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Introduction

Digital data storage traditionally relies on magnetic hard-disk drives (HDD) or electronic flash memory (e.g. solid-state drives) to accommodate the vast quantities of data being produced world-wide 1 . One principle goal of further developments of these technologies is an increase in areal storage density, which thus far has been achieved by reducing the component size down to the nanoscale. However, the technologies suffer fundamental and technological bottlenecks, such as scaling limits, that have led to a plateau in storage density. A promising path to overcome these issues is by means of nanoscale spintronics devices. As the name suggests, spintronics is the field of research which on top of making use of an electron's electric properties also exploits it's spin in order to obtain an additional degree of freedom in possible devices [1]. Besides the rather obvious drive towards size reduction, the nanoscale is particularly pertinent to this subject because it also covers characteristic lengths of magnetism, such as e.g. sizes of magnetic domain walls. The discovery of the giant magnetoresistance (GMR) effect [START_REF] Grünberg | Layered magnetic structures: Evidence for antiferromagnetic coupling of fe layers across cr interlayers[END_REF][START_REF] Baibich | Giant magnetoresistance of (001)fe/(001)cr magnetic superlattices[END_REF] in 1986 that birthed spintronics was quickly followed by the discovery of multiple other phenomena with which significant progress has been made towards fast, low-power, magnetic memory applications. One of these key phenomena was the ability of a spin-polarised current to drive magnetisation [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF][START_REF] Berger | Emission of spin waves by a magnetic multilayer traversed by a current[END_REF], which unlocked the ability to rather easily use an electric current to interact with the system. This has since also allowed the study of many more fundamental concepts of condensed matter physics, such as the motion of magnetic domain walls [START_REF] Beach | Current-induced domain wall motion[END_REF] and the spin-Hall effect [START_REF] Hirsch | Spin hall effect[END_REF].

A pioneering proposal for a non-volatile magnetic memory device, called racetrack memory, was made by Parkin et al. in 2004 [8, 9]. Information (bits) would be encoded in the form of magnetic domains separated by domain walls in nanowires and could be moved using an electric current (Figure 1). The wires would be vertically arranged in a large, interconnected array, acting as a three-dimensional system with impressive storage density. For the sake of simplicity of fabrication and monitoring, initial attempts to create the building blocks for racetrack memory investigated domain wall motion in flat, two-dimensional nanostrips [START_REF] Beach | Dynamics of field-driven domainwall propagation in ferromagnetic nanowires[END_REF], patterned onto substrates using well-developed lithography techniques. While important results have been obtained about e.g. types of wall structures and current-induced spin-transfer torque (STT), these magnetically soft nanostrips are fundamentally flawed for their use in racetrack memory. Domain walls become dynamically unstable above a given threshold of field or current (the so-called Walker breakdown limit [START_REF] Schryer | The motion of 180°domain walls in uniform dc magnetic fields[END_REF]), undergoing periodic transformations of their magnetic structure, associated with a drastic drop in mobility [START_REF] Hayashi | Direct observation of the coherent precession of magnetic domain walls propagating along permalloy nanowires[END_REF]. Several ways are being investigated to overcome this limitation through the engineering of microscopic properties. Two major routes are the use of the Dzyaloshinskii-Moriya interaction in order to stabilise the walls [START_REF] Thiaville | Dynamics of Dzyaloshinskii domain walls in ultrathin magnetic films[END_REF], or of natural or synthetic ferrimagnets with vanishing magnetization to decrease the angular momentum in order to increase spin-transfer torque efficiency and boost the precessional frequency [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF].

An alternative approach towards the realisation of racetrack memory is three-dimensional cylindrical nanowires, which are most commonly fabricated by electrodeposition into a nanoporous membrane [START_REF] Piraux | Magnetic nanowires[END_REF]. Despite providing the only viable route to produce a dense array of very long one-dimensional conduits (Figure 1), as in the proposal by Parkin et al. [START_REF] Stuart | Magnetic domain-wall racetrack memory[END_REF], there exists only a limited number of experimental reports about such systems. This is rather surprising, as theory and simulations have predicted fascinating physics within 

Micromagnetism, domain walls and nanowires 1.1 Magnetism in nanosized systems

In order to explain the magnetisation dynamics that were explored in this work, a reasonable understanding of magnetisation is required first. While any sophisticated explanation of the fundamentals of magnetism requires an in-depth discussion of the quantum nature of atoms, this chapter attempts to rely on a classical mechanics approach where ever possible. A more detailed description can be found in the references [START_REF] Blundell | Magnetism in condensed matter[END_REF] and [START_REF] Coey | Magnetism and magnetic materials[END_REF]. We first consider a single magnetic dipole moment, which is classically described as a vector quantity for a loop of current I enclosing a surface S.

µ µ µ = IS (1.1)
The vector S is normal to the surface with a direction related to the direction of current by the right hand rule. By this definition, any closed loop of current can be seen equally as a magnetic dipole moment. It follows then, that electrons spinning in a loop or even electrons spinning about their own axis, such as in a crude picture of an atom, produce a magnetic dipole moment. In a material, one then considers not simply individual magnetic dipole moments, which can vary from one atom to another, but rather the magnetisation M of the material, normally in units of A/m.

M = N µ µ µ (1.2)
where N is the number of molecules per volume and µ µ µ is the average dipole moment of all of these molecules. The magnetisation of a material is therefore intrinsically related to the dipole moment of the constituent atoms, and their alignment with respect to each other. Several different types of magnetic material exist, each being defined by the alignment of their magnetic dipole moments. This work, however, studies ferromagnetic materials such as cobalt, iron and nickel, for which atoms have a strong magnetic dipole moment due to a large number of unpaired electron spins in the 3d energy band. Ferromagnetism arises because of a strong exchange interaction favouring parallel alignment between the dipole moments of neighbouring atoms, resulting in large values of spontaneous magnetisation M s , given in the equation

m = M M s (1.3)
where m is the unit vector of magnetisation. The most common ferromagnetic materials are iron, cobalt and nickel, with a spontaneous magnetisation at room temperature of M s = 1.73, 1.42 and 0.49 MA/m, respectively [START_REF] Aharoni | Introduction to the Theory of Ferromagnetism[END_REF]. A study of magnetisation dynamics must therefore consider the behaviour of all magnetic dipole moments in the studied volume. The latter is most easily understood by analysing the magnetic energies at play.

where A is the magnetic exchange stiffness constant, in units J/m. It commonly takes the value of 2.1, 3.3 and 0.8 × 10 -11 J/m for Fe [START_REF] Layadi | FMR in evaporated single and multilayer thin fe films[END_REF][START_REF] Wilts | Spin wave measurements of exchange constant in ni-fe alloy films[END_REF], Co [START_REF] Michels | Measuring the exchange-stiffness constant of nanocrystalline solids by elastic small-angle neutron scattering[END_REF][START_REF] Moreno | Temperature-dependent exchange stiffness and domain wall width in co[END_REF][START_REF] Li | Magnetic and microwave properties of cobalt nanoplatelets[END_REF] and Ni [START_REF] Michels | Measuring the exchange-stiffness constant of nanocrystalline solids by elastic small-angle neutron scattering[END_REF][START_REF] Talagala | Determination of magnetic exchange stiffness and surface anisotropy constants in epitaxial Ni 1-x Co x (001) films[END_REF], respectively. As can be deduced from the del operator in (1.6), this energy is reduced when magnetisation is parallel throughout the volume. Since exchange relates to neighbouring spins, it is a rather short ranged interaction.

Magnetocrystalline anisotropy energy

A third magnetic energy arises in solids, with molecular arrangements or crystal structures. Most such materials have axes or crystal planes along which this magnetocrystalline anisotropy energy density E mc , is reduced if magnetisation lies along them (Figure 1.1c) [START_REF] Coey | Magnetism and magnetic materials[END_REF]. These so-called easy axes (or planes) are contrasted by hard axes (or planes) associated with a gain in E mc , and all are the result of atomic scale interactions, such as spin-orbit and crystal field effects [START_REF] Hubert | Magnetic domains. The analysis of magnetic microstructures[END_REF]. Exact expressions for E mc are rather complex to calculate, since they rely on multiple order terms for all possible geometries, such as all three axes in cubic crystals. However, they are all functions of the type

E mc = K f (θ , ϕ) (1.7)
where K is a constant and θ and ϕ are angles defining the direction of magnetisation. We can simplify the situation by writing solely the second order term for a uniaxial anisotropy energy density, which remains a good approximation for many systems.

E mc = K u sin 2 θ (1.8)
where θ is the angle between m and the easy axis and K u is the uniaxial magnetocrystalline anisotropy constant in units of kJ/m 3 . While this does not provide a means of calculating easy and hard directions based on knowledge of the crystal structure, it allows gaining an idea about the impact of magnetocrystalline anisotropy in a material. Further, materials with low magnetocrystalline anisotropy are referred to as magnetically soft (in contrast with hard) since there are no apparent easy axes. This is the case for Fe and Ni (with K of 48 and -5.4 kJ/m 3 , respectively), however, not for Co for which K u = 530 kJ/m 3 and is therefore considered a harder material [START_REF] Coey | Magnetism and magnetic materials[END_REF]. Finally, since magnetocrystalline anisotropy arises from interactions with the atomic lattice, values for K u vary with temperature and depend on the crystal structure. Certain materials and especially alloys thus exhibit changes of the value of the anisotropy 'constant' at phase transitions [START_REF] Piraux | Magnetic nanowires[END_REF].

Magnetostatic or dipolar energy

Magnetostatic or dipolar energy considers the effect of an internal dipolar magnetic field H d , arising from the summation of all long-range pair interactions between any given magnetic dipole and every other dipole in the system [START_REF] Blundell | Magnetism in condensed matter[END_REF][START_REF] Coey | Magnetism and magnetic materials[END_REF]. Each magnetic dipole creates its own surrounding dipolar field, which acts on all other dipole moments, and favours an antiparallel alignment to either side, or parallel alignment above and below. The dipolar energy is expressed as

E d = - µ 0 2 V M • H d dV (1.9)
where the integration is taken over the volume V of the material and the factor 1/2 ensures that no interaction between moments is counted twice. An analytical solution for E d therefore relies on knowledge of the dipolar field, which itself depends on interactions of each dipole moment with every other one in the whole volume. This makes finding such an exact solution one of the largest problems for micromagnetism with answers existing only for a limited number of simplified cases. Another approach to understand magnetostatic energy is to make an analogy with electrostatics, i.e. by using Gauss' law describing an electric field E around a point charge ρ e as ∇ ∇ ∇ • E = ρ e /ε 0 , where ε 0 is the permittivity of free space. Consider instead magnetic charges 2 , which are the source of H d . We may write a magnetic version of Gauss' law as

∇ ∇ ∇ • H d = -∇ ∇ ∇ • M (1.10)
which itself is derived from the equation for magnetic induction B = µ 0 (H d + M) and Maxwell's equation ∇ ∇ ∇ • B = 0. One can then introduce the concept of magnetic volume charges ρ m = -∇ ∇ ∇ • M and magnetic sur- face charges σ = M • n, where n is the outward-pointing vector normal to the surface. We then use the concept of a magnetic scalar potential φ d , which is defined as H d = -∇φ d , to calculate a different representation of the magnetostatic energy

E d = 1 2 µ 0 V ρ m φ d dV + ∂V σ φ d dS (1.11)
This representation is particularly interesting because it clearly reveals that the magnetostatic energy is reduced by eliminating both magnetic volume and surface charges. Magnetisation is therefore favoured to form regions aligned antiparallelly within the volume (Figure 1.1d) and also tends to lie along a surface (as opposed to being orthogonal to the surface). The latter brings about the concept of shape anisotropy, i.e. the existence of easy directions due to differences in magnetostatic energy along certain directions, which is the dominant anisotropy in the absence of magnetocrystalline anisotropy. Nonetheless calculating the magnetostatic energy and dipolar fields is no simple task, and as such, it is normal in more practical applications to consider demagnetising factors N i instead [START_REF] Stoner | The demagnetization factors for ellipsoids[END_REF]. These are a direct measure of a systems internal dipolar field, also known as the demagnetising field, along a given direction, i and depend on the objects shape. In simple systems such as spheres, ellipsoids, cylinders or slabs, one can make the reasonable approximation that the demagnetising field is constant, and thus N i can be evaluated along all three axes (i = x, y, z). The sum of all demagnetising factors equals 1, thus one finds N x = N y = N z = 1/3 in spheres where all three axes are equivalent. In an infinitely long cylinder, N z = 0 along the long axis and since both transverse directions are equivalent, N x = N y = 1/2. A system's dipolar energy scales with N i , thus one can see that shape anisotropy results in magnetisation being preferentially oriented along directions where N i is low or zero. Finally, dipolar energy also scales with K d which reads

K d = 1 2 µ 0 M 2 s (1.12)
and thus provides an materials-dependent indication of the strength of dipolar effects [START_REF] Coey | Magnetism and magnetic materials[END_REF]. Values of K d for Fe, Co and Ni are 1880, 1267, and 151 kJ/m 3 , respectively.

Magnetoelastic energy

Although the energies described above are the four most common, it helps to consider also magnetoelastic energy, which can come into play when a magnetic object is physically strained [START_REF] Kittel | On the gyromagnetic ratio and spectroscopic splitting factor of ferromagnetic substances[END_REF]. The impact of magnetoelastic energy is similar to that of magnetocrystalline anisotropy energy, typically providing preferential directions for the alignment of magnetisation depending on the objects deformation (Figure 1.1e). The primary effect is that of magnetostriction, which is a change in the material's shape as a result of a variation in magnetisation. Inverse magnetostriction is hence a change in magnetisation direction resulting from a deformation. This energy is quantified by a magnetostriction coefficient λ , which determines the change in length of the material (strain), as the average magnetisation of the material is increased from zero to M s . λ takes values of the order of tens of 10 -6 in common ferromagnetic materials. Magnetoelastic energy is critical in systems where synthesis methods induce significant strain and thereby also strong anisotropies.

Due to the similarity with magnetocrystalline anisotropy, these two energies are often considered together, with a global anisotropy energy density E a .

Characteristic quantities

As outlined above, the formation of a domain wall obeys a balance of dipolar, exchange and possibly magnetocrystalline anisotropy energy. In fact, due to this, there exists a reasonable approximation for the total domain wall energy. For one specific magnetisation profile (termed Bloch-profile [START_REF] Bloch | Zur theorie der austauschproblems und der remanenzerscheinung der feromagnetika[END_REF], see also Sec. 1.1.4) of a one-dimensional domain wall in infinite domains, dipolar energy is negligible and the wall energy depends on magnetocrystalline anisotropy and exchange energy and is simply 4 √ AK u . Similarly, the magnetic energies can be used to create expressions for other basic quantities, such as characteristic lengths ∆, describing the distance over which magnetisation can rotate. In an approach similar to the one for the expression for domain wall energy, one can define the domain wall width as π∆, though it is sometimes defined as simply ∆ in literature [START_REF] Jakubovics | Comments on the definition of ferromagnetic domain wall width[END_REF]. The characteristic lengths are therefore key in understanding basic properties of domain walls, however, these lengths depend on the material in question. If there is strong magnetocrystalline anisotropy, the characteristic length is governed by both this and exchange energy and is called anisotropy exchange length ∆ u , written as

∆ u = A K u (1.13)
In the absence of magnetocrystalline anisotropy, dipolar effects play a more significant role and a we consider instead a second characteristic length, the dipolar exchange length ∆ d , given as

∆ d = A K d = 2A µ 0 M 2 s (1.14)
∆ u is of the order of 1 nm in materials exhibiting large magnetocrystalline anisotropy such as permanent magnets 3 and ∆ d takes values of the order of 10 nm. Besides providing the domain wall width, these characteristic length scales are highly important because they allow for a direct comparison of different magnetic systems by means of dimensionless numbers and scaling laws. Finally, the small size of domain walls thus highlights the interest in studying domain wall dynamics in nanosized objects, such as nanowires.

A description of magnetisation dynamics

This far, we have discussed the key magnetic energies that play a role in (nanoscale) objects and how a balance of these allows understanding the magnetic textures that can exist therein. However, the picture is purely a static one and thus a description of the time evolution of magnetisation is required to better explain changes in magnetisation. Such a time evolution of magnetisation was for example introduced while discussing the Zeeman energy in Sec. 1.1.1, where we discovered that a magnetic dipole moment gradually aligns itself with an externally applied magnetic field. While this very simple description forms the basis of magnetisation dynamics, the following provides a more detailed picture.

We briefly return to the definition of a magnetic dipole moment as a loop of electric current [Eq. (1.2)]. This definition can also be written as µ µ µ = ge 2m e ℓ ℓ ℓ = γℓ ℓ ℓ (1. [START_REF] Piraux | Magnetic nanowires[END_REF] where e is the charge of an electron with mass m e and angular momentum ℓ ℓ ℓ [START_REF] Coey | Magnetism and magnetic materials[END_REF]. γ = ge/(2m e ) is the gyromagnetic ratio in units of rad • s -1 • T -1 and takes a negative value for electrons. g is the Landé factor, equal to 1 for orbital magnetic moments and 2 for spin magnetic moments. Having reduced the magnetic dipole moment to an angular momentum, we may now consider the time derivative of this angular momentum l ℓ ℓ = dℓ ℓ ℓ/dt, which from classical mechanics is simply equal to a torque Γ Γ Γ. For the situation where a magnetic field H a is applied to a magnetic dipole moment, we find that Γ Γ Γ = µ µ µ × µ 0 H a and thus μ µ µ = γ l ℓ ℓ = µ 0 γ µ µ µ × H a (1.16) CHAPTER 1. MICROMAGNETISM, DOMAIN WALLS AND NANOWIRES current, which has the ability to alter magnetisation as the conduction electrons themselves carry spin [START_REF] Stiles | Magnetization dynamics in confined magnetic structures[END_REF][START_REF] Ralph | Spin transfer torques[END_REF]. One of the most notable uses of electric current to interact with magnetisation was by Grünberg et al. [START_REF] Grünberg | Layered magnetic structures: Evidence for antiferromagnetic coupling of fe layers across cr interlayers[END_REF] and Fert et al. [START_REF] Baibich | Giant magnetoresistance of (001)fe/(001)cr magnetic superlattices[END_REF] who simultaneously discovered that the resistance of two ferromagnetic layers separated by a non-magnetic spacer layer is dramatically different depending on whether the magnetisation of the ferromagnetic layers is aligned parallel or antiparallel. This so-called giant magnetoresistance (GMR) effect birthed the concept of spintronics. Slonczewski [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF] and Berger [START_REF] Berger | Emission of spin waves by a magnetic multilayer traversed by a current[END_REF] then predicted that an electric current could be used not only to probe the resistance of such a GMR device, but also to re-align the magnetisation of the layers by making use of a spin-transfer torque (STT). The origin of this torque lies in the conservation of angular momentum between conduction and localised electron spins, as will be briefly explained in the following. In ferromagnetic materials, broadly speaking, it is the local d-band electrons that are responsible for magnetisation, however, they are exchange-coupled to the s-band conduction electrons. The conduction electrons travelling through the material become spin-polarised due to different scattering rates of spin-up and spin-down electrons. If these spin-polarised electrons now pass through a region with a different local spin direction (directly related to magnetisation), the conduction electron spin will gradually realign itself with the new local spin direction. Due to conservation of the angular momentum, the spins exert an equal but opposite force on the local spin itself, causing the latter to slightly change its direction. This therefore alters the magnetisation direction. The origin of this angular momentum transfer is explained in great detail by Ralph and Stiles [START_REF] Ralph | Spin transfer torques[END_REF].

If the local electron spin follow exactly the incoming conduction electron spins, the torque is considered to be adiabatic. In the case of a one-dimensional system, the time derivative of angular momentum l ℓ ℓ is equal to the variation in spin current density Q along the z-direction [START_REF] Boulle | Current-induced domain wall motion in nanoscale ferromagnetic elements[END_REF]:

l ℓ ℓ = ∂ Q ∂ z (1.19) 
We know from the earlier introduction of the Landau-Lifshitz-Gilbert equation that the time derivative of angular momentum is a torque. This means that with Eq. (1. [START_REF] Yan | Fast domain wall dynamics in magnetic nanotubes: Suppression of Walker breakdown and Cherenkov-like spin wave emission[END_REF] we have an expression for the STT which we must convert to being applied to magnetisation. Since we are in the adiabatic regime, the perfect alignment of conduction and local electron spins means that Q = -Qm, where Q = |Q|. Further, the spin current density is simply a function of a normal current density j and is written as Q = jPh/2e, with e the charge of the conduction electron and P the current's spin-polarisation ratio, respectively. The result of this is that Q is positive for a negative j, meaning that the spin current is antiparallel to the direction of current flow, but parallel to the direction of electron flow. P is a materials parameter usually determined experimentally by measurements of domain wall velocity and normally takes values in the range of 0.4 to 0.7 for ferromagnetic materials [START_REF] Lepadatu | Experimental determination of spin-transfer torque nonadiabaticity parameter and spin polarization in permalloy[END_REF][START_REF] Ueda | Temperature dependence of carrier spin polarization determined from current-induced domain wall motion in a co/ni nanowire[END_REF]. It is the relative amount of current that becomes spin polarised and has a critical impact on the amplitude of the torque. We can therefore rewrite Eq. (1.19) as

l ℓ ℓ = - jPh 2e ∂ m ∂ z (1.20)
which shows that the strength of the torque is directly proportional to the spatial variation in m. We return to our adjusted definition of the magnetic dipole moment as current loop [Eq. (1.15)] in order to convert the above torque to a time derivative of unit vector of magnetisation. This gives effectively a multiplication by γ/M s and thus the adiabatic STT exerted upon magnetisation by conduction electrons is

ṁ = - jgµ B P 2eM s ∂ m ∂ z = -(u • ∇) m (1.21)
with Landé factor g and Bohr magneton µ B . If this is now expanded into more dimensions, then the adiabatic STT term acting on magnetisation is written simply

ṁ = -(u • ∇) m (1.22)
where

vectu = jgµ B P/ (2eM s ) (1.23)
which has the same dimensions as a velocity. The result of a flow of current is therefore a transfer of angular momentum in the direction of electron flow, which results in a change in magnetisation. Much like in the original Landau-Lifshitz-Gilbert equation, this first term (sometimes also referred to as Slonczewski term) is not sufficient to explain the magnetisation dynamics when driven by an electric current. Experimental measurements of current-driven domain wall velocity found values far below those predicted using only the Slonczewski term [START_REF] Beach | Current-induced domain wall motion[END_REF][START_REF] Beach | Field-and current-driven domain wall dynamics: An experimental picture[END_REF]. The reason for this is assumed to be that there is always some degree of deviation from perfect adiabaticity (perfect alignment of conduction electron spin with localised electron spin), which gives rise to a second term, the non-adiabatic STT [START_REF] Ralph | Spin transfer torques[END_REF][START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF]. This is a torque with the form m × [(u • ∇) m] and has the same effect as the field-like term in the original Landau-Lifshitz-Gilbert equation, however, the sense of precession is opposed to that of the field-like term. All together this gives the modified Landau-Lifshitz-Gilbert equation [START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF]:

ṁ = -γ 0 m × H eff + αm × ṁ -(u • ∇) m + β m × [(u • ∇) m] (1.24)
β is the non-adiabaticity parameter, which takes values similar to that of the Gilbert damping coefficient, of the order of 10 -3 to 10 -1 . Determining accurate values of β is a great challenge for experimentalists, and there is little agreement over its origin [START_REF] Burrowes | Non-adiabatic spin-torques in narrow magnetic domain walls[END_REF]. A commonly referenced model by Zhang et al. [START_REF] Zhang | Mechanisms of spin-polarized current-driven magnetization switching[END_REF] and later revised by Thiaville et al. [START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF] states that β depends on λ J and λ sf which are the s-d interaction length and the spin diffusion length, respectively. The model shows that

β = λ 2 J λ 2 sf (1.25)
which gives β = 0.04 for Permalloy (Py) [START_REF] Lepadatu | Experimental determination of spin-transfer torque nonadiabaticity parameter and spin polarization in permalloy[END_REF][START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF] or β = 0.01 for pure cobalt. Generally, β is expected to be lower in pure metals than alloys, because λ sf can be larger [55]. Another approach is given by the model of Claudio-Gonzalez et al. who predict that β is related also to the magnetisation that the spin-current passes through [58]. In their model, an effective β * is increased in regions of a strong gradient of magnetisation, thus leading to a stronger non-adiabatic spin-transfer torque. Eq. (1.24) in principle allows for a complete description of magnetisation dynamics in every system, provided that all input parameters are well known. Other torque terms are occasionally included, for systems that include e.g. spin-orbit torques [START_REF] Martinez | The influence of the spinorbit torques on the current-driven domain wall motion[END_REF][START_REF] Martinez | Current-driven domain wall motion along high perpendicular anisotropy multilayers: The role of the rashba field, the spin hall effect, and the dzyaloshinskii-moriya interaction[END_REF] or Dzyaloshinskii-Moriya interactions [START_REF] Thiaville | Dynamics of Dzyaloshinskii domain walls in ultrathin magnetic films[END_REF][START_REF] Boulle | Domain wall tilting in the presence of the dzyaloshinskii-moriya interaction in out-of-plane magnetized magnetic nanotracks[END_REF]. We will henceforth use this version to both predict and understand magnetisation dynamics when a system is subjected to either an externally applied magnetic field, or an electric current.

Domain walls in flat nanostrips

We now turn to nanoscale objects, where magnetisation is of particular interest due to the effects of spatial constrictions.

One of the most commonly investigated type of nanoscale object are flat, two-dimensional, nanostrips, where the thickness (y-direction) ≪ width (x-direction). These are patterned on flat substrates by lithography techniques and can be made of essentially any magnetic material. The flexibility in thickness, width, length, and composition have made nanostrips a perfect candidate to investigate nanomagnetism and fascinating results have been achieved [START_REF] Mihai Miron | Current-driven spin torque induced by the rashba effect in a ferromagnetic metal layer[END_REF][START_REF] Juge | Current-driven skyrmion dynamics and drive-dependent skyrmion hall effect in an ultrathin film[END_REF]. The usually high aspect ratio of nanostrip cross-sections provides a strong shape anisotropy which, in soft-magnetic materials, favours in-plane magnetisation. If the strips additionally have a length (z-direction) ≫ width, magnetic domains have a magnetisation that tends to lie along the length [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF]. On the other hand, domains with an out-of-plane magnetisation can exist in materials in which a strong magnetocrystalline anisotropy overcomes the shape anisotropy.

Domain walls in cylindrical nanowires

The strong shape anisotropy that favours a domain alignment along the length (z-direction) of the sample remains if we no longer consider a flat strip, but instead a cross-section where thickness ≈ width [START_REF] Aharoni | Introduction to the Theory of Ferromagnetism[END_REF]. However, such a geometry gives rise to rather different domain walls. The following will describe the case for three-dimensional, cylindrical nanowires made of soft-magnetic material, yet the situation is largely similar for nanowires with a square cross-section [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF].

The first wall found in a nanowire shares many features with both the TDW and the VDW in nanostrips, and is thus termed transverse-vortex domain wall (TVW) (Figure 1.7a) [START_REF] Nielsch | Switching behavior of single nanowires inside dense nickel nanowire arrays[END_REF][START_REF] Forster | Micromagnetic simulation of domain wall motion in magnetic nano-wires[END_REF][START_REF] Forster | Domain wall motion in nanowires using moving grids[END_REF]. Magnetisation at the wall center is indeed transverse to the wire long axis and a triangular shape of the wall is again observed. Further, a vortex and antivortex are located on the wire surface, perpendicular to and to either side of the transverse component [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Staňo | Magnetic nanowires and nanotubes[END_REF]. As with the TDW in strips, the TVW gives rise to a magnetic stray field.

The second wall respects perfectly the rotational invariance and circular boundary conditions and exhibits azimuthal curling of magnetic moments in a plane perpendicular to the wire long axis [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Forster | Micromagnetic simulation of domain wall motion in magnetic nano-wires[END_REF][START_REF] Forster | Domain wall motion in nanowires using moving grids[END_REF][START_REF] Staňo | Magnetic nanowires and nanotubes[END_REF][START_REF] Hertel | Computational micromagnetism of magnetization processes in nickel nanowires[END_REF]. This Bloch-point domain wall (BPW) (Figure 1.7b) is is at first glance similar to the VDW in nanostrips, however, a distinction must be quickly made: due to the rotational invariance and symmetry about the wire long axis, magnetisation must fall to zero at the wall center. This location is a magnetic singularity, or Bloch point, and was already predicted in the 1960's [START_REF] Döring | Point singularities in micromagnetism[END_REF][START_REF] Feldtkeller | Mikromagnetisch stetige und unstetige magnetisirungsverteilungen[END_REF]. The BPW is unique to nanowires and gives rise to the fascinating domain wall dynamics in wires which will be covered in Sec. 1.1.6. On the other hand, the Bloch-point singularity, with m = 0, highlights the limits of the conventional micromagnetism and creates significant challenges for simulations (see Sec. 2.6) [START_REF] Staňo | Magnetic nanowires and nanotubes[END_REF][START_REF] Lebecki | Key role of temperature in ferromagnetic bloch point simulations[END_REF][START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF]. The azimuthal curling of the BPW is, in fact, not perfectly cylindrical because a small radial component is induced by the positive/negative magnetic charge of the wall itself [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF]. For the case of a head-to-head (tail-to-tail) wall, the positive (negative) magnetic charge tilts the azimuthal magnetisation more out of (into) the wire. In the schematic of a cross-section of a BPW in Figure 1.7c,d, the magnetisation in blue is tilted away from the Bloch point in a head-to-head wall in 1.7c and more towards the Bloch point in a tail-to-tail wall in 1.7d. Further, the azimuthal curling gives rise to a cost in exchange energy, but allows flux closure to reduce the stray field. Similar to the case of nanostrips, this competition in energies leads to a diameter-dependent preferential stability of the BPW and the TVW [START_REF] Jamet | Magnetic Nano-and Microwires: Design, synthesis, properties and applications, chapter Head-to-head domain walls in one-dimensional nanostructures: an extended phase diagram ranging from strips to cylindrical wires[END_REF]. For diameters < 7∆ d , the lower energy configuration is that of the TVW, which comes with a small cost in stray field energy but low exchange energy. Above this critical diameter, the BPW with slightly lower stray field is more energetically stable. That being said, both walls can exist in wires of all diameters.

Topology of domain walls

Topology is a mathematical concept used to classify geometrical shapes not by their initial appearance, but rather by their key differences. Shapes have an equivalent topology if one can be deformed into another without any cutting or glueing. A long rod is therefore topologically equivalent to a cube, and -to mention a commonly referenced joke -a coffee mug is a donut.

When applied to magnetic textures, such as domain walls, topology can be very helpful to distinguish between wall types [START_REF] Thiaville | Topology and magnetic domain walls[END_REF]. However, most of the domain wall types described previously share the same topology. For example, the TDW in a nanostrip can be deformed to produce a VDW and vice versa, which becomes perhaps more apparent when we consider that both walls share a transverse component at the wall core (along x or along y in the TDW and VDW, respectively). Similarly, expanding the thickness of the TDW in a strip essentially produces the TVW in a nanowire and thus these three walls are topologically equivalent [START_REF] Jamet | Magnetic Nano-and Microwires: Design, synthesis, properties and applications, chapter Head-to-head domain walls in one-dimensional nanostructures: an extended phase diagram ranging from strips to cylindrical wires[END_REF]. The qualitative explanation is supported by calculations of a skyrmion number for each domain wall (also referred to as topological charge) [START_REF] Whitehead | An expression of hopf's invariant as an integral[END_REF][START_REF] Braun | Topological effects in nanomagnetism: from superparamagnetism to chiral quantum solitons[END_REF]. The exact calculation is beyond the scope of this work, however, it suffices to say that these three walls have a skyrmion number equal to zero [START_REF] Tretiakov | Vortices in thin ferromagnetic films and the skyrmion number[END_REF]. A BPW, however, can never be deformed into another wall type without expelling the Bloch point from the nanowire and thus breaking the closed loop of azimuthal magnetisation. Its topology is different to any other domain wall type, with a skyrmion number equal to 1 (-1) for a head-to-head (tail-to-tail) wall [START_REF] Wartelle | Bloch-point-mediated topological transformations of magnetic domain walls in cylindrical nanowires[END_REF][START_REF] Tretiakov | Vortices in thin ferromagnetic films and the skyrmion number[END_REF],
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With H K = 2K/µ 0 M s the anisotropy field. Eq. (1.33) serves to show that the domain-wall width also evolves with time, and has a dynamic steady-state value equal to

∆ = A K u + K 0 sin 2 ψ = ∆ 0 1 + (K 0 /K u ) sin 2 ψ (1.34)
with ∆ 0 the static state domain wall width and equal to A/K u . By rearranging Eq. (1.31) and Eq. (1.32), we find that magnetisation of the wall precesses azimuthally at a rate equivalent to

ψ = α 1 + α 2 γ 0 H a α + β -α α u ∆ -γ 0 H K sin 2ψ 2 (1.35)
The domain wall velocity is

q = γ 0 ∆ H a α + β α u - ∆ α ψ (1.36)
As mentioned above, the sense of precession in the current-driven case is governed by a competition between non-adiabaticity and damping, and as shown in Eq. (1.35) is determined by βα. As a result, precession is in the same sense as for purely field-driven motion if β > α, and in the opposite sense if β < α. Finally, no current-driven precession occurs if β = α.

The above two equations provide the starting point to discuss multiple different regimes of motion for this one-dimensional domain wall. For the case of an absence of transverse anisotropy H K = 0 and we find

ψ = α 1 + α 2 γ 0 H a α + β -α α u ∆ 0 (1.37) q = α 1 + α 2 γ 0 ∆ 0 H a + 1 + αβ 1 + α 2 u (1.38)
Since α < β ≪ 1 in common ferromagnetic materials [START_REF] Grollier | Magnetic domain wall motion by spin transfer[END_REF], field-driven domain wall velocities are proportional to αH a , and current-driven velocities to u. In the case of Py with M s = 0.8 MA/m, P = 0.4 [START_REF] Lepadatu | Experimental determination of spin-transfer torque nonadiabaticity parameter and spin polarization in permalloy[END_REF][START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF][START_REF] Grollier | Magnetic domain wall motion by spin transfer[END_REF] and an applied current density of j = 10 12 A/m 2 , this results in a domain wall velocity q = u ≈ 14 m/s (from Eq. (1.23)).

On the other hand, we see from Eq. (1.35) that if there is some transverse anisotropy (i.e. H K = 0), two solutions exist depending on the amplitude of applied field and current with respect to a critical value [START_REF] Mougin | Domain wall mobility, stability and walker breakdown in magnetic nanowires[END_REF] given by

|H a | = H W = αH K /2 (1.39) |(β -α)(u/γ 0 ∆)| = u W = αH K /2 (1.40)
H W is referred to as the Walker breakdown field [START_REF] Schryer | The motion of 180°domain walls in uniform dc magnetic fields[END_REF], because it marks a limit above which domain wall motion proceeds with much reduced mobilityi.e. velocity per unit driving force -due to the constant precession of the domain wall core [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Beach | Field-and current-driven domain wall dynamics: An experimental picture[END_REF][START_REF] Thiaville | Domain wall motion by spin-polarized current: a micromagnetic study[END_REF]. Similarly, a Walker breakdown current is given as u W , which marks the same limit for the current driven case. For driving forces below H W or u W , the wall moves in a steady-state regime because the sample anisotropy prevents precession of the domain wall core. Here ψ = 0 and the domain wall width is fixed at its equilibrium value from Eq. (1.34). Due to this condition we find that the domain wall velocity is equal to

q = γ 0 ∆ H a α + β α u (1.41)
mal energy, which causes a rise in temperature. The thermal energy supplied by this Joule heating scales with j 2 t, with j the current density and t the time, and induces temperature increases of the order of tens of K/ns for ferromagnetic materials subjected to current densities ∼ 10 12 A/m 2 commonly used in experiments [START_REF] Fangohr | Joule heating in nanowires[END_REF][START_REF] Cormier | Effect of electrical current pulses on domain walls in pt/co/pt nanotracks with out-ofplane anisotropy: Spin transfer torque versus joule heating[END_REF][START_REF] Thiaville | Nanomagnetism and Spintronics, chapter Micromagnetic simulation of domain wall dynamics in nanostrips[END_REF]. This would quickly destroy most samples, but in reality the heating is counteracted by more or less efficient heat loss mechanisms, such as conduction. Still, a sample's temperature increases in most current-driven experiments and since most material's parameters, such as M s or resistivity ρ, are temperature dependent, one should expect an impact on magnetisation dynamics. The most significant effect is that an increase in temperature will result in an increased resistance [START_REF] Counil | Temperature dependences of the resistivity and the ferromagnetic resonance linewidth in permalloy thin films[END_REF] and thus reduced current density (for constant applied voltage) and will hence reduce domain wall velocity. Yet, the STT efficiency [∼ u/ j; Eq. (1.22)] should remain unchanged, because it scales with P/M s , and both P, the current's degree of spinpolarisation [53, 106], and M s [107] decrease with temperature. Similarly, the temperature dependence of α is expected to be negligible [START_REF] Bhagat | Temperature variation of ferromagnetic relaxation in the 3d transition metals[END_REF][START_REF] Counil | Temperature dependences of the resistivity and the ferromagnetic resonance linewidth in permalloy thin films[END_REF][START_REF] Zhao | Experimental investigation of temperature-dependent gilbert damping in permalloy thin films[END_REF][START_REF] Cochran | Temperature dependence of the landau-lifshitz damping parameter for iron[END_REF], but β may increase with temperature due to a decreasing spin flip length λ sf [see Eq. (1.25)] [START_REF] Laufenberg | Temperature dependence of the spin torque effect in current-induced domain wall motion[END_REF]. A complete picture of the influence of temperature on domain wall dynamics is therefore complex, even for the simplest systems, and work is ongoing to fully understand the different impacts. Further, any flow of current results in the appearance of an orthoradial magnetic field, namely the OErsted field, with a clockwise sense of circulation with respect to the direction of current flow. In thin, single-layer nanostrips the effect of the OErsted field is mostly negligible due to the flat cross section and their comparably large (internal) demagnetising fields that act to compensate the OErsted field [START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF][START_REF] Thiaville | Nanomagnetism and Spintronics, chapter Micromagnetic simulation of domain wall dynamics in nanostrips[END_REF]. In cylindrical nanowires however, the circular cross section gives rise to an OErsted field that reads

H OE = jr 2 (1.42)
at distance r from the nanowire axis. As an example, for a nanowire with radius R = 50 nm and j = 10 12 A/m 2 this translates to 31 mT at the nanowire surface, which is a significant value compared to common applied fields, e.g. for domain wall motion [START_REF] Da Col | Nucleation, imaging, and motion of magnetic domain walls in cylindrical nanowires[END_REF]. The impact of the OErsted field on magnetisation in nanowires is poorly explored, with only one simulation-based work reporting a negligible impact on wires with square cross-sections and edge lengths of 48 nm [START_REF] David Aurelio | The role of the oersted field on the current-driven domain wall dynamics along wires with square cross section[END_REF]. However, simulations of nanotubes filled with a currentcarrying core indicate that the OErsted field induces an azimuthal curling of magnetisation in longitudinal domains and thus reduces the coercivity (to zero for complete azimuthal curling) [START_REF] Otalora | Oersted field assisted magnetization reversal in cylindrical core-shell nanostructures[END_REF]. A qualitatively similar case are multi-layer nanostrips such as asymmetric spin-valve stacks [START_REF] Uhlir | Direct observation of oerstedfield-induced magnetization dynamics in magnetic nanostripes[END_REF][START_REF] Jang | Formation and structure of 360 and 540 degree domain walls in thin magnetic stripes[END_REF][START_REF] Heinen | Current-induced domain wall motion in co/pt nanowires: Separating spin torque and oersted-field effects[END_REF], which may be considered as the unrolled surface of a cylindrical nanowire. In these, the current-carrying layer induces an OErsted field on the other layer(s), i.e. equivalent to an azimuthal OErsted field in a nanowire. The OErsted field induces a tilt of magnetisation from along the strip length towards the transverse direction [START_REF] Uhlir | Direct observation of oerstedfield-induced magnetization dynamics in magnetic nanostripes[END_REF] and further stabilises TDWs [START_REF] Uhlir | Direct observation of oerstedfield-induced magnetization dynamics in magnetic nanostripes[END_REF][START_REF] Jang | Formation and structure of 360 and 540 degree domain walls in thin magnetic stripes[END_REF], which have a core parallel to the OErsted field. However, in such strips, there is no component of the OErsted field that is along the strip length, and as such the OErsted field does not drive domain wall motion [START_REF] Heinen | Current-induced domain wall motion in co/pt nanowires: Separating spin torque and oersted-field effects[END_REF]. Considering that it is perfectly azimuthal, one therefore should expect that it affects only the wall's precession ψ, but not any forward motion q.

Domain wall dynamics in flat nanostrips

Although the one-dimensional model described above is only an approximation, it can be used to explain dynamics of real domain walls. In soft-magnetic nanostrips, for example, the VDW and TDW driven by either low-amplitude field or current exhibit this regime of below-Walker, steady-state motion with high mobility. For an applied field, or current with α < β , the direction of precession is clockwise with the direction of motion, causing the domain wall core to cant out of the strip plane. Oscillations are prevented by the strip anisotropy, i.e. the out-of-plane demagnetising field arising from and opposing the canting [START_REF] Yang | Magnetic domain-wall velocity oscillations in permalloy nanowires[END_REF], and thus the wall has a steady-state angle ψ. The wall's forward motion is driven by the torques arising from the damping of the externally applied field

[αm × ṁ] or the adiabatic STT [-(u • ∇) m],
as well an externally applied field (Figure 1.15d) [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Hertel | Ultrafast domain wall dynamics in magnetic nanotubes and nanowires[END_REF] or spin-polarised current (1.15e) [START_REF] Wieser | Current-driven domain wall motion in cylindrical nanowires[END_REF]. However, if the precession reinforces the tilt and the driving force is larger than a critical value, the intrinsic circulation of the BPW switches its circulation to recover the faster sense of circulation, i.e. with precession opposing the radial tilt (Figure 1.15c). This is similar to a once-only Walker breakdown event and has again been predicted for both field-and current-driven motion. Simulations of this fast and stable BPW motion have shown that velocities over 1000 m/s are possible, however, that the mobility is greatly reduced once the so-called magnonic regime is reached (Figure 1.15f) [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Hertel | Ultrafast domain wall dynamics in magnetic nanotubes and nanowires[END_REF][START_REF] Wieser | Current-driven domain wall motion in cylindrical nanowires[END_REF]. Any further driving force is expected to lead to the emission of coherent spin waves (magnons), because the precession of the wall is strong enough to excite monochromatic spin waves that move away from the wall [START_REF] Hertel | Ultrafast domain wall dynamics in magnetic nanotubes and nanowires[END_REF]. The high velocity is required, since this can only occur once the domain wall is travelling with a velocity greater than or equal to the phase velocity of spin waves. The fast domain wall causes a build up of spin waves in front and behind of the wall such as shown in Figure 1.15g, with each group being defined by a very specific frequency which further depends on the amplitude of the driving force. This effect has also been referred to as the spin-Cherenkov effect [START_REF] Yan | Spin-cherenkov effect and magnonic mach cones[END_REF], due to its similarity with the latter and has been proposed as a suitable means of producing spin waves with a well-defined frequency. Finally, for even higher velocities (i.e. driving forces of the order of 200 mT) the BPW becomes distorted and leaves behind a trail of pairs Bloch points in the form of magnetic droplets [START_REF] Hertel | Magnetic drops in a soft-magnetic cylinder[END_REF]. It is expected that this occurs because the mobility of the BPW is not homogeneous across the radius: the Bloch point on the wire axis is moved mostly by exchange interactions, while the outer radius of the wall is moved by torques from the driving force. Thus, when the velocity of the wall is large enough, the Bloch point lags behind the wall at the outer perimeter of the wire. It periodically catches up with the rest of the wall by nucleating a pair of Bloch points which stay in the wire until they annihilate. However, since the Bloch point is ill-defined in micromagnetism, these simulated effects may also be related to pinning on the simulation mesh.

Synthesis and materials

Having now introduced the nanostructures which this thesis investigates, we turn to their synthesis. The fabrication of nanoscale objects is a field of research in itself, with a plethora of possible techniques to create almost any desired object and shape. One of the nanostructures that is simplest to create are metallic thin films with nanoscale thicknesses, which can be produced e.g. by physical vapour deposition allowing for exact control over the deposit thickness. More intricate planar designs can be fabricated by chemical or physical etching of the film in desired regions. Further, flat nanostrips, such as discussed previously, are most commonly produced using a photo-or electron-lithography step before the metal deposition. A lithographically patterned shape is removed from a layer of photoresist and prevents the adhesion of metal on the surface outside of this design. While this technique is widely developed and produces nanostrips of high quality material, it is limited in principle by the fact that a) the shape has dimensions of length < width ≪ deposit thickness and b) the shape must be uniform along the thickness. Due to this, these thin film techniques are not appropriate to fabricate three-dimensional nanostructures. Instead, techniques with a greater localisation of the metal deposition are required. This can be achieved for example by focussed electron-beam-induced deposition (FEBID), which is similar to three-dimensional printing. The movable focussed electron beam dissociates molecules from a flow of precursor gas, leading to very localised depositions of the desired material, which can be used to create complex three-dimensional nanostructures [START_REF] Skoric | Layer-by-layer growth of complex-shaped three-dimensional nanostructures with focused electron beams[END_REF]. The main downside to this technique are the potentially large fraction of carbon inclusion (up to 50 %) in the material [START_REF] Staňo | Magnetic nanowires and nanotubes[END_REF][START_REF] Fernandez-Pacheco | Three dimensional magnetic nanowires grown by focused electron-beam induced deposition[END_REF] and the duration of depositions for a large number of samples [START_REF] Skoric | Layer-by-layer growth of complex-shaped three-dimensional nanostructures with focused electron beams[END_REF]. Another physical deposition technique exists for the specific case of nanowires, for which pulsed laser deposition (PLD) of Co-doped CeSO 2 has shown to spontaneously form low-diameter (3 -7 nm) Co nanowires in a CeO 2 matrix [START_REF] Vidal | Nanowires formation and the origin of ferromagnetism in a diluted magnetic oxide[END_REF]. A different approach to fabricating three-dimensional nanostructures in general is by chemical growth, whereby localised chemical reactions allow for a bottom-up growth of certain structures, such as nanoparticles [START_REF] Hyeon | Chemical synthesis of magnetic nanoparticles[END_REF]. Finally, structures such as nanowires lend themselves to be grown by electrochemical methods inside of nanoporous templates [START_REF] Fert | Magnetic nanowires[END_REF]. The templates feature long cylindrical pores, thereby constricting the metal deposition to fill the same shape. Such techniques are fast, versatile and importantly also produce a dense ordered array of vertical conduits, such as required to realise the racetrack memory concept proposed by Parkin et al. [START_REF] Stuart | Magnetic domain-wall racetrack memory[END_REF].

Nanoporous templates

The most common nanoporous templates are made of anodised aluminium oxide (AAO) or polycarbonate. The latter is produced by ion bombardment of a polycarbonate sheet, leaving behind vertical pores [START_REF] Apel | Track etching technique in membrane technology[END_REF]. The former is produced by the anodisation of aluminium in an acidic electrolyte, which leads to the formation of a layer of aluminium oxide with vertically arranged pores [START_REF] Losic | Nanoporous Alumina[END_REF]. This work focusses on AAO templates, because this results in nanowires with low surface roughness, as a result of the smooth amorphous aluminium oxide. Polycarbonate templates on the other hand display a roughness intrinsically linked with the molecular size of the underlying polymers [START_REF] Cornelius | Nanopores in track-etched polymer membranes characterized by small-angle x-ray scattering[END_REF][START_REF] Biziere | Imaging the fine structure of a magnetic domain wall in a ni nanocylinder[END_REF].

When aluminium is exposed to oxygen it instantaneously forms a nanometric passivation layer of aluminium oxide due to an energetically favourable transfer of electrons from Al to O. The growth of this layer essentially stops when it becomes limited by the rate of diffusion through the oxide layer. However, the process may be driven by applying an electric potential, thus favouring the transfer of ions/electrons. This so called anodisation of aluminium takes place in an electrolyte bath and is a common industrial process to improve the corrosion resistance of aluminium. The following half-reactions occur if the electrolyte has a pH < 7.

Anode :

Al → Al 3+ + 3e - (1.43) 
Cathode :

H + + e -→ 1 2 H 2 (1.44) 
The electric field between the anode and the cathode drives the migration of Al 3+ ions through the oxide layer and towards the oxide/electrolyte surface [START_REF] Thompson | Anodic oxidation of aluminium[END_REF], where they may react with oxygen in the aqueous electrolyte solution. Oxygen is first released by splitting water molecules,

H 2 O → 2H + + O 2- (1.45)
and then reacts with the aluminium ions

2Al 3+ + 3O 2-→ Al 2 O 3 (1.46)
As this electric-field-driven oxidation proceeds, it soon becomes limited again by the thickness of the oxide layer, which develops a significant electrical resistance thereby reducing the electric field strength and inhibiting the migration of aluminium ions. Growth essentially stops when the thickness of this so called barrier layer is of the order of tens of nanometers [START_REF] Thompson | Anodic oxidation of aluminium[END_REF].

If the aqueous electrolyte solution is an acid, the oxide layer growth can continue due to the acid simultaneously dissolving the oxide and therefore reducing the electrical resistance of the layer [START_REF] O'sullivan | The morphology and mechanism of formation of porous anodic films on aluminium[END_REF]. Due to the good corrosion resistance of such oxide layers, the anodisation of aluminium was already employed at an industrial scale in the early 20 th century, using first chromic acid, and later also sulphuric and oxalic acid. The dissolution of the oxide by the acid is as follows

Al 2 O 3 → 2Al 3+ + 3H 2 O (1.47)
This reaction is enhanced in regions where the oxide layer is thinnest, as this is the region where the electric field is strongest [START_REF] Oh | The role of electric field in pore formation during aluminum anodization[END_REF], which promotes the formation of pores in the aluminium oxide. The anodisation of aluminium in an acid electrolyte thus readily forms vertical pores as required for an AAO template. It must be noted that there is always a barrier layer that separates the pores from the aluminium metal.

Since the location of the formation of pores is related to the initial topography of the oxide layer, this does not explain the formation of an ordered array of pores. The exact driving force for the latter is still unclear, however, the most accepted mechanism is based on mechanical stress, due to changes in volume that occurs when aluminium transforms into aluminium oxide. The latter may occupy a volume that is 80 to 160 % of the volume of the original aluminium layer, depending on the applied potential difference and type of acid electrolyte [START_REF] Jessensky | Self-organized formation of hexagonal pore arrays in anodic alumina[END_REF]). A volume expansion at the bottom of the pore leads to plastic deformation of the surrounding oxide layer which causes a repulsive force between neighbouring pores. Ordered pore formation with a hexagonal-close packed structure occurs if the mechanical stress is within an appropriate range [START_REF] Jessensky | Self-organized formation of hexagonal pore arrays in anodic alumina[END_REF]. This depends primarily on the applied voltage and changes depending on which acid electrolyte is used. If this voltage is well controlled, then ordered pore growth occurs, with well-defined pore diameters and uniform interpore distances. There are typically two voltage regimes that allow fabricating an ordered AAO template. First, a mild anodisation regime, characterised by lower applied voltages of the order of tens of volts, slower growth rates, and smaller pore diameters and interpore distances. Second, a hard anodisation regime, characterised by larger applied voltages, significantly faster growth rates, and larger pore diameters and interpore distances [START_REF] Lee | Fast fabrication of long-range ordered porous alumina membranes by hard anodization[END_REF]. Since the anodisation of aluminium is an established process, the parameters required to grow ordered pores are well known [START_REF] Col | Parois magnétiques dans les nanofils cylindriques[END_REF]. An overview of anodisation parameters of some commonly used acid electrolytes and the resulting pore diameters and interpore distances is seen in Table 1.1. An additional key parameter to describe AAO is the template porosity p, which describes the fraction of empty pores relative to the whole surface. Due to the hexagonal-close packing arrangement of the pores, it is given as

p = π 2 √ 3 d D int 2 (1.48)
with d the pore diameter and D int the interpore distance. In the usual anodisation conditions, p takes values of about 0.1 (see Table 1.1). Still, this self-ordering is only achieved after a significant amount of time (around 24 h), resulting in an anodised layer with a disordered top surface, and increasing order towards the barrier layer. Due to this, a two-step process (shown schematically in Figure 1.16a-d) has been developed to fabricate ordered AAO [START_REF] Masuda | Ordered metal nanohole arrays made by a two-step replication of honeycomb structures of anodic alumina[END_REF][START_REF] Masuda | Highly ordered nanochannel-array architecture in anodic alumina[END_REF]. A first anodisation of 24 h creates an ordered array of pores just above the barrier layer (1.16a-b). The entire oxide layer is subsequently etched to reveal an aluminium surface that is indented with a hexagonally close-packed order (1.16c), providing the starting point for a second anodisation step. The latter then grows an AAO with a fully ordered array of nanopores from top to bottom (1.16d).

Since ordered AAO should serve as a template for the growth of cylindrical nanowires, it is important that the length and diameter of the pores can be controlled or modified. While the length of the pores is determined by the anodisation time, the pore diameter of the as-anodised membranes depends primarily on the type of acid employed. It can, however, be enlarged by wet etching in e.g. orthophosphoric acid, or reduced through the addition of a homogeneous layer of aluminium oxide by e.g. atomic layer deposition (ALD) [START_REF] Elam | Conformal coating on ultrahighaspect-ratio nanopores of anodic alumina by atomic layer deposition[END_REF]. Finally, a key step in the preparation of AAO as a template for nanowire growth is the removal of the barrier layer, first by wet etching of the remaining aluminium support (Figure 1.16e) and then by wet etching or by reactive ion etching of the bottom barrier layer (Figure 1.16f) to provide access to the pores on both sides of the template. This side is then covered in metal (e.g. Au by evaporation such as shown in Figure 1.16g), entirely closing all pores, in order to serve as electrode during the electrodeposition.

Electrodeposition of metal

Similar to the anodisation of aluminium, the electrochemical deposition (or electroplating) of metals is a process that is well-established in today's industry. In a very simple picture, a potential difference is applied between a positive inert metal electrode (anode) and the negative electrode (cathode). This drives metal ions in an aqueous electrolyte to be deposited as metal on the cathode. The process is especially interesting for the fabrication of nanostructures, because it allows for a highly localised deposition of metal atoms depending [START_REF] Lee | Fast fabrication of long-range ordered porous alumina membranes by hard anodization[END_REF][START_REF] Nielsch | Selfordering regimes of porous alumina: The 10 porosity rule[END_REF][START_REF] Li | Hexagonal pore arrays with a 50-420 nm interpore distance formed by self-organization in anodic alumina[END_REF].

on the path of the electric current. In the case of e.g. an ordered AAO template with a metallic cathode situated on one side of the nanopores (Au metal in Figure 1.16g), the flow of current is constricted through the pores and therefore restricts the metal deposition to within these (Figure 1.16h). Other structures may of course be fabricated, provided that an appropriate template can be produced (depositions may be inside of templates, or alternatively onto electrically conducting scaffolds) [START_REF] May | Realisation of a frustrated 3d magnetic nanowire lattice[END_REF].

In general, electrodeposition follows the principles of RedOx (reduction/oxidation) chemistry [START_REF] Schlesinger | Modern electroplating[END_REF]. Metal ions in an aqueous solution are reduced to form metal atoms, according to

M n+ (aq) + ne -→ M (s) (1.49) 
More generally, this is written as a reversible RedOx reaction with a reduced form Red and an oxidised form Ox of a species.

pOx n+ + ne -⇋ qRed (1.50)
This reaction is associated with a standard RedOx potential U 0 Ox/Red , which itself is defined with respect to the RedOx reaction of hydrogen, 2H + + 2e -⇋ H 2 (g) (1.51) for which the standard RedOx potential U 0 H + /H 2 is defined as zero by convention. In order to drive either the forward or backward reaction in Eq. (1.50), accurate control over the applied potential difference is necessary. The required potentials can be calculated by using the Nernst equation, which relates the RedOx potential U ⇋ Ox/Red of the experiment to the standard RedOx potential and other experimental parameters.

U ⇋ Ox/Red = U 0 Ox/Red + RT nF ln a p Ox a q Red (1.52)
R is the gas constant, T the temperature, n the transferred number of electrons, F the Faraday number and a i the chemical activity of species i. Finally, this may be re-written to the more specific case of Eq. (1.49) to read

U ⇋ M n+ /M = U 0 M n+ /M + RT nF ln M n+ (1.53)
where [M n+ ] is the concentration of metal ions in the aqueous solution. The deposition of metal on the cathode thus occurs if the applied potential difference U a is below that of the equilibrium potential. The difference between the two potentials is referred to as overpotential η = U a -U ⇋ M n+ /M and is a key experimental parameter governing metal deposition and also accounts for energy that must be provided to the system to overcome hindrances to the charge transfer reaction [144]. The overpotential, ion concentration and temperature therefore determine the rate of metal deposition, and control over these parameters is key in any synthesis. Further, these parameters may be tuned to influence the deposit microstructure (see end of Sec. 1.2.2). Due to this, electrodepositions typically rely on a three-electrode set-up to precisely control the voltage applied to the cell. Deposition occurs on the working electrode (cathode), and current flows in the solution between this and an inert counter electrode (anode, typically Pt). A reference electrode allows measuring the potential of the working electrode without the influence of the counter electrode, i.e. a measurement of only the reduction half-reaction potential. Using this reference measurement as feedback allows applying very accurate potential differences between the anode and cathode.

However, not all of the applied potential difference drives metal deposition. Most electrolytes are acidic, and thus feature a high concentration of H + ions which can also be reduced according to

2H + + 2e -→ H 2 (g) (1.54)
Considering that the standard RedOx potential of the hydrogen electrode is zero, we can write the Nernst equation in (1.52) for the case of hydrogen as

U ⇋ H + /H 2 = RT F ln H + = -2.303 RT F pH (1.55)
Therefore, if the parasitic hydrogen reduction also occurs at the cathode, the experiments RedOx potential in Eq. (1.52) is corrected by the addition of the right hand side term of Eq. (1.55). The pH of the electrolyte therefore directly impacts the rate of deposition of metal, because a lower pH results in a stronger evolution of H 2 . However, this also increases locally the pH of the electrolyte.

Codeposition of alloys

The half-reactions of every element have very specific values of U 0 Ox/Red , thus a co-deposition of multiple elements in the same electrochemical cell seems improbable at first. For example, the standard redox potentials for Fe 2+ /Fe, Co 2+ /Co and Ni 2+ /Ni are -0.44 V, -0.28 V and -0.25 V, respectively [START_REF] Schlesinger | Modern electroplating[END_REF]. However, alloys can be deposited from an electrolyte containing both metal ions with a careful control over the ion concentrations and applied voltage. Assuming that there is an equal and fixed concentration of each ion type, the rate of deposition (and thus composition of the deposited layer) is then related purely to the applied voltage [START_REF] Schlesinger | Modern electroplating[END_REF]. Inversely, if the voltage is fixed, the layer composition is related to the concentration and therefore also to the diffusion of each species close to the cathode. When the differences between the standard RedOx potentials are very large, additives may be used to form complex ions which can shift the experimental RedOx potential to more desirable values.

Key parameters of deposition

As already indicated in the above discussion, many parameters affect the properties of the electrochemically deposited metal and as such, it is difficult to precisely determine the influence of each. The applied voltage drives the rate of deposition but also affects properties such as grain size and mechanical strength and can favour the parasitic evolution of hydrogen. Increases in current density (due to increases in applied voltage) can lead to an increase in crystal grain nucleation rate and therefore a reduced grain size [START_REF] Budevski | Electrocrystallization[END_REF][START_REF] Rashidi | The effect of current density on the grain size of electrodeposited nanocrystalline nickel coatings[END_REF][START_REF] Li | Effects of peak current density on the mechanical properties of nanocrystalline ni-co alloys produced by pulse electrodeposition[END_REF] and as such influence the material's mechanical hardness [START_REF] Ibañez | Mechanical and structural properties of electrodeposited copper and their relation with the electrodeposition parameters[END_REF]. However, this is not reproduced in all experiments [START_REF] Ebrahimi | Mechanical properties of nanocrystalline nickel produced by electrodeposition[END_REF][START_REF] Ebrahimi | The effect of current density on properties of electrodeposited nanocrystalline nickel[END_REF]. Since the applied voltage or current density are critical, electrodepositions are carried out either in potentiostatic mode (voltage controlled) or in a galvanostatic mode (current controlled). The former gives better control over composition and microstructure, the latter allows for a better growth rate control and does not require a reference electrode set-up, but does require precise knowledge of the deposit surface area [START_REF] Staňo | Magnetic nanowires and nanotubes[END_REF]. The cell temperature also influences the deposition potential, and can thereby affect the composition of the deposited material [START_REF] Ma | Electrodeposition of nanocrystalline nickel-cobalt binary alloy coatings: a review[END_REF]. The pH of the electrolyte bath directly influences the rate of hydrogen evolution, but can also influence the microstructure of the deposit, either by influencing the grain size [START_REF] Ebrahimi | Mechanical properties of nanocrystalline nickel produced by electrodeposition[END_REF][START_REF] Riemer | Influence of solution ph and concentration of saccharin on electrodeposition and properties of 2.4 t cofe alloys[END_REF][START_REF] Alper | Comparison of nicu alloy films electrodeposited at low and high ph levels[END_REF][START_REF] Natter | Nanocrystalline copper by pulsed electrodeposition: The effects of organic additives, bath temperature, and ph[END_REF] or the crystal structure [START_REF] Darques | Controlled changes in the microstructure and magnetic anisotropy in arrays of electrodeposited co nanowires induced by the solution pH[END_REF]. A more detailed discussion about the influence of pH on electrodeposited material is provided in Chap. 3. Electrodeposition made by applying a direct current becomes limited by the diffusion of ions towards the cathode when strong overpotentials are applied. Deposits are thus occasionally made by using a pulsed current, providing another handle on properties such as grain size by affecting the grain nucleation/growth rate [START_REF] Natter | Nanocrystalline copper by pulsed electrodeposition: The effects of organic additives, bath temperature, and ph[END_REF][START_REF] El-Sherik | Synthesis of bulk nanocrystalline nickel by pulsed electrodeposition[END_REF]. The interpulse time allows for ions to diffuse towards the cathode and restore the equilibrium concentration, which is especially important to control the composition of alloys. This allows applying much larger overpotentials than in direct current mode, to favour grain nucleation and therefore small grain sizes. Finally, additives are often used to stabilise the deposition or control the deposit microstructure. pH buffers such as boric acid prevent local changes to pH after the evolution of hydrogen. Brighteners such as saccharine may adsorb on the cathode surface and favour grain nucleation and therefore reduce the grain size of the deposit [START_REF] Rashidi | The effect of saccharin addition and bath temperature on the grain size of nanocrystalline nickel coatings[END_REF][START_REF] Hassani | Improving the corrosion and tribocorrosion resistance of ni-co nanocrystalline coatings in NaOH solution[END_REF] and even reduce the internal stress [START_REF] Riemer | Influence of solution ph and concentration of saccharin on electrodeposition and properties of 2.4 t cofe alloys[END_REF]. The term brightener arises because such additives induce a characteristic shiny metallic appearance of the deposit (the reduced grain size leads to a smooth, well-reflecting surface).

Electrodeposition of nanowires

The fabrication of nanowires by electrodeposition into porous templates has been used for research purposes for several decades [START_REF] Martin | Nanomaterials: A membrane-based synthetic approach[END_REF]. A typical electrodeposition makes use of an electrochemical cell comprised of an inert Pt anode, a reference electrode, the electrolyte, and a template such as AAO sealed on one side by a highly conducting metal acting as cathode. The electrolyte is in contact with the cathode only via the pores of the template, and thus the electrochemical deposition causes the growth of nanowires within the cylindrical pores (see schematic in Figure 1.16h). Due to the versatility of the technique, a wide range of nanowires have been fabricated, with potential applications in medicine, optics and spintronics to name a few. An extensive list of different types of electrodeposited nanowires can be found in a review by [START_REF] Salerno | Fabrication of nanowires and nanotubes by anodic alumina templateassisted electrodeposition[END_REF]. Magnetic nanowires made of Fe, Co, Ni, and their alloys can be synthesised with relative ease, based on electrolytes composed of sulphide and chloride salts.

A final key step in the synthesis of nanowires is freeing nanowire samples from the AAO template. This is typically achieved by one-sided wet etching of the gold cathode, followed by dissolution of the AAO, for which both sodium hydroxide solution and orthophosphoric and chromic acid solution are commonly used [START_REF] Hu | Study on wet etching of aao template[END_REF]. Finally, nanowires suspended in solution are dispersed onto substrates by drop-casting.

Engineered nanowires

Finally, it is worth mentioning the diversity of structures that can be fabricated by similar pathways. Cylindrical nanowires provide the perfect platform to study the fundamental physics of three-dimensional nanomagnetism, however, other systems are better suited for applications. This section will briefly cover some of these three-dimensional (cylindrical) structures and their fabrication methods.

One main interest for devices is to carefully control the location of a domain wall along the wire. A common approach to achieve this is by creating modulations along the wire that effectively pin domain walls. Diameter modulations can be easily achieved by manipulating the porous membrane either by a) continuously adjusting the anodisation voltage to create short cavities along the pore length [START_REF] Luis | Quantitative nanoscale magnetic study of isolated diameter-modulated FeCoCu nanowires[END_REF][START_REF] Bran | Spin configuration of cylindrical bamboo-like magnetic nanowires[END_REF][START_REF] Berganza | Domain wall pinning in fecocu bamboo-like nanowires[END_REF] or b) through a multi-step anodisation and etching process to create longer segments of varying pore diameter [START_REF] Bochmann | Preparation and physical properties of soft magnetic nickel-cobalt nanowires with modulated diameters[END_REF]. The diameter modulations in the electrodeposited nanowires then interact with domain walls due to changes in the dipolar energy at the modulation or segment boundary, thereby effectively pinning domain walls [START_REF] Berganza | Domain wall pinning in fecocu bamboo-like nanowires[END_REF]. Similarly, chemical modulations can be introduced by carefully controlling the electrodepostion parameters during the growth. Nanowires with continuously alternating segments of different compositions have been achieved by either a) switching between electrolyte baths [START_REF] Méndez | Ni-co alloy and multisegmented ni/co nanowire arrays modulated in composition: Structural characterization and magnetic properties[END_REF][START_REF] Yurii | Modulated magnetic nanowires for controlling domain wall motion: Toward 3D magnetic memories[END_REF], or by b) altering the deposition potential to affect the deposition rate of each material [START_REF] Bochmann | Systematic tuning of segmented magnetic nanowires into threedimensional arrays of 'bits[END_REF][START_REF] Chen | Potential modulated multilayer deposition of multisegment cu/ni nanowires with tunable magnetic properties[END_REF]. The latter technique is preferred as it avoids the formation of a thin native oxide layer between segments and has been successfully employed to create a variety of nanowires, such as with compositions of Co x Ni y /Cu [START_REF] Bochmann | Systematic tuning of segmented magnetic nanowires into threedimensional arrays of 'bits[END_REF], Ni/Cu [START_REF] Chen | Potential modulated multilayer deposition of multisegment cu/ni nanowires with tunable magnetic properties[END_REF] or Ni/Au [START_REF] Bran | Co/Au multisegmented nanowires: a 3d array of magnetostatically coupled nanopillars[END_REF] [START_REF] Aharoni | Introduction to the Theory of Ferromagnetism[END_REF].

systems have also shown to reliably achieve domain wall pinning [START_REF] Yurii | Direct observation of current-induced motion of a 3d vortex domain wall in cylindrical nanowires[END_REF].

Another type of cylindrical nanostructure are nanotubes, for which the magnetisation dynamics are expected to be largely similar to nanowires [START_REF] Hertel | Ultrafast domain wall dynamics in magnetic nanotubes and nanowires[END_REF][START_REF] Staňo | Magnetic nanowires and nanotubes[END_REF]. However, these structures have the potential benefit that domain walls have a much lower magnetostatic energy (and hence stray field) due to the absence of a core. These hollow structures are commonly fabricated by electroless deposition into nanoporous templates, which has been successfully used to create e.g. CoNiB [START_REF] Staňo | Fluxclosure domains in high aspect ratio electroless-deposited CoNiB nanotubes[END_REF], FeNiB [START_REF] Richardson | Synthesis and characterization of Ni-Fe-B nanotubes[END_REF] tubes. Such tubes may also be fabricated as multilayer or as core-shell structures [START_REF] Chen | Synthesis and magnetic characterization of co-NiO-ni core-shell nanotube arrays[END_REF], with which other physical phenomena, such as spin-orbit-torque-driven or OErsted-field-driven domain wall motion may be conceivable [START_REF] Hurst | Theoretical study of current-induced domain wall motion in magnetic nanotubes with azimuthal domains[END_REF].

There exists thus a vast range of possibilities to engineer cylindrical nanostructures for both spintronics devices and more fundamental investigations of three-dimensional magnetism.

Materials

At this point it is helpful to recall that the aim of this work is to investigate domain wall dynamics and especially motion in cylindrical nanowires. The physics that we wish to study rely on the three-dimensional shape of wires as well as on the domain wall structures that arise from this specific shape. An ideal study would therefore have a material that can hold a domain wall, and other than from its shape anisotropy has no impact on magnetisation, thereby allowing to rather easily separate the physics of the domain wall dynamics. Based on this, magnetically soft materials are favourable candidates for studying dynamics, because solely shape anisotropy determines the direction of magnetisation. In principle, Ni is the softest ferromagnetic element (K = -5 kJ/m 3 ), however, its magnetocrystalline anisotropy can be reduced further by alloying. The perhaps most common alloy is Fe 19 Ni 81 , also referred to as Py [START_REF] Elmen | Magnetic alloys of iron, nickel, and cobalt[END_REF], for which this anisotropy completely vanishes [START_REF] Smith | Anisotropy in permalloy films[END_REF]. Py has the added benefit that magnetostriction is nearly zero and thus there are nearly no anisotropy contributions which may interfere with dynamics. A similar alloy series is Co x Ni 100-x , with x < 60, for which the otherwise magnetically hard Co substitutes into the face-centered cubic (fcc) Ni lattice. The series exhibits low anisotropy and low magnetostriction and both vanish for the Co 20 Ni 80 composition, making this another viable candidate for experiments. However, care must be taken with this alloy since a hexagonal-close packed (hcp) phase, with high magnetocrystalline anisotropy (K u = 410 kJ/m 3 ), forms above 60 % Co [START_REF] Vivas | Magnetic anisotropy in CoNi nanowire arrays: Analytical calculations and experiments[END_REF][START_REF] Qin | The effects of annealing on the structure and magnetic properties of coni patterned nanowire arrays[END_REF].

Regarding other energy contributions, Py and CoNi alloys with low Co content are quite similar, as shown in Table 1.2. The Fe content in Py leads to a higher spontaneous magnetisation M s and the large exchange stiffness constant A of Co leads to a high exchange in CoNi alloys. These differences are reflected in the dipolar exchange length of the sample.

When it comes to nanowires, the electrochemical depositon of FeNi and CoNi alloys must be considered. We have seen above that the standard redox potentials associated with Co and Ni are quite similar (-0.28 and -0.25 V, respectively), yet that of Fe is different (-0.44 V). The result is that a co-deposition of FeNi requires a fine control over the deposition parameters (especially ensuring a constant concentration of the electrolyte near the cathode) in order to produce a material with homogeneous composition. This is less critical for the CoNi alloys, for which the ions are deposited at rather similar rates. Due to this ease of fabrication, CoNi alloy nanowires have been preferentially studied [START_REF] Vega | Tuning the magnetic anisotropy of co-ni nanowires: comparison between single nanowires and nanowire arrays in hard-anodic aluminum oxide membranes[END_REF]. So far, the materials have been discussed as a homogeneous system, where the above parameters are constant everywhere. This assumes that the atomic arrangement (e.g. crystal lattice) is perfect throughout the material (a so called monocrystal), since any deviation may result in a local change in the magnetic energies. While a monocrystalline material may be synthesised for example by molecular-beam epitaxy, this is generally slow, costly and limited to two-dimensional thin films. Perfect homogeneity is thus a rare reality for a three-dimensional metal system, which normally exhibits many crystal grains and defects, even when the synthesis is well controlled. Conceptually similar to magnetic domains, crystal grains are volumes with a uniform crystal lattice, with neighbouring grains having differently oriented lattice planes. Grains are separated by grain boundaries which present a rupture in the atomic lattice and can contain a higher concentration of impurities. Defects describe a wide range of crystallographic issues that disrupt a perfect lattice of atoms, including e.g. dislocations and interstitial atoms. All together, these crystallographic variations locally affect the different magnetic energies and create an uneven energy landscape in the magnetic material. This is felt by e.g. a domain wall, which will preferentially sit in low energy positions -or pinning sites -along the wire length [START_REF] Becker | Elastische spannungen und magnetische eigenschaften[END_REF][START_REF] Kondorski | On the nature of coercive force and irreversible changes in magnetisation[END_REF][182]. Further, a wall requires a certain amplitude of driving force (applied field or current) to overcome energy barriers from local pinning sites and become depinned. Regarding the choice of material, it is thus important that the microstructure is well controlled during the synthesis process.

Finally, a key materials parameter for magnetisation dynamics is the Gilbert damping coefficient α. We have seen in Sec. 1.1.6 that the velocity of a BPW in a nanowire is predicted to scale with 1/α. Reaching the predicted ultra-fast domain wall velocities thus requires also a careful consideration of the damping constant, especially if the velocity should be achieved with low driving forces (applied field or current). Generally, soft-magnetic materials have α of the order of 10 -2 , however, values of the order of 10 -4 were measured by ferromagnetic resonance in Co 25 Fe 75 thin films [START_REF] Martin | Ultra-low magnetic damping of a metallic ferromagnet[END_REF]. This material therefore provides a very interesting candidate for fast domain wall motion, provided that other materials parameters (including importantly an increased M s which reduces STT, and the ill-determined value of β ) do not compensate the impact of a much lower α.

Experimental advances in nanowire physics

Experimental investigations of nanowires have been carried out for several decades, especially since these are some of the most simply synthesised three-dimensional nanostructures [START_REF] Fert | Magnetic nanowires[END_REF][START_REF] Whitney | Fabrication and magnetic properties of arrays of metallic nanowires[END_REF]. Most initial works studied arrays of wires still enclosed in their respective templates, in order to investigate basic magnetic behaviour such as coercivity, and dipolar interactions. Studies on individual nanowires are less common, due to the added complexity of isolating a single nanowire, however, pioneering experiments have recently confirmed some of the theoretical predictions, such as the existence of BPWs and TVWs. In the following, key results about nanowire physics are presented.

Nanowire arrays

Following the electrodeposition into nanoporous templates, the magnetic response of a nanowire array subjected to an externally applied field can be studied with relative ease using e.g. magnetometry. Although this allows measuring key quantities such as magnetic remanence and coercivity, properties of individual nanowires are hidden due to the complex interwire dipolar interactions. Nonetheless, a vast amount of studies has focussed on the switching behaviour of nanowire arrays, in order to understand reversal mechanisms and the impact of these dipolar interactions [START_REF] Nielsch | Switching behavior of single nanowires inside dense nickel nanowire arrays[END_REF][START_REF] Bochmann | Preparation and physical properties of soft magnetic nickel-cobalt nanowires with modulated diameters[END_REF][START_REF] Vidal | Nanowires formation and the origin of ferromagnetism in a diluted magnetic oxide[END_REF][START_REF] Vivas | Magnetic anisotropy in CoNi nanowire arrays: Analytical calculations and experiments[END_REF][START_REF] Whitney | Fabrication and magnetic properties of arrays of metallic nanowires[END_REF][START_REF] Sellmyer | Magnetism of fe, co and ni nanowires in self-assembled arrays[END_REF][START_REF] Qin | Differences in the magnetic properties of co, fe, and ni 250-300 nm wide nanowires electrodeposited in amorphous anodized alumina templates[END_REF][START_REF] Pitzschel | Magnetic reversal of cylindrical nickel nanowires with modulated diameters[END_REF][START_REF] Pereira | Tailoring the magnetic properties of ordered 50-nm-diameter CoNi nanowire arrays[END_REF][START_REF] Ferré | Magnetization processes in nickel and cobalt electrodeposited nanowires[END_REF][START_REF] Nielsch | Hexagonally ordered 100 nm period nickel nanowire arrays[END_REF][START_REF] Shaker | Magnetic properties of cylindrical diameter modulated Ni80Fe20 nanowires: interaction and coercive fields[END_REF][START_REF] Salem | Composition and diameter modulation of magnetic nanowire arrays fabricated by a novel approach[END_REF][START_REF] Guo | Ordered ni-cu nanowire array with enhanced coercivity[END_REF].

Example hysteresis loops measured using magnetometry on cobalt and nickel nanowire arrays are shown in Figure 1.17, with the magnetic field applied both parallel ( ) and perpendicular (⊥) to the nanowire long axis. Such measurements revealed that shape anisotropy dominates and the magnetic hard axis (high H c and low M r ) and easy axis (low H c and high M r ) are perpendicular and parallel to the wire long axis, respectively [START_REF] Nielsch | Switching behavior of single nanowires inside dense nickel nanowire arrays[END_REF][START_REF] Qin | Differences in the magnetic properties of co, fe, and ni 250-300 nm wide nanowires electrodeposited in amorphous anodized alumina templates[END_REF]. However, measurements on Co nanowires showed that the strong magnetocrystalline

Individual nanowire samples

From an experimental point of view, studies of individual nanowires are more complex than arrays. Individual wires must be isolated, normally by template dissolution and dispersion on substrates, and then subjected to externally applied magnetic fields or electric currents. One of the earliest studies on individual wires was made in 1996 by Wernsdorfer et al. [START_REF] Wernsdorfer | Nucleation of magnetization reversal in individual nanosized nickel wires[END_REF][START_REF] Wernsdorfer | Measurements of magnetization switching in individual nickel nanowires[END_REF], who used micro-superconducting quantum interference device (SQUID) magnetometry to study magnetisation reversal in Ni nanowires with diameters < 100 nm. In agreement with results on arrays, magnetisation lay preferentially along the nanowire long axis due to the strong shape anisotropy and multiple modes of magnetisation reversal were linked to the type of domain nucleation at the wire end. In some instances of magnetisation reversal, Wernsdorfer et al. [START_REF] Wernsdorfer | Measurements of magnetization switching in individual nickel nanowires[END_REF] recorded domain wall pinning and subsequent depinning at higher applied fields, however, details about the domain wall propagation itself could not be explored. First details on domain walls in individual nanowires were evidenced with measurements of magnetoresistance of electrically contacted nanowires dispersed on Si substrates [START_REF] Wegrowe | Arrays of ultrathin monocrystalline fe submicrometer-sized particles: Néel-brown relaxation and activation volume[END_REF][START_REF] Ebels | Spin accumulation and domain wall magnetoresistance in 35 nm co wires[END_REF]. In Co nanowires with diameters < 60 nm, Ebels et al. [START_REF] Ebels | Spin accumulation and domain wall magnetoresistance in 35 nm co wires[END_REF] and Vila et al. [START_REF] Vila | Multiprobe magnetoresistance measurements on isolated magnetic nanowires[END_REF] witnessed domain wall motion for externally applied fields larger than the local depinning field (50 -100 mT), although the latter was distributed across a range of values depending on the pinning site [START_REF] Radulescu | Magnetoresistance of a single domain wall in co and ni nanowires[END_REF]. Since these early studies, magnetic properties of individual nanowires have been characterised mostly using (focussed) magnetooptical Kerr effect (MOKE) magnetometry [START_REF] Bochmann | Systematic tuning of segmented magnetic nanowires into threedimensional arrays of 'bits[END_REF][START_REF] Pitzschel | Magnetic reversal of cylindrical nickel nanowires with modulated diameters[END_REF][START_REF] Bran | Direct observation of transverse and vortex metastable magnetic domains observed in cylindrical nanowires[END_REF], which has provided valuable insights about magnetisation switching, especially in modulated nanowires [START_REF] Pitzschel | Magnetic reversal of cylindrical nickel nanowires with modulated diameters[END_REF]. Transport measurements have been less common, due to the added difficulty of electrical contacting of individual nanowires [START_REF] Wegrowe | Arrays of ultrathin monocrystalline fe submicrometer-sized particles: Néel-brown relaxation and activation volume[END_REF][START_REF] Piraux | Perpendicular giant magnetoresistance in magnetic multilayered nanowires[END_REF][START_REF] Ohgai | CdTe semiconductor nanowires and NiFe ferro-magnetic metal nanowires electrodeposited into cylindrical nano-pores on the surface of anodized aluminum[END_REF][START_REF] Vila | Magnetic vortices in nanowires with transverse easy axis[END_REF][START_REF] Mohammed | Magnetotransport measurements of domain wall propagation in individual multisegmented cylindrical nanowires[END_REF]. Nevertheless, the latter has allowed measuring anisotropic magnetoresistance (AMR) [START_REF] Wegrowe | Arrays of ultrathin monocrystalline fe submicrometer-sized particles: Néel-brown relaxation and activation volume[END_REF][START_REF] Pignard | Study of the magnetization reversal in individual nickel nanowires[END_REF], GMR [START_REF] Piraux | Perpendicular giant magnetoresistance in magnetic multilayered nanowires[END_REF] and switching of sections of modulations [START_REF] Mohammed | Magnetotransport measurements of domain wall propagation in individual multisegmented cylindrical nanowires[END_REF].

Although magnetometry and transport measurements can provide interesting insights into nanowires, magnetic imaging provides a more appropriate technique to study domain walls, as they are very localised magnetic structures. The existence of a domain structure with domain walls inside of ferromagnetic nanowires was first observed using MFM [START_REF] Henry | Magnetic anisotropy and domain patterns in electrodeposited cobalt nanowires[END_REF][START_REF] Ebels | Spin accumulation and domain wall magnetoresistance in 35 nm co wires[END_REF][START_REF] Belliard | Observing magnetic nanowires by means of magnetic force microscopy[END_REF] and transmission electron microscopy (TEM) holography [START_REF] Beeli | Measurement of the remanent magnetization of single co/cu and ni nanowires by off-axis TEM electron holography[END_REF] again in Co wires. Since then, a significant amount of studies has investigated domain walls in nanowires, using primarily MFM to localise domain walls [START_REF] Da Col | Nucleation, imaging, and motion of magnetic domain walls in cylindrical nanowires[END_REF][START_REF] Mohammed | Magnetotransport measurements of domain wall propagation in individual multisegmented cylindrical nanowires[END_REF][START_REF] Berganza | Multisegmented nanowires: a step towards the control of the domain wall configuration[END_REF]. In particular, Da Col et al. [START_REF] Da Col | Nucleation, imaging, and motion of magnetic domain walls in cylindrical nanowires[END_REF] attempted to image TVWs and BPWs, however, noted that the resolution achievable with MFM was not sufficient to differentiate between the two and that more powerful imaging techniques were required (see below).

The large domain wall depinning fields measured in Co nanowires led to a shift of focus toward softmagnetic materials in order to study the domain wall dynamics predicted for TVWs and BPWs. Depinning fields over an order of magnitude lower than those reported for Co nanowires were found in 80 nm diameter Py nanowires [START_REF] Da Col | Nucleation, imaging, and motion of magnetic domain walls in cylindrical nanowires[END_REF] and 150 nm diameter Co 40 Ni 60 wires [START_REF] Wartelle | Bloch-point-mediated topological transformations of magnetic domain walls in cylindrical nanowires[END_REF]. These studies further discovered that although domain walls were pinned on extrinsic pinning sites, these were not related to the surface roughness and were therefore expected to be related to microstructural defects. However, a clear picture of domain wall pinning in cylindrical magnetic nanowires is missing.

Evidence of novel domain walls

Although the TVW and BPW were predicted in 2002 [START_REF] Forster | Micromagnetic simulation of domain wall motion in magnetic nano-wires[END_REF][START_REF] Forster | Domain wall motion in nanowires using moving grids[END_REF][START_REF] Hertel | Computational micromagnetism of magnetization processes in nickel nanowires[END_REF], their experimental confirmation is rather recent, because the small yet three-dimensional structure of magnetic domain walls in nanowires provides a challenge for many magnetic imaging techniques, which were all initially developed for two-dimensional objects. As shown above, the presence of a domain wall in a nanowire can be measured rather easily, with e.g. AMR measurements or MFM imaging, however, this does not provide enough information to distinguish the fine structure of a wall. Instead, high resolution magnetic microscopy techniques that can provide volume information are required.

The TVW was first evidenced in 85 nm diameter Ni nanowires in 2013 using electron holography with Chapter 2

Methods and instrumentation

Studying current-induced domain wall motion in cylindrical magnetic nanowires requires carefully combining a range of experimental techniques. First, nanowire samples must be fabricated, which critically involves the addition of electrical contacts onto individual nanowires. The recent experiments of Wartelle et al. highlight that simply imaging domain wall positions e.g. with MFM is insufficient when studying domain wall dynamics in nanowires, since possible domain wall transformations must be recorded. The fabricated samples must therefore be imaged with magnetic imaging techniques capable of resolving the domain wall structure within the nanowire, which limits the choice to either PEEM or STXM. Finally, imaging must also be combined with the application of high-frequency (HF) pulses of electric current to the contacted nanowire, in order to induce domain wall motion within the sample.

The following chapter provides a description of the methods and techniques used in this work. An emphasis has been lain where optimisation of a technique or process was achieved, or for techniques that are key for the understanding of the results presented later on. Beginning with sample fabrication, the electrodeposition of nanowires into porous membranes is explained, followed by the process for electrical contacting of individual nanowires. Then, important aspects of experiments using (HF) electronics are covered. Next, the various imaging and characterisation techniques employed herein are described in detail. Finally, the simulations that support this work are briefly discussed. All of the described processes and techniques were performed by the author, unless otherwise stated.

Synthesis

The basic principles of nanowire synthesis have already been outlined in Sec. 1.2. The following therefore now describes the methodology to reproduce nanowire samples such as the ones studied in this work. Porous templates of anodised aluminium oxide (AAO) with various pore diameters were fabricated by a two-step anodisation either with orthophosphoric or with oxalic acid electrolytes. This work focusses on CoNi alloy nanowires, with low Co content, in order to study domain wall motion in a system with relatively low domain wall pinning (Sec. 1.2.5). Further, samples of CoFe alloy, again with low Co content, were fabricated to measure domain wall velocities in a material with a very low Gilbert damping constant, α. Nanowires of Co x Ni 100-x or of Co x Fe 100-x were thus electrodeposited into the AAO templates. Deposition parameters were finely controlled to give wires with specific lengths and microstructures. The synthesis was carried out entirely in Erlangen, Germany, either by SEBASTIAN BOCHMANN or by the author.

Membranes

The starting point to make porous AAO templates was provided by 0.5 mm thick aluminium (99.99%) sheet, electropolished for 5 min using a pre-cooled perchloric acid in ethanol solution, with an applied voltage of 20 V. This produced near atomically flat surfaces as starting point for the anodisation which served to

Electrical contacting

The electrical contacting of nanowires using a multi-step photolithography process was an integral part of the work contained in this manuscript. The process was primarily developed by SYLVAIN MARTIN, with additional optimisations carried out during this work. Nanowires were dispersed on a specifically selected substrate, electrical contacts were patterned using laser lithography into an ultra-violet (UV) light resist and finally, metal was deposited by evaporation. Higher spatial resolution than achievable with laser lithography was not required, since the electric contact patterns featured smallest dimensions > 2 µm. In the following, the process is discussed for samples for MFM, PEEM and STXM experiments. We note that samples for PEEM and STXM experiments are constrained by multiple experiment-specific requirements, regarding in particular the substrate type as well as the number and location of contacted wires. Samples for MFM experiments are less constrained in this regard, and since samples from PEEM and STXM are fully compatible with MFM experiments, no MFM-specific samples were created in this work. Finally, although a few samples for TEM experiments were produced by AURÉLIEN MASSEBOEUF using an adapted version of this process, it will not be discussed here.

Substrates

The type of substrate (i.e. Si wafer) depended on the envisaged experiment, however, high resistivity and high thermal conductivity were desirable. The former ensured that no electric short circuits occurred through the substrate, bypassing the nanowire, while the latter allowed for heat dissipation from the nanowire to the substrate when the wire was ultimately heated by Joule heating. The two conditions are inherently inversely proportional, and thus here a high resistivity was preferred so that all current flowed through the nanowire. Further, each experiment had its own requirements concerning the appropriate substrate. For MFM experiments an insulating substrate such as pure SiO 2 was sufficient. For PEEM experiments the substrate had to be slightly conductive to allow surface charges to dissipate to reduce the chance of having an electric discharge. Finally, for STXM experiments, the substrate had to be a layer of X-ray transparent Si 3 N 4 above a support of Si or SiO 2 . STXM wafers are additionally processed to etch the back support material in well-defined regions to reveal only free-standing SiN membranes suspended in the support. The size of these so-called windows varies, but is normally of the order of 100×100 µm 2 . In this work, the wafers for PEEM experiments were doped-Si with a resistivity of 70 kΩm. The STXM wafers were a multilayer of 100 nm Si 3 N 4 on pure Si.

While home-made or commercially available wafers are typically 2 or 4 inches in diameter, most experiments can only handle far smaller sample sizes and wafers thus had to be cut into smaller sized chips. Due to size constraints of the sample holder, chips for PEEM were ≈10 × 10 mm 2 . Chips for STXM on the other hand required a 5 × 5 mm 2 chip size, with the aforementioned window in its center.

Alignment marks aided with locating individual nanowires once they have been dispersed. This was not necessary for chips for STXM where the window is sufficient as reference point, but had to be created on chips for PEEM. Such marks, of 20 nm thick Au metal, were created by standard photolithography techniques using a pre-designed mask. For this work, a new design was created (Figure 2.5), featuring a grid-like coordinate system with letters and numbers to mark rows and columns, respectively. Rows and columns were linked by multiple short lines or triangles to define a boundary around a square grid. Each grid was 500 µm long and contained unique symbols designed so that a grid coordinate (i.e. letter + number) could be found efficiently. No features were longer than ≈ 50 µm so that the chance of creating an unexpected short circuit between two electrical contacts due to an Au alignment mark was low.

Nanowire dispersion

Nanowires suspended in a solution of ethanol were then dispersed on such chips to achieve a homogeneous distribution of individual wires on the surface (Figure 2.6a,b). For the process, the solution was slightly were lain on the flat 5 cm diameter pole piece of the electromagnet which ensured the field was applied perpendicularly to the nanowire long axis. While this technique reliably nucleated domain walls it relied on having a strong electromagnet and being able to insert the sample in between the pole pieces.

The second domain wall nucleation technique is by means of increasing the nanowire temperature past the Curie temperature, which for example for Co 30 Ni 70 is 860 K [START_REF] Nishizawa | The Co-Ni (cobalt-nickel) system[END_REF]. Above this the wire is entirely demagnetised and so a new magnetic state is created upon cooling. The appearance of domain walls is again random as magnetisation may relax towards the +z or -z direction and walls are again preferentially stabilised on extrinsic pinning sites. Heating of the nanowire to such high temperatures either requires an external heat source, i.e. an oven, or a strong electric current to induce Joule heating. However, microstructural changes due to annealing may occur and care must be taken not to permanently damage the wire through melting.

Here, this type of demagnetisation was used when a nanowire was mounted in a measurement set-up such as MFM, PEEM or STXM in order to reset the magnetic state in a nanowire or nucleate domain walls when all had annihilated, because field demagnetisation required very time-intensive unmounting of the samples. Heating the nanowire was achieved by means of Joule heating, by applying long duration electric current pulses (30 -50 ns) with high amplitudes (> 1.8 × 10 12 A/m 2 ). These values were experimentally determined and a quantitative discussion about the temperature increase is provided in Chap. 6.

Electronics

The use of electric current to drive domain wall dynamics in nanowires brings about many additional degrees of complexity for experiments. Not only do the wires have to be electrically contacted as discussed above, but samples must also be correctly connected in an electric circuit in order to send pulses of current with a well-defined duration and amplitude. Further, all of these additionally depend on the constraints of the measurement or imaging technique, which affect the ability to protect the samples from electrostatic discharges or the ability to control the shape and amplitude of the current pulse. Finally, when pulses are in the GHz range, electric circuits must be adapted to such high-frequency (HF), with implications for the choice of sample design, cabling, etc. It should be noted that although most of the discussions in this thesis deal with current pulses, the used generators are voltage generators, comprised of an ideal voltage source in series with an internal resistance. Voltage generators create a voltage of given amplitude which leads to a current flowing through the circuit, however, if the resistance of the circuit changes the voltage of the generator remains constant and the current is affected. This is the case for example when Joule heating increases the resistance of a nanowire, leading to a reduction in current density flowing through the wire. Similarly, the voltage at the output of the generator depends also on the circuit that the generator is connected to, because the ideal source creates a voltage that takes into account the internal resistance of 50 Ω. If the voltage generator is set to be coupled to 50 Ω, the ideal source will produce twice the requested voltage, as it assumes half will be applied across the internal 50 Ω and half across the rest of the circuit. If the generator is coupled to 50 Ω but is connected to a larger resistance, then the voltage at the output of the generator can be up to twice the requested voltage.

In the following we discuss the use of electric currents to measure sample resistances, correct procedures for connecting a nanowire in an electric circuit and aspects of HF electronics, such as impedance, and current pulses, that are key for the work presented herein.

Measurements of nanowire resistivity

One basic materials parameter to evaluate nanowire samples is their resistivity, in units of Ωm, given as ρ = RA/L, where R, A and L are the sample resistance, cross-sectional area and length, respectively. For each wire, A and L were calculated and measured from SEM images and R was measured with a variable sourcemeter (KEITHLEY 2400). Measurements of resistance served as an essential, fast method to inspect the state of the wire at various points throughout its lifetime (i.e. after first contacting and before, during and
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Resistivity (10 [START_REF] Tóth | Temperature dependence of the electrical resistivity and the anisotropic magnetoresistance (amr) of electrodeposited ni-co alloys[END_REF] and data on CoFe thin films from [START_REF] Srichandan | Magnon scattering in the transport coefficients of CoFe thin films[END_REF]. * The annealing recipe was 300 • for 1 h and is therefore different from the one used in this work.

after experiments), since changes in R directly indicated short circuits, the apparition of defects or a burnt wire. Such measurements were done either using a point-probe set-up, or when the nanowire was already connected in an experimental circuit. For the former, two tungsten needles were securely placed on the nanowire's Au pads, while for the latter, the nanowire had already been connected to an electric circuit with a method described in Sec. 2.4.2. The needles/circuit were then connected to the sourcemeter with a Bayonet Neill-Concelman (BNC) cable, which allowed sending a fixed direct current I of 10 µA and measuring the required voltage V thus giving resistance R = V /I. For the studied nanowire samples, measured voltages were in the mV range and resistances in the range of 100 to 1500 Ω. Resistances in the range of < 50 Ω indicated short circuits, such as from silver paint, or remains of gold from a poor lithography lift off, while values > 20 kΩ indicated current passing through the Si substrate or not flowing at all. The subsequently calculated values of resistivity, could then be used to make a direct comparison between wire samples, about the quality of the Au contact pad, or of the nanowire itself. An overview of measured nanowire resistivities is given in Table 2.3, for different nanowire compositions and for Co 30 Ni 70 after annealing at 500 • C for 20 min. These are generally quite close to values presented in literature for thin films (third column), indicating good electrical contacts of these nanowires.

Connecting nanowire samples in electric circuits

Even though the act of connecting a nanowire to an electronic circuit seems rather trivial at first, the risk of burning the wire due to an electric discharge was significant. The nanowires studied here supported only relatively weak currents, much below those that could be caused by static electricity discharges. Due to the unforgivingness of the samples in this regard, countless hours were needed to determine the safest way of mounting a sample into an experiment, ensuring that no potential difference ever occurred across the wire until the experiment began. However, equal care was required so that the circuit was connected correctly, without accidental short or open circuits. Though all experiments vary to some degree, the basic principle for sample mounting remains the same. 1) The chip supporting the nanowire was glued, most commonly with silver paint, onto a supporting substrate, i.e. a printed circuit board (PCB) with metallic co-planar wave-guides connected to a sub-miniature push-on (SMP) connector (Figure 2.9a). As silver paint is highly conductive, care was needed not to accidentally connect any Au pad on the chip with a wave-guide component (ground or live) on the PCB. The only source of a possible voltage potential was from the user itself due to static electricity from gloves, tweezers, shoes, etc.and great care was taken not to touch the Au pads of the nanowire. Further, a grounding bracelet was always worn to limit build up of static electricity.

2)

The Au pads were connected to the wave-guide by means of microbonding. Up to this point the nanowire was floating on its own voltage potential, which may or may not vary from the surrounding (i.e. wave-guides, microbonding tip). The safest procedure was to initially make an arbitrary bond from an Au pad of another nanowire on the chip to the wave-guide substrate, to equalise any potential differences between the floating a few.

In most cases it is desirable that these nanosecond duration pulses have a rectangular shape, so that the applied current is either at zero, or at the requested current, but not at some in between value. However, the creation of a nanosecond duration current pulse requires that the pulse generator is able to apply and remove a voltage of given amplitude at GHz frequency. This leads to the concepts of rise and fall time of a generator, which describes the time required to build up or remove the required voltage. The rise/fall time of a generator is normally constrained by the type of pulse that can be sent, i.e. the ability to send long (> 10 ns) pulses normally entails long (> 1 ns) rise/fall times, but also depends on the range of amplitudes that can be produced. Here two generators were used, with rise/fall times of 0.5 ns (minimum pulse duration ≈ 1 ns) or 7 ns (minimum pulse durations ≈ 9 ns) and amplitudes up to 20 or 40 V, respectively.

However, in order for the rectangular shaped pulse to be transmitted through the nanowire, the remainder of the electric circuit must also be adapted to HF current pulses. This requires considering the issue of impedance matching which if uncontrolled can manifest itself in signal reflections and a degradation of the pulse shape. Impedance Z (in units of Ω) relates to the opposition of an electrical component to a current, and includes both resistance and reactance, the latter being the frequency dependent induction and capacitance of a component. A poorly impedance matched circuit will result in reflections of the electric signal, primarily when the load of a circuit does not match the internal load of the generator. In order to reduce signal reflections, circuits must therefore be composed of 50 Ω impedances. In the case of electrically contacted nanowires, the impedance is unknown, but still quite far from the characteristic 50 Ω and as such, signal reflections are always expected when the pulse enters the nanowire. Other notable although smaller impedance mismatches occur at the microbonding and the Au electric contacts, especially if the shape of the contacts is complex (i.e. right angles). Since impedance matching could not be achieved in electrically contacted nanowire samples, current pulses were always partly reflected back towards the pulse generator, where they could subsequently reflect once more and pass through the nanowire a second time. As this second reflection could induce undesirable magnetisation dynamics, attenuators were strategically placed at the output of the generator to absorb returning signals (Figure 2.9b). The second negative impact of a poorly impedance matched circuit is the degradation of the pulse shape, because high frequency components of the pulse (i.e. fast rise/fall times) become attenuated more than low frequency components (i.e. longer plateaus). The result of these filtering effects is that the shape is distorted from a rectangular shape to one similar to that of a resistor-capacitor (RC) circuit, where the rise and fall of the pulse is given by exponential functions of the form 1e -t/τ and e -t/τ , respectively, with time t and time constant τ . The filtering effect on a pulse shape is shown in blue in Figure 2.10a, displaying a pulse transmitted through a poorly impedance matched circuit and recorded as a voltage pulse on an oscilloscope. Greater impedance mismatching therefore leads to a lower amplitude and more filtered signals, which must be considered when measuring current-pulse-induced magnetisation dynamics. The reduction in amplitude can be compensated by initially sending larger amplitude pulses, however, the effect of pulse filtering distorts the duration of the pulse for which a compensation is complex. The quantitative impact of this is discussed in Sec. 6.2.2.

Measurements of applied current density

As mentioned previously, the generators used herein could send a pulse of quasi-rectangular shape (i.e. black curve in Figure 2.10b) with a plateau at constant voltage V . In the ideal case, this voltage pulse could be recorded on an oscilloscope positioned after the nanowire, in order to calculate the current I flowing through the circuit, by means of I = V /R, with R the oscilloscope's fixed internal resistance.

This was not possible in most PEEM experiments, for which the most commonly used electronic circuit prevented the connection of an oscilloscope after the nanowire when the microscope was switched on (this is described in a dedicated Sec. 2.5.4). The absence of an oscilloscope after the sample prevented directly recording the transmitted voltage pulse, and instead, the current amplitude was inferred as follows. Before switching on the microscope, an oscilloscope coupled to 50 Ω could be connected after the nanowire. Multi-HF components of the transmitted pulse shape so as to reduce the initial peak in the pulse plateau. Second, the pulses sent while determining r were of relatively low amplitude (order of 10 11 A/m 2 ), for which Joule heating was small. Interestingly, one measurement series where r was determined with pulse amplitudes of the order of 10 12 A/m 2 did not indicate an increase in sample resistance. Filtering from impedance mismatching may therefore hide this effect.

Imaging and characterisation

The following describes the microscopy and characterisation techniques which have been key to this work. Basic characterisation of nanowire surface roughness, diameter and length were carried out using SEM and, for higher resolutions, TEM. Magnetic imaging of domain wall positions was performed either with Lorentz TEM or MFM. The latter easily allowed the external application of quasistatic magnetic fields, or HF pulses of electric current between image acquisitions and was thus used to observe domain wall motion. The high spatial resolution required to image domain wall structures could only be achieved with TEM holography, XMCD PEEM or XMCD STXM. The latter two synchrotron-based techniques rely on the interaction of Xrays and magnetic atoms and can provide information about the magnetisation inside a volume of magnetic material, however, applying electric current pulses is more complex. These techniques were used to image domain walls in their relaxed, static state, i.e. before and after the application of electric current pulses in order to visualise the impact of current pulses on domain wall structures. Imaging the dynamic behaviour of magnetisation during the application of a current pulse was only possible with time-resolved STXM, which provides the required sub-nanosecond temporal resolution. Finally, when studying arrays of nanowires still contained inside of the AAO template, X-ray diffraction (XRD) was used to characterise samples for their crystal-and micro-structure and vibrating sample magnetometry (VSM) SQUID was used to measure their magnetic response to externally applied magnetic fields.

Scanning electron microscopy

A basic principle of microscopy is that the resolution is directly proportional to the wavelength of light used to probe the sample. Optical microscopes fail to resolve structures below a few hundred nm, and thus, smaller wavelengths are required to visualise nanostructures.

Due to the small wavelength of electrons (0.01 nm), scanning electron microscopy (SEM) is commonly used to visualise nanometric objects. Electrons are accelerated with a few kV and focussed on the sample surface where multiple interactions can occur and which are recorded by different detectors in the microscope. Most commonly imaged are high energy backscattered and low energy secondary electrons which are emitted from the surface. The former are a result of elastic scattering and are thus element sensitive. The latter stem from inelastic scattering events and are only emitted from a shallow surface layer, but give the highest resolution. It is thus with these secondary electrons that the topography of nanostructures can be resolved. Finally, the electron may also cause the emission of characteristic X-rays when core shell holes are filled by a higher energy level electron. These X-rays may be recorded to precisely measure the composition of the probed area, which is the principle of energy dispersive X-ray analysis (EDX). For imaging, the the electron beam is scanned along the sample, with the image resolution normally determined in part by the scan speed.

Numerous SEM microscopes were used in this study, to observe samples throughout the synthesis and electrical contacting process, as well as to make accurate measurements of sample dimensions. An acceleration voltage of 2 kV was usually selected to limit charging effects, especially on poorly conducting substrates (AAO, Si, Si 3 N 4 ). While sample charging leads to poor image stability in SEM, it can also cause more severe issues for other imaging techniques. Charged areas, i.e. the field of view of a previously acquired SEM image, are visible in both atomic force microscopy (AFM) and PEEM and it was noted that there is a negative impact towards the quality of the images in these two techniques. Observations of PEEM and AFM samples using SEM were therefore carried out rapidly to avoid unnecessary charging. EDX was measured in combination with an acceleration voltage of 20 kV and exposure times of > 1 min.

Transmission electron microscopy

As with many microscopy techniques, electrons can also be measured in transmission to obtain information about the sample volume. In transmission electron microscopy (TEM), electrons are accelerated at 200 -300 kV, focussed on a sample, and recorded on a phosphor screen behind the sample. The resolution is in the sub-nanometer region, enabling even the observation of individual columns of atoms. In TEM, electrons passing through the sample are either transmitted or diffracted by crystal planes. Transmitted electrons are scattered more by thicker material and heavier atoms, giving rise to thickness and element specific contrast. An aperture is used to select either only the transmitted beam, or all diffracted beams, thus giving either an image or a diffraction pattern. This technique therefore provides information about sample thickness, distribution of elements, microstructure (e.g. crystallinity, defects etc.), and when used in combination with an EDX detector, also composition. Samples for TEM must be thin (of the order of 100 nm), since the electrons must pass through the sample. Thicker samples can occasionally be cut into thin lamella using focussed ion beam (FIB) etching, especially when cross-section views are required. However, this is a destructive technique.

TEM was carried out on a JEOL 3010 or a PHILLIPS CM300 with the help of LAURENT CAGNON or a FEI TITAN with the help of AURÉLIEN MASSEBOEUF. Nanowires were normally dispersed on standard lacy or holey carbon grids which allowed imaging individual wire samples.

Magnetic imaging with transmission electron microscopy

Although TEM is primarily used as a very powerful microscope, it can be manipulated to visualise magnetisation, either through Lorentz microscopy, or holograph [START_REF] Chapman | Transmission electron microscopies of magnetic microstructures[END_REF]. The former relies on the Lorentz force F acting on the transmitted electrons, written as F ∼ v × B with v the electron velocity and B the magnetic induction. However, only the components of B that are perpendicular to the incident electron beam act on the electrons and can thus be probed. During imaging, domain walls can be readily observed in the Fresnel imaging mode, i.e. by strongly defocussing the image to observe small deflections of the beam. Domain walls are typically observed as white or black lines, due to electrons converging or diverging, respectively. In longitudinally magnetised nanowires, adjacent domains deflect electrons to opposite sides of the wire, thus a wall can be seen where Fresnel lines cross the wire long axis (Figure 2.11). Lorentz imaging can be combined with the application of magnetic fields by using the objective lens to apply a quasistatic field along the electron beam direction, with the amplitude given by the objective lens current. By rotating and tilting the sample holder, the sample may be aligned so that it has a component of magnetisation that is parallel to the electron beam, i.e. magnetic field direction. However, since the image is strongly defocussed, the resolution is of the order of tens of nanometers.

Holography is more complex, but allows imaging both the in-plane component of magnetic induction and/or electrostatic potential, due to the electron wave phase shift these two induce [START_REF] Chapman | Transmission electron microscopies of magnetic microstructures[END_REF][START_REF] Kasama | Holography -Different Fields of Application[END_REF]. In (offaxis) electron holography, an electron wave is passed partly through a sample (transmitted wave) and partly through vacuum (reference wave). The transmitted wave undergoes a phase shift which depends on the sample's magnetic and electrostatic potential. After passing through a biprism, both the transmitted and the reference wave are forced to interfere, giving rise to a classical TEM image, superpositioned with an interference fringes. The amplitude and phase of the electron wave is obtained by numerical reconstruction (Fourier transforms) of such an image. Finally, the magnetic induction and electrostatic potential of a sample can be visualised by taking a second, reference image, of empty space far from the sample, carrying out the same numerical reconstruction and subtracting this from the sample image. The electrostatic contribution to the phase shift can be subtracted by taking two hologram images with the sample flipped upside-down. is antiparallel and parallel to the spin orbital momentum of the electron, respectively. Finally, the incoming photon also has an angular momentum, where we will use the convention that circularly left (right) has an angular momentum +h (-h) with respect to the propagation direction k. Conservation of momentum and the probability of excitation of electrons with a certain spin direction govern the different absorption of light depending on the direction of magnetisation and polarisation of light.

Let us take the case of a common ferromagnetic material, such as Fe, with minority spin up states and magnetisation m aligned parallel with the incoming photon beam. The L3 edge electron transitions of such a situation are shown in the schematic in Figure 2.12b with spin up and down electrons in blue and orange, respectively. Circular left (right) polarised light will excite more spin up (down) electrons from the 2p 3/2 band, because the photon's angular momentum is parallel to the spin orbital momentum of the electrons. There is a majority of spin up holes in the 3d band above the Fermi level and thus the probability of exciting a spin up (down) electron into one of the holes is high (low). This is represented schematically by the thickness of red arrows in Figure 2.12b. It follows that in this case, the absorption of circular left (right) polarised light is high (moderate) at the L3 edge. We see that ∆µ = µ ↑↓ -µ ↑↑ , i.e. the difference between the absorption when the angular momentum of light and magnetisation are antiparallel (µ ↑↓ ) and when they are parallel (µ ↑↑ ). However, convention dictates that in ferromagnetic materials, ∆µ at the L3 edge is negative if light and magnetisation are parallel, so we write simply ∆µ = µ --µ + , where the subscript on µ dictates the circular right (-h) or left (+h) polarisation of light.

The polarisation dependent photon absorption for Fe, Co and Ni is shown in Figure 2.12c, for 100 % polarised light aligned parallel with magnetisation. The L3 edge of Fe, Co and Ni are located roughly at 708, 778 and 854 eV, respectively, which is equivalent to that of soft X-ray light (100 -1000 eV) and it is thus with X-ray light that magnetic circular dichroism is probed in ferromagnetic materials. Due to its inherent use of light, the XMCD effect is understood in terms of light intensity I. The Beer-Lambert law describes the intensity of light transmitted through a length ℓ of material as

I = I 0 e -µℓ (2.2)
where I 0 is the incident intensity. We can therefore define, for light transmitted through a magnetic material, the transmitted intensity of left and right polarised light as I -and I + respectively, and calculate the XMCD contrast C XMCD as In order to be used in experiments, the outlined effect relies on a reliable X-ray source and a means of precisely probing a magnetic sample. This is achieved by using for example PEEM or STXM.

C XMCD = I --I + I -+ I + (2.3) Although C XMCD could

Photoemission electron microscopy

Photoemission electron microscopy (PEEM) makes use of the photoelectric effect to image secondary electrons that are emitted after the sample absorbs incident UV or X-ray light [START_REF] Stöhr | Exploring the microscopic origin of magnetic anisotropies with x-ray magnetic circular dichroism (xmcd) spectroscopy[END_REF]. It is commonly a synchrotron-based technique, to make use of the high brilliance and high stability X-ray radiation to image very weak signals. At the synchrotron, the undulator, or bending magnet on the electron ring emits X-ray light which is then polarised circularly and focussed on a sample by passing through a series of optical mirrors. The sample absorbs these polarised X-rays which leads to a cascade of secondary electrons and then their emission from a shallow layer beneath the surface (Figure 2.13a). The electrons are subsequently accelerated perpendicularly away from the surface by means of a large potential difference (typically 20 kV across a ≈ 2 mm gap [START_REF] Aballe | The ALBA spectroscopic LEEM-PEEM experimental station: layout and performance[END_REF]) and are focussed to produce an image when impinging on a multichannel plate detector. Since the secondary electrons are very sensitive to particles, the imaging column must be under an ultra-high vacuum. A typical X-ray PEEM microscope contains multiple lenses in order to focus both the X-ray and electron beam, as well as multiple apertures to improve resolution by blocking high-angle or high-energy electrons (Figure 2.13a). The X-ray beam is focussed to a large spot on the sample surface, and the area from which image-able electrons are emitted is generally larger than the field of view. The latter is circular and is generally selected to be either a 5, 10 or 20 µm diameter. One of the most important parameters of this microscope is the acceleration voltage, which essentially extracts emitted electrons from the surface. The recommended 20 kV potential difference ensures good imaging conditions, however, comes with a significant risk of electric discharges into the sample, especially if the sample is dirty, not flat or if the vacuum is poor (above 10 -10 mbar [START_REF] Aballe | The ALBA spectroscopic LEEM-PEEM experimental station: layout and performance[END_REF]). Such discharges are catastrophic for the sample, especially if it is connected to an electronic circuit which can act as a quasi lightning rod, thus highlighting the importance of the required ultra-high vacuum and clean sample surface. It is also for this reason that imaging can be carried out at voltages as low as 10 kV, though there is a clear trade off with both contrast and resolution. Although the X-ray photons pass far into the materials, the shallow (order of nanometers [START_REF] Aballe | The ALBA spectroscopic LEEM-PEEM experimental station: layout and performance[END_REF]) escape depth of the secondary electrons makes PEEM a surface sensitive technique. An energy analyser then can be used to select the escaped secondary electrons according to their kinetic energy. For this, a start voltage is used as an additional potential difference acting on the electrons, which tunes their kinetic energy around the work function and therefore regulates the electron flux towards the detector. Further, in most set-ups, X-rays are incident at 16 • to the surface. It follows that when used in combination with the XMCD effect, the microscope is sensitive to surface magnetisation in both the in-plane, as well as to some extent the out-of-plane direction.

Since PEEM makes use of incident X-ray radiation of a selected energy to eject the secondary electrons, the acquired images are X-ray absorption spectroscopy (XAS) images and are element sensitive with strongly absorbing areas appearing bright. For the image acquisition, the entire field of view can be captured instantaneously, with a variable exposure time which depends on the parameters of the camera installed at each beamline. The signal-to-noise ratio is improved by increasing the exposure time. While it may seem favourable to continuously increase the exposure time to very long durations (> 2 ns), image drift due to temperature or mechanical relaxations of the microscope can then lead to blurring of features. Rather, numerous frames (typically 64 or 128) are acquired and integrated with an appropriate drift-correction algorithm to align each frame. This allows retaining the resolution while improving signal-to-noise ratio. Finally, very short exposure times in the sub-nanosecond range are possible, and have been exploited to use PEEM with temporal resolution. When two XAS images are taken of the same location, but with opposite handedness of circular polarisation of light, an XMCD image may be computed using Eq. (2.3).

The above description gives the basic working principle of PEEM, which is commonly used in combination with XMCD to image magnetisation in flat samples, such as thin films. However, surface sensitivity alone is not sufficient to understand three-dimensional nanostructures. Shadow XMCD PEEM was therefore developed and pioneered by Kimling et al. [START_REF] Kimling | Photoemission electron microscopy of three-dimensional magnetization configurations in core-shell nanostructures[END_REF] to visualise the volume magnetisation. As mentioned previously, the X-ray photons have a much deeper penetration depth than the escape depth of the secondary electrons. If the sample is thin enough, the photons can pass through the sample and cast a shadow where they then cause the emission of secondary electrons from the substrate (Figure 2.13b). The origin of the shadow is simply due to the absorption of a significant fraction of photons inside of the sample. Since the X-ray beam is incident at a 16 • angle, the shadow of the sample is not directly underneath, but enlarged (by roughly a factor 3.6) to the side of the sample. The intensity of the shadow region provides information about the sample volume that the photons passed through, however, the contrast is inverted with respect to the sample surface. That is to say, a strong photon absorption in the sample leads to a strong electron emission intensity on the sample surface, but a subsequent weak electron emission intensity in the shadow, and vice versa. It used and involved two significant changes: a) a mechanical HF relay operated by a button was used instead of the HF transformer before the sample, b) the oscilloscope (now coupled to 1 MΩ) was placed on a Tjunction after the pulse generator and attenuator, because no electric discharge protection could be installed after the sample and c) the cable returning from the sample could not be shielded from electric discharges and was simply terminated with a 50 Ω end load instead of being connected to an appliance. The absence of an oscilloscope after the sample prevented calculating directly the transmitted current pulse amplitude, and instead, the current amplitude was inferred as described in Sec. 2.4.4. Calculating the transmission ratio r was thus done before turning on the microscope, when no high voltage discharge protection was required for the electronics.

In the normal PEEM microscopes, these circuits allowed sending current pulses with durations > 10 ns. These rather long minimum pulse durations are intrinsic to the microscope and are limited by the impedance mismatched vacuum feedthroughs and sample cartridge. Though square pulses were sent by the pulse generator, a pulse shape degradation equivalent to a classical RC filter was always expected and shorter pulses would experience a significant loss in amplitude. The RC filter effect added significant complexity to calculations of pulse duration and therefore domain wall velocity, as discussed in Sec. 6.2.2. This intrinsic issue of HF electronics combined with PEEM has, however, been overcome recently (late 2020) at CIRCE by the impressive work of MICHAEL FOERSTER and team. New, purely sub-miniature version A (SMA) cabling has been installed in the microscope, with a SMP connection directly to the PCB on which the sample is glued. With this, a ten-fold improvement in transmitted pulse frequency was achieved and square current pulses with durations < 1 ns were successfully transmitted.

The correct procedure for sending current pulses required particular attention. First, the high voltage was set to zero, because the combination of a non-zero high voltage and a current pulse could possibly cause an electric discharge. Second, the start voltage was also set to zero. While acting as a tunable parameter for imaging in PEEM, the start voltage creates a potential difference between the sample and the contents of the high voltage rack. If the circuit between the sample and the pulse generator is closed (e.g. especially when using a mechanical HF relay), then a current inevitably flows, possibly destroying the sample. Pulses could then be sent through the nanowire and, if present, recorded on an oscilloscope. Finally, the high voltage and start voltage would be reset to their original value to recommence imaging, taking care to slowly increase the high voltage from 5 to 10 kV.

Scanning transmission X-ray microscopy

Scanning transmission X-ray microscopy (STXM) is also a synchrotron-based technique, where X-ray light is again polarised circularly and focussed on a sample. Focussing is achieved by passing light through a Fresnel zone plate (Figure 2.16a), which is a diffraction-based optical device, consisting of a series of concentric rings causing a diffraction of light and constructive interference at a desired focal point. The X-rays pass through the sample and are detected to give a value of transmitted intensity. The sample itself must be thin enough to be transparent to X-ray light and is normally deposited on a X-ray transparent Si 3 N 4 window as substrate (Figure 2.16a). By using a moving sample stage (piezo-motor), the sample is scanned (pixel-by-pixel) in the plane normal to the X-ray beam and an image of the transmitted intensity of either left or right circularly polarised light can be produced (the XAS image). For reasons discussed in Sec. 2.5.3, the XAS image may already be used for element analysis, determining chirality, etc. When two images with opposite polarisation of light are taken at the same location, an XMCD image may be computed according to Eq. (2.3). If the sample is perfectly perpendicular to the incoming X-ray beam, the technique is sensitive only to the out-of-plane components of magnetisation. A 30 • sample holder allows tilting the sample plane to obtain some sensitivity to the in-plane direction of magnetisation (Figure 2.16a). This of course then relies on the alignment of the sample so that the in-plane direction of magnetisation (e.g. the long axis of a soft magnetic nanowire) is as parallel as possible to the X-ray beam. As with shadow PEEM, STXM is a transmission technique where the magnetic contrast images reflect the magnetisation averaged over the whole length of material through which the X-rays pass.

While image acquisitions can be relatively long (up to 1 h for high resolution images) the major benefit of this microscope is that it relies solely on X-ray light and thus a moderate vacuum (≈ 10 -6 mbar) is sufficient. This means, sample exchanges are rapid (< 1 h), sample environments such as magnetic field coils or cables supplying current can be implemented rather easily and no ultra-high vacuum feedthroughs are required. STXM thus lends itself rather readily to the implementation of HF electronics, with square pulse shapes of > 1 GHz being transmitted easily and therefore provides a major advantage over PEEM.

STXM measurements were carried out at the POLLUX beamline [START_REF] Raabe | PolLux: A new facility for soft x-ray spectromicroscopy at the swiss light source[END_REF] at the SWISS LIGHT SOURCE with SIMONE FINIZIO. As this beamline is attached to a bending magnet, it produces X-ray light with intensities that are lower than that from an undulator beamline. This affects the signal-to-noise ratio in the acquired images. Usual spot sizes (and hence resolutions) were around 40 nm, but depended on the type of zone plate and width of the X-ray beam exit slits. Samples were usually mounted on the 30 • sample holder to be able to visualise both domain walls (out-of-plane magnetisation) as well as domains (in-plane magnetisation) in nanowires.

For the application of voltage pulses, an arbitrary waveform generator produced a weak, but possibly very complex signal which was then amplified to a fixed large amplitude. The signal was then attenuated in order to reach the desired voltage amplitude, before passing through a single vacuum feedthrough and into the sample holder. The PCB on which the sample was glued was connected via SMP connectors. After passing through the sample, the signal returned through another vacuum feedthrough and directly into an oscilloscope, coupled to 50 Ω, which allowed deducing the current that passed through the wire.

Time resolved imaging with STXM

All of the previously discussed techniques are static, in the sense that an image is acquired after a driving force (magnetic field or electric current) has been applied to a sample, when the sample has reached a relaxed, static state. While this is appropriate to image domain wall structures following the application of a current pulse, it does not give insight into e.g. the motion or possible transformations of a domain wall 'in real time'. For this, time-resolved techniques are required, which enables acquiring images with sub-nanosecond resolution, provided that the dynamics that are being imaged are perfectly reproducible.

One key aspect of synchrotron radiation is its intrinsically pulsed nature, due to the electrons travelling around the ring in bunches [START_REF] Puzic | Photon counting system for time-resolved experiments in multibunch mode[END_REF]. At the SWISS LIGHT SOURCE for example, the emitted photon bunches therefore have a width of 70 ps and a well-defined repetition rate of 500 MHz. This provides the perfect basis for stroboscopic imaging (Figure 2.16a) with high temporal resolution as long as the detector is capable of measuring such fast (and typically very weak) signals [START_REF] Puzic | Photon counting system for time-resolved experiments in multibunch mode[END_REF][START_REF] Finizio | Sub-100ps magnetic imaging at the pollux endstation of the swiss light source[END_REF]. STXM is a prime technique for time-resolved imaging because it makes use of a point detector (fast avalanche diode) instead of a screen or camera, therefore simplifying the required technology. Further, if the excitation signal (e.g. current or magnetic field pulses) is phase locked with the photon frequency, the sample's response throughout the entire duration of the excitation signal may be visualised. Acquisition of a time-resolved image series involves scanning the X-ray beam pixel-by-pixel as in normal STXM. At each pixel, the excitation signal is repeated many-fold, and the detector records the intensity of each photon bunch. Each recorded value of intensity is then sorted into a channel corresponding to a known time during the excitation signal. Longer acquisition times allow for each channel to be averaged over several repetitions, thus giving an improved signal-to-noise ratio. Finally, the entire image series is acquired with one polarisation of light (i.e. left or right), thus effectively giving a XAS image series. However, time-resolved imaging relies on magnetisation dynamics that are reproducible many millions of times in order to build the image series, because the acquisition of the whole series may last for several hours. The dynamics must therefore always have the exact same starting state, and proceed by the same mechanism, which limits the types of processes that may be imaged with time-resolved techniques.

Magnetic contrast in this technique again relies on the XMCD effect, but is now not given by Eq. (2.3), 'tapping mode', the cantilever is forced to oscillate close to its resonance frequency and is approached very close to the sample surface until short-range interactions (such as van der Waals, or electrostatic) cause the oscillation frequency to change. The height of the cantilever is adjusted accordingly until the resonant frequency is recovered, which itself changes the position of the reflected laser spot on the photodiode. The oscillation amplitude and phase and cantilever height are all recorded while the tip is scanned line by line across an area of sample surface. This information is translated e.g. into a height and provides a topographic image of the surface, with sub-nanometer resolution. Classical AFM may scan either the sample with respect to the tip or vice-versa, both with piezo-motors. Measurements may be carried out in air, or under a vacuum, the latter improving imaging conditions by removing the influence of humidity, and air currents.

As mentioned, force microscopy can probe a variety of sample-tip interactions. Magnetic images can be acquired with magnetic force microscopy (MFM), which has essentially the same working principle as AFM but uses a magnetised tip to probe magnetic interactions with the surface of a sample. Although these interactions are weak, they are rather long-ranged compared to the relatively strong but short-ranged interactions that make AFM possible. A standard AFM tip is coated with a well-defined thickness of magnetic material and magnetised into a specific direction (normally parallel to the tip direction). This tip is first scanned across the sample in AFM tapping mode to determine the topography of the sample. Each scan is then accompanied by a second scan, or pass, which retraces the profile of the first pass, but with the tip raised vertically to eliminate any non-magnetic interactions. Changes in the tip oscillation are now primarily due to any possible magnetic stray field or electrostatic potentials from the sample surface. It follows that MFM images show contrast only in regions where there is a magnetic flux (anti-)parallel to the tip magnetisation direction, because this alters the vertical oscillation of the sample. No contrast is hence expected for e.g. in-plane magnetised domains. Resolutions of the order of a few tens of nm can be achieved, especially if the lift height and oscillation amplitude are finely tuned.

Since MFM is sensitive only to magnetic flux, a longitudinally magnetised nanowire should not provide any contrast except for at the wire ends [START_REF] Wang | A magnetic force microscopy study of the magnetic reversal of a single Fe nanowire[END_REF], where the stray field is proportional to the magnetic surface charges σ = M • n ∼ AM s , where n is the outward-pointing vector normal to the surface and with A the crosssectional area of the nanowire. However, when a domain wall is located along the nanowire, it has a volume charge of ρ m = -∇ ∇ ∇ • M ∼ 2AM s [238] for which the resulting flux can be measured with MFM. One can therefore see that a domain wall should have a magnetic contrast that is twice as intense as that observed at the wire end. This is shown in the example MFM image in Figure 2.17b, which shows a nanowire, split into two (see corresponding AFM image in 2.17a) due to an electric discharge and with one domain wall located in the lower wire section. The line profile in 2.17c indicates that the magnetic contrast is approximately twice as strong in the domain wall, than at the wire ends. Further, the head-to-head and tail-to-tail domain wall will result in opposite contrast, which is generally white and black, respectively, if the MFM tip is magnetised downward.

The three-dimensional shape of nanowires leads to there being a few fine points that must be considered for MFM imaging. First, the stray field emitted from a domain wall is radial, and thus a tip that is measuring a vertical attraction/repulsion while scanning across the nanowire long axis will be forced in opposite directions above and directly to either side of the wire (see schematic in Figure 2.17d) [START_REF] Col | Parois magnétiques dans les nanofils cylindriques[END_REF]. The resulting contrast is thus a strong black/white contrast in the wire center, and a weaker, opposite contrast to either side of the wire (Figure 2.17b). However, this is only visible if the tip is thin enough to experience the stray field from the 'underside' of the nanowire. Second, since the cantilever is slightly tilted, the tip is tilted away from exactly perpendicular to the sample surface. If a nanowire is being scanned parallel to the axis of the cantilever, the tilted tip will thus probe far underneath the nanowire on one side (e.g. in front), but not at all on the other (e.g. behind), such as shown in the schematic in Figure 2.17e [START_REF] Da Col | Nucleation, imaging, and motion of magnetic domain walls in cylindrical nanowires[END_REF][START_REF] Belliard | Observing magnetic nanowires by means of magnetic force microscopy[END_REF]. The result is that the radial stray field effect discussed just above will now strongly influence the tip in front of the wire, but not behind. The resulting contrast is thus a strong black/white contrast in the wire center, and a slightly weaker, opposite contrast on one side of the wire (Figure 2.17g). This does not occur when scanning perpendicularly to the cantilever axis, because the tilt of the tip is not in line with the scanning direction. Finally, care must

X-ray diffraction

The strong interaction between X-ray light and matter are again exploited with X-ray diffraction (XRD), which uses unpolarised X-rays to probe the crystal structure of a sample, because X-ray light is scattered elastically by atoms. A plane of atoms therefore reflects an X-ray wave, which, due to interference from parallel planes, leads to certain directions with constructive interference. The diffraction is so effective because the wavelength of X-ray light is similar to that of inter-atomic distances. In XRD monochromatic X-ray light is shone onto a sample and measured in an arc around the sample, with spots of high intensity at specific angles corresponding to reflection planes. This so called Bragg angle, θ , provides important insights into the crystal structure of the sample. First, elements with know crystal structures, such as face-center-cubic or hexagonal-close-packed, have well documented spectra, which can be compared to unknown samples. Second, the angle of each peak provides information about lattice constants, composition in homogeneous alloys and lattice strain. The former can be determined with the Bragg law, relating the atomic plane spacing, d, to the Bragg angle.

2d sin (θ ) = nλ (2.5)

Here, n is an integer and λ is the wavelength of X-rays. If the crystal structure and thus Miller indices (h,k,l) of the reflecting Bragg plane are known, the lattice constant a can be calculated from d,

using d = a/ √ h 2 + k 2 + l 2 .
Further, composition and lattice strains can be determined because these lead to a change in lattice constant. Third, the width of a X-ray diffraction peak provides information about particle or grain size as well as the amplitude of inhomogeneous crystal strain. This can be calculated either, rather simply, using the Scherrer formula, which combines the two effects, or using a Williamson-Hall approach, which allows for a separation of the two effects by also considering higher-order diffraction peaks. A more detailed explanation of such an analysis is provided in Chap. [START_REF] Baibich | Giant magnetoresistance of (001)fe/(001)cr magnetic superlattices[END_REF].

In this work, XRD analysis was carried out on nanowire samples still contained inside AAO membranes, with the membrane flat on the sample holder. In this configuration the X-rays primarily probe the lattice planes that are perpendicular to the nanowire long axis. During a measurement, samples were rotated in the plane of the sample holder, to average the peaks from all possible grain orientations. An X-ray wavelength of 1.5402 Å was used to probe the Bragg angle with a resolution of 0.01 • in 2θ . Measurements were performed either by the author in Erlangen, Germany, or in INSTITUT NÉEL with ERIC MOSSANG.

Vibrating sample magnetometry

So far, the described characterisation methods have either no sensitivity to magnetisation or provide magnetic contrast images from which it can be difficult to extract quantitative information. Magnetometry on the other hand allows measuring quantitatively the magnetic moment of a sample. A highly sensitive type of magnetometer is a superconducting quantum interference device (SQUID), which measures the current induced into two parallel Josephson junctions due to the magnetic flux of a sample [START_REF] Wernsdorfer | Magnétométrie à micro-SQUID pour l'étude de particules ferromagnétiques isolées aux échelles sub-microniques[END_REF]. Combined with vibrating sample magnetometry (VSM), the sample is vibrated along an axis, so that the flux arriving at the SQUID is varied with time, thereby allowing for more accurate precisions. This gives sensitivities of up to 10 -11 A/m 2 , which is of the order of the magnetic moment of a millimeter-sized area of a single atomic layer of Ni [START_REF] Buchner | Tutorial: Basic principles, limits of detection, and pitfalls of highly sensitive SQUID magnetometry for nanomagnetism and spintronics[END_REF]. VSM SQUID can be used to measure magnetic moment as a function of externally applied fields, thereby producing hysteresis loops.

Here VSM SQUID was used to measure hysteresis loops of CoNi and CoFe nanowire samples still enclosed in their AAO template. Samples of approximately 2 × 2 mm 2 were fixed inside plastic straws so that the externally applied field was either applied perpendicular or parallel to the nanowire long axis. Due to this method of fixation, minor variations from perfectly parallel or perpendicular were unavoidable. The straw and the AAO provided very weak diamagnetic signal which could be neglected. A full hysteresis loop was measured by applying magnetic fields from -2 to 2 T and vice versa. Calculations of spontaneous magnetisation M s could then be made by extracting the anisotropy field H K from hysteresis loops measured in the perpendicular configuration. This is described in Appendix 9.2. Measurements were carried out by the author using a QUANTUM DESIGN MPMS3 SQUID at INSTITUT NÉEL.

Simulations

Micromagnetic simulations were carried out with a home-made finite-element code: FEELLGOOD [241], which solves the Landau-Lifshitz-Gilbert equation, possibly including STT and OErsted fields. These simulations rely on integrating the Landau-Lifshitz-Gilbert equation with a discretisation of both time and space. For time, this relies on calculating the micromagnetic configuration at each time step. For space, this relies on using a finite-element method, which creates a mesh of polyhedra (e.g. tetrahedra) instead of the object shape (e.g. nanowire), where nodes correspond to the vertices. A key point about micromagnetic simulations is that |m| = 1 in any calculation, and thus must be so at the nodes. It can deviate from this inside of the tetrahedra, where magnetisation is linearly interpolated. It follows that the Bloch-point will always sit inside of the center of a tetrahedron, in order to be as far away from a node as possible. A more detailed description of FEELLGOOD can be found in the thesis of S. Jamet [START_REF] Jamet | Etude des parois de domainesdans des nanofils magnétiques[END_REF] or more recently of A. De Riz [START_REF] Riz | Modeling of domain walls dynamics in circular cross-section nanowires[END_REF].

We generally simulated wire lengths of 1 or 1.5 µm of soft-magnetic material, and thus set magnetocrystalline anisotropy to zero. The other required material parameters are the material's spontaneous magnetisation M s , exchange constant A, Gilbert damping coefficient α, non-adiabaticity parameter β , and degree of spin polarisation P. While the first two are reasonably well defined for the studied materials (Py, Co 20 Ni 80 and Co 30 Ni 70 ), the last three could be adjusted depending on which phenomena were being studied. α = 1 was chosen for most simulations in order to reduce ringing effects and to reach convergence in less computation time. In order to study current-driven domain wall motion simulations were run with more accurate values of α = 0.02, β = 0.04 and P = 0.7 [START_REF] Ueda | Temperature dependence of carrier spin polarization determined from current-induced domain wall motion in a co/ni nanowire[END_REF]. However, one must note that these simulations are zerotemperature calculations, and as such thermal fluctuations are omitted.

In order to avoid possible artefacts related to the Bloch point (which is ill-described in numerical micromagnetics, based on the assumption of uniform magnetisation), we considered thick-walled tubes e.g. of outer radius 45 nm and inner hollow core radius 5 nm, rather than nanowires. Nonetheless, as control, solid nanowires were simulated in some instances, with results not deviating from those of thick-walled tubes.

In some instances the simulated magnetic structures were used to model shadow PEEM images, according to the work of Jamet et al. [244]. XAS images with the superimposed magnetic signal were calculated according to the Lambert-Beer law [Eq. (2.2)]. Linear absorption coefficients were selected either as those from theoretical predictions for CoNi alloys [START_REF] Nakajima | Electron-yield saturation effects in l-edge x-ray magnetic circular dichroism spectra of fe, co, and ni[END_REF], or as those extracted using the XAS image analysis presented in Chap. 5. The simulations allowed adjusting several key parameters, such as the height between the nanowire and the substrate, the X-ray grazing incidence angle and the orientation of the wire long axis with respect to the X-ray beam. Increased lift heights allowed observing the full shadow of the wire projected on the substrate. The PEEM XAS images then provided light intensity from the wire surface and the shadow area. The simulated XAS images could be further processed e.g. with an XMCD calculation [Eq. (2.3)] or a time-resolved calculation [Eq. (2.4)], to compare to magnetic contrast images from experiments. In particular, we use exclusively the shadow region of the simulated PEEM images to compare to the time-resolved STXM images. This involves compressing the shadow by a factor 3.6 (as a result of the expansion of the shadow with respect to the object size due the 16 • grazing incidence of the X-ray beam) to recover the true object dimensions. The shadow is then effectively a transmission X-ray microscopy image. While a quantitative comparison with experiments is difficult, the images could be compared qualitatively.

Simulations were entirely performed by the colleagues in Grenoble, France, most notably ARNAUD DE RIZ, JÉRÔME HURST, DARIA GUSAKOVA and CHRISTOPHE THIRION.

Chapter 3

Materials for domain wall motion in cylindrical nanowires

Simulations and theory have predicted fascinating physics in cylindrical soft-magnetic nanowires, including magnetic domain wall speeds over 1000 m/s. However, these works assume a perfect material, free from defects, such as surface roughness, crystal grains or local changes of composition, that typically plague real samples. Due to this, experiments often do not reproduce the simulations or theory, because dynamics, such as domain wall motion, are inhibited by the material's defects. Any thorough investigation into magnetisation dynamics in nanowires should therefore focus first on finding the ideal, defect-free material. This chapter discusses possible material choices and the process of optimising the fabrication of CoNi nanowires in regards to their use as platform to study magnetisation dynamics. Different wire samples were synthesised and later characterised in terms of their composition and microstructure. The impact of the material changes on magnetisation dynamics were evaluated in terms of the average domain wall pinning potential of each sample. A reduction of the latter is desirable both from the point of view of fundamental research, but also for applications attempting to carefully control domain wall positions. The results that are presented below are based on initial works by BEATRIX TRAPP and SEBASTIAN BOCHMANN, and are being prepared for publication.

The importance of domain wall pinning

The search for an ideal material to investigate magnetisation dynamics is not necessarily restricted to nanowires, because many of the defects that can be found in nanowire systems are present also in thin films, or even bulk materials. Across all of these, the motion of domain walls appears to be a robust method to evaluate to what extent the material interferes with magnetisation dynamics. A key property is thus the driving force that is required to move domain walls, or inversely the material's domain wall pinning potential.

In the field of spintronics, domain wall motion has provided a wide range of possible applications, as well as vast quantities of pioneering experiments with it. Some prime examples include the switching of magnetic tunnel junctions or spin valves [START_REF] Grimaldi | Single-shot dynamics of spin-orbit torque and spin transfer torque switching in three-terminal magnetic tunnel junctions[END_REF], the ultra fast speeds achieved in compensated ferrimagnets [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF] or the progress made towards realising racetrack memory [8,[START_REF] Stuart | Magnetic domain-wall racetrack memory[END_REF][START_REF] Fert | Magnetic skyrmions: advances in physics and potential applications[END_REF]. Across all of these, reliability and wall velocity stand out as critical parameters governing viability. However, currently neither parameter can be perfectly controlled, because of the strong sensitivity of domain walls to micro-and macroscopic material and sample changes, i.e. defects. These extrinsic pinning sites act as energy barriers that a domain wall must overcome [START_REF] Kondorski | On the nature of coercive force and irreversible changes in magnetisation[END_REF]182], and therefore impede wall motion, compromising both speed and reliability [START_REF] Klaui | Direct observation of domainwall pinning at nanoscale constrictions[END_REF][START_REF] Bogart | Dependence of domain wall pinning potential landscapes on domain wall chirality and pinning site geometry in planar nanowires[END_REF][START_REF] Ivanov | A comparative analysis of the mechanisms of pinning of a domain wall in a nanowire[END_REF][START_REF] Herzer | Grain size dependence of coercivity and permeability in nanocrystalline ferromagnets[END_REF][START_REF] Schöbitz | Fast domain walls governed by topology and oested fields in cylindrical magnetic nanowires[END_REF]. Domain wall pinning is therefore a universal issue in the field of spintronics, and in many cases the material optimisations should be transferable from one system to another. end followed by the complete reversal of magnetisation in the wire, low coercive fields in nanowires may be an indication for facile domain wall motion through the sample. Co 20 Ni 80 and Co 40 Ni 60 materials therefore seem to be ideal candidates to find a low domain wall pinning material for nanowires.

Other material requirements

However, in order for domain wall pinning to be low, nanowire samples must also fulfill additional criteria. There should be low surface roughness, and the diameter, composition and microstructure of the nanowire sample must be uniform along the wire's radius and length. A domain wall moving along the wire length therefore feels an energy landscape that is as flat and smooth as possible. Such homogeneity may be achieved by precise control over the nanowire (and AAO template) synthesis and possible post treatment. The effect of microstructure should be carefully considered, because it can severely impact the magnetic properties. Different crystal structures can for example exhibit different magnetocrystalline anisotropy, such as is the case for fcc vs hcp Co [START_REF] Henry | Magnetic anisotropy and domain patterns in electrodeposited cobalt nanowires[END_REF][START_REF] Vivas | Magnetic anisotropy in CoNi nanowire arrays: Analytical calculations and experiments[END_REF][START_REF] Qin | The effects of annealing on the structure and magnetic properties of coni patterned nanowire arrays[END_REF]. Poor homogeneity in CoNi alloy samples may therefore lead to Co rich regions, which can form high anisotropy hcp Co phases and leads to higher pinning potentials. Finally, the exact influence of microstructural details, such as grains and dislocations, on domain wall pinning in nanowires is not well known and must therefore be explored.

Of these microstructural details, one may expect the grain size to have the most significant influence on magnetisation dynamics, because a strong correlation with coercivity has been observed. Grains primarily interact with magnetisation via the impact on magnetocrystalline anisotropy, the latter which directly influences the coercivity of a sample (see Sec. 1.1.6). The interaction is purely due to the local variations in anisotropy easy axis from different grain orientations. If the grain size D approaches a monocrystal size (i.e. the size of the object), anisotropy is homogeneous. If the grain size is less than the dipolar exchange length ∆ d the magnetisation cannot align with the anisotropy axis of each individual grain and the anisotropy axis and strength becomes a reduced average of the assembly of small grains. In this regime, the effective anisotropy constant K eff is given by the Herzer model [START_REF] Herzer | Grain size dependence of coercivity and permeability in nanocrystalline ferromagnets[END_REF][START_REF] Herzer | Nanocrystalline soft magnetic materials[END_REF]:

K eff = K 4 u D 6 A 3 (3.1)
with K u the magnetocrystalline anisotropy constant and A the exchange constant, and hence very strongly depends on D. It follows that a grain size D > ∆ d generally results in high coercive fields, since all grains contribute fully to the magnetocrystalline anisotropy and may have different easy axes. It thus follows that grain size should also have an impact on domain wall pinning in nanowires with non-zero magnetocrystalline anisotropy.

Samples

Here We also investigate the effect of microstructure on domain wall pinning by tuning the nanowire growth and post treatment to fabricate samples with varying grain sizes. A reduction in grain size is only possible during the wire growth process, where changes in crystal grain size require balancing the driving forces for grain nucleation and grain growth. During the process of electrodeposition, metal ions are adsorbed onto the cathode surface, where they diffuse across the surface and nucleate new crystallites or adsorb on existing crystallites, the latter being crystal growth [START_REF] Walsh | Electrocrystallization and electrochemical control of crystal growth: fundamental considerations and electrodeposition of metals[END_REF]. Generally, surface diffusion must occur across longer distances for the case of grain growth, than for the case of grain nucleation which can occur at any location. The surface diffusion of adatoms therefore determines the balance between nucleation vs growth.

The discussion in Sec. 1.2.2 listed several parameters of the electrodeposition process that can affect the grain size of a metal deposit. Amongst these, the pH of the electrolyte bath appears to be a simple, yet effective tool to alter the grain size [START_REF] Riemer | Influence of solution ph and concentration of saccharin on electrodeposition and properties of 2.4 t cofe alloys[END_REF][START_REF] Alper | Comparison of nicu alloy films electrodeposited at low and high ph levels[END_REF][START_REF] Natter | Nanocrystalline copper by pulsed electrodeposition: The effects of organic additives, bath temperature, and ph[END_REF][START_REF] Moo | The effects of pH and temperature on ni-fe-p alloy electrodeposition from a sulfamate bath and the material properties of the deposits[END_REF]. A decrease in pH increases the rate of hydrogen evolution at the cathode. The parasitic adsorbtion of hydrogen on the cathode surface blocks the surface diffusion of metal adatoms and therefore favours grain nucleation over growth [START_REF] Riemer | Influence of solution ph and concentration of saccharin on electrodeposition and properties of 2.4 t cofe alloys[END_REF]. While pH thus provides a useful handle on grain size, it also affects many other deposit properties, such as metal deposition rate, composition, possible hydrogen or hydroxide inclusions, etc., which must all be accounted for.

Here, Co 20 Ni 80 nanowire samples with 65 nm diameter and with a reduced grain size were synthesised by electrochemical deposition from an electrolyte with a pH = 1.5, instead of the standard deposition process using an electrolyte with pH = 2.5. This also resulted in reduced deposition rates, which required long (∼ 48 h) depositions to grow wires with lengths 15 µm. In a first attempt, such long depositions surprisingly led to etching of the AAO membrane (most likely due to the strongly acidic electrolyte and local increases in temperature) and thus a protective SiO 2 coating had to be applied to the AAO using ALD. The 65 nm diameter wires grown from a low pH electrolyte therefore feature an additional 2 -5 nm SiO 2 coating, which also prevents surface oxidation of the CoNi metal.

On the other hand, samples with an increased grain size were not fabricated using an electrolyte with increased pH (i.e. 3.5 or larger). While this would have been possible, it would simultaneously have resulted in changes of multiple other deposit properties, as already stated above. Instead, post treatments, such as annealing, can be used to induce grain growth and other crystallographic relaxations [START_REF] Qin | The effects of annealing on the structure and magnetic properties of coni patterned nanowire arrays[END_REF][START_REF] Tóth | Temperature dependence of the electrical resistivity and the anisotropic magnetoresistance (amr) of electrodeposited ni-co alloys[END_REF][START_REF] Wang | Effects of annealing and impurities on tensile properties of electrodeposited nanocrystalline ni[END_REF][START_REF] Ebrahimi | Grain growth in electrodeposited nanocrystalline fcc ni-fe alloys[END_REF], without e.g. changing the composition. This facilitates comparing nanowire samples with different microstructures in regard to their domain wall pinning potentials. Annealing provides sufficient thermal energy to allow for atoms to rearrange within the metal lattice, which leads to an energetically favourable reduction in grain boundary area (and therefore grain growth) and internal stress [START_REF] Ebrahimi | Grain growth in electrodeposited nanocrystalline fcc ni-fe alloys[END_REF].

Here, an annealing recipe developed by BEATRIX TRAPP was used to induce grain growth in nanowire samples that were synthesised according to the standard deposition process. The annealing at 500 • C for 20 min was carried out on wires still enclosed in AAO membranes, to avoid oxidation and possible shape deformations.

Following the nanowire growth and possible post treatment, wires were freed by dissolving the AAO membrane in a chromic and orthophosphoric acid solution unless stated otherwise. Wires were dispersed on Si substrates, so that individual nanowire samples could be imaged using MFM.

Domain wall depinning 3.4.1 Measurements of individual nanowires

The domain wall pinning potential of all fabricated samples was investigated by measuring H dep of multiple domain walls in multiple nanowires. Domain walls were nucleated in the nanowires by demagnetisation with a strong externally applied out of plane magnetic field. During the slow reduction of this field, domain walls spontaneously nucleate along the wire, typically on the extrinsic pinning sites. Domain wall depinning was then measured by imaging wall positions with MFM before and after applying an external quasistatic pulse of magnetic field oriented along the nanowire long axis. By slowly increasing the amplitude of the applied field between each measurement, the field required to depin domain walls from specific pinning sites could be precisely determined.

Figure 3.2a shows an AFM image of a section of an individual, as-deposited 90 nm diameter Co 30 Ni 70 nanowire. The corresponding MFM image in Figure 3.2b shows the initial magnetic configuration with two domain walls located along the shown wire length and the direction of magnetisation within the three longitudinal domains indicated by blue arrows. The MFM image in Figure 3.2c shows the unchanged magnetic configuration after applying a quasistatic magnetic field with amplitude -12 mT. Imaging after applying a -13 mT field (Figure 3.2d) shows that the left hand wall was successfully depinned and moved to a different, The plot for Co 20 Ni 80 nanowires deposited from an electrolyte with pH = 1.5 is shown in Figure 3.5a, with vertical error bars as a result of the uncertainty in peak position and in full width at half maximum of the Lorentzian function. Although the vertical spread of the data is large, the data is fit with a linear regression (blue). From Eq. (3.2), the slope (4ε) and y-intercept (kλ /D) of the linear regression provide the amplitude of strain distribution and grain size, respectively. We find ε = 0.00074 and D = 15 nm, the latter thus confirming the expected nanocrystalline grain size of that sample. In order to calculate the uncertainty on this information, two further lines with maximum and minimum possible slopes passing through the error bars are plotted. The sole constrain is that the minimum slope must not be less than zero, because an ε < 0 is unphysical. The slope and y-intercept of these two lines provide the upper and lower bound uncertainty in both amplitude of strain distribution and grain size. The reason for the large vertical spread of the data in Figure 3.5a is most likely related to fine details of the fitting of each peak in the XRD diffractogram, also reflected in the large error bars. However, this is significantly reduced due to annealing. The Williamson-Hall plot of the annealed Co 20 Ni 80 nanowires deposited from an electrolyte with pH = 1.5 are shown in Figure 3.5b and exhibits more linear data. Further, the shift of the y-intercept of the linear regression to smaller values indicates that the grain size is increased to D = 55 nm, thereby confirming quantitatively that annealing increases the grain size of the sample.

The full Williamson-Hall plot for both as-deposited (full circles) and annealed (open circles) Co 20 Ni 80 (green), Co 20 Ni 80 with pH = 1.5 (blue) and Co 20 Ni 80 (red) nanowires is given in Figure 3.5c, showing the linear regression fits of as-deposited and annealed samples as solid and dashed lines, respectively. For the as-deposited Co 20 Ni 80 and Co 30 Ni 70 nanowire data the regression slope should be negative, but since this is unphysical a correction was made to fit a line with the smallest possible slope, i.e. zero. Again, the as-deposited samples feature a large vertical spread in the data as well as larger y-intercepts of the linear regressions. Annealing appears to shift the data to smaller values of β cos (θ ), and results in a linear regression which is a better fit to the data. In these two cases, the upper bound grain size is therefore of the order of hundreds of nanometers. For comparison, grain sizes were also calculated using the Scherrer formula

D = kλ β cos (θ ) (3.3) 
again with the shape factor k = 0.9. This is known to provide the lower bound for grain size, because other peak broadening effects are not taken into account. These values are indicated by grey crosses in Figure 3.5d and match well with the lower bound of the error bars of the Williamson-Hall analysis.

The grain size of standard as-deposited nanowires is calculated from a zero-slope fit to be ≈ 22 nm (Co 20 Ni 80 ) and ≈ 18 nm (Co 30 Ni 70 ) (Figure 3.5c), which shows that a change in composition has little impact on grain size. However, it must be noted that the large vertical data spread and the uncertainties in the Williamson-Hall plot affect the accuracy of these calculated values. Decreasing the electrolyte pH reduces the grain size to 15 nm (Co 20 Ni 80 with pH = 1.5), which thus confirms the impact of the altered fabrication method discussed in Sec. Similarly, the distribution of inhomogeneous crystal strain was calculated from the slope as 4ε. In cases where the linear regression slope was non-zero, the strain distribution was calculated as 0.00067 (annealed Co 20 Ni 80 ), 0.00074 (Co 20 Ni 80 with pH = 1.5), 0.00117 (annealed Co 20 Ni 80 with pH = 1.5) and 0.00188 (annealed Co 30 Ni 70 ), however, for all measurements the error bar extends to nearly one order of magnitude larger values. Considering the large error associated with these results, care should be taken when drawing conclusions about the strain distribution in these nanowire samples.

The grain sizes and strain distributions that we measure are very similar to values for nanocrystalline nickel thin film, also electrodeposited from a Watt's or purely sulfate electrolyte. A large number of studies have investigated this and generally find grain sizes of the order of 10 to 50 nm, when the deposition conditions are close to the ones used here [START_REF] Rashidi | The effect of current density on the grain size of electrodeposited nanocrystalline nickel coatings[END_REF][START_REF] Ebrahimi | Mechanical properties of nanocrystalline nickel produced by electrodeposition[END_REF][START_REF] Rashidi | The effect of saccharin addition and bath temperature on the grain size of nanocrystalline nickel coatings[END_REF][START_REF] Kang | Influence of electrodeposition parameters on the deposition rate and microhardness of nanocrystalline ni coatings[END_REF][START_REF] Mishra | Effect of grain size on the tribological behavior of nanocrystalline nickel[END_REF]. Less studies have investigated electrodeposited NiCo alloys [START_REF] Tóth | Temperature dependence of the electrical resistivity and the anisotropic magnetoresistance (amr) of electrodeposited ni-co alloys[END_REF][START_REF] Park | Stress changes of nanocrystalline CoNi thin films electrodeposited from chloride baths[END_REF], but the reported grain sizes largely match those of pure Ni. In particular, Tóth et al. [START_REF] Tóth | Temperature dependence of the electrical resistivity and the anisotropic magnetoresistance (amr) of electrodeposited ni-co alloys[END_REF] investigated the effect of annealing at 300 • C for 1 h on the grain size of nanocrystalline CoNi alloys and found an increase from 10 to 40 nm for low Co contents. The experiment that is most similar to the present study was performed by Dost et al. [START_REF] Dost | Effect of annealing on the electrical and magnetic properties of electrodeposited ni and permalloy nanowires[END_REF], where annealing of 275 nm diameter Ni nanowires at 650 • C for 1 h increased the grain size from 8 to 160 nm. TEM imaging also revealed that after annealing grains often occupied the entire diameter of the wire. For the most part, the grain sizes of our as-deposited materials match well with values from literature. A direct comparison of the impact of annealing is difficult to make, because the starting material and annealing recipes were not the same. A quantitative comparison of the grain size of deposits made with a lower electrolyte pH is similarly difficult, because there are no reports on nanocrystalline CoNi and other studies investigate pH > 2. Still, in the CoFe alloys studied by Riemer et al. [START_REF] Riemer | Influence of solution ph and concentration of saccharin on electrodeposition and properties of 2.4 t cofe alloys[END_REF], a 50 to 30 nm grain size reduction was reported when changing the pH from 3 to 2 and in the NiCu alloys studied by Alper et al. [START_REF] Alper | Comparison of nicu alloy films electrodeposited at low and high ph levels[END_REF] a 120 to 90 nm grain size reduction was reported when changing the pH from 3.3 to 2. Strain distribution is considered less often than grain size, especially since most studies discuss only the Scherrer formula to analyse XRD peak broadening. The studies that do report on strain distribution in nanocrystalline Ni films find ε 0.005 [START_REF] Wang | Effects of annealing and impurities on tensile properties of electrodeposited nanocrystalline ni[END_REF][START_REF] Mishra | Effect of grain size on the tribological behavior of nanocrystalline nickel[END_REF] and Wang et al. [START_REF] Wang | Effects of annealing and impurities on tensile properties of electrodeposited nanocrystalline ni[END_REF] note that this reduces by 30 % by annealing at 100 • C for 1 h.

Key microstructural differences

The above analysis of the microstructure of the different nanowire samples has shown that the different fabrication methods and post treatments have effectively altered the microstructure and composition. Analysis of the XRD diffractograms has shown that all nanowires have a fcc crystal structure. Further, the diffraction peak positions confirm the expected nanowire compositions and indicate that the as-deposited samples are nearly all stress-free. However, lattice strain is induced after annealing, due a mismatch of expansion coefficients during annealing. Analysis of peak broadening with the Williamson-Hall analysis has shown that as-deposited nanowires feature grain sizes of ≈ 20 nm, and that this is increased by annealing, and reduced in nanowires deposited from an electrolyte bath with a lower pH. We have thus characterised these CoNi alloy nanowires and determined the key microstructural differences which may impact the domain wall pinning behaviour observed in Sec. 3.4.

Possible origins of domain wall pinning

Domain wall pinning should not occur in a homogeneous monocrystalline nanowire with a perfect cylindrical shape. However, such a wire is unachievable in practice, and any deviation from perfection may lead to domain wall pinning. This includes diameter modulations and surface roughness, polycrystallinity and the associated grain boundaries, strain, changes in composition, line and point defects such as dislocations and impurities. Based on the results presented in the previous section, we evaluate below the phenomena liable to be responsible for domain wall pinning, grouping them in three categories: a) surface roughness and other shape defects; b) polycrystallinity and its interplay with magnetocrystalline anisotropy and inverse magnetostriction; c) material defects such as inhomogeneities, grain boundaries, dislocations and impurities. However, in order to compare all of these different phenomena one must first find a means of translating these into their domain wall pinning potential.

To do so, we consider the textbook model of Becker-Kondorski [START_REF] Kondorski | On the nature of coercive force and irreversible changes in magnetisation[END_REF][START_REF] Becker | Ferromagnetismus[END_REF] for domain-wall pinning in a one-dimensional framework. The main result of the model is that domain wall pinning is a result of walls residing at the bottom of energy wells, when at rest, and that any depinning field is proportional to the maximum slope of the local potential (see also the schematic in Figure 3.1). Written explicitly, the model relates depinning field H dep to the energy landscape E(x):

H dep = 1 2µ 0 M s S dE dx , (3.4) 
with S the cross-sectional area of the one-dimensional conduit, which is πR 2 in the present situation, with R the nanowire radius. E is the position-dependent net energy of the domain wall, in units of Joules. The Becker-Kondorski model thus allows gauging the pinning strength, provided the energy landscape is known or can be reasonably approximated.

In the following we compare the previously discussed categories of possible sources of pinning, often by making use of models that have been formulated for similar situations. To set orders of magnitude, the models discussed here are applied to a wall of length δ W ≃ 2R, which is a scaling law that is reasonable for the wire diameters considered here, in the range a few tens to a hundred of nanometers [START_REF] Jamet | Magnetic Nano-and Microwires: Design, synthesis, properties and applications, chapter Head-to-head domain walls in one-dimensional nanostructures: an extended phase diagram ranging from strips to cylindrical wires[END_REF].

Surface roughness

Here we evaluate to which extent deviations from perfect translational symmetry in the shape of a nanowire may explain the pinning of domain walls in our systems. Deviation from the perfect cylindrical shape may take the form of local modulations of diameter (i.e., correlated around the wire diameter), or general roughness. Analytical modelling cannot cover the general case of pinning on such defects, and approximations must be made. To provide some generality and therefore robustness in the discussion and comparison with experiments, we consider three models of a very different kind.

A first model may be adapted from Bruno et al., evaluating the contribution of dipolar energy to magnetic anisotropy in thin films, related to the existence of roughness [START_REF] Bruno | Dipolar magnetic surface anisotropy in ferromagnetic thin films with interfacial roughness[END_REF]. This model predicts a cost for planar anisotropy amounting to

E Bruno = S 1 2 µ 0 M 2 s σ 4 1 -f 2π σ ξ . (3.5) 
The above is a net energy, again in units of Joules. S is the surface area of the thin film considered, σ the average deviation for the roughness, ξ the correlation length. f (0) = 1 with an infinite negative slope, sharply decreasing to f (0.1) ≃ 0.6 and f (1) < 0.1. Assuming (σ , ξ ) ≪ R, one may neglect long-range correlations on magnetostatic energy, and therefore model the surface of a cylindrical wire as the rolled surface of a thin film. We combine Eq. (3.4) to Eq. (3.5) with S = 2πRδ x, considering a distance δ x = ξ equal to the roughness correlation length, and averaging azimuthally over a number of correlation areas 2πRδ x, we obtain a formula for the depinning field:

H Bruno = M s σ 8R ξ 2πR 1 -f 2π σ ξ . (3.6) 
A second model, proposed by Ivanov and Orlov, considers specifically the cylindrical geometry, with an azimuthally correlated roughness [START_REF] Ivanov | A comparative analysis of the mechanisms of pinning of a domain wall in a nanowire[END_REF]. The models predicts that

H dep = 1.4 µ 0 M s V d /δ 3 w (δ w /2R) ln (L/δ w ).
(3.7)

Here we disregard the square root since δ w ≃ 2R, and since ln (L/δ w ) pertains to the statistical distribution of strength of pinning sites on a long length scale L, an aspect not discussed in the other two models that Indeed, in the as-deposited nanowire samples, µ 0 M s increases [0.83 ± 0.15 to 1.10 ± 0.17 to 1.17 ± 0.17 T] with increasing Co content [20, 30, 40 %], with the measured values corresponding to those reported in literature [START_REF] Jiles | Magnetic properties of nickel-copper and nickel-cobalt alloys[END_REF]. This suggests that in the present case, roughness coupled with dipolar effects is not the leading mechanism of pinning. This is consistent with the fact that wires electrochemically deposited in AAO templates are known to be very smooth, resulting from the amorphous structure of the aluminium oxide, unless modulations of diameter may result from instabilities during the anodisation step [START_REF] Lee | Spontaneous current oscillations during hard anodization of aluminum under potentiostatic conditions[END_REF]. TEM imaging of nanowires similar to those studied here revealed that beyond a possible native oxide layer, no noticeable surface roughness could be observed (Figure 3.6a,b). Further, imaging with TEM holography (Figure 3.6d) showed that a domain wall was pinned along the low roughness wire segment shown already in 3.6a. Such low impact from pinning due to surface roughness may not be the case for polycarbonate templates, which display a roughness intrinsically linked with the molecular size of the underlying polymers [START_REF] Cornelius | Nanopores in track-etched polymer membranes characterized by small-angle x-ray scattering[END_REF][START_REF] Biziere | Imaging the fine structure of a magnetic domain wall in a ni nanocylinder[END_REF].

Polycrystallinity

Polycrystallinity leads to spatial variations of magnetocrystalline or magnetoelastic anisotropy energy density K, due to different grain orientations. This converts into a position-dependent energy of a domain wall, which after the Becker-Kondorski model implies pinning. In magnetically soft bulk-like systems, this situation can be described with the Herzer model [START_REF] Herzer | Grain size dependence of coercivity and permeability in nanocrystalline ferromagnets[END_REF][START_REF] Herzer | Nanocrystalline soft magnetic materials[END_REF], averaging the anisotropy energy over the large number of grains inside a domain wall. The width of the latter is found self-consistently to scale with K 4 D 6 /A 3 . This model is not suitable for cylindrical nanowires, for which we have said δ W ≃ 2R, which is largely de- termined by magnetostatics and possibly exchange. One can therefore consider instead the change of energy δ E of a domain wall upon motion with distance δ x = D, and apply the Becker-Kondorski model [Eq. (3.4)]. δ E = K √ ND 3 , with N = 2πR 2 /D 2 the change of number of grains in the domain wall upon motion. This leads to:

H poly = 1 √ 2π 1 µ 0 M s D R K. (3.10)
To set numbers, we can apply Eq. (3.10) to our material with largest magnetocrystalline and magnetoelastic anisotropy, Co 40 Ni 60 . At room temperature, the cubic coefficient for magnetocrystalline anisotropy is K 1 ≃ 7 kJ/m 3 [START_REF] Kadowaki | Magnetocrystalline anisotropy of nickel-cobalt alloys[END_REF]. The magnetoelastic coupling coefficients B 1 and B 2 are in the range of 10 × 10 7 J/m 3 [START_REF] Kadowaki | Magnetostriction constants of nickel-cobalt alloys[END_REF].

Considering strain ε 3 × 10 -4 (Figure 3.4) in the as-deposited material, the resulting anisotropy density is K mel ≃ 3 kJ/m 3 . Eq. (3.10) applied with D = 20 nm, R = 50 nm, µ 0 M s = 1.17 T and the above values for density of anisotropy energy leads to pinning fields of the order of mT or below. This is an order of magnitude lower than experimental values (Figure 3.3b). Besides, those two sources of anisotropy are expected to vanish almost simultaneously for a composition around Co 20 Ni 80 , while in our wires the pinning field is the highest. Therefore, it is unlikely that polycrystallinity combined with magnetocrystalline or magnetoelastic anisotropy energy is the source of domain wall pinning pinning in these nanowires.

Material defects

A potential imperfection in the material are inhomogeneities in composition of the CoNi alloy, leading to an axial gradient of magnetic energy for a domain wall. While this may be done on purpose [START_REF] Mohammed | Magnetotransport measurements of domain wall propagation in individual multisegmented cylindrical nanowires[END_REF] to engineer domain wall positions, undesired inhomogeneities may also arise from potential instabilities or limitations of diffusion during electroplating. However, SEM EDX measurements revealed the wires featured homogeneous compositions along their length, as can be seen in Figure 3.7b. In this case, the grown wires have a composition of Co 30 Ni 70 for the entirety of their over 30 µm length, as indicated also by the black dashed guides to the eye. The same was observed for all studied samples, thereby eliminating this as source of pinning. A usual defect in materials is dislocations. Yu et al. [START_REF] Yu | High temperature soft magnetic materials: Feco alloys and composites[END_REF] noticed that coercive fields increase for larger dislocation densities. Lindquist et al. [START_REF] Lindquist | Domain wall pinning and dislocations: Investigating magnetite deformed under conditions analogous to nature using transmission electron microscopy[END_REF] directly observed pinning on dislocations in bulk magnetite, grain boundaries. This fact is again consistent with the increase of pinning strength upon annealing (Figure 3.5), for which grain sizes may be larger than the wire diameter and the grain boundary can present a surface perpendicular to the direction of domain wall motion. Not only are grain boundaries expected to become more extended, but annealing also promotes impurity diffusion to the grain boundaries [START_REF] Wang | Spin-wave quantization in ferromagnetic nickel nanowires[END_REF], thereby amplifying the pinning effect. Finally, the reduced depinning field for nanowires deposited with pH = 1.5 [14 ± 3 mT] matches with the reduced grain size compared to the as-deposited nanowires [18 ± 4 mT].

Origins of pinning

To conclude the above analysis of various physical reasons for pinning, the most probable explanation lies in the role of grain boundaries, liable to locally affect micromagnetic material parameters. Surface roughness and random anisotropy in a polycrystalline material probably play a minor role in the present case. That being said, the granular structure of the material has an impact, partially averaging the effect for smaller grain size, and thereby decreasing the pinning effect. It is possible to reduce the depinning field by increasing M s , here through a larger Co content, however, the appearance of the hcp Co phase above a composition of Co 50 Ni 50 [START_REF] Vivas | Magnetic anisotropy in CoNi nanowire arrays: Analytical calculations and experiments[END_REF][START_REF] Qin | The effects of annealing on the structure and magnetic properties of coni patterned nanowire arrays[END_REF] may increase pinning due to the increasing magnetocrystalline anisotropy.

Applicability to different materials

To test whether the conclusions made for the CoNi alloy system are applicable to other nanowire materials, we made initial investigations into the domain wall pinning behaviour of CoFe alloy nanowires, for which M s is larger. 65 nm diameter Co 20 Fe 80 nanowires were electrodeposited into AAO templates with SiO 2 coating (see Sec. 2.1) and then characterised with VSM SQUID, giving experimental values of µ 0 M s = 2.3 ± 0.6 T. Individual nanowire samples were dispersed on TEM grids and imaged with TEM (Figure 3.8a), revealing that grain sizes appeared significantly larger than those in as-deposited CoNi nanowires, of the order of hundreds of nanometers. The homogeneous contrast in the TEM image indicates a uniform atomic arrangement, such as from one grain, because a polycrystalline structure would otherwise strongly diffract the beam, giving rise to local differences in contrast (see e.g. Figure 3.6a). Domain wall positions were then imaged with TEM in Lorentz mode. Domain wall depinning was induced by using the objective lens to apply a quasistatic magnetic field along the electron beam direction, with the amplitude given by the objective lens current. By rotating and tilting the grid the nanowire long axis was aligned so that it had a component that was parallel to the electron beam, i.e. magnetic field direction. Although not as accurate as applying quasistatic fields in MFM, domain wall depinning was achieved. The distribution of depinning fields for one 65 nm diameter Co 20 Fe 80 nanowire sample is plotted in Figure 3.8b. The measurements revealed an average depinning field of 7 ± 3 mT, which matches that of Co 40 Ni 60 nanowires, but is probably an upper bound considering that the observed grain size appeared large in comparison with the as-deposited CoNi nanowires. These first measurements are therefore in agreement with grain boundary pinning being a dominant phenomenon in cylindrical nanowires. We expected that lower domain wall pinning can be achieved by fabricating a finer grain structure in CoFe nanowires.

Applicability to current-driven domain wall motion

Although the trends discovered above provide important insights into nanowire materials as a whole, we must consider that the present thesis focusses on current-driven domain wall motion. It is possible that the pinning trends may not apply for current-driven motion, for which STT scales with 1/M s (see Sec. 1.1.3). The analysis of the current-driven domain wall motion experiments is provided in the following chapters, so we will only briefly discuss some results related to domain wall pinning in different nanowire materials. Initial experiments comparing as-deposited and annealed 90 nm diameter Co 30 Ni 70 nanowires revealed an tocrystalline anisotropy and magnetostriction, as at room temperature these are lowest nearly simultaneously for the Co 20 Ni 80 concentration. This suggests that pinning is governed by microstructural defects such as grain boundaries, also consistent with an increase of pinning in samples with larger grain size. This suggests a handle to controlling domain wall pinning in electrodeposited nanowires by altering grain size through engineering of deposition parameters and post treatments.

Finally, we found that the conclusions drawn from the CoNi alloy system appear to be transferable to other rather soft-magnetic nanowire materials, such as Co 20 Fe 80 , for which we measure high M s and low depinning fields. Similarly, an initial experiment measuring current-induced domain wall depinning indicated that a grain-size-dependent reduction in pinning is common to both field-and current-driven domain walls. Care should however be taken for the current-driven case, where lower pinning may not be observed in larger M s materials, because STT scales inversely with M s . It follows that experiments studying domain wall motion in nanowires should in particular consider small grain sizes.

Chapter 4

OErsted-field-induced domain wall transformations

Despite the fascinating predictions made by theory and simulations, dynamics of domain walls in cylindrical nanowires have not been extensively explored by experimentalists. This is primarily due to the obstacles involved with measuring or imaging a single nanowire, however, these are becoming less critical as experimental techniques are optimised towards three-dimensional systems. Measuring domain wall velocity is an experiment that remains complex, in particular because it requires applying nanosecond pulses of either magnetic field or electric current and then measuring the domain wall displacement. Plus, current magnetic imaging techniques do not allow dynamically imaging a single-shot motion event. Instead, dynamics can only be imaged stroboscopically [START_REF] Vogel | Time-resolved magnetic domain imaging by x-ray photoemission electron microscopy[END_REF][START_REF] Donnelly | Imaging three-dimensional nanoscale magnetization dynamics[END_REF], which requires a perfectly reproducible event, i.e. not domain wall motion. Before the start of this thesis, the only experiment to successfully move and image domain walls in nanowires did so using an externally applied magnetic field to induce domain wall motion. This experiment disappointingly failed to confirm the expected topological protection of the BPW, which readily transforms into the TVW and vice versa [START_REF] Wartelle | Bloch-point-mediated topological transformations of magnetic domain walls in cylindrical nanowires[END_REF]. The possibility of a high mobility BPW transforming into the much lower mobility TVW has therefore significantly reduced the interest in field-driven domain wall motion in nanowires. The alternative is current-driven motion, which requires in addition the fabrication of electric contacts in order to send pulses of current. This has not been realised until the start of this thesis.

The following chapter outlines the first experimental results on current-induced domain wall dynamics in cylindrical nanowires. We use XMCD PEEM and XMCD STXM to observe domain wall structures before and after applying nanosecond current pulses. We show that although previously disregarded, the OErsted field induced by the current plays instead a crucial and valuable role in stabilising BPWs, contrary to the field-driven case. The main results have been published in [M. Schöbitz et al., PRL 123, 217201 (2019)].

Predictions of domain wall dynamics in nanowires

The dynamics of both BPWs and TVWs are determined by the Landau-Lifshitz-Gilbert equation, provided in Sec. 1.1.3. In purely field-driven cases, the applied field favours the precession of magnetisation with vector m, around the field direction. For the case of a TVW, the field induces a precession of the transverse component of the wall that is similar to the Walker breakdown situation, and thus the mobility of the wall is low (scaling with the Gilbert damping coefficient, α) at all applied fields [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Yan | Fast domain wall dynamics in magnetic nanotubes: Suppression of Walker breakdown and Cherenkov-like spin wave emission[END_REF]. The phenomenology of current-driven cases is similar: Walker-like precession occurs for all applied current densities [START_REF] Yan | Beating the Walker limit with massless domain walls in cylindrical nanowires[END_REF], and thus domain wall velocity scales with u, the amplitude of STT [START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF][START_REF] Mougin | Domain wall mobility, stability and walker breakdown in magnetic nanowires[END_REF] (see Sec. 1.1.3).

In contrast to the TVW, one expects that magnetisation cannot freely precess azimuthally in a BPW, since this would periodically imply a head-on or tail-on configuration along all three axes, with an enormous cost in dipolar energy. Instead, the azimuthal rotation should come to a halt and remain in a state essentially 83 similar to the static one. This implies an absence of Walker breakdown, both under field [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Yan | Fast domain wall dynamics in magnetic nanotubes: Suppression of Walker breakdown and Cherenkov-like spin wave emission[END_REF] and current [START_REF] Wieser | Current-driven domain wall motion in cylindrical nanowires[END_REF][START_REF] Otalora | Domain wall manipulation in magnetic nanotubes induced by electric current pulses[END_REF], and steady-state motion of the wall, with velocities expected to be ≈ (β /α)u [START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF][START_REF] Mougin | Domain wall mobility, stability and walker breakdown in magnetic nanowires[END_REF], with β the non-adiabaticity parameter. Further, the steady intrinsic circulation of the BPW is expected to be clockwise with respect to the direction of motion of the wall [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Wieser | Current-driven domain wall motion in cylindrical nanowires[END_REF]. The counterclockwise circulation may undergo a dynamics-induced once-only switching event to recover the clockwise circulation and steady state. If this wall circulation is indeed stabilised, then the mobility of the BPW is expected to remain high under both field and current [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Wieser | Current-driven domain wall motion in cylindrical nanowires[END_REF].

The recent experiments by Wartelle et al. [START_REF] Wartelle | Bloch-point-mediated topological transformations of magnetic domain walls in cylindrical nanowires[END_REF] have cast a doubt on the expected stability of the BPW, putting at stake the principal interest surrounding magnetic nanowires. A key question is therefore whether such domain wall transformations also occur when BPWs are driven by an electric current.

Imaging the structure of magnetic domain walls subjected to electric currents

In the following we investigate magnetically soft Co 30 Ni 70 nanowires with 90 nm diameter. Wires were dispersed on Si substrates and electrically contacted according to the methods in Sec. 2.2 (Figure 4.1a), which then allowed for the injection of electric current. Domain walls were monitored with XMCD PEEM in the shadow mode (synchrotrons ALBA and ELETTRA) to reveal the three-dimensional texture of magnetisation [START_REF] Da Col | Observation of bloch-point domain walls in cylindrical magnetic nanowires[END_REF][START_REF] Kimling | Photoemission electron microscopy of three-dimensional magnetization configurations in core-shell nanostructures[END_REF]244]. In order to limit the risk of electric discharges with a capacity of destroying the sample, the PEEM was operated with unusual conditions of reduced acceleration voltage (10 instead of normal 20 kV) and increased distances between the sample and the objective lens. This reduced both the spatial resolution from ≈ 25 nm to at best ≈ 40 nm, and the signal to noise ratio due to lower electron intensities incident on the detector. Nonetheless, it was possible to identify the exact domain wall type before and after applying a current pulse, and thus to determine whether the BPW is stable when subjected to current pulses.

It should be noted that the shape of current pulses was distorted from rectangular to a minimum width of 10 -15 ns, due to long cabling, ultra-high vacuum feedthroughs and the sample holder contacts. The importance of this will be discussed at length in Chap. 6. Further, the following reported values are peak applied current densities, inferred from calculations of a sample-dependent pulse transmission ratio (Sec. 2.4.4).

The XMCD PEEM images in Figure 4.1c,d showcase two situations that were observed in this experiment. The X-ray beam is incident at a small in-plane angle with respect to the normal to the wire long axis (see orange arrow), which results in weak magnetic contrast in the longitudinal domains, and an enhanced magnetic contrast at the domain wall (where magnetisation is more parallel to the beam). The image is focussed on the wire shadow, which in this configuration is projected above the nanowire and is approximately a factor 3 larger than the wire in a direction transverse to the wire. In both situations in 4.1c,d, the starting configuration in the top panel is a nanowire with four domain walls present. These are all of a BPW type, characterised by the unambiguous symmetric bipolar contrast in the shadow [START_REF] Da Col | Observation of bloch-point domain walls in cylindrical magnetic nanowires[END_REF], corresponding to an azimuthal rotation of magnetisation as indicated by the white arrows (into and out of the plane). In fact, from hundreds of domain walls imaged after the injection of a current pulse, all were of the BPW type. This sharply contrasts with all previous observations of nanowires, imaged in the as-prepared state or following a pulse of magnetic field, for which both TVWs and BPWs had been found in sizeable amounts [START_REF] Da Col | Observation of bloch-point domain walls in cylindrical magnetic nanowires[END_REF][START_REF] Wartelle | Bloch-point-mediated topological transformations of magnetic domain walls in cylindrical nanowires[END_REF]. Further, the circulation of the BPW is linked to the sign of the applied current pulse (see red arrow in the schematics in Figure 4.1c,d). In Figure 4.1c, the application of a 15 ns duration current pulse with peak amplitude 1.4 × 10 12 A/m 2 switches the circulation of three of the walls (top vs bottom panel). Similar circulation switching events are observed in Figure 4.1d, however, only the right hand BPW is switched following the 15 ns and 1.2 × 10 12 A/m 2 current pulse (middle panel) and is then switched back to its original configuration following the next 15 ns and -1.4 × 10 12 A/m 2 current pulse (bottom panel). This switching behaviour was characterised in two nanowire samples, with multiple applied current densities and pulse durations (Figure 4.2). It was found that the deterministic switching behaviour is associated with a well-defined The scaling leads to a critical current density of j c ≈ 0.45 × 10 12 A/m 2 , however, valid for a diameter scaled to 91.4 nm, instead of 90 nm in the simulation. Rescaling of the current density therefore also requires a relation between the diameter and the current density. For now, we will simply state that there is a straightforward relation between the two, scaling as 1/R 3 , with R the wire radius. This was discovered by means of an analytical model, describing magnetisation in the domain and balancing Zeeman OErsted energy with exchange energy (a full description of this model is provided in Chap. 5) and was confirmed with simulations by De Riz et al.. With this scaling, we finally translate to a nanowire with composition Co 30 Ni 70 and diameter 90 nm, giving a critical current density for the TVW to BPW transformation of j c ≈ 0.47 × 10 12 A/m 2 . This explains the absence of TVWs in our measurements, for which the peak applied current densities were always larger than 0.4 × 10 12 A/m 2 .

Transformations of the Bloch-point domain wall

In order to understand the unique circulation observed, we then considered a BPW in a 90 nm diameter Co 20 Ni 80 nanowire as the initial state, once with its circulation parallel to the OErsted field, and once antiparallel to the field. In the first case, the wall does not change qualitatively. In the domains to either side of the BPW, the azimuthal OErsted field induces a curling of the peripheral magnetisation towards the azimuthal direction. Since this curling in the domains matches the circulation of the wall, the rate of change of magnetisation m along the longitudinal wire direction z, is reduced. It follows that if we take the Thiele definition of domain wall width [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF],

∆ T = 2S (∂ m/∂ z) 2 dV (4.1)
then the domain wall width increases under the influence of the parallel OErsted field. The BPW therefore expands during the current pulse and relaxes back to its initial width after the pulse. On the contrary, if the OErsted field is antiparallel to the initial circulation of the BPW, the curling in the adjacent domains opposes the wall circulation. The result is that the domain wall width ∆ T is reduced, i.e. the wall shrinks. For j ≤ 1.5 × 10 12 A/m 2 the BPW reaches a compressed yet meta-stable state, and recovers its initial relaxed state after the pulse has ended. Beyond this value of current density the wall is compressed to a critical width, the circulation switches and then the wall recovers the expanded state of a parallel BPW (Figure 4.3e). This process occurs through the nucleation of one (or possibly multiple) pair of vortex/anti-vortex with the same polarity (i.e. m r = +1 or -1) on the surface of the nanowire. As these vortex/anti-vortex move apart, the Bloch point initially on the wire axis moves radially outwards towards the vortex, is expelled at the surface and thereby switches the polarity of one of the vortex. The wall is now of a TVW type (see schematic in Figure 4.3c), with a vortex and anti-vortex core approximately diametrically opposite to each other. Following the same process already described in Sec. 4.3.1, the OErsted field now forces this vortex/anti-vortex pair together until it annihilates and injects a new Bloch point in the wire. The wall is therefore transformed into a BPW with circulation parallel to the OErsted field. After the switching process is complete, the BPW circulation matches the azimuthal curling of the peripheral magnetisation in the adjacent domains. The wall width ∆ T thus increases and the wall reaches a meta-stable expanded state. A more detailed description of this process is given by De Riz et al. [START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF].

Quantitative comparison

Since the value of the critical current density required for circulation switching is found for a composition of Co 20 Ni 80 , it must again be scaled as previously shown. The scaling of both the current density and then the diameter gives a final critical current density of j c ≈ 1.8 × 10 12 A/m 2 . This is in reasonable agreement with the experimental one (Figure 4.2, ≈ 1.4 × 10 12 A/m 2 ), especially considering a) the uncertainty on the exact value of A for these CoNi alloys [START_REF] Talagala | Determination of magnetic exchange stiffness and surface anisotropy constants in epitaxial Ni 1-x Co x (001) films[END_REF], b) that the simulation considers α = 1, c) the temperature dependence of both A and M s and d) thermal activation. The latter arises due to Joule heating of the nanowire and may provide sufficient energy to account for the difference between the simulations and our experimental results. Although it is likely that Joule heating is thus an important factor for a direct quantitative comparison1 , it is not the driving force behind the experimentally observed phenomena. This suggests that the switching process is robust and intrinsic, in agreement with the narrow experimental distribution of critical current. In our simulations the time required for switching is < 10 ns, though switching times an order of magnitude faster are expected for realistic values of α < 0.1, which explains why no dependence on the pulse width was observed in the experiments, where all pulse widths were above 10 ns.

Diameter dependence of Bloch-point domain wall circulation switching

The simulations have provided a clear explanation for the BPW circulation switching observed with XMCD PEEM (Figure 4.1c,d). Since these experiments investigated nanowires with 90 nm diameters only, we were not able to probe any radial dependence of the OErsted-field-induced circulation switching. We expect that this follows the j c ∼ 1/R 3 relation discovered by means of an analytical model discussed in detail in Sec. 5.2 and confirmed by the simulation work of De Riz et al. [START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF]. We further expect that there should be a critical diameter, below which circulation switching cannot be observed experimentally, because the required critical current density would melt the nanowire.

In order to investigate this radius dependent behaviour, we carried out further XMCD PEEM experiments at synchrotron SOLEIL, this time imaging nanowires with different diameters. Co 30 Ni 70 nanowires with diameters of 65, 78 and 80 nm were synthesised, dispersed on Si substrates and electrically contacted. PEEM imaging of the thinnest structures was particularly complicated due to a combination of both the small magnetic volume providing XMCD signal and the reduced imaging conditions. Further, in this instance the complex experimental set-up prevented precise readings of the applied current density, thus the values of j are associated with a larger uncertainty than previously.

Experimental results

Figure 4.4a shows XMCD PEEM images of a 65 nm diameter Co 30 Ni 70 nanowire, before and after the application of a 15 ns duration current pulse with peak amplitude 2.6 × 10 12 A/m 2 . The tilted X-ray beam direction (orange arrows) allows visualising both magnetic domains and domain walls. Due to the very weak XMCD signal, only one of the three domain walls can be distinguished, which is pinned on an extrinsic pinning site. This wall is a BPW with its azimuthal circulation indicated by white arrows. The wall's circulation is reversed after the application of the current pulse, leading to the inverted bipolar contrast in the lower panel. Not only does this show that BPW circulation switching is possible in thinner diameter nanowires, but also that it requires a larger current density. These measurements were repeated on all wire diameters to establish the critical current density required for BPW circulation switching (Figure 4.4b). Switching was observed in the 65 and 80 nm diameter nanowire, however, not in the 78 nm diameter wire, which was destroyed due to an electric discharge from the PEEM. In this case we have only identified the current densities for which switching was not observed, and thus the plot in Figure 4.4b features an error bar indicating the possible values required for BPW circulation switching in 78 nm diameter wires. There is no observable relation between j c and diameter, except for an indication that larger current densities are required for circulation switching in smaller diameter wires. The dashed line is a guide to the eye and follows an inverse cubic form, however, this does not describe the data.

One probable reason for the lack of a clear relation between j c and D, is the fact that very few (or no) switching events were recorded in the three different nanowires. The statistics for the 65 and 80 nm diameter nanowire rely on the switching of one or two walls, respectively. It is to be expected that each wire features a variety of pinning sites and therefore, possibly a range of current densities for which circulation switching is observed (see e.g. the distribution in the 90 nm diameter nanowire in Figure 4.2). Much greater statistics are therefore required to observe trends in these three different diameter nanowires. Nonetheless, the indication that BPW switching requires larger applied current densities in smaller diameter nanowires is promising and should be further investigated to confirm (or not) the expected inverse cubic relation.

Switching governed by dynamics vs OErsted fields

In all of the previous cases we have discussed circulation switching of domain walls that were pinned by extrinsic pinning sites in these Co 30 Ni 70 wires. However, the cases where circulation switching occurred along with domain wall motion require special attention, because there is a competition for the sense of azimuthal circulation of the BPW. On the one hand, the OErsted field favours a wall circulation that is counterclockwise with respect to the propagation direction, i.e. clockwise with respect to the current direction. On the other hand, dynamics dictated by the chirality of the Landau-Lifshitz-Gilbert equation would select the clockwise circulation with respect to the propagation direction [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Wieser | Current-driven domain wall motion in cylindrical nanowires[END_REF][START_REF] Otalora | Domain wall manipulation in magnetic nanotubes induced by electric current pulses[END_REF]. However, we expect that due to the radial dependence of the OErsted field, there must be a threshold of diameter below which the BPW circulation is determined by the wall dynamics alone and opposes the OErsted field circulation.

For the case of 90 nm diameter nanowires, wall motion was typically observed for applied current densities above the critical current density for BPW switching, j c . Following a motion event, the circulation of the wall was always counterclockwise with respect to the propagation direction, which shows that the OErsted field dominates in this diameter. No wall motion was observed in the nanowires with diameters of 65, 78 and 80 nm and we were hence not able to determine whether dynamics begin to govern the sense of circulation of the BPW in smaller diameter wires. However, it should be noted that domain walls remained pinned even for applied current densities of the order of 3 × 10 12 A/m 2 , which always appears to be larger than the critical current density of BPW circulation switching j c . These Co 30 Ni 70 nanowires may therefore not provide the appropriate platform to study this competition between the two driving forces, if motion requires j > j c and OErsted field effects therefore always dominate. Nanowires with composition Co 40 Ni 60 should provide better candidates to investigate this, since we have seen in the previous chapter (3) that this composition exhibits a lower domain wall depinning field.

Time dependence of Bloch-point domain wall switching

The simulation results by De Riz et al. [START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF] showed that the BPW circulation switching occurs over a time scale of the order of nanoseconds, when α = 1, while it is expected to be an order of magnitude faster for realistic values of α ≈ 0.01. In this regime, switching should thus also have a dependence on the duration of the applied current pulse i.e. OErsted field. Applying pulses with durations of the order of 1 ns is not possible in the experimental set-up in PEEM, thus other techniques must be used to send such short pulses and still visualise the domain wall type. This is possible with XMCD STXM, since the microscope is more adapted to HF electronics.

We again electrically contacted 90 nm diameter Co 30 Ni 70 nanowires, but now on 200 nm thick, 100×100 µm 2 wide X-ray-transparent Si 3 N 4 windows, suspended in a 5 × 5 mm 2 intrinsic Si frame. Magnetic images were acquired using XMCD STXM at POLLUX beamline at the SWISS LIGHT SOURCE, with the sample holder tilted by 30 • with respect to the X-ray beam direction and aligned so that the rent for BPW circulation switching that was determined with PEEM experiments ( j c ≈ 1.45 × 10 12 A/m 2 ; Figure 4.2). Importantly, this shows that the values of j c extracted from the PEEM experiments are accurate, despite the more complex electronic circuit. Below this value of j c the probability for switching, which can be deduced by comparing the number of switching events (blue circles) against absence of switching (red crosses), is dramatically reduced. Of the few BPW circulation switching events recorded in this low j regime, these occurred for pulse durations of 0.8 and 2 ns. Switching is therefore governed by the applied current density and appears to be robust even for sub-nanosecond pulse durations which is in agreement with the durations observed in micromagnetic simulations (order of nanoseconds, but for α = 1).

Despite the limited statistics, the tendency of the data seems to suggest an increase in j c with increasing pulse duration. This does not agree with the knowledge we have gathered so far about the circulation switching process, from which we expect that the wall switches at the beginning of the pulse and then does not switch back. The reason for the observed trend is still unclear. Still, the BPW circulation switching must have a time dependence, which according to the results obtained with j > j c (Figure 4.5b), is likely of the order of hundreds of picoseconds or below. Investigating this would require even shorter pulses than we have been able to send, which is difficult to achieve in this STXM: firstly, the pulse generator must deliver picosecond pulses with amplitudes of the order of tens of volt3 ; secondly, the design of the circuit and electrical contacts (on the Si substrate) must be adapted to such GHz pulses 4 . Instead, one could attempt to visualise the BPW switching process with a high temporal resolution, thus being able to acquire images throughout the BPW circulation switching process. This is possible with time-resolved STXM and is the subject of the next chapter.

Conclusion

We have shown experimentally and by simulation that the OErsted field generated by the spin-polarised current flowing through a cylindrical nanowire has a crucial impact on domain wall dynamics. We observed with XMCD PEEM that above a critical value of current density, the OErsted field field robustly stabilises walls exclusively of the Bloch-point type, with its intrinsic azimuthal circulation parallel to the OErsted field. This circulation switching was observed for pulse durations ≥ 0.8 ns, highlighting that the process occurs for sub-nanosecond timescales. Simulations of the OErsted-field-induced effects also revealed that the critical current density for BPW circulation switching, j c , should scale rapidly with the radius, as 1/R 3 (see also the discussion about radial dependence in Sec. 5.2). An experiment to probe this relation using nanowires with different diameters did not provide enough statistics to confirm this law, however, an increase in j c with decreasing diameter was observed.

Surprisingly, the OErsted field was previously only considered in a single simulation-based report for nanowires of square cross-section [START_REF] David Aurelio | The role of the oersted field on the current-driven domain wall dynamics along wires with square cross section[END_REF]. No qualitative impact was found, likely because a nanowire side of at most 48 nm for which the impact of the OErsted field is expected to be low. The situation closest to the present case is the report of flat strips made of spin-valve asymmetric stacks [START_REF] Uhlir | Direct observation of oerstedfield-induced magnetization dynamics in magnetic nanostripes[END_REF]. Such strips can be viewed as the unrolled surface of a wire, the curling of the BPW translating into a TDW, which tends to be stabilised during its motion due to the OErsted field.

The OErsted-field-governed behaviour is in contrast with the case of domain walls under the influence of an externally applied field, for which walls readily transform between the BPW type and the lower mobility TVW type and vice versa [START_REF] Wartelle | Bloch-point-mediated topological transformations of magnetic domain walls in cylindrical nanowires[END_REF]. The current-driven case is more promising for future experiments and applications because only BPWs are stable. Although these are predicted to have very high mobilities, the OErsted-field-stabilised BPW velocity may be different compared to the one where the OErsted field is neglected. However, initial simulation results from De Riz et al. indicate that this difference is minute. Finally, the sense of azimuthal circulation of the BPW opposes the sense predicted by theory, resulting from the chirality of the Landau-Lifshitz-Gilbert. Since the OErsted field scales rapidly with radius, a regime may exist in small diameter wires where the influence of the OErsted field becomes of second order compared to the domain wall motion-driven dynamics, and as a result, the theoretically predicted circulation may be recovered. An experimental observation of such a regime was not possible here, because domain walls remained pinned on extrinsic pinning sites if the applied current density was below the critical current density for BPW circulation switching. Still, based on the experimental results in the presently studied Co 30 Ni 70 nanowires, we expect this regime in wires with diameters ≪ 90 nm.

Chapter 5

Time-resolved imaging of OErsted-fieldinduced magnetisation dynamics

The work presented in the previous chapter indicates that the OErsted field has a significant impact on the magnetisation of a cylindrical nanowire. The results obtained with XMCD PEEM and XMCD STXM imaging showed that, above a critical current density, a nanosecond current pulse could select the sense of azimuthal circulation of a BPW which then matched the direction of the OErsted field. Since images were acquired either before or after a current pulse, they did not provide direct experimental evidence for the impact of the OErsted field. For this, we relied on the simulation work by ARNAUD DE RIZ, which allowed visualising the impact of the OErsted field on the magnetisation of a nanowire, at any given point in time [START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF]. The simulations matched the experimentally observed behaviour, allowing for us to conclude with high confidence that the OErsted field was responsible for the BPW circulation switching seen with XMCD PEEM. Nonetheless, the direct experimental visualisation of the impact of the OErsted field on magnetic textures is the missing link between the previously discussed experiments and the simulations. However, it is the short-lived nature of the OErsted field that makes exactly this a challenging task. For such measurements, one must turn to time-resolved techniques in order to acquire data at a very precise time.

This chapter describes the use of time-resolved STXM imaging to directly visualise the impact of the OErsted field on magnetisation in nanowires. With this, we probe the reversible magnetic changes that occur in both a single domain state, and a domain wall. The results have been published in [M. Schöbitz et al., APL 118, 172411 (2021)].

Key predictions of simulations with OErsted field

The micromagnetic simulations that included the OErsted field predicted a number of different phenomena [START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF], some of which do not last beyond the duration of the current pulse. There are four key phenomena in soft-magnetic nanowires with diameters of the order of 100 nm:

1. For any given applied current density j, the magnetisation in an initially longitudinally magnetised domain aligns azimuthally with the OErsted field.

4. For j > j c2 (with j c2 < j c1 ), the OErsted field transforms a TVW into a BPW with its azimuthal circulation parallel to the field. The mechanism of this transformation again involves the annihilation of a vortex and anti-vortex pair.

The phenomena 2 and 4 result in non-reversible changes in magnetisation, which were essentially observed in the experiments presented in the previous chapter. This is promising, as it indicates that the other phenomena should also be true. However, two key questions remain unanswered. First, what is the time scale over which these phenomena occur? This question arises because the simulations are run with a Gilbert damping constant α = 1 in order to reduce the computation time. While this does not necessarily affect the outcome qualitatively, the durations over which the phenomena occur must be validated experimentally. To answer this question, the switching of a BPW must be observed directly, with high temporal resolution. Second, what is the strength of the OErsted-field-induced phenomena in real wires? This question arises because there is a clear difference between real nanowires grown by electrochemical deposition, and perfect nanowires within a simulation. For example, the same effects that lead to domain-wall pinning could play a significant role and inhibit certain predicted dynamics. Knowledge about this is key to control or even make use of the OErsted field in other experiments and possible applications. However, answering this second question is more complex, as one must ideally make quantitative comparisons of the simulated results with experimental observations of the same effect and, if possible, with analytical calculations. The ideal test case to probe this second question is in a first instance the simplest phenomenon: the tilting of magnetisation in longitudinal domains (phenomenon 1). This is a completely reversible effect with a duration equivalent to the current pulse length and for which the strength of the OErsted field effect is not influenced by many other physics, such as STT. The latter is actually entirely absent in this case, since magnetisation is uniform along the direction of current flow. Since this is a relatively simple situation, it is possible to describe it with an analytical model, as will be presented below.

Analytical model for the tilt of magnetisation in a single domain

The following work of mine was published as an appendix in [A. De Riz et al., PRB 103, 054430 (2021)] and is largely reproduced from there. I recall that throughout this thesis, and this chapter in particular, vectors are in bold and scalars in italic font.

To describe the effect of the OErsted field on a magnetic domain in a soft-magnetic cylindrical nanowire, we can consider a single-domain state, where the magnetisation is along the wire long axis when at rest. We are interested in the influence of the OErsted field on magnetisation in this domain, thus we can make the reasonable approximation that a nanowire is an infinitely long cylinder with zero magnetocrystalline anisotropy energy. In this configuration, we can neglect dipolar energy, and thus, our system's energy is given by exchange and Zeeman energy terms. An applied OErsted field tilts magnetisation m at radius r to acquire an azimuthal component, tilting m from perfectly longitudinal along w, towards ϕ ϕ ϕ (see Figure 5.1). The tilt is best quantified by the angle θ , made between m and w. We propose to use the following Ansatz to describe the tilt as a function of radius:

θ (r) = θ 0 sin π 2 r R (5.1) φ = π 2 (5.2)
R is the external radius and θ 0 = θ (r = R). The volume density of exchange energy E ex and of the Zeeman OErsted energies, read:

E ex = A ∂ θ ∂ r 2 + sin 2 (θ ) r 2 , (5.3) 
E Z = -µ 0 M s jr 2 sin (θ ). (5.4) 
X-ray energy and the magnetisation direction versus the polarity of circularly polarised X-ray light. It is typically written:

µ = µ 0 + P ∆µ 2 (k • m) (5.15)
where µ 0 is the dichroism-independent absorption, i.e. the absorption for a degree of circular polarisation, P, equal to zero. For a 100 % circularly (+) or (-) polarised X-ray beam parallel to magnetisation, one finds two absorption constants, µ + and µ -, respectively. The difference between the two is the magnetic contribution to the absorption, ∆µ = µ --µ + and similarly, µ 0 = (µ -+ µ + )/2. The amplitude of ∆µ is of particular importance, as it directly influences the strength of the XMCD effect and thus relates to the strength of any differential magnetic contrast. Since we have previously found a description for k • m, knowledge of the absorption of X-rays now requires values for µ 0 and ∆µ. Absorption is not a directly measurable quantity, but must rather be extracted based on measurable values of light intensity. The relation between the two is given by the Beer-Lambert law, describing the intensity of light transmitted through a length of material ℓ with uniform µ, as

I = I 0 e -µℓ (5.16) 
where I 0 is the incident intensity. Values for µ 0 and ∆µ can therefore be extracted provided that I is recorded with both (+) and (-) polarised light, and provided that the magnetisation and degree of circular-polarisation are known. Here, µ 0 and ∆µ are extracted for Co 30 Ni 70 nanowires at the Co L3 absorption edge, from XAS images taken with circularly polarised light in static STXM of a uniformly magnetised longitudinal domain (Figure 5.7a). The reduced X-ray intensity behind the nanowire thus allows calculating a µ for each XAS image, as follows.

The blue line scan in Figure 5.7a reveals the intensity profile plotted in blue in Figure 5.7c. This profile can be fitted with Eq. (5.16) to extract µ, as we can state that I and ℓ are functions of the position along the line scan x (not to be confused with the x-axis from Figure 5.6a). In this particular case, the length of material is ℓ (x) = 2F (R 2 -x 2 ), where F = 1/ cos (α) is a geometrical adjustment made for the α tilt of the sample holder, and R is the NW radius measured from SEM images. In this experiment, α = 30 • and thus F = cos (π/6) = 2/ √ 3.

However, the intensity profile that can be calculated with the Beer-Lambert law assumes an infinitely small X-ray spot size, which is not the case in experiments. The non-zero spot size causes a blurring (or lateral spreading) of the intensity profile, which is why it appears that X-ray light is absorbed far from the edge of the wire. For example, the nanowire imaged in Figure 5.7a has a diameter of 93 nm, however, the intensity profile in blue in Figure 5.7c has a width of over 300 nm (length over which I/I 0 1). We model the realistic spot size with a Gaussian, normalised to have an integral equal to unity,

I spot (x) = exp - x 2 2σ 2 (5.17)
where σ is the standard deviation of the Gaussian, which is a measure of the spot width. Any fitting of the observed XAS intensity profile in blue in Figure 5.7c must therefore be done with a convolution of (5.16) and (5.17) to extract the only free parameters, µ and σ . The convolution step is crucial to extract realistic values of µ with such an analysis, because it reproduces the blurring, however, the total absorption remains fixed.

The intensity profile from the XAS image is nearly perfectly reproduced with the convoluted Beer-Lambert law (black dashed curve in Figure 5.7c). Minor mismatches arise from the asymmetry in the true spot shape, however, these have little impact on the extracted values. The same plot also shows the unconvoluted transmitted X-ray intensity profile in red and the Gaussian spot size (scaled by a factor 20) in green.

However, as stated earlier, the µ extracted by this analysis does not immediately allow calculating µ 0 and ∆µ. This depends also on k • m, which is why the intensity profile must be in an area of uniform Indeed, we find that the incident light intensity changes greatly (at most a factor 3 difference) across the 101 nm diameter data set, with the data points at j = 8.7 × 10 11 A/m 2 and j = 10 × 10 11 A/m 2 exhibiting the lowest intensity. If one considers these two data points as outliers, the linear relation is more evident and the tilt angles are more similar to the other two data sets. However, since there is no evidence for the above hypothesis, we will consider the data set as a whole. Imaging conditions (settings) were kept constant during the acquisition of each of the other two sample data sets, however, were adjusted between the samples. This explains the improved linearity of these two data sets. Finally, for any j, θ 0 increases from the 97 to 93 to 101 nm diameter wire and using the trendline, we find a tilt rate in θ 0 equivalent to 10.7, 16.0 and 27.4 • per 10 12 A/m 2 , respectively. Although the 97 nm diameter wire is thicker than the 93 nm diameter one, the tilt rate is unexpectedly lower in the larger diameter wire. The experiment therefore fails to reproduce the theoretically predicted R 3 dependence, however, we expect this to be linked to systematic errors such as the changes in imaging conditions discussed previously. Further, local inhomogeneities in the nanowire (e.g. small changes in diameter or crystal grains) can also lead to a systematic offset of the data both along θ 0 or j which cannot be accounted for. Finally, we have so far omitted the uncertainty on j, which depends on the nanowire diameter and applied voltage amplitude. Although the experimental set-up allows measuring both with high accuracy, any systematic error in the techniques would lead to a horizontal shift of j, which cannot be excluded entirely. Now that we have a quantitative experimental results about the OErsted-field-induced tilting of a singledomain state in a nanowire, we can return to the analytical model described in Sec. 5.2 to compare to our data. Using magnetic parameters for Co 30 Ni 70 nanowires (M s = 0.77 MA/m [START_REF] Jiles | Magnetic properties of nickel-copper and nickel-cobalt alloys[END_REF] and A = 1.5 × 10 -11 J/m [START_REF] Talagala | Determination of magnetic exchange stiffness and surface anisotropy constants in epitaxial Ni 1-x Co x (001) films[END_REF]), Eq. (5.8) is plotted as solid line for each nanowire diameter in Figure 5.9. The theory confirms the experimentally observed linear dependence of θ 0 on j, however, predicts larger tilt rates. These are θ 0 = 23.4, 26.5 and 29.9 • per 10 12 A/m 2 for 93, 97 and 101 nm diameter wires, respectively. Even though there is 55 % discrepancy between the theory and experiment, the results are promising as they indicate that the analysis is appropriate within its range of uncertainty.

Conclusion on the single-domain state

This chapter began with two questions, one of which was:

What is the strength of the OErsted-field-induced phenomena in real wires?

We identified that the OErsted-field-induced tilting of magnetisation in a single-domain state in a nanowire is a perfect test case to determine the strength of the OErsted field effects. To do so, simulations were compared with an analytical model, which to first order predicts a linear relation between the applied current density and the angle of tilt on the nanowire surface. The phenomenon was observed with time-resolved STXM imaging, providing the first direct evidence of the impact of the OErsted field and thus confirming qualitatively the simulations. A quantitative analysis of the differential magnetic contrast was possible by means of a robust model based on the absorption of X-rays and a description of the magnetisation in a nanowire cross section. From this, we found that the tilt on the nanowire surface is ≈ 15 • per 10 12 A/m 2 in nanowires with diameters of ≈ 100 nm, which thus provides an answer to the initial question. Although the analytical model predicts values that are ≈ 50 % larger, the results are a promising indication that the quantitative information from the simulations and theory are accurate. Our results highlight the depth of information obtainable with time-resolved magnetic imaging and that a direct comparison of the observed dynamics with simulations and theory is possible. Finally, one should note that the quantitative analysis was limited in part by a lack of incident light intensity, giving rise to a very low differential contrast (of the order of 0.1 %). The POLLUX beamline where these experiments were carried out is connected to a bending magnet, thus more accurate results should be obtained with a beamline connected to an undulator, giving rise to significantly greater intensities of circularly polarised light.

Importantly, the 30 • sample holder tilt was accounted for in the simulated imaging. Simulated differential magnetic contrast images were calculated by dividing the XAS images of a simulated BPW in its dynamic state by that of its static case. A Gaussian blur was applied to reproduce the effect of a finite-width spot size as in the experiment. The differential magnetic contrast simulated for a compressed tail-to-tail BPW is shown in Figure 5.11c, below the experimental image in 5.11a copied for clarity from Figure 5.10a. The similarity between the simulation and the experiment is striking, thus confirming the qualitative explanation of a BPW compression. Minor differences, e.g. the size of certain features compared to in 5.11a, are likely related to the Gaussian blur applied to the simulation. For completion, the original (unblurred) simulated differential magnetic contrast image is shown in 5.11e.

We now return to the image in Figure 5.10c, where there are only two large lobes of opposite differential magnetic contrast, suggesting that the circulation of the static state is being enhanced by the applied OErsted field. This should result in an expansion of the BPW (see simulation in Figure 5.10g) as the field is parallel to the wall circulation. The simulated differential magnetic contrast from the simulated expanded wall in 5.10g is shown in Figure 5.11d, with key contrast features again matching with those observed in the experimental image (Figure 5.11b; again copied for clarity from Figure 5.10c). This combination of time-resolved imaging and simulated imaging provides a powerful tool to explain observed contrasts.

Quantitative analysis of the differential magnetic contrast

Finally, a quantitative verification of the qualitative explanation is possible by using the model proposed in Sec. 5.4.2. We plot in blue in Figure 5.12a,b contrast profiles from line scans taken across the wire, through the regions of strong contrast immediately left (solid curve) and right (dashed curve) of the BPW center. The plots in Figure 5.12a and 5.12b correspond to the images in Figure 5.10a and Figure 5.10c, respectively. Once again, asymmetric bipolar profiles can be observed, although this is much more apparent in plot 5.12a. In this case, fitting with the model requires again two intensity profiles calculated with Eq. (5.18) that are then divided by each other. However, now the static state and the dynamic -either compressed or expanded -state are both calculated with non-zero θ 0 , because the static state is already tilted with respect to the nanowire long axis (w). It must be noted that the convolution with the Gaussian spot size along x only is now slightly less valid, because the magnetisation is no longer homogeneous along w as it was for the case of a single-domain state. A finer analysis should therefore attempt to convolute along both the x and w direction. Still, the black curves in Figure 5.12a,b are fits to the experimental contrast profiles and once again show an excellent agreement on either side of the wall center. The BPW compression proposed to explain the experimental image is confirmed numerically with the fits plotted in 5.12a: left and right of the wall center, θ 0 tilts from 16 to -17 • and from 28 to -8 • , respectively. The values are not equivalent for the left and right, because they depend strongly on the position of the line scan and its exact distance from the wall center. Further, we calculate a change of ≈ 30 • , which is larger than the tilt observed in the single-domain state for the same applied current density. This implies that the BPW influences magnetisation left and right of its center in a way so as to reduce the impact of the exchange energy with respect to the Zeeman energy. We can only expect that this is a result of complex dipolar fields arising from to the domain wall. Due to this, the OErsted field reverses the sign of circulation close to the wall center, compressing the wall and giving rise to the bipolar contrast with four contrast lobes around the wall center in the experimental image. Similarly, the fits for Figure 5.12b reveal θ 0 tilts from 17 to 45 • and from 20 to 41 • , left and right of the wall center, respectively, confirming the enhancement of the static circulation, or an expansion of the BPW. The change in tilt is now ≈ 20 • , and in agreement with the tilt observed in a single-domain.

Figure 5.10a and 5.10c together show the breathing of the BPW, predicted only by simulations until now [START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF]. The same differential magnetic contrast patterns were observed in multiple image series and are inverted in the case of a BPW with opposite static circulation. These experimental results therefore confirm another predicted phenomenon related to the impact of the OErsted field on magnetisation in nanowires. at exactly the same location each time. The typical demagnetisation process with a > 1 T external magnetic field applied perpendicularly to the wire long axis is not reliable enough in these wire samples and further is not possible at a frequency of 10 MHz. Again, engineered wires may provide a platform to ensure that TVWs nucleate reliably.

Finally, it is worth noting that although the measurements were made with a time-resolved technique, the investigation presented here does not consider the time-evolution of magnetisation dynamics. Instead, the technique is used to acquire snapshots of the magnetisation of a nanowire at highly specific moments in time. The analysis relied on compressing a time-resolved image series comprised of 1021 individual frames into 4 frames, which has effectively removed part of the time-resolution. Unfortunately, the differential magnetic contrast is not strong enough to make any quantitative analysis with individual frames. More signal would be required to visualise the same phenomena with the temporal resolution that is possible with STXM. This would be possible by e.g. attempting the same experiment at a STXM beamline connected to an undulator instead of a bending magnet.

Chapter 6

Current-induced domain wall motion

The previously presented work has shown that the OErsted field induced by an electric current flowing through a nanowire has a strong impact on the magnetisation within the wire. We discovered that the field plays a crucial and valuable role in stabilising exclusively BPWs with azimuthal circulation parallel to the field direction, which is in stark contrast with the field-driven case where TVWs may also exist. This is very promising for possible applications where fast domain wall speeds are required or desirable, because the mobility of the BPW is larger than that of the TVW. However, we have shown that the OErsted field stabilises a sense of azimuthal circulation (counterclockwise with respect to the propagation direction) that opposes the dynamically favourable sense (clockwise with respect to the propagation direction) [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Wieser | Current-driven domain wall motion in cylindrical nanowires[END_REF][START_REF] Otalora | Domain wall manipulation in magnetic nanotubes induced by electric current pulses[END_REF]. Theory predicts that the mobility of the counterclockwise BPW is low compared to the clockwise wall, thus the OErsted field may inhibit fast BPW motion. If this were the case, it may not be possible to attain the magnonic limit and subsequent spin wave emission predicted in nanowires [START_REF] Yan | Fast domain wall dynamics in magnetic nanotubes: Suppression of Walker breakdown and Cherenkov-like spin wave emission[END_REF]. Measuring the speeds of current-driven BPWs is therefore an essential step to be able to observe these fascinating predicted physics.

This chapter describes the use of magnetic imaging (XMCD PEEM and MFM) to image domain wall positions before and after the application of a nanosecond-duration current pulse. From this, we calculate domain wall speeds, taking into account the significant effect of degraded pulse shapes and domain wall pinning. We find that current-driven BPWs reach velocities ≈ 2400 m/s, however, that the driving force does not appear to be STT. A careful analysis of the impact of Joule heating shows that temperature increase is significant, but that no evidence can be provided for thermally driven domain wall motion. This leaves an open question about the driving force responsible for the fast BPW motion observed here. A part of these results have been published in [M. Schöbitz et al., PRL 123, 217201 (2019)].

Predicted fast domain wall velocity

Theoretical predictions of current-driven BPW velocity found that its unique topology allowed for the wall to move at speeds > 1000 m/s, with an absence of Walker breakdown. Further, the BPW with its sense of azimuthal circulation clockwise with respect to the direction of motion is predicted to exhibit velocities, v, of

v = β α u (6.1)
with α the Gilbert damping coefficient and β the non-adiabaticity parameter [START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF][START_REF] Mougin | Domain wall mobility, stability and walker breakdown in magnetic nanowires[END_REF]. u describes the spin-polarised current whose STT drives the motion, with |u| = P ( jµ B /eM s ) [START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF]. j and P are the current density and its degree of spin polarisation, respectively, µ B is the Bohr magneton, e the elementary charge and M s the spontaneous magnetisation. The exact value of β is an open question in spintronics, so it is difficult to make exact predictions of domain wall velocity for any given material. Nevertheless, we can make the cautious assumption that a nanowire material with composition Co 30 Ni 70 could behave similar of the pulse. Since STT scales directly with j, this highlights the appropriateness of considering the average instead of the peak current density. Similar domain wall motion was observed using XMCD PEEM. An example is show in Figure 6.1e,f where a single domain wall moves a distance of 2.2 µm due to the application of a 40 ns duration 1.3 × 10 12 A/m 2 average amplitude current pulse. The corresponding velocity (≈ 55 m/s) is low because the pulse duration is significantly longer than in the MFM experiment. However, in Figure 6.1d the right hand domain wall remains pinned, highlighting a common and key issue for inferring domain wall velocities from motion distances: domain wall pinning on extrinsic pinning sites. As already discussed in Chap. 3, domain wall depinning from a site requires a current density above a critical value j dp . Once in motion, driven by this current density j ≥ j dp , the domain wall can become pinned at another site with a deeper energy well (for which j * dp > j ≥ j dp ), while the current pulse is still being applied. This results in domain wall propagation with an effective time span possibly much shorter than the nominal pulse duration. Consequently, the values for domain wall velocity, v = d/t p , converted from observed motion distance, d, and nominal pulse length, t p , are a lower bound of an unknown higher velocity.

Nominal vs effective pulse durations

There are several ways to (partially) circumvent this issue of underestimating the domain wall velocity. First, the use of shorter pulses reduces the number of pinning sites a wall travels past and thus reduces the probability of re-pinning (hence why the wall motion in Figure 6.1c,d is faster than the wall motion in 6.1e,f). Second, the use of higher current densities also reduces the probability for re-pinning. Third, v can be evaluated more precisely by calculating an effective pulse duration t e , which is shorter than the nominal pulse duration t p , and which approximates the time during which the wall may move.

Evaluating t e relies on accurate knowledge of the pulse shape that passes through a nanowire, but makes the assumption that Joule heating leads to a negligible reduction in current density. The validity of the latter will be explained in a moment. Figure 6.2a shows an example 40 ns duration voltage pulse that has passed through a nanowire in a MFM set-up and was recorded on an oscilloscope. The generator has a rise and fall time of 7 ns and the voltage pulse is of relatively low amplitude (corresponding current densities were of the order of 1 × 10 11 A/m 2 ), so effects such as resistive heating are not visible in the plateau. Since the MFM set-up is very well adapted to HF pulses, the transmitted shape is the same as at the output of the pulse generator. Accordingly, the pulse shape can be represented as a trapezoid as shown in the schematic in Figure 6.2c.

On the contrary, Figure 6.2b shows an example 40 ns duration voltage pulse again of similarly low amplitude, sent by the same pulse generator, and transmitted through a nanowire in a PEEM set-up and recorded on an oscilloscope. The pulse shape is significantly degraded compared to the original shape (e.g. Figure 6.2a) and rather corresponds to that of a classical RC circuit. Such a shape is represented in the schematic in Figure 6.2d. In this example of a transmitted pulse shape, the tail of low voltage following the pulse is particularly long (order of 100 ns) because of charging effects in a home-made electrical component (a mechanical HF relay, see Sec. 2.5.4) located before the nanowire.

To evaluate t e , we can suppose that the domain wall does not commence its motion before the current density reaches the maximum value of the previous pulse that failed to move the wall j prev , defining time t 0 . We also suppose that the domain wall stops propagating when the current density falls below the minimum depinning current density j min , defining time t 1 . A more faithful estimate of the domain wall velocity is therefore v = d/t e = d/(t 1t 0 ). t 0 and t 1 have been indicated in Figure 6.2c, showing that both times can be accurately estimated easily for pulses in MFM experiments, because the slopes of the rise (blue line) and fall (red line) of the pulse are well known. We find:

t e = t 1 -t 0 = t p + τ 2 - j min j 0 - j prev j 0 (6.2)
where τ is the rise time and depends on the pulse generator used. The assumption of constant amplitude pulse plateau is a reasonable approximation because it only affects the evaluation of time t 1 . This is determined by the minimum depinning current density j min , which in these MFM experiments was below the current density to which j decreased due to the resistance increase from Joule heating. Considering a current density decreasing with t instead of a plateau would therefore not change t 1 . However, this may no longer be valid for nominal pulse durations longer than those sent in this MFM experiment (> 15 ns), for which one should expect greater heating and greater resistances. For PEEM measurements (Figure 6.2d), the approximation of a classical RC circuit provides two functions for the rise (blue) and fall (red) of the pulse:

j rise = j 0 1 -exp - t 2 × 10 -9
(6.3)

j fall = j 0 exp - t -(τ + t p )
2 × 10 -9 (6.4) j 0 is the expected current density of the plateau, and τ = 7 ns is the rise time provided by the pulse generator used with PEEM. The factor 1/ 2 × 10 -9 was selected to describe the exact slope of the exponential and thus the shape of the pulse passing through the wire. With a factor 1/ 4 × 10 -9 the curve accurately matches the pulse shape recorded on the oscilloscope (Figure 6.2b), however, this pulse was degraded twice by the same effects: once on the way to the nanowire and then again on the way back. Thus the factor used in calculations is larger to produce a steeper curve. Finally, one may estimate t e in PEEM experiments (orange section in Figure 6.2d) as:

t e = t 1 -t 0 = τ + t p -2 ln j min j 0 + 2 ln 1 - j prev j 0 (6.5)
Neglecting the impact of a resistance increase due to Joule heating is less valid here, because nominal pulse durations are longer than in the MFM experiment. The resulting decrease in current density should result in smaller values of t 1 and thus shorter t e . However, it is difficult to quantify the impact on t 1 , because oscilloscope measurements of pulse shapes transmitted through a sample in PEEM did not exhibit clear signs of changes in resistance (Sec. 2.4.4). With these approximations, domain wall velocities can be calculated more accurately. However, the probability of the moving domain wall becoming pinned on a new, stronger pinning site is high and as such wall motion most likely does not occur over the entire duration of the current pulse. The calculated domain wall velocities thus represent a lower bound of the unknown, faster velocity. As stated previously, the accuracy can only be improved by using shorter duration but larger amplitude current pulses.

Fast domain wall velocities

Both MFM and XMCD PEEM were used to record current-driven domain wall motion events in five individual 90 nm diameter Co 30 Ni 70 nanowires. Domain wall velocities were calculated with the more accurate estimation of the effective pulse duration. Figure 6.3 shows the domain wall velocity as a function of the applied current density and effective pulse duration (see inset). In order to somewhat account for temperature induced changes in sample resistance, the values of applied current density are the average current density during the pulse plateau. The plot is vertically interrupted from 1700 to 2100 m/s to include the highest velocity data point. Measurements made with MFM were acquired after sending pulses with durations ranging from 2 to 15 ns, while measurements made with XMCD PEEM relied on pulse durations ≥ 15 ns. We display both events where the domain wall motion was in the direction of STT (full circles) and events where motion was in the direction opposing STT (open circles). Consistent with the expected occurrence of pinning and re-pinning, lower velocities are inferred from longer pulse durations.

There are two key observations to make from Figure 6.3. First, despite the previously mentioned complexity of accurately measuring domain wall speed, we measure domain wall velocities greater than 1000 m/s for average applied current densities ≥ 4 × 10 12 A/m2 . Further, approximately 50 % of domain walls move in the direction opposing STT (open circles), which includes the fastest domain wall motion event with a speed of 2400 m/s for an average applied current density of 5.3 × 10 12 A/m 2 . Although this sets a record for current-driven domain wall motion in a standard ferromagnetic material [START_REF] Boulle | Current-induced domain wall motion in nanoscale ferromagnetic elements[END_REF], i.e., with large magnetisation, the origin of the driving force cannot be determined as STT 12 . Further, this behaviour was seen in all five nanowires, and in both the measurements made with MFM and with PEEM, thus we expect this to be intrinsically linked to these 90 nm diameter Co 30 Ni 70 nanowires. The second observation is that for any given pulse duration there is an associated minimum current density to induce domain wall motion, i.e. depinning. For example, the longest pulse durations ( 15 ns, purple) required current densities 1.2 × 10 12 A/m 2 , yet pulses with durations 3 ≤ t e < 4 ns (red) required current densities 4.3 × 10 12 A/m 2 . This is a rather good indication of depinning following an Arrhenius law, where both the applied current density but also the duration of the applied current count. It should be noted that although in Figure 6.3 there similarly appears to be a maximum current density for each pulse duration (no velocities are plotted for long pulse durations and large current densities), this is not due to a sudden absence of domain wall motion, but instead due to not having tested such pulses due to the high risk of burning the nanowire with Joule heating.

The apparent random nature of the direction of motion indicate that there must be a significant driving force to the domain wall motion that is not STT. Until now we have mostly neglected the effect of inertia, the OErsted field and Joule heating in these nanowires, however, with such large velocities and current densities it is necessary to evaluate their impact.

Domain wall inertia

Since the measured domain wall velocities reach 2400 m/s it is conceivable that the walls decelerate once the current is removed, causing the wall to travel some additional distance which is not directly caused by STT, but by inertia. Any additional distance travelled due to inertia effectively reduces the velocity of the domain wall and therefore skews the experimental results. We employed micromagnetic simulations to determine the effect of inertia for current-driven BPWs. In order to accurately simulate the domain wall motion, we selected α = 0.05 and β = 0.15, however, since this gives rise to very long computation times, the wire length was kept short (1 µm). Due to this constraint, wall speeds of 2400 m/s could not be simulated, because the wall would have reached the wire end in ≈ 0.2 ns, much before establishing steady-state motion. In order to avoid this, walls were driven by smaller currents. Figure 6.4 shows a plot of position vs time of the core of a tail-to-tail BPW driven by a current density with amplitude 1 × 10 12 A/m 2 , giving rise to a velocity of 182 m/s. The OErsted field with a circulation parallel to the azimuthal BPW magnetisation was considered, since all of the fast domain wall events from experiments would have been forced into this condition. The additional wall displacement is of the order of tens of nanometers, with the wall coming to rest within < 0.5 ns. In the case of the blue curve, the STT is removed after 1 ns while the OErsted field is artificially kept constant, and the wall moves forward an additional 17 nm due to inertia. In the case of the orange curve, both the STT and OErsted field are removed after 1 ns, resulting in a 64 nm backward motion of the wall. We attribute this backward displacement to the relaxation of the Bloch-point wall accompanied by the wall width reduction towards its static equilibrium value once the OErsted field is removed. Indeed, a similar domain wall shift has also been observed in absence of any current during usual micromagnetic domain wall relaxation from a mathematical expression for the wall towards its static equilibrium state. The direction of this auto-motion depends on the initial circulation of the wall with respect to the z-axis. It occurs, that in the case of current-induced dynamics, independently of the current direction, the auto-motion of the wall with its azimuthal circulation parallel with OErsted field direction corresponds to the backward displacement with respect to the STT-induced motion. In both cases presented in Figure 6.4 it becomes clear that the additional displacement due to inertia is in the range of the experimental error on measurements of displacement. While the displacement should be larger for larger applied current densities, it does not explain the very fast 'backward' domain wall motion, because this would mean that the small backward relaxation of the BPW overcompensates the expectedly large distance travelled due to the strong STT. We expect the effect of inertia may begin to play a small role when measuring wall motion induced by sub-nanosecond current pulses. This being said, if there is an inertial effect upon deceleration of the wall, one may expect a similar effect upon acceleration which compensates the additional distance travelled by the wall.

OErsted fields

Due to the very high current densities applied here, it is worth considering the impact of the OErsted field, which for a 90 nm diameter nanowire with an average applied current density of 5 × 10 12 A/m 2 is µ 0 H OE = 141 mT at the periphery. While this is a large value compared to e.g. depinning fields, there should be no component of the field along the wire axis, because the tested nanowires were straight. The OErsted field from the nanowire thus does not drive domain wall motion. A second impact is the tilting of domains and expansion of BPWs described in the previous chapter. For an applied current density 5 × 10 12 A/m 2 the linear model with the extracted tilt rate of ≈ 15 • per 10 12 A/m 2 is no longer valid, however, the magnetisation at the surface of the nanowire should thus tilt more than the limit of the model, i.e. > 45 • . Yet, since magnetisation along the wire axis remains unchanged, one should not expect domain wall motion. The expansion of the BPW width should be similarly significant. However, unlike domain wall motion driven by an externally applied field, STT-driven domain wall motion is independent of domain wall width. Once more, the strong OErsted field effects should therefore not influence domain wall motion. This is in agreement with the micromagnetic simulations presented by De Riz et al. [START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF], comparing domain wall motion with purely STT and both STT and the OErsted field. A negligible difference in velocity was observed for domain wall motion in a 90 nm diameter thick-walled tube, driven by current densities of up to 3 × 10 12 A/m 2 with β /α = 3. Other driving forces are therefore responsible for the domain wall motion behaviour observed in Figure 6.3.

The effect of Joule heating

It is well known that thermal energy may assist domain wall depinning [START_REF] Boulle | Current-induced domain wall motion in nanoscale ferromagnetic elements[END_REF][START_REF] Ueda | Temperature dependence of current-induced magnetic domain wall motion in an asymmetric co/ni nanowire[END_REF][START_REF] Attané | Thermally activated depinning of a narrow domain wall from a single defect[END_REF][START_REF] Wuth | Temperature-dependent dynamics of stochastic domain-wall depinning in nanowires[END_REF][START_REF] Wernsdorfer | Experimental evidence of the néel-brown model of magnetization reversal[END_REF][START_REF] Brown | Thermal fluctuations of a single-domain particle[END_REF], thus we may expect the domain wall behaviour to be influenced by the thermal energy supplied by Joule heating. When an electric current flows through a metal with non-zero resistance, the conduction electrons collide with the atomic lattice and transfer some kinetic energy to it. This energy is transformed to thermal energy, thereby causing an increase in temperature of the metal. Not only does this then lead to an increase in the objects resistance, but it also impacts many other materials parameters, such as decreasing M s in ferromagnetic materials. It may therefore be possible that the thermal energy governs current-induced domain wall motion, and in particular domain wall depinning, which as we have seen in Chap. 3 depends on overcoming an extrinsic energy barrier.

The amount of heat that is supplied due to Joule heating is calculated from heat energy Q, by combining electrical power P and heat capacity:

Q = Pt = I 2 Rt = mc∆T (6.6)
where t is the duration of the electrical pulse, I is the applied electrical current, R, m and c are the resistance, mass and specific heat capacity of the nanowire, respectively. Finally, ∆T is the temperature change of the nanowire due to Joule heating. It then follows that

∆T = I 2 Rt mc = j 2 πr 2 Rt Dℓc (6.7)
where j is the applied current density and r, D and ℓ are the radius, density and length of the nanowire. By using the definition of resistivity, ρ = Rπr 2 /ℓ we can re-write equation 6.7 as

∆T = j 2 ρt Dc (6.8)
This simple formula thus provides a means of calculating the theoretical temperature increase in a nanowire due to the application of a current pulse, provided there is no heat loss. The latter is a key assumption that will be discussed in more detail later.

It should be noted at this point that the following calculations and discussion were made considering sample resistivity ρ as a fixed value. The workings and results are therefore somewhat incomplete. Joule heating leads to an increase in resistance or decrease in current and as such the impact of Joule heating is reduced as the wire temperature increases. This additional aspect of the temperature calculations was carried out after the writing of this thesis and was presented at the defense. The main findings are therefore not included in this chapter, but are shown and briefly discussed in Sec. 9.1.

In order to test the hypothesis that thermal energy governs current-induced domain wall depinning, we return to the experimental data and plot the inverse of the effective pulse duration, 1/t e , as a function of the pulse's current density squared, j 2 . Figure 6.5 shows this for all pulses that either led to the occurrence of wall motion (full blue circles) or did not (open orange circles). The striking linear relation is highlighted by the linear fit (blue dashed line forced to pass through the origin) for the data of the occurrence of motion and shows the threshold parameters: domain wall motion occurs for all pulses below the line (long pulse durations and high current densities). One can see from Eq. (6.8) that the slope of this linear fit is equivalent to ρ/∆T Dc, i.e. the energy supplied to the wire due to Joule heating. The excellent fit suggests that thermal energy has a direct link with current-induced domain wall depinning in these nanowires. Further, a quantitative analysis can be made since ρ, D and c are material specific constants and thus ∆T represents the temperature increase required for current-induced domain wall motion. For the case of a 90 nm diameter Co 30 Ni 70 nanowire, we may use our experimentally measured values of ρ = 1.7 × 10 -7 Ωm, and literature values for c = 1.1 J/gK for Ni nanowires [START_REF] Ou | Thermal and electrical transport properties of a single nickel nanowire[END_REF], and bulk density D = 8.906 × 10 6 g/m3 [START_REF] Gale | Smithells Metals Reference Book[END_REF]. Since the slope of the linear fit in Figure 6.5 is 1.319 × 10 -17 Ωm 4 /J, we calculate ∆T = 1315 K, which when starting with a nanowire at room temperature results in a wire that is much above the Curie temperature of Co 30 Ni 70 alloys (T c = 860 K) [START_REF] Nishizawa | The Co-Ni (cobalt-nickel) system[END_REF]. This is impossible because the effect of heating above the Curie temperature was evidenced experimentally and resulted in a very visible total reset of the magnetic configuration, with domain wall positions entirely changed and new domain walls nucleated 3 . Such behaviour was not visible in these domain wall motion experiments and thus the results from Figure 6.5 do not arise from a demagnetisation. A partial explanation for the large difference between experimental observations and the theoretically calculated temperature is the uncertainty on -and the temperature dependence of -the materials coefficients ρ, D and c, which are not well defined in literature. However, we do not expect this to be sufficient to explain the discrepancy. There must therefore be sources of heat loss that account for a difference in temperature of about 755 K (= T room + ∆T -T c ).

The discrepancy between purely Joule heating and experiments is also observed when calculating the theoretical temperatures achieved by the experimental current pulses from Figure 6.3. The plot in Figure 6.6a shows the expected increase in temperature according to Eq. (6.8) for multiple applied current densities as a function of current pulse duration. Many of the pulses used in experiments should therefore have passed the Curie temperature or even caused melting of the nanowire, neither of which were observed.

Theoretical calculations of heat loss

To explain the difference between the calculated temperatures and the experiments we now consider different forms of heat loss and test whether this is sufficient to explain the heat loss in a nanowire. Two of these, namely the heat diffusion to the Au electrical contacts, and radiation, may be easily calculated.

Heat diffusion into electrical contacts

One may expect the Au electrical contacts at either end of the nanowire to act as heat sinks at ≈ T 0 and thereby stabilise the nanowire temperature. The heat produced by Joule heating may thus diffuse into the contact pads, which do not change temperature due to their large size. As a first approximation the nanowire system will be considered as a one-dimensional rod and thus heat diffusion follows

∂ T ∂t 2 = k Dc ∂ 2 T ∂ x 2 (6.9)
where x is the distance along the nanowire length which ranges from 0 to ℓ, and k is the thermal conductivity constant of the nanowire and is found to be 23 W/mK for a Ni nanowire [START_REF] Ou | Thermal and electrical transport properties of a single nickel nanowire[END_REF]. Eq. (6.9) can be discretised and therefore solved with a forward difference approximation to the time derivative and a centred difference approximation to the second space derivative.

T n+1 i -T n i ∆t = k Dc T n i+1 -2T n i + T n i-1 (∆x) 2 (6.10) 
T n+1 i = T n i + k∆t Dc(∆x) 2 (T n i+1 -2T n i + T n i-1 ) (6.11)
In both of the above, n is the time-step, i is the mesh-point along the wire length, ∆t the duration between each time step and ∆x the distance between mesh-points. A stronger temperature gradient between mesh-points thus leads to a greater change in temperature over time.

Heat radiation

Another type of heat loss is the result of heat radiation, which can be calculated as follows:

Q = εσ (T 4 0 -T 4 )At = mc∆T (6.12)
where A is the surface area of the nanowire and ε and σ are the emissivity and Boltzmann constant respectively. Eq. (6.12) can be further simplified in our case:

∆T = 2εσ (T 4 0 -T 4 )t rDc (6.13)
This term is arguably quite small and only becomes significant at high temperatures. Further, we have made the approximation that the wire radiates from all around its circumference and not just its upper side, and thus the radiation we calculate is most likely an overestimation. For the calculations, the emissivity of the nanowire is taken to be ε = 0.4, which corresponds to the emissivity of oxidised Ni metal [START_REF] Sully | Some measurements of the total emissivity of metals and pure refractory oxides and the variation of emissivity with temperature[END_REF] thus taking into account the native oxide layer that coats all wires.

Temperature evolution with heat loss

In order to test whether the above effects are sufficient to reduce the nanowire's temperature to realistic values, we calculated numerically the temperature in a 20 µm long Co 30 Ni 70 nanowire, while applying a current pulse of 2.0 × 10 12 A/m 2 for a total duration of 20 ns. Figure 6.6b shows the temperature along the nanowire length at select times, with the wire temperature after 20 ns reaching ≈ 1700 K. This is nearly equivalent to the temperature reached without considering these heat losses (Figure 6.6a) and is also approximately the material's melting point. It should be noted again that the calculations rely on materials parameters (i.e. density, resistivity, specific heat capacity and thermal conductivity) which themselves are known to be a function of temperature and, for nanowires, are not well defined in literature. Although our calculations are therefore only crude approximations, the results show that radiation and heat diffusion to the electrical contacts have a very limited impact in reducing the temperature increase from Joule heating and further only affect a length of < 1 µm from the contact edge.

The other obvious types of heat loss are heat diffusion to the substrate and convection. While these are likely to be a critical heat loss processes (especially if the wire is not in vacuum), it is very difficult to calculate these theoretically, because they cannot be reasonably approximated with a one-dimensional mode. Both You et al. [START_REF] You | Analytic expression for the temperature of the current-heated nanowire for the current-induced domain wall motion[END_REF] and Fangohr et al. [START_REF] Fangohr | Joule heating in nanowires[END_REF] have made detailed analyses of Joule heating in flat nanostrips, for which the flat geometry facilitates calculating heat losses. This is more intricate for a three-dimensional wire shape, which leads to a complex substrate/nanowire interface across which diffusion should happen. Not only is this interface small with respect to a thin flat strip, but its composition is entirely unknown, because dispersed nanowires on a silicon substrate may feature a wide range of dust or other impurities at the substrate/nanowire interface. The result is a very inhomogeneous interface and a calculation of heat diffusion across this is beyond the scope of this thesis. A simpler approach is to calculate overall heating of a nanowire due to changes in resistance.

Experimental approach to calculate nanowire temperature

The resistance, R, of a metal is directly related to it's temperature:

∆T = R/R 0 -1 α T (6.14)
with R 0 the resistance before heating and α T the temperature coefficient of resistance of that material (0.0018 K -1 for Co 20 Ni 80 nanowires [START_REF] Rheem | Electro-and magneto-transport properties of a single CoNi nanowire[END_REF][START_REF] Rheem | Synthesis and magnetotransport studies of single nickel-rich NiFe nanowire[END_REF], however, values as large as 0.006 K -1 have been reported for CoNi [START_REF] Warkusz | The size effect and the temperature coefficient of resistance in thin films[END_REF]). The exact value of α T for our nanowires is ill defined, since it changes with diameter (sur- face area to volume ratio) and temperature [START_REF] Craig | Transport properties at critical points: The resistivity of nickel[END_REF]. In general, α T decreases as intrinsic resistivity increases, since temperature effects on resistance become less critical. However, it is generally understood that α T is re- duced in alloys and even more reduced in thin films or nanowires. There is therefore a very large uncertainty on α T , which imposes a large error on any calculations of nanowire temperature. Changes in resistance due to increasing nanowire temperautres were measured with single-shot measurements by sending a current pulse through an electrically contacted nanowire in an electric circuit adapted to HF and recording the transmitted pulse shape on an oscilloscope coupled to 50 Ω. Resistance-based measurements of temperature in a 90 nm diameter Co 30 Ni 70 nanowire are shown in Figure 6.7, which plots the temperature increase (red) and the applied current density (blue) as a function of time. In (a) for a 200 ns duration current pulse with average amplitude ≈ 4.5 × 10 11 A/m 2 which results in a maximum temperature increase of ≈ 140 K, and in (b) for a 50 ns duration pulse with average amplitude ≈ 7.8 × 10 11 A/m 2 leading to a maximum temperature increase of nearly 500 K. Long pulse durations were chosen to exhibit the stabilisation of nanowire temperature with time.

In both 6.7a,b the nanowire temperature increases rapidly for the first 10 ns but reaches a plateau after 30 ns, thus indicating the establishment of an equilibrium between Joule heating and the heat loss processes. Consistent with Joule heating, a greater increase in temperature is observed for a larger initially applied current density. Further, since these larger increases in temperature lead to greater increases in resistance, the applied current density decreases in the wire. This is visible in Figure 6.7b, where the applied current density decreases from a peak at j = 1.1 × 10 12 A/m 2 to j = 0.65 × 10 12 A/m 2 at the end of the pulse (≈ -40 %). This decrease in j in the plateau region of the pulse has a critical impact on calculations of domain wall velocity: the effective pulse duration of an initially large amplitude current pulse can be greatly reduced due to Joule heating. This is especially pertinent in large current density pulses with durations 5 ns for which there is an even larger uncertainty on the effective pulse duration and for which domain walls should thus be faster than we can calculate.

Resistance-based measurements of temperature were made in multiple 90 nm diameter Co 30 Ni 70 nanowires, for current pulses with amplitudes 0.1 × 10 12 < j < 6.5 × 10 12 A/m 2 and effective pulse durations 0.8 < t e < 250 ns. According to Eq. (6.8), a comparison of the temperature increase of any pulse (duration and amplitude) is possible by plotting the calculated temperature increase as a function of j 2 t e (Figure 6.7c). The data is coloured as a function of the logarithm of the effective pulse duration. The black dashed line indicates the rate of Joule heating. The measured data deviates from the dashed line towards much lower values of ∆T , especially at high values of j 2 t e . The heat supplied by Joule heating is therefore balanced to some extent by heat loss mechanisms. Of all the tested pulses which includes the pulses sent in the previously discussed MFM experiment, the nanowire temperature never exceeded the Curie temperature, thereby confirming the qualitative explanation provided earlier. The data also shows that for the same values of j 2 t e , heat loss is more efficient for longer pulse durations (see colour scale), i.e. higher temperatures are observed for shorter duration pulses. Heat loss is almost negligible for very short (order of ns) pulse durations, where heat diffusion has not had sufficient time to set in and the data follows the dashed line. This is in agreement with the results in Figure 6.7a,b which showed that the heat loss processes require some time to establish an equilibrium. These measurements of nanowire temperature have shown that heat loss to the substrate are critical and help to prevent the nanowire from becoming demagnetised or melting during experiments. Lastly, measurements comparing the temperature increase in air and vacuum revealed minimal differences, indicating that the influence of convection is negligible.

Heat and domain wall dynamics

We now return to the results in Figure 6.5, for which the linear fit suggested that domain wall depinning is directly related to the nanowire temperature. The theoretical prediction without heat loss suggested that a temperature increase of ∆T = 1315 K is required to explain the domain wall depinning behaviour. Our calculations using the resistance-based measurements of temperature show that these depinning events did not occur at one constant temperature, but that the pulses which mark the threshold for depinning induced a temperature increase between 520 K for the smallest applied current density and 380 K for the largest applied current density. This is shown in Figure 6.8a, which shows a subset of the data in Figure 6.5, with additional information about wire temperature in the colour scale. The slope of the black dashed line indicates a constant energy, which is supplied by Joule heating, in the form of j 2 t e . As stated previously, heat loss is more efficient over longer durations and thus one would expect higher current densities to lead to higher temperatures for the same supplied energy. However, the opposite is observed in Figure 6.8a, where the shortest current pulses with highest amplitudes lead to a temperature increase of only ≈ 375 K. This is shown most clearly in Figure 6.8b, plotting the temperature increase as a function of applied current density, again for the same subset of data. The linear fit to the data suggests that the wire temperature under zero applied current density should increase by 528 K. To show that this disagrees with expectations that temperature should increase with increasing j for any constant energy, we can write a simple equation to describe the temperature T in a nanowire as a function of time t: (6.15) force could be temperature, we do not find any relation between domain wall velocity and the temperatures measured with resistive heating. The fastest recorded event with v = 2400 m/s increased the nanowire's temperature by 420 K and much slower events were recorded at both higher and lower temperatures, provided of course that the measurements are accurate. This uncertainty in the previously discussed results of resistance-based measurements of the nanowire temperature prevents us from making any further quantitative analysis between temperature and domain wall motion. However, we cannot dismiss temperature as the driving force, because we have so far assumed the wire to be one homogeneous object with temperature increasing uniformly throughout and with material's parameters that are independent of temperature. Indeed, since the properties of such a homogeneous object would change uniformly, there should not be any forces acting on the domain wall. This assumption is not entirely valid and a finer analysis must therefore take into account variations, especially along the wire length, which should affect multiple parameters.

T = T ∞ + (T 0 -T ∞ )e -t τ
For example, the increase in nanowire temperature may vary locally due to hot spots from regions with minor variations in diameter or in thermal conductivity to the substrate. This would result in highly localised temperature gradients with unknown slope along the wire length, which cannot be differentiated in the resistive heating measurements, but which can have an impact on a domain wall. In such a case one can consider spin-caloritronic effects [START_REF] Yu | Spin caloritronics, origin and outlook[END_REF]. One major interest of this field of study is the impact of temperature gradients on magnetic structures, such as domain walls. It has been found that a domain wall in a temperature gradient typically moves towards the hotter region [START_REF] Hinzke | Domain wall motion by the magnonic spin seebeck effect[END_REF][START_REF] Jiang | Direct imaging of thermally driven domain wall motion in magnetic insulators[END_REF], due to conservation of angular momentum with thermally excited magnons [START_REF] Yan | All-magnonic spin-transfer torque and domain wall propagation[END_REF][START_REF] Kovalev | Thermomagnonic spin transfer and peltier effects in insulating magnets[END_REF], or in order to reduce the domain wall's entropy [START_REF] Wang | Thermodynamic theory for thermal-gradient-driven domain-wall motion[END_REF][START_REF] Moretti | Domain wall motion by localized temperature gradients[END_REF]. Experiments have confirmed this behaviour in ferromagnetic materials [START_REF] Yu | Evidence for thermal spin-transfer torque[END_REF] with predictions of torques equivalent to or greater than those of STT [START_REF] Yuan | Thermal spin-transfer torques on magnetic domain walls[END_REF][START_REF] Gerrit | Nanoscale magnetic heat pumps and engines[END_REF]. For comparison, Hinzke and Nowak [START_REF] Hinzke | Domain wall motion by the magnonic spin seebeck effect[END_REF] predicted that for a below Walker regime, a thermal gradient of 0.1 K/nm drives a domain wall at 50 m/s. Applied to the present situation, a velocity of 2400 m/s would therefore require a gradient of ≈ 5 K/nm, over the entire distance that the domain wall travelled (≈ 5 µm), which is not possible as the hot region of the wire would melt. An argument can be made that the nanowire temperature remains elevated after the current pulse has been applied, thus installing a thermal gradient for a longer period of time. Any possible thermally driven domain wall motion may therefore proceed at slower velocities, but still result in the same final displacement.

If such an effect is at play in these nanowire samples, it could lead to domain wall motion that appears to be in a random direction, as the direction of the temperature gradients is a priori unknown. However, one should note that the potential thermal driving force would have to overcome STT, which appears to be a tremendous barrier considering the applied current densities of ≈ 5 × 10 12 A/m 2 . One may expect the efficiency of STT to vary only slightly with temperature, since its strength is proportional to P/M s [START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF] and both spontaneous magnetisation M s [START_REF] Kadowaki | Magnetocrystalline anisotropy of nickel-cobalt alloys[END_REF], and the degree of spin polarisation P [START_REF] Ueda | Temperature dependence of carrier spin polarization determined from current-induced domain wall motion in a co/ni nanowire[END_REF][START_REF] Villamor | Temperature dependence of spin polarization in ferromagnetic metals using lateral spin valves[END_REF], decrease with increasing temperature. Yet, temperature may facilitate overcoming the drive of STT, since it was shown that the efficiency of STT for driving domain wall motion is reduced at elevated temperatures [START_REF] Schieback | Temperature dependence of the current-induced domain wall motion from a modified landau-lifshitz-bloch equation[END_REF][START_REF] Laufenberg | Temperature dependence of the spin torque effect in current-induced domain wall motion[END_REF], most likely because P depends more strongly on temperature than M s [START_REF] Ueda | Temperature dependence of carrier spin polarization determined from current-induced domain wall motion in a co/ni nanowire[END_REF]. Domain wall motion induced by thermal gradients is therefore a driving force that should be considered, especially as it a priori provides a means of driving domain walls in an apparently random direction, however, the results presented here cannot provide evidence for this.

A final consideration about this current-driven domain wall motion is that when observed with XMCD PEEM and current densities < 2.5 × 10 12 A/m 2 , the azimuthal circulation of BPWs was always parallel to the OErsted field direction, i.e. counterclockwise with respect to the direction of motion. Walls that had travelled in a direction opposing STT were therefore still stabilised by the OErsted field, overcoming any possible dynamics-induced circulation switching favouring a clockwise sense [START_REF] Thiaville | Spin dynamics in confined magnetic structures III[END_REF][START_REF] Wieser | Current-driven domain wall motion in cylindrical nanowires[END_REF]. Further, it shows that there is no dynamics-induced circulation switching that occurs after the current pulse has ended, assuming the wall continues to propagate such as could be the case with a thermal gradient. The BPW structure was not observed when driven by current densities > 2.5 × 10 12 A/m 2 and we thus cannot state that the circulation remains parallel with the OErsted field for fast (> 1000 m/s) domain wall motion events. This is necessary information to be able to understand the driving forces inducing fast domain wall motion in nanowires.

Conclusion

Theory and simulations have predicted BPW velocities > 1000 m/s in nanowires, provided the sense of azimuthal circulation is clockwise with respect to the direction of motion. In this chapter we have measured current-induced domain wall motion in Co 30 Ni 70 nanowires in order to evaluate whether BPWs with a 'wrong' sense of azimuthal circulation can still attain the predicted fast velocities. MFM and XMCD PEEM imaging allowed recording BPW positions before and after subjecting a nanowire to current pulses with nanosecond durations, in order to calculate domain wall velocities. BPWs in five nanowires behaved similarly, with velocities of up to 2400 m/s, however, with a) 50 % of walls moving against the direction of STT and b) a pinning behaviour that depends on both pulse amplitude and duration. The measured fast velocities are therefore not related to STT, but rather to another currently unknown driving force.

In order to understand other sources of driving force, we investigated the nanowire temperature subjected to a current pulse. Theoretical calculations and resistance-based measurements of the nanowire temperature show that Joule heating has a significant impact, but that heat loss, most likely by convection or conduction to the substrate, prevents the nanowire from overheating during experiments. Interestingly, when < 5 ns duration pulses are applied, then for any constant thermal energy supplied to the nanowire, the temperature is found to decrease with increasing applied current density, which contradicts expectations and casts doubts on the accuracy of the measurement technique. Although this uncertainty limits making any quantitative analysis, we hypothesise that thermal gradients arising from hot spots along the nanowire length could drive domain walls against the direction of STT. In this case domain wall velocities may be significantly lower as the temperature gradient continues to exist after the current pulse has ended.

In conclusion, these measurements have not allowed confirming the predictions about fast and stable BPW motion. Further work is required to understand whether domain walls are driven by temperature gradients, or other forces, and whether the velocities are in fact over 2000 m/s.

Chapter 7 Conclusion

Within the field of spintronics, cylindrical magnetic nanowires are interesting structure for textbook fundamental research and for possible applications. As a vertical array, grown by electrochemical deposition into nanoporous templates, they provide an obvious starting point for a potential magnetic racetrack memory device, which relies on a dense arrangement of one-dimensional conduits. As individual structures, following dissolution of the template, they provide a textbook platform to investigate magnetic domain wall motion as described by the one-dimensional model. Theory-and simulation-based works have predicted a wide range of fascinating physics in nanowires, including the existence of the BPW, which is unique to wires and should exhibit speeds with an absence of Walker breakdown. Despite this, experimental confirmations of these predictions have been scarce, primarily due to difficulties in fabricating clean, individual nanowire samples and the added complexity associated with characterising and imaging three-dimensional nanostructures. Still, at time of the beginning of this PhD project (2018) domain-wall structures had been resolved using XMCD PEEM and propagated using quasistatic externally applied magnetic fields. The use of electric current to manipulate magnetisation is the cornerstone of spintronics and was the obvious next step in the experimental investigation of nanowires. This thesis has explored the impact of nanosecond-duration pulses of electric current on the magnetisation in magnetically soft CoNi and CoFe nanowires with diameters 60 -200 nm, grown by electrochemical deposition into nanoporous templates. This investigation involved careful control over the electrochemical synthesis, as well as developments of the electrical contacting of individual nanowires by photolithography techniques. The complex experiments relied on the use of HF electronics, which had to be combined with a wide range of magnetic imaging and characterisation techniques in order to observe domain wall dynamics.

The work presented in Chap. 3 focussed on nanowire materials that can be used to study domain wall dynamics. In past experiments, domain wall motion was hindered by (strong) domain wall pinning on extrinsic pinning sites, but little is known about the nature of pinning. In order to investigate this, I fabricated multiple different nanowire samples, with compositions Co x Ni 100-x with x = 20, 30 and 40, and investigated domain wall depinning fields in numerous individual nanowire samples using MFM. The average depinning field was found to reduce linearly with increasing Co content. I further fabricated nanowire samples with various microstructures to understand what type of pinning source this trend is related to. An extensive XRD analysis revealed that the nanowire crystal grain size was reduced in samples deposited from an electrolyte with a pH= 1.5, and increased in samples annealed at 500 • C for 1 h. Average depinning fields were found to increase with increasing grain size. A comparison of the existing theory on domain-wall pinning suggested that in these samples the dominant domain wall pinning mechanism is pinning on crystal grain boundaries, for which depinning fields scale with 1/M s . Initial results on Co 20 Fe 80 nanowires showed that the conclusions are most likely applicable to other rather magnetically soft alloy systems.

Experimental observations of the structure of magnetic domain walls in Co 30 Ni 70 nanowires subjected to current pulses were presented in Chap. 4. I used XMCD PEEM to resolved domain walls before and after the application of nanosecond pulses of current and discovered that the only stable wall type is a BPW with a 133 clockwise intrinsic azimuthal circulation, with respect to the direction of current [START_REF] Schöbitz | Fast domain walls governed by topology and oested fields in cylindrical magnetic nanowires[END_REF]. This behaviour was linked to the azimuthal OErsted field, induced by the electric current in the nanowire, which had been overlooked so far. Inspired by these experimental results, micromagnetic simulations carried out by ARNAUD DE RIZ revealed that above a critical current density that coincided with the one extracted from my experiments ( j = 1.45 × 10 12 A/m 2 ), the OErsted field has a deterministic impact on domain walls in nanowires, capable of switching the BPW circulation and transforming TVWs into BPWs [START_REF] De Riz | Mechanism of fast domain wall motion via current-assisted bloch-point domain wall stabilization[END_REF]. Further experiments revealed a diameter dependence of the BPW-circulation-switching process and that it likely occurs on time scales of the order of hundreds of picoseconds or below. Remarkably, the OErsted-field-induced circulation opposes that predicted purely with the Landau-Lifshitz-Gilbert equation. Since the OErsted field effects should scale rapidly with radius, a regime is thus expected in small diameter wires in which, following a motion event, BPWs are governed by the Landau-Lifshitz-Gilbert equation and have a counterclockwise circulation with respect to the direction of current.

Due to its nanosecond lifetime, the impact of the OErsted field cannot be observed in static imaging. I therefore used time-resolved STXM in order to visualise the impact of the OErsted field on magnetisation 'in real time' and to therefore compare with the phenomena predicted with micromagnetic simulations [START_REF] Schöbitz | Time-resolved imaging of oersted field induced magnetization dynamics in cylindrical magnetic nanowires[END_REF]. Chap. 5 presented the impact of the OErsted field first on a single-domain state and then on a BPW. I proposed an analytical model balancing exchange and Zeeman energy to describe the radius-dependent tilting of magnetisation in a single-domain state towards the azimuthal OErsted field direction. Time-resolved imaging of the same situation provided a qualitatively similar picture. A quantitative analysis of the differential magnetic contrast was made possible by means of a robust model based on a description of magnetisation in a nanowire cross section and the absorption of X-rays in the material. With this, I extracted angles of tilt of ≈ 15 • per 10 12 A/m 2 in the single-domain state, which showed promising agreement with my theoretical model. Time-resolved imaging of a BPW then revealed that for current densities below the critical current density for circulation switching the wall was expanded or compressed when subjected to OErsted fields that are parallel or antiparallel to the wall circulation, respectively. This was further confirmed by simulated differential magnetic contrast images, highlighting that a direct comparison of the observed dynamics with simulations and theory is possible.

Finally, Chap. 6 presented measurements of current-induced domain wall velocity in nanowires. I used MFM and XMCD PEEM imaging to record domain wall positions before and after sending nanosecond-duration current pulses and therefore calculated domain wall velocities [START_REF] Schöbitz | Fast domain walls governed by topology and oested fields in cylindrical magnetic nanowires[END_REF]. These reached up to ≈ 2400 m/s for applied current densities j ≈ 5 × 10 12 A/m 2 , however, in an apparently random direction with respect to STT. Due to this, I explored additional driving forces, and especially increases in nanowire temperature, which were expected to be large for such high current densities. Theoretical calculations showed that heat loss must play a significant role in counteracting Joule heating and that the primary heat loss mechanisms should be conduction to the supporting substrate. I presented experimental measurements of nanowire temperature, extracted from the increase in sample resistance during the application of a current pulse. However, there was no clear evidence that temperature is responsible for the domain wall motion observed with MFM, since the wire temperature did not reach the material's Curie temperature and since domain wall velocity does not scale with temperature. However, domain wall motion due to temperature gradients could not be excluded as potential driving force, able to move walls at slower velocities, but for significantly longer durations.

To conclude, in this thesis I have provided important first experimental evidence for current-induced domain wall dynamics in electrochemically deposited cylindrical magnetic nanowires. My results have shown that the OErsted field has a significant impact on domains and domain walls alike, and that it stabilises walls of the Bloch-point type. Further, the motion of these BPWs is very fast, but it seems the driving force is not STT and must still be determined.

Chapter 8

Perspectives

Interest in three-dimensional magnetic nanostructures is growing now that complex structures can be fabricated with increasing ease, and now that imaging techniques are being adapted to three-dimensional objects. In cylindrical nanowires the use of current and OErsted fields gives rise to a range of exciting perspectives.

Engineered nanowires

Despite having presented important results on the origin of extrinsic pinning, pinning still occurs to some extent in nanowires and therefore hinders free domain wall motion. An application like racetrack memory would, however, rely on domain walls becoming pinned in at well-defined locations, and thus engineered pinning sites are a requirement. One approach involves making diameter modulations, which can be synthesised by engineering a AAO template [START_REF] Bochmann | Preparation and physical properties of soft magnetic nickel-cobalt nanowires with modulated diameters[END_REF][START_REF] Bran | Spin configuration of cylindrical bamboo-like magnetic nanowires[END_REF], but the variations in diameter cause issues for currentdriven domain wall motion (different Joule heating and STT in different segments). A more promising approach is based on chemical modulations, where segments of a single nanowire feature different compositions [START_REF] Ruiz-Gómez | Observation of a topologically protected state in a magnetic domain wall stabilized by a ferromagnetic chemical barrier[END_REF][START_REF] Ruiz-Gómez | Helical surface magnetization in nanowires: the role of chirality[END_REF]. Domain wall pinning has been achieved in such wires, but the behaviour of current-driven domain walls has not yet been studied in such systems. This is the topic of the PhD thesis of LAURA AL-VARO GOMEZ who is adapting the work presented here to chemically modulated nanowires, and will be pioneering current-driven domain wall motion in these engineered wires.

OErsted-field-driven dynamics in cylindrical structures

The strong influence of the OErsted field that was discovered in this work has motivated further studies in cylindrical systems. Two systems stand out in particular. First, larger diameter nanowires (> 200 nm) that feature domains that are longitudinal on the wire axis, but (partially) azimuthally curled towards the wire surface [START_REF] Ruiz-Gómez | Helical surface magnetization in nanowires: the role of chirality[END_REF]. Such wires may form surface domain walls, which indicate a change of sign of the azimuthal curling, despite magnetisation along the axis remaining unchanged. An OErsted field has the capacity to drive such walls, and initial results collected during this thesis using XMCD PEEM have indicated that the current density required for domain wall motion is of the order of 10 11 A/m 2 . The use of the OErsted field to drive walls would therefore dramatically reduce the power consumption of the system. In order to understand the dynamics of such surface domain walls micromagnetic simulations are being performed by DR. JÉRÔME HURST. At the same time, large diameter Py samples are being prepared by LAURA ALVARO GOMEZ in order to further investigate this behaviour with better-defined pulses of current compared to the initial PEEM experiment. The latter will be possible now that at ALBA's CIRCE beamline, HF pulses can be sent in combination with PEEM.

A second exciting cylindrical system are nanotubes, for which the physics closely resembles nanowires. Depending on the composition, nanotubes can feature fully azimuthally [START_REF] Staňo | Fluxclosure domains in high aspect ratio electroless-deposited CoNiB nanotubes[END_REF] or longitudinally magnetised 135 domains [START_REF] Hertel | Ultrafast domain wall dynamics in magnetic nanotubes and nanowires[END_REF][START_REF] Landeros | Domain wall motion on magnetic nanotubes[END_REF], with Néel-and Bloch-like, or vortex-like domain walls, respectively. If subjected to an electric current, azimuthal domains will experience both STT and the OErsted field, which may compete or cooperate depending on the sense of circulation of the domain [START_REF] Hurst | Theoretical study of current-induced domain wall motion in magnetic nanotubes with azimuthal domains[END_REF]. First experiments on electrically contacted nanotubes are being carried out in our group by DR. DHANANJAY TIWARI, which has already shown promising measurements of AMR. More complex but fascinating structures are core-shell nanotubes [START_REF] Chen | Synthesis and magnetic characterization of co-NiO-ni core-shell nanotube arrays[END_REF], which potentially allows separating the effects of STT and e.g. the OErsted field, or alternatively may provide a means of harnessing other spin-transport effects in cylindrical structures.

Fast domain wall velocities

Harnessing fast domain wall velocities remains an important aim in spintronics, whether that is in for a broader understanding of the fundamental physics, or in order to realise racetrack memory, or e.g. for magnetic tunnel junctions. For cylindrical nanowires, the measurements I have presented are inconclusive on the true velocity of STT-driven domain walls. Nonetheless, the fascinating predictions of high mobility and possible spin-Cherenkov effect are worthy of an experimental confirmation, so further work should attempt to understand the driving force that in my measurements enabled walls to move against the direction of STT. Since the nanowire temperature cannot be excluded as possible driving force, this must be entangled first.

One can protect a nanowire from temperature increases due to Joule heating by increasing the efficiency of heat-loss mechanisms. For the moment, nothing is known about the interface between nanowires and their supporting substrate, which essentially acts as a heat sink for heat-loss by conduction. Assuming the wire is perfectly cylindrical, the surface of the interface should be small, and further the nature of the dispersion process with ethanol should give rise to organic and inorganic impurities that are 'stuck' underneath the wire, making the interface inhomogeneous along the wire length. Heat conduction to the substrate should therefore increase significantly by increasing the area of the interface. A promising first test made by LAURA ALVARO GOMEZ in our group has revealed that nanowire heating can be significantly reduced by capping with an insulator. Measurements of nanowire resistance resistance have shown that the temperature increase in 90 nm diameter Co 30 Ni 70 nanowires was reduced more than three-fold after ALD of 20 nm Al 2 O 3 . This is shown in Figure 8.1, with the red and blue curves showing the measurement of the uncoated and coated nanowire, respectively, after subjecting both to a 100 ns duration current pulse with initially applied current density of 9 × 10 11 A/m 2 . The surface area for heat-loss by conduction is expanded significantly by the coating, with the sides and even the top of the wire now conducting heat away from the wire core. Measurements of domain wall velocity will have to be conducted to determine whether this affects the previously observed behaviour. On the other hand, if it is temperature or some other driving force that moves domain walls at these fast measured speeds, then it would be of interest to harness this possibility.

Provided the driving forces of fast domain wall motion can be entangled, STT-driven domain wall velocity can be explicitly investigated. To date, all current-induced domain wall velocity measurements stem from Co 30 Ni 70 nanowires. Wires with composition Co 20 Fe 80 were also synthesised during this PhD with an aim to measure domain wall velocities. The Gilbert damping parameter α of this material is of the order of 10 -4 [47] (compared to α = 0.01 in CoNi) and thus one should expect significantly faster current-driven domain wall velocities, provided that β is not equally low. A comparison between CoNi and CoFe should therefore give insights into the accuracy of the one-dimensional model when applied to nanowires, because domain wall velocity is expected to scale as (β /α) u.

Time dependence of Bloch-point domain wall circulation switching

Finally, it was not possible in this study to observe the BPW circulation switching with temporal resolution. Another nanowire system, with a stronger resistance to heat assisted domain wall depinning, is required. Simulated differential magnetic contrast images revealed that the process is associated with a strong contrast, In Chap. 6 an attempt has been made to calculate the temperature of a nanowire subjected to single fast current pulses. The calculations and results shown omit a key factor that greatly reduces the impact of Joule heating. This is the increase in nanowire resistance with temperature, which therefore reduces the current flowing through the nanowire and thus also reduces the heat added by Joule heating. The result is that Joule heating effectively slows as the nanowire temperature increases. This was omitted at the time of writing of the main manuscript, however, was corrected for the defense of this PhD work. As a result, the main findings are now presented in this appendix.

Joule heating and temperature dependence of resistance

As already shown in Sec. 6.5, the impact of Joule heating on a nanowire can be given by Eq. (6.8), shown again hereafter. with temperature change ∆T , current density j, resistivity ρ, pulse duration t, and the nanowire's density and specific heat capacity, D and c, respectively. Further, it was shown that a change in temperature ∆T leads to an increase in resistance R according to Eq. (6.14), shown here in its re-arranged form.

R = R 0 (α T ∆T + 1) (9.2)
with R 0 the resistance before heating and α T the temperature coefficient of resistance of that material (0.0018 K -1 for Co 20 Ni 80 nanowires [START_REF] Rheem | Electro-and magneto-transport properties of a single CoNi nanowire[END_REF][START_REF] Rheem | Synthesis and magnetotransport studies of single nickel-rich NiFe nanowire[END_REF]).

An increase in temperature due to Joule heating [Eq. (9.1)] therefore leads to an increase in resistance [Eq. (9.2)]. For a pulse of constant voltage V , this then leads to a reduction in current (I = V /R) and thus current density. Subsequently, Joule heating is reduced over time as the voltage pulse is applied to a nanowire. Figure 9.1a shows the theoretical increase in temperature of a Co 30 Ni 70 nanowire subjected to multiple different applied current densities. The temperature rise in the absence of any heat loss to the surrounding is calculated numerically taking into account both Eq. (9.1) and Eq. (9.2) with a discrete time step of 0.01 ns. For each displayed applied current density, the rate of temperature increase of the nanowire reduces over time until a linear regime is attained. This is reached when the nanowire resistance is sufficiently hight to effectively reduce the applied current density to limit the impact of the j 2 component in Eq. (9.1). For reference, Figure 9.1b (reprinted from Figure 6.6a) shows the stronger increase in nanowire temperature that occurs when the temperature induced increase in resistance [Eq. (9.2)] is not considered. This therefore has a significant impact on the theoretical estimation of nanowire temperature, and shows that melting impacts both results equally, making a relative comparison reliable. One can see in Figure 9.2 that for short (i.e. < 5 ns) duration current pulses, the experimental measurements of nanowire temperature closely follow the theoretical prediction. This indicates that there is nearly no heat loss in such short duration pulses. Heat diffusion to the silicon substrate is therefore very limited and provides a great challenge for experiments on current-induced domain wall motion. Unlike flat nanostrips for which heat diffusion to the substrate has been calculated theoretically [START_REF] Fangohr | Joule heating in nanowires[END_REF][START_REF] You | Analytic expression for the temperature of the current-heated nanowire for the current-induced domain wall motion[END_REF], the interface between the cylindrical nanowire and the substrate is in theory a line and thus much reduced compared to e.g. the flat area of a nanostrip. Similarly, impurities introduced in the dispersion step of the sample fabrication may lie underneath the nanowire and add complexity to the interface or even completely interrupt the interface along certain nanowire sections. This is in favour also of the argument for the appearance of hot spots along the nanowire, which in turn may influence domain wall dynamics, especially if the wire temperature is easily increased by several hundred Kelvin due to the current pulses applied in this experiment. Separating the effects of temperature and STT are therefore key priorities for future work on current-induced domain wall motion in cylindrical magnetic nanowires (see also Chap. 8). using SEM and TEM (for the nanowire diameter). Generally, the integration technique provides values of M s that were larger than those from literature and the largest outliers were found for the linear intercepts with a spline fit approach. The reason for the latter is that noise in data may lead to a spline fit with a locally very steep slope which will be used for the linear intercepts calculation. This shifts H K to smaller values. Otherwise there is little difference between using the linear intercepts or the second derivatives approach and both prove to be equally valid, considering the typically large error from the uncertainty in p. Refining measurements of the latter are key in order to extract precise values of M s and care must also be taken when fabricating the AAO template, to ensure a steady-state anodisation with well-defined pore diameters, interpore distances and cylindrical pore shapes. The difference between two membranes is shown in Figure 9.8, highlighting the impact of synthesis on pore ordering, pore shape, pore diameter and inter-pore distance. These are all rather poorly defined in the template in 9.8a, but well-defined in the template in 9.8b.

This appendix has given an overview of three different methods to fit hysteresis loop data recorded from magnetic nanowires and thus extract key information, e.g. spontaneous magnetisation, template porosity. In order to fit the data, a modified arctan function and a cubic spline fit were used, both of which gave good fits for the presented data. The first method uses a second derivative approach, the second method a linear intercept approach and the third method an integration approach to extract the anisotropy field, H K , and thus spontaneous magnetisation, M s . A comparison of the calculated values reveals that all three methods produce similar results, especially considering the large uncertainty on M s , carried over from the uncertainty on p. Precise measurements of pore diameter and inter-pore distance are therefore key to extracting precise values of M s , since the extracted values of H K are associated with a relatively low uncertainty regardless of the used method.

Holographic vector field electron tomography

Tomography describes imaging techniques that provide information about any volume by means of images that show slices of this volume. Creating a tomogram relies on reconstruction algorithms that piece together two-dimensional images of an object taken from (ideally) all directions in order to create a three-dimensional tomogram. Recently, this has been made possible in combination with TEM holography [START_REF] Wolf | 3d magnetic induction maps of nanoscale materials revealed by electron holographic tomography[END_REF][START_REF] Wolf | Holographic vector field electron tomography of three-dimensional nanomagnets[END_REF]. As explained in Sec. 2.5.2, off-axis tomography depends on the phase shift φ induced by the object. This is given by φ (x, y) = +∞ -∞ e hv V (x, y, z) -e h A z (x, y, z) dz (9.10)

The object lies in the x, y-plane, e and v are the charge and velocity of the electron, V is the electrostatic potential and A z is the magnetic vector potential in along the z-direction. One can see from this that the phase shift has a electrostatic and a magnetic component. The latter is related to the magnetic induction B by φ m = e h B y (x, y)dxdz (9.11)

Finally, the gradient of the phase shift along x gives the magnetic induction along y:

∇ x φ m = e h B y (x, y)t(x, y) (9.12) with t(x, y) the thickness of the sample [START_REF] Chapman | Transmission electron microscopies of magnetic microstructures[END_REF][START_REF] Cowley | Principles and Theory of Electron Holography[END_REF]. The electrostatic component of the phase shift may be disentangled from the magnetic phase shift by taking two holograms and flipping the sample inbetween. The electrostatic component remains the same, while the magnetic component is opposite. The magnetic component can thus be separated by subtracting the images and dividing by two. Similarly, the electrostatic potential may be extracted by an addition of the two images followed by a division by two. The resulting phase shift images have a spatial resolution of the order of nanometers.

Tomography is achieved with TEM by taking holographic image series along two orthogonal tilt axes, i.e. x and y. This allows reconstructing the magnetic induction B x and B y around these axes. The third, z-component of induction is reconstructed by making use of Gauss law:

∇ ∇ ∇ • B = ∂ B ∂ x + ∂ B ∂ y + ∂ B ∂ z = 0 (9.13)
This holographic vector field electron tomography has been pioneered by Wolf et al. [START_REF] Wolf | Holographic vector field electron tomography of three-dimensional nanomagnets[END_REF]. The interest of this technique for nanowires results from classical TEM holography only being sensitive to the magnetic induction B that is perpendicular to the incoming electron beam. Due to this the cylindrically symmetric BPW should not be visible in a two-dimensional image. When imaged with the electron beam transverse to the wire, B at the sides of the wire is parallel and will not influence the electron beam, and in the center B cancels at the top and bottom surface of the wire. However, with holographic vector field electron tomography, a three-dimensional projection of the sample can be reconstructed, thereby possibly allowing the visualisation of a BPW with nanometric resolution. Together with AURÉLIEN MASSEBOEUF and DANIEL WOLF, an attempt was made to make a tomographic reconstruction of the magnetic induction B in a 65 nm diameter Co 20 Ni 80 nanowire.

The tomogram acquisition required full tilt series covering 360 • of the sample around two orthogonal axes x and y, with holograms taken every ≈ 5 • . Since the microscope enabled only a rotation from 65 to -65 • , each tilt series required flipping the sample once to acquire a full 260 • spectrum. Still, a missing-wedge artefact arises due to the incomplete tilt series which results in reduced spatial resolution. Reconstruction of these tilt series then provide a three-dimensional view of the nanowire. Figure 9.9 shows images of the three-dimensional reconstruction of the imaged 65 nm diameter Co 20 Ni 80 nanowire. The reconstructed electrostatic potential is shown in 9.9a, with each row showing the wire rotated by ≈ 60 • about the indicated y-axis. The grey isosurface is a mean-inner potential equal to 5 V, equivalent to the cobalt and nickel oxide layer. The red isosurface is the mean-inner potential equal to 15 V, equivalent to metallic Co 20 Ni 80 . The oxide layer thickness is approximately equivalent to 5 nm, which is in agreement with previous TEM imaging of similar nanowires. The rough structure of the metallic core of the nanowire is in contrast with the smooth surface that one can normally observe in SEM. This may indicate that nanowire oxidation is inhomogeneous in the radial direction, potentially amplifying existing surface roughness and defects.

The reconstructed magnetic induction is shown in Figure 9.9b and for with larger magnification in 9.9c. The colour scale corresponds to the component of magnetic induction that is along the wire long axis, w. The reconstructions show that the wire features a head-to-head domain wall. Since the tilt series is focussed on the wall position, artefacts appear towards the ends of the wire. Further, artefacts of the reconstruction also appear on the wire periphery where image alignments are more critical. Unfortunately, I did not have the time to continue the analysis of this data. Determining the wall type will require converting the induction B into magnetisation M:

M = B µ 0 -H (9.14)
This is not a simple process, since TEM does not provide information about H = -∇Φ, where Φ is the magnetic scalar potential. It also appears that the data treatment will require significant noise filtering in order to visualise the domain wall structures. It therefore remains an open question whether the BPW can be imaged with TEM.

Cylindrical magnetic nanowires provide a perfect platform to study the dynamics of magnetic domain wall motion, due to expected high mobility and stability of the topologically-unique Bloch-point domain wall (BPW). This thesis experimentally explores the behaviour of BPWs in individual cylindrical nanowires subjected to nanosecond-duration pulses of electric current. Wires of magnetically-soft material (CoNi and CoFe alloys) with diameters 60 -200 nm were grown by electrochemical deposition into nanoporous templates. To study unhindered magnetisation dynamics, I first optimised nanowire materials in regard to their domain wall pinning potential. I show that the depinning field is reduced in materials with small crystal grains or with high values of spontaneous magnetisation, consistent with domain wall pinning on grain boundaries. Electrical contacting of individual nanowires dispersed on substrates allowed sending nanosecond electric current pulses. Using magnetic imaging techniques we found that despite being previously overlooked, the azimuthal OErsted field induced by the electric current has a dramatic effect on magnetisation: it selects and stabilises walls exclusively of the Bloch-point type with a deterministic circulation, parallel to the OErsted field. Further, I use time resolved magnetic imaging to visualise the OErsted field effects and find that the field induces azimuthal curling of magnetisation in otherwise longitudinal domains, and in a low current density regime causes the compression or expansion of a BPW. Finally, measurements of current driven BPW motion show that despite reaching speeds of up to 2400 m/s the principal driving force is not spin-transfer torque and may instead be related to a temperature increase due to Joule heating.

Les nanofils magnétiques cylindriques constituent une plateforme parfaite pour étudier la dynamique de parois de domaine magnétiques, en raison de la mobilité et de la stabilité attendues de la topologiquement unique des parois dites à point de Bloch (BPW). Cette thèse explore expérimentalement le comportement des BPWs dans des nanofils cylindriques individuels soumis à des impulsions de courant électrique d'une durée de quelques nanosecondes. J'ai synthétisé des nanofils de matériaux magnétiquement doux (alliages CoNi et CoFe) d'un diamètre de 60 -200 nm, par dépôt électrochimique dans des gabarits nanoporeux. Pour étudier la dynamique de l'aimantation sans entrave, j'ai d'abord optimisé les matériaux des nanofils en fonction du potentiel de piégeage de leur paroi de domaine. J'ai ainsi montré que le champ de propagation est réduit dans les matériaux avec de petits grains cristallins ou avec des valeurs élevées d'aimantation spontanée, ce qui est cohérent avec le piégeage des parois de domaine aux frontières des grains. Le contactage électrique de nanofils individuels dispersés sur des substrats a permis d'envoyer des impulsions de courant électrique de quelques nanosecondes. En utilisant des techniques d'imagerie magnétique, nous avons découvert que, bien que négligé jusqu'à présent, le champ azimutal d'OErsted induit par le courant électrique a un effet crucial sur l'aimantation : il sélectionne et stabilise les parois exclusivement de type point de Bloch, avec une circulation gauche ou droite déterministe. De plus, j'ai utilisé une imagerie magnétique résolue en temps pour visualiser les effets du champ d'OErsted en temps réel, et j'ai constaté que le champ induit un enroulement hélicoidal de l'aimantation dans des domaines longitudinaux au repos, et dans un régime de faible densité de courant, il provoque la compression ou l'expansion d'un BPW. Enfin, les mesures du déplacement des BPW induits par le courant montrent qu'en dépit de vitesses pouvant atteindre 2400 m/s, la principale force motrice n'est pas le couple de transfert de spin et pourrait plutôt être liée à l'augmentation de température due au chauffage par effet Joule. 

CONTENTS xiii 5 . 4 . 1

 541 Observation of tilted magnetisation . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.2 Quantitative analysis of differential magnetic contrast . . . . . . . . . . . . . . . . . 5.4.3 Tilt of magnetisation in a single-domain state . . . . . . . . . . . . . . . . . . . . . 5.4.4 Conclusion on the single-domain state . . . . . . . . . . . . . . . . . . . . . . . . . 5.5 Magnetisation dynamics of a Bloch-point domain wall . . . . . . . . . . . . . . . . . . . . 5.5.1 Observation of a breathing Bloch-point domain wall . . . . . . . . . . . . . . . . . 5.5.2 Time-resolved imaging of Bloch-point domain wall circulation switching . . . . . . 5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9 . 3

 93 Holographic vector field electron tomography . . . . . . . . . . . . . . . . . . . . . . . . . 9.4 Motion of surface domain walls of azimuthal domains . . . . . . . . . . . . . . . . . . . . . 9.4.1 Partially azimuthal domains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.4.2 Surface domain wall motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.5 A display of burnt nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 3 .

 3 5d shows the grain size for both as-deposited (full bar) and annealed (open bar) Co 20 Ni 80 (green), Co 20 Ni 80 with pH = 1.5 (blue) and Co 30 Ni 70 (red) nanowires calculated from the Williamson-Hall plot. The error bars are calculated by the same method using the maximum and minimum possible fitted lines, however, note that the error bars for annealed Co 20 Ni 80 with pH = 1.5 and Co 30 Ni 70 extend to > 1 µm, which exceeds the instrumental precision of 0.02 • in 2θ .

3 . 3 .

 33 However, the relatively small reduction in grain size may be a result of an already low electrolyte pH in the standard deposition recipe. Conversely, annealing increases the grain size to 35 , 55 and 114 nm for Co 20 Ni 80 , Co 20 Ni 80 with pH = 1.5 and Co 30 Ni 70 , also confirming the effectiveness of the post treatment.

  Quantitative comparisonA direct quantitative comparison with our experiments (Co 30 Ni 70 with A = 1.5 × 10 -11 J/m, M s = 0.77 MA/m) is only possible by using a typical micromagnetic rescaling procedure for soft magnetic materials. Magnetic fields are normalised to magnetisation and lengths to the dipolar exchange length, ∆ d = 2A/(µ 0 M 2 s ) (6.25 nm for Co 20 Ni 80 and 6.34 nm for Co 30 Ni 70 ), which translates the density of current normalised by M s /∆ d as the source of OErsted field.

Chapter 9 Appendix 9 . 1 A

 991 refined calculation of Joule heating

  Zylindrische magnetische Nanodrähte bieten aufgrund der hohen erwarteten Mobilität und Stabilität der topologisch einzigartigen magnetischen Bloch-Punkt Domänenwand (BPW) eine perfekte Plattform, um schnelle Domänenwandbewegungen zu studieren. In dieser Dissertation wird das Verhalten von BPWs in einzelnen zylindrischen Nanodrähten unter Einfluss von elektischen Strompulsen mit Nanosekunden Dauer experimentell untersucht. Nanodrähte aus weichmagnetischem Material (CoNi-und CoFe-Legierungen) mit Durchmessern von 60 -200 nm wurden durch elektrochemische Abscheidung in nanoporösen Membranen gewachsen. Um die ungehinderte Magnetisierungsdynamik zu untersuchen, optimierte ich zunächst das Nanodrahtmaterial hinsichtlich ihrem Domänenwand-Pinning-Potentials. Ich zeige, dass das Pinning-Potenzial in Materialien mit kleinen Kristallkörnern oder mit hohen Werten der spontanen Magnetisierung reduziert ist, was mit dem Pinning der Domänenwand an Korngrenzen übereinstimmt. Die elektrische Kontaktierung einzelner Nanodrähte, die auf Substraten dispergiert sind, ermöglichte das Senden von hochfrequenten elektrischen Strompulsen. Anhand magnetischer Mikroskopietechniken fanden wir heraus, dass obwohl es bisher übersehen wurde, das durch den elektrischen Strom induzierte azimutale OErsted-Feld einen kritischen Effekt auf die Magnetisierung hat: Es selektiert und stabilisiert deterministisch Wände ausschließlich vom Bloch-Punkt-Typ. Des Weiteren verwende ich zeitaufgelöste magnetische Mikroskopie, um die Effekte des OErsted-Feldes in Echtzeit zu visualisieren und finde heraus, dass das Feld eine azimutale Neigung der Magnetisierung in ansonsten longitudinalen Domänen induziert und in einem Regime niedriger Stromdichte die Kompression oder Expansion einer BPW verursacht. Schließlich zeigen Messungen der stromgetriebenen BPW-Bewegung, dass trotz des Erreichens von Geschwindigkeiten von bis zu 2400 m/s, die Hauptantriebskraft nicht das Spin-Transfer-Drehmoment ist.
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Table 1 .

 1 2: Materials parameters for Py and selected Co x Ni 100-x alloys. Values taken from

	. These

Table 2 .

 2 -7 Ωm) 3: Resistivities of different nanowires measured in this study. Where multiple batches of samples could be measured, variability between samples was high. Literature values are presented in the third column, with data on CoNi thin films from

	Resistivity from literature
	(10 -7 Ωm)

  in principle reach values up to 30 %[START_REF] Nakajima | Electron-yield saturation effects in l-edge x-ray magnetic circular dichroism spectra of fe, co, and ni[END_REF], experimentally obtained values are rather in the range of a few percent. Further, the low contrast obtained in experiments can strongly compromise the analysis of acquired data, since it may not be significantly above the noise. A fine point for experiments is the following. One can see from Figure2.12c that the resulting XMCD signal is strong for Fe and Co, and relatively weak for Ni. For this reason, measuring alloys such as Py or Co 20 Ni 80 at the Fe or Co L3 edge, respectively, can provide stronger signals than measuring at the Ni L3 edge (despite there being more Ni atoms from which to excite electrons).

  we investigate Co x Ni 100-x nanowires with 20, 30 or 40 at.% Co content, in order to observe possible trends in domain wall pinning potential. Wires were grown by electrochemical deposition, according to the standard procedure described in Sec. 2.1. Co 20 Ni 80 and Co 30 Ni 70 nanowires with 90 nm diameter were grown by the author. Co 40 Ni 60 nanowires with 130 nm diameter were grown by SEBASTIAN BOCHMANN.

Magnetic charges should not be confused with particles as is the case for electric charges (e.g. electrons), because magnetic monopoles do not exist.

But can of course be calculated for materials with low magnetocrystalline anisotropy and then is of the order of hundreds of nm

Chap. 6 provides a more in-depth discussion about the impact of Joule heating.

Assuming we wish to send a peak amplitude of ≈ 1 × 10 12 A/m 2 through a 90 nm diameter nanowire requires a current in the wire equivalent to 6.3 mA, which is equivalent to a voltage of 3.2 V if the wire's resistance is 500 Ω. Since the circuit features attenuators and some voltage is also applied across the 50 Ω load of the oscilloscope, one can see that the voltage required at the output of the pulse generator can easily be of the order of tens of volt.

If the pulse frequency is of the order of several GHz, the Au electrical contacts on the Si substrate should be designed to resemble a co-planar waveguide, which would provide a

Ω impedance matching up to the nanowire and would distort least any incident current pulses

For j > j c1 , the OErsted field switches the azimuthal circulation of a BPW to be parallel with the field. The switching mechanism is complex, and involves the nucleation and annihilation of pairs of vortex and anti-vortex.

If j < j c1 , a BPW expands (or shrinks) if the OErsted field circulation is parallel (anti-parallel) to that of the wall.

It therefore does not make sense to consider fitting the data with a line of the form (β /α)u (Eq. (6.1)), since this equation only considers STT driven domain wall motion.

It should be noted that the results published in M. Schöbitz et al.. Physical ReviewLetters 123, 217201 (2019) show data for domain wall motion events driven only by current densities of < 2.5 × 10 12 A/m 2 and do not discuss the motion of domain walls against the direction of STT. At the time of the publication these motion events were not yet understood and were chosen to be omitted

The possibility to do such a reset was often employed in order to nucleate new domain walls when all others had annihilated in order to continue domain wall motion experiments.
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