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Abstract

In this work we study the controlled propagation of magnetic domain walls in ferromagnetic
nanowires made of Permalloy (NisoFe2o), including curved geometries, with varying width
(asymmetric rings). Two types of motion were studied, firstly field driven domain wall motion via
fast rotating magnetic field pulses, and secondly the automotive domain wall propagation in
nanoscale spintronic devices. In the first experimental approach, we directly observed domain wall
spin structure transformations during motion and quantitatively determined the contribution of the
spatially varying potential landscape to its propagation. An angular dependence of the domain wall
velocity has been observed and explained by the interplay between the domain wall spin structure
and relevant forces that act on the vortex wall. However, in contrast to symmetric ring systems, the
interplay between these forces leads to distortion-free domain wall motion. Therefore, using this
varying domain wall potential landscape, we are able to control spatially the internal domain wall
spin structure transformation and synchronization of the domain wall velocities in ring geometries,
even above the Walker breakdown. For the second experimental approach, we report a direct
dynamic experimental visualization of spontaneous domain wall propagation in asymmetric
ferromagnetic rings, with different widths in the narrowest part. Surprisingly, we observed domain
wall automotion with an average velocity of about ~ 60 m/s, which is a significant speed for
spintronics devices. We show that the domain wall inertia and the stored energy allow the walls to
overcome both the local extrinsic pinning and the topological repulsion between domain walls. Our
observation can be explained based on the minimization of the magnetostatic and exchange
energies. In order to provide more device functionality we went beyond the propagation of one or
two walls and managed to achieve a major breakthrough in the development of methods of
information processing in spintronics, by demonstrating a scheme to induce synchronous motion
of multiple in-plane domain walls in ferromagnetic nanowires using perpendicular field pulses.
This paradigm shifting achievement provides the required functionality for nonvolatile domain
wall-based shift register devices. The direct visualization of the domain wall spin structure in all
experiments was performed employing time resolved scanning transmission X-ray microscopy,
which combines the requisite temporal and lateral resolution needed in our measurements.

Finally in order to investigate the influence of miniaturization for ultra-small devices we studied
magnetic nanocontacts in order to understand the interaction between spin polarized charge carriers
and magnetization on the nanoscale. In particular we studied the evolution of the domain wall
magneto-resistance in electromigrated ferromagnetic nanocontact fabricated in ultra-high vacuum
conditions. We find that the domain wall pinning strength increases on decreasing the contact cross
section. Moreover, we measured the depinning field’s angular dependence and symmetry in order
to determine the complete domain wall pinning potential in a device with a narrow constriction.
The work presented here paves the way for the development of a new generation of non-volatile
spintronic components, which could be implemented in a wide range of applications for logic,
sensing as well as data storage devices based on the reliable manipulation of domain walls.
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Preface

One of the current research aims in the field of magnetism is to enable the continued realization of
Moore's law by using new concepts and methods to build spintronic devices with feature sizes on
the nanoscale. In this context, geometrically confined magnetic domain walls in magnetic
nanostructures have recently become the focus of intense scientific interest. Due to the geometrical
constraints of the magnetic nanostructure, different types of domain walls can occur in comparison
with the bulk and continuous films. The spin structure of such domain walls, e.g. 180° head-to-
head walls, is usually dominated by the geometrical environment rather than by the material
properties as is the case for bulk material.

This field of research constitutes a new sub-disciplinary field of condensed matter physics which
looks to realize a new generation of electronic devices, where not only the charge of the electrons
is considered but also their spins. Some such spintronic devices have the potential for vastly
reduced energy consumption and offer data processing speeds that overcome the velocity limit of
electric charge.

Furthermore one particular class of nanoscale spintronic technologies which are intensely
investigated in order to develop novel, smaller, reliable and faster magnetic devices are based on
controlled domain wall motion, with examples including magnetic memory/storage, sensing and
logic device. In general, different approaches have been suggested in order to control the motion
of the magnetic domain walls either via a magnetic field, by varying geometry or using charge and
spin currents. The global aim from the study of these systems is to develop a competitive device
based on magnetic materials which combines the advantages of the spintronic devices such as non-
volatility with the benefits of the existing options.

However, spintronic devices which use magnetic domain walls as functional elements rely on the
precise control of the domain wall propagation in various nanowires, including curved geometries,
therefore the fundamental physical mechanisms underpinning the domain wall dynamics in
nanoscale magnetic wires need to be controlled and understood. Since domain walls can be treated
as quasi-particle with an effective mass, when a force is applied the domain wall undergoes
oscillations in the external potential (created by the force), leading to domain wall inertia resulting
from the domain wall energy stored during the displacement. This is very important for the
understanding of the propagation of domain walls. For instance, the deformation of the domain
wall spin structure during the propagation influences the wall dynamics. Moreover in the simplest
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case the domain wall can be described by one single coordinate, for example, the vortex core
position of the domain wall (as described in the one-dimensional model). By investigating and
engineering the domain wall propagation, for instance via tailoring the potential landscape, the
performance of spintronics devices can be significantly improved.

Despite the many achievement in the field of spintronics, much things still need to be understood
before a reliable and commercially viable performance of these devices is achieved. In this thesis
we report our contribution on the road to supply the understanding and improve the performance
of these systems with a precise control of both the domain wall position and velocity. We are able
to unravel the physical mechanisms behind the domain wall spin dynamics by employing time
resolved scanning transmission X-ray microscopy (STXM) which combine the requisite temporal
and lateral resolution for our experiments. Furthermore we discuss the evolution of domain wall
pinning in an ultra-narrow ferromagnetic junction narrowed by electromigration. The work
presented here paves the way for the development of a new generation of non-volatile spintronic
components, which could be implemented in a wide range of applications for logic, sensing as well
as data storage devices based on the reliable and reproducible manipulation of the domain wall.

The thesis is organized as follows:

Chapter 1 introduces the theoretical background to our experiments such as the theory of
micromagnetism in ferromagnetic nanowires. This chapter describes magnetization dynamics
driven by a magnetic field including the equation of motion of the domain wall in both one-
dimensional and two collective coordinate approximations, in various geometries.

Chapter 2 describes in detail the sample fabrication and patterning techniques based on electron
beam lithography. In addition, an overview of the experimental methods used in this work is given
including the description of the time resolved dynamic acquisition scheme (pump and probe) using
time-resolved STXM, which is used to directly observe the magnetization dynamics on the
nanoscale.

Chapter 3: We demonstrate a radically different domain wall propagation scheme using out-of-
plane field pulses which combines the efficiency of field-induced motion with the ability to move
multiple walls synchronously. This is achieved for in-plane magnetized transverse domain walls of
the same chirality through the application of asymmetric field pulses to a wire which incorporates
regularly spaced pinning sites. The experimental observations showed a qualitative agreement with
our analytical and numerical results, which confirms and demonstrates the viability of our proposed
novel mechanism approach for domain wall motion.

Chapter 4: We report local control of the domain wall velocity and position by engineering the
geometry of ring structures, leading to a tailored domain wall potential landscape. By employing
time-resolved STXM we directly observed domain wall spin structure transformations during
motion driven by rotating magnetic field pulses and quantitatively determine the contribution of
the spatially varying potential landscape to the domain wall propagation. This result is qualitatively
in good agreement with our micromagnetic simulations.
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Chapter 5: We report direct dynamic experimental visualization of spontaneous domain wall
propagation in asymmetric ferromagnetic rings, with different widths in the narrowest part, without
the existence of an external driving magnetic field. Surprisingly, even at zero external magnetic
field, we observed domain wall automotion with an average velocity of about ~ 60 m/s, which is a
significant speed for spintronic devices based on domain wall dynamics. Our experimentally
obtained angular dependencies of spontaneous domain wall velocities can be explained based on
the minimization condition of the magnetostatic and exchange energies. We demonstrate that both
simulation and experimental results are qualitatively consistent with one another.

Chapter 6: We discuss the evolution of domain wall pinning in an ultra-narrow ferromagnetic
(Permalloy) junction narrowed by electromigration. The magnetic junction was fabricated and
eventually tailored in-situ in clean ultra-high vacuum conditions. By using the advantage of a
controlled in-situ electromigration process, which is able to tailor the nano-contact’s width, we are
able to probe the nanostructure device at different constriction widths. In agreement with the wall
energy, which is reduced in narrower constrictions, we find that the domain wall pinning strength
is increased on decreasing the contact width. Moreover, we measured the depinning field’s angular
dependence and symmetry in order to determine the complete domain wall pinning potential in a
device with a narrow constriction.

Summary and Outlook: The conclusions of the work are presented as well as suggestions for
potential avenues for future study.

Part of this work has been published in peer reviewed journals. A list of publications is given at the
end.
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Chapter 1

Introduction and theoretical background

l. Micromagnetic theory of ferromagnetic nanostructures

The origin of the ferromagnetism, as well as magnetism in general, was explained to be a
guantum-mechanical effect. The Bohr-van Leeuwen theorem states that there is no total
magnetization, M, at a finite thermal equilibrium, in the classical system, and in the absence of
an external field [1]. All classical approximation failed to explain the magnetic phenomena.

Currently, it is known that ferromagnetism is mainly obtained by two contributions or models
whose depends on the system. In the case of highly localized electrons materials, ferromagnetism
is described by the exchange interaction theory, which leads to a coupling of neighbor atomic
moment at a short range. These couplings are due to the Pauli’s exclusion principal and the
overlapping of the neighbor wave functions. However for the weakly localized 3d-electrons
metals or classical ferromagnetic material such cobalt, iron, nickel and their alloys the band
model [1] proved to be a useful theory to describe magnetic effects.

The most characteristic property of ferromagnets is that once exposed to a magnetic field they
retain their magnetization even when the field is removed. The retention of magnetization
distinguishes ferromagnets from paramagnets which, although they acquire a magnetic moment
in an applied magnetic field, cannot maintain the magnetization after the field is removed.

The most common way to represent the magnetic properties of a ferromagnetic material is by the
plot of the magnetization, M, against the applied magnetic field, H. The magnetization of a
ferromagnetic material exhibits a hysteretic behavior as a function of the applied magnetic field
(Figure 1.1).
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Figure 1.1: schematic of a basic hysteresis loop for a ferromagnetic material. H. , Mg and M,
are the coercive field, the saturation magnetization and the remnant magnetization,
respectively.

The main quantities which determines the hysteresis loop are the coercive field H,, the remnant
magnetization M, and the saturation magnetization M,. The area within the hysteresis loop is
proportional to the work that has to be done in order to switch the magnetization from one
direction into the opposite direction: E = Vu, [ H dM.

The great differences between ferromagnetic material behavior and other material such as
paramagnetic are:

(a) In a ferromagnet the magnetization depends on the history of the magnetic field treatment.
(b) A non-zero magnetization can be achieved in ferromagnets even in zero magnetic fields.

(c) In general, small magnetic fields of the order of 10° - 10* A/m can induce in ferromagnets
large magnetizations of the order of 10° A/m.

1.1, Magnetic domains & domain walls

As definition, a magnetic domain is an area within a magnetic material which has uniform
magnetization direction. This means that each individual atom in one domain exhibit a magnetic
moments aligned one to each other in the same direction.

Historically, in 1907 Pierre Weiss introduced the two following postulates [2, 3] in order to
explain some ferromagnetic properties:

(1) A molecular field H,, exists within the ferromagnetic material that orders the magnetic
moments against the thermal motion. It is so large that the ferromagnet can be saturated even
without an external magnetic field. At above T (so-called Curie temperature) the ferromagnetic
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order is lost, the thermal energy (which disorders the system) and the magnetic energy (which
orders the system) should be of the same order of magnitude: kzT, = uougH,,. FoOr instance
with a T of 1043 K for iron (Fe) one finds H,,, ~ 10° A/m.

(2) In the demagnetized state of a ferromagnetic material, i.e. M, = 0, the material is divided
into some small regions, so-called magnetic domains. The magnetization within a single domain
is saturated, but the magnetization directions in different domains are different.

In bulk ferromagnetic samples the given coercive fields are substantially lower, usually by a
factor of 10, than those found in the uniform rotation model [4]. The origin of this difference is
the existing of another magnetization-reversal mechanism that can occur via notably lower
energy expenditure. This mechanism is based on the nucleation of domains, the growth of
reversed domains and the motion of domain walls.

N

++++++ +4++ ----

-------- - 4+

‘ N—

Figure 1.2: shows two hypothetical domain configurations. The magnetic field energy («
sz dV) is decreased by the creation of magnetic domains.

In the schematic domain configurations represented in Figure 1.2, the exchange energy is
minimal because all moments are aligned as well as the anisotropy because the magnetization
axis Is an easy axis.

However, the demagnetizing energy is not minimal. Many uncompensated magnetic “poles” are
presented at the surface of the ferromagnetic sample. This energy contribution can be decreased
by including domains as it is shown in the right configuration of the figure 1.2. However, a
transition region at the interface of the two domains has been created in such a way that the
moments are not collinear to each other. Moreover, the moments in the region between the two
domains are not anymore parallel to the easy axis. Thus, both the exchange and the anisotropy
energy are larger than in the left configuration. Nevertheless, the total energy in massive
ferromagnets is lower than in the single domain state, because the number of moments involved
in increasing the exchange and the anisotropy energy are relatively small.
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In bulk materials (often in soft magnetic material) and continuous films the existence of the
domains is attributed to defects, whereas in nanoscale patterned structures the situation is
radically different. In this case, the lowest energy state of the magnetization configuration is
usually a multi-domains state with domain walls, since the stray field (dipole interaction) tends
the magnetization to be parallel to the edges of the element. This results in an inhomogeneous
magnetization distribution or domains. Where the ferromagnetic properties of an element start to
strongly given by the shape of the element and not only by the intrinsic properties of the
materials. This later dependence on the geometry helps to tailor the magnetization configuration
by engineering the geometry [5, 6].

1.1.1. Magnetic domain walls in nanowires

The boundary between two domains, consist a domain wall. In past domain walls has been
researched. The most common examples are the Neel and the Bloch wall types, which take place
in continuous thin films [7, 8]. Nowadays the arrival of the high resolution imaging method
allowed us to be able to image the nanoscale domain wall spin structure. In addition to the
possibility of the time resolved imaging spin structure relaxation as well as the dynamics on a
very short time scales (few picoseconds). In this section the spin structures of the domain walls
will be presented for only the case of the soft magnetic materials and ignoring the materials with
a strong anisotropy where the magnetization is out-of-plane. The soft magnetic materials such
Permalloy (NigoFezo) represents the main material studied in this work. This materials exhibit
two basic domain wall configurations (the vortex and the transverse domain wall which are
discussed below) and important in this thesis.

1.1.2. Theory of head-to-head domain wall spin structures in soft magnetic
materials

The related spin structures and domain wall types can be theoretically understood by considering
the energy terms which the reason of the wall formation. At the nanoscale the head-to-head spin
structure types is in general the consequence of the energy minimization the Landau free energy
(the appropriate thermodynamic potential) [9, 10]. Since in the case of the soft magnetic material
the anisotropies are neglected and in the absence of any applied fields, the main two energy
terms are the exchange and the stray field terms of magneto-static energy (the results of the
dipole interaction of the spins).

Quialitatively speaking in the case where the exchange energy dominates, this lead to a very wide
wall, because a small angle between adjacent spins is needed to minimize the exchange energy.
In the opposite case where the magneto-static energy dominates, lead to a narrow wall, since the
spins keep collinear as much as possible to the edge structure.

Beyond the qualitative, micromagnetic simulations are a keys of further mechanism
understanding. Such simulation was carried by McMichael and Donahue in 1997 [11]. Two
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types of wall spin structures were predicted to happen: vortex walls see figure 1.3b and

transverse walls see figure 1.3a.
‘.

- > > |
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> - -

(a) Transverse wall (b) Vortex wall

Figure 1.3: Micro-magnetic simulation (Performed by Dr. J. -S. Kim) of two domain walls spin
structure configuration in nanowires using OOMMF (a) Transverse wall and (b) Vortex wall
configuration.

Transverse wall
In the transverse wall case the spins rotate in the plane of the wire.

In the case of narrow and thin nanowires, the transverse wall minimizes the energy where the
spins rotate in the plane, see Figure 1.3a.

Vortex wall

In the case of vortex wall the spins rotate around the vortex core. The magnetization of the
vortex core is pointing out of the plane. This vortex core is created to prevent the large increase
in the exchange energy, in way that the magnetization turns out of plane, which depends on the
vortex core polarity up or down. This was predicted initially by Feldkeller and Thomas [12].

This lead to four folds energetically degenerate states. When the rotations of the in plane
magnetization are counter-clockwise or clockwise and the out of plane vortex-core points either
down or up.

At the wire edges, up and down, and at the boundary of the vortex wall there is two half anti-
vortices and forming 90°-Néel domain wall boundaries [13].

Phase diagram

The Phase diagram of the domain wall configuration in nanowires, where firstly investigated by
McMichael and Donahue. They calculated the energies of both wall types as a function of
geometry [11].

A refined calculation showed that there are two types of transverse wall, the symmetric and
asymmetric transverse wall (ATW) [14]. Each domain wall type are stable at a certain width-
thichness configuration as it is shown in Figure 1.4a.
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Thus, by tuning the thickness and the width the magnetic structure will affect the preference of
vortex or transverse domain walls.

Furthermore an experimental phase diagram was studied previously by our group as described in
[14]. In this study an arrays of 5x5 polycrystalline Permalloy and Co rings with different
thicknesses and width were fabricated. The experimental phase diagram for Permalloy rings is
shown in Figure 1.4b

20 — 5 —— 40
61.3*1\ /w ............ o
(a) 35
E 15} Vortex Wall E 30
= c L
= e
(%2} %) 3
e 10t 1 8 20
5 Asymmetric Transverse Wall c s
£ $ 15
Q. c S
= | —
s 5} > 10 .
=
b= 5
0 Symmetric Transverse Wall 0 f X vor;tex
0 50 100 150 200 250 300 350 400 450 500 0 500 1000 1500
strip width w (nm) ring width W (nm)

Figure 1.4: (a) Phase diagram of the domain wall types established by numerical calculations in
nano-strip from reference [14] and (b) experimental phase diagram (adapted from [15]). The
ring thickness t is plotted versus the ring width W, in nanometers scale. Regions where a vortex
wall is preferred are presented by the black squares, and regions where a transverse wall is
more favorable in the ring are shown by the red discs.

1.2. Micromagnetic description and Landau free energy

The smallest nano-magnets consist of a wide number of atoms, the calculation of their properties
cannot be determined only using the quantum-mechanics theory. Therefore ones need to apply a
semi-classical theory which is called micromagnetism.

The theory of micromagnetism was developed in the 1930s and 1940s in way to fill the gap
between the quantum theory, based on atoms, and the classical Maxwell theory.

Micromagnetism describes the magnetic properties ferromagnets at the nano-scale, where the
size and the shape of the structure determine the magnetic configurations, whereas in bulk
magnets are not the case.
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At the nanoscale two competing interactions take place, the exchange interaction and the dipole-
dipole interaction, the results of these interactions determines the magnetism in soft
ferromagnetic materials, since the magneto-crystalline anisotropy is negligible. In ferromagnets,
the dipole-dipole interaction favors to minimize to zero the net magnetic moment by closed
magnetic loops or in another word to minimize the stray field. While the exchange interaction
favors or tend to align the neighbors magnetic moments in parallel in a short scale.

The dipole-dipole interaction usually can be in competition with the exchange interaction only at

sizes larger than the so-called exchange length, defined as (I, = /A/uoMZ), and not possible
below that length since the dipole interaction is weaker and has a long range properties
(proportional to 1/72). The resulting interplay between this two interactions lead to the actual
magnetization configurations, depending on the shape, materials and size of the ferromagnetic
nanostructures. Finally we could say that the micromagnetic theory describe the magnetization
configuration in magnetic materials as a continuous vectors M(r) at each position r. This
approach is only valid length scale larger than the exchange length which is usually in order of
few nanometers [16].

In summary, and due to the recent computational power, it is possible to solve numerically non-
linear micromagnetic equations. Thus, the possibility of solving the spin structures of the
magnetic ground state of multidomain configurations. Moreover to the magnetization dynamics
can be determined.

The energy of the magnetic system is obtained by the thermodynamical Gibbs potential free
energy:

G,(H,T,m) = U(T, m) —TS—,uofm-H

Where H is the fixed external field and temperature T, with U the internal energy, S the entropy
and m = M/M; the normalized magnetization by the saturation magnetization M. In the
following we neglected the entropy by considering the open system case at T = 0. After this
assumption the Gibbs free energy is expressed by the Landau free energy, which is calculated for
each elementary volume [17].

In ferromagnetic body or in micromagnetism there are four important energy terms which
contribute to the Landau free energy: the stray field or demagnetization field/magneto-static
energy, the exchange energy, the magnetocrystalline anisotropy energy and the Zeeman energy.

The equilibrium ferromagnetic configurations for a given structure are obtained by minimizing
the Landau free energy [18].
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1.2.1. Magnetostatic energy

The interaction energy of the magnetic moments in the dipolar field defines the magnetostatic
energy which is created by magnetic body itself [6]. This energy is associated with the stray field
created by the magnetic moment or called, as well, the demagnetization field H; which minimize
the global magnetization of a system. To derive the stray field energy we start from the
Maxwell’s equation V-B=V-(uoH+ M) =0. This leads to a definition of the
demagnetization field, the field generated by the divergence of the magnetization:

V-Hg=-V-M

The sources of the magnetization act like negative and positive “magnetic charges” for the stray
field, see figure 1.5. We can then calculate the field as equivalence to an electrostatics field
generated from the electrical charges. However the magnetic charges never appear isolated in
contrast to the electrical charges. The magnetostatic energy connected to the stray field and

assumed as an external field is:
E, = —%jﬂM-HddV

We note that the dipole fields in a continuous magnetization distribution, may be presented as
due to the magnetic pseudo-charges with a surface density a,, = n - M, where n is the normal to
the surface, and a volume density p,, = —VM. If we assume a uniform magnetization, then the
surface only carry some pseudo-charges. In this case the demagnetizing field is determined by
the number of pseudo-charges.

++++++++++++
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Figure 1.5: Thin film sample with magnetization out-of-plan, where a pseudo-charges appearing
on the upper and the bottom surface. The results of the demagnetizing field is H; is — M.

1.2.2. Exchange energy

The exchange interaction is the origin of the alignment of the spin system since it is the largest
magnetic interaction which is one of the main origins of ferromagnetism. In order to derive the
energy we start from the modified Heisenberg model [19].
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Where J is the exchange integral for all pairs of nearest neighbors (n.n.) are the same and
constant. One can assume that the angle difference 6ij between two adjacent spins is small
therefore the exchange interaction can be written as:

E,, = —]S? z cos? 6;;
ij
Obviously the exchange energy is minimal when the n.n. spins are perfectly aligned (6i; = 0). For
a magnetic systems ones use the associated magnetic moment m = M/Ms. Since the magnetic

material could be considered as an assembly of a single magnetic moments, as continuum
approximation, the exchange energy is as the following:

E,, = AlemIZdV

Where A is called the exchange stiffness, which indicate the strength of the exchange interaction.
|[Vm|? = (Vm,)? + (me)2 + (Vm,)? is the squared gradient of the magnetization.

1.2.3. Anisotropy energy

In the solid state the crystal lattice are coupled with the electron orbitals of the atoms, which
results a particular orientation of the electron orbitals with respect to the crystalline axes. The
spin angular momentum (S) is coupled orbital angular momentum (L) through the spin-orbit
interaction (Eg, = ¢L - S) the orbitals orientation forces the spin magnetic moments in one or
more particular direction, the so-called easy axes of the magnetization

The magneto-crystalline energy must reflect the lattice symmetry therefore it depends only on
the magnetization with respect to the easy axes [6]. Usually the anisotropy energy is expressed in
a power series of trigonometric functions of the angle () which is the angle between the
magnetization and the easy axes of the crystal [18].

Indeed, there is no general equation for the anisotropy energy, however for each specific
crystallographic geometries case, we can present an equation. For the sake of ease, we consider
the case where the existence of one easy axes (uniaxial anisotropy), the energy density is thus
expanded into the first important term:

Eqni = Kj sin?(0)

Where @ is the angle between the magnetization and the easy axes, and K; is the anisotropy
constants with a unit of (J/m?3).



Introduction & theoretical background |Chapter 1|Page |10

Therefore anisotropy energy is obtained as the following:

Eqni = fgani(m) dav

In the out of plane magnetized thin films the easy and hard axes are determined by the sign of
K;. In real system, it exhibit a much more complex anisotropy, with many other anisotropies
contributions. For instance beside the magneto-crystalline anisotropy, which is mainly due to the
spin-orbit interaction, there is the magnetostriction which is not in the framework of this thesis.

1.2.4. Zeeman Energy

In the presence of an external field H,,, the Zeeman energy is the energy contribution of this
external field on the local magnetic moments, thus the energy equation is:

Ey = —to f M(r) - Hye (F)dV

For a uniform applied magnetic field, the Zeeman energy is minimal when the angle & between
the external field and the magnetic moment is minimal so that: E; = —pg [ M [Hgy:|dV.

This energy is independent from the sample shape or particular domain configuration and only
depend on the average magnetization [6].

1.2.5. Landau free energy and Brown’s equation

By combining the above four energy contribution to the micromagnetism, the final Landau free
energy would be expressed as the following:

Eior = Eq + Eex + Egni +E;
In equivalence to the Zeeman energy derivation, where the external applied magnetic field is

considered, here we consider the effective field H, ¢, resulting from the four contributions as an

applied field. This effective field can be calculated from the total energy density &t with the
help of the Brown equation [20]:

1 6&tpr
H =——
eff Uo SM

Therefore the total energy can be written as:

Etor = —lo f M(r) - Heff(r)dV
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And intuitively, this total energy is minimal when the local equilibrium magnetization
distribution, M, is aligned with H,ff.

For complex systems, M,,, have to be solved numerically in a quasi-equilibrium state however
for simple systems, it is determined using the Brown equations [20], which suggest a parallel
alignment of the spins to the effective field H .

MXHeff:()

1. Field induced magnetization dynamics and domain wall motion in various
geometries

When M X H.¢r # 0, the equilibrium is not anymore the case in the system and will evolve in
time according to some adequate equation of dynamics. Originally the equation was proposed by
Landau and Lifshitz and which is mostly used for the magnetization dynamics description. The
main idea which the equation is based on is that in ferromagnetic system a precession of the local
magnetization M (r, t) is induced by the effective field H ¢, and it has the following form:

dM

o7 = V(M X Hepp)

Where y = |lelg./2m, > 0 the gyromagnetic ration associated with the electron spin (for
simplicity). This later determines the rate of the precession, and g is the Landé factor.

In the dynamics, described in the latter equation, is such that the length (magnitude) of the
magnetization |[M| is conserved and thus (- H,ff), which mean that the total energy of the system
is conserved as well (E;,; = —po [ M(T) - Hrr(r)dV). While M k H.;sthe magnetic moment
precesses around Hess under the Lamor frequency with the following equation:

® = ¥[Hegf]|

In a more realistic system and due to the magnetization interaction with the thermal bath, which
should dissipate the dynamics of the system, thus the equilibrium approach is not described in
this dynamics equation. Therefore the above dynamics description is non dissipative.

Later, Landau and Lifshitz [21], considered the relaxation energy by introducing an additional
phenomenological term proportional to H,fr which represent the damping force and it is
perpendicular to magnetization. This damping tries to align the magnetization vector M with the
H.(f (see figure 1.6). The most used Landau-Lifshitz equation in literature is:
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dM

=7 = 7(MxHepr) - M X (M X Hefr)

Where +yL is a different gyromagnetic constant than y. While a is the damping constant
(dimensionless) which determine the damping strength.

The magnetization dynamics was described by another equation introduced by Gilbert [22] this
equation is, now known as, the Landau-Lifshitz-Gilbert (LLG) equation:

dM dM
E:_VG(MXHeff)-*_ MXE
This equation can be written in the following form:
am M x (H a dM)
dc ¢ off oM, dt

we can clearly remarks in the latter equation that we subtract a damping-term which is
proportional to the magnetization derivative from the H .

(a) Precession (b) Damping

Figure 1.6: (a) Schematic of the precession of the magnetization without damping and (b) with
the damping term (Green) (always perpendicular to M) of the LLG equation.

The domain wall can be driven by an external applied field at different geometries (planar [23] or
ring nanowires [24]). The main origin of the motion is the minimization of the Zeeman energy.
The latter is reduced when the domain wall is moved in the direction of growing the domain size
where the spins are, somehow, parallel to the applied field while the opposite domain size is
reduced. This dynamics can be happed easily, at small fields, in the absence of pinning cites.
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The theory behind the domain wall propagation, under an applied field, shows that its motion is
not similar to a classical particle driven inside a nanowire. Some of these forces are not all along
the wire direction. Some of the spins inside, a transverse or a vortex, wall are perpendicular to
the applied field H,. This yields to a torque, which forces the local magnetic moment out-of-
plane, (Figure 1.7).

For sake of simplicity in the analytical treatment we assume a transverse wall using the well-
known 1-D model (see subsection 11.1 and [25]). In this approximation, the magnetic moment m,
with an orientation (0, ¢), m rotates from -X to +X (0 < 6 < «r) along the so-called domain wall

width (A), tilted from the easy plane the angle o.

In order to move the wall, a torque on 6 is needed to align the magnetic moments along the
external field H,. The applied field H, toward —X generates a torque which tilt the wall spins
out-of-plane and intuitively generates a demagnetizing field H; perpendicular to the plane. The
latter creates a demagnetizing torque in the applied field direction, yM x H,, which tilts the wall
spins along the applied field. Finally, therefore only this torque moves the domain wall along the
external field (figure 1.7b). By consequence this leads to complex mathematical equations due to
the coupling between the linear propagation and the out-of-plane motion [23].

d
emag_ torqu l

H, A field Haemag ,
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Figure 1.7: Schematic of the field induced domain wall motion in the 1-D models approach. The
involved torques in the domain wall motion is also represented: (a) the external field (orange)
applies a torque (Green) on the domain wall spins (blue) and thus tilting them out-of-plane. (b)
This yield to a demagnetization (demag.) field and its torque (Green). As a result the domain
wall moves in the direction of the field.
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1.1 One dimensional (1D) collective coordinate domain wall model

Domain walls driven by an external field at low fields in nanowires are discovered to be well
explained by the 1D collective coordinates model. This model describes the domain wall by their
azimuthal angle and position. The magnetization configuration used in this limit is mainly the
Bloch-wall profile in the presence of a strong uniaxial anisotropy. Moreover, the profile is more
general and can be compared with the vortex and transverse wall configuration [26]. However, in
the case of the vortex wall, one needs to expand the model to a two coordinates model in order to
described more specifically.

Analytically, in the case of a tail to tail Bloch-wall profile, the magnetization components my
(transverse) and my (longitudinal) as the following:

m, = tanh(x/A) ; m, = 1/cosh(x/A)
A, represents the domain wall width.

In order to exanimate the field induced domain wall dynamics in the 1D limit, one should derive
the 1D analytical model of the magnetization profile, starting from the Landau-Lifshitz-Gilbert
(LLG) equation:

dm H N dm
— = Xm+am X —
ag ~ Yorers dt
while, H,rr = — L% s the micromagnetic effective field with m is the normalized
eff UoMg Sm

magnetization and E represent the total Landau free energy described above. y, = uoly| the
gyromagnetic ratio. It is easier in the present case to use the spherical coordinate system: where 6
represent the polar magnetization angle (the wire axis is the polar axis), and ¢ the azimuthal
angle, the magnetization angle in the Y-Z plan (see Figure 1.7). In this sense we can write the
LLG equation as the following:

0+ asinf¢p = YoHy,

ab —sinf¢ =y Hy,

Where both effective field components are:

1 6E 1 OE

Hy = — — H, = ————
o .uOMs 56 ¢ Ho Siﬂ(@) Ms 6(/)
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The one dimensional profile (180° Bloch wall profile) can be described as well by the following
three parameters: g (the domain wall center position), ¢ (the domain wall magnetization angle or
non-local azimuthal angle) and A (the domain wall width). By using this parameter the non-local
domain wall magnetization profile description become:

X — q(t))
A(t)

We note that 6(x,t) represent, here, a head-to-head walls (one has to add = to € to get our tail-to-
tail profile). The 1D dynamic equation can be obtained by using a Lagrange framework and by
inserting 6(x,t) and ¢(x,t) into the LLG equation which result to following effective equations of
motion:

0(x,t) = 2tan~! exp( ; o(x,t) = ¢(t).

q

aZ + ¢ =yoH,
q . sin 2¢
Z_a‘ib = YoHg >

Where Ha is the applied field and Hy is the effective anisotropy field (Hy = 2K /uoM) represent
the transverse anisotropy field with K is the effective transverse anisotropy constant.

In order to understand better the basis of the 1D wall dynamics it is enough to use the time
derivative equation of the azimuthal angle, which can be obtained by eliminating the domain
wall position q from both previous equations:

Yo
1+ a?

b = (H _Zh, sin 2¢)
a 2
There are two situations which can be discussed:

1) The first situation is when no transverse anisotropy is presented (Hk = 0). By replacing this
condition in the previous equation it becomes:

'_VOHa
¢_1+a2

Which mean that the azimuthal angle precesses under the fixed applied field Ha at a constant
precession. Obviously this yields to a linear dependence of the wall velocity with the external
field strength.
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a
1 =y AgH, ——
q V00a1+a2

Where A, = \/Kz is the equilibrium Bloch domain wall width (6 = m/2), with A is the exchange

stiffness constant and K; the anisotropy constant for a uniaxial anisotropy parallel to the Z-axis
(Figure 1.7). This is because we assume the domain wall width, A(t), is always in equilibrium,
because it relaxes relatively fast towards the equilibrium domain wall width. Therefore A(t) =

Ay (6) where,
A (0) = 4
07 K+ Kcos?20®

We note that K; is the effective longitudinal anisotropy constant which correspond to K; in
materials with perpendicular magnetic anisotropy, while in thin film K = 0.

2) The second situation where transverse anisotropy is presented, the dynamics is quite different
than the previous case where the wall velocity is now proportional to the external field Ha
respecting the so-called Walker field, Hy,, introduced by Walker in his 1D solution [27].

aHyg
Hy = —
w2
If the absolute value of the external field |H,| < Hy,, a constant domain wall velocity, which
scales linearly with the external field, with the existence of a new equilibrium value of azimuthal

angle (¢™):

q =voA (¢")Ha/a

In this regime we observe a steady state domain wall motion. We note that the velocity is
constant but higher in comparison with the zero transverse anisotropy case, since the damping
parameter o is presented in the denominator when assuming a small value of a. Therefore from
the previous equation the Walker velocity (vy,) is defined as the following:

AoYo AoYo
UW - p HW - THK

Clearly this velocity is independent of the damping parameter o. The field-velocity relation is
shown in figure 1.8 (blue curve).
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At the Walker field, the existing equilibrium between the demagnetizing/damping torque and the
driving field torque which keep ¢ constant is no-longer presented. The wall velocity reach it
maximum for a ¢ = m/4 in the linear low field regime [28]. In the case where |H,| > Hy, no
equilibrium value of ¢ is presented, as well, and exercising a no-linear precession or oscillatory
dynamics, due to the periodic nature of the torque term with respect to ¢ and because of the
variation of the domain wall width [26], therefore a complex dynamics happen. This required the
need of the numerical calculation of the wall velocity or position. This results a deep domain
wall velocity decrease take place above the Walker velocity (Walker breakdown) see Figure 1.8.
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Figure 1.8: experimental and simulated domain wall velocity in straight Py nanowires as a
function of an external field. The linear velocity increase for low fields (region 1) and reach the
maximum velocity, V. = Vi, Whereas the velocity drop at the Walker field Hy, (region Il).
From Ref. [29].

11.2. Two collective coordinates approximation

We could demonstrate above that the experimental Walker breakdown observation for a
transverse wall can be explained by the one dimensional approach for a Bloch-wall profile.
However in the opposite case where the nanowire exhibit a vortex wall spin structure the
dynamics become more complex due to the wall configuration. The spin structures of vortex
domain wall consist of three topological defects: two half-antivortices at both edges and a vortex
in the center of the nanowire [30]. Although, the occurrence of the Walker breakdown for a
vortex wall still can be described.
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In general the collective-coordinate model uses the soft modes of the system, in order to describe
the vortex core dynamics in more details. In the present case (vortex wall) the softest modes are
the (X, Y) coordinate of the vortex core, where X is along the wire axis and Y the transverse
coordinate across the width of the wire [30].

In contrast to the 1D model for the transverse wall, where only the x-direction is considered. The
azimuthal angle ¢ is not anymore the rotation of spins inside the wall however, it represent the
vortex core position in the y-direction. We note that for ¢ > & the vortex core is expelled from
the wire. For a given applied field in the wire axis direction, ones expect four different vortex
core displacement possibilities (see Figure 1.9). A y motion means that the vortex core could be
expelled from the wire edge depending on the resulting forces strength acting on it.
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Figure 1.9: spin structure configuration of four different head-to-head vortex wall lateral
displacement possibilities (along y) driven by the same external applied field direction. The
vortex core polarities (p) inside the wall are shown. Adapted from [26].

The dynamics of the core are equivalent to the core precession. In this new model, the equation
of motion for the domain wall dynamics could be derived from the LLG equation; more details
can be found in reference [30]. By analyzing of this equation of motion of the vortex core, it can
lead to a four different regimes: (A) low field, (B) critical field, (C) high field and (D) a very
high field regime. These regimes (A - D) are illustrated in the figure 1.10. The figure presents a
schematic curvature of the vortex core velocity in function of the applied field H,,.
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Figure 1.10: the graph represent the domain wall velocity V(H) curve due to an external field.
The domain wall trajectories (solid line) and equipotential line (dotted) at different regimes are
illustrated as well. Adapted from [30].

(A) Low field regime:

At the metastable state of the vortex wall it is more favorable that the core is sitting in the wire
center, this mean there is a restoring force which opposite the y motion of the core. Therefore at
low fields and below a critical field Hy, the vortex domain wall move in a viscous motion, with a
high mobility u = dV /dH. However the domain wall trajectory includes a small core offset in
the y-direction after reaching an equilibrium azimuthal angle (Figure 1.10).

(B) Critical field regime:

Above the critical field, Hy,, the transverse equilibrium position of the vortex core is not
anymore inside the strip, thus the vortex core is expelled out of the wire and the wall will
transform to a transverse wall. This transition from vortex wall to transverse wall is called
Walker breakdown and occurs with a velocity decrease. Therefore above the Walker threshold
the viscous motion is replaced by an underdamped oscillation propagation followed by small
drift of the wall. The oscillated domain wall velocity is related to the periodic transformation of
the domain wall spin structures. The domain wall precessions happen when the vortex core is
crossing the wire width periodically as illustrated in figure 1.10. We note that the Walker
velocity (V) increases linearly with the thickness of the strip.
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(C) Small dissipation or high field regime:

At this regime, the vortex core with polarity p switch its polarity to -p each time the vortex core
is expelled from the nanowire edge and re-nucleate at the same position as the schematic of the
trajectory shows. Thus, the vortex domain wall propagates between the wire edges and switches
its polarity p once it expelled from the edge. However in contrast to this simulated result in
straight nanowire, we recently demonstrate experimentally, in nano-rings structure, that the
vortex core then re-injected with the same vortex-core polarity.

(D) Very high field regimes:

At much higher fields an increase of the wall velocity by increasing of the applied field strength
since the motion is dominated by the Zeeman energy however the mobility is far away than in
the low field regime. Therefore the vortex core trajectory showed in figure 1.10-(D) almost
follows the equipotential line. The transformation frequency between vortex wall to transverse
wall and vice versa is the highest as illustrated [26, 30].
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Chapter 2

Sample fabrication and experimental setup

Abstract

The first step towards a successful experiment with magnetic micro- and nanostructures, is the
careful fabrication of the sample with the desired properties. For reliable nanofabrication it is
crucial to work in a clean environment and in a well-controlled manner. To this end, there are
several parameters to consider such as the patterning method, the nanostructure design, substrate,
magnetic materials, electric contact and many other factors. In this chapter the experimental
techniques necessary to fabricate the samples as well as the characterization methods to perform
the magnetization dynamics imaging and spin transport measurement on the nanoscale are
presented. We note that most studied samples in this thesis were produced using a newly bought
electron-beam lithography (EBL) system at our institute (Institute of Physics - Johannes
Gutenberg-Universitat Mainz), therefore quite a long time was invested for the sample fabrication
optimization process. Some samples have been prepared in collaboration with the
Nanostructuring Center at TU Kaiserslautern. Various shapes and sizes of ferromagnetic
nanowires have been studied. The direct observation of the field induced magnetization dynamics
was achieved by employing time resolved scanning transmission X-ray microscopy (STXM) at
MAXYMUS Beamline, Helmholtz Zentrum Berlin, BESSY I1.

This chapter is arranged as follows. The sample fabrication by electron-beam lithography is
discussed in Section 1. We describe here the basic sample fabrication process step-by-step. The
magnetic imaging is based on recording the X-ray transmission through the magnetic sample,
where the magnetic contrast depends on the local orientation of the magnetization with respect to
the incident X-ray photons, as described in Section I11. Furthermore in this section we discuss the
generation of the required spatially coherent and X-ray light with a well-defined energy and the
functionality of the used STXM microscope. The time evolution of the magnetization dynamics is
recorded stroboscopically by employing a pump/ probe technique, as discussed in Section 1V, in
addition to the periodic electronic signal generation and acquisition.
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. Magnetic material

The main magnetic material used in our studies (spin transport and magnetization dynamics), is
the polycrystalline permalloy (Py), which is an Iron-Nickel alloy (NisoFe2o0). This material exhibit
a very weak crystalline anisotropy [31], hence the shape anisotropy dominate in determining the
magnetization configuration in nanostructres. Permalloy has a relatively high tunneling spin
polarization ~ 45 % at the Fermi level Er [32, 33] and a high magnetic susceptibility. Moreover,
permalloy exhibit low damping due to its low coercitive field, which is important for the
magnetization dynamics studies. Due to these properties permalloy is described as a soft
magnetic material.

These advantageous properties make permalloy an ideal candidate to study magnetization
dynamics using relatively small fields, which are required from the technological application
point of view in order to limit the energy consumption. Furthermore the resistivity of permalloy
is quite low in comparison with other alloys [34], and its anisotropic magnetoresistance (AMR) is
high [35]. This latter effect is critical to detect changes of the spin structure electrically. Finally
what is also important is that both nickel and iron have a strong X-ray magnetic circular
dichroism (XMCD) signal at the Ls-absorption edges for the soft X-ray energies, 852.7 eV and
706.8 eV, respectively [36], thereby providing a contrast mechanism for the magnetic imaging.

1. Sample fabrication and preparation

In this section the single steps of the sample fabrication process in addition to all needed
materials for the sample preparation and verification will be explained.

1.1 Electron Beam Lithography

One of the most established techniques to produce nanostructures with lateral dimensions down
to a few tens of nanometers is Electron Beam Lithography (EBL). The system consists of an
electron gun with an emission source and includes the needed optics for controlling and focusing
the electron beam. Therefore one of the factors limiting the spatial resolution is the optical system
quality.

Electron beam lithography is based on the exposure of a sample, which is covered in a electron
sensitive resist, to a desired pattern of an electron beam. After the exposure, the molecular
properties of the exposed areas of the resist are changed. These properties changes lead to the
exposed area being either more or less soluble in a given developer, depending on the resist type.
In general there are two categories of resist, either positive or negative resists. The difference
between them is that the electron exposed area is removed for the positive resist while in the case
of the negative resist the unexposed area will be dissolved after development [37]. However all
the fabricated sample in my work used a positive resist such as methyl methacrylate/methacrylic
acid (MMA/MAA) and polymethyl methacrylate (PMMA). This technique is similar to optical
lithography, where the optical resists are irradiated by photons instead of electrons.
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In general with electron beam lithography, the required design is produced by scanning the
sample surface and exposing the desired area with an electron beam, in analogy with the scanning
electron microscope (SEM) working principle. In order to obtain a high precision during the
exposure the scan of the electron beam can be done electronically by deflecting the beam within a
small area, which is called a stitching field. In the case that the structure geometry is bigger than
the stitching field, then the exposure is split into several stages. These pieces have to be
“stitched” together, therefore the sample stage, is moved during the exposure in such a way that
these divided parts match together. The precise matching of stitching fields is very important in
the fabrication of nanostructures. Therefore, successful electron beam lithography requires firstly
a high a high precision and good alignment of the beam deflection within the exposed areas (so-
called write-field alignment), and secondly a very precise and stable sample stage motion. One of
the main advantages of the specialized electron beam lithography systems is that they employ a
laser interferometer system to provide the required positioning precision.

Most of the EBL in this work was performed using the commercial Raith PIONEER system. It is
characterized by its thermal field emission technology (TFE), sub 20 nm lithography resolution,
high resolution imaging and pattern inspection and laser interferometer controlled stage with
modular rotation and tilt with a precision error less than 50 nm [38].

There are some basic important parameters have to be chosen for any EBL which are the
acceleration voltage of the electrons, U, and the electron beam current, 1. In our system any value
between 0 kV and 30 kV can be chosen for U. In addition the aperture sizes for the electron beam
can be selected (e.g. 7.5 um, 10 um, 15 um, 20 um etc.). The bigger the size of the aperture, the
higher the resulting beam currents are. Using a GDSII-editor within the PIONEER software, one
can design the pattern layout for any desired two-dimensional structures. Within the layout it is
possible to indicate a rectangular sub-area which then will be considered for the electron beam
exposure. This zone is called the working area and is usually divided into specific stitching fields
depending on the desired write-field size, taking into account the exposure time and the desired
finest structure resolution. Before starting any exposure it is crucial to calibrate the system to
perform a precise transformation of the stage’s X,Y-coordinate system to the sample layout’s
system with coordinates U,V, in addition to having a good focus of the electron beam on the
sample. Therefore the first lithography step is dedicated to making markers which become vital
for positioning the nanostructure in relation to the contact pads which are usually made in a
different lithography step. The markers are incorporated in the design layout, hence, their
location and the distances between them are well known. Therefore it is necessary that the system
reads in the associated X,Y-coordinates and the input is used by the software in order to calculate
the transformation matrix between these two coordinate systems. In the final step before
launching the automatic exposure, one needs to set appropriate exposure parameters such step-
size, s, and dosage, D. These parameters are chosen from previous exposure tests which are
performed before starting any real sample fabrication. For instance, for good exposure results, the
step-size should be chosen to be smaller than 1/5 of the smallest feature size of the exposed
structure.



Sample fabrication and experimental setup |Chapter 2 |Page |24

Using the following equation:
I-T
D = S_Z
where T represents the dwell time, the system can estimate the expected exposure time of the

whole pattern layout inside the indicated working area [38].

Sample design type A Sample design type B Sample design type C

Au 55nm

Py (’;Anm\

Figure 1.1: Top schematic illustration of three sample designs on Si and SisN4 substrates. (A)
Crossed copper stripline on top of permalloy rings (diameter 5 um, thickness 30 nm), (B) two
curved permalloy nanowires (thickness 13 nm, width ~150 nm) surrounding a curved gold
stripline with a width of 1.1 um and (C) contacted permalloy nanocontact half-ring. Samples (A
& B) are both fabricated on top of SisNa substrate (500 um windows size), whereas sample (C) is
structured on top of a Si (100) substrate. Bottom: SEM images showing the real shape of the
fabricated samples for each sample design.

11.2. Substrates

A preliminary step for sample fabrication is the choice of a suitable substrate, depending on the
experiment needs. In this thesis there are two main different classes of measurement which in
turn need substrates with different properties, explained as follows:

The first sets of measurements are the magnetotransport measurements of magnetic
nanostructures (see chapter 6). For these studies it is important to have a rigid and insulating layer
to ensure a fixed support of the nanocontact and to prevent any current shunting through the
substrate during the measurement, respectively. Therefore we used a naturally oxidized, un-
doped (n-type) silicon Si (100) substrate with the following specifications: 375 um thickness with
a high electric resistivity (> 1000 Qcm).

In the second project we directly image the magnetization in magnetic nanostructures by
detecting and recording the transmitted X-ray photons, therefore we need to fabricate our sample
on substrate with sufficient X-ray transparency (discussed in chapter 3, 4 and 5). To this end we
fabricate our sample on top of 100 nm thick silicon nitride (SisNs) membranes. These are
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commercially available from (Silson Ltd.). One substrate chip is 23.5 mm X 23.5 mm and
consists of 200 um thick, high resistivity, silicon Si (111) including an array of 4 x 4 membrane
frames (0.5 mm x 0.5 mum). The front side of the chip is covered by 100 nm thick SisN4 layer,
which is freestanding at the frames. Single frames are schematically shown in figure 2.1.

1.3. Positive electron beam resists and sample coating
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Figure 2.2: Spin curves for the main electron beam resists employed in this work: polymethyl
methacrylate (PMMA) for two different concentrations percent (2% and 4%) in Anisol with a
molecular weight of 950 k and methyl methacrylate/methacrylic acid (MMA/MAA) for two
different concentrations percent (6% and 11%) in ethyl lactate. From Ref. [39].

Before any electron beam exposure or pattern transfer one needs to prepare the substrate.
Following on initial cleaning of the substrate, the electron beam resist layers have to be coated on
top. In general electron beam resists are either organic or inorganic molecules which are
dissolved in a solution and can be coated on top of substrate by using a so-called spin-coater. By
fixing the substrate into the spin-coater on top of a substrate holder, the chuck, (either using a
vacuum in the case of a rigid substrate such as Si, or using clamps in the case of the SisN4
membranes) the resist can be dropped onto the center of the substrate using a pipette.
Subsequently the sample is rotated, with relatively high speeds, which removes the excess resist
and providing a well-defined homogenous resist thickness (excluding the substrate corner where
the resist is a bit thicker). The thickness is controlled by the following parameters: spinning speed
of the chuck, spinning time, substrate material/sizes and the used resist with its specific
concentration and molecular weight. Typical spin curves presenting the resist thicknesses for
different spin speed for different resists and solvent concentrations, are shown in figure 2.2. In
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this work the used electron beam resist stack consists of (MMA/MAA) and (PMMA) as
mentioned above. Both are common positive resists.

The used resist coating procedure is presented in the following and partially schematically
illustrated in figure 2.3 for the case of the SisN4 membrane as substrate (sample type (A) shown
in figure 2.1:

1) Pre-cleaning procedure of the substrate:
A complete immersion of the substrate in Acetone “(CHzs)2CO” Isopropanol followed by
“(CH3).CHOH”, for about ~ 1 min in each case and subsequently blow dry using a
nitrogen gas gun.

2) MMA/MAA 6% coating layer:
The spin coater is programed to initially pre-spin with a spin speed of 500 rpm for 5 s, in
order to initially spread the resist on the whole sample, followed by the main spin at 4000
rpm for 60 s.

3) MMA/MAA 6% baking using hotplate:
The substrate is placed on a hotplate at a temperature of 180 °C for 90 s. Hereby the
solvent will be evaporated and the resist will be transformed from a polycrystalline to an
amorphous phase, leading to a smooth surface.

4) PMMA 4% coating layer:
In this step we repeat step (2) using the same speed spin and timing.

5) PMMA 4% baking:
Repeat of the third step (3) with the same parameters.

We note that the above resist coating procedure is the same for both the SizNas membranes
(sample type (A) & (B)) and the Si substrate (sample type (C)), shown in figure 2.1, and for each
of the electron beam exposures for the different lithography steps. However the resist recipe
(solvent characteristics and thickness) is different depending on whether the nanostructures or
contact pads are patterned, since different steps require different resist sensitivity, resolution and
materials deposition thicknesses. Thus, the above resist recipe is specifically for the first electron
beam step to produce alignment markers as discussed below.
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Figure 2.3: Step-by-step process for positive electron beam lithography, for the sample design
(A) presented in figure 2.1, on commercial pre-structured SisNs membranes.

11.4. Pattern transfer steps with positive resists

As mentioned above, the characteristic of the positive resists is that the area exposed by the
electron gun will be dissolved in a solvent, whilst the unexposed area remains. The electron
sensitivity of the resists is proportional to the thickness, molecular weight and the concentration.
In this section we are going to describe the step-by-step sample fabrication using 100 nm thick
silicon nitride (SisN4) membranes (as described above in section 11.2) for the sample design (A)
Figure 1.2. A typical sample preparation process is discussed below and schematically presented
in figure 2.3:

a) First lithography steps: Alignment markers

One of the extremely important issues during the whole sample fabrication process is the precise
alignment of different exposures and specifically between the magnetic structures and the contact
pads and/or striplines. Therefore the first lithography steps consist of pattering alignment
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markers, which are typically 10 x 10 um? crosses of Cr (4 nm)/ Au (30 nm) as shown in figure
2.4. Thus this first lithography steps consist as follows:

1 - 2) These steps are the same cleaning and spin coating steps described in the subsection 11.3.

3) After loading the sample into the EBL system and preparing the exposure data, the crossed
alignment markers are patterned into the resist.

4) After the e-beam writing with a sufficiently high energy to penetrate the whole resists
thickness, the exposed resists become soluble in a special solvent. In this step the sample is
developed (by complete immersion) in Methyl-iso-butlyl-ketone (MIBK) solution mixed with
Isopropanol (IPA) in a composition of 1:3 MIBK:IPA for 40 s.

5) At this step the material, Cr (4 nm)/ Au (30 nm), is deposited using the sputter machine
(described below).

6) After deposition the resist is lifted-off, taking with it the undesired metal on top, by a complete
immersion in NEP (N-ethyl pyrrolidone) at 130 °C for ~ 30 min to 60 min. Since we are dealing
with very thin substrates (100 nm (SizsN4) membranes) it is not advisable to use the ultra-sonic
bath in order to accelerate the lift-off process, therefore we used NEP which showed more
efficiency than the more conventional approach using Acetone.

b) Second lithography steps: Magnetic structures:
7) Repeat step number 2), using the same resists.

8) Similar to step 3), however different exposure parameters are used in order to provide high
resolution for the smallest magnetic structures.

9) Repeat of step 4).
10) Magnetic material (Py) deposition of ~ 30 nm thickness and capped with 2 nm gold (Au).

11) Repeat of step 6). We note that the lift-off process at this stage is the most difficult, in
particular for the inner part of the ring. For this reason we initially used a double resist layer with
different sensitivity MMA/PMMA (MMA more sensitive to IPA than the PMMA) which
provides a small undercut, thus helping with the lift-off process. Furthermore an array of the
magnetic nanostructure (rings) is patterned. The success of the lift-off of each individual
nanostructure is checked by scanning electron microscopy (SEM) (figure 2.4) in order to pattern,
in the next step, the cross-strip lines on top of a well lifted nanostructure.

¢) Third lithography steps: Cross-stripline:
12) Repeat of step 2).

13) Repeat of step 3), however different exposure parameters are used to reduce the exposure
time, since the cross-strip lines are quite big in comparison to the magnetic structure (few
hundred of um) which means that an over-night exposure is needed for the whole chip (16
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membranes). One of the main parameters which dramatically increase the exposure speed is the
use of big apertures (e.g. 120 um) and larger step-sizes. This can safely be done since the
roughness of the stripline has little influence on the measurement.

14) Repeat step 4).
15) The material, Cr(4 nm)/Cu(150 nm)/Au(4nm), is deposited via sputtering.
16) Repeat step 6).

Figure 2.4: SEM image after the second lithography step
following lift-off, for the sample design (A) (shown in figure
2.1). It shows an array of asymmetric rings with 5.5 pum
diameter. The filled rings represent the unsuccessful lift-
off. The crosses are the alignment markers used to
guarantee a precise registry between different exposures
steps. The distance between the centers of two rings is 20

um.

11.5. Pattern transfer steps with shadow lithography

These samples are prepared to be measured in-situ, directly after the magnetic material
deposition, without breaking the vacuum, since one of the main aims of this experiment is to
ensure the cleanest possible nanocontacts, see chapter 6. For that reason we fabricate a resist
shadow mask as shown in figure 2.5. Here we use a double layer resist similar to the previous
case, however in this case the MMA buffer layer is thicker, i.e. MMA(500 nm)/ PMMA(200 nm).
MMA is a copolymer that is chemically very similar to PMMA, however more soluble in IPA.
This allows for the creation of a tunable undercut by varying the time in IPA during the
developing stage. The lithography steps are similar to the previous method; however the main
difference is that the Au contact pads are exposed at the first lithography step together with the
alignment markers, and re-exposed in the third lithography step.
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Figure 2.5: Nanocontact sample illustration (Sample type (C)): (I) Schematic side view of sample
before deposition. A MMA/PMMA shadow mask formed of resists of different sensitivities is
patterned via e-beam lithography. The structure is a notched half-ring. The undercut at the
edges of the resist ensures the subsequently deposited ring and pads are electrically isolated
from ground. (Il) Sample after deposition: (a) Schematic side view; (b) SEM image of the sample
(top view); (c) Colored SEM image of the sample (oblique view). The material is evaporated in an
UHV chamber with in-situ characterization subsequently performed at 80 K, without breaking
the vacuum allowing the highest contact purity. The MR is measured in low-magnetorestrictive
materials (NigoFe2o), with rigidly attached substrates to reduce magnetostriction.

11.6. Material deposition

In this work the material deposition was done using DC-sputtering, for the contact pads and
alignment markers and electron beam evaporation in ultra-high vacuum (UHV) for the magnetic
material deposition.

11.6.1. Electron beam evaporation

The main advantage of the electron beam evaporation is the achievement of a high thin film
quality. This deposition method requires a good UHV during the deposition in order to ensure the
cleanest possible film quality. The material evaporator consists of a target metal, such (Py, Ni,
Au,..), next to a tungsten (W) filament and oriented towards the sample position. The material
evaporation take place by heating the metal by connecting the target to a high voltage (~1000 V)
and thus accelerating the electrons emitted from the tungsten filament. The deposition rate is
controlled by the applied voltage to the evaporator and the applied current to the filament.

11.6.2. DC-sputtering

Sputter deposition is a physical vapor deposition (PVD) method for thin film deposition. The
basis of this method is that the atoms of a target material are evaporated when momentum
exchange takes place between ionized gas atoms and target atoms [40]. Therefore during the
deposition the chamber is filled with inert Argon (Ar) gas to a deposition pressure of 5 x 1072
mbar. The deposition works as follows, the ionized gas atoms are accelerated into the metal target
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under the influence of a created electric field. The metal atoms are thereby sputtered and reach
the sample surface. It was found that the angular emission of the sputtered atoms has a cosine
distribution [41]. One of the main advantages of the sputtering technique is that the deposition
rate is much higher than using electron beam evaporation technique.

1.  Imaging magnetization dynamics

Nowadays, a wide range of high resolution magnetic imagining techniques are available, which
all have various advantages and disadvantages.

Some of them do not require synchrotron radiation. For instance, scanning electron microscopy
with polarization analysis (SEMPA), magnetic force microscopy (MFM) and Lorentz
transmission electron microscopy (LTEM) or spin polarized scanning tunneling microscopy
(STM). However all these techniques do not offer good temporal resolution and are therefore
only efficient for static magnetic configuration imaging. On the other hand, using femtosecond
laser pulses in magneto-optical Kerr microscopy (MOKE) provides time information with a high
resolution (less than a few tens of femtoseconds). However, the lateral resolution of the resulting
image is limited by the wavelength of the laser radiation, which is usually not enough to image
the spin structure within the domain wall in ferromagnetic nanostructures. For more details on
different magnetic imaging techniques, a thorough overview can be found in Ref. [17, 42].

A breakthrough, in magnetic microscopy the discovery of the X-ray magnetic circular dichroism
(XMCD) [43] effect which has been used as a magnetic contrast mechanism with synchrotron
light based microscopy techniques. This was rapidly implemented, years ago, with proof of
concept on scanning transmission X-ray microscopy (STXM) at the Advanced Light Source
(ALS) facility [44]. This was shortly followed by studies of magnetic systems using
Transmission X-ray Microscopes (TXM) [45] and Photoelectron Emission Microscopy (PEEM)
[46]. The X-ray magnetic circular dichroism techniques provide a direct probe of the magnetic
configuration independent of the stray field, thus it can be bulk sensitive as well as surface
sensitive. Moreover these are sensitive techniques due to the strong advantages of the XMCD
effect as will be discussed below, section I11.1. Therefore the X-ray microscopy has significant
advantage over the other mentioned magnetic imagining techniques due to its relatively high
probing depth and its spectroscopic benefits. X-ray microscopy is supported by the development
of the synchrotron radiation sources, which provide X-ray radiation with a high brilliance and
other advantages in comparison to laboratory sources, as shown in section I11.2.

Regarding the direct imaging of the magnetization dynamics, in the framework of this thesis, we
used the synchrotron based magnetic imaging technique time-resolved scanning transmission X-
ray microscopy (STXM). This technique provides us high temporal and spatial resolutions,
temporally by taking the advantage of the pulsed nature of synchrotron radiation and spatially
due to the use of the XMCD effect as the magnetic contrast mechanism which requires circularly
polarized X-rays exhibiting a wavelength of just a few nanometers. One of the strongest
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advantages of STXM is the scanning feature in combination with the fast photon detector, which
allows for fast single photon counting and uses directly the whole synchrotron radiation capacity.
This is a great advantage in comparison to other synchrotron based magnetic imaging techniques
such as coherent X-ray holography [47] or PEEM, which employ a full-field charge-coupled
device (CCD) detector, instead of a photon detector, in order to integrate the image signal.

In the following we present general background information for synchrotron radiation and
STXM, including the optical devices.

.1 X-ray magnetic circular dichroism (XMCD)

There are several techniques used to measure the magnetic properties of materials. However
most of them are sensitive to the total magnetization of the measured system and cannot
distinguish between the contributions of different atoms in alloys or multilayers system, or
between their angular moment and its spin. Furthermore, the low quantity of material present in
many samples, which exhibit interesting technological effects such as magnetic nanostructures,
requires a high sensitive method of measurement. One of the most powerful approaches to
achieve sensitive, elemental specific, probing of magnetic properties employs X-ray magnetic
circular dichroism.

The magnetic dichroism effect is driven by the symmetries of the magnetization distribution
created by unpaired electrons. For example, materials with a net moment (ferro- or ferri-magnets)
may exhibit magnetic circular dichroism, where the absorption depends on the relative orientation
of the photon helicity and the magnetic easy axis. XMCD is the absorption difference, for a
magnetic material, between the left & right circularly polarized X-rays at the resonant excitation
from the core level of the materials. This absorption difference can be related to the magnetic
moment of the atoms which is involved in the absorption processes [48].

In the resonant absorption of the X-rays, the atom absorbs a photon, which leads to an electron
transition from the core level to an empty valence state above the Fermi level (Figure 2.6). Each
element has its characteristic absorption energy edges. The dipolar selection rules define the final
level probed by the transition [49].

Nowadays, due to the intense and coherent X-rays obtained from synchrotron facilities, the
XMCD techniques are developed in the fields of spectroscopy and microscopy in order to
quantify the magnetization configuration of the studied systems.

The easiest way to describe the X-ray absorption spectra is through the one electron model. In
this model, one electron is excited from the core level and transmitted to an unoccupied state at
the valence level of the system. According to Fermi’s golden rule [17], in the first approximation,
it is possible to determine the transmission probability per unit time or in other words the
transition rate from the initial to the final level, which can be written as follows:
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Where |(k|P|c}]| is the absolute value of the matrix elements of the interaction operator “P” of the
electromagnetic field with the electron of the absorber atom between the core level |c) and the
valence level |k). For example, in our study it represents the following transition: 2p — 3d level.
In the electrical dipolar approximation P = p X &, where p is the electron momentum operator
and é represent the circular polarization vector left (+) or right (-). p, is the valence density states
at an energy E,, above the Fermi level. We therefore deduce that, according to the photon circular
polarization, the transition leads to spin polarized final states. For magnetism, the most
interesting absorption edges are those where the final level is that which contributes most to the
magnetization of the probed element, for instance the empty states in the d orbital level in the
transition metals. The transition usually happens as follows: 2p — 3d.

The quantum numbers representing the core level |c) (initial state) and the valence level |k) (final
state) are the electronic states in the atom, |n, [, m;, s, m,), where n is the main quantum number,
[ is the orbital quantum number, m; the magnetic quantum number, s = 1/2 represents the
electron spin and m; = +1/2 represents the orientation of the electron spin. This representation
of the initial and final states with the electronic states in the atom leads to the dipole selection
rules as follows:

Al = +1, due to the angular momentum conservation, the total angular momentum change
corresponds to the total spin of the photon A.

Am; = +1: The magnetic quantum number changes for circular polarized light. While Am; = 0,
for linear polarized light.

Amg = 0,As = 0: The photon is a multiple of the electron spin, therefore there is no change in
the electron spin.

By considering the dipole selection rules, it is possible that an electron at the 2p core level is
excited into an empty 3d state at the Fermi level. However it is not allowed that the electron spin
switches during this transition.

An intuitive manner to understand the presence of circular dichroism in the X-ray absorption
spectra in magnetic materials is by way of the so-called two steps mechanism proposed by Stohr
and Wu [50] as depicted in Figure 2.6.
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Figure 2.6: Adapted from Ref. [17]. Left: band model with the core 2p levels and the 3d valence
band. In the first step, the spin polarized electrons are excited from the 2p level and the
polarization depends on the absorption edge (Ls or Lz) and the polarization of the absorbed
light. In the second step (final state), the 3d band acts as a spin detector, depending on the
number of the empty states available for the electron spins. Right: illustration of the XMCD
effect for the absorption at the core level for Fe L,3. The color code of the X-ray absorption
spectra (XAS) corresponds to the magnetization orientation inside magnetic domains as
reproduced schematically right of the XAS, relative to the helicity and the incidence wave-
vector K of the light for the given external magnetic field.

In this model, the first step describes the excitation of the core electrons by the circularly
polarized light. For example, left circularly polarized light propagating in the +z, gives rise to a
transition Am; = +1 (-1 for right circular polarization). Here, for simplicity, we discuss only the
transition 2p — 3d. During the photon absorption process, the photon’s angular momentum is
completely transmitted to the electron Am; =+1 (ou -1) due to the angular moment
conservation. In the second step, the 3d band reacts as a spin detector, depending on of the
number of available empty states for the spins.

In a simple model the electrons in the initial 2p state are split into two levels because of the spin-
orbit coupling (2ps,, & 2p,/2): spin parallel and anti-parallel to the magnetization orientation
(3d). The transitions 2p3,, — 3d correspond to the “Ls” absorption edge, whereas transitions
2py1/, — 3d correspond to the “L” absorption edge. The electron spin in the final state depends
on the helicity of the absorbed X-ray photon and on the spin-orbit coupling (j = L + s for the
“L3” absorption edge; j = | — s for the “L>” absorption edge) [42]. Thus, the spin polarization of
the excited electrons depends on the initial state (core level) and on the photon helicity.

The excitation probabilities are given by the Clebsch-Gordon coefficients [17] without taking
into account the amount of the unoccupied final states. For instance the excitation probabilities at
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the “L,” absorption edge with a right (negative helicity = -1) circularly polarized photon are 25%
for spin down and 75% for spin up electrons. At the Lz edge, 37.5% spin up and 62.5% spin
down electrons are excited with right circular polarized light. Left circular polarized light does
the opposite. Intuitively in a non- magnetic material the total transition intensities of electrons
(spin up and down) are the same for both circular light polarizations. The imbalance in the
number of available empty spin up and down states, in magnetic materials, causes this difference
in the absorption of the both circular light polarizations. This differences is opposite at the Lz and
Ls absorption edges [51].

The importance of the spin-orbit coupling in this description which provides the spin sensitivity
of the transition could be understood as follows:

The spin sensitivity of the final state, resulting from the transition rate calculation according to
the two different circular polarizations of the incident flux, is not directly due to the transition
characteristics. Indeed, the selection rules tell us that such transitions keep the spin invariant.

In order to understand this particular sensitivity, it is indispensable that the initial states of the
transition (in our case the 2p states) are spin split by spin-orbit coupling. Therefore the good
quantum numbers describing these states are thus j and m; and no longer {l,m;, s, ms}. The 2p
states are described in the basis of {j; mj}. Therefore, when the 2p states are decomposed
according to their radial and angular parts, a basis transformation is performed. The 2p states are
written in the basis of {l,m;, m}. In this case the 2p states are a linear combination of spin up

and down states. This transformation is a specific example of the more general transformation
between functions in different coupling schemes given by the Clebsch—Gordon [17, 52, 53].

Thus, the sensitivity to the spin of the final state transitions caused by the interaction between an
X-ray beam and the sample is due to spin-orbit coupling of initial states.

The magnetic properties of our sample (Permalloy) are mainly related on the electronics states in
the 3d band. In ferromagnetic materials, according to the Stoner model, the exchange interaction
between the spins of the electrons gives rise to an energy difference between the majority and the
minority spin bands in the metals at the 3d band level (the exchange splitting). This results in an
asymmetry in the density of states at the Fermi level. In the case of the strong ferromagnetic
materials such as “Ni, Co,..” there are more minority spin empty states than majority at the Fermi
level. This results in a difference in the X-ray absorption depending on the spin densities of states
in the corresponding final state according the circular polarization of the light, see Figure 2.6.

Experimentally, the XMCD signal of a ferromagnetic layer is obtained by taking the difference
between the two absorption spectra measured using right (-) and left (+) circular polarized light,
corresponding to the angular momentum absorption L,, = gh (q = —1) and (g = +1). In an
equivalent way we are able to obtain the XMCD signal by making the difference between two
spectra taken with a fixed helicity, however with opposite magnetization directions.

The intensity of the dichroism effect, for a given system, depends on three important parameters:
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e Pcirc the circular light polarization in degrees.

e (m) the magnetization of the 3d orbital level of the materials.

e 0, the angle between the direction of the photon angular momentum Lpn = g% and the
magnetic moment, m.

This results in an angular dependence of the XMCD intensity according to the angle, 6, between
the incident photon direction and the magnetization [17],

IXMCD x Pcirc m. Lph X Pcirc <m> cos 6.

A given systems (Fe, Co, Ni,...) involves a specific electronic structure (Fermi level) which
determines the magnetic circular dichroism amplitude of the chemical element. Therefore for a
particular system (e.g. Ni) the maximum XMCD effect is observed when the spin photon
direction is parallel or (anti-parallel) to the magnetization directions of the system, as indicated
on the right side of Figure 2.6.

By denoting the transmitted intensity for left/right circularly polarized light as I,/I_,
respectively, the pure magnetic dichroic contrast is defined as Ixycp = (Ia—12)/(I.+1).
However in our presented work it was sufficient to obtain the resulting STXM-XMCD images by
dividing the two absorption images taken at the same photon energy but with opposite light
polarization I, /1_ in order to eliminate all non-magnetic contrast.

.2 Synchrotron radiation

Our measurement using STXM requires circularly polarized X-rays with a high brilliance, which
are only available at synchrotron facilities e.g. BESSY II. In general synchrotrons are basically a
type of charged particle accelerator first developed in 1947. They consist of a storage ring
accelerator where electrons are accelerated using magnets, to velocities close to the speed of
light. Through bending magnets, undulators, and wigglers, these electrons undergo a modification
in their trajectory. This change in trajectory, and therefore in the momentum of the electrons,
results in a loss in energy in the form of photons (light). This electromagnetic radiation is
characterized by a broad distribution of wavelengths, going from the infrared up to the hard x-ray
range for high electron energies.

& 4
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Figure 2.7: Schematic of bending magnet. The tangential emitted radiations is depicted in
yellow. Adapted from [54].
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In the case of the use of the so-called bending magnet insertion device, tangential radiation is
emitted due to the magnetic field (inside the small cone), which at the same time, keeps the
electron bunches on the circular trajectory. This is due to the Lorentz force which changes the
direction of the electrons which leads to a loss of energy in the form of dipole radiation along the
tangent to the trajectory when they change their direction, see figure 2.7.

The energy spectrum of this radiation is broad. This spectrum is defined by a so-called
characteristic energy, E., which is the central energy value of the spectrum [53]:

3ehBy?
E.= > = hw,

where m is the electron rest mass, e the electrical charge of the electron, B the magnet field
strength of the bending magnet, and y the Lorentz factor

-t _E = 1957E,[G
Yy = — e e[Gev]

E, is the energy of the storage ring, c speed of the light and v the velocity of the electrons. For
electrons traveling close to the speed of light with a total energy, E., the tangential emitted
radiation cone becomes narrow with an opening angle ~ y~1. We note that the amount of
generated radiation scales with the electron flow, i.e. the electrical current in the storage ring.

In third generation synchrotron facilities (modern synchrotrons), other insertion devices such as
undulators are also used. Such devices are composed of periodic NdFeB magnets, which create
periodically alternating and circular magnetic fields forcing electrons to undulate as shown in
figure 2.8. Using such devices it is possible to generate monochromatic circular and linear
polarized X-rays.

For instance, circularly polarized light can be generated by shifting two rails of magnets
relatively to each other, by approximately 90 degrees as shown in figure 2.8a. This leads to a
magnetic field which forces the electron beam into a helical trajectory inside the undulator, which
creates both circularly polarized lights (positive/ negative). However for a zero degree shift, the
electrons oscillate, creating linearly polarized light with both polarizations (linear horizontal/
vertical), see figure 2.8b. The intensity of the radiation emitted will increase at each period of the
electron oscillation (for the case of linear polarization) and at each circular period (for the case of
circular polarization) due to constructive interference, resulting in a high light brilliance (photon
flux per unit solid angle).
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90° shift = Circular Polarization No shift = Linear Polarization

Figure 2.8: Schematic illustration of an undulator. It consists of both top and bottom rails of
periodic permanent magnets decomposed into two parts, with the ability to create shifts
between each other (dark red arrows). The generated magnetic field forces the electrons into
an undulating motion. A 90° rail shift leads to circularly polarized X-rays (a), while zero shift
result in the emission of horizontal/vertical linear polarized X-rays (b). The gap (green arrow)
can be adjusted in order to select different energy values.

Without destroying the intensity of the photon flux a variable magnetic field is applied to the
electrons by changing the gap between the upper and lower two magnets in order to change the
wavelength of the photons obtained by following this equation:

Ay K?
A=——=1+—+y%6?%).
2y2< Tty )

K is a dimensionless parameter proportional to the undulator period, 4,,, and the magnetic field,
B,.

eByAy,
K = P—— 0.9337B,[T]A,[cm].

For a further increase of the energy resolution, the synchrotron radiation is focused, after the
undulator, onto a plane grating monochromator (PGM) which selects precisely the energy of the
light by rotating the grating with respect to the exit pinhole, as shown in figure 2.9.

The main properties of the synchrotron light are as follows:

e The photon energy is tunable

e High brilliance of the source

e High photon flux in the spectrum region going from the far IR into the hard X-ray.
e Light polarization can be tuned.

e Time structure for time resolved measurements.
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Figure 2.9: Schematic of the optical components of a scanning transmission X-ray microscope.
Within the storage ring at the synchrotron, the electron bunches are separated by 2 ns and the
width of each bunch is ~ 35 ps. A circular polarized undulator mode is used to generate
circularly polarized X-rays in the relevant energy range between 700 — 900 eV. Monochromatic
and spatially coherent X-ray light is generated using a pair of deflection mirrors and a
monochromator grating and pinhole apertures of typically 20 um. The X-rays illuminate the
zone plate several meters away, which creates a focal spot in the sample with focal lengths in
the mm range. Depending on the zone plate type, the light is then focused to a spot of typically
25 nm in diameter, which strongly dominates the spatial resolution of the microscope. The
sample mounted on the scanning stage is then scanned across the focused X-ray beam, while
the transmitted signal intensity is recorded at each scanned point.

11.2.1. Synchrotron BESSY |1 properties and time structure

In the synchrotron storage ring a bunch of electrons is evenly spaced, in so-called buckets. The
distance separating them is 60 cm, corresponding to a bucket frequency:

C
fring = m ~ 499.654 MHz.

The synchrotron storage ring has a perimeter of 240 m. Taking into account the separation
distance between buckets, this leads to 400 buckets traveling in a circular trajectory, since the
circumference of the ring has to be on exact multiple of the bucket spacing. These electron
bunches are accelerated up to Ee = 1.72 GeV (different energies can be used as well). The total
storage ring current is ~300 mA when operated in a “Top-up” mode. The constant temporal
separation between two buckets is 2 ns, as schematically shown in figure 2.9. The typical length
of the electron bunch inside the buckets in the normal synchrotron operation is around 35 ps [55],
which determines the limit of the temporal resolution of STXM.
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11.3. Scanning transmission X-ray microscopy

A magnetic Scanning transmission X-ray microscope (STXM) [56] employs the XMCD effect to
image the magnetization configuration with high spatial resolution. It is one of the most
interesting synchrotron light based microscopy techniques. Due to the scanning nature of the
technique, STXM does not require a 2D detector. Instead, the sample stage is moved through a
fixed narrow x-ray spot the light absorption is measured for each point, in order to build up a full
image of the sample (see figure 2.9). Better methods of X-ray focusing have become possible
since the development of synchrotron radiation sources. Historically, the first focusing way of the
synchrotron light was achieved using a glancing incidence mirror directed on a pinhole, which
leads to a spatial resolution in the order of the pinhole diameter [57].
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Figure 2.10: Microscope optics. Schematic illustration of the zone plate lens in combination
with the OSA to focus only the 1t order light onto the sample plane, in oblique (a) and side view
(b). The zero order diffraction light is absorbed by the central stop of the zone plate, while
higher diffracted orders are absorbed by the OSA.

Nowadays, Modern STXM use a Fresnel zone plate lens which build images by scanning the
focal spot over an object in the focal plane of the zone plate [58]. Hence the mono-energetic
photon beam is focused to a small spot on the sample, using a Fresnel zone plate lens in
combination with an order selecting pinhole, the so-called Order Sorting Aperture (OSA). This
latter prevent light from unwanted diffraction orders to be penetrated in addition to the center
stop of the zone plate, especially the zero-order light passing through the zone plate. The OSA
has to be introduced between sample and zone plate (figure 2.9 & 2.10). The Fresnel zone plate
consists of concentric (alternating transparent and absorbing) rings such that coherent light
traveling through the plate constructively interferes at a central spot (figure 2.10).

A STXM image is constructed by scanning the sample in the horizontal and vertical direction via
a high accuracy laser interferometer stage which can compensates vibrations in the microscope
[59]. The transmitted intensity is detected at each position with a photo diode placed behind the
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sample (figure 2.10). With this avalanche photo diode (APD) single photons are detected. The
avalanche photo diode is operated with a reverse bias voltage at a rate of 500 MHz,
corresponding to each individual electron bunch at 2 ns temporal spacing at BESSYI in Berlin.
The lateral resolution of this technique is limited by the focus of the zone plate in addition to the
size of the pinhole (figure 2.9). Under the normal experimental conditions, the spatial resolution
is about 20 — 30 nm [60].

30° tilted Piezo
sample holder sample stage

Incident
X-rays

Fresnel RF connections APD Detector

Zone plate

Figure 2.11: View from the inner part of the STXM, with the Fresnel zone plate, the order
selecting aperture (OSA) and the 30° tilted sample holder with the RF-connections.

All the experimental magnetic images presented in this work were taken at the UE46-PGM2
Beamline (MAXYMUS end-station) at BESSYII in Berlin [61]. An image of the inner part of
STXM at MAXYMUS is shown in figure 2.11. The in-plane magnetization component was
imaged by tilting the sample surface normal by 30° with respect to the incident light direction.
The contrast of the image is based on the X-ray magnetic circular dichroism (XMCD) effect [43].

IV.  Time resolved dynamics acquisition (Pump and Probe scheme)

In addition to the high spatial resolution, scanning transmission X-ray microscopy offers the
ability of time resolved imaging which is implemented at different synchrotron sources. This is
accessible due to the pulsed nature of synchrotron light, which consists of a rapid succession of
very intense and short X-ray flashes (< 100 ps). This unique feature can be used for stroboscopic
imaging. In this work we used the pump-and-probe principle. In a general pump-and-probe
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scheme, the pump represents any type of periodic and regular excitation of the sample, whereas
the probe is performed by measuring the system response at different times after the pump.

In our case, the pump consists of a repetitive external magnetic field excitation of the magnetic
nanostructures. This excitation is usually a short unidirectional (~20 ns) or rotating magnetic field
pulse (~500 ns) with a few hundreds of Kilo-Hertz (~832 KHz) repetition rate, created by
periodic current pulses through micro-striplines. The electronic excitation signal can be either a
subsequent burst pulse using one stripline or two continuous sinusoidal signals, 90° phase shifted,
which pass simultaneously through the two ends of crossed striplines (see chapter 4 and 5). The
magnetic response is probed employing the regular X-ray pulses of the synchrotron with a
repetition rate of 500 MHz.

After the signal from the APD has been detected and amplified, the signal has to be evaluated.
For such time resolved imaging technique it is necessary to be able to record individual x-ray
photons in a time-resolved manner. For instance to be able to attribute each detected photon to its
corresponding synchrotron bucket and then sorts them within an appropriate time channel.
Moreover, more importantly, the excitation must be precisely synchronized with the synchrotron
operation frequency.

In the following subsections, the time structure of the pump-and-probe technique and how we
determine the absolute timescale of the excitation with respect to the photon flashes is explained
in detail.

V.1 Time-structure of the measurement technique

As explain previously, the operation frequency of the storage ring at BESSYII is 500 MHz,
which corresponds to 400 electron buckets equally separated by 2 ns. The time resolution of the
imaging technique is determined and limited by the electron bunch width which is limited to 35
ps. However, depending on the operation mode of the synchrotron, the buckets are filled
differently and their intensity may vary for technical reasons. For instance, in “multibunch”
operation mode all buckets are filled with an average amount of electrons, expect 50 empty
buckets where one camshaft buckets in between contains a much higher current in comparison
with the other filled buckets.

In order to accommodate the 500 MHz input rate, a so-called FPGA (Field Programmable Gate
Array) system has been implemented (electronic board). This allows for full rate photon detection
up to 500 MHz and sorts the photons into different individual channels “N”. The number of
channels can be chosen arbitrarily (up to a few thousand), and the FPGA cycles through the
channels at the 500 MHz rate of the synchrotron buckets. Later each channel will represent one
frame in the constructed time resolved images.

At the Maxymus Beamline, this is done via a custom counting unit based on a FPGA (up to 2048
individual channels), which can be programmed concerning the photon sorting and binning,
depending on the experiment needs. The counting principal of the photon detection in this system
is based on a simple threshold comparison where the input signal (photons detection) measured
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by the APD is compared to a defined voltage level, and if it exceeds this threshold, the flip-flop
generates a “1” state. This is transmitted to the FPGA and internally added as a count to the
corresponding time channel (a photon is recorded). This comparison is implemented into the
FPGA board, which is wired to compare the input APD signal.

This procedure runs until the control software of the microscope indicates the end (dwell time) of
the measurement at the individual scan position (individual pixel). Afterwards, all the recorded
counts for the different time channels for each pixel are transmitted to the control software of the
STXM, and the time channels contents are reset to zero. This whole process continues until the
control software finishes the scan by taking a complete two-dimensional image with a vector of
time channels for each pixel, resulting in three dimensional information (a time resolved
magnetic image). By synchronizing the detection electronics to the synchrotron we are able to
allocate the single photons detected and counted by the APD to the N individual counting time
channels. Moreover all electronic devices which generate the excitation signal (pulses) are
synchronized to the 500 MHz ring clock signal of the synchrotron storage ring.

N =25ch (one FPGA cycle)
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Figure 2.12: lllustration of the stroboscopic nature of the imaging technique. Top: Pump-probe
technique, where the magnetic sample is excited periodically with a pump signal (in red),
whereas the magnetization dynamics is probed stroboscopically with fast X-ray flashes, each 2
ns in duration (blue). It also show one FPGA cycle for N = 25 channels including 5 pump signals,
since in this case M = 5. Bottom: The asynchronous acquisition measurement after re-ordering
the recorded data. Each time resolved image n is associated with a time t,, = t,,(mod T,) with
respect to the excitation period. The time resolution of the measurement in this caseis T = 0.4
on re-ordering the recorded data.
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Due to the regular spacing of the synchrotron flashes, the intuitive pump-and-probe setup would
use the same number of acquisition channels as the number of buckets in the synchrotron ring.
The basic operation mode is that each FPGA channel corresponds one-to-one to a synchrotron
bucket, leading to N = 400 time channels with a fixed spacing time of 2 ns. This FPGA
configuration means that the same channel is addressed after each ring orbit.

This synchronous acquisition operation mode is not ideal since, as we mentioned above, the
synchrotron buckets are filled differently and their intensity may vary for technical reasons.
Hence, the intensity of the individual time frames will be modulated by the amount of current in
each bucket. Thus, there will be significant differences between the acquired intensity in each
time channel due to the presence of the empty buckets in the gap of the filling pattern in the
synchrotron.

V.2 Asynchronous acquisition

In this work the asynchronous excitation operation mode is used. This scheme assures that all
image frames are recorded with the same intensity, which constitutes one of the main important
differences from the previous method. Here FPGA configurations no longer require that the same
channel is addressed after each ring orbit. This gives us more freedom to choose an acquisition
scheme. Within this operation mode, we are able to record thousands of channels, and, hence, the
acquisition cycle of FPGA only needs to repeat after a large number of ring orbits. This allows
for a very wide range of excitation frequencies and time steps.

The acquisition scheme is defined by two integer parameters: the number of recording channels,
N, and the number of excitation periods, M, which are applied during the time N X 2 ns. The
repetition rate or the excitation frequency, f, is then:

—M 500 Mh
f_ﬁ Z.

Furthermore, N and M should not have a common prime factor. For instance, when we choose
excitation periods M = 3 during the recording of N = 120 channels, it is then better to apply M =1
excitation periods during N = 40 channels. This is just in order to prevent recording the same
excitation cycle a number of times in succession.

The time period for of different numbers of channels (N X 2 ns) must be a multiple, M, of the
period, Te, of the pump excitation signal:

N:-2ns=M-T,; M eN

As a result, a desired time resolution, 7, is given by the excitation period, Te, divided by the
number of channels, N, or equivalently the time spacing between channels divided by the number
of excitation periods, M:

Zns_

T=—=

=3
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Each time channel has n buckets contributing to it, where n is calculated as follows:

lem(N, Ng)
n= —N f
with N the number of the time channels, Ng the number of buckets in the synchrotron (Ng = 400)
and Icm is the lowest common multiple of the two numbers. For example, for 200 channels only
2 buckets contribute to each channel. However, in order to eliminate the unwanted effect of
intensity variations in the electron buckets, N should not share prime factors with the number of
electron buckets in the synchrotron (Ng) or in another word N must not be divisor of Ng. In this
case every bucket will contribute to each time channel, which is the case for any number of
channels, N, ending in 1, 3, 7 or 9. This latter case is the ideal case, since the intensity of the
buckets is equally distributed over all of the time channels, which facilitates the detection of real
dynamic contrast. Thanks to this asynchronous acquisition setup it is possible to choose a random
number of channels N. However due to technical restrictions of the electronic devices one should
choose a possible combination of the multiple, M, numbers of excitation periods and of channels
numbers N, by taking into account these electronic restrictions and the time structure of the
synchrotron.

1V.3. Time resolved movies

In our stroboscopic measurement technique a resulting time resolved movie of the magnetization
dynamics, consists of a set of N (time channels number) time resolved images with an equal time
spacing, corresponding to the time resolution, 7. Each image n € [1,2,...,N — 1, N] corresponds
to a relative time t,, with respect to the excitation period, T,, which must be smaller than T, as
shown in figure 2.12. However in the case where M > 1, it could be the case that the real time ¢,
is bigger than the product M - T, which is the multiple of the excitation periods. Therefore the
relative time t,, with respect to the excitation period will replace the real one t,, and is defined as
following:

t, = t,(modT,),

where the operation x(mod y) result remainder of the division of x by y. In this manner the
obtained time resolved images have to be sorted with respect to the excitation period, T,, and be
correlated with its ¢,. In this way we obtained our magnetization dynamics movies. In addition
one needs to determine the absolute time-zero (t, = t, — t;), the time difference between the
starting time of the excitation and the time of the first channel.

IV.4. Acquisition statistics

In our experimental method employing time resolved STXM it is possible to control the
acquisition statistics by choosing the specific constant acquisition time, the so-called dwell-time,
for each scanned pixel. However, like any experimental technique, high acquisition statistics lead
to a longer waiting time for each completed image.
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The scanning operation mode of the sample also influences the scanning speed, leading to
different resulting image quality. There are two frequently used scanning operation modes, which
are point-by-point and line-at-once scanning modes.

Point-by-point scanning is the basic scanning mode of STXM. In this case the defined scanning
area is decomposed into a regular grid of coordinates and each point or pixel of the grid is
individually scanned with the X-ray beam. Each point of this coordinate is illuminated for a
predefined dwelling time, before the X-ray beam is moved to the next point. The photon counting
happens only when the sample is at rest. However, in the line-at-once scanning mode, instead of
stopping on each pixel during the scanning, each line is scanned at one constant predefined
velocity. The use of this mode increases the scanning speed in comparison with the point by point
scan. However the acquisition does not happen at a well-defined pixel, thus the contrast is
integrated over the full scanned line, leading to image distortions. One can switch between these
operation modes through the STXM software depending on experimental needs.

For a constant dwell time and excitation period T,, the acquisition time for a time resolved set of
2ns Te

images, N, scales inversely proportionally to the time resolution, 7, (t = VIR

Usually one need to set a fixed excitation period T,, in order to keep a minimum duty cycle, D,
the ratio between the pulse duration and the excitation period (T,) of a rectangular waveform
_ pulse duration

00%
e

Due to the limited heating dissipation in the striplines, otherwise electromigration will otherwise
start to happen and by consequence the striplines will be damaged. For good imaging results and
statistics most of our time resolved movies presented in this thesis (see chapter 4 & 5) used an
acquisition time of 100 ms per pixel where N = 601 and image size of 150 x 163 pixels
corresponding to 6 x 6.5 um. The time required to acquire such a movie is about 30 min. Thus
one XMCD movie takes ~ one hour, since one needs at least to record two movies for the two
different circular polarizations of the X-rays.

IV.5. Time calibration of the excitation with respect to the synchrotron flashes

The time calibration of the excitation signal with respect to the synchrotron probe flashes,
arriving on the sample, can be determined by determining the time-zero, the absolute time
difference introduced above (t, =t.—t;). It can be determined by measuring this time
difference of the excitation signal with respect to the synchrotron flashes. A simple way would be
by assuming an instantaneous response of the magnetic system to the excitation and imaging this
response of the magnetization. In this case t,, is therefore the time when the event takes place in
the time resolved movie for t; = 0. However this simple method is not accurate, since it is based
on assumptions which are not always correct. For instance, magnetic domain wall motion shows
a delayed response to a fast rise time external field pulse, which corresponds to the domain wall
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inertia [62]. The delay time in the system’s response is proportional to the strength of the pinning
potential for the domain wall, due to the external pinning fields created by the geometry of the
magnetic nanostructures.
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Figure 2.13: Schematic of the electronic set-up which is used to calibrate the excitation signal
with respect to the electronic detection procedure by measuring the time delay between the
two events. The laser diode (red) emits light flashes once the excitation signal, generated from
the pulse pattern generator, reaches the diode. The emitted light is detected by the APD and
recorded by the FPGA.

A second and more precise method IS usually used to determine the time-zero electrically. This
method consists of mounting a laser diode onto the STXM sample stage and connecting it using
the same electrical connection and electronic set-up as used for the sample (pump and probe),
where the diode is triggered by a fast pulse which lead to an emission of flashes. The emitted
light is detected by the APD. Hence, the time delay can be measured as the time difference
between the pulse signal triggering the laser diode (pump) and the signals detected by the
detector and recorded by the FPGA (probe). A schematic of the electronic set-up is shown in
figure 2.13.
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V. Controlling domain wall velocities using rotating magnetic fields

On injecting a current through a micro stripline, a magnetic field is generated on a micrometer
size length scale following Ampére’s law [63]. In this work using ferromagnetic ring-shaped
nanostructure, which are magnetized in-plane, it is necessary to produce in-plane rotating
magnetic fields. This is achieved by pattering a crossed-stripline on top of the magnetic
nanostructure (figure 2.14. left).

In this study we investigate ferromagnetic ring structures made of permalloy, where the ground
state of the magnetic configuration is the “vortex” state [24]. On relaxation of the magnetization
from saturation in an external magnetic field, the magnetic configuration is transformed to the
“onion” state, which consists of two opposite domain walls (a tail-to-tail and a head-to-head
domain wall) [64-66]. On applying an external field, B,,:, to the ring, the Zeeman energy
depends on the angle, A8 between the direction of the applied field and the line connecting the
two domain walls [67], see figure 2.15. The lowest energy is found when the applied field is
aligned with both domain walls, A@ = 0°, whereas for non-zero values of A@, the domain walls
experience a restoring torque towards the minimum of the potential landscape created by the
applied field. Thus the domains wall positions can be controlled. If now the external field rotates
in the plane of the nanoring:

B,,:(t) = B - [sin(2nft ), cos(2mft), 0],
the Zeeman energy potential landscape dynamically moves around the ring, and hence the
position of two energy minima also rotate, dragging the domain walls around the nanoring in a
circular motion.
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Figure 2.14: Left: merged XMCD image of an asymmetric ring structure with an SEM image of
the sample. The red and blue arrows represent the direction of the injected sinusoidal current
bursts with a 90° phase shift, injected in the horizontal and vertical crossed stripline. A rotating
magnetic field is generated. Right: the in-plane rotating magnetic field pulse B,.,; (in green) is
generated by the superposition of the generated sinusoidal fields in vertical, By, and horizontal
direction, Bx. the resulting sense of rotation is clockwise and the rotation frequency f = 10 MHz.
the maximum field amplitude of B~ 6.8 mT is constant during the rotation period T = 100 ns (50
- 150 ns).
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This means that the domain wall propagation can be controlled by both the field amplitude, B,
and the field rotation frequency, f, providing an extra degree of control compared to straight wires
where the field strength and angle controls the domain wall propagation.

As discussed in chapter 1, the one-dimensional collective coordinate model represents the
simplest model which can describe field driven domain wall motion, through the LLG equation.
It uses two co-ordinates to describe the domain wall, q is the domain wall position and ¢ the
polar angle. In the following the domain wall propagates in ring structures of radius, r, hence the
domain wall position is periodic, (q,t) = (q + 2nr,t). Moreover, the tangential field component
of the rotating field, B; = B sin @, represents the domain wall driving field (see figure 2.15b).
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Figure 2.15: Controlling domain wall velocities using rotating magnetic fields. (a) Plot of the
Zeeman energy of the system during the magnetic field rotation as a function of the phase
difference, AB. The calculated energy for a symmetric permalloy ring structure (thickness 30
nm, w = 500 nm, r = 2 um and field amplitude B = 6.8 mT) (this calculation has been performed
by Dr. A. Bisig after Ref. [67]). (b) Adapted XMCD image illustrating the dimensions of the ring
structure. The red arrows represent the rotating magnetic field, Bt and its tangential
component, B: (driving field). The red dashed line is the line connecting both domain walls. The
black and white scales indicate the magnetization direction.

Firstly we consider the case where the tangential field strength, B;, is smaller than the Walker
field, Hy, = aHg /2, (see chapter 1 — subsection 11.1). In this case the domain wall propagates
with a viscous motion and the domain wall velocity is proportional to B; [26]:

S AoYo
dw a

B,.

For 6 = /2, the domain wall velocity reaches its maximum, since in this case Bi(max) = B.

From this one can define the critical field rotation frequency for the domain wall to track the
field,
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where r is the radius of the ring structure and v, the domain wall velocity for B = B. When the
rotating field frequency, f < f, the domain wall lags behind the position of the rotating field (for
0 < 8 < m/2) and the domain wall velocity grows until it matches the field rotation speed v, =
2nfr. Theoretically, in the framework of the one-dimensional model, in this velocity regime the
domain wall velocity is constant without any precession of the polar angle ¢ (steady-state
motion). However, in our previous experimental study (on symmetric ring structures) we
demonstrate that this is not always the case and we showed, for the first time, oscillations of the
domain wall velocity driven by rotating field amplitudes below the Walker field [24]. We
demonstrate that this new regime of oscillating vortex domain wall motion, even below the
Walker breakdown, results from intrinsic effects such as oscillating domain wall spin structure
transformations, due to different forces acting on the domain wall, and extrinsic pinning due to
imperfections in the nanowires.

If the rotating field frequency is larger than the critical field rotation frequency, f > f., the
domain wall will no longer follow the external rotating magnetic field, Brot.

On the other hand when the tangential field strength is larger than the Walker field, Hy,, (B; >
Hy,), the domain wall velocity becomes smaller than the Walker velocity (vy, = AgYoHk/2)
[26], since above the Walker threshold the viscous motion is replaced by an underdamped
oscillatory propagation. Thus, linear dependency between the domain wall velocity and the
driven field is not valid anymore.

V.1 Creation of high frequency rotating field pulses within the ring structure

In this study we directly observe the magnetization dynamics employing time-resolved scanning
transmission X-ray microscopy, which is a stroboscopic technique (pump and probe). The pump
consists of a repetitive external magnetic field excitation of the magnetic nanostructures. The
magnetic response is probed employing the regular X-ray pulses of the synchrotron. This
technique relies on reliable and reproducible control of the magnetization dynamics, as discussed
above. In this section we discuss the experimental set-up employed to create the high frequency
(HF) rotating field pulses, using crossed-striplines patterned on top of the magnetic
nanostructures.

V.1.1. Device properties and design

The sample design and properties were carefully chosen in order to fit the imaging technique and
magnetic rotating field generation.

Magnetic structure:

The width and thickness of the rings was defined such that the vortex domain wall spin structure
is the lowest energy magnetic configuration [15]. In order to minimize extrinsic and intrinsic
pinning effects, we maximized the ring width, since the pinning strength scales inversely
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proportionally to the ring width [68]. Furthermore, the thickness was chosen to provide an
optimum XMCD contrast at the Ni - Lz absorption edge. The ring radius was defined to be larger
than the ring width (r = 4w) such that the onion state was a local stable state after relaxation
from saturation. We also note the ring radius is one of the key parameters, along with the rotation
frequency, that defines the domain wall velocity (figure 2.16).

Figure 2.16: Scanning electron micrograph (SEM) images of the sample design for two different
scales (a) and (b). The dimensions and sizes are marked in yellow.

Crossed stripline structure:

The crossed stripline geometry has been developed by “Max-Planck-Institut fir Intelligente
systeme (MPI-IS)” to generate rotating field [69]. The two most important parameters for the
crossed stripline geometry are the size of the overlap region, s, and the angle at the edge of the
stripline. The first parameter is chosen as a compromise between having a high degree of field
homogeneity, which is provided by a large value of s compared to the outer diameter of the ring
structure, and having a large maximum magnetic field strength, B, which is provided by the
smallest possible values of s, since B = uyl/2s, is inversely proportional to s [69]. In the other
hand, the 30° angle at the edge of the crossed stripline helps the field homogeneity and heat
conductivity (see figures 2.16 & 2.17). The material used for the striplines is copper, since it has
a relatively good heat and electrical conductivity. It is capped by a thin layer of gold in order to
prevent degradation of the copper in air. Furthermore the copper has a relatively low X-ray
absorption in comparison to gold at the Ni Lz edge. This is necessary for an optimum XMCD
contract, which depends on the transmitted X-rays through the whole sample. In order to keep the
resistance relatively low (higher | and lower Joule heating) the striplines should be thicker than
100 nm.
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The ring structures are patterned below the striplines directly, on top of the flat SiN membrane, in
order to prevent large surface roughness and thus preventing strong extrinsic pinning.
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Figure 2.17: SEM images of different ring geometry. (a) Asymmetric ring, (b) symmetric ring
with a small notch in the upper part of the ring, (c) symmetric ring with a neighboring nanowire
above, (d) symmetric ring with a neighboring notched half-ring. These samples have all been
prepared in the scope of this thesis, however only the asymmetric ring samples are discussed
here.

V.1.2. Generation of the pump signal

In our study, the pump consists of a repetitive external magnetic field excitation of the magnetic
nanostructures which can be either unidirectional or a rotating magnetic field pulse with a few
hundreds of Kilo-Hertz (~832 KHz) repetition rate, created by periodic current pulses through
crossed micro-striplines.

For the unidirectional magnetic field pulse, the electronic excitation signal can be either burst
pulses through one or both striplines, depending on the desired magnetic field orientation.
Injection of a current pulse through one of these striplines can result in two magnetic field
orientations, depending on the sense of the current, following Biot-Savart law. However, using
both striplines and injecting simultaneously two burst pulses, leads to a magnetic field pulse with
a different orientation depending on the amplitude difference between the pulses.

The generated rotating in-plane magnetic field consists of the superposition of orthogonal
sinusoidal fields:

B,(t) = C - Bsin(wt), By, = B cos(wt).

Where C = +1 determines the sense of field rotation (counter-clockwise or clockwise) and w =
2ntf is the angular frequency. We obtained an in-plane rotating magnetic field by simultaneously
injecting, 90° phase shifted, radio frequency (RF) currents through the two ends of orthogonal
crossed striplines. The starting angle of the rotating field can be set by both the sense of the
injected current and by switching between the two orthogonal sinusoidal signals through the
striplines. Such in-plane rotating field burst pulses were previously discussed by Curcic et al.
[69]. We note that the decoupling of the RF-currents flowing in the x- and y-directions, even
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without electrical isolation, is realized by two symmetric sources for the two RF-currents. This
will maintain the center of the striplines at virtual ground, which eliminates the need for sample
impedance matching with the electronics impedance (Re[Z] = 50Q), since the Ohmic
resistances of our striplines are usually, Ry, = 11 Q. These symmetric RF burst pulses or
differential signals are provided by 180°-power splitters with a bandwidth of 1-500 MHz.
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Figure 2.18: Schematic drawing of the experimental setup (electronic circuit). The setup is
decomposed into two parts: the first part (green region), consist of the synchronization and
signal generation and mixing, whereas the second part (light violet region), consist of the driver
electronics to amplify and produce the differential electronics for the four ends of the striplines.
The bottom left inset, shows the creation of the burst pulse. The first two lines describe the
pulse for the horizontal and vertical striplines (red and blue) and the third line shows the mixed
and final pulse shape. A real pulse shape is shown in the bottom middle inset which illustrates
the differential burst pulse to generate a burst pulse for two rotations of the magnetic field
(sinusoidal signal), mixed with a uni-directional nucleation pulse (squared signal). This image
represents an oscilloscope screenshot presenting the four oscilloscope channels. The setup has
been developed in collaboration with the group of Dr. H. Stoll and Prof. G. Schiitz.



Sample fabrication and experimental setup |Chapter 2 |Page |54

In order to generate the differential pump signal, either uni-directional for nucleation magnetic of
field pulse bursts or for the rotating magnetic field pulse bursts or combining both pulses
together, we use the experimental setup illustrated in figure 2.18. This circuit is synchronized
with the probe flash light of the synchrotron.

The first part of the circuit, shown in figure 2.18, consists of the generation of the burst pulse and
the synchronization electronics. The two sinusoidal signals are generated directly from the
synchrotron orbit clock signal using a frequency divider (M /N), which is synchronized with the
number of excitation periods, M, within one cycle of counting channels N. Such signal generation
reduces the jitter from the electronics. In order to select the pulse length and hence the number of
rotations of the magnetic field, the orthogonal sinusoidal signals with 90° phase difference are
then mixed with two rectangular pulses with a time delay 6t = 1/4f and two different length
1/f and 3/2f. This results in a burst pulse of one rotation of the magnetic field, see figures
2.14b & 2.18. In our case, the repetition rate or the excitation frequency of the pump pulses was
(~832 KHz), chosen taking into consideration the requirement for heat dissipation in the
striplines, since the Joule heating of the stripline will influence the efficiency of the continuous
RF-excitation. Therefore, the number of the counting channels is N = 601, and the number of
excitation periods, M = 1, since the time resolution is T = 2 ns.

The second part of the circuit, shown in figure 2.18, consists of the driving electronics to generate
and amplify the differential pulses. The maximum signal amplitude used in this experiment for
the rotating magnetic field pulse was +5V, whereas +8 VV was used for the nucleating field
pulse. The phase and amplitude of all signals are measured by the oscilloscope by picking off 1
% of the signal using a “Pick-off Tee” placed just before the HF-relay which has been used to
protect the samples. The field strength and homogeneity of the generated magnetic field in the
center of the striplines was previously calculated by Curcic et al.. Therefore, approximatively, the
maximum total field strength B,,,,, at U = +5 V/, for our RF-signal in our sample is:

to U

max = 5 Re[Z]fO( ) m

Where Re[Z] = 50 Q and f,(0,0) = 0.65 which is the form factor value at the center of the
sample, numerically calculated by Curcic et al. [69].

We note that the pulse amplitude U = 5V, corresponds to a maximum current density of j =
1011 A/m?, which is relatively high, and at the limit before damage of our sample. In order to
prevent such damage we performed the measurement, with a Helium atmosphere in the
microscope chamber and using pulses with a duty cycle of less than 25 %.

On the other hand, In order to generate the asymmetric out-of-plane field pulses as a differential
pump signal, which we employed in the study discussed in chapter 3, we use the experimental
setup illustrated in figure 2.19. This circuit is synchronized with the probe flash light of the
synchrotron.
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Figure 2.19: Schematic drawing of the experimental setup (electronic circuit). The setup is
decomposed into two parts: the first part (green region), consist of the synchronization and
signal generation and mixing, whereas the second part (light violet region), consist of the driver
electronics to amplify and produce the differential electronics for the two ends of the micro-
coil. A real pulse shape is shown in the bottom middle inset which illustrates the differential
burst pulse to generate the out-of-plane field pulse. This image represents an oscilloscope
screenshot presenting the two oscilloscope channels. The setup has been developed in
collaboration with the group of Dr. H. Stoll and Prof. G. Schitz.

The first part of the circuit, shown in figure 2.19, consists of the generation of the burst pulse and
the synchronization electronics. The time resolution of the experiment can be defined using a
frequency divider (M /N), which is synchronized with the number of excitation periods, M,
within one cycle of counting channels N. This results in a burst asymmetric out-of-plane field
pulse, see figure 2.19 and figure 3.5a. The second part of the circuit, shown in figure 2.19,
consists of the driving electronics to generate and amplify the differential pulses. The maximum
signal amplitude used in this experiment for the out-of-plane magnetic field pulse is j = 2.6 X
1024Am™2. This value results is a maximum out-of-plane magnetic field amplitude, at the center
of both nanowires, of B, = 114 mT.
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Chapter 3

Synchronous precessional motion of multiple domain
walls in a ferromagnetic nanowire by perpendicular
field pulses

Abstract

Conventional domain wall manipulation approaches via in-plane magnetic fields are not suitable
for the synchronous propagation of multiple in-plane magnetized domain walls in a single wire,
as required for memory devices, since adjacent walls have opposite spin-orientations and hence
move in opposing directions, which leads to a loss of data when the domain walls annihilate. An
alternative is the use of current driven domain wall motion, which does facilitate synchronous
domain wall motion, yet requires large current densities, which can make the implementation
challenging. Here we demonstrate a radically different domain wall propagation scheme using
out-of-plane field pulses which combines the efficiency of field-induced motion with the ability
to move multiple walls synchronously. This is achieved for in-plane magnetized transverse
domain walls of the same chirality through the application of asymmetric field pulses to a wire
which incorporates regularly spaced pinning sites. An analytical model is developed to describe
the system which reveals that the force on the domain wall is independent of the wall orientation
but crucially depends on the time derivative of the applied magnetic field. It is therefore possible
to tailor the force on the domain wall by choosing the pulse rise and fall times and by applying
asymmetric field pulses to achieve net domain wall motion. This scheme is modelled in a realistic
geometry using micromagnetic simulation. Finally, the concept is experimentally demonstrated
using scanning transmission X-ray microscopy.

In this chapter | outline a paradigm shifting scheme for synchronous domain wall motion using a
perpendicular field geometry and tailored pulse shapes, which has been published with me as
second author [70]. The work in this chapter was carried out in collaboration and with the
contribution of several people who | acknowledge. The idea was developed by Dr. J. -S. Kim and
studied using micromagnetic simulation. As an experimentalist my main contribution was
dedicated to the experimental part and to the corresponding data analysis where I am the first
author. | was responsible for the innovation and realization of an experimental approach to
demonstrate the micromagnetically predicted behavior. Therefore my biggest contribution was in
the following: samples fabrication, the X-ray microscopy measurement including the beamtime
preparation at the STXM-Beamline (MAXYMUS), at BESSYIl synchrotron in Berlin, data
analysis and finally the contribution to the preparation of the manuscript.
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l. Introduction

A wide range of proposed spintronic memory, logic and sensing devices require the ability to
reliably control the motion of magnetic domain walls [71-75]. Field induced domain wall motion
was achieved, where the domain wall exhibits high velocities [76-78]. Moreover this method is
attractive for many applications, due to the simplicity of the device structure fabrication since
there is no need for electrical connection and direct contact writing to the sample.

However, the established realization of field driven domain wall using an applied field collinear

to the magnetization orientation in the domain shrinks or extends the domains and therefore in the
presence of multiple domains, this leads to a collapse, and thus annihilation, of these domains
[79]. Furthermore, in-plane magnetized nanowires (e.g. made of Permalloy) required a lateral
homogenous in-plane field for the domain wall motion, which is quite unrealistic. Some
approaches to overcome this were suggested, however they lead again to a very complex device
architecture, which has not been realized commercially [80]. Another approach suggested using
out-of-plane (OOP) magnetized materials and engineering a domain wall ratchet in order to move
the domain walls in the same direction [81]. However this fails in the case of in-plane magnetized
samples and yet again leads to a complicated design for applications.

Synchronous motion of multiple domain walls, can be achieved by the spin polarized current
driven domain wall motion, independently of the magnetization orientation in the domains. This
can be achieved due to the spin transfer torque [82-84]. Therefore this constitutes an alternative
method to manipulate the spin structure in new devices. However, it lead to a Joule heating
problem due to the necessity of high currents [85, 86]. In addition there are the contributions of
other effect such as spin Hall and Rashba effects which make the dynamics more difficult to
manipulate [87-89]. Consequently, no present device or method, so far, provides high domain
wall velocities at low-current densities.

Recently it was shown that by applying a supplementary constant perpendicular magnetic field
the Walker breakdown can be pushed to higher fields and current values and thus the domain
wall velocity can be increased [79, 90, 91]. These applied fields, for symmetry reasons, do not
lead to a final domain wall motion. Therefore it cannot lead to a synchronous motion of multiple
in-plane domains. In this chapter we studied a radically different approach: out-of-plane magnetic
field pulses used to move in-plane domains combining the efficiency of field driven domain walls
with the ability to have synchronous motion of domain walls in the same direction.

This is achieved for in-plane magnetized transverse domain walls of the same chirality through
the application of asymmetric OOP field pulses. The sense of the motion depends only on two
parameters, the chirality of the transverse wall and the field direction [70].
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1. Theoretical Results

By making use of the transient domain wall dynamics that depend on the wall chirality, we
introduce a new mechanism to move multiple domain walls in the same direction using magnetic
fields perpendicular to the in-plane spin orientation in the domains and domain walls, which was
previously deemed impossible. This can be an alternative to current induced domain wall motion.
The OOP magnetic field pulse can be created by an electrical pulse through a microstrip placed
very close, adjacent to the nanowire (few nanometers). In order to explain the force resulting
from the OOP field and how the OOP field pulses can be used to move domain walls analytically,
we extend the 1D collective coordinates model [70] and include this generated torque. This latters
exhibit a similar behaviour to the adiabatic spin transfer torque (STT).

We begin with the Landau-Lifshitz-Gilbert equation (LLG) [6,92,93] which represent the general
description of the magnetization dynamics induced by the spin polarized electron flow and fields:

= VM X He + LEM X (M X Hep) —1:—:§(u-V)M+ufa_—gmM x(u-V)M, (1)

where M is the local magnetization, ¥’ = y/(1 + a?) represent the gyromagnetic ratio and « is
the viscous Gilbert damping parameter. The first two terms represent the precession of the
magnetization around the effective magnetic field H.¢ and the damping term, respectively. The
3" term or the so-called adiabatic term describes, the momentum transfer from the spin polarized
current to the local magnetization adiabatically [92-94]. Here u = j,Pug/eMs is the spin drift
velocity, j. is the electron current and P is the spin polarization of the conduction electrons. The
last term represents the non-adiabatic spin transfer torque which describes all remains torques,
where ¢ is the non-adiabaticity constant. As a reminder the in-plane domain walls, in the case of
the 1D model, are represented by two parameters, the angle ¢ which describes the rotation of the
domain wall around the wire axis, and the domain wall center position g [93] as shown in figure

3.1a. (See chapter 1 — subsection 11.1).
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Figure 3.1: (a) Schematic illustration of the one dimensional domain wall geometry to describe
an in-plane transverse wall by two collective coordinates, the domain wall position g and the
polar angle ¢ (green). (b) A head-to-head transverse wall with negative (positive) chirality is
displaced to the right (left) by the application of an OOP field B. = +50 mT along the +z-
direction, which can be understood from the acting torques [70].
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By introducing the 1D domain wall profile into the LLG equation, the following two equations
are obtained which describe the domain walls dynamics in terms of the two collective coordinates,

; . A 0E
cpAd + aq = cpyAH) + §u — ;o (g) (2)
argp — cpq = SVAHJ_ cos(¢) — cpu —yA #345 sin(2¢), 3

where K is the effective transverse shape anisotropy which forces the spins in the plane of the
structure and A is the domain wall width. The external driving fields By, = uyH, in-plane parallel
(along the x-direction) and B, = uyH, (along the z-direction) OOP perpendicular. The parameter
p distinguishes whether the orientation of the transverse magnetization component in the center
of the static transverse wall, points in the direction of the + y axis (p = +1, figure 3.1b top) or in
- y direction (p = —1, figure 3.1b bottom).

In the ground state of the domain wall p = cos(¢). In equation (2), the first two terms on the
right hand side represent an equivalence of the resulting torque due to the in-plane parallel field
H, and the non-adiabatic STT term. The last term in (2) identifies the position-dependent
potential energy E, due to of the extrinsic pinning. S represents the nanowire cross-section [95].

The resulting torque due to the OOP field pulse, H,, and in particular its orientation depends on
the spin direction inside the transverse wall, and therefore the first term in equation (3)
representing the latter torque is proportional to cos(¢). Thus for transverse walls in nanowires
with a strong in-plane anisotropy and below the Walker breakdown (where the polar angle ¢ is
small and cos ¢ = +1), the torque arising from H, is equivalent to the adiabatic spin transfer
torque. The direction of the motion depends on the domain wall type, in the case of in-plane field
driven domain wall dynamics. In our model the domain wall type, i.e. head-to-head or tail-to-tail
is determined by the domain wall handedness cp = +1 or cp = —1, respectively.

The magnetization rotation when passing from left to right within the domain wall, is defined by
the chirality (c = +1) for a counter clockwise and (¢ = —1) for a clockwise rotation.

e} a A~
c=%f_m(mx£)ezdx=il, 4)

where x is the nanowire direction, and m = M/M; is the normalized magnetization. As an
example, in the case of head-to-head domain walls where ¢ = 0 (p = —1) and thus cp = —1 it
has a negative chirality (¢ = —1) as shown in figure 3.1b. Therefore the non-equilibrium
transverse wall motion driven by the OOP field, and the direction of the motion depends on the
chirality c of the transverse wall, see figure 3.1b.

The equation of motion for the domain wall quasiparticle is obtained. By separating the two first
order differential equations of the 1D model and obtaining a second order equation for the
position g only. By ignoring any in-plane field parallel to the wire and since no currents are
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present, from our extended 1D domain wall model we could find the following equation of
motion:

= mi = —cH A _SE_ i(ﬁﬁ )
F=mg=—cH, 20+a2)  8q 't \m(1+a?) 842 +1) ®)
SugMZ(1+a?) . . Ms(1+a? .
Where m = W is the domain wall mass and 7; = troMs(1+7) represents the relaxation
ViK1 A 2yaK, A

time.

We can clearly infer from equation (5) that the amplitude of the force depends on the time
derivative of the OOP field H,, which means the rise and fall time of the OOP field pulse.
Moreover, the force strength depends on the domain wall velocity and on the potential landscape

. L (SE\ :
arising from the extrinsic pinning (5)' Since the Zeeman energy remains constant w transverse

wall hen the domain wall is moved by an OOP field, it would be not expected that the OOP
magnetic field can move the in plane domain wall. In other words, a continuous displacement
driven by static OOP magnetic fields is not possible from the energetically point of view.

However there is a small, transient, displacement which happens during the short time pulse, as
we can infer from the dynamic forces applied on the transverse wall, revealed in equation (5).
When the pulse is over and thus the OOP field is switched off, the domain wall moves back to its
original position since it relaxes to its ground state [70]. In order to understand better let us take
as an example the case of a transverse wall with a positive chirality (c = +1) and a positive OOP
applied field (in the direction of +z). The precession term or the resulting torque of the field
pulse rotates the in-plane spin structure of the transverse wall counter-clockwise, in analogy to
the precessional switching in Ref. [96]. The transverse wall moves along the wire axis the + x
direction during the pulse until a new equilibrium between the OOP field torque and the arising
demagnetization torque (which compensate the effect of the applied field) is reached and the
domain wall displacement is stopped. The demagnetization field is resulting from the damping
term which tilts the spins OOP (in the direction of +z). This means in the absence of any pinning
sites, the domain wall moves a finite distance, and the transient displacement is expressed by:

L
a(®) = qp (1-¢ 7). ©)
X

This equation can be obtained by solving equation (5). Equation (6) describes the displacement of
the domain wall from the initial position (g = 0) to the final equilibrium position g during the
OOP field pulse H,. Equation (7) shows that the displacement is inversely proportional to the
damping parameter, whereas the direction of the motion depends on the chirality c. After the
applied field pulse is turned off, the transverse wall moves back to its initial position g = 0. Such
domain wall displacement occurs only on the time scale of the non-equilibrium dynamics. This
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transient motion is similar to the resulting acting torques in the case of purely adiabatic domain
wall motion below the Walker breakdown (¢ = 0), where the net domain wall displacement is
zero [93].

The backward motion when the OOF field is switched off can be suppressed to achieve a net
transverse wall motion as the follows:

In the presence of periodically arranged artificial pinning sites along the nanowire, and by using a
short (on the timescale of the non-equilibrium dynamics) and asymmetric OOP field pulse with
tailored its rise and fall time, we can tailor the acting forces on the transverse wall. The resulting
forces on the transverse wall, when the field pulse is applied, can then depin the transverse wall
from its initial position which will get pinned at the next pinning potential site when the pulse is
turned off.

Experimentally, such a pinning landscape is preexisting and can be geometrically designed using
notches, since the nanowire edge-roughness leads to little change in the shape anisotropy [97].
Next, in order to check, in a realistic nanowire geometry, the validity of our model and the
efficiency of this new domain wall driven mechanism, we performed some micro-magnetic
simulations. One of the most interesting point to check is the dependence of the domain wall
motion, e.g. the displacement distance and velocity, with different damping parameters, since this
can be tuned in a real system by appropriate choice of material or doping.

1. Micromagnetic simulations Results

1. Single transverse wall displacement

In this section we present the simulation results of the transverse wall motion driven by the OOP
field pulses as a function of the field amplitude and the damping values. In the simulation we
assume the following, as an example: a negative chirality (c = —1) head-to-head transverse wall
is introduced at the center of a nanowire and an OOP magnetic field pulse (B,) is applied along
the +z direction. The field pulse characterized as follows (B, = 60 ~ 100 mT, pulse duration =5
ns, rise and fall time ~100 ps). These values were chosen in such a way so as to be accessible.

In figure 3.2a we show the plot of the transverse wall displacement g as a function of the time for
different pulse amplitude, B, . In agreement with our analytical model, g5 scales linearly with the
pulse amplitude and the transverse wall position reaches its maximum displacement. Moreover,
as predicted, after the field is turned off the transverse wall moves back to its initial position. The
obtained transverse wall displacement, for B, = 100 mT, calculated analytically (the black dashed
line) using our 1D domain wall model, is also plotted in figure 3.2a, and shows excellent
agreement with the simulated results.
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Figure 3.2: transverse wall displacement by symmetric OOP field pulses. (a) Transverse wall
displacement as a function of the time (pulse rise time = 100 ps, pulse duration = 5 ns, and fall
time = 100 ps) for various OOP field amplitudes. The dashed line indicates the shape of the OOP
field pulse, with Bz = 100 mT. (b) Dependence of the displacement on the damping constants (a
=0.006 ~ 0.014) [70].

To optimize the displacement, we study the magnetic damping constant dependence of the
motion. From the one dimensional model (Eg. (2) and (3)), we see that the damping constant
plays a key role and so in figure 3.2b we show the plots of the transverse wall displacement as a
function of time for different damping values, a (0.006 < a < 0.014). Experimentally these
damping parameters can be easily obtained by rare earth ion doping [98]. As we can clearly see
from the graph, the plot that displays the highest displacement, g, of ~650 nm corresponds the
smallest damping value (a« = 0.006), since it takes longer for the system to reach its new
equilibrium state, allowing for a larger displacement. As a consequence we showed that the
biggest displacement g scales inversely with the damping. It also means that by extending the
pulse length to larger durations, larger displacements can be obtained and thus the displacement

can be tailored by the pulse height as well as the pulse length, in addition to the material
properties.

In order to prevent the backward motion of the transverse wall when the OOP field is turned off,
we introduce a square notch (5 x5 nm?) as an extrinsic pinning site with a distance of 400 nm
from the center of the nanowire which is the initial position of the transverse wall before the
pulse. We chose the 400 nm distance since it was the biggest displacement distance of the
transverse wall for a field strength of B, = 80 mT.

Intuitively the torques are expected to be symmetric for a symmetric square pulse, thus the
transverse wall moves back afterward however it is possible to tune the torques by tuning the rise
and fall times by way of making an asymmetric field pulse [99].
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We show in Figure 3.3a the transverse wall displacement as a function of time (solid black line)
due to an asymmetric pulse (red solid line). This pulse has the following characteristics: the rise
time, pulse duration, and fall time are 100 ps, 3 ns, and 3 ns, respectively.

Figure 3.3b, shows a head-to-head transverse wall with negative chirality (c = —1) which is
displaced along the +x wire direction until it reaches the notch is kinetically pinned [24, 100,
101]. This effect is shown additionally in figure 3.3a with the damped oscillations of the domain
wall displacement (black line) at the notch, which creates an attractive potential well for the
domain wall [24, 66, 100-102].

After 3.1 ns (rise time + pulse width), the OOP field is slowly decreased over 3 ns since the
slower the fall time is, the smaller the dynamic torques, thus the wall is permanently trapped at
the notch, as is also illustrated as well in figure 3.3b where the lower and the upper images show
the final and the initial spin structure configurations of the nanowire. We then can calculate the
average velocity for the domain wall motion which yields ~ 65 m/s.
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Figure 3.3: Transverse wall motion to a square notch by an asymmetric OOP field pulse [70].
(a) Motion of a transverse wall in a wire with a notch by an asymmetric OOP field pulse (rise
time = 100 ps, pulse duration = 3 ns, and fall time = 3 ns). (b) The initial (up) and final (down)
spin configurations of the transverse wall motion. The notch is located at a position 400 nm to
the right of the center of the nanowire (only part of the wire is shown). A head-to-head
transverse wall with down chirality is placed at the center of the wire. After the wall has moved,
it is trapped at the notch position by kinetic pinning. The color ring indicates the direction of the
magnetization.

11.2. Synchronous motion of multiple transverse walls

The synchronous displacement of multiple domain walls is an essential key for applications such
as domain wall logic devices [74] or racetrack memory devices [73]. We show in figure 3.4 the
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synchronous motion of multiple transverse walls induced by successive OOP field pulses. The
simulated nanowire consists of Py with 10 nm thickness, 5 um length and 100 nm width. We
introduced an experimentally realistic triangle constriction geometry (10 nm height x 15 nm
base) with 100 nm spacing. Figure 3.4 illustrates the displacement of two (a) and three (b)
transverse walls, of varying type (tail-to-tail and head-to-head), however all transverse walls
exhibit a negative chirality (c = —1). In to order prevent any interaction between the domain
walls, we initially introduced the transverse walls in such a way that the distance between two
successive transverse walls was 600 nm for the case of two and three transverse walls. We use
the same asymmetric field pulse shape as was shown in figure 3.2a in order to depin and move
the transverse walls with B, = +110 mT. The walls then relaxed and become pinned at the
pinning centers during the fall of the pulse. Therefore as a result the transverse walls displace
synchronously from one constriction to next due to the subsequent OOP field pulses which move
always the transverse walls is the same direction by the distance of one notch spacing.
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Figure 3.4: Multiple synchronous transverse wall motion by an OOP field (Bz = 110 mT) [70].
Successive triangular notches (100 nm spacing) are introduced and transverse walls are
nucleated 600 nm spacing for both case of transverse walls. (a) Motion of two transverse walls
with successive OOP pulses (rise time = 100 ps, duration = 3 ns, and fall time = 3 ns). (b)
Synchronous Motion of three transverse walls with successive OOP pulses. The color ring
indicates the direction of the magnetization.

V. Direct imaging of the domain wall displacement

The proposed scheme for synchronous domain wall displacement seems to be a very promising
attentive to existing solutions, with good agreement shown between the analytical model and the
micromagnetic simulation of the system. So far, however, the demonstrations of the principles
have only been theoretical. Therefore in order to test the theoretical predictions | set out to try to
verify the mechanism experimentally and thereby assess the functionality and efficiency of the
approach. In this section | outline the related sample fabrication and experiment design and
execution, which constitutes my major own contribution to the project.
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It was decided to initially test the scheme in the simplest possible geometry, which consists of
simple nanowires. Not the exact device-like architecture of the simulated model, including the
patterned notches. In this case pinning sites are naturally provided due to unavoidable defects and
edge roughness from the fabrication process. An impedance matched gold curved stripline was
designed to allow the generation of the required fast-rise time field pulses, with two adjacent Py
wires patterned to allow the simultaneous measurement of the displacement for opposite field
polarity. Curved magnetic nanowires are chosen for ease of domain wall positioning. Since
curved element proven to be a useful geometry for the investigation of domain walls because of
its high element symmetry, thus the walls can be easily created and positioned by applying an
external uniform magnetic field.

The best way to directly confirm the expected domain wall displacement is by direct magnetic
imaging. Here the scanning transmission X-ray microscopy (STXM) is a suitable technique since
it provides a high spatial resolution of less than (30 nm). Furthermore we are expert, in our group,
in combining this technique with the time resolved imaging (see chapter 4 & 5). Whilst the
dynamics imaging capabilities have not been directly used in this study, the setup is already
optimized for the generation of the required short/fast, asymmetric pulses (see chapter 2 -
subsection V1.2 and figure 2.19).

IV.1. Sample preparation
The devices fabrication was done through three lithography steps:

The first step consists of patterning an array of alignment markers from Au, in order to use them
into the upcoming steps as a reference and in order to allow perfect alignment from one
lithography step to another. These markers play a very important role since our device fabrication
is very challenging and requires state of the art fabrication processes due to the need for the
smallest possible structure separation without any overlapping at two different steps, for instance
between the stripline and magnetic nanowires.

The second step consists of the fabrication of the magnetic structures, which in our case are half
rings with two different widths and the same thickness. The dimensions of the nanowires are
chosen such that the transverse wall is the ground state [66]. We note that the small different
widths of both nanowires are not required, but allow us to check the behavior in a range of
conditions.

The third and final step consist of the gold (Au) curved stripline fabrication. This stripline is
going to be used for the generation of the OOP magnetic field pulse by the injection of electrical
pulses. The material and the dimensions of the stripline were chosen to provide us with the
maximum field strength possible, which is in this case ~120 mT, before electromigration effect
starts to take place due to the high current density which is proportional to the pulse amplitude.
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All samples was prepared on top of a 100 nm thick silicon nitride membrane. We fabricated two
permalloy NigoFe2o (Py) (13 nm)/Au (2 nm) thickness next to curved Cr (6 nm)/Au (100 nm)
striplines which were 1.1 pum wide. The curved nanowires were chosen to have two different
widths, 170 nm and 140 nm at the top and bottom of the stripline respectively, as it is illustrated
in figure 3.5.

All the structures geometry were prepared with lift-off processing using a PMMA/MMA positive
resist mask, following electron exposure using the electron-beam lithography system at our
institute. The Permalloy was deposited by molecular beam evaporation (MBE) in ultra-high-
vacuum (UHV) and the gold was thermally evaporated in order to provide the highest fabrication
quality and best resolution (more details can be found in chapter 2 - section II).

1Y)

1012
& 3.0}
< 25} 7 °°‘| 90 %
>
=2 20¢ (
=
S 15}
g 1.0} — e
8 05} 10 % R 40 =K =

. «A . - T ' B, = +114mT

0 2 4 6 8 10
Time (ns)
c Cr (6nm)/Au (100nm)” Py (13 nm)/Au (2 nm)
[ —

100 nm SiN

Figure 3.5: Sample layout and generation of the OOP field. (a) The current density, J, in the
Au microstrip is plotted as a function of time. The pulse duration is 5 ns, the pulse amplitude
isj = 2.6 x 10> Am~2 and the pulse is asymmetric, as the rise time of 700 ps is more than
50% faster than the fall time of 1,100 ps. (b) False color scanning electron micrograph of two
curved Permalloy nanowires fabricated next to a gold microstrip (yellow). The magnetic field,
generated by the current pulse injected through the microstrip, is perpendicular to the plane
and opposite in direction at the position of the nanowires on top and on the bottom of the
microstrip, as indicated by the blue arrows. (c) Schematic illustration showing the cross-
section of the device on top of a silicon nitride (SiN) membrane [70].

1V.2. Experimental measurements:

By using an in-plane static magnetic field perpendicular to the nanowires, we saturate the spin
structure and after switching off the field a head-to-head or tail-to-tail, (depending on the field
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orientation, - y or +y direction), transverse wall is formed at the center of the half ring, as shown
in figure 3.6a. As mentioned above, the transverse domain wall type is formed due to fact that the
dimensions of the magnetic structures are chosen such that the transverse wall is the ground state,
by considering the experimental domain wall phase diagram respecting the width and the
thickness of the wire [66].

In order to move the transverse walls, we injected asymmetric current pulses through the Au
curved microstrip, employing the experimental setup illustrated in figure 2.19. This creates OOP
magnetic field pulses as illustrated in figure 3.5a & b. The pulse is asymmetric with a 5 ns
duration. The asymmetry of the pulse come from the fact that the pulse rise time of 700 ps is
about 50 % faster than the fall time of 1100 ps, corresponding to average slew rates of 1.64 X
101°V/s and 1.05 x 10'° V/s, respectively. The current density of the pulse through the
corresponding stripline is j = 2.6 x 1012 A/m? . This value results is a maximum out-of-plane
magnetic field amplitude, at the center of both nanowires, of B, = 114 mT. In general the
generated out of plane field component from the stripline decays inversely proportionally to the
distance from the edge of the stripline (as rt). However, since the widest nanowire is 170 nm, we
are able to assume that the OOP field is constant along the transverse direction of the wire axis,
with an error smaller than £20 %. Moreover, the created field should be homogenous along the
magnetic nanowires, since the curvature of the nanowires follows the curvature of the Au mico-
stripline. This means that the distance separating the stripline and the nanowires is a constant
distance along the nanowires, which is corresponds to of ~ 40 nm (see figure 3.5).

The transverse wall moved either to the right or left after the injection of a positive or negative
asymmetric burst pulse, respectively in the case where the chirality of the transverse wall is
negative (¢ =—1). The in-plane spin structure configuration was imaged by scanning
transmission X-ray microscopy (STXM) with a lateral resolution of less than 30 nm, where the
sample is tilted by 60° with respect to the X-ray beam. The magnetic contrast of the images is
provided by the X-ray magnetic circular dichroism (XMCD) [43], more details can be found
chapter 2 — subsection I11.1. The data is recorded at the Ni Ls-absorption edge (852.7eV). The
XMCD images of the two transverse walls position were statically imaged before and after the
application of the magnetic OOP field pulses.

1V.3. Direct observation

The initial magnetization configuration of both head-to-head transverse walls in figure 3.6b is
schematically illustrated in figure 3.6a. Both transverse walls exhibit a negative chirality (c =
—1) after the nucleation due to the curvature of the wire and the direction of the initializing field.
The transverse wall positions before and after five successive magnetic OOP field pulses are
shown in figure 3.6b and figure 3.6¢, respectively. We can clearly observe that the generated two
opposite OOP field directions led to net domain wall displacements in the two opposite directions
for the two transverse walls presented in the nanowires above and below the microstrip. The
displacement of the upper transverse wall was 840 + 20 nm from position (1) to position (3),
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whereas the lower domain wall moved a total distance of 940 + 20 nm from position (2) to
position (4) as shown in figure 3.6b-c.
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Figure 3.6: OOP field induced transverse wall motion [70]. (a) The initial transverse wall
configuration (p = 1 and ¢ = —1) of the transverse wall o transverse walls in (b) and (c) is
schematically illustrated. (b, ¢) Grey scale X-ray magnetic circular dichroism (XMCD-STXM)
images showing the magnetic contrast of the domains and two head-to-head transverse walls
with negative chirality before (b) and after (c) the injection of five subsequent pulses through
the stripline. The OOP field pulse is positive (negative) on top (at the bottom) of the stripline.
The upper transverse wall moved a distance of 840 + 20 nm from position (1) to position (3),
while the lower transverse wall travelled —940 + 20 nm from position (2) to position (4) Scale
bar, 1 um. (d) The initial transverse wall configuration (p = —1 and ¢ = —1) of the transverse
wall in (d) is schematically illustrated. () A XMCD-STXM image series showing a tail-to-tail
transverse wall with negative chirality before and after the injection of two subsequent and
opposite in direction OOP field pulses. The transverse wall travelled 720 + 20 nm to the left
(in negative x-direction) after the application of a negative OOP field pulse B, = =114 mT. In
contrast, the transverse wall moved 340 + 20 nm to the right (in positive x-direction) after the
application of a positive OOP field pulse B, = +114 mT. In all images, white (black) contrast
corresponds to magnetization pointing to the right (left). White scale bar, 500 nm.

OOP magnetic field pulses, and we imaged the upper transverse wall position before and after
each pulse injection. The initial spin structure configuration of the transverse wall in the upper
nanowire is shown in figure 3.6d schematically where the domain wall is a tail-to-tail transverse
wall with a negative chirality. We show in figure 3.6e, a series of three XMCD images which
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have been taken before and after the injection of two successive and inverted polarity OOP field
pulses. As we expected, we could clearly see that after the injection of a negative OOP field pulse
direction (B, = —114 mT), the transverse wall moved in the —x direction with a distance
of 720 + 20 nm. However, the transverse wall travelled along the + x direction (to the right) with
a value of 340 + 20 nm after the subsequent injection of a positive OOP field pulse direction
(B, = +114 mT). In this current experimental work, we are making use of the fact that the
wires exhibit some edge roughness or other defects, i.e. some natural pinning sites, which are of
course uniform the same along the wire. This can easily explain the differences in the
displacement after the application of the opposing OOP fields with the same field strength. First
of all, in order to reproduce completely the displacement the driving field pulse should provide
sufficiently strong forces to overcome the natural pinning which is always present in real
systems. In addition with the artificial pinning sites (notches), which are much stronger than the
natural pinning, this will lead to more reproducible motion. However in our case it was sufficient
to rely on the natural pinning only in order to demonstrate the resulting motion direction,
regardless of the reproduction of the displacement distance which would be the topic of future
study in optimized device-like geometry, beyond the proof-of-principle demonstration here.

V. Discussion

In order to demonstrate and gauge the applicability of our approach as an alternative to the
current induced domain wall motion for applications, this section will discuss the experimentally
observed transverse wall displacement and compare them with the theory.

In figure 3.6 we clearly showed by direct imaging experiments, a total net displacement of
domain walls resulting from the injection of asymmetric current pulses through the Au stripline
in both opposite directions and generating OOP field pulses. These observations confirm
quantitatively our predicted analytical model and the micromagnetic simulations where the
direction of the domain wall motion is controlled by the orientation of the OOP magnetic field
pulses in addition to the transverse wall chirality (c = £1). The measured displacement distance
is independent of the domain magnetization directions, which is a very important prerequisite in
the case of synchronous displacement of many domains. The observed asymmetric motion using
identical pulse shapes in both directions is attributed to the asymmetric potential landscape
resulting from the non-constant edge roughness due to the imperfection in the real fabrication
process, in addition to thermal activation effects.

First, we consider the influences of the materials’ parameters and nanowire geometry on the
transverse wall displacement in order enhance the performance of a possible device. It was shown
that the displacement distance is proportional to the field pulse strength (figure 3.2a) as also
explained by the equations (6 & 7). Moreover, the maximum displacement is also proportional to
(t4) which is the time constant of the transient motion. However, this displacement distance is
inversely proportional to the saturation magnetization, Mg, the damping parameter, « and to the
transverse K, ratio. All this means, that the transverse wall displacement as well as the domain
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wall velocity can be controlled and improved by the use of different materials with a larger
saturation magnetization or smaller damping parameter (as demonstrated in figure 3.2b) or by
engineering the geometry of the wire in order to decrease the transverse anisotropy ratio.
Furthermore, the sensitivity of the device to defects or edge roughness is indeed an important
aspect.

In equation (5) we conclude that the effective resulting force exerted on the domain wall
(considered as a quasi-particle) strongly depends on the time derivative of the field pulse
amplitude. Therefore the displacement and the acting torques on the transverse wall can both be
tuned by the shape of the field pulse by changing its rise and fall time. In other words, by
tailoring the pulse shape, the needed motion can be obtained for a given pinning strength, spacing
sites and edge roughness.

From the applications’ point of view, it is important to compare our proposed system (OOP field-
induced transverse wall motion) with the alternative common method of synchronous multiple
domain wall motion which is current driven domain wall displacement. However it is not easy to
make comparison between the transverse wall displacement due to the spin transfer torque effect
and the precessional torque responsible of the transverse wall displacement through the OOP
field pulses created by the electrical current injection in the gold stripline. Nevertheless, one can
compare the energy dissipations for the domain wall motion by both effects.

For instance, one of the experimental transverse wall displacements induced by the OOP field in
the case of a Py nanowire (170 nm wide and 13 nm thickness) was ~840 nm using a 5 ns
electrical pulse injected through the 1.1 pum wide and 100 nm thick gold microstrip. This
corresponds to a current density j = 2.6 X 1012 A/m?. Our micromagnetic simulation shown in
figure 3.4 suggests that our proposed system works well for the case of multiple domain walls
placed in the nanowire with spacing of 600 nm. Due to the fact that the maximum displacement is
linearly proportional to the current density, in order to reach such domain wall displacements
during the 5ns pulse width one would need a current density of j = 1.7 x 1012 A/m?. Therefore
the dissipated energy in this case is 22 pJ per moved domain wall which can be obtained by
considering a specific gold resistivity of 2.44 uQcm .

On the other hand, in the case of the current induced domain wall motion by the STT effect, we
now compare the calculation of the domain wall motion numerically and theoretically [93], since
in the case of in-plane magnetized materials, several experimental domain wall velocities
measurement were reported [82, 83, 103, 104]. First of all, we suppose the case where the Gilbert
damping constant is equal to the non-adiabicity parameter and consider that the spin polarization
is 0.4 as in [105]. In addition, the saturation magnetization of Py is 8 x 10> Am™~1 which results
in a maximum current density of 4.2 x 102 Am~2. Therefore we obtain a dissipated energy for
the motion of one domain wall of 46 pJ by considering the specific Py resistivity 40 uQicm
[106]. However, the specific Py resistivity in devices may be increased due to the high current
density in the Py nanowire, which increases the nanowires temperature. As a consequence, the
required energy for the displacement of one domain wall would also increase. By comparing the
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experimental energy dissipation of our system to the theoretically predicted domain wall motion
in a non-defect nanowire by the spin transfer torque one can conclude that our system is more
efficient at this scale.

Furthermore, many other advantages of our system are shown in the following:

Although the OOP field pulse shape has a fall time longer than the rise time and long enough to
relax the domain wall at the pinning centers, there is still another torque which is directed in the
opposite direction and may partly move the transverse wall backwards. This was demonstrated in
figure 3.5a where the transverse wall moves backward once the OOP field is tuned off. Hence,
the maximum experimental obtained transverse wall displacement of 840 nm may be smaller than
the forward traveled distance before the influence of the arising opposite torque. A further
advantage is that in our system the precessional torque tends to rotate the transverse wall spin
structure components, and does not nucleate any anti-vortex core. Whereas this does occurs
above Walker Breakdown for current induced domain wall motion and this negatively influences
the motion of the domain wall. Therefore our system using field induced domain wall motion at
high current density does not have any disadvantage from the resulting slow velocities due to the
Walker breakdown in the case of the STT system. This results from the fact that in our system the
current pulses are injected through the Au stripline which can support a higher critical current
density than the magnetic nanowires.

VI. Conclusion

To summarize, a radically different approach using OOP field pulses could lead to a paradigm
shift to obtain the required synchronous motion of multiple domain walls driven by magnetic
fields. This is an efficient alternative to the current induced domain wall motion.

We demonstrate that we can displace transverse walls by OOP magnetic field pulses. This
paradigm shifting achievement provides the required functionality for nonvolatile domain wall-
based shift register devices. This demonstration was supported by an extended analytical model
(based on the 1D model), and by micromagnetic simulations.

The experimental observations showed a qualitative agreement with our analytical and numerical
results, which confirm and demonstrate the viability of our proposed novel mechanism approach
for domain wall motion. We note that this approach can be also interesting, from the application
point of view, in systems where the magnetization of the nanowires is perpendicular to the
structure plane and the applied magnetic field pulses are in-plane, since the present mechanism is
identical spin under rotation, without any influence to the underlying physics.

The transverse wall motion direction relies only on the chirality (c= £1) of the transverse wall
and the field direction. Analytically we showed, using the 1D collective coordinate domain wall
profile model that the displacement of the transverse wall happens during the non-equilibrium
dynamics when the pulse is active. The net transverse wall displacement is obtained over few
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hundreds of nm with a high velocity, where the backward motion is suppressed using asymmetric
field pulses and including periodic pining centers (notches).
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Chapter 4

Local domain wall velocity engineering via tailored
potential landscapes in asymmetric rings

Abstract

Magnetic sensing and logic devices based on magnetic domain walls rely on the precise control
of the local domain wall propagation in various nanowires, including curved geometries. We
report local control of the domain wall velocity and position by engineering the geometry of ring
structures, leading to a tailored domain wall potential landscape. By employing time resolved
scanning transmission X-ray microscopy (STXM) we directly observed the domain wall spin
structure transformations during motion driven by rotating magnetic field pulses and
quantitatively determine the contribution of the spatially varying potential landscape to the
domain wall propagation. In this chapter, we experimentally demonstrate an angular dependence
of the domain walls velocities. We explain this effect by the interplay between the domain wall
spin structure and relevant forces that act on the vortex domain wall. The long-range forces
which contribute arise from the Zeeman interaction of domain walls with the applied external
magnetic field pulse. Secondly there are local forces arising from the domain wall energy
changes due to the non-constant ring width. In contrast to symmetric ring systems, the interplay
between these forces leads to distortion-free domain wall motion. Therefore, using this varying
domain wall potential landscape, we are able to control spatially the internal domain wall spin
structure transformation and synchronization of the domain wall velocities in ring geometries,
even above the Walker breakdown.

This chapter is arranged as follows. In Section | we motivate and introduce the work. In Section
Il we present our sample and experimental approach. In section Il we present and discuss the
experimental results and finally in Sections IV we summarize the work. The work in this chapter
was carried out in collaboration and with the contribution of Dr. Kornel Richter and A. Krone
who attended part of the experimental beamtimes, which have been dedicated for this study, and
helped in the data analysis of the presented results.
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l. Introduction:

One key prerequisite for precise control and reproducible propagation of magnetic domain walls
in nanowires is a thorough understanding of the mechanisms that lead to variations in the domain
wall velocity, as well as to control the dynamics on a local scale. In general, the occurrence of the
Walker breakdown [27] limits the steady-state motion of a driven domain wall in straight wires,
independently of the driving mechanism (see chapter 1 - subsection 11.1). In this regime, above a
critical so-called walker field, an internal change of the domain wall spin structure takes place,
resulting in an oscillation of the domain wall velocity and reducing the reliability and the
reproducibility of the dynamics. Conversely for low fields, several studies have confirmed the
existence of a stable steady-state domain wall motion regime at low fields in several geometries
of different materials, with different driving mechanisms and magnetic anisotropies [23, 28, 77].

However, we recently demonstrated that this steady-state domain wall motion regime at low field
does not exist for curved nanowires geometries, where domain walls are driven by rotating
magnetic field pulses [24]. In particular, we have reported for the first time, a direct dynamic
experimental visualization of oscillating domain walls dynamics induced by rotating field pulses
in symmetric ferromagnetic rings. This oscillatory propagation of the vortex domain wall was
explained by the interplay between the rotating driving magnetic field and the periodically
changing domain wall spin structure due to the off-tangential forces that act on the vortex domain
wall during its motion. It was shown that these oscillations could occur even without an
accompanying wall transformation into a transverse domain wall and thus below the Walker
breakdown. We concluded that this oscillatory behavior of the domain wall velocity occurring
above and below the Walker breakdown, is a general feature in application relevant curved
geometries, for motion driven by a rotating magnetic field [24].

Theoretically the explanation of the vortex wall dynamics is still complicated to understand,
even from just our simple model which describes the relevant forces acting on the vortex domain
wall spin structure in Ref. [24]. These complications stem from the complex spin structure of the
vortex domain wall. Therefore the interplay between the domain wall velocity and the radial
vortex core displacement is not predicted by the analytical description of the one-dimensional
model [25, 26] showing that the oscillating domain wall propagation in curved wires above and
below the Walker breakdown goes beyond the framework of this simple one-dimensional model.
The spin configuration of the vortex domain wall consists of three elementary topological
defects, two half-vortices at the edge of the nanowire and one vortex with a vortex core in the
center of the domain wall as described in [107]. Hence the excitation of the internal spin structure
exhibit extra degrees of freedom during the dynamical motion [30]. In other words the local
oscillations of the domain wall velocity directly result from the complex two-dimensional motion
of the vortex core even in perfect defect-free systems and not from the domain wall interaction
with pinning centers, as we previously reported [24].



Field induced dynamics in asymmetric rings|Chapter 4|Page |75

Moreover, in ferromagnetic rings both half-vortices of the vortex domain are confined to
different edges of the ring and since both edges have different radii, both half-vortices propagate
by a different distance after one full field rotation which results in intrinsic instabilities in the
wall displacement. This means that, different velocity profiles can be obtained when rotating the
domain wall with different start angles in the ring, which is inappropriate for applications [108,
109].

The domain wall dynamics can be controlled locally by introducing notches in the magnetic
structure, and thus pinning the wall at this constriction [110]. Several experimental and
theoretical studies were able to control statically the domain wall position in this manner since
the notches provide a potential well for the domain wall [111]. Such static pinning potentials
have been extensively characterized in terms of the potential well global shape [112], curvature
[110] and depth [102].

The dynamic interaction of domain walls with pinning potentials exhibits different properties.
Theoretical predications explained that the kinetic pinning field of moving domain walls is
reduced compared with the static pinning. This was experimentally confirmed by us [24].
However, using notches in magnetic devices based on domain wall motion has showed several
disadvantages. For instance the spin structure of a vortex domain wall passing through narrow
constrictions can be dramatically deformed by expulsion of the vortex core, which could mean a
loss of information.

Moreover, the abrupt changes of the geometry of the notches and the minimum constriction width
at the center are not very suitable for down-scaling as precisely controlled narrow constrictions
are difficult to fabricate. As result this approach is not deemed very useful for realistic devices.
For applications, therefore, alternatives are sought to (i) enhance the dynamic stability of the
domain wall spin structure, as much as possible, and (ii) and control its velocity locally.

One approach involving the gradual variation of the domain wall energy landscape (in contrast to
abrupt changes at constrictions), for example via geometrical variations (e.g. gradually varying
ring width) seems a good concept for a possible local control of the domain wall velocity
influenced by the spatially dependent domain wall energy [66]. Although the static properties and
the influence of a varying geometry on domain walls in straight wires have been determined
theoretically [113], the imaging of the controlled domain wall dynamics as well as the theoretical
analysis in curved geometries, as necessary to understand the underlying physics, has not been
reported before. For example, the determination of the geometrical influence on the intrinsic
dynamic domain wall properties such as inertia and effective domain wall mass [62]. It is highly
beneficial to determine such properties directly by experimental imaging in combination with
micromagnetic simulations due to the complexity of domain wall dynamics in curved geometry
that go beyond the simple one-dimensional framework, as we described above. Overall a full
understanding of these properties is crucial for applications due to their influence on the
dynamics and performance of magnetic nano-devices [66].
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In this chapter, we discuss the dynamics of domain walls in ferromagnetic rings tailored by an
inhomogeneous domain wall potential landscape. It is demonstrated that the variation of the ring
width, allows for a local control of the resulting spatially dependent domain wall velocity around
the ring, with the maximum value obtained in the widest part of the ring nanostructure. We
experimentally show, by direct time-resolved imaging, that the global minimum of the domain
wall potential landscape in the narrowest part of ring provides a spatial synchronization of the
domain wall velocity profile, regardless of the starting angle of the domain wall propagation
along the ring. This is a distinct advantage for applications since the local velocity no longer
depends on the initial position at which the domain wall is nucleated. Furthermore we show that
the resulting forces from the inhomogeneous potential landscape can efficiently suppress and
control the radial motion of domain wall. This provides extra stabilization of the local domain
wall velocity, since the radial motion of the vortex core is the main origin of the oscillatory
behavior of domain wall velocity below Walker breakdown in rings [24]. We note that part of
this work has been recently published in Ref. [114].

1. Samples and experimental

We study asymmetric ferromagnetic permalloy rings which consist of an outer diameter of 5.5
pm and non-centered inner diameter of 4 um, with a thickness of 30 nm. Taking into account the
experimental phase diagram discussed in Ref. [15], the geometry of our sample leads to the
vortex domain wall spin structure being stable the whole ring width.
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Figure 4.1: Schematic of the sample geometry and design used in our experiment. (a) Sample
overview for different magnetic structures with narrowest widths of 100, 200, 300, 400 and 500
nanometers. Sample thickness t = 30 nm [114]. (b) Top: schematic illustration of the sample
design patterned on SisNs substrates for the study of domain wall dynamics (crossed copper
striplines on top of permalloy rings with a diameter of 5 um and 30 nm thickness). Bottom:
merged STXM-XMCD image of an asymmetric ring structure with a SEM image of the sample
under investigation. The in-plane magnetic field is generated by the sinusoidal currents, Iy, with
a 90° phase shift injected in the crossed stripline. (c) Ring schematic ring illustration, where the
angle 0 is the phase difference between the field H and the azimuthal vortex core position.
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This is crucial in our study because it helps to ensure that the observed dynamics of domain walls
driven by the rotating magnetic field are free from any domain wall transformations induced by
variations in the ring width. The observed dynamics are therefore purely influenced by the
irregular potential landscape. Measurements of a series of samples having different widths in the
narrowest part have been carried out in order to disentangle two influences on the domain wall
dynamics: the intrinsic material properties, such as the natural roughness or defects resulting
from the sample fabrication, and the effect of the inhomogeneous potential landscape. This series
of samples provides almost the same range of width gradients, is ranging from -9 nm/deg. to 9
nm/deg., as shown in figure 4.1a.

The permalloy asymmetric rings with a different widths in the narrowest part (300 nm 400nm and
500 nm), were fabricated by a lift-off process using electron beam lithography (EBL) with a
substrate of 100 nm thick X-ray transparent SisNs membranes, with material deposition
performed using molecular beam evaporation in a ultra-high vacuum (UHV) chamber. We note
that in the following we refer to the widths in the narrowest part as a convention to name and
differentiate between different ring structures. The magnetic structure was capped with a 2 nm
thick gold (Au) layer in order to prevent oxidation of the permalloy. For the generation of the in-
plane rotating magnetic field, a 150 nm thick copper (Cu) crossed stripline, was fabricated on top
of the magnetic structure, and capped by a 4 nm thick Au layer protecting the copper from
surface degradation (see figure 4.1b,c). The whole sample fabrication process was done through
three successive steps, as described in chapter 2 - section II.

The ring dimensions, width and thickness, was defined such that the vortex domain wall spin
structure is the lowest energy magnetic configuration [15] after saturation with a uniform external
magnetic field [14, 66]. The ferromagnetic rings are then in the onion state [65]. Furthermore the
permalloy thickness (30 nm) is chosen as a compromise between four different effects:
maximization of the XMCD contrast, ground state domain wall configuration, avoiding the
formation of 360° domain walls that can occur in rings of smaller thickness [115] and lastly
providing a low depinning field for current and field induced domain wall motion [116].

The time evolution of the magnetization dynamics is recorded stroboscopically employing a
pump and probe technique employing time resolved scanning transmission X-ray microscopy
(STXM), with a sub 30 nm spatial resolution, at the MAXYMUS endstation, Helmholtz Zentrum
Berlin, BESSY II, Germany (see chapter 2 - section 1V). The in-plane magnetization component
was imaged by tilting the sample surface normal by 30° with respect to the incident light
direction. The contrast of the image is based on the X-ray magnetic circular dichroism (XMCD)
effect [43]. The data were recorded at the Ni Ls-absorption edge (852.7 eV). The pump, in our
case, consists of a repetitive external magnetic field excitation of the nanostructures. This
excitation is decomposed into two successive magnetic field pulses. Firstly a uniform magnetic
field in order to create the onion state, then the generation of an in-plane rotating magnetic field
by simultaneously injecting 90° phase shifted, radio frequency (RF), currents through the two
ends of the orthogonal crossed striplines (see chapter 2 - section VI). Thus, the propagation of the
domain walls is induced by counter-clockwise rotating magnetic field burst pulses. These, have
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the following properties: firstly, the magnetic field amplitude first increases until it reach its
maximum, pointing in the initial saturation direction of the onion state, followed by two full
counter-clockwise rotations of the in-plane magnetic field, and finally, the field amplitude is
decreased, also along the initial saturation direction of the onion state. It is worth mentioning that
the experiment is repeated at a repetition rate of 832 kHz and the transmission signal X-ray signal
is recorded over more than ten billion subsequent pulse cycles, and hence domain wall
propagation events, ensuring a high signal-to-noise ratio and demonstrating the reproducibility
and the reliably of our measurement results (as discussed in chapter 2 — section 1V).

1. Results:

We experimentally observed that the phase shift, 8, between the local position of domain wall
and the field direction of the driven rotating magnetic fields show a large correlation with the
inhomogeneous geometry of the ring sample. On relaxation of the magnetization from saturation
during the nucleation process, the magnetic configuration is transformed to the onion state. At
t = 0 ns of the rotating field pulse, the system tends to minimize its energy by aligning the
position of both domain walls to the magnetic field direction, as shown in figure 4.2a where the
phase shifts for both domain wall are almost zero. The initial magnetic configuration and position
of both domain walls (head-to-head & tail-to-tail), at t = 0 ns, are schematically shown in figure
4.2d. We note that the domain wall position is defined by the position of the vortex core. The
domain walls start to move with t < 2 ns, just after the magnetic field begins to rotate with a
counter-clockwise sense of rotation. In this case the head-to-head domain wall propagates from
the narrower towards the wider part of ring and vice versa for the tail-to-tail domain wall moving
in the opposite part of the half-ring.

For t < 30 ns the tail-to-tail domain wall propagating from the wider to the narrower part of the
ring, overcomes the speed of the rotating field, resulting in a positive phase shift (red curve), as
shown in figure 4.2a. conversely the head-to-head domain wall moving from the narrower to the
wider part of the ring, exhibits a negative phase shift (black curve), which mean that the wall is
always lagging behind the rotating field in this region. We observed that at t = 30 ns, both
domain walls cross the symmetry axis of the asymmetric ring, illustrated in figure 4.2b, resulting
in a reversal of the phase shift sign. We note that such behavior (sign changes) is repeated each
time the domain walls cross the symmetry axis (figure 4.2a). Thus, this constitutes a direct proof
that the phase shift oscillations are purely resulting from the geometry changes and determined
by the shape of ring.



Field induced dynamics in asymmetric rings|Chapter 4|Page |79

(@) (b)

450

& gp°

AL
180° Ht \}‘ / 0°

__/

375
DW

3004

2254

dw velocity (m/s)

(*Fop) yiys aseyd

1504

751 270°

0 50 100 150 200
time (ns)

Figure 4.2: Domain walls propagation in an asymmetric ring. The black and red curves
correspond to the head-to-head and tail-to-tail vortex domain walls, respectively. The domain
walls are driven, from the starting angles ~-45° and ~135°, by a counter-clockwise rotating
magnetic field with two rotation cycles. (a) Domain wall velocities and phase difference are
plotted as a function of time for two counter-clockwise field rotations. The dashed vertical lines
represent the time when the domain wall of the corresponding color (head-to-head and tail-to-
tail) crosses the widest part of the asymmetric ring [114]. (b) Schematic illustrating the ring
geometry. The black (red) ellipse represents the initial position of the head-to-head (tail-to-tail)
domain wall at t = 0 ns. The yellow dashed line represents the symmetric axis of the ring.

The key to understand the mechanisms of the observed domain wall dynamics is through the
quantitative determination of its relevant energetics, which we analyzed. Qualitatively speaking,
the oscillating behavior of the phase shift sign can be explained by the interplay between the
energy variations of the domain wall, resulting from the position dependent potential landscape,
and Zeeman energy. We note that, when an in-plane external magnetic field B is applied, the
Zeeman energy is minimal when the two domain walls align with the applied field (6 = 0°).
Therefore the energy depends on the phase shift, 8, between the field and the azimuthal position
of the two vortex domain walls whereas for non-zero values of 8, the domain walls experience a
restoring torque towards the minimum of the potential landscape created by the applied field [67].
Thus, when a field is applied to the asymmetric ring in the onion state, the energy of the domain
wall can be stored in two reservoirs: While the Zeeman energy is given by the phase shift, the
domain wall potential landscape has a spatial dependence due to the exchange and dipolar energy
variations in the domain wall spin structure and thus it depends on a local ring width.

In contrast to our previous study in a symmetric ring system [24], the inhomogeneous geometry
of the ring structure modulates the Zeeman energy landscape created by the external magnetic
field (figure 4.3a). However this modulation of the energy landscape is less than ~ 3 % for any
geometry and field direction used in this experimental study see figure 4.3a. Hence, the
alternating phase shift cannot only be explained by the latter effect and should result from other
effects contributing to the domain wall energy and which better explain the observed results.
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Such effects arise from the irregular ring width of the sample, since in addition to the Zeeman
energy effect, described above, the irregular ring width modulates the domain wall potential
landscape. The inhomogeneous ring width give rise to a spatial energy dependence of the domain
wall, U, which is expected to be the lowest in the narrowest part of the ring and the highest in the
widest part of ring. Such modulations of the domain wall energy lead to an effective local force,

Fy =—grad U,

which moves the domain wall towards the narrower part. Therefore, in the case where the domain
wall is driven with an external field with a counter-clockwise sense of rotation, from the
narrowest toward the widest part of the ring, the restoring force is expected to be negative (Fy =
—grad U < 0) with respect to the sense of motion and in the direction of the minimum of the
Zeeman energy (see figure 4.3a). Hence this force may result in a negative phase shift (the
domain wall is dragged). However the negative gradient of domain wall energy (grad U < 0),
present in the opposite half of the ring, results in a positive local force in the direction of the
domain wall motion (sense of field rotation) and hence leading to a positive phase shift in this
area of the ring. As well as in asymmetric rings, the oscillatory behavior of the phase shift sign
has been recently observed in symmetric rings, in our group. This was attributed to the
competition between the extrinsic and intrinsic pinning (intrinsic domain wall spin-structure
oscillations) with the resulting forces dragging of the domain wall and accelerate the domain wall
beyond the driving rotation velocity of the magnetic field [24].

It is worth mentioning that the fact that the domain wall overshoots the driving field, resulting in
a positive phase difference, represents a direct signature of domain wall motion under its own
inertia [117]. However, in the present study the spatial dependence of the phase difference and its
alternating behavior are strongly correlated to the variation in the geometrical shape of the ring.

We note that such oscillatory behavior of the phase shift has not only been observed in 500 nm
asymmetric rings (figure 4.2a), but also in rings with different widths (e.g. 300 nm and 400 nm)
as shown in figure 4.4. In order to check the role of the width gradient, we repeated the
experiment by driving domain walls for one full rotation by a rotating magnetic field for 300 and
400 nm rings (figure 4.4). The width gradients for both samples can be seen in figure 4.1a.

The repeatability of the phenomenon for different samples clearly demonstrates that the well-
controlled domain wall position with respect to the driving field is not related to extrinsic natural
pinning sites, resulting from the sample fabrication, but rather to the inhomogeneous potential
landscape created by the ring shape. This is highly advantageous because the extrinsic pinning is
usually randomly distributed along the ring.
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Figure 4.3: (a) Zeeman energy of the onion state in the presence of an external field in the
asymmetric rings with different ring widths. The irregular ring width leads to a modulation of
the Zeeman energy landscape, resulting in a differences in Zeeman energy values for different
phase shift values (positive and negative). This is shown in the potential well asymmetry curves
which are calculated as (E(0) — E(—0)/E(0 = 0°)), where E(0) is the Zeeman energy of the
onion state as a function of the phase shift 8, after Ref. [114]. (b) Schematic of an asymetric ring
illustrating the difference in the spin structures (dashed area) for negative and positive phase
shift of the head-to-head domain wall, which leads to differences in the Zeeman energy values.

For applications based on domain wall propagation, in addition to the reliable control of the
domain wall position, a reproducible and stable domain wall velocity are also required. In figure
4.2a and 4.4 we present a typical experimental domain wall velocity profile for different ring
geometries. This velocity is the magnitude of the angular velocity of the vortex core multiplied
by the mean radius of the ring structure and is extracted from the measured time resolved movie.
By considering Figure 4.5a, where the domain walls are driven by a counter-clockwise field
rotation pulse consisting of two rotation in a 500 nm wide asymmetric ring, one could clearly see
that both domain walls do not move at a constant velocity despite being driven by a constant field
amplitude (B = 6.8 mT) and fixed rotation frequency (f = 10 MHz). Both domain wall
velocities oscillate between ~ 105 m/s to ~ 270 m/s with an average velocity of ~ 157 m/s,
regardless of the vortex wall configuration (i.e head-to-head or tail-to-tail). We note that this
average velocity is very close to the critical velocity that we observed in the symmetric ring
geometry [24].

By direct observation of the internal spin structure of the domain wall via STXM we see a
transformation of the domain wall configuration from a stable vortex domain wall to a metastable
transverse domain wall at approximately —10°, see figure 4.5, snapshot t = 78 ns. This domain
wall spin structure transformation reveals the existence of the Walker breakdown phenomenon in
our experiment. Similar to what has been reported in our previous study in symmetric ring
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structures, the vortex domain wall transforms into a transverse domain wall by the expulsion and
re-nucleation of the vortex core during the periodic change of the spin structure, which can only
be observed through direct dynamic imaging [24]. This was shown in figure 4.5b, which consist
of a series of snapshots of the domain wall propagation with a 2 ns time resolution. The vortex
core is expelled at the outer edge of the ring structure and the vortex domain wall transforms into
a transverse domain wall at t = 78 ns. Then, the vortex core is re-nucleated at the same outer
edge of the ring structure while conserving the same vortex core polarity.

Furthermore the chirality of the vortex domain wall is conserved during the Walker
transformation in curved nanowires with rotating fields, which is in contrast to domain wall
propagation above the Walker breakdown in straight nanowires, where both the polarity and the
chirality of the transformed vortex wall alternate periodically [26]. The observed chirality
conservation of vortex domain walls before and after the Walker breakdown can be explained by
the strong correlation between the vortex chirality and sense of rotation. This confirm our
previous observation in symmetric rings [118], where the sense of the rotating field controls the
domain wall chirality due to the interplay between a dynamic distortion of the vortex domain wall
structure and the radial magnetic field. We note that the backward propagation of the domain
wall during the Walker breakdown (negative velocity) was not observed in this experiment within
our 2 ns temporal resolution. This indicates further differences in behavior between domain wall
dynamics in curved structures in comparison with straight nanowires. However, we also see a
significant drop in the local domain wall velocity (down to ~ 107 m/s), which is approximatively
a global velocity minimum, as highlighted in purple in figure 4.5a. Intuitively, this results in a big
phase difference relative to the position of the rotating field vector figure 4.2a.
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Figure 4.4: Micromagnetic simulation, domain wall velocities and phase differences are plotted
as a function of time. The black and red curves correspond to the head-to-head and tail-to-tail
vortex domain walls, respectively. The dashed vertical lines represent the time when the
domain wall of the corresponding color (head-to-head and tail-to-tail) crosses the widest part of
the asymmetric ring. Clockwise field rotation with rotation frequency of 10 MHz in 300 nm
sample (a) and 8.31 MHz in 400 nm sample (b). Both graphs show a similar behavior to the 500
nm ring presented in figure 4.2a. These calculations has been obtained with the help of Dr.
Kriiger and Dr. Richter.
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11.1. Walker Breakdown influence

By taking into account the inhomogeneity of the domain wall potential landscape, one could
explain the existence of the Walker breakdown at the ring position ~ — 10°, indicated by the
purple rectangle in the ring schematic inset in figure 4.5. As described above, the local forces
resulting from the spatially dependent domain wall energy roughly scale with the gradient of ring
width. Therefore such forces are expected to reach a maximum at the highest ring-width gradient
position. We note that this ring position ~ — 10° illustrated in the ring schematic inset of figure
4.5 is equivalent to the ring position ~ — 45°(= 315°) represented in figure 4.1a, which is
characterized by the highest ring width gradient ~ -4.36 nm/deg.. For instance, when the domain
wall crosses this region, during propagation along the ring with a counter clock wise sense of
rotation, the local forces resulting from the decrease of the of the domain wall energy assist the
acceleration of domain wall in such a way the domain wall experiences the Walker breakdown.
This is directly observed employing STXM and visualized in the series of snapshots shown in
figure 4.5b. As mentioned above, the repetition rate of the stroboscopic experiment was 832 kHz,
and the transmission signal was recorded over more than 10° consecutive pulse cycles of the
motion. Therefore the spatial control of the Walker breakdown by the inhomogeneous potential
landscape is highly reliable and reproducible. This process is illustrated in figure 4.5a (purple
areas) where domain walls experience the Walker breakdown each time they cross the highest
ring-width gradient position ~ (—10° = 350° = 710°) where the local velocity is minimum.
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Figure 4.5: (a) Same domain wall velocity profiles as these presented in figure 4.2a, however
here they are plotted as a function of the azimuthal angle. Purple rectangle indicates the
position of the Walker breakdown. (b) A series of time-resolved XMCD-STXM snapshots at t =
67, 78, 80, 86 ns, visualizing the Walker breakdown during a 10 MHz rotating field burst
pulse with an amplitude of B = 6.8 mT. The inset presents a schematic of the ring illustrating
the trajectory of the domain wall center, in green, as extracted from the time resolved movie.
Adapted from [114].
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We note that in domain-wall-based devices the Walker breakdown normally results in
irreproducible motion and is detrimental to the performance and functionality of the proposed
device. Therefore many efforts and methods has been applied to suppress the breakdown which
have been demonstrated in simulation [90, 119] and experiment [120], in order to stabilize the
local velocity in straight wires. However in our asymmetric ring system the existence of the
Walker breakdown is surprisingly associated with a good reproducibility of the local domain wall
velocity, independent of the domain wall type. This is manifested in figure 4.5a at ~ 350°, where
the local velocities of both domain walls (tail-to-tail and head-to-head) are roughly the same and
perfectly synchronized.

On the other side, when both domain wall types have a vortex spin structure which means that the
domain wall propagation is below the Walker breakdown, the difference between their velocities
is larger.

1.2, Discussion of the relevant forces leading to velocity oscillation:

These periodic oscillations of domain wall velocity occurring below the Walker breakdown
present a general feature of the domain wall propagation in curved geometries, which can be
attributed to the two-dimensional motion of a vortex wall, due to different forces acting on it, as
well as to extrinsic pinning due to imperfections in the nanowires [24]. However, in contrast to
the symmetric ring systems, the amplitudes of oscillations are not constant, but modulated by the
geometry as we observe a global maximum domain wall velocity in the widest part of the ring
figure 4.5a. The underlying mechanisms of this behavior can be explained by considering the
forces that act on the vortex domain wall spin structure.

In general, for non-zero phase difference, 8, during the field driven domain wall motion in
asymmetric rings, there are five forces acting on the vortex domain wall spin structure, three of
which are radial and the other two are tangential forces, which act as an azimuthal driving force,
as schematically illustrated in figure 4.6. The tangential component of the driving rotating field,

B; = Bsin@,

acts both as an azimuthal driving force moving the wall circularly along the ring structure and as
a radial force F; on the vortex core [26]:

where c is the chirality of the vortex, Mg is the saturation magnetization, Ry is the radius of the
vortex spin structure and L its thickness. It is obvious that the radial force, F,, is proportional to
B, which in turn depends on the phase shift, 8. A second radially acting force is the gyroforce,
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GXv,

where G is the gyrovector [121, 122] which points anti-parallel to the vortex core polarity, p, and
v is the velocity vector of the domain wall. In the case of a counter clock wise rotation with a
positive phase difference and for p = 41, the gyroforce points parallel to F,, as seen in figure
4.6b. The third radial force that acts on the vortex core is the restoring force, F.., resulting from
the shape anisotropy, which pushes the vortex core toward the center of the nanowire and
depends on the radial vortex core position as well as the ring width and material. Finally, a fifth
force that acts on the vortex domain wall is the force resulting from the asymmetrical shape of
our ring structure,

Fy=—gradU.
This force results from the inhomogeneous potential landscape of the domain wall energy, U, in
the asymmetric ring, is as a local force, proportional to the width-gradient of the ring. Thus it is
dependent on the angular position of the domain wall (figure 4.6¢). We note that the interplay
between the domain wall spin structure and these forces leads to oscillating domain wall
propagation below the Walker breakdown, as we previously described in reference [24] in
symmetric rings.

Figure 4.6: Schematic illustration of the relevant forces that act on the vortex domain wall spin
structure during counter-clockwise propagation. (a) lllustration of the forces acting radially on
the vortex wall for a negative phase difference 6. The gyroforce G X v (red), the radial force F;
(blue) is resulting from the tangential field component of the field B; and finally the restoring
force F.es (yellow) resulting from the shape anisotropy that pushes the vortex core to the center
of the wire. (b) Relevant forces in the case of a positive phase difference. (c) Illustration of the
tangential forces only: The shape force Fy (blue) resulting from the inhomogeneous potential
landscape of the domain wall energy in the asymmetric rings. This force is characterized as a
local force proportional to the width-gradient of the ring. Finally the tangential force B; driving
the wall circularly, resulting from the driving field, which is proportional to the phase difference.
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1.3 Vortex Core Trajectory

By direct imaging of the domain wall dynamics we are able to track the time dependent position
of the domain wall and extract its complete trajectory. In contrast to the observed domain wall
trajectory in symmetric rings, the radial oscillations of the vortex core below the Walker
breakdown are surprisingly missing. The domain wall trajectory displays a quite perfect circular
shape, as shown in the ring schematic inset in figure 4.5. We note that the trajectory is
reproducible for both domain walls and for more than one full domain wall rotation along the
ring.

The observed behavior can be in general explained by the radial forces acting on the vortex core,
and in particular by the radial force, F, which is the only radial force that shows a different
behavior than in the symmetric ring system [24]. This is due to the fact that F, depends on the
well-controlled phase difference, which alternates sign in our system (as discussed above),
resulting in a switching of the radial force, F, direction. Therefore the observed effect can be
explained in terms of a control of the phase shift (figure 4.2a) due to the inhomogeneous shape of
our ring sample. This effect seems to be sufficient to prevent the large radial oscillations of the
vortex core trajectory seen in symmetric rings [24]. This effect leads to a minimization of the
velocity fluctuations and pinning at the natural random defects at edges of the wire, since the
trajectory of vortex core is confined to the center. Therefore the suppression of the radial
oscillations of the domain wall during its propagation represent a very important result and
demonstrate a further step towards the stabilization of local domain wall propagation in
nanostructured devices.

However despite the fact that the radial motion of the vortex core is almost eliminated in our
measured system, the domain wall velocity exhibits local oscillations. In contrast to the velocity
oscillation of the domain wall presented in symmetric rings resulting from intrinsic effects, in our
case these oscillations must result from the variation of the ring width which is related to the
varying tangential force arising from the non-zero phase difference. This can be easily
understood, since the radial motion of the vortex core is suppressed and thus the radial forces
acting on the domain wall can be excluded and only the tangential forces are considered. This
represents a great result since these latter effects which lead to these domain wall oscillations can
be extrinsically tailored and controlled by the geometry of the structure.

For example, as discussed above, when a domain wall propagates from the widest to the
narrowest part of ring, the phase shift is positive due to the local tangential force, Fy, resulting
from the asymmetrical shape of the ring structure, which assists the driving rotating field in this
case. This force results from the inhomogeneous potential landscape of the domain wall energy in
the asymmetric ring, which is characterized as a local force, proportional to the width-gradient of
the ring. We note that the domain wall continues to increase its velocity by reducing the negative
value of the angle, 8, thus has a negative phase difference, because the domain wall is moving
faster than the driving field, and reaches its maximum velocity at the moment where the phase
shift value is equal to zero, as seen in figure 4.2a (black curve at t = 46 ns or t = 138 ns). At
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this moment where the domain wall has overtaken the rotating field and the phase shift starts to
switch to a positive value, the domain wall is moving faster than the driving field, however the
driving force starts to decelerate the domain wall as schematically illustrated in figure 4.6b.
Therefore one can find a drop in the domain wall velocity after each increase of the positive
phase shift value and conversely each drop in the positive phase shift is followed by an increase
in the local domain wall velocity. Hence the maximum velocity deceleration is reached, and thus
the velocity has a local minimum, when the positive phase difference reaches a local maximum
(as seen in figure 4.2a black curve at t = 52 ns or t = 150 ns).

On the other hand, when the domain wall moves from the narrowest to the widest part, the phase
difference is negative and the local tangential force, Fy, is pointing against the driving rotating
field. In this case the absolute value of the negative phase shift is increasing since the domain
wall velocity is lowest, therefore when the phase difference is largest the driving force is
maximal (figure 4.6a). Hence the domain wall accelerates, again leading to an increase of the
local velocity of the domain wall. This behavior is directly observed by our time-resolved
imaging of the domain wall dynamics, where we were able to extract the velocity profile of the
domain wall presented in figure 4.2a. Here one can clearly deduce that the increase of the local
domain wall velocity is followed by the increase of the absolute value of the negative phase
difference (see figure 4.2a at t = 96 ns).

At the moment where the domain wall crosses the symmetry axis of the ring (i.e. the ring position
where the width gradient is equal to zero) the force, Fy, resulting from the inhomogeneous
potential landscape becomes zero. Here the stored Zeeman energy is responsible for the
acceleration of the domain wall, due to the energy transfer between Zeeman and dipolar energy,
which due to the interplay between the dynamic field and the inhomogeneous potential landscape
(as visible from the phase shift). We note that in the case where the domain wall is crossing the
widest part of the ring, the negative value of the phase shift accelerates the domain wall as
discussed above, however here the effect is much stronger than in the other parts of the ring
having a negative sign of phase shift. Therefore the domain wall velocity reaches a global
maximum (~230 m/s) in the widest part of ring (~ 225° in figures 4.5a and 4.7a). This latter result
IS in contrast to the intuitive expectation in the case we only considered the local forces resulting
from the potential landscape due to the shape variations, since the domain wall energy, U, in the
widest part is the highest. The global maximum velocity presented in the widest part of the ring
demonstrates that it is not only the local forces the resulting from the shape that should be taken
into account here, but also the alternating behavior of the phase shift and the fact that in the
widest part there is less geometrical confinement in comparison with the narrowest part of the
ring.
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Figure 4.7: (a) Domain wall velocity profile for different starting angles in a 500 nm asymmetric
ring plotted as a function of the domain wall azimuthal coordinate illustrated in the figure,
recorded for a full field rotation at f = 10 MHz with counter clockwise sense of rotation. The
blue solid line represents the ring width [114]. (b) Schematic illustrating the ring geometry. The
black (red) ellipse represents the initial position of the head-to-head (tail-to-tail) domain wall at
t=0ns.

1.4 Spatial synchronization of domain wall dynamics

We have explained above that in our case the oscillations of the domain wall velocity most likely
results from the variation of the ring width which leads to the varying tangential force arising
from the non-zero phase difference, and not from the radial motion of the vortex core which is
suppressed by the inhomogeneous potential landscape. This can be additionally confirmed here
by the observed strong correlation between the local domain wall velocity and the phase
difference. This latter proves that the key driving force in our observed dynamics has a tangential
direction resulting from the phase difference between the domain wall and the field positions and
depends on its relative orientation. We note that the observed velocity profiles of the domain wall
shows a good reproducibility between the first and the second subsequent rotation of the
magnetic field, as can be inferred from the black curve in (figure 4.2a at 48 ns — 96 ns and 130 —
180 ns).

Furthermore, by plotting the velocity profiles of both tail-to-tail and head-to-head domain walls,
propagating in the ring as a function of the angular azimuthal coordinate we can clearly infer that
the local domain wall velocities are very similar to each other (figure 4.5a). This observation is in
contrast to our obtained results for the same field rotation frequencies (10 MHz) in the symmetric
ring systems which have comparable dimensions of our asymmetric ring geometry [24]. Since we
have demonstrated that for a driving field with an amplitude of 6.8 mT and rotation frequencies
above 7 MHz the domain wall velocity oscillates because of the intrinsic periodic domain wall
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spin structure changes, there is no indication of extrinsic pinning. In other words we
demonstrated that in this freely and intrinsically oscillating domain wall propagation regime,
domain walls propagating for a complete field rotation with different start and stop angles show
two different velocity profiles when plotted as a function of the domain wall azimuthal
coordinate [24].

Therefore in order to identify the mechanism of such a spatial synchronization of domain wall
dynamics, we recorded the local domain wall velocity for a complete field rotation with different
start angles, where domain walls are initially nucleated, as shown in figure 4.7. In this figure we
observe that initially the velocity profiles are different, however once the domain wall passes
through the narrowest part of the ring presented at ~ — 45°, all local domain wall velocities
synchronize spatially and their values become quite similar. This behavior can be explained by
the interplay between the forces resulting from the Zeeman energy and the local forces arising
from variations of domain wall energy due to the inhomogeneous ring width. We note that these
energies represent two reservoirs for the domain wall energy, which interact with each other
during the propagation. For instance, when the domain wall crosses the narrowest part of the ring
the force, Fy, resulting from the inhomogeneous potential landscape, vanishes. The field
continues rotating toward the widest part of the ring, which leads to an increase of the domain
wall energy and results in a non-zero value of Fy, oriented against the propagation, as a restoring
force toward the narrowest part of the ring. This force will be balanced by another arising
opposing force resulting from B, (Zeeman energy) due to the rapid increase of the phase shift.
Therefore, the stable domain wall propagation in areas of non-constant ring width can be
obtained through the presence of these two energy reservoirs. In conclusion the spatial
synchronization of domain wall velocities can be engineered by tailoring the potential landscapes
in the ferromagnetic rings.

1.5. Micromagnetic simulation results

In order to understand the contribution of the inhomogeneous shape of our ring structure in
controlling the domain wall potential landscape that go beyond the simple one-dimensional
model framework quantitatively, we performed a series of micromagnetic simulations using
MicroMagnum software [123]. The dimensions of the simulated ring are the same as in the
experiment which consist of an outer diameter of 5.5 um and non-centered inner diameter of 4
um, a permalloy thickness of 30 nm and a cell size of 5 x 5 x 30 nm3. The material parameters
used are typical for permalloy [124]: saturation magnetization, Mg = 800 x 103 A/m, exchange
stiffness A = 1.3 x 10711, damping parameter @ = 0.008, no uniaxial anisotropy.

We note that the proper dimension of the grid size is defined based on the exchange length, I, =

V2A/uoM?2, which depends on the magnetic properties, for more details see chapter 1. For
instance, in our case the exchange length, l., = 5nm, which is typical for permalloy. The
exchange length determines the characteristic length scale over which the exchange interaction is
dominant. Thus, the magnetization is spatially uniform, over ~ L,,. Therefore, the cell size, in a
micromagnetic framework, has to be smaller than [, and at the same time not too small in order
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to reduce the simulation time and be consistent with the mesoscopic approximation of the model
[125].
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Figure 4.8: contribution to the domain wall energy in asymmetric ferromagnetic rings (500 nm
width in the narrowest part) as a function of domain wall position. The black and red curves
correspond to the head-to-head (HH) and tail-to-tail (TT) vortex domain wall configuration,
respectively. The energies are obtained from micromagnetic calculations, by propagating the
domain wall along the ring with a field pointing along different directions with an amplitude of
2600 A/m, which corresponds to the field strength used in the experiment. (a) Domain wall
exchange energy and (b) domain wall magnetostatic energy. Adapted from [114].

Here the domain wall configuration under discussion is the vortex domain wall in the two-
dimensional model [126], where the vortex domain wall can be understood as a composite quasi-
particle with a central vortex core that is surrounded by a magnetization curling in-plane (see
chapter 1). The rotational sense of this in plane component, could be either counter-clockwise or
clockwise, defining the vortex chirality ¢ = +1 or ¢ = —1, respectively [118]. The magnetization
component of the vortex core points out of the plane in order to reduce the exchange energy
[127], defining the vortex core polarity p, which is either anti-parallel (p = —1) or parallel (p =
+1) to the z-direction. In our case for the two vortex walls in the ring we have p = +1, ¢ = 1,
which means that both domain walls have the same polarity and opposite chirality. The
knowledge of the field rotation leads to certain well-defined chirality configurations, as we
recently reported in reference [118]. For counter-clockwise (clockwise) the head-to-head domain
wall has ¢ = —1 (¢ = +1) and the tail-to-tail domain wall has ¢ = +1 (¢ = —1). Note that in
symmetric onion state, the two diametrically opposed vortex domain walls always have opposite
chirality [118]. The rotating magnetic field burst pulses are chosen as in the experiment (counter-
clockwise sense of rotation). The field strength is 2600 A/m with a rotation frequency of f =
10 MHz. The position of the vortex core was extracted by fitting a Gaussian through the M, (out-
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of-plane) component of the magnetization. In general, such micromagnetic simulations of curved
geometries lead to artifacts due to the cubic discretization of a curved surface that can entail
artificial pinning at the edges of the nanoring. Therefore we define a smooth profile of the
saturation magnetization along the edges of the nanoring to reduce this pinning.

The contributions to the domain wall energy in asymmetric ferromagnetic rings are plotted as a
function of the domain wall position in figure 4.8. The inset shows the ring width at different
azimuthal positions for each domain wall during the propagation, which helps to illustrate the
correlation between the domain wall energy and the shape of the nanoring during propagation. By
considering the magnetostatic energy of the domain wall, we observe a significant difference
between the energy values in the widest and narrowest part of the ring (figure 4.8a). On the other
hand, a much smaller dependence is seen for the exchange part of the domain wall energy in
relation to the ring width (figure 4.8b). This latter is in good agreement with the logarithmic
dependence of exchange energy on wire width obtained in similar studied systems [10, 128]. As
for a vortex domain wall structure, this is a reasonable result, since the exchange energy
contributes roughly 20% of the total domain wall energy, independent from the ring width at the
position of domain walls [10].
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Figure 4.9: Domain wall energetics in an asymmetric ferromagnetic ring (500 nm width in the
narrowest part) as a function of time. (a) The sum of the domain wall energies, magnetostatic
and exchange energy, presented in figure 4.8. (b) Zeeman energy of the domain wall generated
by the phase difference of the domain wall in the presence of an applied field of 2600 A/m. The
curves at the bottom of the graph represent the ring width at the position of the domain wall
during the propagation. The alternating behavior between the Zeeman energy and the total
domain wall energy represents the energy transfer between both energy reservoirs. These
calculations has been obtained with the help of Dr. Kriiger and Dr. Richter.

The sum of the magnetostatic and the exchange energies displays a global maximum in the
widest part, whereas the total domain wall energy is the lowest in the narrowest part of the
nanoring, thus the sum of these energies roughly scales with the ring width (figure 4.9a). This
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result is expected since the domain wall size in the widest part is larger than in the narrowest part.
This is a direct demonstration that the inhomogeneous potential landscape result from the
asymmetrical shape of the ring and the domain wall energy is directly proportional to the
variation of the ring width (figure 4.9). Similar qualitative simulation results were obtained for all
studied ring geometries. Note that the total domain wall energy shown in figure 4.8a represents
the spatial variation of the domain wall energy, U, which lead to the local force, Fy, proportional
to the width-gradient of the ring.

On the other hand by considering the performed series of micromagnetic simulations of domain
wall dynamics, it is possible to demonstrate whether the spatial control of the phase shift and the
correlated domain wall velocity oscillations observed in the experiment, are related to the natural
extrinsic pinning sites, or whether they result from the sample fabrication. The obtained
micromagnetic simulation results, the phase difference and the velocity profile of the domain
wall dynamics in a 500 nm asymmetric ring are presented in figure 4.10. As mentioned above,
the rotating magnetic field burst pulse is chosen to be similar to the experiment (counter-
clockwise sense of rotation), with a field strength of 2600 A/m and a rotation frequency of f =
10 MHz. The figure shows that the phase shift is strongly correlated to the shape of the ring. This
is very similar to the observed result in the experiment, even though the micromagnetic
simulation dynamics are performed in defect-free systems, as described above. This simulated
result demonstrates that the inhomogeneous potential landscape leads to a maximum domain wall
velocity in the widest part of ring, where the sign of the local force is switched, confirming the
observation in the experimental results.

200

f=10MHz start. angle = 0° 90°
307 — = — phase shift
= 5] — =« —DW velocity 180° 1150 g
3 ) 270° <
= 0 _\ﬁ-\’_’__fm\_‘ g
< g,
7 <
o 1100 =~
% 2] ./ ‘\'\J\ S
"~ o )
= Y \_‘f'- | =
Q -504 \.-L-\ J’J\' .lllL '\.hJj_ >
/ 150
-75 T T T T T T T T T ' T v
0 100 200 300 400 500 600
angle(deg.)

Figure 4.10: Domain wall velocity (red) and phase difference (black) plotted as a function of the
domain wall azimuthal coordinate, illustrated in the inset schematic of the ring shape, obtained
from micromagnetic simulation of domain wall motion in a 500 nm asymmetric ring [114].
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IVV. Conclusion

In conclusion, we have directly imaged controlled domain wall propagation in asymmetric ring
structure driven by rotating magnetic fields.

The observed periodic oscillations of domain wall velocity occurring below the Walker
breakdown present a general feature of the domain wall propagation in curved geometries, which
can be attributed to the two-dimensional motion of a vortex core of the vortex wall, due to
different forces acting on it. The relevant forces are proportional to the applied field and the
geometry of the inhomogeneous ring which leads to a spatially dependent domain wall potential
landscape with a minimum domain wall energy, U, in the narrowest part of the ring and
maximum velocity in the widest part.

The pump and probe experiment of domain wall propagation driven by a rotating magnetic field
demonstrates that the observed oscillatory velocity profile can be tailored by the variations of the
domain wall potential landscape, leading to a global maximum velocity in the widest part of the
ring. This behavior can be explained by the interplay between the forces resulting from the
Zeeman energy and the local forces arising from variations of domain wall energy due to the
inhomogeneous ring width.

Furthermore, the inhomogeneous domain wall potential landscape stabilizes the radial motion of
the vortex core in the domain wall, keeping the internal spin structure constant and leading to the
observed circular trajectory of the vortex core. Therefore the oscillations must result from the
variation of the ring width which is related to the varying tangential force arising from the non-
zero phase difference, since the radial forces acting on the domain wall can be excluded and only
the tangential forces should be considered. This is an important result since the latter effects,
which in our case lead to these domain wall oscillations, can be extrinsically tailored and
controlled by the geometry of the structure. The minimum of the domain wall energy landscape
presented in the narrowest part of ring leads to the spatial synchronization of domain wall
velocities. This means that even for domain walls starting at different positions, the velocities can
be reliably and reproducibly controlled, by tailoring the potential landscapes in the ferromagnetic
rings.

Finally, by performing a series of micromagnetic simulations on defect-free systems, we
demonstrate that the spatial control of the phase shift and the correlated domain wall velocity
oscillations observed in the experiment, are not related to the extrinsic pinning sites, resulting
from the sample fabrication. We have demonstrated as well that all micromagnetic simulation
results are consistent with the experimental observations and explain the velocity oscillations
from the energetics of the asymmetric potential landscape.
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Chapter 5

Domain wall automotion induced by geometrical
effects in asymmetric ferromagnetic rings

Abstract

In contrast to field- and spin transfer- driven domain wall motion, automotive propagation is the
displacement of a magnetic domain wall due to the influence of the demagnetization and
exchange energy present in nanoscale spintronic devices. These latter occur without the presence
of external stimuli, such as magnetic fields or spin-polarized charge currents, leading to motion
which is instead resulting from the topological interaction between domain walls and an energy
gradient associated with the spin structure change when the geometry is changing. Thus by
relaxing an excited system, the stored energy can move the domain wall, which leads to a new
concept of so-called automotive domain wall motion. In this chapter, we report a direct dynamic
experimental visualization of spontaneous domain wall propagation in asymmetric ferromagnetic
rings, with different widths in the narrowest part, without the existence of an external driving
magnetic field. Surprisingly, even at zero external magnetic field, we observed domain wall
automotion with an average velocity of about ~ 60 m/s, which is a significant speed for spintronic
devices based on domain wall dynamics. We show that the domain wall inertia and the stored
energy allow the walls to overcome both the local extrinsic pinning and the topological repulsion
between domain walls. Our experimentally obtained angular dependencies of spontaneous
domain wall velocities can be explained based on the minimization condition of the
magnetostatic and exchange energies. Micromagnetic simulations have been carried out for
magnetic rings with different dimensions. In addition to providing visualization of the spin
structure for comparison with the experimental results, micromagnetic simulations help to
investigate the detailed intrinsic spin structure changes and their contribution to the domain wall
dynamics. We demonstrate that both simulation and experimental results are qualitatively
consistent with one another.

This chapter is arranged as follows. In Section | we motivate and introduce the work. In Section
Il we present our sample and experimental approach. In section 111 we present our experimental
and micromagnetic results. All the results is compared and discussed in section 1V and finally in
Sections V we summarize the work.
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l. Introduction:

Geometrically confined magnetic domain walls in magnetic nanostructures have recently become
the focus of intense scientific interest. Due to the geometrical constraints of the magnetic
nanostructure, different types of domain walls can occur in comparison with the bulk and
continuous films. The spin structure of such domain walls, e.g. 180° head-to-head walls, are
usually dominated by the geometrical environment rather than by the material properties as is the
case for bulk material [64, 129-133]. This indicates that by changing smoothly the geometrical
parameters we can easily tailor domain wall properties, which is an alternative to including
notches within the nanostructure [133, 134] (see chapter 4). It is well known, from a fundamental
physical point of view, that the domain wall types are formed to minimize the energy terms
(exchange, magnetostatic, and anisotropy) which govern the magnetization configurations in
small magnetic structures (see chapter 1). Therefore, studying the geometrical dependence of the
domain wall propagation, allows for a deeper understanding of the interplay between the different
energy terms and the resulting propagation of the domain wall.

Recently, the study of ferromagnetic nanorings has started to draw the attention of numerous
research efforts, due to the promise shown by flux-closure states (vortex states) for spintronics
applications due to the potential for high memory densities and their expected stability. In
magnetic structures the magnetic configurations are defined by the shape of the edges and are
thus very sensitive to edge roughness and shape fluctuations, due to the demagnetization field
induced by dipolar interactions close to the edge borders. These effects lead to some complexities
in the switching mechanism of these elements. In circular structures, one proposed method to
overcome such complications is by using the magnetic flux closure (vortex) state where the edge
roughness does not significantly affect behavior. This vortex state has been proposed for use in
magnetic random access memories in rings [108]. Asymmetric ferromagnetic nano-rings
represent one candidate geometry for such applications because they exhibit a very stable vortex
state, where the direction of the spins is aligned with the ring edges, either counterclockwise or
clockwise [65, 135]. Furthermore the rings geometry is very useful for the study of domain wall
propagation since it allows for a selective positioning of created domain walls by applying a
saturated field along different angular directions. On relaxation of the magnetization from
saturation, by removing the field, the magnetic configuration is transformed to the onion state
with a tail-to-tail and head-to-head wall on opposing sides of the ring at the position defined by
the applied field [64-66] (see chapter 2 - section V). This method of creating domain walls results
in reproducible domain wall types for certain ring geometries even along different field directions
and at room temperature. This simple method to control the domain walls position in rings is in
contrast to the case with straight wires, where it is quite difficult to manipulate the domain wall
position using an external saturating field.

Whilst the vortex state of the ferromagnetic ring structure has a lower energy than the onion state
[136] depending on the geometry, the two states are separated by an energy barrier, resulting in
two metastable configurations.
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In the vortex state, two-fold degeneracy of the magnetization chirality (clockwise and
counterclockwise) can be used to encode binary data bits. Furthermore these bits could be stored
densely without any coupling between neighboring structures due to the absence of stray fields.
Thus, many studies have been devoted to explore the vortex chirality in rings controlled by a
uniform external magnetic field. It has been found that for symmetric rings, the orientation of the
vortex cannot be manipulated by a uniform magnetic field [128], since the reversal mechanism
from the onion (high-field) state to the flux closure (intermediate-field) state occur via domain
wall motion at zero external magnetic field. In this process both domain walls in the ring move to
each other and get annihilated, resulting a vortex magnetization state. In contrast in asymmetric
rings, it is possible to easily control the vortex chirality by a homogeneous external field [128,
137, 138, 139], due to the interplay between different forces acting on the domain walls which
can be found in such geometrical structures.

For instance local forces arise from the domain wall energy changes due to the non-constant ring
width and there is the force resulting from the interaction between both domain walls, the so-
called topological interaction [140, 141]. Since the head-to-head and tail-to-tail domain walls in
magnetic nanowires behave in a similar manner to free magnetic monopoles carrying a single
opposite magnetic charge, they attract one another. In the former case, the inhomogeneous ring
width gives rise to a spatial energy dependence of the domain wall, U, which is expected to be
lowest in the narrowest part of the ring and the highest in the widest part of ring (as discussed in
see chapter 4).

To date, most studies have only investigated static properties of the vortex state. The direct
observation of the dynamical switching and domain wall, propagation in curved wires is still
lacking. Understanding the dynamics of domain walls in curved ferromagnetic geometries has
attracted great attention from not only the fundamental point of view but also the technological
point of view for spintronic devices based on the controlled motion of domain walls, such as
magnetic memory and magnetic logic devices [71, 73, 142, 143]. Therefore numerous studies
have been devoted to the understanding of the domain wall motion in ferromagnetic nanowires.
So far most of these studies have focused on the domain wall propagation driven by spin torque
[144] or by an external field along a straight nanowire [143, 73] and only recently, in curved
nanowires [24]. It is worth mentioning that a few studies have reported a presence of automotive
domain wall motion in ferromagnetic nanowire at zero applied external magnetic field [145, 146,
147]. As a definition, automotive propagation is the motion of a magnetic domain wall under the
influence of the magnetostatic and exchange anisotropy presented in nanoscale spintronic
devices, in contrast to external force driven domain wall motion (i.e via external magnetic fields
or current induced domain wall motion). This concept attract large interest for the development of
magnetic devices, since on the first hand automotion could be used to prevent or assist domain
wall pinning at low driving fields [79, 148]. Furthermore it is an avenues for to the needed
minimization of the energy consumption in the field of information technology (IT) based on
spintronic interconnects where the inertial motion of the domain wall is due to its shape [149].
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The domain wall propagation along any ferromagnetic nanowire includes, in principle, this
automotion mechanism, since it contributes implicitly to the velocity of the domain wall in all
cases, and therefore should not be neglected. Thus, in any experimental domain wall velocity
measurement one should carefully analyze the results taking into account the automotive forces,
although in the presence of fields, the resulting driving force from the Zeeman energy still
constitutes mostly the main driving force.

While a series of theoretical studies predict the existence of the spontaneous domain wall motion
at zero external magnetic field in a straight nanowire [146, 149], the experimental observation of
this phenomenon has proven difficult due to the strong domination of the demagnetization field,
and the natural roughness or defects resulting from the sample fabrication. Moreover, it is still not
clear whether the reduction of Zeeman energy can be strong enough to overcome the barrier
potential resulting either from the pinning centers or stray fields.

Here, we report a detailed study concerning the direct experimental visualization of the dynamic
automotive domain wall motion in asymmetric permalloy rings, with different widths in the
narrowest part, without the presence of external driving magnetic fields. Although the
micromagnetic simulations provide a quantitative determination of the energy contributions, they
are crucial to provide a comparison with the dynamic imaging experiment of the nanoscale spin
structure for a better understanding of the involved energy landscape which allows us for the first
time to directly check the previously reported predictions. We demonstrate that depending on the
size and geometry of the rings, the automotion process occurs during the domain wall relaxation
from the higher energy onion state to the energetically favored vortex state, where both domain
walls annihilate. Moreover micromagnetic simulations have been carried out for asymmetrical
rings with dimensions similar to the experimental systems. In addition the micromagnetic
simulation allow us to investigate the intrinsic spin structure changes and their contribution to the
domain wall dynamics, such as the topological structures of the vortex domain walls (i.e. the
chirality and polarity).

The obtained experimental results of the angular dependencies of automotive domain wall
velocities can be understood in terms of the minimization of the total energy of the system. For
example, the magnetostatic energy originating from the long-range attractive interaction between
walls is minimized since adjacent domain walls attract each other (when spaced further apart than
their width) because they always carry opposite topological charges [140, 141]. Moreover, the
energy originating from non-constant ring width resulting in a short-range local geometrical
forces is also minimized. Finally we note that understanding the automotion process allows us to
improve the control of the domain wall motion in the low field regime as well as the high field
regime, where domain walls are driven by an external magnetic field since the automotion
phenomenon is implicitly included. Hence, understanding the domain wall dynamics in curved
nanowires potentially improves the performance of future spintronic devices based on domain
wall motion.
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1. Samples and experimental

We study asymmetric ferromagnetic permalloy rings which have of an outer diameter of 5.5 um
and non-centered inner diameter of 4 um, and a thickness of 30 nm. Variation of domain wall
potential landscape were introduced to the sample by this non-concentric geometry, where the
inner circular cut-off is shifted with respect to the outer circular edge of the ring, making the
width of the ring angularly dependent (Figure 5.1a). The ring dimensions, width and thickness,
were chosen such that the vortex domain wall spin structure is the lowest energy magnetic
configuration within the whole ring width [15]. The onion state was formed after saturation with
a uniform external magnetic field [13, 66].

(a) (b)
12 ey T 2 T v T T T T T T

asymmetric rings 124

_ 6+ \ t=30nm
. -
@ 0 1,8 =
3 2
E s
= 11,2 &
57 2
T -18- E
g-o narrowest part —10.6 é
< -24- 100 nm
2 = 200 N 400 nm
10,0

5 -30 300 nm 500 nm

0 80 160 240 320 400
angle (deg.)

Figure 5.1: Schematic of the sample geometry and design used in our experiment. (a) Sample
overview for different magnetic structures with narrowest widths of 100, 200, 300, 400 and 500
nanometers. Permalloy thickness t = 30 nm [114]. (b) Merged STXM-XMCD image of an
asymmetric ring structure with a scanning electron micrograph image of the sample under
investigation. The unidirectional in-plane magnetic field pulse is generated by burst current
pulses, lxy, injected through one or both crossed-striplines, depending on the desired magnetic
field orientation. Yellow scale bar indicates a distance of 2 um. Black (white) contrast
corresponds to magnetization pointing to the left (right), as illustrated by the green arrows.

Furthermore the permalloy thickness (30 nm) is chosen as a compromise considering four
different effects: maximization of the XMCD contrast, ground state domain wall configuration,
avoiding the formation of 360° domain walls that can occur in rings of smaller thickness [115]
and lastly providing a relatively low depinning field for the domain wall motion [116].

Measurements of a series of samples which consist of permalloy asymmetric rings having
different widths in the narrowest part (ranging from 100 nm to 500 nm with 100 nm step size),
have been carried out in order to disentangle two influences on the domain wall dynamics: firstly,
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the imperfection in the nanowire, such as the natural surface and edge roughness which gives rise
to a position dependence of the domain wall energy, resulting in velocity variations because of
extrinsic pinning. Secondly the effect of the irregular potential landscape on the domain wall
automotion. This series of samples provides almost the same range of width gradients, ranging
from -11 nm/deg. to 11 nm/deg. (as shown in Figure 5.1a). We note that here we refer to the
widths in the narrowest part as a convention to name and differentiate between different ring
structures. The samples were fabricated by a lift-off process using electron beam lithography
(EBL) on 100 nm thick X-ray transparent SisN4 membranes, with magnetic material deposition
performed using molecular beam evaporation in an ultra-high vacuum (UHV) chamber. For the
generation of the in-plane magnetic field pulses, a 150 nm thick copper (Cu) crossed stripline was
fabricated on top of the magnetic structure, and capped by a 4 nm thick Au layer protecting the
copper from surface degradation (see Figure 5.1b). The whole sample fabrication process was
done through three successive steps, as described in chapter 2 - section 1.

The time evolution of the magnetization dynamics is recorded stroboscopically via a pump and
probe technique employing time resolved scanning transmission X-ray microscopy (STXM), with
a sub 30 nm spatial resolution, at the MAXYMUS endstation, Helmholtz Zentrum Berlin,
BESSY I, Germany (as described in chapter 2 - section IV). The in-plane magnetization
component was imaged by tilting the sample surface normal by 30° with respect to the incident
light direction. The contrast of the image is based on the X-ray magnetic circular dichroism
(XMCD) effect [43]. The data were recorded at the Ni Lsz-absorption edge (852.7 eV).

In this study, the pump consists of a repetitive unidirectional external uniform magnetic field
excitation of the magnetic nanostructures, created by periodic current pulses through crossed
micro-striplines in order to initialize the onion state [65]. The magnetic field orientation can be
defined by the injection of the current pulses through one stripline or injecting simultaneously
two burst pulses through the two ends of the orthogonal crossed striplines, see chapter 2 - section
VI).

After each unidirectional magnetic field excitation (~20 ns) the ferromagnetic rings are then in
the onion state, afterward the magnetic structures are relaxed and switch, through automotive
domain wall propagation, to the lowest energy state (vortex state) on a time scale of a few tens of
nanoseconds. We note that this annihilation process of the domain walls depends on different
physical aspects (as discussed below). It is worth mentioning that the experiment is repeated at a
repetition rate of 832 kHz and the transmission signal X-ray signal is recorded over more than ten
billion subsequent pulse cycles, and hence domain wall propagation events, ensuring a high
signal-to-noise ratio and demonstrating the reproducibility and the reliably of our measurement
results.
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1. Results

The experimental demonstration of automotion dynamics:
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Figure 5.2: Automotive domain wall propagation in an asymmetric ring (500 nm): (a) Left: A
time-resolved XMCD-STXM image at t = 0 ns showing the relaxed onion state after saturation
with a uniform external magnetic field H (red arrow), along the asymmetrical axis of the ring
(m/4). The vortex core polarity of both vortex domain walls (p = +1) is indicated in red (head-
to-head) and blue (tail-to-tail). This image visualizes the magnetization state just before the
start of the automotion process. The yellow arrows indicate the direction of the magnetization.
Right: Domain wall velocities plotted as a function of the azimuthal angle. (b) Left: A time-
resolved XMCD-STXM snapshot at t = 58 ns showing the vortex state (clockwise) after the
annihilation process of the domain walls. Red and blue line illustrates the trajectory of the
domain wall center, extracted from the time resolved movie. White (black) contrast
corresponds to magnetization pointing to the right (left). Right: Domain wall velocities plotted
as a function of time.
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To investigate the automotion mechanism in detail, we dynamically imaged the propagation of
vortex domain walls in a series of samples having different widths in the narrowest part
(described above).

As a general description of the experiment, the ferromagnetic rings are initialized in the onion
state, following a magnetic field excitation. Afterwards the magnetic structure is relaxed and
switched, through automotive domain walls propagation, to the lowest energy state (vortex state)
on a time scale of a few tens of nanoseconds. In the asymmetrical ring geometry one can find
different types of domain wall automotion depending on the angular position of the initial domain
wall with respect to the asymmetrical shape and width gradient of the ring structure. For instance,
domain wall automotion of both walls takes place when both domain walls are placed along the
perpendicular direction to the symmetrical axis of the ring (i.e. n/4 axis) (see Figure 5.2a) and
move toward each other. A single automotion event of one wall happens when one wall moves
toward the second pinned domain wall in the narrowest part of the nanoring, as both domain
walls are initially placed along the symmetrical axis of the ring.

We note that the domain wall position is roughly defined by the position of its vortex core. In
general, a way to experimentally determine the orientation of the vortex core polarity is by the
sense of gyration of the vortex core after the field driven domain wall, as we reported recently in
[118]. However, in this experimental study we image domain wall motion at zero field, therefore
it is difficult to determine exactly the polarities, in combination with some technical limits (e.g
lateral and time resolution of the experiment). Thus, the domain wall polarity in all experimental
movies, discussed here, is defined as a positive polarity (p = +1) as we observed in Ref. [24,
118].

As is known for all spontaneous and switching mechanisms, the exact evolution depends mainly
on the pinning and thermal activation [15, 150] which determine the time for reversal and
modifies the evolution, leading to additional blurring of the XMCD-image that is averaged across
all repetitions in our experimental imaging technique, as described in chapter 2. Therefore during
this switching process, the image contrast of the vortex domain walls is slightly blurred, leading
to less accuracy in defining the exact vortex core position during the automotion. In other words,
the extracted domain wall position represents the averaged domain wall position (e.g. the wall
center).

.1 Automotive propagation of multiple vortex walls with the same chirality

As a first step, we recorded the magnetic structure after the injection of a short unidirectional
uniform magnetic field excitation with field strength of B = 9 mT and pulse duration of ~ 25 ns.
The Zeeman energy is minimal when both domain walls align with the applied in-plane external
magnetic field, thus the two domain walls are roughly positioned along the orientation of the
magnetic field pulse, which is in this case the perpendicular direction to the symmetrical axis of
the ring (i.e. w/4 axis), as shown in figure 5.2a. This figure depicts the initial magnetic
configuration and position of the two domain walls, at t = 0 ns, for a 500 nm asymmetrical ring
structure. In this case, we can clearly see that the chirality of the two domain walls is clockwise
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(c = —1) after a unidirectional magnetic field excitation. This is in contrast to the chirality
formed when using a rotated magnetic field excitation, where the two diametrically opposed
vortex domain walls always have opposite chiralities after rotation, as we reported in [118].

In the next step, after the onion state nucleation process following the magnetic field pulse, we
dynamically imaged the spontaneous domain walls propagation at zero fields. The dynamic
domain wall propagation was imaged in a stroboscopic scheme in which a snapshot of the
moving domain walls is taken every 2 ns, as described above. The temporal resolution of a single
frame is limited by the electronics jitter to ~ 250 ps (see chapter 2 — section 1V).

The results of the automotive domain wall propagation of two walls in the asymmetric ring (500
nm in the narrowest part), are shown in figure 5.2. We present the experimental velocity profile
for both domain walls plotted as a function of the azimuthal angle around the ring, as well as a
function of time. We note that these velocity values are the magnitude of the angular velocity of
the vortex core, extracted from the measured time-resolved movie, multiplied by the mean radius
of the ring structure. The duration of the full magnetization switching process of the ring, from its
initial onion state to vortex state at zero field, is roughly 58 + 2 ns.

The domain walls start to move at t < 2 ns, just after the unidirectional magnetic field is
removed. The velocity profiles in figure 5.2b clearly show that the tail-to-tail wall (in blue)
accelerates first and reaches as its maximum velocity at ¢t = 12 ns, whereas the maximum
velocity of the head-to-head wall (in red) is reached at t = 20 ns. This can be easily explained by
the fact that the initial position of the tail-to-tail domain wall is slightly closer to the highest
width gradient of the ring than the head-to-head wall, since the onion state is not perfectly aligned
with the perpendicular direction of the symmetrical axis of the asymmetric ring. Thus, the
influence of shape of the sample on the domain wall resulting from the highest width gradient is
highest at the beginning for the tail-to-tail wall. The velocity of this wall oscillates slightly during
the propagation, possibly due to a pinning center naturally occurring due to unavoidable defects
and edge roughness from the fabrication process. This pinning effect may lead to some
stochasticity in the spin structure configuration of the vortex domain wall, in turn leading to
additional blurring of the domain images resulting from the thermal activation. At t = 34 ns the
tail-to-tail wall increases its velocity, which is smaller than the first acceleration as the wall has
already passed the highest width gradient position (see figure 5.1a), and is now closer to the
narrowest part (zero width gradient) where both domain walls annihilate. On the other side, the
head-to-head domain wall starts to decrease it velocity at t = 34 ns. We note that the global
velocity maximum of both domain walls are roughly equal (~ 45 m/s).

We also note that a small effect of the domain wall inertia can be observed during the
annihilation process of both domain walls. This can be concluded from the fact that the domain
walls slightly overshoot the narrowest part of the ring, which represent the global minimum of
the domain wall potential landscape, by getting relatively much slower. However this effect is
relatively small, since the domain wall velocity and at this region is the lowest.



Domain wall automotion in asymmetric ring|Chapter 5|Page | 103

11.2. Automotive propagation of multiple vortex walls with opposite chirality
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Figure 5.3: Automotive domain wall propagation in an asymmetric ring (400 nm): (a) Left: A
time-resolved XMCD-STXM image at t = 0 ns of the onion state after one full rotation of the
magnetic field H (red arrow). The vortex core polarity for both vortex domain walls (p = +1) is
indicated in red (head-to-head) and blue (tail-to-tail). This image visualizes the magnetization
state just before the start of the automotion process. The yellow arrows indicate the
magnetization directions. Right: Domain wall velocities plotted as a function of the azimuthal
angle. (b) Left: A time-resolved XMCD-STXM snapshot at t = 50 ns showing the vortex state after
the annihilation process of both domain walls. Red and blue lines illustrate the trajectory of the
domain wall center extracted from the time resolved movie. White (black) contrast corresponds
to magnetization pointing to the right (left). White scale bar indicates a distance of 1 um. Right:
Domain wall velocities plotted as a function of time.
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In order to investigate the automotive vortex domain wall dynamics in terms of the topological
character of the walls (chirality), we now study the approach of two vortex walls of opposite
chirality. This provides us with a comparison to the previous approach of two vortex domain
walls of the same chirality.

Here we discuss the experiments that dynamically image the magnetic structure of vortex domain
wall propagation at zero field after the injection of a clockwise rotating magnetic field pulse. This
latter, consists of two rotations with a constant field strength of B = 6.8 mT and fixed rotation
frequency (f = 10 MHz). The sample is a 400 nm wide asymmetric ring. The rotating magnetic
field pulse is used instead of the unidirectional field, discussed above, in order to define opposite
chiralities (c = +1) for the two vortex domain walls. This nucleation process is highly
reproducible, meaning that the domain wall chirality can be set with high fidelity, as reported in
Ref. [118]. We note that the shape anisotropy for both this and the previous asymmetrical ring
structure (i.e. 400 nm and 500 nm) are very similar, as we can infer from the width gradient
plotted in figure 5.1 where the differences in value can be easily neglected. Thus as a first
approximation we can consider that both ring structures have the same geometrical contribution
to the magnetization dynamics.

The Zeeman energy is minimal when both domain walls align with the applied in-plane external
magnetic field, thus the relaxed domain walls are positioned along the orientation where the
rotating magnetic field pulse is abruptly switched off, which is in this case along the ~ n/2
direction, as shown in figure 5.3a. This figure depicts the initial magnetic configuration and
domain wall positions for the onion state (at t = 0 ns) after a full rotation of the magnetic field in
the clockwise direction.

We can clearly observe that the two vortex domain walls have opposite chiralities, with the head-
to-head and tail-to-tail domain walls having counter-clockwise (¢ = +1) and clockwise (¢ = —1)
chirality, respectively. This is in agreement with our reported results in symmetric ring systems
where the two vortex domain walls always have opposite chiralities, following a full rotating
field pulse [118].

In the next step, we dynamically image the automatic domain wall propagation at zero field. The
results of the automotive propagation of multiple domain walls in the asymmetric ring are shown
in figure 5.3. The domain walls move towards the narrowest part during the annihilation process.
This figure presents the experimental velocity profile for both domain walls plotted as a function
of the azimuthal angle around the ring, as well as a function of time. The duration of the full
annihilation process of the domain wall is roughly 50 + 2 ns. It is worth mentioning that the
duration of the full magnetization switching process of the ring, from its initial onion state to
vortex state at zero field in this case occurs sooner than in the previous case, shown in figure 5.2
where the two walls have the same chirality.

The walls continue to move spontaneously, after the external magnetic field is removed. The
velocity profiles in figure 5.3b clearly show that the head-to-head domain wall (in red) starts with
a high velocity and continues to accelerate slowly in time until reaching its maximum velocity at
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t = 24 ns, which represents roughly the highest width gradient position for this wall. Afterwards
the wall starts to decelerate and continues moving to the narrowest part of the ring, where the
local forces, resulting from the spatially dependent domain wall energy, are expected to reach a
minimum, before being annihilated with the tail-to-tail wall (in blue). This can be explained by
the fact that the head-to-head domain wall is rotating and has just passed the widest part of the
ring before the driving rotating magnetic field pulse is removed. In chapter 4 we have explained,
in a similar ring structure, that the oscillations of the domain wall velocity must result from the
variation of the ring width which leads to the varying tangential force arising from the non-zero
phase difference. Thus, the phase shift is strongly correlated to the shape of the ring structure. At
this part of the ring the negative value of the phase difference (i.e. the angle between the field, H,
and the azimuthal vortex core position) is largest, thus the driving force is maximal and hence the
domain wall was accelerating and its velocity has reached a global maximum. Therefore once the
rotating field is removed and the automotion process began, the wall velocity was higher.

On the other hand the tail-to-tail wall was rotating during the field pulse for t < 0 ns, towards the
widest part of the ring which leads to an increase of the domain wall energy and results in a non-
zero value of the local force Fy = —grad U (where U is the local domain wall energy), oriented
against the propagation, as a restoring force toward the narrowest part of the ring. Therefore the
wall at t < 2 ns, starts with a lower velocity. However, since the wall was initially placed very
close to the highest width-gradient position (—0.42 rad/m), it accelerates and reaches a local high
velocity at this position (t = 12 ns), which is lower than the head-to-head wall since the
influence of the shape of the sample on the domain wall resulting from the highest width gradient
is lower as well. Equivalent to the effect observed for the head-to-head domain wall, the tail-to-
tail starts to decelerate after crossing the highest width-gradient area.

At t = 22 ns the tail-to-tail wall again increases its velocity since both domain walls are moving
closer to each other. At this position there are three attractive forces acting on the walls, which
are oriented in the propagation direction. Thus the second velocity increase can be easily
explained by these forces, as discussed below in section IV. However, contrary to the previous
case (i.e. vortex walls with the same chirality), the short-range interaction force arising and
resulting from the detailed topological nature of the walls, is an attractive force since the
topological vortex defects of both walls have opposite winding number. Therefore we observe a
global maximum velocity (~53 m/s) at t = 32 ns. This is maximum in the velocity constitutes a
direct demonstration of the short-range attractive force when we compare with the former case
discussed above where the second maximum velocity is lower.

The tail-to-tail wall velocity oscillation is explained by the interplay between the relevant forces
that act on the wall and the local pinning potential resulting from extrinsic effects, such as defects
and imperfection in the nanowires. These are expected to give rise to a spatially varying energy
landscape for domain walls [151], and the interaction of the moving domain walls with the local
pinning potential is expected to result in velocity variations due to extrinsic pinning. This effects
impacts slow domain walls whereas fast walls are able to overcome the extrinsic pinning due to
the stored magnetostatic energy which scales linearly with the wall velocity and behaves as an
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energy reservoir, leading to a domain wall inertia [24, 62]. This is clearly observed in the results
presented in figure 5.3 where there is an indication of extrinsic pinning for the head-to-head wall
exhibiting a maximum automotive velocity roughly equal to ~ 75 m/s. Finally, the walls move
towards each other until they annihilate at t = 50 + 2 ns.

11.3. Automotive propagation of a single vortex domain wall
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Figure 5.4: Automotive domain wall propagation in an asymmetric ring (100 nm): (a) Left: A
time-resolved XMCD-STXM image at t = 0 ns showing the relaxed onion state after saturation
with a uniform external magnetic field, H (red arrow), along the symmetrical axis of the ring
(3t/4). The vortex core polarity of both vortex domain walls (p = +1) is indicated in blue (head-
to-head) and red (tail-to-tail). This image visualizes the magnetization state just before the start
of the automotion. The yellow arrows indicate the direction of the magnetization. Right:
Domain wall velocities plotted as a function of the azimuthal angle. (b) Left: A time-resolved
XMCD-STXM snapshot at t = 86 ns showing the vortex state (clockwise) after the annihilation
process of the domain walls. Red & blue lines illustrate the trajectory of the domain wall center,
extracted from the time resolved movie. White (black) contrast corresponds to magnetization
pointing to the right (left). Right: Domain wall velocities plotted as a function of time.
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In order to investigate the automotive dynamics of a single domain wall traveling a longer
distance, along the half ring, we now study the approach of a vortex wall towards a second
pinned wall in the narrowest part of 100 nm wide asymmetric ring structure. This provides a
comparison to the previous measurement of two moving vortex domain walls and open up the
possibility to learn more about the automotive domain wall propagation in different ring-width
gradient.

The experiments employ a short unidirectional uniform magnetic field excitation along the
symmetrical axis of the ring (i.e. ~ 3n/4 direction), with field strength of B ~ 9 mT and pulse
duration of ~ 25 ns. Figure 5.4a depicts the initial magnetic configuration and position of the two
domain walls, at t = 0 ns. We note the magnetic field pulse duration and strength are not enough
to perfectly align both domain walls along the symmetrical axis of the ring, as seen in the figure.
Similarly to the former nucleation process, both domain walls should have the same chirality. We
can clearly observe that the tail-to-tail domain wall has a clockwise chirality (c = —1), whereas it
is more difficult to easily identify the head-to-head chirality, due to the spatial resolution
limitation at this narrowest part of the ring and the resulting small wall width.

The results of the automotive domain wall propagation in the 100 nm asymmetric ring geometry,
are shown in Figure 5.4. This figure show the experimental velocity profile for both domain walls
plotted as a function of the azimuthal angle around the ring, as well as a function of time. The
tail-to-tail wall moves toward the second wall in the narrowest part before being annihilated. The
duration of the full annihilation process of the domain wall, is roughly 86 + 2 ns.

The domain walls start to move spontaneously at t < 2 ns, just after the unidirectional magnetic
field is removed. The velocity profile in figure 5.4b clearly shows that the tail-to-tail domain wall
(in red) accelerates first and reaches two local maximum velocity at t = 14 ns and t = 32 ns, as
at this part of the ring (widest part) the domain wall energy, U, is the highest. This velocity
oscillation is explained by the interplay between the relevant forces that act on the wall and the
local pinning potential resulting from extrinsic effects, such as defects and imperfections in the
nanowires as explained above. At t = 32 ns, the wall experiences a strong pinning effect thus the
domain wall start to decelerate to a local minimum at t = 46 ns. We note that again this is due to
extrinsic pinning, since this drop of velocity was not observed at this position in different field
sequence (not shown). Afterwards for t > 46 ns the tail-to-tail wall velocity increases since the
wall is roughly at the highest ring-width gradient where the local forces, Fy, resulting from the
spatially dependent domain wall energy are expected to reach a maximum. Furthermore the long-
range mutual interaction force becomes more significant since it is inversely proportional to the
separation between the domain walls.

On the other hand, the head-to-head wall is initially placed close to the narrowest part of the ring
(i.e /4 offset). At this position the wall experience local forces, which drive the wall towards
the narrowest part in such a way as to minimize its energy, before getting pinned at roughly t =
36 ns. However we can clearly infer from the graphs in figure 5.4b that the velocity for the head-
to-head wall, is initially higher than for the second wall. This is due to the fact that during the
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nucleation process, the head-to-head wall was already driven toward the narrowest part before the
unidirectional uniform magnetic field has been removed, whereas the tail-to-tail wall was driven
towards the widest part (opposite to its automotion direction after removing the field).
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Figure 5.5: Micromagnetic simulations of domain wall dynamics at zero-field, comparing two

different magnetic configurations where in both cases the domain walls have opposite

chiralities. Top: domain walls with opposite chilarities and opposite polarity. Bottom: domain
walls with opposite chilarities and same polarity (p = +1). (cl = chirality of left domain wall, pl =
polarity left, cr = chirality right, pr = polarity right). Head-to-head wall on the left and tail-to-tail
wall on the right. Panels (a) and (d) show the spin structure of the 400 nm ring geometry. The
color code represent the magnetization direction visualized by the small black arrows. Panels (b)

and (e) show the trajectory of the vortex core extracted from the simulated movies, plotted in

red and blue for the head-to-head and tail-to-tail domain wall, respectively. Panels (c) and (f)

present the domain wall velocities plotted as a function of the azimuthal angle.
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1.4 Micromagnetic simulation

In order to investigate the detailed intrinsic spin structure changes and their contribution to the
domain wall dynamics at zero-field, such as the influence of the topology of the vortex wall, and
compare with our experimental results, we performed a series of micromagnetic simulations
using the MicroMagnum code [123]. This not only provides a quantitative determination of the
energy contributions, but also opens up the possibility to learn more about the relevant energy
landscape and the origin of the automotion process. The dimensions of the simulated asymmetric
rings presented here are the same as in the experiment, (as discussed above in subsection 111.2)
with an outer diameter of 5.5 pm and non-centered inner diameter of 4 pm (400 nm in the
narrowest part), a thickness of 30 nm and a cell size of 5 x 5 x 30 nm3. We note that the proper

dimension of the grid size is defined based on the so-called exchange length, ., = \/24/uoM2,
which depends on the magnetic properties. For instance, in our case the exchange length, [, =
5 nm, which is typical for permalloy. The exchange length determines the characteristic length
scale over which the exchange interaction is dominant. Thus, the magnetization is spatially
uniform, over ~ l,,. Therefore, the cell size, in a micromagnetic framework, has to be smaller
than [, and at the same time not too small in order to reduce the simulation time and be
consistent with the mesoscopic approximation of the model [125].

In general, tail-to-tail and head-to-head domain walls carry opposite magnetic charges [140].
They always attract each other when they are placed further apart than their width. Here the
domain wall configuration under discussion is the vortex domain wall in the two-dimensional
model [126]. This can be understood as a composite object composed of elementary topological
defects [107], where the magnetization curls in-plane around the central vortex core (see chapter
1). These defects can be at the edges or within the interior of the nanowires. For a vortex domain
wall, the edge defects have either - 1/2 or + 1/2 winding number, whereas the central defects have
+ 1 [30]. The total winding number or topological charge of a domain wall has always to be zero.

In this section we present a systematic micromagnetic simulation study of domain wall motion at
zero-field in 400 nm asymmetric rings in the onion state. This allows us to investigate the
spontaneous dynamics of domain walls in terms of their topological character. We vary the
vortex chirality (c = +1 or ¢ = —1) and the vortex core polarity p (anti-parallel (p = —1) or
parallel (p = +1) to the z-direction) and we calculate domain wall automotion. From this we
extract the propagation velocities, which is exactly what we measure experimentally. Both
domain walls are initially placed along the in-plane angle (azimuthal axis) shifted ~ /4 from the
symmetrical axis of the ring, with the tail-to-tail wall closest to the narrowest part, similar to the
experiment presented in figure 5.3. The position of the vortex core was extracted by fitting a
Gaussian through the M, (out-of-plane) component of the magnetization. In general, such
simulations of curved geometries lead to artifacts due to the cubic discretization of a curved
surface that can entail artificial pinning at the edges of the nanoring which is detrimental to the
domain wall automotion process. Therefore we define a smooth profile of the saturation
magnetization along the edges of the nanoring to reduce this pinning.
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Figure 5.6: Micromagnetic simulations of domain wall dynamics at zero-field, comparing two
different magnetic configurations where in both cases the domain walls have same chiralities
(c = +1). Top: domain walls with the same chilarities and the same polarities (p = +1).
Bottom: domain walls with the same chilarities and same polarity (p = +1). (cl = chirality of left
domain wall, pl = polarity left, cr = chirality right, pr = polarity right). Panels (a) and (d) show the
spin structure of the 400 nm ring geometry. The color code represents the magnetization
direction visualized by the small black arrows. Panels (b) and (e) show the trajectory of the
vortex core extracted from the simulated movies, plotted in red and blue for the head-to-head
and tail-to-tail domain wall, respectively. Panels (c) and (f) present the domain wall velocities
plotted as a function of the azimuthal angle.

Figure 5.5 presents the micromagnetic simulations of domain wall dynamics at zero-field,
comparing two different magnetic configurations where in both cases the domain walls have
opposite chiralities. In figure 5.5-bottom, the domain walls have the same polarities (p = +1)
and opposite chilarities (this head-to-head wall: ¢ = +1 and this tail-to-tail wall: ¢ = —1),
mirroring the experimental approach discussed in subsection 111.2 and shown in figure 5.3. Thus
by comparing both experimental (figure 5.3a) and simulated (figure 5.5f) results, we can clearly
see that the domain wall automotion is seen in the micromagnetic simulations is in good
qualitatively agreement with the obtained experimental results. The domain wall dynamics are
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well reproduced even though the micromagnetic simulation is performed for different conditions
than occur for the experiment, i.e. in a defect-free system and at zero Kelvin temperature.
Moreover, the results shown in figure 5.5f clearly demonstrate that the walls experience a strong
attractive interaction once they get very close to each other, as observed in the experiment. This
effect manifests itself as a dramatic increase of the domain wall velocity just before the
annihilation process occurs in the narrowest part of the ring. This is due to the attractive nature of
the short-range exchange interaction force [140], resulting from the detailed topological nature of
the walls with opposite chiralities, as mentioned above.

Figure 5.6 presents the micromagnetic simulations of domain wall dynamics at zero-field,
comparing two different magnetic configurations where in both cases the domain walls have
same chiralities ¢ = +1. In (figure 5.6 top), the domain walls have the same polarities and
chilarities (these head-to-head wall and tail-to-tail wall (p = —1;c = +1)) similar to the
experimental approach discussed above in subsection I11.1 and shown in figure 5.2. Here the
studied geometry is a 400 nm asymmetric ring, whereas it is a 500 nm asymmetric ring with a
positive polarity for both domain walls in the experiment. However as discussed above, we can
expect both ring structures to have the same geometrical contribution to the magnetization
dynamics. Thus on comparing both results we can in general find qualitative good agreement.
Moreover, the results shown in figure 5.6f clearly demonstrate that the walls experience a short-
range repulsive interaction once the walls get very close as in experiment. This is due to the
repulsive nature of the short-range interaction force, resulting from the detailed topological nature
of the walls with the same chiralities [140]. This effect lead to a slow decrease of the velocity of
the tail-to-tail domain wall just before the annihilation process in the narrowest part of the ring.
This result is in contrast to the previous case shown in figure 5.5f, confirming our experimental
results qualitatively shown in figure 5.2b at t = 30 ns.

In order the investigate the automotion of domain walls in terms of their detailed topological
nature and to provide a further understanding of the internal spin structure dynamics at zero field,
figure 5.7 presents a comparison between two other magnetic configurations. Again, in both
cases the domain walls have opposite chiralities and varying polarities. The results shown in
figure 5.7f clearly demonstrate that the walls experience a strong attractive interaction once the
walls get very close to each other (as discussed above), which roughly reproduces the results in
figure 5.5f and similar to the experimental results where domain walls have the same chirality (in
term of the velocity increase of the walls when they approach to each other).

There are clearly several other effects going on concerning the detailed automotive vortex
domain wall propagation while varying their topological character such as the vortex chirality
and core polarity, which we do not focus on here. For example the detailed feature in the wall
velocity when varying their polarities. However, the main message is that the domain wall
automotion locally depends on the detailed topological nature of the walls, without inhibiting,
globally, the annihilation of domain wall, which always occurs in our studied system because of
the relevant forces on the vortex domain wall spin structure, as discussed below in section V.
Therefore by varying the detailed topological parameters we could observe small differences in
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the domain wall velocities and trajectories as well as the duration and exact position of the
annihilation (figure 5.5, 5.6 and 5.7). For example the topological defects influence the domain
wall propagation dynamics by accelerating or decelerating the switching process between the two
different ordered states: onion and vortex state.
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Figure 5.7: Micromagnetic simulations of domain wall dynamics at zero-field, comparing two
different magnetic configurations where in both cases the domain walls have opposite
chiralities. Top: domain walls with opposite chilarities and same polarity (p = —1). Bottom:
domain walls with opposite chilarities and opposite polarity (p = £1). (cl = chirality of left
domain wall, pl = polarity left, cr = chirality right, pr = polarity right). Head-to-head wall on the
left and tail-to-tail wall on the right. Panels (a) and (d) show the spin structure of the 400 nm
ring geometry. The color code represent the magnetization direction visualized by the small
black arrows. Panels (b) and (e) show the trajectory of the vortex core extracted from the
simulated movies, plotted in red and blue for the head-to-head and tail-to-tail domain wall,
respectively. Panels (c) and (f) present the domain wall velocities plotted as a function of the
azimuthal angle.
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V. Discussion:

Our first surprising experimental observation of domain wall automotion (with an averaged
velocity of ~ 60 m/s), in which the wall inertia is able to overcome the repulsive topological force
between the walls with the same chirality, as well as the barrier potential resulting from the
unavoidable sample imperfection that pin the wall, has not been previously observed. We explain
the underlying mechanisms of this behavior by considering the forces that act on the vortex
domain wall spin structure.

For sake of simplicity we consider the domain wall as a point-particle behavior, and,
consequently described by one single coordinate like the vortex core position (as described in the
1D model (see chapter 1 - subsections I1.1 and 11.2). There are four forces acting on the vortex
domain wall, one of which is a radial restoring force and the other three are tangential forces,
which act as an azimuthal driving force.

Firstly the long-range attractive interaction between the walls, at large separation, is purely
magnetostatic and largely independent of the chiral character of the domain walls. In nanowires,
domain walls in the long distance limit can be considered as free magnetic monopoles carrying a
single magnetic charge, with adjacent walls always having opposite charges.

Thus, the two walls always experience an attractive force (similar to the Coulomb force), pushing
the walls towards each another, as is clear from the electrostatic analogy [107]. The relevant
energy is mainly determined by the magnetic charge of the domain walls which serve as sources
for stray fields. Moreover, the interaction between walls (through stray fields) has a dipole nature
with the energy decreasing monotonically when the walls start to move towards one another.
Hence, the resulting force is inversely proportional to the separation (< 1/d) [140].

The second force that acts on the domain wall is the force resulting from the asymmetrical shape
of our ring structure, Fy = —grad U. As mentioned above this force results from the spatially
inhomogeneous potential landscape of the domain wall energy, U, in the asymmetric ring
landscape with a minimum in the narrowest part. The domain wall potential landscape has a
spatial dependence due to the exchange and dipolar energy variations in the domain wall spin
structure and thus it depends on the local ring width. This is demonstrated in Figure 5.8, where
we show the contribution to the domain wall energy at zero field in 500 nm asymmetric rings. At
zero field the domain wall energy, U = E,, + E4, consists only of the sum of the exchange
energy (E.,) and dipolar energy (E;). The energies are obtained from micromagnetic
calculations, by propagating the domain wall along the ring at different directions. These energies
allow the calculation of the local forces acting on the domain wall due to the potential landscape,
which are directed to the narrowest part of the ring. We can clearly infer from the graphs in figure
5.8 that the domain walls’ energy scales with the width of the structure, demonstrating that the
potential landscape can be tailored by the geometry. This force is therefore classified as a local
and short range-force, proportional to the width-gradient in the ring.
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Figure 5.8: Contributions to the domain wall energy at zero field (exchange + magnetostatic
energies) in 500 nm asymmetric rings. The red and blue curves correspond to the head-to-head
(left) and tail-to-tail (right) vortex domain wall, respectively, as shown in the inset. The energies
are obtained from micromagnetic calculations, by propagating the domain wall along the ring
with a field pointing along different directions. (a) Domain wall potential landscape plotted as a
function of domain wall position, (b) and as function of the ring width. These calculations has
been obtained with the help of Dr. B. Kriiger.

The third force that acts on the domain wall is the force resulting from the short-range
interactions, arising when the separation distance, d, between domain walls become small.
Contrary to the long-range attractive interaction force, this force depends on the detailed
topological nature of the domain walls (chirality) [140]. This leads to a repulsive or attractive
interaction whether the two vortex walls have the same or opposite chirality, respectively. This
effect can be understood by considering the spin structure of the vortex walls, as discussed in
Ref. [140, 141]. For instance, in vortex domain walls with the same chirality the spins between
the two walls cannot continuously rotate, since the spins at both sides of the domain are anti-
parallel. This leads to an increase of the exchange energy which opposes a further approach of
both walls toward each another. Whereas for vortex walls carrying opposite chirality the
magnetization can rotate continuously, because spins at both sides of the domain are parallel.
Therefore these interaction forces are a consequence of topological edge defects that keep the
total winding number of a domain wall equal to zero.

Finally the radial force that acts on the vortex wall is the restoring force, F,..q, resulting from the
shape anisotropy, which pushes the vortex core toward the center of the nanowire and depends on
the radial vortex core position as well as the ring width and material (see chapter 4 - subsection
111.2).
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Figure 5.9: Automotive domain wall propagation in an asymmetric ring (300 nm): (a) Left: A
time-resolved XMCD-STXM image at t = 0 ns showing the relaxed onion state after saturation
with a uniform external magnetic field H (red arrow). The vortex core polarity of both vortex
domain walls (p = +1) is indicated in blue (head-to-head) and red (tail-to-tail). This image
visualizes the magnetization state just before the start of the automotion process. The yellow
arrows indicate the direction of the magnetization. Right: Domain wall velocities plotted as a
function of the azimuthal angle. (b) Left: A time-resolved XMCD-STXM snapshot at t = 32 ns
showing the vortex state (clockwise) after the annihilation process of the domain walls. Red and
blue line illustrates the trajectory of the domain wall center, extracted from the time resolved
movie. White (black) contrast corresponds to magnetization pointing to the right (left). Scale bar
indicates a distance of 1um. Right: Domain wall velocities plotted as a function of time.

We now compare the domain wall velocities found experimentally for different magnetic
configurations. In particular we compare the results obtained for the both cases of automotive
propagation of multiple vortex walls with the same chirality (Figure 5.2) and opposite chirality
(Figure 5.3). For instance by considering the tail-to-tail wall velocity plotted in blue in the graph
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of figure 5.2b, we can clearly see that the second peak in velocity is lower than the first one,
whereas in figure 5.3b the second peak in velocity of the same wall (tail-to-tail wall) is higher
than the first one. We attribute this to the short-range exchange interaction force which is a
repulsive force in the first case (same chirality) and attractive in the second one (opposite
chirality), as the domain walls move close to each other (as discussed above). Moreover by
comparing the timing between these two local velocities (the second peak in velocity) and the
domain wall annihilation, we find that in the second case (figure 5.3b) the annihilation occur
sooner (~ 14 ns) than the first case (~ 24 ns) (shown in figure 5.2b). This further demonstrates the
significant contribution of the short-range interaction force to the dynamics. Additionally this
result is qualitatively in good agreement with our micromagnetic results, as described above in
subsection I11.5.

We note that in order to check the reliability and reproducibility of our experimental results the
automotion experiment is repeated in several samples with almost the same geometry. Almost all
samples reproduced similar results and showed similar physical behavior, with some examples
discussed above. However it is worth mentioning that in very rare cases (in particular for the 300
nm geometry) we observe that domain walls, surprisingly, move towards the widest part of the
asymmetric ring where they get annihilated (Figure 5.9). The domain walls propagation towards
the widest part (highest energy) demonstrates that the local forces resulting from the width
gradient do not always dominate. Thus this observation cannot be explained by the short-ranges
forces, which usually push the walls towards the narrowest part of the ring, and only explained by
the long-range dipolar interaction between walls which depends mostly on the magnetic charge of
domain walls and the separation between walls, as discussed above.

V. Conclusion

In summary, we have directly imaged controlled domain wall automotion in asymmetric curved
nanowires at zero field. We have demonstrated that automotive propagation occurs due to the
influence of the demagnetization and exchange energy present in structures. This automotion is
driven by the domain walls spin structure interaction, which depend on the topology of the
system and by the energy gradient associated with the spin structure change when the geometry
changes. Therefore the relaxation of the excited system from the onion state towards the potential
well minimum, results in domain wall automotion. We used direct dynamic (time-resolved)
imaging of the nanoscale spin structure that allows us for the first time to directly check previous
predictions, which were quantitatively investigated and confirmed in our experimentally
extracted domain wall velocities.

The pump and probe experiment of domain wall propagation at zero field showed, surprisingly,
domain wall automotion with an average velocity of about ~ 60 m/s, which is a significant speed
for spintronic devices based on domain wall dynamics. We demonstrate that the domain wall
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inertia and the stored energy allows the walls to overcome both the local extrinsic pinning and the
topological repulsion between domain walls carrying the same winding number (vortex chirality).

Furthermore we investigated the automotion mechanism in a series of samples having different
widths in the narrowest part as well as different domain wall magnetic configurations. In
particular we compare the results obtained for the automotive propagation of multiple vortex
walls in the case of the same chirality and opposite chirality.

Finally, we presented a systematic micromagnetic simulation study of domain wall motion at
zero-field in 400 nm asymmetric rings with the wall possessing different topological character.
By performing a series of micromagnetic simulations on defect-free systems, we demonstrate that
the domain wall automotion and annihilation is always present, and the results showed good
quantitative agreement with our experimental results. Moreover we demonstrate that the detailed
topological nature of the walls only influences the domain wall dynamics at a local scale without
inhibiting the annihilation of domain walls through automotion. Thus in our system the influence
of the topological defects is limited by locally modifying the domain wall propagation and the
switching process between the two different ordered states.
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Chapter 6

Domain wall pinning in ultra-narrow electro-migrated
constriction

Abstract

One of the aims of the field of magnetism is to enable the continued realization of Moore's law
by using new concepts and methods to build spintronic devices with feature sizes on the
nanoscale. Therefore, in magnetic systems, studying the domain walls in confined geometries
has recently been the focus of many research studies. However, dealing with super-miniature
nanoscale systems is a major challenge due to geometrical effects which often dominate the
measurement results and hide the intrinsic magnetic effects. In this chapter we discuss the
evolution of domain wall pinning in an ultra-narrow ferromagnetic junction narrowed by
electromigration. The magnetic junction was fabricated and eventually tailored in-situ in clean
ultra-high vacuum conditions. This study was done on a Permalloy (Py) half-ring with a notch at
the center. By using the advantage of a controlled in-situ electromigration process, which is able
to tailor the nano-contact’s width, we are able to probe the nanostructure device at different
constriction widths. In agreement with the wall energy, which is reduced in narrower
constrictions, we find that the domain wall pinning strength is increased on decreasing the
contact width. Moreover, we measured the depinning field’s angular dependence and symmetry
in order to determine the complete domain wall pinning potential in a device with a narrow
constriction.

This chapter is arranged as follows. In Section | we motivate the work by reviewing previous
studies, which highlights a number of important open questions in this domain of study which we
could potentially help to answer using our unique methods. In Section Il we present and discuss
our unique experimental approach and sample fabrication procedure and explain how we
optimized in order to prevent experimental artefacts. Then in Section I11 we present the results of
our depinning study and finally in Sections IV and V we discuss the results and summarize the
work. The work in this chapter was carried out in collaboration and with the contribution of Dr.
Robert M. Reeve and André Loescher who | acknowledge. The presented work is based on the
results obtained during André Loescher’s diploma thesis (which continued an initial
measurement and characterization of such nanocontacts which was an initial focus of my PhD
project). Therefore my contribution was in the following: sample fabrication, transport
measurements and finally discussing the results and the data analysis. Part of this work has been
published in Ref. [152].
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l. Introduction:

Recently, the study of magnetic nanocontacts has started to draw the attention of numerous
research efforts. In the case of the non-magnetic nanocontact junctions where the size of the
contact width is reduced to be comparable to some physical material length scales, the transport
properties can be qualitatively changed. However, in the case of magnetic systems, one needs to
fundamentally understand additional effects which arise by comparing with the non-magnetic
systems. The understanding of these additional effects, from an applications’ point of view, may
help to provide new devices which have better efficiencies and exciting functionalities [153].
Many new transport effects have been seen or predicted in magnetic nanojunctions. As
examples, a modification of the quantized conductance levels has been reported in such systems
due to the spin degeneracy lifting [154], as well as new magneto-resistance (MR) properties such
as enhanced anisotropic magnetoresistance (AMR) in both tunneling and ballistic regimes [155-
157] in addition to the so-called ballistic magnetoresistance (BMR) [158, 159] and finally, new
Kondo properties in the nanoscale ferromagnetic systems [160, 161].

The study of magnetic domain walls in the magnetic nanocontacts is a particularly interesting
field of research. Nowadays it is well known that the material’s conductivity is modified due to
the presence of a magnetic domain wall and these effects usually increase on decreasing the
contact size [162]. So far there are several models which explain this domain wall resistivity,
however, they differ significantly in the magnitude and even in the sign of the predicted effects
[163-167], and similarly a variety of experimental measurements have been reported [163, 168
177].

Obviously there are many important factors behind these contradictions in the reported studies.
Firstly, as mentioned above, the behavior will be dominated by different transport effects
depending on the size scale of the structure. For instance, by changing the transport from the
diffusive to ballistic regime, it is expected that a qualitative change in properties will take place.
Comparing different experimental results it is also necessary to remember that these experiments
have been done under different experimental conditions (temperature, materials, methods, etc),
which must be taken into account in addition to the dimensionality. This makes the comparison
difficult and means it can be difficult to disentangle whether the dimension parameter is the main
factor responsible for the disparate observations.

A second consideration when working with such tiny nanostructures is that it is crucial to control
the structure very precisely in order to be sure that defects do not influence or dominate the
physical effects at this regime scale. For instance, in a system where the interesting part consists
of only a few atoms, it is enough to have just a small level of contamination in order to obtain
large artefacts in the measurement [154, 178]. Furthermore, some local or extrinsic pinning can
take place in the case of local oxidation in the system.
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In the ferromagnetic system, additional effects which should be taken into account such as the
magnetostriction effect, since big changes in the contact conductance can arise from the resulting
changes in the junction geometry and not due to the magnetization spin structures of the
nanocontact [179-183]. Therefore a key prerequisite for this field of study is the capability to
disentangle the pure magnetic effects from such artefact effects.

A new controlled experimental technique has been developed in our group in order to overcome,
these issues. This experimental procedure enables the magnetic nanocontact fabrication and
subsequent investigation of the transport measurement in-situ in the same ultra-high vacuum
(UHV) environment [184]. This approach uses a double resist layer mask which results a
significant undercut through which the material is deposited. In this way we ensure that the
magnetic nanostructure and the surrounding metal film are disconnected which permits the
transport measurement in-situ, without taking the sample out from the (UHV) deposition
chamber. Moreover, the nancontacts can be tailored in a controlled way, in-situ, by using the
electrical current-narrowing technique at low temperature. This is based on electromigration of
the contact atoms via a computer-controlled process. The tailoring procedure starts with an initial
junction state with a constriction cross-section of few tens of nanometers and can lead to a cross-
section of a few atoms at the junction constriction or even fabrication a small gap. In order to
rule out or minimize all undesired artifact errors, such as the magnetostriction effect, in addition
to providing the spin control of the structure, we have carefully chosen the material, the
nanocontact geometry and measurement schemes. Thus, in this way it is possible to investigate
the magneto-transport properties for different resistance levels, by tailoring the contact width, in
the same sample, while keeping fixed measurement conditions.

Using this measurement system in our group we have previously studied the domain wall
magnetoresistance (DWMR) in half-ring nanocontacts made of Permalloy where three distinct
regimes of behavior have been observed [184].

a) Initial low resistance regime:

The presence of a domain wall in a nanocontact with a size on the order of a few tens of
nanometers, which is considered here a relatively wide contact, is reported to result in a decrease
of the structure resistance [134, 185-187]. This change in resistance is however, a small effect
(smaller than 1%), which can be explained by the anisotropic magnetoresistance (AMR) effect.
This latter effect arises due to the spins within the domain wall which have a perpendicular
direction or angle with respect to the electron current flow along the junction.

b) Middle resistance regime:

By performing electromigration the nanocontact cross-section is reduced to a few nanometers.
Yet, when the transport is still in the diffusive regime, we recently observed an additional
contribution to the DWMR. This latter contribution is positive in sign [152]. In this regime the
effect is also small, however it increases on reducing the size of the contact.
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¢) Third or high resistance regime:

Finally in the case of the so-called ballistic regime, where the contacts have atomic dimensions,
much larger DWMR signatures are observed, up to 50% [184].

Moreover, in this high resistance regime, the DWMR effect is observed to have a critical
dependence on the precise arrangements of the atoms of the contact [184, 187].

For applications based on domain walls [71, 73], it should be possible to selectively control the
domain wall propagation within the nanostructure, and in order to make use of the large DWMR
effects in applications one needs to be able to achieve such domain wall control in ultra-narrow
wires.

An intuitive method for controlling the domain wall position is the introduction of artificial
pinning sites within the nanocontacts, where by consequence a pinning potential landscape is
generated around the introduced constriction or notch [66].

As shown in chapter 1, at the nanoscale there are two main stable domain wall magnetization
configurations in soft magnetic materials nanowires; the transverse and the vortex domain wall.
The transverse is energetically favored in narrow wires, whereas the vortex domain wall has the
lower energy in wider wires [66]. Thus, by tuning the thickness and the width, the magnetic
structure will have a preference for either vortex or transverse domain walls. Since the domain
wall energy scales with its length, this mean in order to minimize the total energy, the domain
wall will preferentially move towards constrictions within the structure. Since this constriction
create a potential well for the domain wall. In a first approximation, the depth of this potential
well is obtained by measuring the energy difference between the wall inside and away from the
constriction. However, in order to obtain a full characterization of the potential well landscape it
is necessary to take into account the spin structure of the domain wall inside the notch as well. It
was found that the transverse walls are attracted towards the center of the notch, whereas the
vortex walls are pushed out from the central area and are instead pinned at an adjacent position
to the constriction, where in this case this domain wall position results in a minimum energy for
the associated stray field induced from the spin configuration of the vortex domain wall [110]. A
classical way to investigate the height of the potential barrier is through the measurement of the
magnetic field strength needed to depin or move the domain wall away from the potential trap.
Once the magnetic field is applied an additional energy contribution to the domain wall arises
(Zeeman energy), which is proportional to the external magnetic field amplitude. In this way
previous experiments has been performed that characterize the depth and the shape of the
potential well in relation to the width [110, 188, 189] and geometry of the constriction [189-
191], as well as the spin structure configuration of the domain wall [132, 150, 190, 192], which
provides a customization of the domain wall potential.

Several studies have investigated such pinning in top-down patterned contacts with a minimum
width higher than 20 nm. Indeed many such studies have been performed previously in our group
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where we determined all the characteristic and physical properties of the potential landscape
generated by notches within a magnetic structure. For instance the previous work in the group
has established the width [132, 134, 192], depth [110, 134, 192] and curvature [193] of the
pinning potential well.

However, due to the challenging fabrication technical difficulties, domain wall pinning studies at
the extreme nanoscale have received comparatively little attention, even though, from the
technological application point of view, this regime is expected to become very important, e.g.
due to the continued need for the miniaturization of the technological devices while keeping, or
even increasing, their efficiency. Secondly, this regime is of particular interest because of the
DWMR effects, which become more significant at this scale.

So far it has not been possible to produce such narrow constriction within the contact by using
the conventional lithography state-of-art, nevertheless by using the electromigration break-
junction technique we can reach this regime.

A key consideration for controllable pinning is stochastic effects since a multiplicity of potential
domain wall spin structures surrounding the notch [189] and thermal fluctuations [194] can result
in to changeable behavior of the device. Higher pinning potentials could be used to solve the
undesired thermal switching problems, which influence as well the efficiency operation of the
devices. In the case of requiring bidirectional of domain wall motion, one may need a perfectly
symmetric pinning potential, whilst in order to fix a preferential direction for the domain wall
motion an asymmetric pinning potential is needed. This latter can provide a magnetic domain
wall ratchet effect [191].

In order to investigate these unresolved open questions, in this study we use our methods
reported in previous work [184] which permit us to prepare high quality magnetic nanostructures
in order to discuss the evolution of domain wall pinning at notches which are subsequently
thinned and engineered with the use of the in-situ electromigration break junction technique.
This technique paves the path to the study of domain wall pinning in a new regime of ultra-
narrow constrictions, by keeping a high quality and cleanliness of the nanocontacts which
guarantees that measured physical effects, such as the pinning potential, are fully dominated by
the extrinsic effects resulting from the geometry only. Furthermore we are able to determine the
asymmetry of the pinning potential and investigate the dependence of the domain wall pinning
field strength on the constriction width. Moreover we determine the pinning potential landscape
width. Finally, by direct observation of the system using our scanning electron microscopy with
polarization analysis system (SEMPA), we explain how the spin structure configuration of the
complete system influences the given switching field.
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. Experimental

I.1. Sample preparation

Our samples consist of half-ring nanocontacts made of Permalloy. The nanocontacts are
fabricated using electron-beam lithography (EBL). The Permalloy material was thermally
evaporated through electron-beam evaporation.

In general the devices fabrication was done in three steps using a Si/SiO2 substrate (375 pum
thick), as in general described in chapter 2 — section II, however a summary of this fabrication
process as well as a specific description in each step are presented below.

First step:

The first step consists of the preparation of Cr(5 nm)/ Au(55 nm) contact pads. These were
prepared by lift off processing using a PMMA positive mask resist after pattering pads by the
electron-beam of the lithography system at our institute. In the same pattering step alignment
marker we prepared as well in order to use them in the next lithography step. The contact pads
material deposition was done via direct current sputtering. The chromium is used here as an
adhesion buffer layer, since the direct growth of Au on Si/SiO2 shows poor adhesion [195].

Second step:

At this step one needs to prepare a resist mask of the nanocontacts, including the contact pads as
well, in order to ensure a continuous connection between the pads and the junction, before
mounting the sample inside the deposition/measurement chamber for the Py material deposition
and subsequently carrying the experiments in-situ. In order to do that, first of all we spin coat a
double positive polymer resist layer with components of different thickness and sensitivity,
which is required to produce a shadow-mask with a significant a undercut, ensuring the
nanostructure is electrically disconnected from the surrounding metal film and that transport
measurements can be performed in-situ without any short-circuit issues. To this end the mask
consists of a thick MMA and PMMA double layer, where the PMMA is on top of the MMA.
Two electron-beam lithography exposure steps with two different writing field parameters are
employed for the resist in order to ensure the best results from the time and fabrication resolution
standpoints. The first step is for the magnetic nano-contact exposure in the area between the pre-
existing contact pads and the second step consists of re-exposing the contact pads in order to
allow a good continuous electrical connection of the sample as mentioned above.

At each lithography step many specific parameters (electron beam exposure parameters, resist
parameters and thickness) have been used, which were determined after several dose tests in
order to ensure the highest quality and possible precision of the device.
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Third step:

At this stage the sample can be mounted onto the sample holder, and by using the mechanical
wire-bonder we connect the contact pads of the sample with these of the sample holder, with a
micro metallic wire such as aluminum or gold. Afterwards the sample is loaded into the UHV
deposition molecular beam epitaxy (MBE) and measurement chamber. The deposition of the
magnetic material is done by thermal evaporation with the base pressure of the chamber in the
regime of 5 -1071° mbar and the deposition rate fixed to be around 4 nm/hour. This procedure
provides us with a very high quality and clean nanocontact. In these experiments we chose
Permalloy due to its soft magnetic properties and low magnetostriction. The shadow mask plays
two important roles, which arise from the big undercut due to the double resist layer:

v' Firstly it provides electrical isolation between the Py nanocontact and the Py evaporated
above the resist, which is very important, since without doing lift-off, it allows in-situ
transport measurements.

v Secondly, it helps with the achievement of a very small notch in the ring, which is usually
not easy to gets due to the proximity effect. However when making the evaporation under
an oblique angle in the presence of the undercut, it is possible [196].

B
200 nm

Figure 6.1: Scanning electron microscope image of a notched Py half ring located in-between
two contact pads. The radius of the half ring is 2.5 um, its width is 400 nm and the size of the
constriction is ~ 70 nm. The top image shows a magnification of the area around the notch. The
inset highlights the angle relation of the magnetic field to the sample’s geometry [152].
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An example of our sample geometry is shown in the scanning electron microscopy (SEM) image
(Figure 6.1). It is clearly seen that there is a pronounced separation between the two Py layers.
This SEM image represents the top view observation of the sample; therefore the undercut is not
directly observed, however a side view image shows how the Py material on top of the mask
resist and the nanocontact (which is directly in contact with the substrate) are in fact
disconnected [184].

We also show a magnified view of the constriction area of the contact in the figure 6.1 inset. The
overall width of the junction is around 400 nm and at the narrowest part, the notch size has only
70 nm width. The nominal thickness of the Py film is 23 nm, where the thickness was controlled
using a calibrated quartz microbalance inside the chamber.

11.2. Measurement schemes

The transport and magnetic measurement in addition to the electromigration of the sample inside
the chamber can be performed at 80 K since the sample holder is attached to a liquid nitrogen
cryostat. The characterization of the magnetic properties of the sample is carried out in-situ with
the aid of a 2D-vector magnet which surrounds the sample holder. This electromagnet can
generate in-plane fields up to 150 mT [197].

The domain wall presence in the ring can be detected by measuring the sample resistance. Since
the resistance of the junction is different depending on whether the domain wall is present within
the contact or not, due to the magnetoresistance effect which is associated with the domain wall
presence [185].

By using half-ring nanocontact’s geometry, as seen in Figure 6.1, and taking the advantage of the
small magnetocrystalline anisotropy of Permalloy (soft magnetic material), we can control the
position of the domain walls in the contacts. The magnetic spin structure is mainly dominated by
the shape anisotropy of the contact. In such a geometry there are two main expected
magnetization states which depend on the magnetic history of the sample. The magnetization
configuration can be either a state including a single head-to-head or tail-to-tail domain wall, or a
quasi-uniform state where the spin structure direction is continuously following the contact
shape, similar case to the reported onion or vortex states in the full ring geometry [65].

By applying an initializing saturation magnetic field along different chosen angular directions the
domain wall can be nucleated at a desired point in the ring, and therefore we obtain a state with a
single head-to-head or tail-to-tail domain wall. However, by applying the initializing saturation
magnetic field along the horizontal axis of the sample, which corresponds to y = 0° or 180°, (see
inset of Figure 6.1), the quasi-uniform state will form. By applying the nucleation field close
enough to the notch, the domain wall will be influenced by the potential well created by the
notch and get trapped. Based on these facts it therefore possible to investigate and determine the
energy landscape of the system by using our previous employed measurement techniques from
our group.
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First of all, we can determine the pinning potential width or extent by measuring the remanent
resistance state of the nanocontact following to the initial saturation field of the nancontact spin
structure at different angles by scanning y (which here represents the angle of the saturation field
direction) from 0° to 360°. This kind of measurement is called “mode étoile” measurement [185,
134, 132].

Secondly using a new measurement scheme which is presented here, we evaluate the nature of
the pinning potential asymmetry, by nucleating a domain wall at different angular positions in
the wire (y going from 0° to 360°), and compare the measured difference in depinning fields for
opposite directions, £90°, from each nucleated domain wall angular position.

Finally, we can determine and measure the strength of the full potential landscape with the
following measurement scheme: we nucleate the domain wall at the constriction in the
nanocontact and measure the required depinning field amplitude from the notch as function of
each applied depinning field angle (scanning the depinning field angle going from 0° to 360°)
[193].

1.3. Electromigration process

The main and final key component in our measurement method is the capacity to change the
constriction properties (width, shape, etc) in-situ, without moving the sample and retaining the
sample cleanliness. This is very important in order to be able to investigate the evolution in the
properties by changing the width of the contact system with a single set of samples.

(a) (b)
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Figure 6.2: (a) simulated current distribution prior to electromigration (EM). (b) Schematic

depicting atomic hopping during electromigration.

Therefore after each full set of measurements or magnetic characterization of the system, we use
our controlled electromigration methodology for tailoring the constriction width has
schematically illustrated in Figure 6.2b. In the metal system a thermally activated diffusion of
atoms occurs in a specific direction under the influence of the electromigration forces due to the
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high critical density (which is maximal at the constriction). The first force or so-called wind
force arises from the momentum transfer from the flow of electrons to the cores of atoms. The
second force arises from the electrostatic field. By using appropriate experimental conditions,
this electromigration effect can be used to controllably thinning the nanocontact at the notch
position [198]. We note that the highest current densities happen at the notch area of the contact
since it is the narrowest part of the junction. Consequently, the notch position will exhibit the
highest temperature and thus the electromigration effect is preferentially begins at this position in
the contact.

By using a carefully computer controlled feed-back cycle for the electromigration process,
(implemented in LabView), the dissipated power can be measured and limited in order to
manipulate the temperature of the nanocontact and in turn the rate of atom migration [199, 200].

The contact tailoring procedure starts follows:

We initially start the electromigration procedure by applying a voltage, Vo, across the contact,
where we are sure that this voltage is not enough to start the electromigration. We subsequently,
step by step, increase the applied voltage until the threshold in temperature for electromigration
is reached. This is indicated by a faster increase in resistance because of the increase in
temperature. In this manner, we control the local temperature at the notch, and we avoid the
thermal runaway and catastrophic damage to the contact.
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Figure 6.3: (a) Evolution of the electrical resistance during electromigration (EM) as a function
of applied voltage, initially becoming appreciable at 1.8V. Computer controlled reduction of the
applied voltage prevents destruction of the sample. (b) SEM micrographs of two contacts
following electromigration made from Permalloy (left) and Cobalt (right) [152].
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When the increase in resistances of the junction reaches a pre-chosen threshold, one completes a
so-called electromigration cycle. Then the voltage, and thus the power dissipated at the contact is
decreased by the program and a new voltage ramp cycle is begun [200, 201].

There are, additionally, two further parameters controlling the process. The first is a break off
threshold, Geo. If this chosen resistance level is reached the program completely stops the
electromigration process at the contact. The second parameter is the target voltage, V1, which is
the voltage limit on a given ramp cycle. If V1 is reached before the pre-chosen threshold of the
resistance has been reached the software automatically switches back to the input voltage to Vo
and new ramp begins. This parameter is indispensable to limit the scale of the voltage scans and
helps provide a further electromigration control.

A typical electromigration process is shown through the evolution of the electrical resistance in
Figure 6.3. Here we show an example of an electromigration process for a 23 nm thick Py nano-
contact with a resistance below 1 KQ, which is the regime of the present study.

Intuitively the resistance of a given sample depends on the width of the initial constriction, the
thickness and the nanocontact width. In the case presented in Figure 6.3 the initial resistance is ~
550 Q. We observe that an appreciable electromigration first sets in at a voltage of 1.8 V due to a
significant heating at this voltage. Therefore the overall resistance increases. The following
electromigration cycles set at lower voltages, as can be observed in the figure which correspond
to the same power dissipation in the constriction, due to the resistance increment [200].

The electromigration process is then stopped at a chosen resistance level in order to perform
again a new magnetic characterization and transport measurement for the new nanocontact
configuration. This step can be followed by resuming the electromigration in order to reach the
subsequent desired resistance level point. Depending on the requirements of the measurement,
this complete procedure can be stably repeated until the resistance becomes unstable due to the
atomic hops, where the nancontact consists of just a few atoms, or even until a small gap is
opened up [198, 201].

This described electromigration process can be applied at several variety of conductors and
transition metals such as Au [198-201] and Pd [201], alloys [184, 185, 202] and graphene [203].
In Figure 6.2 we show two SEM images of a typical contact subsequent electomigration status of
two different metals: Permalloy and Cobalt.

Usually we keep measuring the sample until the gap is completely opened, before removing the
sample from the UHV chamber. Therefore, both contact materials, showed in Figure 6.2b,
present an opened gap in the contact within the notch area.
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Figure 6.4: Mode étoile curve at R = 505 Q showing the angular range between 20° and 160°.
Green lines give the range for the absence of a domain wall in the contact while the red lines
illustrate the level of a domain wall depending on the position to the notch. The blue arrow “A”
shows the difference in resistance between the state with the domain wall in the notch and
that with domain wall in the ring but not in the notch [186].

1. Results

In this section, we present the experimental results of the evolution of the domain wall pinning
potential in the system. In the following, all experimental results and transport measurement data
correspond to a single Permalloy nanocontact (half-ring geometry shape) of 23 nm thickness,
with an initial resistance of ~ 440 Q prior to any electromigration process.

Before starting to study the evolution of the domain wall pinning potential for different
resistance regimes, we check first our capacity to controllably nucleate a domain wall in the half
ring.

In order to do that, we apply an initial saturation field along a specific angle and then measure
the remanent resistance of the structure (“mode étoile” measurement), similar to previous work
[185, 134, 132]. In this resistance regime the DWMR is dominated by the AMR effect, thus the
domain walls have been observed to lower the overall resistance. This resistance would be
slightly different between states with domain walls inside and next to the notch, as can is
sometimes be observed (Figure 6.4). This difference in resistance arises from the spin structure
difference between the domain wall states in and next to the notch, and since this area of the
contact has the contribution to the total resistance [184, 185].

We now start with the potential well investigation. In order to characterize the asymmetry and
the size of the potential well, we perform the following steps:
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1) We nucleate a domain wall at different points within the nanocontact by applying
saturating field pulses along varying angles.

2) Subsequently we try to depin the domain wall, by applying gradually incremented fields
with an orientation of £90° to this angle as shown in the sketch in Figure 6.5a.

3) We measure the resistance of the structure, thus being able to detect the depinning field
strength for each domain wall position in the half-ring, as explained below. The obtained
angular dependence of the depinning fields for our nanocontact is shown in Figure 6.5b.
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Figure 6.5: (a) Sketch depicting the measurement scheme, indicating the relation between the
direction of a representative saturation field pulse (Hsat) and the two opposing depinning fields
(Hdepin). The resulting force on the DW Fpw is also shown. (b) The depinning fields for DWs
nucleated in different positions of the ring as determined by the initializing saturation field
pulse direction. The left (blue)/right (red) axes correspond to the depinning fields in the
negative/positive perpendicular directions to this saturation field. The resistance of the contact
is 450 Q and the lines are guides for the eye. The inset shows the corresponding data in the
vicinity of the notch for the 610 Q resistance state of the contact. The letters (A-E) indicate the
regimes discussed in Section IV. Adapted from [152].
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As mentioned above in the experimental section, the measurement is done at 80 K, which is
made possible by the nitrogen cryostat, implemented into our UHV chamber.

Even at this low temperature there is still an influence from thermal effects and thus there can be
some stochasticity in the depinning fields [191, 204]. In order to quantify this stochasiticity, each
point represents an average of few repeat measurements of the depinning fields with the spread
in results indicated by the error bars (see Figure 6.5b).

Finally, we turn to the to the potential well strength characterization. In order to do that we
proceed with the following steps:

v" We nucleate a domain wall at the constriction position with an initializing saturation field
pulse along y = 90°.

v" Next we measure the magnetic field strength needed to depin the domain wall from the
notch, when applying (gradually increasing) the magnetic field along different angles
until the domain wall is pushed out from the notch.

Figure 6.6 shows an example of such a measurement for the initial contact state before
performing any electromigration. We clearly observe a sudden large increase in the resistance, as
the depinning field is increased. These resistance jumps can be explained by the fact that the
domain wall is being removed from the notch, as an opposite effect to the lowering of the
resistance after nucleating a domain wall within the contact, as explained above.

The field value at which this occurs is denoted as the depinning field. The changes in spin
structures of the domain wall also lead to changes in resistance. However, this is a much smaller
effect in this resistance regime [134, 110], therefore these larger jumps in resistance are only
expected to be due to the domain wall depinning effect.

The depinning field is varied depending on the orientation of the applied field, i.e. whether it is
easier or harder to depin the domain wall along to the field angles, as one can observe by
comparing the traces for v = 0° and 25°. In Figure 6.4b we present the full angular dependency
of the depinnig field for four resistance states of the nanocontact.

V. Discussion

Firstly let us discuss the experimental results from the measurement of the asymmetry and size
of the domain wall pinning potential. In Figure 6.4b, the data range of the graph consist the range
of the saturation angles where the relaxed state contains a domain wall in the contact, as shown
in the initial characterization. We can distinguish between five different situations:

A. Domain wall placed at the contact edges and Haepin pointed away from the notch:

At the contact (half ring) edges the nucleated domain wall, due to the saturation field pulse, is
quite far from the constriction. Thus the domain wall will not feel, or be attracted by, the
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potential well surrounding the notch area. Therefore the domain wall will stay in the contact lead
at the position of a local extrinsic pinning site due to natural edge roughness or due to a defect
resulting from the sample fabrication. However these natural pinning sites are much smaller than
the notch pinning potential, consequently one needs a very small field strength to drive the
domain wall to another position or even expel the domain wall completely from the contact,
away from the constriction. As we can see, for instance, in the graph (Figure 6.4b) for saturation
angles >110° (red line, positive Haepin) and < 80° (blue line, negative Haepin), Where we observe
very small depinning fields of only a few mT.

B. Domain wall placed at the contact edges and Hgepin pointing toward the notch:

However, in the opposite direction for saturation angles >110° (blue line, negative Hgepin) and
<80° (red line, positive Hgepin), in order to depin the domain wall a much larger depinning field is
required. This is because in this case the domain wall is first driven toward the constriction,
where it becomes pinned and afterwards should be depinned from it.

C. Domain wall placed closer to the notch and Hgepin pointed toward the notch:

For the angular range where the domain wall is placed near the notch (center of the half-ring),
the required field to depin the domain wall, passing through the notch, decreases in comparison
with case “B” . This can be explained by the fact that the depinnig field becomes more favorably
aligned in relation to the geometry, since the depinning field has an increasingly larger
component perpendicular to the constriction from where it should finally be depinned. This
resulting feature is an additional demonstration that we are in fact measuring the domain wall
being pushed through the constriction and not some different effect.

D. Domain wall placed closer to the notch and Haepin pointed outward the notch:

Reciprocally, in order to depin a domain wall in the direction away from the notch, where up to a
point the domain wall is initially placed nearer the center, the required depinning field is higher
than the case “A”. This increase of the required depinning field can analogously be linked to a
small favorable geometrical alignment of the depinning field with respect to the edge roughness
or extrinsic pinning at the other ends of the half-ring, before the wall is expelled.

E. Domain wall placed very close to the notch:

Finally, in the center region of the graph plot (Figure 6.5b), for saturation angles between 80°
and 110° (blue/red line, negative/positive Haepin), ONe can observe a plateau in the depinning field
results where there is a small variation in the curves. At this extent of saturation angles the
domain wall is already influenced by the pinning potential well created by the notch and is pulled
into the constriction at zero field.

As has been shown previously, it is possible for the potential well, generated by the notch, to pull
the domain wall form a significant distance away from the notch position [134]. In Figure 6.5Db,
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the plateau area at the middle (the angles between 80° and 110°) correspond to an angular range
of around 35° which is equivalent to a distance of~ £750 nm away from the center of the
potential well. It is worth mentioning that the domain wall is usually attracted into the notch even
when the domain wall is nucleated at larger absolute angles from the notch position, due to the
domain wall initialization technique used in the experiment, which involves the reduction of the
field from saturation [134].
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Figure 6.6: (a) The resistance as a function of the depinning field after DW nucleation at the
notch position. The red curve represents a measurement where the DW is depinned with a field
applied perpendicularly to the initializing nucleation field pulse (90°), requiring a field strength
of 12 mT. For a depinning field that is closer to the angle of the initial nucleation pulse,
however, a larger depinning field is required as demonstrated by the blue curve which reveals a
depinning field of 18 mT for an angle of 25°. A small vertical offset has been added between the
traces for clarity. (b) The field required to depin a DW from the notch for four different
resistance states of the contact, as a function of the angle of the applied field. The overall trend
is for the pinning to increase for increasing resistance, although local fluctuations are also seen
[152].
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In order to describe the asymmetry of the potential well, we should compare the depinning fields
along the two orthogonal opposite directions to the nucleation field pulse, for the middle area
where the domain wall is inside the potential well. We can clearly observe in Figure 6.5b that the
potential is asymmetric, since there is a clear difference between both depinning fields +Hdepin
(about 16 mT in the negative direction, - Haepin, COmpared to roughly around 12 mT in the
positive direction, + Haepin), although this difference is quite small compared to the asymmetry
presented away from the notch. This can be explained by the fact that the notch geometry may
itself exhibit small degree of asymmetry [134].

After electromigration, we do not observe significant consistent changes in the lateral extent of
the potential well. The resulting depinning data for the highest resistance state, at the central
region of interest, next to the constriction, is shown in the inset of Figure 6.5b. There is no
considerable increase in the directional asymmetry of the potential. The observed results at this
resistance level show us that the potential landscape has become more complicated than the
lower resistance level, since for angles below 90° the depinning field is equal for both depinning
directions, whereas for angles above 90° a slight difference in the depinning fields is seen,
comparable to the results obtained at the previous resistance state. Finally, one can conclude that
implementing our methodology it is possible to probe the asymmetries and the width of the
potential well of the depinning resulting from the energy landscape created by the constriction.

Here we switch our attention to the angular dependence of the pinning potential well presented in
Figure 6.6. In this figure we present the field required to depin a domain wall from the notch for
four different resistance states in the contact, as a function of the applied depinning field angle (y
= 0° - 360°). It is clearly observed that the overall shape of the curves look very similar. This
result is a further demonstration that we are capable to extract the details of the pinning potential
from our measurements with a high reliability. In our experiment, we are able to reliably obtain a
well-defined domain wall in the notch on relaxation from a saturated magnetization
configuration, due to the geometry of our system in combination with our initialization
procedure, which is not the case for some other studies [150, 189, 190].

In our case the stochasticity related to the transition of the domain wall into the notch and the
spin structure variations during from the surrounding pad region [205] do not influence our
measurement.

In order to explain the general shape of the graph in Figure 6.6, we take into account two main
important regions of behavior. The first region is where the depinning field angle largely
opposed to the direction of the initializing saturation field (~y = 200°-340°), where there is still
a little difference between in the depinning field values for different resistance levels, shown in
different color.

The second key region, is the part of the graph surrounding the nucleation field direction (y =
90°), where a more pronounced break between the curves is distinguished. It is obvious that the
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lowest depinnig fields for the nanocontact are obtained in the first region (~y = 200°-340°). In
this area, the ejection of the domain wall from the constriction can be expected to happen
through the creeping of a reverse domain from the contact pad area at the end of the contact. As
shown in Figure 6.1, the pads area of the structure is comparatively large, therefore the
magnetization configuration is expected to be a complex multidomain state [205]. We note that
the resulting domain wall type, after the initializing field pulse, is a head-to head domain wall.
By applying a depinning field with in the angle range of (~y = 200°-340°), a tail-to-tail domain
wall could thus propagate from one of the pads into the half-ring and end up at the constriction
notch position, where it will annihilate with the initial head-to-head domain wall which remains
pinned there. Since the pad area has a low resistance it must be not influenced by the
electromigration and thus will have the same magnetization configuration for the different states.
This is supported by the clear convergence of the plots for the different resistance states in this
region of the graph.

In order to confirm this interpretation further we imaged the magnetic spin structure of a sample
using the scanning electron microscopy with polarization analysis system (SEMPA) in our
group. This was done after we finished all needed in-situ measurements on the sample. The
imaging was proceeded by sample surface cleaning using a 1 kV Ar+ ion sputter gun, in order to
remove any surface oxide layer formed during the ex-situ transfer of the sample between our
UHV measurement and microscope chambers. The SEMPA setup is described in [206]. The
obtained magnetic image, which show the magnetization configuration of the whole contact, is
presented in Figure 6.7a in addition to a scanning electron microscope SEM image which is
shown alongside (b) for comparison. Before imaging we saturated the sample in the notch by
applying an initializing magnetic field pulse along the constriction, as was the case during the in-
situ measurements, in order to get an identical magnetization configuration state within the
sample exactly similar to what we had during our, previous characterization.

Firstly we can clearly observe that the magnetization configuration within the half-ring follows
the contact edge, then at the contact center there is a change in contrast exactly at the constriction
position which indicates that there is, as expected a nucleated a domain wall is presented at this
contact point, Figure 6.7. However by looking at the two half-ring ends, it is clearly seen that a
relatively complex domain configuration is formed. Specifically, in the bottom part of the left
contact pad a big reversed domain (magnetic moment oriented in the opposite direction with
respect to the saturated field pulse) can be observed in green as a portion of a vortex
configuration. Subsequently, by applying a depinning field oriented along the spin structure
within this domain, the domain will grow in size until pinned. One of the first intuitive pinning
points is presented at the connection between the half ring and the pads due to the structure
geometrical shape reduction at this region of the sample. However this pinning strength is
expected to be much lower than the pinning at the central notch of the structure and will thus be
overcome at lower fields. Then, the resulting opposing domain wall can creep up the side of the
half-ring and approach to the notch site, where it will be annihilated with the other domain wall
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presented at the central region of the contact and result in a quasi-uniform magnetized state
within the half-ring.

Figure 6.7: (a) SEMPA image depicting the magnetic domain configuration in the nanocontact,

as indicated by the color disk. (b) An SEM image of the same region [152].

Using this hypothesis, we can therefore explain the peak in the depinning field around 270° as
resulting from the angular dependence of the pinning of the magnetization in the pad area.
Taking into account these considerations we deduce that the measured ‘depinning-field’ in, this
region (~y = 200°-340°), does indeed constitute the injection field of a domain wall from the
contact magnetic pad. Indeed, since the resulting domain wall annihilation process gives rise to a
similar increase in the resistance to that of a domain wall depining from the constriction, both
effects are difficult to be identified separately in the transport measurement. Although it should
be kept in mind that in practice different effects will be happening depending on the
measurement scheme, we keep using the terms depinning and depinning field as a general
identification to these domain wall expulsion or annihilation procedures.

We now discuss area of the plots around y = 90°. This region is more interesting than the
previous area for the present study since it can be direct related with true domain wall depinning
from the constriction. As we can infer for the graph, in this region there are significant
differences in depinning fields for the different resistance states (450 Q, 500 Q, 580 Q and 610
Q). Which indicate that the behavior must result from the changed pinning potential at this notch
region, since this part of the contact is the only one which is modified with the electromigration
process. At this region it can be observed, as expected, that one needs higher depinning fields in
order to depin the domain wall along angles close to the half-ring center, since the component of
the field oriented perpendicular to the constriction will have a sin(y) dependence. Moreover in
the very close vicinity of the notch, the domain wall depinning is geometrically not allowed.
According to the plot, it is obvious that the center of the potential is not symmetric at the center
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of the half ring. The potential symmetry seems to be shifted to higher angles than y = 90°. This
observed effect can be attributed to an angular shift in the narrowest part of the constriction
geometry. It can result, for instance, from electromigration which did not happen symmetrically
in the center of the constriction, analogous to the angular shift of the opened gap in the Co
sample due to the electromigration in Figure 6.3b. Alternatively this shift maybe due to a small
misalignment between the evaporator and the shadow mask during the initial material deposition.
By making a comparison between the depinning measurements for different resistance states we
could conclude that higher depinning fields are needed for smaller sized constrictions. In detail, a
significant difference between the lowest and the highest resistance state can be clearly observed
for angles between y (= 0° and 90°). However because of the changes in the nanocontact due to
the electromigration, some local different preferred depinning direction maybe formed. This
might explain the observed non-monotonous (for a specific angle) relation between the resistance
and the depinning field, which leads to some additional fluctuations in the measurement.
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Figure 6.8: Mode étoile curves showing the resistance at remanence following saturation along
the given angle, for different resistance states of the contact. Initially (red) two resistance states
are observed corresponding to the presence (low R) or absence (high R) of a domain wall. For
smaller contacts an increase in R around the notch (90/270°) is seen due to intrinsic DWMR.
The data is normalized by its corresponding base resistance and for clarity separated by adding
a small offset value [186].

We expect that the changes observed in the potential well of the domain wall are mainly
correlated to the shape evolution of the contact size. Moreover, in addition to the geometrical
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effects, there might be a local change of the material properties, during the electromigration
process, which may lead to a local modification of the alloy composition, for instance. In general
this can easily affect the measured depinning fields, for example due to the local changes of the
saturation magnetization or the magnetic coercivity. However, in the periodic table the Ni and Fe
are close therefore we anticipate the electromigration of these two materials to be similar [202]
and thus no significant changes to the Ni/Fe stoichiometry are expected in the present studied
regime. This would be expected to be more relevant when the single atom limit is reached, which
is out of our focus in this study. Moreover, we expect a high localized temperature profile at the
constriction leading to geometrical or compositional variation taking place at the constriction
itself and not elsewhere in structure. This expectation is based on the fact that the notch is
comparatively small in comparison to the standard grain size. Based on this, it is expected that
some of the finer details and small fluctuation could arise from both local structure and material
(composition) variations, but we expect that the larger effect should be dominated by the changes
in the size of the constriction. In order to further investigate this, the spatial extent of the domain
wall pinning potential is probed with mode étoile measurements presented in Figure 6.8.

This figure presents typical mode étoile curves for different resistance states. For the initial state
of the contact (red squares) the resistance is 436 Q and two different resistance levels at
remanence can be discerned corresponding to the presence (low resistance) or absence (high
resistance) of a domain wall in the half ring, due to the dominating AMR effect at this resistance
regime, as previously explained. Since the measured signal is increasingly dominated by the
notch, domain wall in the notch provides a high contribution to the total measured signal. These
curves represent the evolution of the angular dependence after each electromigration step of the
nanocontact and therefore decreasing the contact size. After several cycles of electromigration,
the shape of the curve evolves at angles close to 90° (270°), which correspond to the constriction
position.

By continuing with the electromigration we obtained the blue diamond curve in Figure 6.8,
where the electrical resistance is roughly twice the starting value. Here, a domain wall at the
constriction yields a resistance value higher than the state with no domain wall located in the
nanostructure (see peaks at 90° (270°)) The height of the peak in relation to the base resistance
(domain wall inside the half ring) gradually increases as the base resistance of the contact
increases. This result is in contrast to the normal AMR effect in Permalloy, which leads to a
resistance decrease in the curve at this position as was the case for the 436 Q (red) curve. Hence,
the peak can be unambiguously attributed to positive intrinsic MR produced by a domain wall
located in the constriction. This peak in MR around the notch is seen to increase with decreasing
contact size via electromigration. These measurements represent direct experimental evidence
for a positive intrinsic DWMR contribution, where the resistance of the nanocontact is higher
when a domain wall present in the constriction than the resistance without the domain wall.
These results prove that the AMR effect is no longer the dominant effect at this resistance state
contact size and another intrinsic contribution (i.e. DWMR) emerges.
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In order to have a sense of the geometrical evolution of the nanocontact, it is possible to roughly
estimate the contact size respecting the change in the resistance. An approximation of the contact
size can be calculated using Wexler’s formula [207] as reported in [185], which is valid between
the diffusive and ballistic regime of conduction,
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Where p is the resistivity, [ is the electron mean-free path, r is the contact radius. The effective
radius of the contact can be calculated using an electron mean free path | = 1 nm [208], the
Permalloy resistivity p = 30 uQQcm [209], correcting for a lead resistance of 440 Q (obtained
from the electromigration data) and a given R.ontact-
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Figure 6.9: The relationship between the resistance of the nanocontact and the calculated
contact radius at the notch position, as determined from Wexler’s formula. The parameters

used for the calculation are described in the text. The crosses in the figure, represent the
contact radius for the four resistance states discussed in the present work [152].

The obtained calculation is given in Figure 6.9 where the estimated contact radii for the four
resistances of interest to this study are indicated with crosses. We observe in the figure that the
610 Q state is correlated to a nanocontact with the smallest radius (~1 nm) at the constriction
position, which is a large difference from the initial width of the contact (~20 -15 nm). However,
this calculation is only a low limit estimate of the contact radius, since these values assume a
constant lead resistance and constant resistivity. To be more precise, for instance, the constant
lead resistance hypothesis is valid only when the thinning of the contact by the electromigration
is localized only on the constriction position. In general the calculated values from Wexler’s
formula can be considered a lower bound on the nanocontact magnitude. Furthermore as we
could see, in Figure 6.3, which shows the SEM images of the nanocontacts after the completed
electromigration at the end of the measurement, some transformation of the leads in the
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proximity of the constriction may occur, even though the largest changes are confined to a
narrow channel. This still suggests that the main contribution to the resistance change is changes
to the junction region itself. In Figure 6.9 the initial deep slope of the resistance dependence of
the contact radius demonstrates that only a small change in the resistance leads to major
reduction in the size of the nanocontact area.

V. Conclusion

To summarize this chapter, we have studied the domain wall depinning, under clean UHV
conditions, in nanocontacts made of Permalloy and thinned by the electromigrated break-
junctions procedure.

We show that our carefully chosen structure and unique experimental methodology allow us to
prevent many strong artefacts in the measurement, for instance local oxidation. This provides us
with a high precision of controlling the magnetic configurations and properties of the structures,
which is vital for such a measurement.

We demonstrate and we investigate the width of the potential well created by the constriction,
and the asymmetry of the pinning potential that results from the asymmetry of the energy
landscape of the system. These latter measurements have been done by measuring the depinning
field along the two orthogonal directions to the domain wall positioned at different regions in the
half-ring. In the proximity of the constriction position we found a low asymmetry in the pinning
potential landscape. By positioning the domain wall at the constriction, we demonstrate that the
pinning strength increases on decreasing the width of the constriction.

Moreover, in the domain wall expulsion/annihilation process or switching, we distinguished
between the domain walls being annihilated by the propagation of a reversed domain to the one
present at the notch, and simple depinning processes in relation to the field direction (y) with
respect to the notch.

We show, using the mode étoile measurement technique, that for the low resistance diffusive
transport regime the MR signal is initially dominated by AMR and the domain wall pinning
potential is seen to increase with decreasing contact size. However for smaller contacts, a
positive intrinsic DWMR contribution to the MR emerges.

Finally we confirm the expected spin structure configuration by direct imaging using (SEMPA)
high resolution magnetic microscopy. This observed symmetry of the depinning fields combined
with the observed tailoring of the pinning potential can auger well for applications. For example,
the possible use of tailored nanocontacts where one is able to control the domain wall pinning in
nanosystems down to a few atoms at the contact. This regime of study has not yet been reached
by the top-down patterning techniques but might become more interesting in the future due to the
continued need for the miniaturization of the technological devices while keeping, or even
increasing, their efficiency.
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Summary and Outlook

The overall aim of this work was to study the controlled propagation of magnetic domain walls in
ferromagnetic nanowire made of Permalloy (NisoFe2o), including curved geometries, with varying
width (asymmetric rings). The investigation include both domain wall motion driven by fast
rotating magnetic field pulses, as well the automotive propagation of domain walls in nanoscale
spintronic devices. Additionally we accomplished a major breakthrough in the development of
methods of information processing in spintronics, by successfully demonstrating a scheme that can
induce synchronous motion of in-plane domain walls in ferromagnetic nanowires using
perpendicular field pulses. The direct visualization of the domain wall spin structure in all
experiments was performed employing the time resolved scanning transmission X-ray microscopy,
which combines the requisite temporal and lateral resolution needed in our measurements.
Furthermore, part of the research activities are based on the magneto-transport characterization of
magnetic nanocontacts in order to understand the interaction between spin polarized charge carriers
and magnetization on the nanoscale. In particular, the evolution of the domain wall magneto-
resistance was investigate in electromigrated ferromagnetic nanocontact fabricated in ultra-high
vacuum conditions.

In this thesis we discussed four specific subjects as follows:

v Synchronous precessional motion of multiple domain walls in a ferromagnetic nanowire
by perpendicular field pulses. We proposed a radically different approach to domain wall
motion using perpendicular field pulses which could provide the necessary paradigm shift to
obtain the synchronous motion of multiple domain walls driven by magnetic fields, as required
for devices such as the Racetrack memory. This is an efficient alternative to the current induced
domain wall motion. We demonstrated that we can displace in-plane transverse walls by
perpendicular magnetic field pulses. This achievement provides the required functionality for
nonvolatile domain wall-based shift register devices. The experimental demonstration was
supported by an extended analytical model (based on the one-dimensional model), and by
micromagnetic simulations. The experimental observations showed a qualitative agreement
with our analytical and numerical results, which confirm and demonstrate the viability of our
proposed novel mechanism approach for domain wall motion. The transverse wall motion
direction relies only on the chirality (¢ = £1) of the transverse wall and the field direction.
Analytically we showed, using the 1D collective coordinate domain wall profile model that
the displacement of the transverse wall happens during the non-equilibrium dynamics when
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the pulse is active. The net transverse wall displacement is obtained over a few hundred of
nanometers with a high velocity, where the backward motion is suppressed using asymmetric
field pulses and including periodic pining centers.

Local domain wall velocity engineering via tailored potential landscapes in asymmetric
rings. We have directly imaged controlled domain wall propagation in an asymmetric ring
structure driven by rotating magnetic fields. The relevant forces acting on the domain wall are
proportional to the applied field and the geometry of the inhomogeneous ring which leads to a
spatially dependent domain wall potential landscape with a minimum domain wall energy, U,
in the narrowest part of the ring and maximum velocity in the widest part. We demonstrate
that the observed oscillatory velocity profile can be tailored by variations of the domain wall
potential landscape, leading to a global maximum velocity in the widest part of the ring.
Furthermore, the inhomogeneous domain wall potential landscape stabilizes the radial motion
of the vortex core in the wall, keeping the internal spin structure constant and leading to the
observed circular trajectory of the vortex core. We conclude that the oscillations must result
from the variation of the ring width which is related to the varying tangential force arising
from the non-zero phase difference, since the radial forces acting on the domain wall can be
excluded and only the tangential forces should be considered. This is an important result since
the latter effects, which in our case lead to these domain wall oscillations, can be extrinsically
tailored and controlled by the geometry of the structure. The minimum of the domain wall
energy landscape presented in the narrowest part of the ring leads to the spatial synchronization
of domain wall velocities. Finally, we have demonstrated additionally that all micromagnetic
simulation results are consistent with the experimental observations and explain the velocity
oscillations as arising from the energetics of the asymmetric potential landscape.

Domain wall automotion induced by geometrical effects in asymmetric ferromagnetic
rings. We have directly imaged controlled domain wall automotion in asymmetric curved
nanowires at zero field. We have demonstrated that automotive propagation occurs due to the
influence of the demagnetization and exchange energy present in the structures. This
automotion is driven by the domain wall spin structure interactions, which depends on the
topology of the system and by the energy gradient associated with the spin structure change
when the geometry changes. The pump and probe experiment of domain wall propagation at
zero field showed, surprisingly, domain wall automotion with an average velocity of about ~
60 m/s, which is a significant speed for spintronic devices based on domain wall dynamics.
We demonstrate that the domain wall inertia and the stored energy allows the walls to
overcome both the local extrinsic pinning and the topological repulsion between domain walls
carrying the same winding number (vortex chirality). Furthermore we investigated the
automotion mechanism in a series of samples having different widths in the narrowest part as
well as different domain wall magnetic configurations. In particular we compare the results
obtained for the automotive propagation of multiple vortex walls in the case of the same
chirality and opposite chirality. Finally, we presented a systematic micromagnetic simulation
study of domain wall motion at zero-field in 400 nm asymmetric rings with the wall possessing
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different topological character. By performing a series of micromagnetic simulations on
defect-free systems, we demonstrate that the domain wall automotion and annihilation is
always present, and the results showed good quantitative agreement with our experimental
results. Moreover we demonstrated that the detailed topological nature of the walls only
influences the domain wall dynamics on a local scale without inhibiting the annihilation of
domain walls through automotion. Thus in our system the influence of the topological defects
is limited by locally modifying the domain wall propagation and the switching process
between the two different ordered states.

v Domain wall pinning in ultra-narrow electro-migrated constriction. We have studied the
domain wall depinning, under clean UHV conditions, in nanocontacts made of Permalloy and
thinned by the electromigrated break-junctions procedure. We show that our carefully chosen
structure and unique experimental methodology allow us to prevent many strong artefacts in
the measurement, for instance local oxidation. This provides us with a high precision of
controlling the magnetic configurations and properties of the structures, which is vital for such
a measurement. We demonstrate and we investigate the width of the potential well created by
the constriction, and the asymmetry of the pinning potential that results from the asymmetry
of the energy landscape of the system. Moreover, in the domain wall expulsion/annihilation
process or switching, we distinguished between the domain walls being annihilated by the
propagation of a reversed domain to the notch, and simple depinning processes of domain
walls from the notch. We show, using the mode étoile measurement technique, that for the low
resistance diffusive transport regime the MR signal is initially dominated by AMR and the
domain wall pinning potential is seen to increase with decreasing contact size. However for
smaller contacts, a positive intrinsic DWMR contribution to the MR emerges. Finally we
confirm the expected spin structure configuration by direct imaging using (SEMPA) high
resolution magnetic microscopy. This observed symmetry of the depinning fields combined
with the observed tailoring of the pinning potential can auger well for applications. For
example, the possible use of tailored nanocontacts where one is able to control the domain wall
pinning in nanosystems down to a few atoms at the contact. This regime of study has not yet
been reached by the top-down patterning techniques but might become more interesting in the
future due to the continued need for the miniaturization of the technological devices while
keeping, or even increasing, their efficiency.

In addition to the wealth of knowledge and the new results achieved in this work, there are several
new ideas developed which not yet have been investigated and which can be considered as an
outlook for this thesis. For example, experimentally investigating the influence of the domain wall
potential landscape on its propagation at different driving speeds in asymmetric rings with locally
varying ring width. This includes gradually changing widths yielding constant potential gradients
and abrupt changes induced by notches. Moreover in this proposed experiment we will start with
the domain wall at different positions, and observe the wall getting pinned by and depinned from
the notch as a function of wall velocity and distance of the starting point from the notch. The
observation of these processes would allow one to tailor the motion of domain walls to eventually
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allow for a deterministically displacement. (Depending on the change in the domain wall spin
structure, the pinning will have a different strength). The understanding of such mechanisms would
potentially allow for further deterministic control of the domain wall propagation.

Another interesting area of study is the dynamics of the switching process from the vortex to the
onion states of rings during the nucleation of domain walls.

Initial results in this area for asymmetric structures have been obtained which are not reported in
this thesis, but which have just been submitted for publication [210]. Here we show that the vortex
state in the ring structure is particularly resistant to the rotating field pulse when the sense of
rotation is opposite to the spin structure direction in the initial vortex state. The direct visualization
of the domain wall spin structure shows that the switching process from the vortex to the onion
state is done through creation of transient ripple-like magnetization patterns during the nucleation
of the domain walls. This is found to be highly reproducible and characterized by a relatively long
life time which determines the overall time of this switching process. We experimentally
demonstrated that this reproducible nucleation process depends on the details of the external field
and on the shape/width of the ring structure. By performing micromagnetic simulations we showed
that the nucleation event occurs in the energetically unfavorable half-ring and its position is
determined by stray fields emerging from sample shape. These factors play a major role in the
prediction and engineering of novel spintronic devices employing switching process.

Furthermore for high densities of nanowires, as required in high density storage and memory
devices, we have to take into account the mutual interaction of domain walls and the effect of these
interactions on the domain wall dynamics. Thus we developed a new experimental system using
curved magnetic nanowires (see Figure 2.17) in order to determine domain wall velocity variations
due to interactions of domain walls in neighboring wires, which is expected to depend on the
pinning potential generated by the neighboring domain wall stray field that acts as an energy
barrier. Previous work has studied such domain wall interactions statically and by theoretical
calculations, but the vital dynamic imaging is currently lacking. Here, the idea is to dynamically
image the domain wall spin structure and determine the domain wall velocity, since the energy
barrier, in particular, depends on the domain wall spin structure and the changing domain wall
velocity is a direct measure of the potential depth.

Overall, our exciting new results obtained in the scope of this thesis, pave the way for the
development of a new generation of non-volatile spintronic components, which could be
implemented in a wide range of applications for logic, sensing as well as data storage devices based
on the reliable and reproducible manipulation of the domain wall.
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