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zation direction only. The anisotropy energy, the applied eld (Zeeman) energy, the magneto-elastic interaction energy and the exchange or stiness energy are in this category. The two non-local energy contributions are the stray eld energy and the magnetostrictive self-energy. In the following, energy terms relating to this thesis will be reviewed.
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Introduction

Spintronics is a newly emerging technology where it is not the electron charge but the electron spin that carries information [1]. It oers opportunities for a new generation of devices combining standard microelectronics with spin-dependent eects which would bring improvements in non-volatility, data processing speed, power consumption and storage densities [2].

The discovery of the giant magnetoresistive eect (GMR) in 1988 is a milestone in the development of spintronics [3]. The GMR can be observed in a spin valve which is composed of two ferromagnetic layers sandwiching a thin non-magnetic metal.

The resistance of the material is lowest when the magnetic moments in ferromagnetic layers are parallel and highest when they are anti-parallel. GMR spin valves and advanced magnetic media led to a dramatic increases in areal storage density of hard disk drives.

Later it was found that by replacing the non-magnetic metal with a thin insulating layer in a spin valve, the magnetoresistance can be much higher. This device, the magnetic tunnel juction (MTJ), is composed of a pinned ferromagnetic layer and a free ferromagnetic layer separated by a very thin insulating layer. The tunnel magneto resistance (TMR) can be more than 600% at room temperature in stateof-the art crystalline CoFeB/MgO/CoFeB structures [5] which can be compared to the 100% GMR of the best spin valves [6].

GMR and TMR led to the concept of the magnetic random access memory (MRAM).

MRAM is an emerging non-volatile memory aiming to become a universal memory applicable to a wide variety of functions. They combine non-volatility, excellent scalability, endurance with lower power, fast read and write and they are compatible with the back end process of CMOS technology. The more recent advent of spin transfer torque (STT) [7], where the angular momentum carried by the electrons can exert a torque by transfer of the angular momentum to a ferromagnetic layer ii Figure 1: Schematic view of a racetrack memory. A current "write" pulse on the left produces magnetic elds to reverse the magnetization in the desired direction.

A shift pulse exerts spin-transfer torque and shifts all the domain walls in the same direction. Reading is done with a magnetic tunnel junction. The gure is adapted from Brataas et al. [4].

provides the possibility for switching the magnetization by a current instead of a magnetic eld. This has triggered the development of a new type of memory device, called STT-MRAM, which is a promising candidate to improve perfomance and scalability. The STT also allows for the manipulation of magnetic structures such as magnetic domain walls (DWs) and skyrmions with currents, which is a promising feature in view of the design of novel storage devices such as the racetrack memory [8]. In a racetrack memory, data bits are stored in ferromagnetic domains separated by magnetic DWs as illustrated in Fig. 1. Writing or reading of the information can be done by a xed magnetic read or write device near the wire. The speed of writing and reading can be much improved by using the STT to shift DWs towards the reading head and for injecting new DWs into the wire.

One of the major issues of spintronic devices is their large power consumption, that is further enhanced with miniaturization [9]. Taking the STT-MRAM as an example, the major energy loss is dominated by ohmic losses of the charge current owing.

The magnetic anisotropy has to increase to retain thermal stability when the bit size scales down, which leads in STT-MRAM devices to higher switching current at smaller technological nodes. In order to circumvent this classical dilemma in data storage between the memory writability and its retention, a novel solution enabling the development of ultra-low power spintronic devices is emerging based on electric (E) eld gating through an oxide in contact with the storage layer. Electric elds through an oxide layer can be sustained without DC current ow. In terms of dissipation, only the energy for charging the eective capacitance is needed. Schemes based on pure electric eld have anticipated the energy to switch a magnetic element iii Table 1: Comparison of existing non-spintronic and emerging spintronic memory technologies to be below fJ. This makes E-eld gating one of the most important developments with the potential to lead a paradigm shift in manipulating magnetization with ultra-low power. The general principle is based on E-eld induced reduction and/or reorientation of the magnetic anisotropy leading to lower energy barriers for magnetization switching which become easier to overcome, while keeping high magnetic anisotropy to assure thermal stability of the bits in stand-by operation. A comparison of existing non-spintronic and emerging spintronic memory technologies is shown in Tab. 1. The proposed MRAM in combination with E-eld eect shows promising perspectives in terms of energy consumption, storage density and nonvolatility. The E-eld eect can also be used to reduce the energy consumption of magnetic DW based devices, such as the racetrack memory, since it is able to control the DW dynamics (pinning, depinning, etc.) through anisotropy manipulation.

The main aim of this thesis is to control magnetic DW dynamics by electric elds through magnetic anisotropy manipulation. Fabrication of highly ecient E-eld eect devices by optimizing materials and device structure is the key step to achieve the goal. This thesis also focuses on articial pinning sites on the DW dynamics.

This manuscript is divided into ve chapters: Chapter 1: State-of-art of the electric eld control of magnetism in thin lms

In this chapter, physics, materials and status of the E-eld control of magnetism will be introduced. The energetics of a ferromagnet and domain wall dynamics provide a fundamental understanding of the E-eld control of mag-Chapter 1

State-of-art of the electric eld control of magnetism in thin lms

In this chapter, physics, materials and status of the E-eld control of magnetism will be introduced. The energetics of ferromagnetism and domain wall dynamics provide a fundamental understanding of the E-eld control of magnetic properties in thin magnetic lms. The development and state of the art of E-eld control of magnetism will be given. The key material used to achieve high eciencies in this thesis, the ionic liquid, will be introduced and physics behind E-eld control of magnetic domain wall dynamics will be discussed.

Energetics of a ferromagnet and CoFeB thin lms 1.Energetics of a ferromagnet

Micromagnetics and domain theory are both derived from thermodynamic principles [START_REF] Hubert | Domain Theory[END_REF] compelling the magnetization to align in the direction where the total (free) energy reaches an absolute or relative minimum. Thus, magnetization-dependent terms are of capital importance for energy considerations.

Magnetic energy terms can be divided into local and non-local terms. The local terms are based on energy densities, which are given by local values of the magneti-Volume Exchange Stiness Energy. The fundamental property of a ferromagnet is its preference for a constant equilibrium magnetization direction and energy costs arise from deviations from this ideal case. This exchange energy cost in varying the state of the magnetization vector m over a given volume V can can be written as:

E x = A (∇m) 2 dV (1.1)
where A is the exchange stiness constant (dimension in J/m or erg/cm). A is generally temperature dependent and its zero temperature value can be expressed as: A(T = 0k) ≈ kT C /a L with T C =Curie temperature, k=Boltzmann constant and a L =lattice constant.

Exchange interface coupling. If one ferromagnet is in contact with another (such as in multilayer thin lms), an exchange interaction may couple these two systems.

These cases can be described by the following surface energy density expression:

e couple = C bl (1 -m 1 • m 2 ) + C bq [1 -(m 1 • m 2 ) 2 ] (1.2)
where m 1 and m 2 are the magnetization vectors at the interface, C bl and C bq are coupling constants. If C bl > 0, it is favorable for the two ferromagnets to arrange a parallel orientation of the magnetization (ferromagnetic coupling). Otherwise, an antiferromagnetic coupling is favored. A negative C bq may lead to 90 degrees relative orientation if C bl is small.

Anisotropy energy. The energy needed to magnetize a ferromagnet is dierent depending on the direction of the applied magnetic eld with respect to the symmetry axis of the material. This dierence is caused by the crystalline anisotropy energy arising from spin-orbit interactions. In bulk materials, the anisotropy energy depends on the crystal structure of the material, cubic and uniaxial anisotropies being among the most commonly observed.

The basic formula for the anisotropy energy density of a cubic crystal is:

e Kc = K c1 (m 2 1 m 2 2 + m 2 1 m 2 3 + m 2 2 m 2 3 ) + K c2 m 2 1 m 2 2 m 2 3 (1.3)
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where m i are the magnetization components along the cubic axes. The sign of K c1 determines the easy axis ( [START_REF] Bader | SMOKE[END_REF] or [111]) and values of K c1 are in the range of 10 4

J/m

3 for dierent materials. K c2 and higher-order terms can mostly be neglected.

Hexagonal and tetragonal crystals always show a uniaxial anisotropy which can be written as, e Ku = K u1 sin 2 θ + K u2 sin 4 θ

(1.4)
where θ is the angle between the anisotropy axis and the magnetization direction.

Surface and interface anisotropy. Besides the crystalline anisotropy, there is another anisotropy energy term that applies only to the surface magnetization which is called magnetic surface anisotropy. In a structurally isotropic medium, magnetic surface anisotropy can be expressed to the rst order as:

ξ s = K s [1 -(m • n) 2 ] (1.5)
where n is the surface normal. To calculate the contribution of magnetic surface anisotropy, the expression is integrated over the surface. The unit of K s is J/m 2 and to obtain the energy density it should be divided by the thickness of the lm. For positive K s values a perpendicular orientation of the magnetization with respect to the interface plane is favored. A simple form of this energy density can be written as:

e s = K s t f ilm sin 2 θ (1.6)
where θ is the angle between the surface normal and the magnetization. The order of magnitude of K s is typically between 10 -3 and 10 -4 J/m 2 . The presence of a surface anisotropy component is attributed to the reduced symmetry of the atomic environment of surface atoms. It can become the dominating anisotropy term for very thin lms and multilayers.

External eld (Zeeman) energy. This energy term describes the energy involved in exposing a magnetization vector to a magnetic eld H and is given by:

E zeeman = -µ 0 M • HdV (1.7)
Stray eld or demagnetizing energy. The stray eld energy is connected with the magnetic eld generated by the magnetic body itself. A stray eld H d can be dened as ∇H d = -∇M . The sinks and sources of the magnetization act like positive and negative magnetic charges for the stray eld. The stray eld energy
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in all space can be expressed as:

E d = 1 2 µ 0 H 2 d dV.
(1.8)

The calculation of H d can be very complicated, here, only some simple cases are introduced. In an innitely extended plate, the stray eld only depends on the magnetization on the z coordinate. H d and its energy density yields,

H d = -M z e d = - 1 2 µ 0 M 2 s cos 2 θ (1.9)
where θ is the angle between the magnetization and the lm normal. According to this expression, this energy contribution favors the in-plane alignment of the magnetization.

CoFeB/MgO thin lms

Magnetic tunnel junctions (MTJs) showing perpendicular magnetic anisotropy (PMA) are of great interest as they have potential applications in the next-generation of high-density non-volatile memory and logic chips [11]. PMA is one of the key factors to achieve high thermal stability and low critical current for current-induced magnetization switching [START_REF] Mangin | Current-induced magnetization reversal in nanopillars with perpendicular anisotropy[END_REF]. To attain PMA, a number of material systems have been investigated, which include Fe/Pt alloys and Co/(Pd,Pt) multilayers [1317].

However, none of them so far satises high thermal stability at reduced dimensions, low power current-induced magnetization switching and high tunnel magnetoresistance ratio (TMR) all at the same time. The seminal work of Ikeda et al. [START_REF] Ikeda | A perpendicularanisotropy CoFeBMgO magnetic tunnel junction[END_REF] shows that magnetic tunnel junctions with ultrathin CoFeB free layers can be a promising candidate for the next generation of magnetic random access memories (MRAMs) [START_REF] Ikeda | A perpendicularanisotropy CoFeBMgO magnetic tunnel junction[END_REF]. MTJs with perpendicular anisotropy and with a diameter of 40 nm based on CoFeB show a high tunnel magnetoresistance ratio of 120%, high thermal stability and a low switching current.

As shown in the rst section, the magnetic anisotropy of the system is determined by the magnetic surface anisotropy energy and stray eld energy. Considering negligible strain eects the free energy of a thin lm (∼ nm range) can be written as: e ≈ K s t f ilm sin 2 θ -1 2 µ 0 M 2 s cos 2 θ .

(1.10)

In the equation, second and higher anisotropy terms are neglected since they are usually very small, meanwhile H d = M s . Reducing the thickness of the lm results in an increase of the surface anisotropy density which favors PMA. thickness and the same eect can be observed upon increasing Co content [START_REF] Devolder | Damping of CoxFe80-xB20 ultrathin lms with perpendicular magnetic anisotropy[END_REF].

Other advantages of CoFeB/MgO lms include high TMR ratio and low defect density after annealing. A higher TMR ratio allows one to increase the speed of reading 

Magnetic domain wall dynamics

In magnetic materials, a region where the magnetization shows the same direction is called a magnetic domain. Boundaries between domains are called domain walls (DWs). Studies of DW dynamics in multilayer magnetic structures support the development of spintronic devices based on DWs [1]. These include (1) domain wall logic circuits [START_REF] Allwood | magnetic domain wall logic[END_REF], in which logic operations are carried out by moving domain walls in patterned tracks, (2) racetrack memory [8,[START_REF] Hayashi | Current-Controlled Magnetic Domain-Wall Nanowire Shift Register[END_REF], in which bits are stored in magnetic nanowires and are separated by DWs, (3) domain wall nano-oscillators [24 26] which use oscillations of pinned domain walls to generate microwave frequency signals. Recently, it has been proposed that magnetic skrmions [START_REF] Tomasello | A strategy for the design of skyrmion racetrack memories[END_REF], which share some dynamic behavior with domain walls, can be used as the key storage elements in a race track. With the arrival of such novel devices, an understanding of the pinning, depinning and motion of DWs under magnetic elds or spin currents is crucially important. Multilayer magnetic thin lms, such as Pt/Co/Pt and CoFeB with PMA also provide unique opportunities for studying fundamental physics [START_REF] Metaxas | Creep and Flow Regimes of Magnetic Domain-Wall Motion in Ultrathin Pt / Co / Pt Films with Perpendicular Anisotropy[END_REF].

These multilayer thin lms are recognized as an ideal model for examining universal creep dynamics of elastic interfaces driven through disordered media, which is a general phenomenon occurring in a number of systems, such as the motion of vortices in superconductors and even the extension of coee stains in paper.

Magnetic DWs acting as elastic interfaces interact with defects or inhomogeneities in thin lms. Elasticity, striving to atten the interface, competes with pinning energy to nd a conguration with the lowest energy. A number of dynamic regimes of these interfaces, typically creep, depin and ow can be observed depending on the magnitude of the driving force and thermal eects, as illustrated in Fig. 1.2 (a). In the following, characteristics and theory about domain wall motion will be introduced. 

Collective pinning and creep motion of domain walls

As mentioned, DW motion in thin lms can be regarded as an elastic one dimensional

(1-D) interface moving in a 2-D randomly disordered medium. In this system, the interface is collectively pinned until a critical force (H dep ) is reached at T=0 K.

Elastic energy and pinning energy compete with each other leading to a 1 D interface conguration with lowest free energy. When H is close to H dep and the DW interface has made a small displacement as illustrated in Fig. 1.3, the free energy of the system is written as:

F (u) = E pin + E el -E f (1.11) with E pin = f pin (n i ξL) 1 2 ξ E el = ε el ∆L = L 0 ε el 2 ( du dx ) 2 dx ≈ ε el u 2 L E f = L 0 f u = M s Ht f ilm Lu (1.12)
where f pin is the local pinning force, n i is the density of pinning sites, L is the length of interface, ξ is the length scale of the pinning potential, t f ilm is the thickness of the lm, ε el is the interface stiness and u is the displacement. The above equations CONTROL OF MAGNETISM IN THIN FILMS 

L c = ( ε 2 el ξ 2 γ pin ) 1 3 (1.13) 
where γ pin = f 2 pin n i ξ. L c denes the length scale below which bending the DW to overcome pinning is no longer energetically favorable. When L > L c , the wall can adjust itself elastically as a succession of rigid segments of length L c in order to reach the optimal local conguration. The scaling energy constant U c , dened as the pinning energy at L c , is described as follows:

U c = Lc 0 d x E el = (ε el ξ 4 γ pin ) 1 3 . (1.14)
To move a segment L c at T = 0 K, a critical depinning force (H dep ) is needed to balance the pinning force. Equating the Zeeman energy E zeeman with E pin at L = L c yields:

H dep = ( ε el ξ M s t ) 1 L 2 c . (1.15)
Having dened these parameters which describe the system at L = L c , it is now possible to advance in the dynamics. 

v = v 0 exp -E B k B T .
(1.16)
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The energy barrier E B and the displacement u are both linked to the length of the interface L by a scaling relation [START_REF] Lemerle | Domain Wall Creep in an Ising Ultrathin Magnetic Film[END_REF]. Much work has been performed on elastic strings to reveal this scaling relation [START_REF] Daniel | Thermal uctuations, quenched disorder, phase transitions, and transport in type-II superconductors[END_REF], and one basic quantity which characterizes the roughness of the string in this regime is the spatially and thermally averaged correlation function

[u(x + L) 2 -u(x) 2 ]
. At a static equilibrium, disorder is relevant and the string is always in a pinned phase characterized by a wandering exponent ζ:

[u(x + L) 2 -u(x) 2 ] ∼ u 2 c L L c 2ζ (1.17)
where u c is a transverse scaling parameter. 

E pin + E el ∼ L 0 ( du dx ) 2 dx ∼ L 2ζ-1 , (1.18) 
then the total energy scales as:

E pin + E el + E f ∼ L 2ζ-1 -HL ζ . (1.19)
Free energy of the system in the quasistatic approximation can be written as

F (u, L) = U c (L/L c ) 2ζ-1 -2M s HtL c u c (L/L c ) ζ+1 (1.20)
The rst term tends to reduce L while the second term tends to increase it. Minimization of the free energy gives another parameter

L opt ≈ L c ( Hc H ) 1 2-ζ . For a xed
eld, L opt denes the minimum energy barrier which must be overcome for the avalanche to take place, thereby allowing the domain wall to move forward:

E B (L opt ) ≈ U c ( H dep H ) 2ζ-1 2-ζ (1.21)
After obtaining the E B the domain wall velocity is written as, 

v = v 0 exp - U dep k B T
v = v 0 exp - U c k B T (H -H dep ) .
(1.23)

In ferromagnetic thin lms, the TAFF regime was rst observed in Pt/Co/Pt [START_REF] Gorchon | Pinning-Dependent Field-Driven Domain Wall Dynamics and Ther-mal Scaling in an Ultrathin Pt/Co/Pt Magnetic Film[END_REF],

and it is compatible with the metastable dynamic behavior computed by Kolton et al. [START_REF] Kolton | Dynamics below the Depinning Threshold in Disordered Elastic Systems[END_REF]. In this metastable conguration, the DW is characterized by a dynamical length L relax , which increases as (H dep -H) 2ζ-1 and L relax ≈ L opt at low eld. 

Domain wall motion in the depin and ow regimes

Beyond the depinning eld H dep , the system enters the depinning regime. DW velocity in this regime is also expected to follow a universal scaling form [START_REF] Gorchon | Pinning-Dependent Field-Driven Domain Wall Dynamics and Ther-mal Scaling in an Ultrathin Pt/Co/Pt Magnetic Film[END_REF]:

v(H, T ) = v 0 (T )G H -H dep H dep T T dep -ψ/β . (1.24) 
where G(x) is a universal function such that G(x) ∼ x β for large x and G(x) ∼ const for small x. T dep is the characteristic temperature and it equals to U c /k B . β and ψ are the depinning exponent and the thermal rounding exponent, respectively. It has been reported that β = 0.25 while ψ = 0.15 [START_REF] Gorchon | Pinning-Dependent Field-Driven Domain Wall Dynamics and Ther-mal Scaling in an Ultrathin Pt/Co/Pt Magnetic Film[END_REF][START_REF] Pardo | Universal Depinning Transition of Domain Walls in Ultrathin Ferromagnets[END_REF].

In the ow regime, DW velocity is limited by its intrinsic dissipation which is characterized by the Gilbert damping factor α. In perpendicular magnetized thin lms, dynamics in this regime can be understood by a 1-D model. Based on the coordinates illustrated in Fig. 1.5, the DW width ∆ (Bloch wall) can be written as:

∆ = A K 1 + 1 2 µ 0 M 2 s (N y sin 2 φ -N z ) (1.25)
where N y and N z are the demagnetizing factors. For a stationary wall with φ = 0 the width is ∆ = A K ef f . The wall dynamics are associated with the eld-induced time dependence of the magnetization inside the wall which may be described by the Landau-Lifshitz-Gillbert (LLG) equation:

∂M ∂t = -γM × H ef f + α M s M × ∂M ∂t (1.26)

CHAPTER 1: STATE-OF-ART OF THE ELECTRIC FIELD CONTROL OF MAGNETISM IN THIN FILMS

where γ is the gyromagnetic ratio. During the wall motion in systems with PMA, the torque exerted by the perpendicular magnetic eld is non-zero only in the wall region. One can consider the response of magnetization in the center of the DW to describe the DW motion. When the magnetic eld is applied, a torque along the y direction (the rst term in LLG equation) is induced. This torque cants the magnetization in the y direction with an angle φ creating a demagnetizing eld H D y along y. This results in a torque pointing to the z direction which moves the domain wall forward.

The response of φ to the applied eld is transient and its eld dependence is separated by a so-called Walker eld leading to the multiple ow regions [START_REF] Schryer | The motion of 180°domain walls in uniform dc magnetic elds[END_REF]. Below the Walker eld (H W ), φ reaches a steady value and the following formula can be obtained:

sin2φ = H 1 2 N y αµ 0 M s . (1.27)
Since sin2φ is bound between 1 and -1, a solution to the above equation exists only for elds below a critical value which determines the Walker eld

H W = 1 2 N y αµ 0 M s . (1.28) 
Above H W , φ(t) is oscillatory. General expressions of DW velocity can be determined from the LLG equation and written as:

v = γ 0 ∆ α H f orH < H W v = γ 0 ∆ α + 1/α H f orH > H W .
(1.29)

The ow regimes thus consist of a steady ow regime and a precessional ow regime as illustrated in Fig. 1.2(b). Between these two regimes, DW velocity decreases with applying eld forming the so-called Walker breakdown. In fact, the Walker breakdown is dicult to observe in perpendicular magnetized thin lms (typically 1 nm thick), since N y = t/(t + ∆) and α ∼ 0.2 -0.01 resulting in a much lower H W compared with H dep in these lms. The Walker breakdown can be easily hidden in the thermally activated regime. of the curve in Fig. 1.6, a value of 0.3 for α can be extracted which is quite close to the values determined by ferromagnetic resonance techniques [START_REF] Metaxas | Creep and Flow Regimes of Magnetic Domain-Wall Motion in Ultrathin Pt / Co / Pt Films with Perpendicular Anisotropy[END_REF][START_REF] Verhagen | Temperature dependence of spin pumping and Gilbert damping in thin Co/Pt bilayers[END_REF]. In CoFeB systems, DW velocity directly reaches a plateau (as shown in Fig . 1.2) after the depinning regime showing a dierent characteristic with respect to the 1-D model [START_REF] Burrowes | Low depinning elds in Ta-CoFeB-MgO ultrathin lms with perpendicular magnetic anisotropy[END_REF]. Possible explanations could be a much lower H W . Meanwhile, the disorder in the lm could also play a role in the ow regime dynamics [START_REF] Voto | Disorder-induced domain wall velocity shift at high elds in perpendicularly magnetized thin lms[END_REF].

Electric eld control of interfacial magnetism

As mentioned in the introduction, electric eld control of magnetic anisotropy (also termed as VCMA) in ferromagnetic metal lms is a promising technology for the low-power manipulation of spin. The E-eld eect on magnetic properties can come from a charge accumulation/depletion or an ion migration eect. In the following, the E-eld eect will be reviewed based on these two eects. [40].

be tuned from ferromagnetic to paramagnetic by applying gate voltages at 22.5 K

where the Curie temperature could be modied by ±1 K. Motivated by this pioneering work, the ferromagnetic to paramagnetic transition controlled by E-elds then was observed in dierent magnetic semiconductors at low temperatures [START_REF] Boukari | Light and Electric Field Control of Ferromagnetism in Magnetic Quantum Structures[END_REF][START_REF] Chiba | Electric-eld control of ferromagnetism in (Ga,Mn)As[END_REF].

Following the semiconductors, the rst experiment of T C modulated by E-elds in magnetic metals was shown in a HfO 2 /Pt/Co heterostructure at room temperature in 2011 [START_REF] Chiba | Electrical control of the ferromagnetic phase transition in cobalt at room temperature[END_REF]. Co is one of the most representative transition metal ferromagnets and it was found that its T C can be tuned by 12 K with a voltage of about ±125 V.

In terms of the mechanism driving the eects of E-elds in these systems, important dierences can be found between these two examples. E-eld control of magnetism in ferromagnetic semiconductors is related to a hole mediated magnetic interaction.

Magnetic ion doping introduces hole carriers in the semiconductor matrix which couple antiferromagnetically with the localized magnetic moments. In this way, a ferromagnetic interaction arises between the magnetic dopants, entirely mediated by the charge carriers [START_REF] Dietl | Dilute ferromagnetic semiconductors: Physics and spintronic structures[END_REF]. Moreover, a weak antiferromagnetism caused by superexchange has been observed in the absence of holes [START_REF] Molnár | New diluted magnetic semiconductors based on IIIV compounds[END_REF]. In this context, the decrease (increase) of the hole concentration by the application of electric elds is expected to result in a reduction (an increase) of the ferromagnetic exchange interaction. In ferromagnetic metals this scenario is quite dierent, magnetic moments are non-Figure 1.8: Structure of the liquid gate device. The gure is adapted from [START_REF] Weisheit | Electric Field-Induced Modication of Magnetism in Thin-Film Ferromagnets[END_REF]. localized and also the charge carriers. Here the charge carrier density is orders of magnitude higher than in ferromagnetic semiconductors and therefore a larger screening of the E-eld eect was expected. Nevertheless, theoretical calculations, decades before the rst experimental demonstration in 2007 [START_REF] Weisheit | Electric Field-Induced Modication of Magnetism in Thin-Film Ferromagnets[END_REF], predicted that signicant changes in the magnetic properties could be expected as a function of band lling in these type of systems [START_REF] Daalderop | Magnetocrystalline anisotropy and orbital moments in transition-metal compounds[END_REF]. In addition, the E-eld eect on T C for a similar Pt/Co structure calculated by ab -initio calculations [START_REF] Oba | Electric-Field-Induced Modication of the Magnon Energy, Exchange Interaction, and Curie Temperature of Transition-Metal Thin Films[END_REF] revealed that the sp electrons indeed predominantly contribute to the screening of the electric eld, but that the change in the number of d electrons results in a change of T C .

Electric eld control of magnetic anisotropy and coercivity

As mentioned before, E-eld control of magnetic anisotropy in multilayer thin lms is also known as voltage control of magnetic anisotropy (VCMA). In 2003, Chiba et al. (Adapted from Duan et al [START_REF] Duan | Surface Magnetoelectric Eect in Ferromagnetic Metal Films[END_REF]).

metal is reported in 2007 for thin layers of FePt and FePd [START_REF] Weisheit | Electric Field-Induced Modication of Magnetism in Thin-Film Ferromagnets[END_REF]. Coercivity of the materials could be modulated at room temperature using an electrical double layer that enables large surface charge accumulation/depletion as indicated in Fig. 1.8.

Prior to this research, it was assumed that a large electric-eld eect in metals would be dicult [START_REF] Awschalom | Challenges for semiconductor spintronics[END_REF] to obtain due to the associated short screening length.

Subsequent rst principle calculation showed that a sizable modication of surface magnetization and surface magnetocrystalline anisotropy can be achieved even for metal ferromagnets [START_REF] Duan | Surface Magnetoelectric Eect in Ferromagnetic Metal Films[END_REF][START_REF] Nakamura | Giant Modication of the Magnetocrystalline Anisotropy in Transition-Metal Monolayers by an External Electric Field[END_REF], such as Fe, Ni and Co, owing to the spin-dependent screening of the electric eld as indicated in Fig. [START_REF] Endo | Electriceld eects on thickness dependent magnetic anisotropy of sputtered MgO/Co40fe40b20/Ta structures[END_REF]5658]. In addition, the eects of temperature can play a key role, the eciency of the E-eld eects has been reported to decrease with increasing operating temperature [START_REF] Alzate | Temperature dependence of the voltage-controlled perpendicular anisotropy in nanoscale MgO|CoFeB|Ta magnetic tunnel junctions[END_REF].

Interface engineering is another route to improve the VCMA eect. Nozaki et al. CoFeB/MgO systems [START_REF] Li | Enhancement of voltage-controlled magnetic anisotropy through precise control of Mg insertion thickness at CoFeB|MgO interface[END_REF]. Recently, the eect in an Fe/MgO system has been studied by rst principles where the contribution to the VCMA eect of each monolayer has been calculated. The result shows that the VCMA eect mainly arises from the second monolayer of the material and is interpreted in relation to the orbital hybridization changes induced by applying an electric eld, as indicated in Fig. 1.10.

Electric eld control of ion migration in multilayer thin lms

In metal/oxide heterostructures, interfacial chemistry and structure play important roles in chemical, electronic, magnetic and mechanical properties. Recently, oxygen ion migration driven by E-elds, also known as voltage controlled magnetoionics, has been demonstrated as an eective approach to control magnetic properties [START_REF] Bauer | Voltage-gated modulation of domain wall creep dynamics in an ultrathin metallic ferromagnet[END_REF][START_REF] Bauer | Magneto-ionic control of interfacial magnetism[END_REF]. Voltage induced ion migration has been observed more than a decade ago, it was found that the resistance state of MTJs could be reversibly controlled by external voltages independently of the free and pinned layers magnetization orientation [START_REF] Deac | Current driven resistance changes in low resistance x area magnetic tunnel junctions with ultra-thin Al-Ox barriers[END_REF][START_REF] Liu | Current-induced magnetization switching in magnetic tunnel junctions[END_REF]. Oxygen migration being a key aspect of the eciency of the E-eld eect was supported by Laistner et al. [START_REF] Leistner | Electric-eld control of magnetism by reversible surface reduction and oxidation reactions[END_REF] and Bonell et al. [START_REF] Bonell | Reversible change in the oxidation state and magnetic circular dichroism of Fe driven by an electric eld at the FeCo/MgO interface[END_REF] showing that magnetic properties can be controlled by surface reduction and oxidation at the Fe/MgO interface. Larger eects can be observed in GdOx/Co structures, Bauer et al. [START_REF] Bauer | Voltage-controlled domain wall traps in ferromagnetic nanowires[END_REF] showed that in this system a gate voltage could be used to trap moving DWs even at a speed of 20 m/s due to a voltage induced ion immigration at the interface. In 2014 Bauer et al. [START_REF] Bauer | Magneto-ionic control of interfacial magnetism[END_REF] and Bi et al. [START_REF] Bi | Reversible Control of Co Magnetism by Voltage-Induced Oxidation[END_REF] showed a giant modication of magnetic anisotropy and saturation magnetization in Pt/Co/GdOx lms where the magnetic anisotropy energy could be modied up to a high value of more than 0.7 mJ/m 2 in a non-volatile fashion. Other magnetic properties, such as the magnetic phase transition and exchange bias have also been shown to be susceptible to the eects of voltage induced ion migration [START_REF] Yao | Direct observation of oxygen vacancydriven structural and resistive phase transitions in La2/3sr1/3mno3[END_REF][START_REF] Gilbert | Controllable positive exchange bias via redox-driven oxygen migration[END_REF]. substituent other than a proton. Adapted from [START_REF] Armand | Ionic-liquid materials for the electrochemical challenges of the future[END_REF].

much higher than by charge accumulation/depletion, however, as mentioned, has a lower operating speed. The structure highlighted by a red color is the work of this thesis which will be detailed in Chapter 5. This structure using an ionic liquid gate is based on charge accumulation/depletion which shows an improved eciency and modiable range compared to other devices.

Ionic liquid

The E-eld eect is directly linked to how much electrons are accumulating or depleting at the surface of the ferromagnet, therefore, the capacitance of the dielectric material employed is crucially important. Capacitance density of most common used gate dielectrics with a thickness of 100 nm to 500 nm is in the range of 530 nF/cm 2

[78]. The maximum carrier density is limited to 10 13 cm -1 even at a gate voltage of 100 V which is already close to the dielectric breakdown. However, for ionic liquids (ILs) owing to the formation of the so called electric double layer (EDL) which gives an average thickness of 1 nm, the capacitance density is more than 10 µF/cm 2 . The operating voltage of ILs are controlled by their electro-chemical window (EW) and considering EW of ILs are usually larger than 3 V [START_REF] Burt | A review of molecular modelling of electric double layer capacitors[END_REF], the carrier density can easily reach 10 13 cm -1 . A better understanding of IL properties will contribute to obtain a larger E-eld eect, hence, in this section we discuss the properties of ILs.
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ILs are essentially room temperature molten salts. The study of ILs was rst promoted by the need of a sturdy medium for nuclear fuel reprocessing and the need for new anions for organic polymer electrolytes. Interest in ILs rapidly developed due to their wide operating voltage window, low toxicity, high thermal stability and low volatility leading to a very high charge density and a wide temperature window for operation. ILs are usually the combination of a large cation and a charge-delocalized anion characterized by weak interactions, and show a limited tendency to crystallize.

Based on the ILs' composition, they can be classied in 3 categories [START_REF] Armand | Ionic-liquid materials for the electrochemical challenges of the future[END_REF]: aprotic (suitable for lithium batteries and supercapacitors), protic (suitable for fuel cells)

and Zwitteronic (suitable for ionic-liquid-based membranes), as indicated in Fig.

1.12. Below, the chemical-physical properties of ILs and their voltage response will be discussed.

Chemical-physical properties of [EMI][TFSI]

The IL used in this work is 1-Ethyl-3-methylimidazolium bis(uorosulfonyl)imide Since the EDL is formed on both the cathode and anode sides after charging, the capacitance density of the EDL has the following relationship:

1 C IL = 1 C A + 1 C C (1.31)
where C A and C C are the capacitance density of the anode and cathode, respectively. This equation also implies that it is important to increase C A and C C simultaneously since the total capacitance will be limited by the smaller one. Based on the GouyChapmanStern model [START_REF] Wang | Accurate Simulations of Electric Double Layer Capacitance of Ultramicroelectrodes[END_REF], the capacitance of each EDL layer is decided by the Stern layer and the diusion layer, as described below:

1 C EDL = 1 C S EDL + 1 C D EDL (1.32)
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where C S EDL and C D EDL are the capacitances of the Stern layer and the diusion layer, respectively. For ILs, C S EDL can be calculated as follows [81]:

C S EDL = 0 r d (1.33)
where r is the relative permittivity of the ion molecules and will be discussed later in more detail. C D EDL can be calculated as follows [81]:

C D EDL = 4zeN A c ∞ λ D ψ D sinh zeψ D 2k B T (1.34)
where z is the valency of the IL ion, e is the elemental charge, c ∞ is the molar concentration of the IL (in mol/L), ψ D is the electric potential in the diuse layer, and λ D is the Debye length. model suggests that the capacitance should show its minimum value near the point of zero charge (PZC), since with increasing voltage the distance between the electrode and the diusion layer is reduced and the compactness of the ions is increased.

Capacitance vs voltage

However, in experiments, dierent pictures can be observed. R. Costa et al. [START_REF] Costa | Charge Storage on Ionic Liquid Electric Double Layer: The Role of the Electrode Material[END_REF] have measured the capacitance of l-butyl-3-methylimidazolium hexauorophosphate C(E) curves can take dierent proles such as camel-shape (Hg), at bell shape (Ag, Au), asymmetric bell shape (Pt) and U shape (glassy carbon).

([C4MIM] [PF6])
The observed phenomenon could be linked to the surface structure of ions, ion size and ion-interface interaction. Based on mean eld theory, Fedorov et al. [START_REF] Fedorov | Ionic Liquid Near a Charged Wall: Structure and Capacitance of Electrical Double Layer[END_REF] have reported that the ion pairs and the ion size seem to aect the EDL structure which could result in a dierent capacitance. It has also been reported that the position of the PZC can be modied by increasing the symmetry of the cation vs. anion [START_REF] Costa | Double layer in room temperature ionic liquids: inuence of temperature and ionic size on the dierential capacitance and electrocapillary curves[END_REF].

In addition, the orientation of ions could also inuence the capacitance of ILs and vibrational spectroscopy shows that anions adsorbed on a surface can show preferential orientations depending on the voltage applied. In 1-butyl-3-methylimidazolium tetrauoroborate ([BMIM][BF4]), the imidazolium rings are repelled to orient more along the surface normal at positive potentials, while they are oriented more parallel to the surface plane at negative potentials [START_REF] Baldelli | Surface Structure at the Ionic Liquid-Electried Metal Interface[END_REF]. A schematic picture is shown in Fig. 1.16. From the above results, a non-linear relationship between voltage and magnetic anisotropy in E-eld devices could be expected. CONTROL OF MAGNETISM IN THIN FILMS

Controlling domain wall dynamics by electric elds

Studying the E-eld eect on DW dynamics could improve performance and lead to novel applications of DW based devices. In this section, the E-eld eect on the DW motion in the creep, depin and ow regimes will be discussed. In the creep regime, DW velocity as a function of eld is written as Eq. 1.22:

v = v 0 exp - U c k B T H dep H µ .
In this equation, H dep and U c become the most important parameters to describe v. Modication of magnetic anisotropy by E-elds is fundamentally important for its application, therefore, it is important to rst analyze in detail the inuence of anisotropy on domain wall motion. U c is the scaling energy constant dened by the pinning energy at the Larkin length L c and can be described as Eq. 1.14

U c = (ε el ξ 4 γ pin ) 1 3 
.

The elastic energy (Bloch wall) and pinning energy are both inuenced by magnetic anisotropy. By taking into account that ε el = 4 AK ef f and γ pin = f 2 pin n i ξ where f pin ∼ K ef f and K ef f is the eective magnetic anisotropy, one can obtain the following relationship,

U c ∼ K 5 6 ef f . (1.35)
The depinning eld H dep denes the critical eld at T = 0K to move a DW segment with a minimum length of L c , which can be written as:

H dep = ( ε el ξ M s t ) 1 L 2 c
where L c = (

ε 2 el ξ 2 γ pin ) 1 3
, then H dep scales as:

H dep ∼ K 7 6
ef f .

(1.36)

Then the following relationship between v and K ef f can be obtained when µ = 1/4, Assuming K ef f varies linearly with the E-eld and K ef f is the only intrinsic parameter being modied,

ln v v 0 ∼ -E B ∼ -K
K ef f (E) = α M E E + K 0 ef f (1.38)
where α M E is the magnetoelectric constant. Then Eq. 1.35, 1.36 and 1.37 can be written as a function of the electric eld as,

U c (E) = (1 + α M E K 0 ef f E) 5 6 U c (E = 0) H dep (E) = (1 + α M E K 0 ef f E) 7 6 H dep (E = 0) ln v v 0 (E) ∼ -E B ∼ -E B (E) = -(1 + α M E K 0 ef f E) 9 8 E B (E = 0) (1.39)
The above equations suggest that increasing K ef f leads to a drop of v in the creep regime. So far, the trend of the above parameters under E-elds has been observed in some materials [8688], as indicated in Fig. 1.17. DW velocity in the deep creep regime can be changed by a few orders of magnitude. However, the validity of these formulas have not been veried.

In the depinning regime, the E-eld eect is able to control the DW velocity by modifying H dep and U c . Recall Eq. 1.24:

v c (H, T ) = v 0 (T )G H -H dep H dep T T dep -ψ/β
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Since v is no longer increasing exponentially with the magnetic eld, the E-eld eect on DW velocity in the depinning regime is less eective than in the creep regime [START_REF] Lin | Universal domain wall dynamics under electric eld in Ta/CoFeB/MgO devices with perpendicular anisotropy[END_REF].

In the ow regime, the DW velocity depends on the DW mobility which is characterized by the DW width and the material's damping factor, as illustrated by Eq. 1.29.

From Eq. 1.25 and 1.27, it can be seen that increasing the magnetic eld weakens the inuence of magnetic anisotropy on the DW structure, width and energy. The inuence of E-elds on damping is still not clear although Okada et al. [START_REF] Okada | Electric-eld eects on magnetic anisotropy and damping constant in Ta/CoFeB/MgO investigated by ferromagnetic resonance[END_REF] showed a very small modication of damping by E-elds.

Summary

In ferromagnetic thin lms, micromagnetics and domain wall theory are both derived from thermodynamic principles. Basic energy terms, such as exchange energy, Chapter 2

Methods

In this chapter, the basic principles of device fabrication and material growth will be introduced. The method used in this thesis to determine the anisotropy eld of thin lms will be introduced. The patterning technique and characterization techniques will also be introduced.

Magnetron sputtering

Magnetron sputtering is one of the most important techniques for thin lm deposition since it allows for a precise and versatile control of the micro-structure and related properties of the lm [START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF][START_REF] Bräuer | Magnetron sputtering Milestones of 30 years[END_REF]. Throughout this thesis, magnetron sputtering was the primary fabrication technique. The used CoFeB and Pt/Co magnetic multilayers with high quality are fabricated by a Singulus ROTARIS sputtering system.

A brief introduction to the sputtering technique sputtering is presented here. The fundamental steps of the sputtering process are as follows:

Strong electric elds create a plasma from a noble gas (such as Ar)

Ions are accelerated by electric elds Accelerated ions hit the target containing the material that will be deposited resulting in the removal of target atoms (sputtering of the target)

Target atoms with momentum move towards the substrate Absorption of target atoms by the substrate The sputtering process is schematically shown in Fig. 2.1. Ar is one of the most frequently used gases to create plasmas. This is because it is highly stable, comparably easy to be ionized, and it's the cheapest among all noble gases. Before pumping the Ar in the sputtering chamber, a high vacuum is needed (1 ×10 -4 Pa or lower) to avoid impurities. When a high discharge voltage is applied between cathode and anode, a glow discharge is ignited. Normally for DC sputtering, the Ar + ions have a small mean free path which is related to the Ar pressure in the chamber [START_REF] Depla | Chapter 5 -Sputter Deposition Processes[END_REF]. Ar + ion passing close enough to an Ar atom (a few angstrom) will induce an electron exchange making the ion an atom and the atom now an ion. The newly created ions are now accelerated by the voltage in the cathode region, while the newly created atom can no longer be accelerated by electric elds and will lose energy by collision with other atoms. Hence, even with strong electric elds, the number of high energy ions arriving at the cathode will be small limiting the sputtering eciency.

Increasing Ar pressure or voltage can't increase the number of high energy ions, since increasing the pressure leads to a small mean free path resulting in very little accelerations between collisions. Meanwhile, increasing discharge voltage too much is also not favorable since it results in a higher electron density at the anode which can heat up the substrates, in this way limiting material choices. The appearance of magnetron sputtering was the key to overcome these issues.

Magnetron sputtering makes use of the secondary electrons emitted from the bombardment process used for the removal of target ions. By applying a magnetic eld during the glow discharge, electrons can be trapped longer which substantially increases the probability of an ionizing electron-atom collision occurring. This process increases the ionization eciency which leads to a dense plasma in the target region. Thus, a higher bombardment can be achieved. Compared to the simple diode sputtering, magnetron sputtering provides a higher deposition rate, a lower operation pressure (typically, 0.1 Pa, compared to 1 Pa) and a lower operating voltage (typically, around 500 V, compared to 2 to 3 kV) [START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF].

Magnetron sputtering can be powered by dierent methods. DC and radio frequency 

Determination of the anisotropy eld

Experimentally, the magnetic anisotropy of magnetic thin lms can be obtained by measuring the anisotropy eld. The rst order anisotropy eld is dened as:

H K = 2K 1 µ 0 M s (2.1)
where K 1 is the rst order eective magnetic anisotropy. In ultrathin magnetic lms, the contribution from magnetocrystalline anisotropy to K 1 can be neglected. K 1 then can be dened as:

K 1 = - 1 2 µ 0 M 2 s + 2K s t (2.2)
where K s is the surface magnetic anisotropy and t is the thickness of the lm. Based on the Stoner-Wohlfarth(SW) model, these parameters can be obtained from the magnetization reversal along the hard axis of the lm. The SW model applies to the case where magnetic moments coherently rotate with magnetic eld in ferromagnets.

The material is therefore considered as a single magnetic domain. The total free energy of uniformly magnetized ferromagnetic thin lms with PMA is written as:

E = K 1 sin 2 θ -µ 0 HM s cos(θ -φ) (2.3)
where θ is the angle between the magnetization and x axis (in-plane) and φ is the angle between the applied eld and the x axis, as indicated in Fig. 2.2 (a). The magnetic moment will align with a direction which gives the minimum free energy taking into account the magnetic anisotropy and the applied magnetic eld. The energy minimum condition is:

∂E ∂θ = 0 and ∂ 2 E ∂ 2 θ > 0 (2.4)
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The hard axis of a sample with PMA is along the in-plane direction which corresponds to φ=90 • , then one can obtain:

∂E ∂θ = 2K 1 sinθcosθ + µ 0 HM s sinθ = 0 (2.5)
In the equilibrium state, the relationship between θ and µ 0 H is:

µ 0 H = 2K 1 cosθ M s (2.6)
When θ=0 • the magnetization is aligned along the magnetic eld, then one can write:

H = 2K 1 M s (2.7)
H K is thus obtained. In the present work, PMOKE or/and AHE measurements are used to determine H K . By normalizing OP magnetization to 1, sinθ can be used to calculate M z from the projection of the rotating magnetization vector and Eq. 2.6 can be rewritten as:

M z = sinθ = 1 -( µ 0 HM s 2K 1 ) 2 (2.8) 
From this equation a curve such as the one shown in Fig. 2.2 (b) can be expected when the eld is applied exactly in the plane of the sample in PMA systems. It can also be observed that H K is the minimum eld for M to be aligned in the IP direction for the thin lm with PMA.

The relationship between Kerr rotation and IP magnetic eld can be modeled by a numerical simulation technique, such as Matlab, based on Eq. 2.3. When PMA of the sample is small, it is common to see the formation of DWs in the magnetic lm giving rise to magnetization curves that can resemble those presented in Fig 2 .3 (a). Here the perpendicular component of the magnetization is found to drop before the magnetic eld changes sign. In this case, H K can't be obtained using a eld applied in the close vicinity of the in-plane direction since the basic requirement of co-oriented magnetization is no longer fullled. To circumvent this problem, one can tilt an angle of the magnetic eld with respect to the in-plane direction to avoid DW formation. Fig. 2.3 (b) shows an example of calculating H K of a sample with small PMA. The IP magnetic eld is 30

• oriented with respect to the IP direction and the red line shows the simulated curve.

Some ferromagnetic thin lms show a second order magnetic anisotropy (K 2 ). The ratio of -K 2 /K 1 can also be important due to the so-called formation of the easy- cone state when K 1 > 0 and 0.5 < -K 2 /K 1 < 1. In the canted region, the magnetization is tilted away from the symmetry axis by an angle θ c given by cos 2 θ c = -K 1 /K 2 . Taking into account the second order magnetic anisotropy, Eq.

2.3 is rewritten as:

E = K 1 sin 2 θ + K 2 sin 4 -µ 0 HM s cos(θ -φ) (2.9)
Then the magnetization reversal can be tted numerically.

Samples showing an IP magnetic anisotropy have a negative H K . In PMOKE mea- surements, H K can be calculated from the OP magnetization reversal with the fol- lowing equation [START_REF] Zhu | In Situ Nanoscale Electric Field Control of Magnetism by Nanoionics[END_REF]:

H K = -2 1 0 H x m z dm z .
(2.10) Fig. 2.4 shows an example of how the H K is calculated for magnetic thin lms with in-plane easy axis. The area highlighted in the gure equal to 1 0 H x m z dm z which equals to H K /2.

Magneto-transport measurements

The Hall eect is the production of a voltage dierence (the Hall voltage) across an electrical conductor, transverse to an electric current in the conductor and to an applied magnetic eld perpendicular to the current. In addition to the ordinary Hall eect, there is another voltage contribution which is proportional to the magnetization in magnetic materials called the anomalous Hall eect (AHE). The AHE has been employed as an ecient tool to measure the magnetic hysteresis loop of many magnetic structures such as ferromagnetic thin lms, ferromagnetic/semiconductor heterostructures, and diluted-magnetic-semiconductors [START_REF] Sinitsyn | Semiclassical theories of the anomalous Hall eect[END_REF]. In this work, AHE measurements have been used to measure the hysteresis loops of ferromagnetic thin lms and E-eld devices with perpendicular magnetic anisotropy. The anisotropy eld and the coercive eld of the devices can be determined by this technique.

The origin of the AHE is, however, still under debate. Several mechanisms have been proposed including spin skew scattering, side jump scattering and Berry phase curvature of the Bloch wave functions in solids [START_REF] Nagaosa | Anomalous Hall Eect A New Perspective[END_REF]. As shown in Fig. 2.5, when no IP magnetic eld is applied, the Hall resistance (ρ H ) is often written as: Preparation. Before applying any photo resists to the wafer, it is initially heated to drive o any moisture that may be present on the wafer surface (10 minutes at 150

ρ H = V (H) I = R 0 t µ 0 Hcos(θ) + R s t µ 0 M cos(α)
• is sucient). An adhesion promoter, such as Bis(trimethylsilyl)amine ("hexamethyldisilazane", HMDS), is applied to favor the anchoring of the photoresist to the wafer. The promoter will form a water repellent layer on the wafter, and also prevents the aqueous developer from penetrating between the photoresist layer and the wafer's surface, thus preventing so-called lifting of small photoresist structures in the (developing) pattern. The promoter is applied by spin coating and then let dry on a hot plate.

Photoresist application. The photoresist is also applied to the wafer by spin coating. A viscous, liquid solution of photoresist is dispensed onto the wafer, and the wafer is spun rapidly to produce a uniformly thick layer (typically 0.5 and 2.5 µm thick). The photoresist coated wafer is then prebaked on a hot plate.

Exposure and developing. After application, the photo resist is exposed to a pattern of intense light. The light exposure causes a chemical change of the illuminated photo resist which is either allowed to be removed or can't be removed by a special solution, called developer. Positive photo resist is soluble in the developer when exposed; with negative photoresist, unexposed regions are soluble in the developer. Etching or material deposition. Only the part without photo resist will be etched or allows for material deposition on the naked substrate.

Photoresist removal. After a photo resist is no longer needed, it can be removed by a liquid called "resist stripper", such as acetone. Alternatively, photoresist may be removed by a plasma containing oxygen, which oxidizes it.

The exposure system limits the minimum feature size that can be printed on the wafer. The ability to project a clear image of a small feature onto the wafer is limited by the wavelength of the light that is used, and the ability of the reduction lens system to capture enough diraction orders from the illuminated mask. The minimum feature size (CD) is approximately given by

CD = k 1 λ N A (2.12)
where k 1 is a process related coecient and N A is the numerical aperture. In the present case, lithography techniques with a UV light source and a laser light source are used. The minimum feature size can be down to a few of hundreds of nm.

The AHE setup used in this thesis is shown in Fig. the following formula can be written:

φ s + iφ s = r ps r ss -φ p + iφ p = r sp r pp (2.13)
where φ and φ are the Kerr rotation and the ellipticity (for s and p polarization), respectively. For the polar Kerr eect, only the coecients r ps and r sp are taken into account for the change of the polarization state of the reected light beam after reection. r ps and r sp coecients as a function of angle of incident light can be written as [START_REF] Zak | Magneto-optics of multilayers with arbitrary magnetization directions[END_REF][START_REF] Zak | Universal approach to magnetooptics[END_REF][START_REF] Robinson | Polar and Longitudinal Magneto-Optic Eects in a Planar Geometry[END_REF][START_REF] Yang | Combined three-axis surface magneto-optical Kerr eects in the study of surface and ultrathin-lm magnetism[END_REF]:

r sp = r ps = -iQn mag n inc cosθ inc (n mag cosθ inc + n inc cosθ mag )(n inc cosθ inc + n mag cosθ mag ) (2.14)
where Q is the Voigt parameter, n inc and n mag are the complex refractive indexes of the medium of incident light and the magnetic medium, respectively. θ mag is the resulting angle of incidence inside the magnetic medium, directly following Snell's law as shown in Fig. 2.10. When θ inc = 0 • , θ mag = 0 • and in this case the formula reads:

r sp = r ps = -iQn mag n inc (n mag + n inc ) 2 (2.15) 
For microscopy applications, θ inc is one of the most important parameters that adjusts the MO Kerr eects. The up limit of θ inc is determined by the numerical aperture N A of the microscope objective lens:

N A = n inc sinθ inc (2.16)
where n inc is the index of refraction of the medium between the lens and the specimen, which is equal to 1 and 1.518 in air and oil, respectively. J. McCord [95] has shown r sp as a function of NA (shown in Fig. 2.11) where it can be seen that for a polar MOKE r sp can take high values over a large angle range, while for longitudinal MOKE r sp can only show high values when θ inc is close to 90 • . It is worth mentioning that even a small polar component of magnetization can easily conceal in-plane magnetization since the peak value of r sp for the longitudinal eect is more than one order of magnitude smaller than that of the polar eect. In addition, a lens with high NA could provide high spatial resolution as well as a exible θ inc .

The depth dependence of Kerr eects is another issue that needs to be considered, especially for magnetic multi-layers. The penetration or skin depth for the reection of visible light on metallic surfaces is around 15-20 nm [START_REF] Qiu | Surface magneto-optic Kerr eect[END_REF]. For multilayers with very thin thicknesses (a few nm), MO eects are roughly increasing linearly with thickness. Meanwhile, the eective MO signal can also change with the capping layer, underlayer or substrate material [START_REF] Hubert | Magneto-optical sensitivity functions of thin-lm systems[END_REF][START_REF] Atkinson | Correct formulation of rst-order magnetooptical eects in multilayer thin lms in terms of characteristic matrices and derivation of a related superposition principle[END_REF].

A schematic view of the polar MOKE microscope used to conduct the experiments presented in this thesis is shown in Fig. 2.12. A red light-emitting diode (LED) light source with 625 nm wave length has been employed. According to Sparrow's criterion [95], the resolving power R is: Therefore, by changing the magnication of the objective, higher resolutions can be obtained. In the system used in this study a ×50 objective with NA=0.45 presents the theoretical limit of 653 nm. In practice, there are other factors limiting the system to a lower resolution than the theoretical value, such as vibrations, instable light sources and the quality of the CCD camera. For low magnication, the CCD camera is the major limitation for reaching a higher resolution, which is given by the cell size, the gure of merit of the camera. In addition, binning of the camera pixels is a common way to improve the read-out speeds, the dynamic range of the camera and the signal to noise ratio but it also reduces the camera's spatial resolution.

R = 0.47 λ N A obj (2.
Experimentally, the angle between polarizer and analyzer is another important adjustable parameter. Considering a linear polarized light with p-polarization reected from a ferromagnetic surface, the reection beam should consist of a dominant p component (E p ) as well as a s component, with E s /E p being the Kerr rotation. For the convenience of experiment, the polarizer or analyzer is set to deviate a small angle (δ) from p or s direction. Then, the intensity measured by the photodetector is:

I = (E p sinδ + E s cosδ) 2 ≈ (E p δ + E s δ) 2 (2.18)
Using Eq. 2.13, E s /E p = φ + iφ is obtained. Then one can write: Since φ is linearly proportional to the magnetization, the measured intensity as a function of H yields the magnetic hysteresis loop. For measurements relating to DWs, it is better to keep δ to a small value to have better contrast, since the ratio of the light intensity between the regions with opposite magnetization direction can be written as:

I = (E p ) 2 (δ + φ + iφ ) 2 ≈ (E p ) 2 (δ 2 + 2δφ ) (2.19)
I +z I -z = δ + 2φ δ -2φ (2.20)
and this ratio is decreasing with increasing δ. 3.1 Inuence of the capping layer on magnetic anisotropy

Factors that inuence magnetic anisotropy in thin lms

Perpendicular magnetic anisotropy is a highly desired quality for magnetic ultrathin lms due to its fundamental importance in magnetic recording and spintronics applications [8,[START_REF] Ikeda | A perpendicularanisotropy CoFeBMgO magnetic tunnel junction[END_REF][START_REF] Johnson | Magnetic anisotropy in metallic multilayers[END_REF]. PMA in magnetic thin lms originates from the symmetry breaking at a magnetic layer's interface resulting in a perpendicularly oriented surface magnetic anisotropy (K s ) [106]. Numerous experimental studies have sug- gested that the structure of magnetic layers is extremely important for observing PMA [START_REF] Johnson | Magnetic anisotropy in metallic multilayers[END_REF]. These structural properties, including the topography of the interfaces PROTECTING LAYERS Here, only the factors that could be inuenced by the capping layer will be discussed.

In ultra-thin lms, the contribution from the bulk magneto-crystalline anisotropy is negligible [START_REF] Johnson | Magnetic anisotropy in metallic multilayers[END_REF]. PMA or IP magnetic anisotropy is a result of the competition between the demagnetization energy and the surface magneto-crystalline energy, then
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an eective magnetic anisotropy energy per unit area can be dened as:

K ef f = K V + 2K s t = E d V + 2K s t (3.1)
where V is the volume of the lm, K V and K s are the bulk magnetic anisotropy and surface magneto-crystalline anisotropy. The second term in the equation also implies that K s is a surface eect since the contribution is divided by the thickness of the lm. For a perfect lm, eq. 3.1 can be written as:

K ef f = - 1 2 µ 0 M 2 s + 2K s t (3.2)
In practice, lms can't be grown perfectly. Film roughness and inter-diusion between layers are inevitable. The eect of roughness on the dipolar anisotropy has been theoretically studied by Bruno [START_REF] Bruno | Dipolar magnetic surface anisotropy in ferromagnetic thin lms with interfacial roughness[END_REF]. A rough surface can be characterized by the roughness σ (mean square deviation from the ideally at surface) and the correlation length ξ (average lateral size of at areas on the surface) as indicated in 

E dipolar = E mag -E ⊥ mag E mag = S 1 2 4πM 2 s σ 4 1 -f 2π σ ξ E ⊥ mag = S 1 2 4πM 2 s t - σ 2 1 -2f 2π σ ξ (3.3)
where E mag and E ⊥ mag are the magneto-static energy in the IP and OP directions and S is the area of the lm. f 2π σ ξ has been plotted in On the other hand, σ also impacts the surface magneto-crystalline energy. Based on Néel's model on magnetic surface anisotropy, Bruno has derived a pair interaction model [START_REF] Bruno | Magnetic surface anisotropy of cobalt and surface roughness eects within Neel's model[END_REF] where surface roughness creates step atoms reducing the interface anisotropy of magneto-crystalline origin. The extent of this reduction is determined by σ (the height of the step), ξ (the length of the step) and 1/ξ (number of steps per unit length). The relative reduction of K s can be substantial ((20% for σ= 0.2 nm and ξ=2 nm in a cubic (001) interface) [START_REF] Lugert | Magnetic anisotropy and lm structure in ultrathin Fe lms on Au(111)[END_REF]. It is worth mentioning that the eect of roughness on reducing K s is more signicant than its eect on reducing dipolar energy. Hence, a at interface for magnetic thin lms favor the appearance PROTECTING LAYERS /CoFeB (2.5 nm)/Ta (5 nm) and Ru (5 nm) /CoFeB (2.5 nm)/Ru (5 nm) structures.

Adapted from Wang et al. [START_REF] Wang | Interfacial and annealing eects on magnetic properties of CoFeB thin lms[END_REF].

of PMA. Inter-diusion will also reduce the interface anisotropy by the pair interaction theory, and rst principle calculations show that the presence of defects results in a reduction of magneto-crystalline anisotropy [START_REF] Maclaren | Theoretical predictions of interface anisotropy in the presence of interdiusion (invited)[END_REF].

In terms of CoFeB lms grown by magnetron sputtering, the annealing conditions, thickness of the lm, the capping layer and under layer can also inuence the eective magnetic anisotropy. Eq. 3.1 suggests that a linear relationship exists between K ef f and 1/t, which has been widely conrmed in experiments [110]. The annealing conditions are another factor that has been intensively studied in CoFeB systems. Wang et al. [START_REF] Wang | Interfacial and annealing eects on magnetic properties of CoFeB thin lms[END_REF] have reported that the crystallization of CoFeB lms starts at approximately 250 • C in Ta (Ru)/CoFeB/Ta (Ru), M s , H c and H K signicantly increase after annealing as indicated in Fig. 3.2. As mentioned, the interface topography has a large impact on the surface magnetic anisotropy and crystalliza- Considering a larger M s and similar H K , K s in the Ru sample is larger than in the Ta sample. In addition, it has been reported that diusion of Boron to the under layer helps the crystallization of CoFeB [START_REF] Sinha | Inuence of boron diusion on the perpendicular magnetic anisotropy in Ta|CoFeB|MgO ultrathin lms[END_REF], thus the underlayer's ability to absorb Boron also inuences the PMA of the sample.

In CoFeB system, a top layer of MgO promotes PMA as well as tunnel magneto resistance in CoFeB based MTJs [START_REF] Yamanouchi | Dependence of magnetic anisotropy on MgO thickness and buer layer in Co20fe60b20-MgO structure[END_REF]. Kubota et al. [START_REF] Kubota | Enhancement of perpendicular magnetic anisotropy in FeB free layers using a thin MgO cap layer[END_REF] have reported that there is a substantial dependence of the CoFeB properties on the thickness of the top MgO layer. However, MgO alone can not protect the ferromagnetic layer (usually metals) from oxidation, therefore, a protecting layer (normally Ta or Ru) needs to be added on top of the MgO layer. Since the MgO layer is very thin (∼ 2 nm), the protecting layer can also have an impact on the anisotropy. Therefore, given the increasing interest in studying inter-facial eects such as E-eld controlled magnetism and spin orbital torques, it is of crucial importance to study the eect of oxide protecting layers on magnetic anisotropy in thin lms.

CHAPTER 3: MAGNETIC THIN FILMS WITH OXIDE PROTECTING LAYERS Table 3 

Protecting layer eect on magnetic anisotropy

Multilayer Ta (5 nm)/Co 20 Fe 60 B 20 (1 nm)/MgO (2 nm)/X (X=Ta, HfO 2 and Al 2 O 3 ) thin lms were deposited on Si/SiO 2 (001) substrates using magnetron sputtering.

H c and H K are determined by PMOKE, details of this procedure can be found in Chapter 2. Samples are annealed at 290 • C for 20 minutes in high vacuum and then cooled down for 10 minutes. H K is directly correlated with K ef f , as:

H K = 2K ef f µ 0 M s (3.4)
and all samples studied show PMA with a positive value of H K . In perpendicularly magnetized thin lms with a low depinning eld, the value of H c is determined by the DW nucleation which takes places on local defects where exchange stiness or K ef f are reduced due to impurities, dislocations, or grain boundaries. Table 3.1

shows a summary of the results. dierent capping layers and dierent annealing conditions as a function of CoFeB thickness. The annealing process increases H K for all samples which is attributed to the crystallization of CoFeB in agreement with previous reports indicating that the crystallization of CoFeB happens between 250 • C and 300 • C [START_REF] Wang | Interfacial and annealing eects on magnetic properties of CoFeB thin lms[END_REF]. It is also interesting to mention that annealing also increases H c which is a parameter related to DW nucleations at defects. This result is also in line with the annealing induced increase in H K since it increases K ef f which can lead to a larger energy cost for DW nucleation and therefore a larger value of H C . By comparing samples with the same protecting layers but dierent CoFeB thicknesses, 0.8 nm CoFeB samples have a larger H K than 1 nm CoFeB samples, which is in agreement with Eq. 3.1.

Assuming K s doesn't change with CoFeB thickness, the thickness of the dead layer, which is the layer showing a depletion of ferromagnetism, can be evaluated from Eq.

3.1 which is 0.21 nm for as grown samples capped with Ta.

From Table 3.1, the protecting layer is also found to be an important factor inuencing H K . For as grown samples, H K are varying from 120 mT to 218 mT (1 nm CoFeB) and 598 mT to 746 mT (0.8 nm). Samples with Ta as protecting layer always show the lowest H K . The highest H K is found in the samples capped with HfO 2 PROTECTING LAYERS CoFeB. The largest H K is found in 10 nm Al 2 O 3 samples. The increase of H K in Ta samples through annealing is found to be the largest in both 0.8 nm and 1 nm CoFeB samples. This could be attributed to the formation of Fe-O bonds at the CoFeB/MgO interface which plays an important role in surface magnetic anisotropy [START_REF] Yang | First-principles investigation of the very large perpendicular magnetic anisotropy at Fe|MgO and Co|MgO interfaces[END_REF]. Overall, the results suggest that CoFeB/MgO samples capped with oxide layer can have a larger PMA than samples capped with Ta. This could be due to the anity of protecting layers to the oxygen where Ta capping layer may result in an oxygen deciency at the CoFeB/MgO interface [START_REF] Nistor | Correlation Between Perpendicular Anisotropy and Magnetoresistance in Magnetic Tunnel Junctions[END_REF] while Al 2 O 3 and HfO 2 capping layers may provide a better stoichiometry at the interface.

Dielectric properties of the capping layer 3.2.1 Crystal structure and dielectric properties of HfO 2

HfO 2 has been intensively studied in recent years due to its high chemical stabil- ity and excellent dielectric constant which makes a promising candidate for high performance-metal-oxide-semiconductor eld eect transistors (MOSFETs) [START_REF] Chau | Highκ metal-gate stack and its MOSFET characteristics[END_REF].

The dielectric properties of HfO 2 are closely related to its crystal structure. HfO 2 has a monoclinic structure under ambient pressure at low temperature. As the tem- In experiments, the dielectric constant of HfO 2 thin lms is in the range of 15-25 regardless of the fabrication technique (ALD, RF sputtering, sol-gel, etc.) [123125].

Considering the diculty to obtain the tetragonal/cubic HfO 2 at temperatures be- low 1100 • C, the theory on monoclinic HfO 2 ts experiments quite well.

As mentioned, HfO 2 is normally monoclinic at room temperature and high tempera- ture phases can not be obtained through a quenching process [START_REF] Zhao | First-principles study of structural, vibrational, and lattice dielectric properties of hafnium oxide[END_REF]. However, it has been known for some time that the tetragonal structure exists at room temperature in micro-crystals. The most wide spread explanation is the crystallite size eect which is due to the tetragonal form having a lower surface free energy than the monoclinic phase, thereby accounting for the spontaneous occurrence of the former structure at a critical crystallite size at room temperature [START_REF] Garvie | Stabilization of the tetragonal structure in zirconia microcrystals[END_REF]. Later, it was discovered that not only the crystallite size but also hydrostatic, and non-hydrostatic stresses interact to alter the transformation temperature [START_REF] Garvie | Stabilization of the tetragonal structure in zirconia microcrystals[END_REF]. In addition, Zhao et al. [START_REF] Zhao | Crystallisation and Tetragonal-Monoclinic Transformation in ZrO 2 and HfO 2 Dielectric Thin Films[END_REF] reported that a tetragonal -monoclinic mixed HfO 2 lms of several nm in thickness could be grown by ALD at temperatures much lower than the bulk material, as indicated in Fig 3 .6.

Dielectric constant and leakage current of HfO 2 grown on CoFeB/MgO thin lms

In this section, the dielectric constant and leakage current of the HfO 2 (10 nm and 30 nm) and Al 2 O 3 (10 nm and 30 nm) CoFeB/MgO lms have been measured. An where C is the capacitance, 0 is the vacuum permittivity, t dielectric is the thickness of the dielectric barrier and A is the measured area. The breakdown voltage is set to be the voltage when the leakage current reaches 1 µA. As it can be seen in Table 3.2 and Fig. 3.7, HfO 2 samples show a higher dielectric constant and a similar breakdown voltage compared with Al 2 O 3 samples. The 30 nm HfO 2 /MgO as grown dielectric barrier shows a high dielectric constant of 45. Note that considering that the MgO layer normally shows a dielectric constant of 10, the dielectric constant of HfO 2 reaches 58 which is 2 times higher than the largest value reported for HfO 2 thin lms. However, after annealing the sample at 290 • C, the dielectric constant drops to 25. For 10 nm HfO 2 lms on MgO, the dielectric constant is 20 and drops to 12.5 after annealing at 290 • C. For all Al 2 O 3 samples, the dielectric constant is in the range of 5 to 6.

With respect to the breakdown voltage, all as grown samples show a similar value around 1.5V . After annealing at 290 • C for 20 minutes, the breakdown voltages increase to the range between 3.4 V and 5 V. It is generally believed that breakdown voltage or leakage currents occur when a critical density of bulk defects in the oxide is reached. The eect is attributed to the formation of a percolative path between anode and cathode due to defects [START_REF] Lombardo | Dielectric breakdown mechanisms in gate oxides[END_REF]. The breakdown voltage increasing with annealing temperature could be due to a reduction of defect density after annealing. To increase the breakdown voltage and also to maintain a high dielectric constant of HfO 2 samples, the temperature of the annealing process has been tuned down to 200 • C and 250 • C. the dielectric constant of the samples annealed at 200 • C and 250 • C is almost the same as the as-grown samples. Fig. 3.7 shows the dielectric constant and the breakdown voltage of dierent capping layers as a function of annealing condition. Meanwhile breakdown voltages increase with the annealing temperature from 1.5 V to 2.6 V for 10 nm HfO 2 samples and to 3.9 V for 30 nm HfO 2 samples. From the current vs. voltage (I-V) curve shown in Fig. 3.8, it can be seen that not only the leakage current becomes smaller but also sudden jumps of the leakage current disappear in the sample annealed at 200 • C. A similar phenomenon is also observed in the 250 • C annealed sample. Hence, the optimal annealing temperature for HfO 2 in our sample is found to be between 250 • C and 290 • C where a high dielectric constant and an improved breakdown voltage can be obtained. mixed phase structure in our sample. In addition, the 30 nm HfO 2 sample shows a higher dielectric constant than the 10 nm HfO 2 sample which is in agreement with Zhao et al. [START_REF] Zhao | First-principles study of structural, vibrational, and lattice dielectric properties of hafnium oxide[END_REF] where thinner lms are reported to have a lower volume ratio of tetragonal phase. The metastable tetragonal phase can also be stabilized by the crystallite size and the lm stress [START_REF] Garvie | Stabilization of the tetragonal structure in zirconia microcrystals[END_REF], and annealing may be able to remove the stress in grain boundaries and become one possible reason for the decrease of the dielectric constant. In addition, the as-grown samples and the 250 • C annealed samples show a similar H K while there is a signicant increase of H K in the 290 • C 

Stability of CoFeB/MgO thin lms with dierent capping layers

The stability of magnetic thin lms over time can be another issue for practical applications since the aging eect could lead to the oxidization of the metal layer and inhomogeneous magnetic lms. As mentioned before, K 2 may arise due to the inhomogeneity, hence H K and K 2 /K 1 of the samples have been measured in two periods, right after the fabrication (fresh) and after 1 year on a shelf in ambient conditions (aged), to test the aging eect on samples with dierent capping layers.
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Aging eect of CoFeB/MgO with dierent protecting layers

The main results are summarized in the inserted table of Fig. 3.10. The plot in Fig. 3.10 is a typical image showing the comparison of a magnetization reversal under IP magnetic eld between fresh and aged samples with 30 nm HfO 2 . Note that the two curves do not overlap at high eld, this is due to a small dierence in the angle of the applied eld. It can be seen that the simulated curves (dashed lines) t well with most original data points although a few mismatching points can be found in the aged sample. Since the tting relies on co-orientation of spins under in plane eld as shown in section 2.2, the mismatching could be due to inhomogeneities inside the aged lm. In general, a decrease of H K is expected in aged samples since the CoFeB/MgO interface is likely to be more oxidized resulting in an increase of roughness. As discussed in Chapter 3.1, surface roughness will decrease magnetic surface anisotropy, however, there is no clear trend in H K that can support this assumption. A possible explanation is that the oxidized region will lead to a thiner layer of CoFeB that can compensate a potential decrease in surface magnetic anisotropy.

It is worth mentioning that the underestimation of the experimental data points by the theoretical modeling , highlighted by the blue square in Fig. 3.10 is a common feature for all aged samples which could be a proof of the appearance of the same type of inhomogeneity upon aging in all samples.

-K 2 /K 1 has also been presented in the table in Fig. 3.10, fresh HfO 2 samples have a higher -K 2 /K 1 of around 0.1 than fresh Ta and Al 2 O 3 samples. It can also be seen that -K 2 /K 1 of all aged samples are close to 0.1, and -K 2 /K 1 does not present important variations upon aging for HfO2 capped samples. In contrast an increase can be found in the rest of the samples. An increase in -K 2 /K 1 can be due to peculiarities of atomic structure at the interface, non-uniform mechanical stresses existing at interfaces and spatial uctuations of the lm thickness [START_REF] Dieny | Crossover from Easy-Plane to Perpendicular Anisotropy in Magnetic Thin Films: Canted Anisotropy Due to Partial Coverage or Interfacial Roughness[END_REF]. In the present case the latter could be at play through the inhomogeneous oxidation of CoFeB. It is worth mentioning that if K 1 > 0 while 0.5 < -K 2 /K 1 < 1, the system will be in a so-called easy-cone regime, which is benecial to the switching of materials with PMA. The results presented indicate that the aging eect can be a way to increase -K 2 /K 1 [START_REF] Timopheev | Second order anisotropy contribution in perpendicular magnetic tunnel junctions[END_REF]. PROTECTING LAYERS 

MgO/ionic liquid and MgO/ionic lm as protecting layers

As mentioned, the MgO layer on top of CoFeB promotes PMA and MgO is a dielectric material with a nominal dielectric constant of 10. Having an IL or an ionic lm directly in contact with the MgO layer in this system makes an E-eld device of good performance, however, a thin MgO layer can not protect CoFeB from oxidation in ambient conditions. In this context, the stability of the thin MgO layer in contact with an IL or an ionic lm is a critical issue to be solved. Here, the stability of MgO in contact with an IL has been tested.

H K as a function of time is presented in Fig. 3.11. The structure of the studied pristine lm is Ta (5 nm)/CoFeB (1 nm)/MgO (2 nm)/Ta (5 nm). The Ta capping layer was initially deposited to protect CoFeB from oxidation and was later removed can not preserve the initial high H K observed before etching but it is able to keep a relatively stable value when a low anisotropy state is reached.

Fig. 3.12 shows H K of a MgO/ionic lm as a function of time. The used ionic lm is a gel like material where the [EMI][TFSI] ionic liquid is immobilized inside a polymer matrix. As mentioned before, after Ta etching the anisotropy eld is immediately halved. However, in this case, the anisotropy eld remains stable for about 20 days after putting on the ionic lm although there is a small uctuation due to ITO deposition. This result suggests that the ionic lm is able to protect the CoFeB lm from oxidation. This improvement in stability by the use of the ionic lm with the same type of IL ions could be due to the polymer matrix acting as a protection against the oxygen in the environment and also blocking the diusion of the IL ions towards the CoFeB layer, minimizing chemical reactions.

MgO/HfO 2 as protecting layer

To enhance the stability of the CoFeB/MgO system, a 1 nm thick HfO 2 layer was deposited after the growth of the magnetic lm Ta (5 nm)/CoFeB (1 nm)/MgO (2 nm). Two samples grown on the same substrate with similar size were analyzed. PROTECTING LAYERS One sample was covered with the IL while the other one was left uncovered to test the stability of the samples in ambient conditions and in contact with the IL. The magnetic moment of each sample has been recorded over a time period of one month by an AGFM magnetometer. The ratio between measured M s and initial saturation magnetization (M ini ) as a function of time has been plotted in Fig. 3.13. It can be seen that the change of M s /M ini is less than 3% indicating a stable magnetic structure regardless of the presence of the IL. This result suggests that MgO/HfO 2 can be a robust and ecient structure for IL gating.

Summary

Magnetic and dielectric properties of CoFeB/MgO/(Ta, HfO 2 and Al 2 O 3 ) have been studied. All studied samples show PMA but with a dierent H K . In as grown samples, a Ta protecting layer gives the lowest H K . The highest H K is found in 30 nm HfO 2 for both 0.8 nm thick CoFeB samples (746 mT), and for 1 nm thick CoFeB samples (218 mT). After annealing at 290 • C, there is an increase in H K from 200 mT to 400 mT for all samples. The largest H K s of Chapter 4

Articial pinning and DW motion in the creep regime

The dynamic properties of domain walls are crucial for practical applications and can be highly inuenced by intrinsic magnetic properties (eg. magnetic anisotropy) and extrinsic conditions (eg. articial defects). In this chapter, DW dynamics in CoFeB samples with articially induced pinning potentials (ion irradiation, microstructuring) will be discussed.

Ion irradiation

Due to their reduced dimensions, the magnetic properties of ultrathin magnetic lms and multilayers often depend strongly on their surface and interface structures. In addition, magnetic properties of materials are governed by chemical composition, crystallinity, grain sizes and their distribution. Light-ion irradiation of magnetic thin lms provides a way to modify all these structural properties, thus enabling the control of their magnetic properties [START_REF] Fassbender | Tailoring magnetism by lightion irradiation[END_REF]. Early work on irradiation aimed at modifying magnetic lms using heavy ions which could damage the sample. Pioneer work was done by Chappert et al. [START_REF] Chappert | Planar Patterned Magnetic Media Obtained by Ion Irradiation[END_REF] showing that the easy magnetization direction of Co/Pt multilayers, which is perpendicular to the lm surface, could be rotated to in-plane upon He + ion irradiation without structural damage. It was found later that at low uences room temperature irradiation releases strain, whereas, at high uences stoichiometry could be modied [START_REF] Devolder | X-ray absorption analysis of sputter-grown Co/Pt stackings before and after helium irradiation[END_REF]. Generally, ion irradiation at room temperature leads to a decrease of PMA [133 135]. In magnetic multilayer thin lms, magneto-crystalline anisotropy, the interface magnetic anisotropy and the shape anisotropy mainly decide the total magnetic anisotropy. It is straightforward to understand that magneto-crystalline anisotropy drops after ion irradiation since it originates from the crystal structure of the lattice which is weakened by intermixing, however in ultrathin lms its contribution is negligible. As already mentioned, interface anisotropy favors PMA and as discussed in section 1.2 a sharp interface is also crucial for PMA, which means that a reduction in PMA can be expected after ion irradiation due to interface intermixing. Hence, depending on the irradiation dose magnetic anisotropy of the material can be tuned down in a large range. Despite reducing PMA, other functions of ion irradiation, such as improving chemical ordering [START_REF] Ravelosona | Chemical order induced by ion irradiation in FePt (001) lms[END_REF][START_REF] Chang | Realization of a Large Magnetic Moment in the Ferromagnetic CoPt Bulk Phase[END_REF] and producing new alloy phases, have also been developed making it a powerful tool to tailor magnetic thin lms of technological interest.

Regarding the impact of irradiation on DW motion, previous studies show its effect on creep motion in Ta (5 nm)/CoFeB (1 nm)/MgO (2 nm)/Ta (5 nm) lms by using dierent ion irradiation doses [START_REF] Herrera Diez | Controlling magnetic domain wall motion in the creep regime in He+-irradiated CoFeB/MgO lms with perpendicular anisotropy[END_REF]. The sample's magnetic anisotropy monotonically decreases with increasing irradiation dose, however, DW velocities in most cases decrease compared to pristine lms as indicated in Fig. 4.2 (b). Based on the analysis in section 1.4, one can understand that solely reducing the magnetic anisotropy of the lm results in a DW velocity increase in the creep regime. On the other hand, pinning sites, due to surface roughness induced by ion irradiation, could also play an important role in the DW dynamics. In the next section, pinning sites in irradiated lms, non-irradiated lms and wires revealed by Kerr microscopy will be presented. ) could be the reason behind this velocity reduction. The impact of n i on velocity in the creep regime can be better understood by looking at the dependence of the energy barrier (E B ) involved in the reversal on n i . With Eq. 1.13, 1.14, 1.15 and γ pin = f 2 pin n i ξ, the following relationship can be obtained,

E B ≈ n 1 6 i . (4.1) 
By recalling Eq. 1.37,

E B ≈ K 9 8
ef f it can be estimated that more than a two-fold increase of pinning density is needed to observe the velocity going down considering a 10% decrease of K ef f . Here, it is assumed that the DW velocity at H dep is unchanged. In collaboration with G. Chapter 5

Electric eld control of magnetic anisotropy using an ionic liquid

In this chapter, the electric eld modulation of magnetic anisotropy using an ionic liquid gate will be introduced. The mechanism of ionic liquid gating will be dis- Both the E-eld eect on magnetic anisotropy and domain wall dynamics will be presented.

Ionic liquid gating in a CoFeB/MgO/IL structure

The investigated sample structure is schematically shown in Fig. 5.1. Fabrication of the sample can be found in section 3.3.2. In all measurements, voltages were applied to the top electrode while keeping the CoFeB layer connected to ground.

The applied voltages were below 1 V, much lower than the electrochemical window ANISOTROPY USING AN IONIC LIQUID As discussed in section 3.3.2, the MgO layer alone can not fully protect the sample from oxidation, and due to this reason, H K is seen to evolve with time. Nevertheless, experiments have been conducted four days after etching in a state with high PMA (measurement 1), and also in a low PMA state (measurement 2) about a month after fabrication when the value of the anisotropy eld presented a more stable value as a function of time, as denoted in Fig. 3.11. In the following both high and low PMA states will be described.

5.1.1 E-eld eect in the high PMA state The velocity dependence on magnetic eld for all applied gate voltages is well described by a linear dependence between ln(v) and H -1/4 . This dependence is compatible with the thermally activated creep regime of domain wall motion dominated by pinning and depinning events [START_REF] Chauve | Creep and depinning in disordered media[END_REF]. It can be seen that the positive voltage increases DW velocities while the opposite is observed for negative voltages. This result is in agreement with previous studies on CoFeB solid state devices [START_REF] Endo | Electriceld eects on thickness dependent magnetic anisotropy of sputtered MgO/Co40fe40b20/Ta structures[END_REF][START_REF] Kita | Electriceld-control of magnetic anisotropy of Co0.6fe0.2b0.2/oxide stacks using reduced voltage[END_REF]. On average, DW velocities can be modulated by a factor of 4.2 when going from 0.8 V to -0.8

V. The electric eld seems to not only inuence the domain wall velocity but also the nucleation process. Kerr images in Fig. 5.2 (b) show that additional nucleation centers can be found under a positive gate voltage. The modulation of the nucleation process is a notion also supported by the inset of Fig. 5.2 (a) where H c is seen to change by a factor of 1.3 when going from -0.8 V to 0.8 V. The E-eld eect on DW velocity and DW nucleation could be due to the anisotropy of the lm has been modied by E-eld. In addition, the lm shows poor magnetic anisotropy and rough DW interface. This could be linked to an increase of pinning sites after etching since a similar phenomenon can be observed in Chapter 4 where DWs in the irradiated lm with more pinning sites are also more rough than the non-irradiated lm. 

E-eld eect in the low PMA state

In the following, we present the E-eld eect in the low PMA state (measurement 2) on DW dynamics at dierent applied voltages (±0.75 V and 0 V) and under two dierent out of plane magnetic elds (0.1 mT and 0.2 mT). It is important to mention that already under zero applied voltage there is a signicant increase of pinning sites and nucleation centers accompanied by a reduction in H c compared to measurement 1. This behavior is likely to be linked to the time evolution of the magnetic properties of the device that was shown in Fig. 3.3.2. This change in DW dynamics may be given by the emergence of low energy pinning/nucleation sites due to the reduction of magnetic anisotropy and also to an increase in defect density. It is worth noting that the images shown in Fig. 5.3 are representative of the dynamics measured in dierent parts of the sample. Unlike for measurement 1, in the present case the observed large density of pinning sites and dendritic growth of the magnetic domains in a magnetic eld makes the extraction of accurate values of domain wall velocities dicult using Kerr imaging. Nevertheless, the microscopy images clearly show that negative voltages restrict the propagation of DWs while positive voltages promote DW motion, which is in agreement with the velocity measurements performed in the high PMA state. In addition, for a given magnetic eld, a larger(smaller) density of nucleation sites is observed when positive/negative gate voltages are applied. This is also in agreement with measurement 1, however, in the low PMA state it presents a more marked eect possibly due to a larger number of low eld nucleation centers emerging during the time elapsed between the two measurements. In this context it is natural to wonder if M s could be aected by the etching process [START_REF] Qiu | Spinorbit-torque engineering via oxygen manipulation[END_REF]. In this regard, Hayashi et al. [START_REF] Hayashi | Spatial control of magnetic anisotropy for current induced domain wall injection in perpendicularly magnetized CoFeB|MgO nanostructures[END_REF] have shown that M s remains almost unchanged until the MgO layer is completely etched as shown in Fig. 5.5. Therefore, in the present case the value of µ 0 M s is considered to be the in the device, and 2 nm MgO we obtain a modulation of magnetic anisotropy of 30 µJ/m 2 from -0.75 V to 0.75 V with an eciency of 80 fJ/Vm and 80 mT per V/nm. This estimation is comparable to the highest values reported for CoFeB with PMA solid state devices [START_REF] Okada | Electric-eld eects on magnetic anisotropy and damping constant in Ta/CoFeB/MgO investigated by ferromagnetic resonance[END_REF][START_REF] Alzate | Temperature dependence of the voltage-controlled perpendicular anisotropy in nanoscale MgO|CoFeB|Ta magnetic tunnel junctions[END_REF] accompanied by low voltage operation and signicantly low leakage currents (200 nA/cm 2 at 0.8 V). In addition, in the present case the E-eld modulation was achieved over an area of 3×3 mm 2 in contrast to solid state devices where the average gate dimensions are several orders of magnitude smaller.

Therefore, these results introduce a potential route towards parallel and synchronous E-eld control of several CoFeB magnetic structures extended over large areas with a single gate.

As mentioned, the E-eld control of magnetic properties in liquid gate systems is commonly ascribed to the formation of an EDL which promotes a large charge accumulation at the interface between the layer of interest and the IL by electrostatic interaction. Nevertheless, it has been shown that similar systems can also present the eects of slow electrochemical processes when gates are operated at low frequen-84 CHAPTER 5: ELECTRIC FIELD CONTROL OF MAGNETIC ANISOTROPY USING AN IONIC LIQUID cies [START_REF] Yuan | Electrostatic and Electrochemical Nature of Liquid-Gated Electric-Double-Layer Transistors Based on Oxide Semiconductors[END_REF]. This additional contribution could come from adsorption of molecular species at the interface and therefore could play a role in dening the performance of the devices presented in this study. The thorough analysis of this contribution to the E-eld control of magnetic properties in liquid gate devices remains an open question. However, the addition of a thin layer of solid dielectric at the interface with the IL has already been shown to be an alternative to avoid electrochemical eects on the surface of interest [START_REF] Wang | Electrical Control of the Exchange Spring in Antiferromagnetic Metals[END_REF] and may provide a means to the separate study of both electrostatic and electrochemical contributions in these systems.

5.2 Ionic liquid gating in a CoFeB/MgO/HfO 2 structure

The E-eld eect on magnetic anisotropy

The investigated samples are based on Si/SiO 2 /Ta (5 nm)/Co 20 Fe 60 B 20 (1 nm)/MgO (2 nm)/HfO 2 (1 nm) lms grown by magnetron sputtering. The E-eld eect in these devices is measured by PMOKE. The Kerr signal vs H z under 2 V, 0 V and -2 V, plotted in Fig 5.6(a), shows that E-elds can tune the magnetic anisotropy from OP (-2 V) to IP (+2 V). To calculate H K , we record the magnetization reversal when a magnetic eld is applied along the hard axis of the sample. When the sample shows PMA, H K can be obtained by tting the magnetization reversal with the applied IP magnetic eld (H IP ) based on the Stoner-Wohlfarth model as described in section 2.2. When the sample shows IP anisotropy, H K is obtained by evaluating the squareness of the hysteresis loop under H z . The total change of H K reaches 190 mT for gate voltages between -3 V and +3.5 V.

M s , determined by using a Alternative Gradient Field Magnetometer, has a stable value of 1.14 × 10 6 A m -1 then the variation of surface magnetic anisotropy (K s ) is: Anisotropy eld as a function of gate voltage from -3.5 V to 3 V.

∆K s = ∆K ef f • t CoF eB = 0.5 ∆H K • µ 0 M s • t CoF eB = 0.108 mJ • m -2 ,
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where t CoF eB = 1nm is the thickness of the CoFeB lm. The thickness of the socalled electric double layer (EDL), the ordered arrangement of ions at the surface under an applied voltage, is estimated to be 1 nm [78]. Therefore the eective thickness of the full dielectric layer (t D ) is 2 nm (MgO)+ 1 nm (HfO 2 )+2 nm ( two EDL)=5 nm, so that the voltage from -3 V to 3.5 V corresponds to an electric eld from -0.75 V/nm to 0.88 V/nm. From the slope in Fig. 5.6(b) the E-eld coecient α is estimated to be:

α = ∆K s • t D ∆V = 82 f J • (V • m) -1 .
These results suggest that IL gating of CoFeB can provide an improved device eciency compared to devices with solid dielectric materials such as Al 2 O 3 and HfO 2 which exhibit coecients typically below 50 fJ/Vm [53, 56]. IL gating oers a way to achieve a large modulation of magnetic anisotropy due to the large electric eld allowed to be applied in the device. In the present case, the total modication of magnetic anisotropy is 0.1 mJ/m 2 , more than 3 times higher than the typical values of 10-30 µJ/m 2 reported in CoFeB/MgO based structures [START_REF] Endo | Electriceld eects on thickness dependent magnetic anisotropy of sputtered MgO/Co40fe40b20/Ta structures[END_REF][START_REF] Kita | Electriceld-control of magnetic anisotropy of Co0.6fe0.2b0.2/oxide stacks using reduced voltage[END_REF][START_REF] Okada | Electric-eld eects on magnetic anisotropy and damping constant in Ta/CoFeB/MgO investigated by ferromagnetic resonance[END_REF].

The stability of the structure against ambient conditions and IL has been shown in section 3.3.2. The device is robust against oxidation and allows for the study of the reversibility of the magnetic states induced by the E-elds. H K in time as a function of the gate voltage has been monitored and shown in Fig. 5.7(a). H K is extracted approximately every 10 minutes and each dierent voltage was applied for 30 minutes. Positive voltages are applied rst and gradually increase from 0 V to +3.5V. H K is re-measured after each positive voltage application (of a duration of 30 minutes) to check if the positive voltage will induce any irreversible changes. The sample initially shows a weak PMA with µ 0 H K =26 mT when the voltage has never been applied before. As it can be seen, in the voltage range from 0 V to 2.5V, the E-eld can quickly decrease H K to a stable value which doesn't evolve with time and once the voltage is removed H K recovers its initial value. Above 2.5 V, the IL takes about 20 minutes to reach its maximum eciency, and after removing the voltage there is also a slow relaxation time to recover the initial value of H K . On the other hand, the opposite eect is observed for TFSI when negative voltages are applied, H K is increasing with time until a maximum value, and higher voltages can reduce the time to reach the maximum value. This phenomenon is not likely to be linked to electro-chemical reactions in the IL, since the eects on H K are fully reversible upon voltage removal and during the experiment the leakage current always decreases with can conclude that the E-eld eect we obtain in a voltage range between -3 and 3.5

V is a reversible charge accumulation eect. Note that it has been reported that MgO or HfO 2 alone is not able to protect the magnetic layer from degradation when negative voltages are applied across the IL [START_REF] Hirai | Control of magnetic anisotropy in Pt/Co system using ionic liquid gating[END_REF][START_REF] Yan | Electrical control of Co/Ni magnetism adjacent to gate oxides with low oxygen ion mobility[END_REF], therefore the results presented here suggest that a 2 nm MgO layer with a 1 nm HfO 2 layer can be a means to achieve a signicant E-eld eect as well as high stability.

Although the E-eld eect on H K is determined to be fully reversible, we observe a hysteresis phenomenon in H C . As shown in Fig. 5.8, after removing the gate voltages the magnetization reversal of the sample against IP and OP magnetic elds has been recorded. Before removing gate voltages, the sample was charged by a gate voltage for 30 minutes. It can be seen that there is no hysteresis eect if the gate voltage is removed after ve minutes when IP elds are applied which is consistent with the results in Fig. 5.7. On the other hand, the system does not show a full recovery of the initial magnetic state even after 30 minutes after removing the gate voltage. A possible explanation is related to the remnant charges in the oxide layer.

Remnant charges in the oxide layer can be created by defects distributing in the full lm. H K which reects the average properties of the area spotted by the MOKE setup is not likely to be changed by these defects due to their small ratio in the lm. However, as discussed in the introduction, H c of the lm is determined by the nucleation of domains which happens usually at the places with lowest magnetic anisotropy or exchange stiness. Potential remnant charges in the oxide layer, even in a small amount, can locally change the magnetic anisotropy of the lm, altering the number of nucleation centers and in this way inuencing H c .

In addition, since the variation of H K with voltage is proportional to surface charge accumulation, the capacitance C as a function of V can be deduced from the relationship between the variation of H K with voltage as:

C(V ) ∼ ∆H K ∆V (V ).
(5.1)

∆H K /∆V as a function of voltage has been plotted in Fig. 5.9. Data are taken after applying gate voltages for 5 and 30 minutes. A minimum is found at -0.5 V and a camel like shape curve can be observed in both curves. These results are 

E-eld eect on DW dynamics

Beneting from this large and reversible anisotropy modulation, deterministic magnetization switching by gate voltage can be realized. Normally, to switch magnetization of a ferromagnet either a eld larger than the coercive eld, or a current beyond the threshold current has to be applied. In our case, magnetization of the material will go IP when a positive gate voltage is applied and move back from IP to a uniformly OP direction if a negative voltage is applied together with a bias OP ANISOTROPY USING AN IONIC LIQUID state, in particular, for gate voltages of -1.5 V and -2.2 V. In the experiment we found that a -1.5 V voltage is the minimum voltage to observe a DW with clear shape in our sample, since either the magnetization goes IP or a signicant increase of pinning sites and nucleation centers takes place when the anisotropy eld is too low. Fig. 5.11 shows the DW velocity (v) in log scale as a function of (µ 0 H z ) -1/4 , the inset shows the behavior in the high eld regime. In the creep regime, the velocity can be expressed as [START_REF] Metaxas | Creep and Flow Regimes of Magnetic Domain-Wall Motion in Ultrathin Pt / Co / Pt Films with Perpendicular Anisotropy[END_REF]:

v = v 0 exp - U c k B T H dep H 1/4 (5.2)
where U c is a characteristic energy, k B the Boltzmann constant, T the temperature and H dep the depinning eld and 1/4 is a universal exponent related to the dimen- sionality of the system. It can be seen in Fig. 5.11 that the curves at both voltages follow the creep law below a critical eld H * (indicated by the green lines). H * for -1.5 V and -2.2 V gate voltages are 2.36 mT and 2.56mT, respectively. v under a gate voltage of -2.2 V takes about half of its value under a gate voltage of -1.5 V in the creep region. As discussed in section 1.2, increasing K ef f leads to an increase in H dep 1/4 (U c /k B T ), so that applying negative voltages to the lm is expected to decrease v. However, the slopes of DW v in logarithm as a function of H -1/4 are similar (-0.25 for -1.5 V and -0.24 for -2.2 V ) as indicated by the green dashed lines in Fig. 5.11. This slope (E B ) is given by E B where E B = (U c )H

1/4 dep which, as mentioned in Eq. 1.39, has the following relationship with the applied electric eld under the constraint that the E-eld only inuences K ef f :

E B (E) = (1 + α K 0 ef f E) 9 8 E B (E = 0).
Considering a 30% increase of K ef f when the gate voltage goes from -1.5 V to -2.2 V, the variation induced by E-elds is much smaller than expected. Hence the observed phenomenon could be due to the electric eld also changing other parameters such as the DMI constant [START_REF] Schott | The Skyrmion Switch: Turning Magnetic Skyrmion Bubbles on and o with an Electric Field[END_REF] of the lm compensating its eect on K ef f . Further measurements are needed to understand the velocity in the creep regime that is presented here, since clear evidence showing E-eld eects on DMI and exchange constants are still missing.

As mentioned in Chapter 1.2, a TAFF regime could be observed after the creep regime when the applied eld is close to the depinning eld. In this regime, DW length is characterized by L relax which leads to the following relationship between DW velocity and the magnetic eld:

v = v 0 exp - U c k B T (H -H dep ) .
Determination of the TAFF regime is based on the principle that lnv ∼ H, as illustrated in Fig. 5.12.

It can be seen that the creep regime is followed by a TAFF regime in the studied CoFeB lm. In this case the depining eld H dep is the eld at which the system leaves the TAFF regime [START_REF] Gorchon | Pinning-Dependent Field-Driven Domain Wall Dynamics and Ther-mal Scaling in an Ultrathin Pt/Co/Pt Magnetic Film[END_REF]. H dep is determined to be 3.56 ±0.05 mT for -2.2 V gate voltage and 3.47 ±0.05 mT for -1.5 V gate voltage as shown in Fig. 5.12. It can be seen that the E-eld eect on H dep in this case is very small which is in agreement with the observed phenomenon in the creep regime that the slope of the velocity curves for dierent gate voltages is found to be similar. In the depining region where H > H dep , as shown in the insert of Fig. 5.11, v under -1.5 V is still higher than under -2.2 V but the dierence gradually becomes smaller as the magnetic eld increases and the dynamics approach the ow regime of DW motion.

A full velocity curve in the ow regime is not accessible in this lm since applying a result in numerous nucleation events. The dierence in the maximum magnetic eld applied between -1.5 V and -2.2 V also implies that a higher K ef f leads to a higher nucleation eld, which is consistent with the work discussed in section 5.1.

The E-eld eect on the DW propagation and nucleation can be used to pin/depin DWs. As shown in the inset of Fig. 5.13, a SiO 2 array of squares (thickness = 30 nm, width = 20 µm) is patterned on the HfO 2 layer by magnetron sputtering. The area covered by SiO 2 receives much less electric eld than the area not covered. The sputtering process results in a lower magnetic anisotropy [START_REF] Herrera Diez | Electric-eld assisted depinning and nucleation of magnetic domain walls in FePt/Al2o3/liquid gate structures[END_REF] in the SiO 2 covered areas where DWs always nucleate rst and ll in the square by applying a small magnetic eld as indicated in In addition to the charge accumulation/depletion eect, the E-eld is also able to induce ion migration in ferromagnetic metal/oxide structures which could result in a large modication of magnetic properties [START_REF] Bauer | Magneto-ionic control of interfacial magnetism[END_REF]. In this section, a non-volatile modication of magnetic properties in a Pt (3 nm)/Co (0.6 nm)/HfO 2 (3 nm) lm through ionic liquid gating will be reported. As already described earlier, the device is fab- and by covering it with a piece of glass coated with ITO that is used as a counter electrode. Fig. 5.14 (a) shows the hysteresis loop under an OP magnetic eld of the sample with dierent applied voltages. It can be seen that the sample initially shows IP magnetic anisotropy and no clear change can be observed after applying positive voltages. However, magnetic anisotropy becomes perpendicular once a -3

V voltage is applied. H K of the sample evolves with negative voltage application in time as illustrated in Fig. 5.14 (b). It can be seen that the anisotropy eld increases rapidly in the rst 5 minutes, then reaches a value of more than 1 T by applying -3 V for 30 minutes at room temperature. This high eciency suggests that it is not an E-eld eect driven by charge accumulation, since in this context H K of the sample should not evolve with a constant voltage application.

After removing the applied voltage magnetic anisotropy retains the value that it adopted under E-elds which also suggests that the observed eect could be due to an irreversible process and not to a simple E-eld induced charge accumulation. Fig. 5.15 shows the hysteresis loops of the sample under various conditions. At rst, the sample is biased by a -3 V voltage and the magnetic easy axis turns from IP to OP.

Then, the bias voltage is changed to +3 V which further promotes the increase in H K . A possible explanation is that the interface structure of the Co/HfO 2 interface has been changed by the negative voltage to make it more susceptible and reactive towards the IL regardless of the polarity of the gate voltage. After leaving the sample without any bias for one day, the hysteresis loop under IP eld is measured ANISOTROPY USING AN IONIC LIQUID again where it is found that the magnetic anisotropy eld is almost unchanged. This result suggests a unique functionality of interface engineering by ionic liquid gating.

Further measurements are needed to clarify the interface chemistry under voltage that is responsible for the non-volatility eect observed. In the Pt/Co/HfO 2 structure, a giant and non-volatile modication of the magnetic anisotropy is found. The observed phenomenon could be linked to a critical interface modication by voltage.

Summary

These results suggest that IL gating can be an ecient way to control magnetic properties and may oer an alternative way to the development of potential applications, such as parallel operation of arrays of pinning/nucleation units and E-eld controlled magnetic memories. magnetic properties occur in aged samples. Aging increases -K 2 /K 1 which could help the formation of an easy-cone state. Stability of a MgO (2 nm) layer in contact with an IL and ionic lm has been studied. After recording H K for months, it has been found that a MgO/IL structure can not preserve a high magnetic anisotropy but is able to remain relatively stable in a low anisotropy state. A MgO/ionic lm structure is found to be stable since no sign of degradation was found. The stability of samples with a simple MgO (2 nm)/HfO 2 structure has been tested. M s of the sample covered with an IL and the one not covered with IL have been recorded for one month. It is found that the change is within 3% indicating a stable structure against ambient conditions and the IL.

The eect of pining sites induced by ion irradiation and edges have been studied in a CoFeB/MgO system. There is a large increase of pining sites in the ion irradiated lm with respect to the non-irradiated lm. The increased pining density shows to have a larger impact than an accompanying magnetic anisotropy reduction in DW velocity in the creep regime. In wire samples, a strong pining eect from edges is observed where DWs are curved.

The E-eld eect has been studied in the low and high PMA states of a [START_REF] Fan | Quantifying interface and bulk contributions to spinorbit torque in magnetic bilayers[END_REF][START_REF] Ulrichs | Optimization of Pt-based spin-Halleect spintronic devices[END_REF] and the Rashba eect (RE) [START_REF] Kubota | Enhancement of perpendicular magnetic anisotropy in FeB free layers using a thin MgO cap layer[END_REF][START_REF] Miron | Fast current-induced domain-wall motion controlled by the Rashba eect[END_REF] in magnetic thin lms with heavy metal buer layers (such as Ta and Pt). A major advantage of magnetization switching by spin-orbit torques (SOT) compared with spin transfer torque (STT) switching is its much lower threshold current density for magnetization switching [START_REF] Emori | Currentdriven dynamics of chiral ferromagnetic domain walls[END_REF]. It is not surprising that the E-eld eect can inuence the SOTs, since like magnetic anisotropy SHE and RE are caused by spin-orbit coupling (SOC) inside materials and/or at their interfaces [START_REF] Sinova | Spin Hall eects[END_REF]. It has been reported that in Pt/Co/Al 2 O 3 lms the eld like torque and damping like torque are changed by 8% and 2% while its magnetic anisotropy is only changed by 1% at the same amplitude of voltage [START_REF] Fan | Electric-eld control of spinorbit torque in a magnetically doped topological insulator[END_REF].

In my experiments, the total modication of magnetic anisotropy is around 7% by ionic liquid gating, therefore a large modication of SOT by ionic liquid gating could be expected. Meanwhile, ion migration induced by E-eld could be another way to obtain a even larger modication of SOTs since it directly modies the ferromagnet/oxide interface which plays a key role in the RE. However, applying an IL to a

Hall device requires a protection layer since IL can easily react with the metal layer at the edges of the device under voltage. In addition, E-eld could provide a way to extract the RE contribution to the SOTs. It is generally believed that the SHE originates from the bulk heavy layer and the RE originates from the interface [START_REF] Sinova | Spin Hall eects[END_REF],

then the E-eld eect could be used to only modify the FM/oxide interface while the electric eld in the HM layers would be screened. To study the E-eld eect on SHE, heterostructures with thin HM layer, could probably provide encouraging results.

Recently, it has been shown that Dzyaloshinskii-Moriya Interaction (DMI), which favors spiral spin structures, can appear in ultrathin HM/FM lms with broken inversion symmetry [START_REF] Soucaille | Probing the Dzyaloshinskii-Moriya interaction in CoFeB ultrathin lms using domain wall creep and Brillouin light spectroscopy[END_REF][START_REF] Emori | Currentdriven dynamics of chiral ferromagnetic domain walls[END_REF][START_REF] Tetienne | The nature of domain walls in ultrathin ferromagnets revealed by scanning nanomagnetometry[END_REF]. Various chiral magnetic patterns, such as skyrmion lattices, spin helices, preferred handedness of Neél walls, which provide interesting topics in topology and magnetism, are stabilized by DMI [START_REF] Benitez | Magnetic microscopy and topological stability of homochiral Néel domain walls in a Pt/Co/AlOx trilayer[END_REF][START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF]. Several studies suggest that DMI is related to the SHE and RE in the material [START_REF] Kundu | Dzyaloshinskii-Moriya interaction mediated by spinpolarized band with Rashba spin-orbit coupling[END_REF][START_REF] Yang | Anatomy of Dzyaloshinskii-Moriya Interaction at Co/Pt Interfaces[END_REF]. However, direct observation of the E-eld eect on DMI is still missing. Investigating the E-eld eect on DMI will be both crucial for applications and fundamental physics.

Two common ways to determine the DMI strength are eld driven DW motion in the creep and Brillouin light scattering [START_REF] Soucaille | Probing the Dzyaloshinskii-Moriya interaction in CoFeB ultrathin lms using domain wall creep and Brillouin light spectroscopy[END_REF]. Ionic liquid gating could provide a good way to examine the E-eld eect on DMI. Since it not only induces a large accumulation of charges on the surface, but also allows gating at a large scale it is suitable for the DMI measurement mentioned above. Meanwhile, introducing oxygen ions into the material by ionic liquid gating could be another way to modify DMI.

Magnetic damping is of critical importance for storage and logic devices based on magnetic materials as damping strongly aects the energy required and speed at which a device can operate. It has been shown that the damping factor is largely determined by the electronic structure at the Fermi energy [START_REF] Mankovsky | Firstprinciples calculation of the Gilbert damping parameter via the linear response formalism with application to magnetic transition metals and alloys[END_REF], a minimum value can be found when the density of states is minimum near the Fermi level [START_REF] Schoen | Ultra-low magnetic damping of a metallic BIBLIOGRAPHY ferromagnet[END_REF]. As mentioned in the introduction, E-elds are able to change the band structure of the interface atoms at the Fermi level. The E-eld eect on the damping parameter is still not clear, nevertheless, Okada et al. [START_REF] Okada | Electric-eld eects on magnetic anisotropy and damping constant in Ta/CoFeB/MgO investigated by ferromagnetic resonance[END_REF] have reported an E-eld induced 6% change of damping in CoFeB lms. These encouraging results should be followed by E-eld eect measurements where the device allows for a larger charge accumulation at the interface.

Studying the eect of edge roughness on DW motion is particularly interesting in view of miniaturization of magnetic DW based devices. It has been shown that pining at the edges of patterned structures can severely distort creep DW dynamics and even induce a change in the universality class of the system [START_REF] Kim | Interdimensional universality of dynamic interfaces[END_REF]. Pining sites either come from structural defects due to the fabrication process or be articially Appendix B

Résumé en français de la thèse

La spintronique est une technologie émergente où ce n'est pas la charge de l'électron qui porte l'information mais son spin [1]. Elle offre de nouvelles opportunités pour des dispositifs combinant les fonctionnalités de la microélectronique standard avec des effets dépendant du spin qui apportent une amélioration des performances en termes de rétention, de vitesse de traitement des données, ainsi que de la consommation d'énergie et de la densité de stockage [2]. La découverte en 1988 de l'effet de magnétorésistance géante (GMR) est considérée comme le début de la spintronique [3]. La GMR peut être observée dans une vanne de spin qui est composée de deux couches ferromagnétiques séparées par un film mince métallique non magnétique. La résistance de cette multicouche est plus faible lorsque les moments magnétiques dans les couches ferromagnétiques sont parallèles et plus élevée lorsqu'ils sont anti-parallèles. Les vannes de spin à GMR combinées à des media magnétiques avancés ont entraîné des augmentations spectaculaires de la densité de stockage des disques durs. L'objectif principal de cette thèse est de contrôler la dynamique de parois de domaines magnétiques par un champ électrique en utilisant un liquide ionique. La fabrication de dispositifs à fort effet de champ électrique est l'étape clé pour atteindre ce but. Cette thèse se concentre sur l'optimisation des matériaux, la fabrication des dispositifs et l'étude de la dynamique des parois du domaine sous champ électrique.Le manuscrit est divisé en cinq chapitres:

Chapitre 1: Etat de l'art du contrôle du magnétisme par champ électrique dans des films minces.

Dans ce chapitre, la physique, les matériaux utilisés et l'état de l'art de l'influcence du champ électrique sur le magnétisme seront introduits. L'utilisation des liquides ioniques, l'ingrédient fondamental pour atteindre une efficacité élevée, sera introduit et la physique du contrôle de la dynamique des parois de domaines par un champ électrique sera discutée. Dans ce chapitre, la dynamique des parois de domaine dans les échantillons de CoFeB-MgO où des sites de piégeage sont introduits artificiellement (irradiation ionique, microstructure) en plus des défauts intrinsèques des matériaux sera discutée. 
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 1511 Figure 1.1: (a) Anisotropy eld (H K ) and (b) damping factor α as a function of CoFeB thickness. Figures are reproduced from Ikeda et al. [18].

Fig. 1 .

 1 1(a) shows a typical dependence of anisotropy eld (H K ) on thickness of CoFeB lms. A pos- itive value of H K means there is PMA in the system and the opposite for negative values. It can be seen that CoFeB lms exhibit PMA until a thickness of 1.5 nm.It is worth mentioning that PMA can be reduced when the thickness of CoFeB is below 0.5 nm since a too thin layer may lead to a bad quality of the interface which damages K s . There are other factors inuencing the interface, such as, annealing and growth conditions. A detailed discussion about interfaces and PMA that is relevant to the work presented in this thesis can be found in Chapter 3.1.1. The composition of CoFeB also inuences PMA. It has bee found that increasing the Co content reduces PMA when the Co content is more than 50%[START_REF] Devolder | Damping of CoxFe80-xB20 ultrathin lms with perpendicular magnetic anisotropy[END_REF].The damping factor α of CoFeB lms can be as low as 0.01 for a 1 nm CoFeB lm which is more than 10 time less than Co/Pt or Fe/Pt lms[1921]. The thickness dependence of CoFeB on α is shown in Fig.1.1(b). It increases with decreasing
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 2712 Figure 1.2: (a) Typical domain wall dynamic regimes: creep, depin and ow. (b)Regimes of domain-wall ow motion in an ideal ferromagnetic lm without pinning (Adapted from Metaxas et al.[START_REF] Metaxas | Creep and Flow Regimes of Magnetic Domain-Wall Motion in Ultrathin Pt / Co / Pt Films with Perpendicular Anisotropy[END_REF]).
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 13 Figure 1.3: 1D interface moving in a 2D medium with disorder.
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 1 Figure 1.4: (a) DW velocity in the creep regime of CoFeB thin lms with dierent underlayer [32]. (b) Variation of the domain wall velocity in the Pt-Co-Pt lm with H for dierent temperature [33].
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 15 Figure 1.5: (a) The coordinate system for the 1D DW model. (b) In the center of a DW, magnetization aligns along the x axis when H is zero. (c)When a perpendicular eld is applied, magnetization in the wall center is canted with an angle φ.
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 11316 Fig. 1.6 shows typical DW velocity curves in Pt/Co lms and CoFeB lms in the depin and ow regimes. In Pt/Co lm, only the precessional ow regime can be observed where DW velocity varies linearly with the magnetic eld. From the slope
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 31 Figure 1.7: (a) Hall resistance versus eld curves under three dierent gate voltages. (b) Temperature dependence of spontaneous Hall resistance under three different gate voltages. The spontaneous Hall resistance is proportional to the spontaneous magnetization M s . T c is the temperature at which the spontaneous Hall resistance (and hence M s ) goes to zero. Figures are reproduced from Ohno et al.

[ 49 ]

 49 Figure 1.9: (a) Induced xy-averaged electron charge densities along the z direction normal to the xy lm plane for a 2.1 nm thick Fe lm. (b) Electric-eld-induced changes in calculated orbital moment anisotropy of the surface Fe atom and surface magnetocrystalline anisotropy energy (MAE) for a 15 ML thick Fe (001) slab.

Figure 1 .

 1 Figure 1.10: (a), (b) The induced changes in the MAE of the orbital hybridization calculated for the 1st and 2nd monolayer of Fe, respectively, when an electric eld of -2 V/nm is applied. The corresponding changes in the charge distribution are plotted in (c) and (d). The red (green) region indicates an accumulation (depletion) of electrons. Figures are reproduced from Ibrahim et al. [60].

CHAPTER 1 :

 1 Figure 1.11: Possible oxygen migration mechanism proposed by Gilbert et al.[72]. Cross-section view of (a) the as-grown lm, (b) a single grain during +40V treatment, (c) the lm after -40V treatment, (d) a single grain during subsequent +40V treatment, and (e, f ) cross section and grain after -40V treatment. Colors identify AlOx (red), GdOx (green), metallic FM Co (light blue), insulating non-FM CoOx (blue) and interstitial oxygen (orange); gold arrows indicate the electric eld. This illustration emphasizes fast surface migration, identied by the red arrows, and slow bulk diusion, indicated by the grey arrows.
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 113 Figure 1.13: Structure and dynamic properties of EMITFSI. Adapted from [78].

Figure 1 . 14 :

 114 Figure 1.14: Schematic representations of EDL structures according to (a) the Helmholtz model where two layers of opposite charge formed at the electrode/electrolyte interface and were separated by a small distance, d., (b) the GouyChapman model where the ions with an opposite sign to that of the electrode are distributed in a region of thickness much larger than d, and (c) the GouyChapmanStern model where the EDL comprises an ion closely packed layer and a subsequent layer. Figures are reproduced from Wang et al. [81].
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 1116 Figure 1.15: C(E) curves measured of [C4MIM][FAP] for Hg, Au, Pt and GC electrode (adapted from Costa et al. [82]).

  as a function of the electrode potential [C(E) curve] with various electrode materials, as indicated in Fig. 1.15. Depending on the electrode material,

Figure 1 . 17 :

 117 Figure 1.17: DW velocity for (a)Pt/Co lms [86] and (b)CoFeB lms [87] under various voltages.

  anisotropy energy and demagnetizing energy, have been introduced. The dynamic regimes of domain wall motion: creep, depin and ow have been introduced. Both E-eld induced charge accumulation eect and E-eld induced ion migration eect have been reviewed. Major materials used in this thesis CoFeB and ionic liquid have been introduced and the physics of E-eld control of domain wall dynamics have been discussed based on a modication of magnetic anisotropy.
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 21 Figure 2.1: Schematic view of the sputtering process.

(

  RF) sputtering are commonly used. DC magnetron sputtering is used for the fabrication of metal layers, while RF power is favored for thick and non-conductive targets. The fabrication process have a large impact on the defect, homogeneity and other properties of the lm as will shown in Chapter 4. Beneting from the ITN WALL project, I went to Singulus Technology to fabricate high quality lms and optimize the dielectric layers used to increase the E-eld eect. The fabricated lms include (Ta, Pt, W)/CoFeB/Mgo/HfO 2 , Pt/Co/HfO 2 and (Ta, Pt, W)/CoFeB/Mgo/Al 2 O 3 .

CHAPTER 2 :

 2 Figure 2.2: (a) Coordinates of the studied system. (b) Expected hysteresis loop shape (Z direction sensitive) of a sample with PMA under IP magnetic eld based on the SW model.

Figure 2 .

 2 Figure 2.3: (a) Magnetization reversal with IP magnetic elds. (b) Magnetization reversal with magnetic elds 30• to the IP direction, the red line shows the simulation curve.
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 33524 Figure 2.4: The black square dots show the OP magnetization reversal of the lm. The blue dashed area shows the calculation of the integral 1 0 H x m z dm z which equals H K /2.
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 253726 Figure 2.5: Geomery of the AHE.
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 27 Figure 2.7: Image of the AHE system.
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 3928 Figure 2.8: Comparison of the hysteresis loop of a Ta/CoFeB/MgO/HfO 2 sample measured by AHE and PMOKE.

Fig. 2 .

 2 Fig. 2.8 compares the hysteresis loop with OP magnetic eld of a Ta/CoFeB/MgO/HfO 2 sample measured by MOKE and AHE. It can be seen that the dierence in the shape of the loop and the coercive eld value is quite small.

Figure 2 . 9 :

 29 Figure 2.9: The three basic congurations of the (a) polar, (b) longitudinal, and (c) transverse magneto-optical Kerr eect. The unit vector of magnetization is lying along the corresponding sensitivity axes.

Fig. 2 .

 2 Fig. 2.9 shows three basic congurations of MO Kerr eect: longitudinal, polar and transverse. The macroscopic description of the MO Kerr eect is based on the left circular polarization (LCP) and right circular polarization (RCP) experiencing different propagation speeds. The resulting phase dierence between these two modes causes Kerr rotation. The detail calculation of Kerr eect can be found in Zak et al.[98, 99]. In the following a few aspects regarding MOKE imaging conditions will be presented. Let us rst consider the case of the Polar MO eect. When a linearly polarized light illuminates the sample surface, two orthogonal components can arise in the reected light due to the MO Kerr eect. Reection coecients r ss and r pp are the s-component (the component perpendicular to the plane of incidence) and p-component (the component parallel to the plane of incidence) of the light after reection, respectively. r ss and r pp are regular reection coecients. For MO Kerr eect, the amplitude of the reected light is coupled to the incident s-and p-polarizations by the MO Fresnel coecient. The Jones matrix can be used to dene the reection of light from the interface of a non-magnetic medium and a magnetic

Figure 2 . 10 :

 210 Figure 2.10: Reection and transmission of electromagnetic waves at an interface between a diamagnetic medium with a refractive index n inc and a magnetic medium with n mag . The corresponding angle of incidence θ inc , angle of reection θ ref l and internal angle of transmission θ mag in the magnetic medium are indicated. The image is taken from J. McCord [95].

Figure 2 .

 2 Figure 2.11: Reection coecients (r pol sp ) 2 and (r long sp ) 2 as a function of the N A(n inc sinθ inc ). The images are taken from McCord [95].

Figure 2 . 12 :

 212 Figure 2.12: Sketch of a Polar Kerr eect microscope.
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Figure 2 .

 2 Figure 2.13: Subtracted Kerr images of DW propagating in 3 µm wires.

Figure 2 . 14 :

 214 Figure 2.14: Calculation of the DW velocity of an expanding bubble domain.

Fig. 2 .Fig. 2 . 14 .

 2214 Fig. 2.13 and 2.14 are magnetic contrast images taken by a MOKE. To measure DW motion, the DW displacement is obtained by subtracting the initial image in a saturated state to the image taken after applying a magnetic eld. Fig. 2.13 is the subtracted image that shows DW motion in 3 µm wires made of CoFeB/MgO lms with PMA using a 50× objective. The bright color area shows the trace of DW motion. The calculation of DW velocity of an expanding bubble domain is shown in Fig. 2.14. Original images are taken using a 10× objective lens. By measuring the number of pixels whose size is correlated to the objective, DW velocity is calculated as follow:

Figure 3 . 1 :

 31 Figure 3.1: (a) Representation of a thin lm with surface roughness showing the characteristic parameters σ and ξ. (b) Graph of the function f (2πσ/ξ). Figures are adapted from Bruno [113].

Fig 3 . 1

 31 Fig 3.1 (a). The dipolar energy of such object in Fig 3.1 (a) can be written as:

  Fig 3.1(b). It can be seen that by increasing σ the dipolar energy will decrease indicating a positive eect of roughness on PMA.

Figure 3 . 2 :

 32 Figure 3.2: (a) Eective saturation magnetization, (b) coercivity, and (c) induced anisotropy eld as a function of annealing temperature of 3 h annealed Ta (5 nm)

3. 1 53 Figure 3 . 3 :

 15333 Figure 3.3: Cross-sectional TEM images of (a) Ta (5 nm) /CoFeB (10 nm)/Ta (5 nm) and (b) Ru (5 nm) /CoFeB (10 nm)/Ru (5 nm). Samples were post annealed in a eld of 1 T at 300 • C for 3 h, and the Ta capping layer was partially oxidized. Adapted from Sinha et al. [111].

55 Figure 3 . 4 :

 5534 Figure 3.4: Anisotropy eld of CoFeB samples with dierent thicknesses and capping layers. AG represents as-grown and AN represent annealed.

Figure 3 . 5 :

 35 Figure 3.5: Structures of the three HfO 2 phases. Small dark circles and larger open circles denote Hf and O atoms respectively. Adapted from Zhao et al. [121].

3. 2

 2 DIELECTRIC PROPERTIES OF THE CAPPING LAYER 57 perature increases it transforms into a tetragonal structure and then into a cubic structure, as illustrated in Fig 3.5. For bulk materials, the transition temperature is above 1100 • C. Zhao et al.[121] have predicted a dielectric constant of 16-18 for monoclinic HfO 2 , 29 for cubic HfO 2 and 70 for tetragonal HfO 2 based on rst principle calculations.

Figure 3 . 6 :

 36 Figure 3.6: Volume fraction of monoclinic phase in HfO 2 with mixed phases of monoclinic and tetragonal at dierent temperatures. Adapted from Zhao et al.[START_REF] Zhao | Crystallisation and Tetragonal-Monoclinic Transformation in ZrO 2 and HfO 2 Dielectric Thin Films[END_REF] 

Figure 3 . 7 :Figure 3 . 8 :

 3738 Figure 3.7: The dielectric constant and the breakdown voltage of dierent capping layers as a function of annealing condition.

3. 2 61 Figure 3 . 9 :

 26139 Figure 3.9: Comparison of magnetization reversal under in plane magnetic eld for an as grown sample (black symbols), a 250 • C annealed sample (red symbols) and a 290 • C annealed sample (blue symbols). The inset shows the magnetization reversal under out of plane eld.

Figure 3 . 10 :

 310 Figure 3.10: Magnetization reversal of fresh and aged CoFeB samples with a 30 nm HfO 2 protecting layer. The table summarizes H K and -K 2 /K 1 for fresh and aged CoFeB samples with dierent protecting layers.

Figure 3 .

 3 Figure 3.11: Anisotropy eld (µ 0 H an ) of CoFeB/MgO in contact with an IL as a function of time.

65 Figure 3 . 12 :

 65312 Figure 3.12: Anisotropy eld of CoFeB/MgO in contact with an ionic lm as a function of time.

Figure 3 . 13 :

 313 Figure 3.13: Saturation magnetization of CoFeB/MgO/HfO 2 in contact with IL and with air as a function of time.

Figure 4 . 1 :

 41 Figure 4.1: (a) Qualitative scheme of a sandwich structure before and after irradiation. (b) Roughness of the dierent interfaces of a Pt/Co ( 1.3 nm)/Pt sandwich. (c) Simulated distribution of foreign atoms in an irradiated Pt/Co(1.3 nm)/Pt structure. Figures are reproduced from Devolder et al. [135].

4. 1 ION IRRADIATION 71 Figure 4 . 2 :

 17142 Figure 4.2: (a) Eective magnetic anisotropy of a CoFeB lm as a function of irradiation dose. The inset shows the sketch of the sample. (b) DW velocity in the Creep regime of CoFeB lms with dierent irradiation doses. Calculation of the DW velocity is shown in the inset. Figures are reproduced from Herrera-Diez et al. [138].

4. 2

 2 Observation of pinning eects in DW creep motion 4.2.1 Pinning eect induced by ion irradiation To observe DW propagation, a nucleation bubble is rst formed by sending a short pulse through a micro-coil. Then a constant magnetic eld in perpendicular direction is applied to the lm while Kerr images recording the magnetic surface are auto saved every 0.1s. In this way, a series of pictures mapping the DW position are obtained. The expansion of the DW as a function of time is obtained by stacking the DW traces from each frame together in one picture as illustrated in Fig 4.3. At rst, DW motion was studied in a non-irradiated CoFeB lm and a softly irradiated CoFeB lm (8 × 10 18 He + /m 2 ). The applied eld is 3 mT below the depinning eld of each lm assuring a creep DW motion. Each colored circle line represents a DW at a particular instant during its propagation in one experiment. Pinning sites in the picture can be observed from the locations where more number of DWs merge together and are unable to move for a few time steps. Comparing these two gures, it can be seen that much more pinning sites can be found in irradiated lms (b) compared to non-irradiated lms (a), and that DWs move slower in the irradiated lm although it exhibits a lower magnetic anisotropy. The pinning site density (n i

73 Figure 4 . 3 :

 7343 Figure 4.3: Map of DWs propagating in a (a) non-irradiated and (b) irradiated CoFeB lm. The propagating eld is 2 mT and temporal dierence between each circular domain wall shape is 0.1 s.

  cussed. The used ionic liquid (IL) is composed of[EMI][TFSI] (1-ethyl-3methylimidazolium bis(triuoromethanesulfonyl)imide) ions and it was placed on top of the sample surface. A transparent glass substrate covered with a conductive layer of indium tin oxide (ITO) was then placed on the IL layer as the top electrode. Due to surface tension of the IL with these two surfaces, the glass is rmly attached to the IL at the sample surface allowing for homogeneously applied E-elds. E-eld eects will be presented for CoFeB/MgO/IL, CoFeB/MgO/HfO 2 /IL and Pt/Co/IL structures.

Figure 5

 5 Figure 5.1:

Fig. 5 .

 5 Fig. 5.2 shows the nucleation and velocity of domain walls (v) in the high PMA state (measurement 1) under out of plane magnetic elds with dierent gate voltages. Velocities were calculated by following the expansion of the central domain shown in the left bottom inset of Fig. 5.2 (a) and the hysteresis loops in the right top inset of Fig. 5.2 (a) were measured taking into account the full area shown in this image. The

Figure 5 . 2 :Figure 5 . 3 :

 5253 Figure 5.2: (a) ln (DW velocity) as a function of µ 0 H -1/4 under gate voltages of +0.8 V(left lled symbols), 0 V(bottom lled symbols) and -0.8 V(right lled symbols) in the high PMA state. The right top inset shows the corresponding hysteresis loops and the left bottom inset shows the expansion of the DWs at 1mT and 0V. (b) Domain nucleation under ±0.8 V. The image on the left was obtained after 6 s at 0.66 mT and -0.8 V, while the one on the right was obtained after 2.3 s at 0.66 mT and +0.8 V.

Figure 5 . 4 :

 54 Figure 5.4: (a) Kerr signal during the magnetization reversal under positive inplane elds and dierent gate voltages (±0.75 V and 0 V), the inset shows the signal under out-of-plane elds. (b) Anisotropy eld H K (cross centered symbols) and the coercive eld H c (bottom lled symbols) as a function of gate voltage from -0.75 V to 0.75 V.

Fig. 5 .

 5 Fig. 5.4 provides the analysis of the E-eld modulation of H K and H C in the low PMA state. The magnetization reversal in the low PMA state of the sample has been recorded when applying magnetic elds along the hard axis (in-plane) of the sample under dierent gates voltages, as shown in Fig. 5.4 (a). H K and H c as a function of the gate voltage are shown in Fig. 5.4 (b).It can be seen that the dependence shows a non-linear behavior which can be due to a non-linear voltage response of the capacitance of the IL as discussed in section 1.3.3. A positive (negative) voltage decreases (increases) H K and H c which is consistent with the result shown in Fig.5.3. In this context it is natural to wonder if M s could be aected by the etching process[START_REF] Qiu | Spinorbit-torque engineering via oxygen manipulation[END_REF]. In this regard, Hayashi et al.[START_REF] Hayashi | Spatial control of magnetic anisotropy for current induced domain wall injection in perpendicularly magnetized CoFeB|MgO nanostructures[END_REF] have shown that

5. 1 83 Figure 5 . 5 :

 18355 Figure 5.5: In-plane (black squares) and out of plane (blue circles) eld dependence of magnetization of (a) Ta etched and (b) MgO etched magnetic lms. (c) Saturation magnetization and (d) magnetic anisotropy as a function of the fraction of MgO etching. Adapted from Hayashi et al. [131].

Fig. 5 .

 5 6 (b) shows H K as a function of voltage ranging from -3 V to +3.5 V. It can be seen that H K increases with negative voltage and decreases with positive voltage, in agreement with the result in the last section.

5. 2 85 Figure 5 . 6 :

 28556 Figure 5.6: (a) Hysteresis loop for H z at +2 V (blue squares), 0 V (black circles) and -2 V (red triangles), the inset shows a sketch of the device structure. (b)

5. 2 87 Figure 5 . 7 : 88 CHAPTER 5 :

 28757885 Figure 5.7: (a) Change of µ 0 H K with dierent gate voltage and time, the blue line corresponds to the gate voltage while the red dots corresponds to µ 0 H K . (b) Hall resistance measurements under 0V (black squares), 2 V (blue circles) and -2 V (red triangles). The inset shows a zoomed-in area from -8 mT to 8 mT.

5. 2 89 Figure 5 . 8 :

 28958 Figure 5.8: (a)Change of µ 0 H K with dierent gate voltage and time, the blue line corresponds to the gate voltage while the red dots correspond to µ 0 H K .(b) Hall resistance measurements under 0V (black squares), 2 V (blue circles) and -2 V (red triangles).

90 CHAPTER 5 :Figure 5 . 9 :

 90559 Figure 5.9: ∆H K /∆V as a function of voltage. Data are taken after applying gate voltages for 5 and 30 minutes.

5. 2 91 Figure 5 . 10 :

 291510 Figure 5.10: Applied voltages (upper panel) and change of the mean gray value (lower panel) of a Kerr image as a function of time

Figure 5 .Fig. 5 . 10 .

 5510 Figure 5.11: DW velocity (in log scale) as a function of (µ 0 H) -1/4 under -1.5 V (black square line) and -2.2 V (red circle line) gate voltages. The green dashed lines show the creep regime. The inset shows velocity in the ow region.

94 CHAPTER 5 :Figure 5 . 12 :

 945512 Figure 5.12: DW velocity in the depining region (in log scale) as a function of (µ 0 H) -1/4 under -1.5 V (black squares) and -2.2 V (red squares) gate voltages.

5. 2 Figure 5 . 96 CHAPTER 5 :

 25965 Figure 5.13: (a) Initial DW positions. DWs are rst nucleated in the places covered by SiO 2 as indicated by the red square. Kerr images of DW propagation taken after 30 s under (b) 0.2 V gate voltage and 0.2 mT eld; (c) 0 V gate voltage and 0.6 mT eld and (d) -2 V gate voltage and 1 mT eld. The expanding domains are presented in a dark color and the inset shows a sketch of the device.

  Fig 5.13 (a), this is the initial state of DWs. When no voltage is applied, a 0.6 mT eld is needed to propagate the DWs out of the square as illustrated in Fig.5.13 (b). Although the DW interface is very rough, the magnetization switching only depends on the DW propagation rather than nucleation.After applying a positive voltage (+0.2 V) DWs can easily go out from the square accompanied by numerous nucleation events with 0.2 mT eld as show in Fig.5.13 (b). This is because the positive voltage reduces the magnetic anisotropy of the areas outside the squares which results in a reduction of the nucleation eld. When a negative voltage (-2 V) is applied as shown in Fig.5.13(d), DWs are pinned in the squares at a magnetic eld of 1 mT. In this case, the negative voltage increases the magnetic anisotropy outside the squares creating an anisotropy step between the area inside and outside the squares. This anisotropy step is the reason for the E-eld induced pinning eect. Considering the IL is applied in a large area (5mm × 5mm), this result demonstrates that IL gating may help the development of novel DW devices, such as parallel operation of arrays of pinning/nucleation units over extended areas. 5.3 Ion liquid gating in Pt/Co/HfO 2 lms

5. 3 97 Figure 5 .

 3975 Figure 5.14: (a) Hysteresis loop of a Pt/Co/HfO 2 under OP eld with dierent applied voltages. (b) Anisotropy eld as a function of voltage application time. The applied voltage is -3 V.

Figure 5 . 15 :

 515 Figure 5.15: Hysteresis loop of a Pt/Co/HfO 2 under IP eld with dierent applied voltage.

E

  -eld eect on magnetic anisotropy and related eects have been demonstrated in dierent structures. In the CoFeB/MgO/IL structure, PMA of the device was found to evolve from a high PMA state to a low PMA state with time which is likely to be linked to a potential increase in the oxygen content of MgO due to air exposure during fabrication and operation. In the high PMA state, domain wall velocities in the creep regime can be modulated by a factor of 4.2 and H c increases by a factor of 1.3 when going from -0.8 V to 0.8 V. In the low PMA state, a large modulation of the anisotropy eld reaches 80 mT per V/nm with a low leakage current. The applied E-elds are seen to signicantly inuence DWs' pinning, depinning and nucleation 5magnetic anisotropy and DW dynamics in the CoFeB/MgO/HfO 2 /IL device by gate voltages has been demonstrated. The device is robust and chemically stable against the ambient conditions as well as the IL (with/without voltage) which enables us to achieve a signicant and reversible E-eld eect on the magnetic properties. The magnetic anisotropy can be tuned from OP to IP with a high eciency of 82f J • (V • m) -1 where the total modication of PMA reaches 0.108 mJ • m -2 . Continuous magnetization switching by sending an AC gate voltage rather than an AC magnetic eld or current has been shown. Signicant voltage eects on DW velocity both in the creep and depining regimes have been observed and voltage assisted DW pining/depining has been realized in articial DW pinning potentials.

Figure 1

 1 Figure 1 Vue schématique de (a) une vanne de spin à GMR et (b) une jonction tunnel magnétique (MTJ). La figure est reproduite à partir de Wolf et al. [1].Plus tard, il a été découvert qu'en remplaçant le métal non magnétique par une mince couche isolante, dans une jonction tunnel magnétique (MTJ) la magnétorésistance tunnel (TMR) pouvait être beaucoup plus élevée que la GMR. En particulier, il a été démontré que la TMR peut être supérieure à 600% à température ambiante dans les structures CoFeB / MgO / CoFeB cristallines, une valeur bien supérieur à celle des

Figure 2

 2 Figure 2 Vue schématique d'une mémoire 'racetrack'. Une impulsion de courant induit un champ magnétique pour nucléer une paroi magnétique . Une seconde impulsion de courant le long du fil magnétique exerce un couple de transfert de spin et déplace les parois de domaine dans la même direction. La lecture se fait en utilisant une jonction tunnel magnétique. La figure est adaptée de Brataas et al. [6].La découverte de la GMR et de la TMR a conduit au concept de mémoire magnétique à accès aléatoire (MRAM). La MRAM fait partie d'une nouvelle génération de mémoires non volatiles visant à devenir une mémoire universelle applicable à une grande variété de fonctions. La MRAM combine non volatilité, endurance, faible puissance, lecture/écriture rapide et elle est compatible avec la technologie CMOS. La découverte du couple de transfert de spin (STT)[7] a permis une avancée majeure en spintronique pour laquelle le transfert du moment angulaire des électrons de conduction vers une couche ferromagnétique permet de renverser l'aimantation par un courant électrique au lieu d'un champ magnétique. Cela a mené au développement d'un nouveau type de mémoire, appelé STT-MRAM, qui permet des améliorations significatives des performances en termes de réduction d'échelle et de consommation électrique. Le STT permet également de manipuler des parois de domaines magnétiques et des skyrmions avec des courants électriques, ce qui est très prometteur pour les dispositifs de stockage ultra-denses tels que les « racetrack memory »[8, 9]. Dans un « racetrack memory », les données sont stockées sous la forme de domaines ferromagnétiques séparés par des parois de domaine comme illustré sur la figure 2. L'écriture ou la lecture de l'information peut être effectuée par une jonction tunnel localisée le long du nanofil magnetique. Dans ce concept, la vitesse d'écriture et de lecture sont significativement supérieurs aux STT-MRAM car tous les bits sont déplacés en même temps de manière synchrone par un courant.

Chapitre 2 :Chapitre 3 :Chapitre 4 :

 234 Méthodes.Dans ce chapitre, les différentes techniques utilisées dans cette thèse seront présentées, en particulier la pulvérisation cathodique et les techniques de caractérisation des propriétés magnétiques Films minces magnétiques avec couches d'oxydes.Pour optimiser l'effet du champ électrique, différentes couches d'oxyde ont été déposées sur des films minces de CoFeB/MgO. L'influence de la couche d'oxyde sur l'anisotropie magnétique de la couche mince de CoFeB pour différentes conditions de recuit sera présentée. L'étude de la constante diélectrique et du courant de fuite seront également présentés en particulier pour des structures à base de CoFeB /MgO et CoFeB / MgO / HfO2. Influence des sites de piégeage sur le mouvement de parois de domaines magnétiques.

Chapitre 5 :

 5 Contrôle de la dynamique de parois de domaine par un champ électrique au travers d'un liquide ionique.Dans ce chapitre, la modulation de l'anisotropie magnétique par un champ électrique au travers d'un liquide ionique (IL) sera présentée. Les effets du champ électrique seront étudiés dans des structures de CoFeB / MgO / IL, CoFeB / MgO / HfO2 / IL et Pt / Co / IL. L'effet du champ électrique sur l'anisotropie magnétique et la dynamique des parois de domaine sera présenté.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  The value of ζ depends on the interface's dimension d which can move in n transverse directions.

n = 1 gives ζ = 3/2, n = 2 gives ζ = 3/5. From eq. 1.17, we can obtain a scaling law u(L) ∼ u c (L c ) ζ . For weak disorder the energy is expected to scale in the same way as the elastic energy. The sum of the elastic energy and disorder energy for a 1-D interface scales as:

Table 1 .

 1 1: The comparison of E-eld eect on magnetic anisotropy in various devices based on CoFeB lms. Vm. The modication of magnetic anisotropy by ion migration can be CONTROL OF MAGNETISM IN THIN FILMS Figure 1.12: Compositions and applications of the ionic liquid. R represents a

	Device structure	Eciency (fJ/Vm)	Modiable range (µJ/m	2 )	Year
	Co40Fe40B20 (1.33 nm)/MgO (2 nm)/Al2O3 (59 nm) [53]	33	23		2010
	Co40Fe40B20 (1.3 nm)/MgO (1.4 nm) [73]		50	70		2011
	Co20Fe60B20 (0.9nm)/MgO (1.4 nm) [74]		33	30		2012
	Co20Fe60B20 (1.5 nm)/MgO (1.5 nm) [59]		31	32		2014
	Co20Fe60B20 (1.4 nm)/MgO (2 nm)/Al2O3 (5 nm) [57]		60	18		2014
	Co20Fe60B20 (0.9 nm)/MgO (2 nm)/Al2O3 (59 nm)[75]		54	11		2016
	Co20Fe60B20 (1.5 nm)/MgO (1.5 nm)/Ta/HfO2(50 nm) [76]	33	19		2017
	Co60Fe20B20 (0.7 nm)/GdOx (4 nm) [77]			>200		2017
	Co20Fe60B20 (1 nm)/MgO (2 nm)/ionic liquid		80	30		2016
	Co20Fe60B20 (1 nm)/MgO (2 nm)/HfO2 (1 nm)/ionic liquid	82	108		2017
	One major challenge for voltage controlled magneto-ionics is the modication speed
	and reversibility of magnetic properties in such devices. Gilbert et al. [72] have
	studied the structural and magnetic depth proles of Pt/Co/GdOx magneto-ionic
	heterostructures. Polarized neutron reectometry depth proles show that the elec-
	tric eld drives oxygen deep into the Co lm for more than 10 nm. After reversing
	the polarity of the applied electric eld, the magnetization only recovers to 92%
	of the original value. Meanwhile, X-ray spectroscopy conrms changes in the Co
	oxidation state, but not in the Gd, suggesting that the GdOx transmits oxygen but
	does not source or sink it. Through these results, a possible mechanism of the volt-
	age controlled magneto-ionics is proposed as illustrated in Fig.1.11. Applied electric
	elds are thought to only drive o-stoichiometry oxygen ion defects bound to the
	surface of the nanocrystalline grains from GdOx to Co. Once oxygen defects react
	with Co applied electric elds can no longer move the oxygen back, thus permanently
	changing the magnetic properties of Co. It is worth mentioning that a combined
	application of heat and electric elds can accelerate the process and improve the
	reversibility of such voltage controlled magneto-ionic devices [69].	
	At last, the performance of E-eld eect on magnetic anisotropy in various de-
	vices based on CoFeB lms has been summarized in Tab. 1.1. Both the maximum
	modication range and the eciency (α) which is dened as:	
	α =	∆K s ∆E	,			(1.30)
	where E is the applied electric eld strength, are compared. The E-eld eect in the
	structure highlighted by a blue color is induced by ion migration, while the E-eld
	eect in other structures is induced by charge accumulation/depletion. It can be
	seen that the eciency in devices based on charge accumulation/depletion is around
	30 to 50 fJ/				

  .1: Coercive eld and anisotropy eld of CoFeB samples with dierent thicknesses and capping layers. AG represents as-grown and 290

				• C indicates the
	annealing temperature.				
	Compositon	H c (mT) AG 290 • C AG 290 • C H K (mT)
	CoFeB (0.8nm)/MgO (2nm)/Ta (5nm)	1	5.9	598	988
	CoFeB (0.8nm)/MgO (2nm)/HfO 2 (10nm)	1.6	4	656	862
	CoFeB (0.8nm)/MgO (2nm)/HfO 2 (30nm)	1.2	4.4	746	940
	CoFeB (0.8nm)/MgO (2nm)/Al 2 O 3 (10nm) 1.8	5.6	700	1082
	CoFeB (0.8nm)/MgO (2nm)/Al 2 O 3 (30nm) 1.3	4.6	662	1048
	CoFeB (1nm)/MgO (2nm)/Ta (5nm)	1	2.9	120	456
	CoFeB (1nm)/MgO (2nm)/HfO 2 (10nm)	1.1	2.7	218	490
	CoFeB (1nm)/MgO (2nm)/HfO 2 (30nm)	0.86	3.2	206	452
	CoFeB (1nm)/MgO (2nm)/Al 2 O 3 (10nm)	0.98	2.25	204	524
	CoFeB (1nm)/MgO (2nm)/Al 2 O 3 (30nm)	1.06	2.3	172	426

Table 3 .

 3 2: Dielectric constant and breakdown voltage of MgO/HfO 2 and MgO/Al 2 O 3 samples under dierent annealing conditions. C 250 • C 290 • C AG 200 • C 250 • C 290 • C

	3.2 DIELECTRIC PROPERTIES OF THE CAPPING LAYER	59
		Dielectric constant of the stack	Breakdown voltage (V)
	Dielectrics • MgO (2nm)+HfO 2 (10nm) AG 200 21.1 19.2	20.1	12.85	1.5	2.1	2.62	3.5
	MgO (2nm)+HfO 2 (30nm)	45	44.8	43.4	25	1.5	3.3	3.9	>5
	MgO (2nm)+Al 2 O 3 (10nm)	6			5.6	1.6			3.4
	MgO (2nm)+Al 2 O 3 (30nm)	6.5			5.8	1.7			3.4

  524 mT are found in 0.8 nm thick and 1 nm thick CoFeB lms capped with 10 nm Al 2 O 3 . H K can be varied up to 100 mT for 1 nm thick The breakdown voltage increases with annealing temperature, however, there is a large decrease in the dielectric constant after annealing at 290 • C. By decreasing the annealing temperature to 250 • C, the high dielectric constant can be preserved with an improved breakdown voltage.

	3.4 SUMMARY	67
	1082 mT and CoFeB samples and up to 220 mT for 0.8 nm thick CoFeB samples indicating
	a non-negligible eect of the capping layer on the surface magnetic anisotropy
	of thin lms.	
	The dielectric properties of the protecting layers have been studied. A high
	dielectric constant of 45 is obtained in MgO (2 nm)/HfO 2 (30 nm) structures.

After recording H K for months, it has been found that a MgO/IL structure can not preserve a high magnetic anisotropy state but is able to keep a relative stable value once a low anisotropy state is achieved. The MgO/ionic lm structure is found to be stable against degradation.

Stability of samples with a MgO (2 nm)/HfO 2 structure has been tested. M s of the sample covered with IL and the one not covered with IL have been recorded for one month. It is found that the changes observed are within 3% indicating a stable structure against air and IL.

  The modulation of magnetic anisotropy and DW dynamics in a CoFeB/MgO/HfO 2 /IL device by gate voltages has been demonstrated. The device is robust and chemically stable against ambient conditions as well as the IL (with/without voltage). The magnetic anisotropy can be tuned from OP to IP with a high eciency of 82 fJ/Vm where the total modication of PMA reaches 0.108 mJ/m 2 . Continuous magnetization switching by sending an AC gate voltage rather than an AC magnetic eld or current has been shown. Signicant voltage eects on DW velocity both in the creep and depining regimes have been observed and voltage assisted DW pining/depining has been realized in articial DW pinning potentials. The E-eld eect has been studied in a Pt/Co/HfO 2 /IL sample. A signicant and non-volatile E-eld induced modication of PMA could be observed. There are still several questions that remain open and novel discoveries to be made by implementing E-eld control of magnetic properties in heavy metals (HM, with strong spin-orbit coupling)/FM heterostructure magnetic thin lms. The study of E-eld control of spin-orbit torques and current induced DW motion could be of particular interest. It is well known that DWs can be driven by current induced spin-orbit torques [148151], originating from the Spin Hall eect (SHE)

	Ta/CoFeB/MgO/IL sample.
	PMA of the device evolves from a high PMA state to a low PMA state which
	can be linked to a potential increase in the oxygen content of MgO due to air
	exposure during fabrication and operation. In the high PMA state, domain
	wall velocities in the creep regime can be modulated by a factor of 4.2 and
	the coercive eld increases by a factor of 1.3 when going from -0.8 V to 0.8
	V. In the low PMA state, a large modulation of the anisotropy eld reaches
	80 mT per V/nm with a low leakage current. The applied E-elds are seen
	to signicantly inuence DWs' pinning, depinning and nucleation processes.
	The results presented here show that a solid/liquid device structure based on
	CoFeB/MgO thin lms can be an interesting approach to control magnetic
	properties with gate voltages below 1 V over large areas, allowing for potential
	parallel operation of pinning/nucleation units.

The E-eld eect has been studied in a Ta/CoFeB/MgO/HfO 2 /IL sample.

Table 1 Comparaison

 1 

des technologies de mémoires émergentes, soulignant l'intérêt des dispositifs STT-MRAM et EFE-MRAM.
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pixels from the time resolved Kerr images. The waiting time implies the strength of the pinning sites while numbers of the pixel with the same waiting time implies the amount of pinning sites with same pinning strength. It can be seen that most pixels have a waiting time less than 6 s in both non-irradiated and irradiated lms.

A large waiting time indicates a strong local pinning site. As it can be seen that the number of pixels with the waiting time larger than 7 s in the irradiated lms is at least 2 times higher than it in the non-irradiated lm which is in agreement with the previous estimation.

Pinning eect induced by edge roughness

The edge roughness by patterning a full lm into a wire can also induce pinning events. 

Summary

The eect of pinning sites induced by ion irradiation and edges have been studied in the CoFeB/MgO system. There is a large increase of pinning sites in the ion irradiated lm compared to the non-irradiated lm. In the lm samples, the increased pinning density seems to have a larger impact with respect to the magnetic anisotropy reduction resulting in a reduced DW velocity in the creep regime. In the wire samples, a strong pinning eect from edges is observed where DWs distort into rigid curved structures in order to propagate along the wire, in clear contrast to the dynamics in the full lm. The presented results suggest that ion irradiation can be a powerful technique for anisotropy tuning as well as for DW motion control in CoFeB systems. The observation of DW dynamics in wires also shows the crucial role of edge defects in DW motion, which is of particular importance in view of miniaturization of DW based devices.

Conclusions and perspectives

This thesis focused on controlling magnetic anisotropy and domain wall dynamics in magnetic thin lms. Thin CoFeB/MgO lms with dierent capping layers were deposited to nd suitable materials to fabricate a high performing E-eld eect device.

The E-eld eect was studied in a Ta/CoFeB/MgO stack, a Ta/CoFeB/MgO/HfO 2 stack and a Pt/Co/HfO 2 stack assisted by ionic liquid gating. Large E-eld eects on magnetic anisotropy were obtained and E-eld eect on domain wall propagation, pining and depining were observed. The major conclusions of this thesis are listed below.

Magnetic and dielectric properties of CoFeB/MgO/(Ta, HfO 2 and Al 2 O 3 ) have been studied.

All studied samples show PMA with dierent values of H K . In as grown lms, samples with Ta as protecting layer show the lowest H K . Highest H K is found when capping with 30 nm HfO 2 in 0.8nm (746 mT) and 1nm (218 mT) thick CoFeB lms. After annealing at 290 • C, there is a general increase of H K . The largest H K of 1082 mT and 524 mT are found for 10 nm Al 2 O 3 in 0.8 nm CoFeB samples and 1 nm CoFeB samples, respectively. H K can be varied up to 100 mT for 1 nm thick CoFeB samples and up to 220 mT for 0.8 nm thick CoFeB samples indicating a non-negligible eect of the capping layer on the surface magnetic anisotropy of thin lms.

A high dielectric constant of 45 is obtained in a MgO (2 nm)/HfO 2 (30 nm) structure. The breakdown voltage increases with annealing temperature, however, there is a large decrease in the dielectric constant after annealing at 290 • C. By decreasing the annealing temperature to 250 • C, the high dielectric constant can be preserved with an improved breakdown voltage.

Aging eect on H K and -K 2 /K 1 of samples with dierent capping layers has been studied. H K is not necessarily decreasing, but inhomogeneities in the incorporated through geometric patterning. The E-eld eect provides a simple way to program not only point pining sites, but also pining lines which can be dicult to obtain in natural pinning potentials and can provide full control and tunability by magnetic anisotropy manipulation. Hence, investigating edge pinning/depinning by E-elds could lead to interesting results with relevance for both the fundamental behavior of DW and for the design of novel and high performing DW devices for applications. Large E-field effects can be observed in these structures using oinic liquid. Meanwhile, the CoFeB/MgO/HfO2/ionic-liquid shows a higher stability against enviroment and voltage which allows for an out of plane to in plane magnetic easy axis switching. In addition, the electric field effect in Pt/Co/ionic-liquid has also been studied where a large non-volatile effect was observed A large and non-volatile effect can be observed. Significant voltage effects on DW velocity both in the creep and depining regimes have been observed and voltage assisted DW pining and depining has been realized in artificial DW pinning potentials.

Appendices