the Fe (open circles) and Gd (filled circles) magnetic, moments measured within the first 3 ps. (b) as (a) but on a 12 ps timescale. The measurements were performed at a sample temperature of 83 K for an incident laser fluence of 4.4 mJ/cm 2 . Experimental time resolution of 100 fs is depicted by the solid Gaussian profile. Figure is adapted from [32].
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 110 Figure 1.10: Examples of the two optical responses for two different samples, [Co(0.8nm)/ Tb(0.4nm)] 21 multilayers showing thermal demagnetization (a) and [Co(0.5nm)/Tb(0.4nm)] 28 multilayers showing AO-HDS (b). For each sample, three types of polarized laser beam were swept over the sample and the magnetization pattern was subsequently imaged: from top to bottom, right circularly polarized light (σ+), left circularly polarized light (σ-) and linear polarized light (L). In the image, dark contrast corresponds to one orientation of magnetization and light contrast the opposite. Figure adapted from [43].
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 111 Figure 1.11: Circularly polarized beams (σ+ or σ-) have been swept over the samples. All-optical switching can be observed for three different samples: a Tb 26 Co 74 alloy, a [Tb(0.3nm)/ Co(0.3nm)] 42 multilayer and a [Tb(2.5nm)/Co(2.5nm)] 5 multilayer, which have the same average concentration of Tb and Co atoms.Figure adapted from [43].
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 113 Figure 1.13: Magnetic measurements of a Ta(4 nm)/Pd(3 nm)/[Co(1 nm)/Ir/Co(0.4 nm)/Ni(0.6 nm)/Pt(0.3 nm)/Co(0.4 nm)/Ir] 5 /Pd(3 nm) SFI structure. (a) Remanent magnetization M and coercive field H c as a function of temperature allow us to define a compensation temperature at T Mcomp = 380 K. (b) Images after scanning the laser with three types of polarized beam that were swept over the sample: from top to bottom, right circularly polarized light (σ+), left circularly polarized light (σ-) and linear polarized light (L).Figure adapted from [43].

Figure 1 . 14 :

 114 Figure 1.14: All-optical helicity dependent magnetic switching in a Tb 36 Fe 64 /Tb 19 Fe 81 bilayer. (a) Faraday image of the homogeneously magnetized (in M -direction) bilayer before laser irradiation. (b) Faraday image showing a written stripe domain after interaction with right-handed circularly polarized laser light (σ+) of (1.136 ± 0.08) mJ/cm 2 . (c) Erased stripe with left-handed circularly polarized laser light (σ-) using the same fluence as in (b).Figure adapted from [45].

Figure 1 . 15 :

 115 Figure 1.15: Magneto-optical response in zero applied magnetic field of [Co(0.4nm)/Pt(0.7nm)] N multilayer samples to various laser polarizations where N = 8 (a), N = 5 (b) and N = 3 (c and d). For each image the laser is circularly polarized (σ+ or σ-) or linear polarized (L). For (a)-(c) the laser beam was swept over a region of the sample with two perpendicularly oriented magnetic domains showing black/white contrast in the images, with a domain wall that runs vertically in the middle of each image. In (d) the laser was fixed at individual spots over a region of the sample with uniform magnetization (white contrast). The average laser intensity at different spots is indicated in the image. Figure adapted from [53].
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 116 Figure 1.16: Magneto-optical response in zero applied magnetic field of a 15-nm FePtAgC granular film sample starting with an initially demagnetized sample. (a) Line scans for σ+, σand linear polarized light (L). The laser beam was swept over the sample and the magnetization pattern was subsequently imaged. (b) Images of magnetic domains written by keeping the laser spot at a fixed position on the sample. The laser was either σ+ polarized (left column) or σpolarized (right column). The laser power is given next to the image. Figure adapted from [53].
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 117 Figure 1.17: AO-HDS in Tb 34 Fe 66 at a pulse repetition rate of 250 kHz or 10 kHz. The left column shows the initial homogeneously magnetized state, the middle column after exposure with right-handed circularly polarized (σ+) laser pulses, and the right column images the state after exposure with lefthanded circularly polarized (σ-) laser pulses at the same fluence as used in the corresponding previous image. (a-c) 250 kHz pulse repetition rate and substrate temperature of T = 300 K. The threshold fluence for all-optical switching (AOS) is F = 1.0 ± 0.3 mJ/cm 2 . (d-l) 10 kHz repetition rate and different substrate temperatures. (d-f) Pure thermal demagnetization (PTD) at a substrate temperature of T = 300 K and F = 1.46 ± 0.2 mJ/cm 2 . (g-i) AOS onset at a substrate temperature of T = 345 K and F = 0.9 ± 0.1 mJ/cm 2 . (j-l) AOS at a substrate temperature of T = 370 K and F = 0.5 ± 0.1 mJ/cm 2 . Figure adapted from [44].

Figure 1 .

 1 Figure1.18: Results of the σ-π switching experiment, performed by varying the delay between the σ and the π pulse in both directions (measured at υ r = 5.2 kHz). Negative delays indicate that the π pulse arrives before the σ pulse, and positive delays vice versa. Occurrence of switching 1(0) means yes(no). We used F π = 1.93 mJ/cm 2 and F σ = 3.31 mJ/cm 2 , which is lower than the threshold fluence for

Figure 1 . 19 :

 119 Figure 1.19: Magnetic excitations in DyFeO 3 probed by the magneto-optical Faraday effect. Two processes can be distinguished: (1) instantaneous changes of the Faraday effect due to the photoexcitation of Fe ions and relaxation back to the high spin ground state S = 5/2; (2) oscillations of the Fe spins around their equilibrium direction with an approximately 5 ps period. The circularly polarized pumps of opposite helicities excite oscillations of opposite phase. Inset shows the geometry of the experiment. Vectors δH+ and δHrepresent the effective magnetic fields induced by right-handed σ+ and left-handed σcircularly polarized pumps, respectively. Figure adapted from [64].
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 120 Figure 1.20: (a) The magnetization evolution in Gd 24 Fe 66.5 Co 9.5 after the excitation with σ+ and σcircularly polarized pulses at room temperature. The domain is initially magnetized up (white domain) and down (black domain). The last column shows the final state of the domains after a few seconds. The circles show areas, where the effect of the laser pulse on the magnetic state is detected within the sensitivity of the setup. Note that the pump spot size is of 50-70 µm and larger than the images. (b) The averaged magnetization in the switched areas (5 µm) after σ+ and σlaser pulses, as extracted from the single-shot images in (a) for the initial magnetization up. (c) Distributions of the z component of the magnetization across the 10 µm x 10 µm x 5 nm ferromagnetic film at different time delays after the combined action of a 100 fs long laser pulse and a 250 fs long optomagnetic field pulse as obtained from the multi-macrospin simulations. The peak electronic temperature is T el = 1129 K. Yellow, red, and blue (in the black and white version: light gray, gray, and dark gray) regions correspond to positive, zero, and negative values of m z , respectively. (d) The averaged magnetization in the switched areas (0.5 µm) vs time. Figure adapted from [60].
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 121 Figure 1.21: (a) The spectral dependence of the window ∆, IFE field B eff , and MCD in GdFeCo. In the inset the spectral dependence of the Faraday rotation θ F is shown. (b) The switching threshold fluence F LP and the effective threshold fluence F * plotted against λ. The solid line gives the intersection of the different values of F * LP and is equal to 2.6 ± 0.2 mJ/cm 2 . Figure adapted from [39].
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 122 Figure 1.22: Left-and right-handed circular polarization, and their associated spin angular momentum.
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 21 Figure 2.1: Scheme of a magnetron sputtering system.
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 22 Figure 2.2: Schematic representation of He + -irradiation setup.
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 23 Figure 2.3: Schematic representation of the magnetic moment in ferrimagnetic alloys. The RE and TM sublattice magnetizations are antiferromagnetically coupled.
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 224 Figure 2.4: Magnetic properties of the Tb x Co 100-x samples. Saturation magnetization M s (black circles) and anisotropy field H k (red circles) for the different Tb x Co 100-x samples. The dashed and dotted lines are interpolations between the measured points. Large error bars are due to the uncertainty of magnetometry measurements for thin film samples with small magnetization. Figure adapted from [11].
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 25 Figure 2.5: Temperature dependence of the net magnetization M T and the sublattice magnetizations M RE and M TM . T comp is the compensation temperature at which the two different sublattices compensate.
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 26 Figure 2.6: Temperature dependence of the saturation magnetization for GdCo alloys. The solid and dashed lines were calculated from the mean-field theory. Figure adapted from [6].
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 27 Figure 2.7: Temperature dependence of the magnetization of Co/Pt multilayers (60 bilayers) with varying Co thicknesses. The magnetizations are normalized to those at 77 K. Figure adapted from [14].
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 28 Figure 2.8: The emission and absorption bands of Ti:Al 2 O 3 . The absorption band, which peaks near 490 nm, occurs in the blue-green region of the spectrum and allows Ti:Al 2 O 3 to be pumped by argonion lasers, frequency-doubled Nd:YAG lasers, copper-vapor lasers, or flash lamps. The emission band peaks near 790 nm. A weak absorption band that overlaps the emission band is known as the residual absorption. Figure adapted from [19].
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 29 Figure 2.9: Schematic layout of a grating-based stretcher.

Figure 2 . 10 :

 210 Figure 2.10: Schematic principle of a regenerative amplifier.
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 211 Figure 2.11: Schematic layout of a grating-based compressor.
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 212 Figure 2.12: Schematic principle of magnetic circular birefringence (MCB). The magnetic material shows different refractive indices for left-and right-handed circular polarized light, leading to a rotation of the orientation of the linearly polarized reflected light.
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 213 Figure 2.13: (a) Schematic principle of magnetic circular dichroism (MCD). The magnetic material shows different absorption rate for left-and right-handed circular polarized light, leading to an elliptically polarized reflected light. (b) Combination of both MCB and MCD. The linearly polarized light becomes elliptically polarized and experiences a rotation after reflection off a magnetic material.
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 214 Figure 2.14: The three different configurations of MOKE. (a) Polar, (b) longitudinal, and (c) transversal MOKE.
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 215 Figure 2.15: Experimental setup for femtosecond laser excitation and Faraday imaging.
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 3 size criterion for the observation of all-optical switching

Figure 3 . 1 :

 31 Figure 3.1: Ellipsoid uniformly magnetized along its z-axis. H d is the demagnetizing field due to the existence of magnetic poles at the surface of the ellipsoid.
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 33 Figure 3.3: Definition of the angles θ and φ, for hexagonal (a) and quadratic (b) symmetry. Figure adapted from [6].
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 34 Figure 3.4: A variety of domain structures of a given particle. (+) and (-) represents the local magnetic charges: (a) uniformly magnetized (single domain), (b) two domains, and (c) more complex domain structures.
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 35 Figure 3.5: Schematic representation of two types of domains wall: (a) Néel wall and (b) Bloch wall.
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 36 Figure 3.6: (a) Illustration of the magnetostatics for an infinitely extended, uniformly magnetized (magnetization M s , big black arrows), perpendicular thin film of thickness t. (b) Similar film split up into stripe domains of characteristic width D. For both cases the grey arrows show the resulting dipolar fields. (c) Total magnetic energy per surface area (left axis) for both cases (a) and (b) and characteristic domain width D (right axis, solid line) for the domain state, all plotted versus magnetic film thickness t. Figure adapted from [17].
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 37 Figure 3.7: Schematic representation of magnetization reversal under the action of an external magnetic field for the nucleation-induced reversal (a) and the propagation-induced reversal (b).
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 38 Figure 3.8: (a) (resp. (b)) Saturation magnetization and coercive field of TbCo alloy films for nominal Tb concentration x nom of 16 at.% (resp. 30 at.%). (c) Effective concentration of Tb x eff as a function of the thickness of TbCo alloy films with nominal Tb concentrations x nom of 16 and 30. The dashed lines are guide to the eyes.
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 39 Figure3.9: Optical response for Tb x Co 100-x (t) alloy films for Tb concentration x ranging from 12 to 30 and alloy thickness varying from 1.5 nm to 20 nm. For each sample, right-and left-circularly polarized laser beam were swept over the sample from right to left. The initial magnetization saturation up is exemplarily shown. The white contrast for an alloy thickness varying from 20 nm to 4.5 nm, and the dark contrast for an alloy thickness 3.5 nm and 1.5 nm correspond to a reversal to down.

Tb 8 Figure 3 . 10 :

 8310 Figure 3.10: Optical response for Tb x Co 100-x (t) alloy films for Tb concentration x ranging from 8 to 16 and alloy thickness varying from 1.5 nm to 20 nm. For each sample, right-and left-circularly polarized laser beam were swept over the sample from right to left. The initial magnetization saturation up is exemplarily shown. The dark contrast corresponds to a reversal to down. The laser power is ranging from 1.15 mW (for t < 8nm) to 1.5 mW (for t > 8 nm).

Figures 3 .

 3 Figures 3.9 and 3.10 show that after initial magnetization saturation up, right-(σ+) (resp. left-(σ-)) circular polarized beam switches the magnetization to down for Co dominant (resp. Tb dominant) TbCo alloy films.This finding is attributed to the fact that the helicity of switching depends on the orientation of the Co sublattice magnetization and not on the direction of the net magnetization of the TbCo alloy film[25]. These results are also a hint that a model based on the inverse Faraday effect (IFE) is less likely to explain the AO-HDS, since the reversal only depends on the absorption of the circular polarization by the Co sublattice and not on the direction of the net magnetization of the alloy.
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 311312 Figure 3.11: Optical response for [Co(0.2 nm)/Ni(0.6 nm)] N multilayers for number of repeats N ranging from 2 to 6. For each sample, right-and left-circularly polarized laser beam were swept over the sample from right to left. The initial magnetization saturation up is exemplarily shown. The dark contrast corresponds to a magnetization reversal to down.

  13(a), four different curves of the domain size D are shown for [Co/Pt] N multilayers with N ranging from 1 to 4. This is due to the different values of M s and K u for each value of N, attributed to the spin polarization of Pt atoms at the interfaces[23]. We define a domain size threshold D th = 50 µm corresponding to the fs laser spot size (FWHM = 50 µm).

Figures 3 .Figure 3 . 13 :

 3313 Figures 3.13(a) shows that for [Pt(0.7)/Co(0.6)] N multilayers with N = 1 (t = 0.6 nm) and N = 2 (t = 1.2 nm) which show AO-HDS, D is larger than D th . While for [Pt(0.7)/Co(0.6)] N multilayers with N > 3 (t > 1.8 nm) which show TD, D is smaller than D th . Moreover, for [Co(0.2)/Ni(0.6)] N multilayers D is larger than D th only for t < 2.4 nm. Therefore, the observation of AO-HDS for

Figure 3 . 14 :

 314 Figure 3.14: Estimation of the magnetic domain size D as a function of the magnetic thickness t at room temperature for the studied Tb x Co 100-x alloys, (a) for x ranging from 8 to 13.5. (b) for x ranging from 25 to 30.5. The filled symbols indicate the magnetic thickness of the investigated Tb x Co 100-x alloys.

Figure 3 . 15 :

 315 Figure 3.15: (a) Estimation of the magnetic domain size D as a function of the magnetic thickness t at RT for the studied Tb x Co 100-x alloys for x ranging from 14.5 to 16.5 (b) Estimation of D as a function of t for Tb 16 Co 84 (t) alloys for M s = 230 kA/m measured at RT and M s = 380 kA/m estimated at T = 500 K. For t = 20 nm with M s = 380 kA/m, the domain size is smaller than the laser spot size. The filled symbols indicate the magnetic thickness of the investigated Tb x Co 100-x alloys.

Figure 3 . 16 :

 316 Figure 3.16: Qualitative schematic of a sandwich structure before and after irradiation. Co (Pt, respectively) atoms are in black (respectively, gray). Ions move towards the bottom of the figure. Co atoms moving in the ion direction travel more than one interatomic distance and become isolated (Co-Pt alloying), whereas Co atom moving in the opposite direction travel typically only one interatomic distance and contribute to roughness (local thickness fluctuations).Figure adapted from [34].
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 318 Figure 3.18: M s and K u dependence on the irradiation dose ID for [Co(0.6 nm)/Pt(0.7 nm)] 2 multilayers.

Figure 3 . 19 :

 319 Figure 3.19: M s and K u dependence on the irradiation dose ID for [Co(0.6nm)/Pt(0.7nm)] 4 multilayers.

Figure 3 . 20 :

 320 Figure 3.20: Optical response for [Co(0.6 nm)/Pt(0.7 nm)] 2 multilayers as a function of the irradiation dose ID. A gradual transition from AO-HDS to pure TD is obtained by increasing ID up to 5 10 15 He + /m 2 .The measurements were performed using a constant laser power of 0.75 mW.
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 322 Figure 3.22: Optical response for [Co(0.6 nm)/Pt(0.7 nm)] 4 multilayers as a function of the irradiation dose ID. A pure TD is obtained and the domain size in the laser excited decreases by increasing ID up to 10 15 He + /m 2 . The measurements were performed using a constant laser power of 2.5 mW.
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 41 Figure 4.1: Geometric configuration of the Hall voltage measurement under an external applied field H. A DC current is injected along the x direction while the Hall voltage is measured along the y direction.

Figure 4 . 2 :

 42 Figure 4.2: Sweeping beam measurement schematic: in a perpendicularly magnetized Hall cross (z axis), a DC current is injected along the x direction while the anomalous Hall voltage is measured along the y direction. The fs laser beam perpendicular to the film plane is swept along the x axis to perform the sweeping beam measurement, with sweeping speeds ranging from 40 µm/s to 2500 µm/s.
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Figure 4 . 3 :

 43 Figure 4.3: Experimental set-up schematic of the static beam measurement with an off-centered beam in a perpendicularly magnetized Hall cross (z axis). A DC current is injected along the x direction while the anomalous Hall voltage is measured along the y direction. The laser spot is shined on the x axis at a fixed position about 40 µm from the center of the Hall cross. (b) Schematic representation of the different areas of the laser spot. "A" where multiple domains are obtained, "B" is the AOS ring where AOS is obtained, and "C" is the area where no change of magnetization is induced. For the static beam measurement with an off-centered laser spot, the AOS rim overlaps with the center of the Hall cross.

Figure 4 . 4 :

 44 Figure 4.4: (a) Experimental set-up schematic of the static beam measurement with a centered beam in a perpendicularly magnetized Hall cross (z axis). The laser spot is shined on the x axis at a fixed position and in the center of the Hall cross. (b) Schematic representation of the different areas of the laser spot. For the static beam measurement with a centered laser spot, "A" where multiple domains are obtained overlaps with the center of the Hall cross.
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 445 Figure 4.5: Normalized Hall voltage V Hall as a function of the position of the beam x swept where (a)corresponds to left-handed circular polarization (σ-) and (b) to right-handed circular polarization (σ+). The values 1 and -1 of the V Hall correspond to both saturated magnetic states. The laser beam is swept over the whole x axis of Hall cross from position -100 µm to 100 µm, with a sweeping speed of 40 µm/s and a power of 0.95 mW. The experiment is repeated for both positive and negative saturation of the magnetization. The dashed lines are guides to the eyes.

Figure 4 .

 4 6 shows the temporal evolution of the anomalous Hall voltage for the sweeping beam measurement repeated four times with a sweeping speed of 1000 µm/s and a power of 0.95 mW. A reset of magnetization to its initial state is performed after laser beam with σ+ polarization is swept back and forth over the Hall cross. One can see that on average the switching is incomplete with a significant stochastic component. Note that due to the fast sweeping speed of 1000 µm/s and the low resolution of 150 ms, the laser-induced demagnetization similar to the one in regions II and III (figure 4.5) are not measured.

Figure 4 . 6 :

 46 Figure 4.6: Time evolution of the normalized Hall voltage V Hall for the sweeping beam measurement repeated four times, with σ+ sweeping and initial saturation up. The laser spot is swept back (dark cyan arrow) and forth (magneta arrow) over the whole x axis of the Hall cross, with a sweeping speed of 1000 µm/s and a power of 0.95 mW, leading on average to an incomplete switching and a significant stochastic component.
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 48 Figure 4.8: (a) and (b) Magneto-optical response of Pt(3.7 nm)/Co(0.6 nm)/Pt(3.7 nm) continuous film to right-circularly polarized laser beam swept from left to right a sweeping speeds of 40 µm/s and 200 µm/s, respectively. The laser power is 0.7 mW and the repetition rate is varied from 5 kHz to 5 Hz. The initial up magnetization saturation is exemplarily shown and the dark contrast corresponds to a reversal to down.
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 449 Figure 4.9: (a) and (b) Magneto-optical response of Pt(3.7 nm)/Co(0.6 nm)/Pt(3.7 nm) continuous film to right-circularly polarized laser beam swept from left to right a sweeping speeds of 1000 µm/s and 2500 µm/s, respectively. The used laser power is 0.7 mW and the repetition rate is varied from 5 kHz to 5 Hz. The initial up magnetization saturation is exemplarily shown and the dark contrast corresponds to a reversal to down.
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 410 Figure 4.10: Time evolution of the normalized Hall voltage V Hall for the sweeping beam measurement repeated four times, with linear polarization sweeping and initial saturation up. The laser spot is swept back (dark cyan arrow) and forth (magenta arrow) over the whole x axis of the Hall cross, with a sweeping speed of 1000 µm/s and a power of 0.95 mW, leading on average to a random switching ratio.

Figure 4 .

 4 Figure 4.11: Switching ratio τ as a function of the swept beam's speed v with linear polarization

Figure 4 .Figure 4 . 12 :

 4412 Figure 4.12: (a) Magneto-optical image of the initial magnetic state in a Pt(4.5 nm)/Co(0.6 nm)/Pt(4.5 nm) continuous film before laser exposure. (b) Magneto-optical response obtained with linearly and right-circularly polarized beam swept with a speed of 40 µm/s and a laser power of 0.7 mW. For each scan, the laser beam is swept from the area marked with magenta crosses to the demagnetized area. The latter is obtained when the laser is turned off.

Figure 4 . 13 :

 413 Figure 4.13: Schematic representation of the resistance measurement with a swept beam: a DC current is applied along x axis, while the voltage is continuously measured along the x direction. The fs laser beam perpendicular to the film plane is swept along the x axis.
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 4144 Figure 4.14: (a) Time evolution of the longitudinal resistance R while performing four consecutive sweeping beam measurements, with right-handed circular polarization and initial saturation up. The laser spot is swept back (dark cyan arrow) and forth (magenta arrow) over the whole x axis of the Hall cross, with a sweeping speed of 40 µm/s and a power of 0.95 mW. The applied current is 0.75 mA.The resistance at "A" corresponds to the default value before laser exposition, whereas resistance at "E" is obtained when the laser spot is switched off. (b) Schematic representation of the laser beam position on the x axis at "B, "C" and "D". "B" and "D" correspond to a laser spot on left and right edges of the Hall cross, respectively. The resistance at "C" is obtained when the laser spot is centered on the Hall cross.
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 5 which corresponds to the maximal resistance obtained when the laser spot is well centered on the Hall cross. Now we investigate the influence of the sweeping speed and the laser power on the resistance shift. Sweeping beam measurements are thus performed 20 times while varying the sweeping speed from 40 µm/s and 2500 µm/s and the laser power from 0.2 mW to 0.95 mW. The resistance shift values shown in figure 4.15 are arithmetic means of the resistance shift measured for each individual measurement. The initial up magnetization saturation with σ+ sweeping is exemplarily shown.

Figure 4 . 15 :

 415 Figure 4.15: Resistance shift ∆R as a function of the laser power P for different sweeping speeds. The initial up magnetization saturation with σ+ sweeping is exemplarily shown.

Figure 4 . 16 :

 416 Figure 4.16: (a) Switching ratio as a function of the applied current intensity for sweeping beam measurements performed in a 7 µm-wide Pt/Co/Pt Hall cross with a speed of 40 µm/s and a laser power 0.4 mA. The initial up magnetization saturation is exemplarily shown. (b) Resistivity of Ta/Pt/Co/Pt as a function of the applied current intensity. No laser beam is applied during the resistivity measurement.

= 4 .

 4 47 10 -7 Ohms.m is obtained when T = 122 • C. Therefore, the partial reestablishment of the helicity-dependent switching via Joule heating demonstrated in figure4.16(a) is achieved at a temperature of 122 • C.

Figure 4 . 17 :

 417 Figure 4.17: Evolution of the resistivity as a function of temperature measured in a 100 µm-wide Pt/Co/Pt Hall cross. The temperature is changed via current-induced Joule heating and is detected with an infrared camera.
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 2418 Figure 4.18: Switching ratio τ as a function of the laser power P for the static beam measurement. The center of the beam spot is kept fixed at a position approximately 40 µm from the Hall cross center. Shown in the inset is the schematic evolution of the diameter of the AOS rim.

Figure 4 . 19 :

 419 Figure 4.19: Magneto-optical response of Pt(3.7 nm)/Co(0.6 nm)/Pt(3.7 nm) continuous film to rightcircularly polarized laser beam with a laser power ranging from 0.6 mW to 0.95 mW. The laser exposed area is demagnetized and the area where we see domains increases with laser power. The AOS ring is too small to be optically resolved when the beam is on. When the laser beam is turned off, multiple domains are obtained due to demagnetization effects. The initial saturation up is exemplarily shown and the dark contrast corresponds to a reversal to down. All pictures have the same dimensions.

Figure 4 . 20 :

 420 Figure 4.20: Schematic representation of the resistance measurement with an off-centered beam: a DC current is applied along the x axis, while the voltage is continuously measured along the x direction. The fs laser beam is shined on the x axis at a fixed position about 40 µm from the center of the Hall cross.

Figure 4 . 22 :

 422 Figure 4.22: Resistance shift ∆R as a function of the laser power P for the static beam measurement with an off-centered beam. The center of the beam spot is kept fixed at a position approximately 40 µm from the Hall cross center. Shown in the inset is the schematic evolution of the diameter of the AOS rim. The initial saturation down with σpolarization is exemplarily shown.

Figure 4 .

 4 23 shows the evolution of the switching ratio as a function of the laser power when the centered beam is on, and also when the latter is turned off. These measurements were repeated 10 times and the values of τ shown in figure4.23 are arithmetic means of the switching ratio measured for each individual measurement. The initial saturation up with σ+ polarization is exemplarily shown.
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 423 Figure 4.23: Switching ratio τ as a function of the laser power P for the static beam measurement with a centered beam as shown in the inset. The initial up magnetization saturation with σ+ polarization is exemplarily shown.
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 3 Electrical characterization of AOS in ferromagnetic CoFeB/MgO Hall crosses 105

Figure 4 . 24 :

 424 Figure 4.24: Time evolution of the normalized Hall voltage while performing sweeping beam measurement on the studied CoFeB/MgO based Hall cross. The initial down (resp. up) magnetization saturation with σ-(resp. σ+) sweeping is shown in (a) (resp. (b)). The laser beam is swept back and forth over the whole x axis of the Hall cross with a sweeping speed of 40 µm/s and a laser power of 1.35 mW.
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 34 Figure 4.24(a) shows that the magnetization with an initial saturation down switches gradually to up (70% of switching) when the first part of the inner circle of the laser beam with σpolarization enters the Hall cross area. This behavior was not observed in Pt/Co/Pt based Hall crosses. Then, demagnetization takes place gradually when the center of the laser beam gets closer to the Hall cross. Finally, the magnetization switches completely to up when the laser beam moves away from the center of the Hall cross. Moreover, a demagnetization followed

  axis of the CoFeB/MgO based Hall cross, as depicted in figure 4.25.

Figure 4 . 25 :

 425 Figure 4.25: Time evolution of the normalized Hall voltage while performing sweeping beam measurement on the studied CoFeB/MgO based Hall cross. The initial up magnetization saturation with π sweeping is shown. The laser beam is swept back and forth over the whole x axis of the Hall cross with a sweeping speed of 40 µm/s and a laser power of 1.35 mW.
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 4426 Figure 4.26: (a) (resp. (b)) Time evolution of the normalized Hall voltage while performing static beam measurement on the studied CoFeB/MgO based Hall cross with an initial saturation up (resp.

Figure 4 . 27 :

 427 Figure 4.27: (a) and (b) Time evolution of the normalized Hall voltage while performing static beam measurement on the studied CoFeB/MgO based Hall cross with an initial saturation up and down, respectively.The linearly polarized laser beam is well centered and turned on in "A", whereas the laser beam is turned off in "B".

  Tb 27 Co 73 based Hall cross for the four combinations of circular helicity and initial magnetization saturation. The laser beam is swept over the whole x axis of the studied Hall cross from position -100 µm to 100 µm, with a sweeping speed of 40 µm/s and a power of 1.35 mW. Sweeping with leftcircularly polarized beam is exemplarily shown in figure 4.28. The applied current is I = 0.5 mA and the typical value of the anomalous Hall voltage is V Hall = 0.29 mV. The measured change of the anomalous Hall voltage in the Tb dominant Tb 27 Co 73 based Hall cross corresponds to the Co sublattice magnetization "M Co " change in agreement with previous studies[39, 40], since the conduction electrons come mainly from the Co sublattice. Therefore, the evolution of the anomalous Hall voltage is at the opposite of that of the net magnetization of the alloy "M T ".
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 428 Figure 4.28: Normalized Hall voltage V Hall as a function of the position of the beam x swept with left-handed circular polarization. The laser beam is swept with a sweeping speed of 40 µm/s and a power of 1.35 mW. The evolution of V Hall corresponds to the Co sublattice magnetization change. The dashed lines are guides to the eyes.
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 429 Figure 4.29: Time evolution of the normalized Hall voltage of the studied Tb 27 Co 73 based Hall cross under the action of the off-centered laser beam with both circular polarizations. The evolution of V Hall corresponds to the Co sublattice magnetization change.
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 4430 Figure 4.30: (a) and (b) Time evolution of the normalized Hall voltage while performing static beam measurement on the studied Tb 27 Co 73 based Hall cross. The evolution of V Hall corresponds to the Co sublattice magnetization change. In (a) (resp. (b), the Hall cross is initially saturated up (resp. down)
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 431 Figure 4.31: (a) (resp. (b)) Time evolution of the normalized Hall voltage while performing static beam measurement on the studied Tb 27 Co 73 based Hall cross with an initial saturation down (resp.up) and σ-(resp. σ+) polarization. The laser beam is well centered and turned on in "A", whereas it is turned off in "B".
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 432 Figure 4.32: (a) and (b) Magneto-optical Faraday images of a Gd 28 Fe 48 Co 24 continuous film with initial magnetization saturation up and down, illuminated with two consecutive pulses with three different polarizations: from top to bottom, left circularly polarized pulse (σ-), right circularly polarized pulse (σ+) and linearly polarized pulse (π), and a laser fluence of 19 mJ/cm 2 . Each of the two laser pulses illuminates the same region of the continuous film and induces a total magnetization reversal. The white (resp. dark) contrast in (a) (resp. (b)) corresponds to a reversal to down (resp. to up)
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 5 Two types of all-optical switching mechanism distinguished via the anomalous Hall effect 115 pulses. The sample is swept horizontally by 40 µm after each pulse, leading to an overlap between each two consecutive pulses. As shown in figure4.33, each of the spacialy overlapped pulses switches completely the magnetization independently of the polarization and the initial magnetization saturation. Identical results were achieved on Gd 28 Fe x Co 72-x alloy films for Fe concentration x = 57.6 and x = 60.

Figure 4 . 33 :

 433 Figure 4.33: (a) and (b) Magneto-optical Faraday images of a Gd 28 Fe 48 Co 24 continuous film with initial magnetization saturation up and down, under the action of four 35-fs laser pulses with three different polarizations and a laser fluence of 19 mJ/cm 2 . The sample is swept horizontally by 40 µm after each pulse, leading to an overlap between each two consecutive pulses. Each of the four laser pulses induces a total magnetization reversal of the illuminated area. The white (resp. dark) contrast in (a) (resp. (b)) corresponds to a magnetization pointing down (resp. up).
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 443722438 Figure 4.37: Magneto-optical Faraday images of a Pt(4.5 nm)/Co(0.6 nm)/Pt(4.5 nm) continuous film with initial magnetization saturation up, illuminated with two consecutive right-circularly polarized pulses with energy per pulse of 14 mJ/cm 2 . The dark contrast corresponds to a reversal to down. Each of the two laser pulses induces thermal demagnetization of the irradiated area and the rim of helicity-dependent switching does not emerge.

4. 5 .

 5 Two types of all-optical switching mechanism distinguished via the anomalous Hall effect 119

Figure 4 . 39 :

 439 Figure 4.39: Magneto-optical Faraday images of a [Co(0.6 nm)/Pt(0.7 nm)] 3 continuous film illuminated with a 35-fs laser pulse with three different polarizations and a fluence of 14 mJ/cm 2 . Each of the two laser pulses induces thermal demagnetization of the irradiated area. The dark (resp. white) contrast in (a) (resp. (b)) corresponds to a reversal to down (resp. to up). For each configuration, a thermal demagnetization of the irradiated area is obtained.
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 4440454 Figure 4.40: (a) and (b) Magneto-optical Faraday images of a TbCo alloy film, with initial magnetization saturation up and down, illuminated with two consecutive pulses with three different polarizations and with energy per pulse of 19 mJ/cm 2 . Each of the two laser pulses induces thermal demagnetization of the irradiated area. The white (resp. dark) contrast in (a) (resp. (b)) corresponds to a reversal to down (resp. to up).
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 4 41 shows the time-dependent evolution of the anomalous Hall voltage under the action of 600 consecutive pulses with a laser fluence of 10 mJ/cm 2 , for different combinations of laser polarization and initial magnetization saturation. One can see from figure4.44 that the reversal of the anomalous Hall voltage follows a two regimes process taking place at two different timescales. Indeed, a helicity-independent drop is induced by 6 pulses within the first 1 ms, which is followed by a helicity-dependent reversal of the Hall voltage on several tens of ms.4.5. Two types of all-optical switching mechanism distinguished via the anomalous Hall effect 121
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 441 Figure 4.41: (a) and (b) Time evolution of the anomalous Hall voltage of a 5-µm-wide Pt(4.5 nm)/Co(0.6 nm)/Pt(4.5 nm) Hall cross initially saturated up, under the action of a 35-fs laser beam with a 5 kHz repetition rate and a fluence of 10 mJ/cm 2 . The corresponding number of laser pulses is shown in the upper row. The helicity-dependent switching of the studied Hall cross is governed by a two-step process at two different timescales: (a) helicity-independent demagnetization within the first 1 ms. (b) helicity-dependent reversal measured on a 120 ms timescale. (c) and (d), the same behavior is measured as (a) and (b) with initial magnetization saturation down. The experimental temporal resolution of the experiment is 1 µs.
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 442 Figure 4.42: (a) and (b) Time evolution of the anomalous Hall voltage of a 5-µm-wide Pt(4.5 nm)/Co(0.6 nm)/Pt(4.5 nm) Hall cross initially saturated up, under the action of a 35-fs laser beam with a 5 kHz repetition rate and a laser fluence of 10 mJ/cm 2 , with (blue curve) and without (red curve) adding a small external magnetic field H ex of approximatively 20 mT.
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 5443 figure 4.43(a), the step-like multiple-domain formation is maintained for a large range of fluence down to 20% of the switching fluence threshold. Nevertheless, figure 4.43(b) show that the helicity-dependent remagnetization vanishes for low fluences. This behavior is attributed to the spatial shift of the AOS rim, as previously demonstrated in section 4.2.3. Note that the small size of the AOS rim makes it difficult to overlap it with the center of the Hall cross after each decrease of the laser fluence. These findings indicate that the laser fluence does not play a primary role in the cumulative and two regimes switching of Pt/Co/Pt films.
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 4444 Figure 4.44: Time evolution of the anomalous Hall voltage of a 20-µm-wide Pt(4.5 nm)/Co(0.6 nm)/Pt(4.5 nm)Hall cross initially saturated up, under the action of a 35-fs laser beam with a 5 kHz repetition rate and a laser fluence of 10 mJ/cm 2 . A helicity-independent demagnetization occurs within the first 6 ms (30 pulses) followed by an oscillation of the Hall voltage around the zero value. The inset shows the schematic representation of the different areas of the fs laser beam: "A" where multiple magnetic domains are obtained, "B" is the AOS rim; and "C" where no change of magnetization is induced. The remagnetization does not take place since the helicity-dependent switching rim (2-4 µm size) only overlaps with a small area of the 20-µm-wide Hall cross.
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 44545 Figure 4.45: (a) and (b) Time evolution of the anomalous Hall voltage of a 5-µm-wide Pt(4.5 nm)/Co(0.6 nm)/Pt(4.5 nm) Hall cross which is initially partially demagnetized (V Hall = ± 0.25), under the action of right-circularly polarized beam with a 5 kHz repetition rate and a laser fluence of 10 mJ/cm 2 .
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 446 Figure 4.46: (a) and (b) Time evolution of the anomalous Hall voltage of a 5-µm-wide [Pt(0.7 nm)/Co(0.6 nm)] 3 Hall cross initially saturated up, under the action of a 35-fs laser beam with a 5 kHz repetition rate and a fluence of 19 mJ/cm 2 .
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 4 Distinction between two types of all-optical switching mechanisms via magneto-transport measurements

Figure 4 . 47 :

 447 Figure 4.47: (a) and (b) Helicity-dependent reversal of the anomalous Hall voltage of a Tb 27 Co 73 based Hall cross initially saturated up and down within a 120 ms timescale. The experiment is performed using a 35-fs laser beam with a 5 kHz repetition rate and a fluence of 19 mJ/cm 2 . The corresponding number of laser pulses is shown in the upper row. The inset in (a) (resp. (b)) shows the helicityindependent demagnetization of the Hall cross with an initial saturation magnetization up (resp. down) occurring within the first 1 ms.

  de Co/Ni et Co/Pt, ainsi que dans des alliages ferrimagnétiques de TbCo pour une large gamme de compositions et d'épaisseurs. La réponse des films étudiés au faisceau laser avec une durée d'impulsion de 35 fs a été mesurée en utilisant la microscopie magnéto-optique Faraday afin d'imager les domaines magnétiques en transmission. Les alliages ferrimagnétiques de TbCo qui sont Co dominant avec une aimantation à saturation et une rémanence élevées (M R = 830 kA/m) montrent une désaimantation thermique pour une large épaisseur (t = 20 nm). Néanmoins, nous avons démontré que ces films peuvent montrer l'AO-HDS si leur épaisseur est fortement réduite à quelques nm, comme illustré en figure 3.10 (voir section 3.3). Ce résultat contredit le critère de faible rémanence pour l'observation de l'AO-HDS dans les matériaux ferrimagnétiques.
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 5 figure 4.5 (voir section 4.2) avec une vitesse de balayage de 40 µm/s. La deuxième approche consiste à garder le faisceau sur une position statique et décalée afin de permettre un recouvrement de l'anneau du retournement avec le centre de la croix de Hall. Les deux approches indiquent qu'un seuil de puissance doit être dépassé pour observer l'AO-HDS.De surcroît, nous avons montré que le renversement devient incomplet en augmentant la vitesse de balayage, ce qui est dû à la formation de multidomaines magnétiques. Par conséquent, ces résultats indiquent que l'AO-HDS dans les films de Pt/Co/Pt est un processus cumulatif, car un renversement complet et reproductible nécessite un certain nombre d'impulsions. En outre, un comportement stochastique a été mesuré en balayant la croix de Hall de Pt/Co/Pt avec un faisceau polarisé linéairement, ce qui est attribué à la grande taille des domaines et à l'écriture thermomagnétique dans les films de Pt/Co/Pt[19].Afin de corréler l'observation du retournement avec l'élévation de la température dans les croix de Hall de Pt/Co/Pt, nous avons quantifié l'évolution de la résistance longitudinale pendant le balayage de la croix par le faisceau laser. Nous avons ainsi montré que pour une puissance laser au-dessus de la puissance seuil, le processus de l'AO-HDS dans les croix de Hall de Pt/Co/Pt est faiblement lié au chauffage induit par les impulsions laser, mais fortement dépendant du nombre d'impulsions. Enfin, nous avons montré que la puissance seuil de l'AO-HDS dans les croix de Hall de Pt/Co/Pt peut être diminuée via le chauffage par effet Joule induit par courant, indiquant ainsi que la puissance seuil dépend de la température de l'échantillon.Nous avons également élucidé pour la première fois l'intégration du retournement toutoptique dans les croix de Hall à base de CoFeB/MgO. Ces hétérostructures ferromagnétiques ont suscité un grand intérêt au sein de la communauté scientifique pour leur potentiel dans les futures applications en spintronique. Nous avons tout d'abord démontré l'AO-HDS avec un faisceau laser balayé. Néanmoins, nous n'avons pas été capables d'effectuer une étude statistique similaire à celle effectuée dans les croix de Hall de Co/Pt, en raison de la réduction d'anisotropie induite par le faisceau laser dans les croix de Hall de CoFeB/MgO. En outre, 140 General conclusions and perspectives nous avons montré que le balayage de la croix de Hall de CoFeB/MgO avec une polarisation linéaire entraîne un retournement complet de l'aimantation de la croix de Hall. Ce comportement est attribué à l'écriture thermomagnétique et aux larges domaines magnétiques dans les CoFeB/MgO qui peuvent être plus grands que la zone sondée de la croix de Hall.Nous avons également démontré l'AO-HDS dans les croix de Hall de Tb 27 Co 73 avec un faisceau balayé ou gardé sur une position statique et décalée. Ces mesures ont également démontré que l'alliage de Tb 27 Co 73 étant Tb dominant devient Co dominant sous l'effet du chauffage induit par les impulsions laser fs, indiquant que la température de la zone sondé de la croix de Hall dépasse localement la température de compensation T comp = 500 K.

  

  Lambert et al. investigated the AO-HDS ability in a large range of ferromagnetic thin films with PMA including Co/Pt, Co/Pd, Co 1-x Ni x /Pd and Co/Ni multilayers [53]. For instance, figure 1.15 shows the optical response of [Co(0.4 nm)/Pt(0.7 nm)]

N multilayers with N = 8, 5 and 3, to the action of 100-fs laser beam with three different polarizations. For figures 1.15(a)-1.15(c), the laser is scanned across a region of the films having both magnetization directions, whereas the laser beam is kept static in figure

1

.15(d).

  Hohlfeld et al. demonstrated that the AOS fluence threshold decreases by externally cooling
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	a Gd 22 Fe 74.6 Co 3.4 alloy sample below 250 K, thus indicating that AO-HDS in GdFeCo alloys is a
	non-thermal process

  shows the delay range where the two-pulse switching was obtained. Negative (resp. positive) delays indicate that the π (reps. σ) pulse arrives on the sample before the σ (resp. π) pulse. AOS is obtained with both delay signs. More importantly, the width of the delay window in which the switching occurs is shown to be dependent on the fluence of the π pulse[START_REF] Alebrand | Interplay of heating and helicity in all-optical magnetization switching[END_REF]. The experiment by Alebrand et al. highlights the crucial role of heating in the observation of AO-HDS in GdFeCo alloys in agreement with other studies[39]. Moreover, it contradicts the classification of this process as a non-thermal effect by Hohlfeld et al.[START_REF] Hohlfeld | Athermal all-optical femtosecond magnetization reversal in GdFeCo[END_REF]. Furthermore, Cheng et al. showed that the switching fluence threshold in Tb 14 Fe 68 Co 18 alloy increases by cooling the sample temperature from RT down to 110 K[START_REF] Cheng | Temperature dependence of all-optical ultrafast magnetization switching in TbFeCo[END_REF]. The results are a hint that sample heating plays an important role in the achievement of AO-HDS, and are in agreement with the experiment by Alebrand et al.

	σ	(helicity)	π	(heating)	π	(heating)	σ	(helicity)
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 31 Overview of the magnetic parameters and the response to optical excitation for studied ferrimagnetic alloys and ferromagnetic multilayers for different values of Tb concentration x and magnetic thickness t.

				3	K u (x 10 3	A ex (x 10 -11	AOS vs
				A/m)	J/m 3 )	J/m)	TD
		x = 8	1.5	838	520	0.62	AOS
		x = 10.5	2.5	658	592	0.62	AOS
		x = 12	1.5	537	806	0.62	AOS
		x = 13.5	5	440	935	0.62	AOS
		x = 14.5	6.5	361	921	0.62	AOS
		x = 15	8	838	894	0.62	TD / AOS
	Tb x Co 100-x (t)	x = 15.5	10	308	893	0.62	TD
		x = 16	20	204	632	0.62	TD
		x = 16.5	3.5	230	725	0.62	AOS
		x = 25	6.5	183	503	0.62	AOS
		x = 27.5	10	298	641	0.62	AOS
		x = 30	20	341	678	0.62	AOS
		x = 30.5	15	360	432	0.62	AOS
		N = 1	0.6	1438	2650	1.2	AOS
	[Co(0.6)/Pt(0.7)] N	N = 2	1.2	1609	2472	1.2	AOS
		N = 3	1.8	2194	4162	1.2	TD / AOS
		N = 4	2.4	2217	4141	1.2	TD
		N = 2	1.6	1100	955	0.88	AOS
		N = 3	2.4	1100	955	0.88	TD / AOS
	[Co(0.2)/Ni(0.6)] N	N = 4	3.2	1100	955	0.88	TD
		N = 6	4.8	1100	955	0.88	TD

The all-optical switching experiments were performed in this thesis using a Ti:sapphire laser developed by Coherent Inc. In general, a femtosecond laser source consists of an oscillator which produces ultrashort pulse trains, and an amplification stage enabling to increase the pulse energy by several order of magnitude (x 10 6 ). Hence, we will give in this section a brief description of the generation of femtosecond laser pulses, and basic information about the operating principle of Ti:sapphire oscillators and amplifiers.

Remerciements

Je tiens tout d'abord à remercier sincèrement les membres du jury André Thiaville, Julie Grollier, Eric Fullerton, Jeffrey Bokor et Alexey Kimel pour avoir accepté d'examiner mon travail et pour leurs remarques sur le manuscrit.

 Chapter 4. Distinction between two types of all-optical switching mechanisms via magneto-transport measurements this threshold power, a complete and reproducible switching is only obtained for the lower sweeping speed of 40 µm/s, whereas the switching ratio saturates around 80% for higher sweeping speeds, and seems to be only weakly dependent on the laser power. Moreover, the standard deviation increases when the switching ratio decreases, meaning that the switching process is increasingly stochastic for sweeping speeds ranging from 200 µm/s to 2500 µm/s. We now verify that the modification of the switching ratio by increasing the sweeping speed is symmetric and is also obtained with the other combinations of circular polarization and initial saturation, as shown in figure 4.7(b). These measurements were performed for a laser power of 0.95 mW, which is well above the threshold power. As depicted in figure 4.7(b), the excepted symmetric behavior is observed and the helicity dependence is conserved independently of the sweeping speed. For a sweeping speed of 200 µm/s, the difference in the switching ratio between the two circular polarizations for a given saturation is larger than 75%. For sweeping speeds higher than 200 µm/s, the switching ratio drops by 10% to 20% compared to the slowest speed of 40 µm/s and the standard deviation increases. This can be explained by the persistent formation of multiple magnetic domains within the Hall cross. Hence, these results give indirect evidence that AO-HDS is a cumulative process, since a complete and reproducible switching requires a certain number of pulses which becomes larger when the sweeping speed is decreased.

To confirm that the sweeping speed increase induces multiple domains formation, we performed similar sweeping beam experiments on Pt(3.7 nm)/Co(0.6 nm)/Pt(3.7 nm) continuous Each of the ten consecutive pulses with a repetition rate of 5 kHz switches completely the magnetization of the studied Hall cross. The same behavior has been measured for the six other combinations of pulse polarization and initial saturation. Moreover, identical results were obtained by illuminating the Gd 28 Fe 48 Co 24 Hall cross with a set of 1000 consecutive pulses. Moreover, the reversal time of the Hall voltage coincides with the temporal resolution of the measurement that equals 1 µs, as depicted in figure 4. 35. This finding indicates that the reversal of magnetization takes a shorter time and is consistent with previous studies on GdFeCo continuous films [44]. 

Single-pulse induced demagnetization of [Co/Pt] N and TbCo continuous film

To give a novel insight into the all-optical switching mechanism in materials other than GdFeCo alloys, we now study the response of ferrimagnetic TbCo alloy films and ferromagnetic Co/Pt We first illuminate the Pt(4.5 nm)/Co(0.6 nm)/Pt(4.5 nm) film with two consecutive pulses with a laser fluence of 14 mJ/cm 2 . Each of the two pulses induces a random thermal demagnetization independently of the initial magnetization saturation and pulse polarization, as depicted in figure 4.36. The domains distribution in the demagnetized area was quantified, leading to two close average values for magnetic domains up and down of approximately 50 ± 2%. More importantly, one can see from figure 4.37 that the expected AOS rim does not emerge after two consecutive pulses for any of the six combinations of initial saturation and pulse polarization, confirming the cumulative aspect of the AO-HDS in Pt/Co/Pt films.