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Abstract

Manipulating magnetic domain walls in nanostructures has been linked with applications in spin-
tronic logic, sensing and storage devices. Recent studies of domain wall motion have focused on
perpendicular magnetic anisotropy heterostructures of ultrathin ferromagnets sandwiched between
a heavy metal layer and an oxide, in which spin-orbit coupling and broken inversion symmetry can
dominate domain wall motion.

Specifically, chiral domain walls are stabilized in these systems due to the Dzyaloshinskii-Moriya
interaction, and current-driven domain wall motion is enhanced due to the spin Hall effect. The
chirality of the domain walls in such systems may be partially influenced by the application of
external in-plane magnetic fields. Such magnetic fields are used in bubble expansion experiments
to assess the strength of the Dzyaloshinskii-Moriya interaction. In addition, bombarding the fer-
romagnetic layer with heavy metal ions can induce local changes in material properties such as
magnetic anisotropy which could be used to manipulate local pinning properties.

While computational micromagnetic simulations can help elucidate the behavior of domain
walls, their computational cost prohibits extensive studies. As such, assessing the strength of the
Dzyaloshinskii-Moriya interaction, extracting material parameters and understanding the behavior
of the domain wall to an extent depends on simpler models of domain wall motion based on
collective characteristics of the domain wall, and derived from applying model reduction methods
to the more complex micromagnetic model.

Several Lagrangian-based collective coordinate models exist to describe domain wall motion,
namely the q — ¢, q — ¢ — A, and q — ¢ — x models. While these models can describe domain
wall motion with acceptable accuracy, they fail to replicate results of micromagnetic simulations
specially for domain wall motion under the application of in-plane fields in heterostructures of
interest. Moreover, recent advances in domain wall motion such as pinning due to irradiation have
not been included in these models.

In this work, we will first present the process for developing Lagrangian-based collective coor-
dinate models, culminating in the derivation of a four collective coordinate model for domain wall
motion (the q — ¢ — x — A model). We show how this model can be extended for cases where
in-plane magnetic fields are present to correctly account for the physics; this extension involved
introducing the canting induced by the in-plane fields in the domains. We also extend these models
to describe the dynamics of magnetic bubbles.

In-plane field cases are specifically studied to help identify specific conditions which could
help measure properties of the magnetic material. We also compare the equations derived using
our Lagrangian-based approach to another reduced model developed through the application of
statistical methods to the LLG equation, shedding light on the shortcomings of our approach. The
work culminates with a summary of how these models may be made more realistic, through the
inclusion of pinning and thermal effects within the model.
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Chapter 1

Introduction

One of the promising fields of technological advancement is the area of spintronics, which exploits
both the charge and the spin degrees of freedom of electrons in the design of devices [9L[10]. Fueled
by the limitations of current technologies in areas such as storage media, physicists and material
scientists have focused on developing a fundamental understanding of spintronic phenomena along
with possible applications for these new discoveries in data processing, storage and transfer [11-H20].

Advances in manufacturing have led to the miniaturization of electronic components towards
nanoscale devices. Manipulating magnetic domain walls (DWs) in nanostructures has been linked
with applications in spintronic logic [21H25], storage/memory [26434] and sensing [35,/36]. Poten-
tial advantages of devices which use magnetic moments to carry information include low power
dissipation, nonvolatile data retention, radiation tolerance, faster manipulation of data, high areal
densities and lack of mechanical parts. Such applications have led to increased interest within the
scientific community in developing models which can qualitatively or quantitatively describe the
dynamics of magnetic moments.

1.1 Spintronics and Domain Wall Devices

Spintronic devices have been in industrial use for many years. Since the 1988 discovery of giant
magnetoresistance [37,[38] which led to the 2007 Noble prize in physics for the scientists involved,
there has been an increasing interest in the control of charge transport through magnetism, and use
of new fundamental effects which emerge at the nanoscale in functional devices. Further studies in
this area led to the creation of spin valve sensors and the first applications of spintronics in hard
drive read-heads, helping increase hard drive capacities [26].

The next important application came with the magnetoresistive random access memory (MRAM),
this device combines nonvolatility, endurance and fast random access to the data, making it a likely
candidate for universal memory [39]. A wniversal memory is one which combines data retention
(seen in Flash and Read Only Memory - ROM), fast execution (seen in Dynamic and Static RAMs)
with high density (seen in Hard Disk Drives). While MRAMs use the reading and writing prin-
ciple previously used in magnetic core memories of the 1950s [40-42], they use new advances in
nanofabrication and fundamental physics to improve storage capacity. In 2006, the first com-
mercial MRAM was released by Freescale and in 2007 a space and military qualified version was
introduced, meeting relevant thermal limits and using the intrinsic radiation resistance of magnetic
storage to its advantage. MRAMs are limited by the superparamagnetic threshold which limits the
size of the cells; below the size determined by this threshold, the magnetization of the cells can
spontaneously reverse as a result of thermal fluctuations [30].
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Magnetic Domain Walls (DWs) are interfaces that separate magnetic domains, areas in a
magnetic material where the direction of magnetism is homogeneous. The next generation of
magnetic mass storage devices could rely on moving DWs. This approach, which is closely related
to the Bubble Magnetic Memories of the 1970s [43,[44], relies on the fact that file architectures
for mass storage do not require random access to single bits; instead they need random access to
sectors of sequential binary information, which could be represented by a chain of DWs in a strip
of material. In a series of papers [28,[29], Parkin and his team presented the racetrack memory,
which uses this principle in different architectures and relies on oscillating magnetic fields or electric
currents to move the data. The racetrack memory promises mass storage without any mechanical
moving parts along with the possibility of achieving 3-D memory units which could help with
increasing storage capacity. Other concepts proposed in the area of magnetic memories include the
use of structural features in nanowires to increase the number of memory states achievable [30],
or using oscillating fields to move magnetic bubble domains as part of the bubblecade memory
concept [34].

Up until 2002, most work on spintronics focused on data storage, and specifically MRAM
applications. Logic devices became another possibility when Allwood et al. demonstrated an all-
metallic submicrometer device able to perform NOT operations on magnetic signals [21]. This
approach was later extended to other logic elements such as AND, Fan-out, Cross-over, and more
complex logic circuits [22]. The main motivation of these attempts were to improve scaling by not
using semiconductor materials [21].

Many other applications have been demonstrated for DW devices. For instance, nanomagnetic
systems of DWs in in-plane magnetic materials have been used to manipulate ultracold atoms,
which could find application in quantum information technology [45], and domain wall assisted
transport of nanoparticles [46-48]. Spintronics has also been seen as an enabler of other novel
technologies such as bioinspired computational architectures [49).

While all these applications are important and fuel further fundamental research, as noted
by Dyakonov [50], these applications might never be realized or might be outperformed by other
new technologies (as happened to the bubble memory); the hype should not overshadow scientific
understanding.

1.2 Magnetic Domain Walls and Their Motion

Engineering any device that relies on magnetic domains or domain walls to code information will
inadvertently require proper understanding of the motion of domain walls.

As depicted in Figure domain wall motion has been generally broken down into three
regimes depending on the strength of the driving interaction [51]:

1. The creep regime, where the driving interaction is low enough for the motion of the DW to
be dominated by thermal activation and the disorder within the system.

2. The depinning regime, where the drive interaction is high enough for thermal activation to
have minimal effect, but pinning still exerts a strong effect on the dynamics.

3. The flow regime where the drive interaction is much higher than pinning or thermal fluctu-
ations, with minimal effect from the latter two contributions.

In the flow regime, it is well established that a steady state condition can be reached if the
excitation is lower than the Walker excitation (Hy) [53]. In this condition the DW speed changes
almost linearly with the drive interaction, a fact that could also be verified using micromagnetic
simulations. Below the Walker breakdown, the precession of magnetization and evolution of other
DW parameters halt after a specific amount of time has passed. Above the Walker breakdown field
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Figure 1.1: The main regimes of domain wall motion [51,(52]. (a) In the absence of thermal effects,
no creep is observed; however, a threshold drive force exists after which the interface moves. This
threshold is the depinning force. Presence of thermal effects means that the interface can move at
lower force strengths due to the extra energy contribution from the temperature. In the flow regime,
effects of temperature and pinning are negligible. (b) Below a threshold field called the Walker
breakdown field (Hyw ), the motion has a linear relationship with the field applied. Above this field,
we see a reduction in speed due to energy dissipation from the precession of magnetization. At
very high fields a linear regime can be observed with a different slope.

the domain wall moves back and forth (due to magnetization precession) with a general motion
forward. At fields much higher than the Walker breakdown, the precession of magnetization
becomes so fast that it leads to a linear increase of velocity with applied excitation; however, the
slope is different compared to excitations lower thna the Walker breakdown.

It is notable that the motion of the domain wall has to be modeled differently in different
regimes. Stochastic effects are dominant in the creep and depinning regimes, due to the effect of
thermal fluctuations and disorder within the system. As such, modeling these regimes relies heavily
on statistical physics. In the flow regime, the motion of the domain wall is more deterministic and
acceptable results may be obtained without taking into account the stochastic nature of the physics.

1.3 Modeling DW Motion

The Landau-Lifshitz-Gilbert (LLG) equation has been used extensively to study magnetization
dynamics in ferromagnetic systems. Micromagnetic simulation tools based on the LLG equation
are flexible (may be applied to different problems in magnetism with new interactions introduced
based on the set-up of the system) and help better understand the underlying physics; however,
their use is computationally costly and might be hard to interpret at times.

Alternatively, simpler models may be extracted from the LLG equation to analyze the motion of
specific spin textures of interest, such as vortices and DWs. In 1972, Slonczewski used a Lagrangian
approach to propose the first widely used collective coordinate model (CCM) for DW motion in
perpendicularly magnetized materials (the q— ¢ model) which takes into account the change in the
position (q) and magnetization angle (¢) of the DW [54,/55]. Meanwhile, Thiele used a different
approach to derive the equations of motion for magnetic bubbles based on a force description
which some find easier to interpret [56,[57]. Both descriptions rely on an assumption for how the
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perpendicular component of the magnetization changes within the system. In a series of papers,
Sobolev et al. extended these models to systems under in-plane fields [58-61].

Thiaville and Nakatani later extended the Slonczewski model to in-plane systems, adding the
DW width parameter (A) as an additional coordinate in the q — ¢ — A model, and revisited the
use of the Thiele model for in-plane systems . They later added the spin transfer torque (STT)
stemming from use of electric currents in their models as well . These collective coordinate
models were later made more realistic by the inclusion of thermal fluctuations and pinning [656§].

Recent studies on DW motion have focused on heterostructures of ultrathin ferromagnets sand-
wiched between a heavy metal layer and an oxide. In these systems, spin-orbit coupling (SOC)
and broken inversion symmetry at the interfaces stabilizes Néel-like chiral DWs [69H71] through
the interfacial Dzyaloshinski-Moriya interaction (DMI) [72}[73]. Transition to the Bloch DW struc-
ture is not favored in systems with DMI, and this delays the Walker Breakdown , allowing for
larger DW velocities to be reached compared to systems without DMI . SOC also leads to
enhanced current induced DW motion, attributed to the spin Hall effect (SHE) or Rashba
SOC . The main torques stemming from SOC may be added to the LLG equation as a
field-like and a damping-like torque [79H81].

In the case of DW motion in perpendicular magnetic anisotropy (PMA) nanowires with DMI,
the DWs were observed to tilt in the plane of the sample (Figure|l.2). This led to the development
of the most recent collective coordinate model for DW motion, namely the q — ¢ — x model which
takes into account the effect of rigid tilting of the DW through the parameter y and assuming a

fixed DW width .

Figure 1.2: Visual depiction of the collective coordinates used to describe a DW in different models.
The red arrow shows the magnetization inside the DW, which we assume is homogeneous at every
point inside the DW.

While these collective coordinate models have been successfully applied to many problems,
there have been several cases in which their use was unsatisfactory. One of the problems of interest
is the study of DW motion in PMA systems with DMI under the application of applied fields in the
plane of the sample [82H87]. While micromagnetic simulations of this problem are in agreement
with experiments, conventional collective coordinate models (q— ¢ and q — ¢ — x) fail to reproduce
the micromagnetic results . The failure of CCMs is a major issue, as the main method
for measuring DMI strength is bubble expansion under in-plane fields which relies on equations
derived using the collective coordinate approach [88H90].

In addition, characterizing pinning based on material properties is key in modeling DW pinning
due to ion irradiation [91H94], but this has not been achieved in analytical models. All these
limitations call for improvements in collective coordinate modeling of DW motion.
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1.4 Aims and Objectives

The aim of this work is to improve the accuracy of collective coordinate models used to describe
the motion of magnetic domain walls (DWs) under applied fields and currents in perpendicu-
lar magnetic anisotropy (PMA) systems with the Dzyaloshinskii-Moriya interaction (DMI). The
Euler-Lagrange equation with the Lagrangian and dissipation functions presented in reference [82]
are used as a starting point to reduce the LLG equation from a spatio-temporal description to
one based on temporal evolution of collective coordinates describing the DW. In order to study
the heterostructures of interest, along with the traditional interactions (exchange, anisotropy and
magnetostatics) and the Zeeman energy, we include the DMI [74,/95//96], spin-orbit torques 30,81,
and the STT mechanism [64}97].
Specific objectives of this work include:

e extension of the method of collective variables to derive simplified models for DW dynamics
in PMA materials, under applied fields and currents (including spin-transfer and spin-orbit
torque effects);

e description of the propagating DW state by a finite set of state variables, such as position
and width, taking into account local spin structure features; and

e use of a Lagrangian approach, based on micromagnetic theory, to describe the dynamics of
the state variables.

1.5 Approach

Based on micromagnetic simulations, experimental observations and previous studies in this area
[54,6282], the following time dependent collective coordinates were used to describe the collective
behavior of the DW as depicted in Figure

e The position of the center of the DW (q);

The magnetization angle at the center of the DW (¢);

The DW width parameter (A); and
e The geometric tilting of the DW ().

Using these coordinates, the DW is modeled as a thin line with four degrees of freedom as
depicted in Figure An ansatz is used to link the collective coordinates with the components of
the magnetization, basically defining the structure of the object under study. For DWs, one such
ansatz is the tilted Bloch profile [82], while another option is an inherently canted ansatz [58-61]
proposed for cases when strong in-plane fields are applied. Irrespective of the ansatz used, we also
assume that magnetization is homogeneous along the DW, hence ¢(r,t) = ¢(t).

Armed with these assumptions for the profile of the DW, one can write the Lagrangian and dis-
sipation density functions (describing the energy landscape of the system) in terms of the collective
coordinates. This description of the energy landscape needs to be integrated along the dimensions
of the system to characterize the total energy of the system. The total energy of the system may
then be plugged into the Euler-Lagrange equation to derive the equations of motion. Depending
on the ansatz used and the integration approach, different collective coordinate models may be
developed which will be detailed in this thesis.
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1.6 Structure of This Dissertation

This thesis has been prepared in 9 Chapters. The current Chapter highlighted the aims of the
project, along with some of the background information regarding the field.

Chapter 2 introduces micromagnetic theory and the LLG equation in detail, highlighting the
framework used in this work. In addition, a summary of material properties for typical materials
currently under investigation are provided.

Chapter 3 focuses on the use of the collective coordinate approach to predict the static structure
of domain walls.

Chapter 4 introduces the Euler-Lagrange approach for developing collective coordinate models
in detail, and present four collective coordinate models for DW motion. The accuracy of these
models are compared to micromagnetic simulations.

In Chapter 5, models from Chapter 4 are extended to include canting in the domains, which
is an effect playing an important role in domain wall motion under in-plane fields. We apply the
models to two cases of nanowires under in-plane fields, identifying critical points in domain wall
motion.

Chapter 6 applies the models developed to magnetic bubbles in thin films, providing a toy
model and showcasing the importance of using models with canting in measuring DMI.

Chapter 7 showcases a comparison between the models developed using the approach above with
another model, called the ”semi-analytical collective coordinate model” based on spatial averages
of the LLG equation outputs.

Chapter 8 introduces effects of DW pinning and thermal activation on DW motion, and some
of the approaches these effects may be added to collective coordinate models.

In Chapter 9, a summary of the findings of this work is presented, along with perspectives on
future work.



Chapter 2

Magnetic Materials: Properties
and Interactions

In this Chapter, we review some of the basic properties of magnetic materials, and the fundamental
interactions that give rise to these properties. A list of typical material stacks currently under
investigation by different groups will also be presented.

For conciseness, only the properties relevant to the studies in this thesis will be discussed. For
more information about magnetic materials, readers may refer to references [98-100]. For more
information about magnetic domain walls and their properties, the reader is referred to [101,/102].

2.1 Spins and Magnetic Moments

Subatomic particles such as protons, neutrons and electrons have spins. According to the Heisen-
berg uncertainty principle, particles at the same energy level need to have different spins. In the
case of even numbers of particles, usually the spins cancel out; however, with an odd number of
particles are present, or energy levels are not full, a net moment may exist. This is why 3d elements
such as iron, cobalt, and nickel (the most commonly used magnetic elements) are ferromagnetic,
showcasing specific behaviors under magnetic fields.

While atoms can have a net spin, atomistic modeling of systems based on quantum mechanics
is resource intensive. Continuum theories of magnetism are not based on atomic spins, but based
on magnetization, which is the summation of all spins within a specific volume of the system, or the
density of magnetic spins within the system, with the units A/m. The saturation magnetization
(Mg) is the maximum magnetization that a system can reach which coincides with a condition
when all spins within the system are parallel.

The most distinctive features of ferromagnetism are the existence of the Curie point and the
observation of a hysteresis loop |98]. At temperatures near the Curie point, the material loses its
permanent magnetic properties. The hysteresis loop is a curve depicting the magnetization versus
the applied field (H) measured in A/m or magnetic induction (B) measured in Teslas.

2.2 Energy Description of Magnetic Materials and Micro-
magnetics

Micromagnetics is the formulation of equations describing the microscopic arrangement of mag-
netization within a material. The term was coined by Brown [103,/104] who studied the total

7



2 — Magnetic Materials: Properties and Interactions

magnetic energy of the material using a phenomenological description. In micromagnetics, the aim
is to minimize the total free energy of the system with respect to the magnetization in order to
find a relaxed state and describe system behavior.

Micromagnetics relies on the description of the system based magnetic moments M = Mgmi,
vectors which describe the properties of the spins in a macroscale volume in the system. In this
equation m is the normalized magnetization, describing the direction of magnetization while the
saturation magnetization Mg describes the value of the magnetization. Mg can vary in space and
time, but has an almost fixed value for temperatures far below the Curie temperature.

Different interactions contribute to the internal energy of the system. In most systems, these
include the exchange interaction, magnetocrystalline anisotropy, magnetostatics, and the Zeeman
energy.

The exchange interaction stems from electrostatic coupling between electron orbitals while
satisfying the Pauli exclusion principle [98]. It favors long-range ordering of magnetization (electron
spins), and prefers the magnetization vectors to be parallel with each other. Mathematically, the
exchange interaction energy density is written as:

3
Edens,exchange =A Z |vmz| (21)

i=1

Magnetocrystalline anisotropy stems from the interaction of electron orbitals with the potential
from the hosting lattice which breaks the symmetry of isotropic exchange interactions [98]. In
essence, anisotropy effects make specific spatial orientations of magnetization more favorable than
others. This leads to the formation of easy magnetization axes, directions which are favored by
anisotropy or along which anisotropy energy is minimum. On the other hand, unfavored directions
are also formed, called hard magnetization axes, along which the anisotropy energy reaches a
maximum. Johnson et al. performed an extensive review of magnetic anisotropy of metallic
multilayers, with specific focus on Iron, Cobalt and Nickel |[105]. They list theories and numerous
experimental results for these materials.

Anisotropy can have various forms based on the complexity of the easy and hard axes. The
simplest case is uniazial anisotropy in which case anisotropy energy only depends on the orientation
of magnetization with respect to a single axis. Most magnetic materials of interest have this form
of anisotropy and are characterized by their anisotropy axis, with in-plane magnetized systems and
perpendicular magnetized systems being the two commonly used.

The energy density due to uniaxial anisotropy may be formulated as:

Edens,anis (ﬁi) =Ko+ K, sin? 0 + K> sin* 0 + K3 sin® 0 + ... (22)

in which Ky, K;, Ky and K3 are anisotropy constants and 6 is the angle the magnetization m
makes with respect to the anisotropy axis. In most cases, only the lowest degree term with respect
to 0 is considered, in which case K; is denoted as Ky.

Based on the anisotropy energy, the anisotropy field can be defined as:

2K,
/’LOMS

Hnis = (23)
The magnetostatic energy represents the mechanical work needed to build up the magnetic body
by bringing its magnetic moments together, or in a sense the magnetic field sensed due to the finite
nature of the system and the fact that flux lines need to close. Magnetostatics focuses on magnetic
properties of steady state stationary currents and may be analyzed using a simplified form of the
Maxwell equations of electromagnetism. In the context of magnetostatics, a helpful concept is the
concept of magnetic charges. Despite not existing physically, these abstractions can help visualize
a magnetic phenomena using analogy with electric charges.

8



2 — Magnetic Materials: Properties and Interactions

Magnetized matter produces a magnetic field in space as a consequence of its atomic structure
due to the electron’s spin angular momentum. In the phenomenological description ,the magnetic
matter is described as an assembly of elementary moments of atomic origin, with the magnetic
field

B = po(H + M) (2.4)

Solving this equation requires a constitutive law for the medium, relating B or H to the magneti-
zation. Such laws take the form:

B=uH

- - (2.5)
M =xnH

in which p and xy, are the magnetic permeability and susceptibility of the medium, and related

to each other through:

= pro(1+ Xm) (26)

with x;, > —1 and g > 0 for thermodynamic stability. In a ferromagnetic body, the depen-
dence of M on H is usually anisotropic, nonlinear, and hysteretic. Hence, this model is only an
approximation used for simplicity.

Magnetostatic effects are usually summarized using the demagnetizing field, which opposes the
magnetization:

Hy=-N-M (2.7)

where N is the tensor of demagnetizing factors.

If the object under study has an ellipsoidal shape, N will be diagonally matrix defined along
the ellipsoidal axes of the system, and we have three demagnetizing factors, N,, Ny,, N, associated
with each of the three ellipsoid principal axes, a, b, and c¢. These demagnetizing factors obey
the general constraint N, + Ny, + N. = 1. The demagnetizing field is small when the body has
an elongated shape and the magnetization points along the long axis. The magnetostatic energy
density of an ellipsoidal magnetic body can simply be written as [98]:

Edens,magnetostatic = %I_fd Sm = %(NaMZ + Nbe2 + NCME) (28)

The demagnetizing factors of a generalized ellipsoid (assuming ellipsoidal semiaxes a,b, and ¢ with
a < b < ¢ < 0) may be calculated using the following formulae |106]:

cos Y cos v

No = <52 [P (k) = E(k,v)] (29)
sin® v sin® o

N, — ?0§¢C032V [sinucosz/; _ B(k,v) (2.10)
Sin” v cos* « Cos v

Ny=1-N, N, (2.11)

with cosv = 7, costp = 2 and k =sina = % F is the elliptical integral of the first kind:

(2.12)

k
do
Fk,v :/ v
() 0 V1—12sin?6
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and E is the elliptical integral of the second kind:
k
E(k,v) :/ V1 —v2sin? 0d6 (2.13)
0

Different authors have provided simpler descriptions for these factors based on mathematical sim-
plification |[107H110].

Finally, the Zeeman energy characterizes the energy added to the system due to the application
of an external magnetic field. The energy density due to the external field has the form:

Edens, Zeeman — MOM . H;L’t (214)

2.3 Modeling Magnetization Dynamics: The LLG Equation

The Landau-Lifshitz-Gilbert (LLG) equation is a phenomenological relationship used in the contin-
uum limit to describe magnetization dynamics through a series of torques on the magnetization.
This equation, developed from energy minimization, has the form [111]:
% = —ym X Heffecti'ue + am X dd—v? (2.15)
in which v = 1.79 x 10! is the gyromagnetic ratio, m is the normalized magnetization vector,
ﬁeﬂ‘ective = g—g is the effective magnetic field acting on the magnetization and « is the phenomeno-
logical Gilbert damping, formulated based on the Lagrangian approach [111]. The LLG equation
constitutes two torques as depicted in Figure[2.1} a torque by the effective field trying to precess the
magnetization, and a damping torque perpendicular to the former which relaxes the magnetization
towards the effective field direction.

Figure 2.1: The torques due to the effective field and damping. The torque in red is due to the
effective field and aims to precess the magnetization around the effective field direction, while the
damping torque shown in blue eventually relaxes the magnetization towards the direction of the
effective field. Most torques from other origins are usually studied in the field-like and damping-like
directions defined in this figure.

The LLG equation can also be written as the Landau-Lifshitz equation with a different form of
damping [112]:

dm

E = _’YLLT?I X ﬁeffecti'ue — Am X (T?l X ﬁeffecti'ue) (216)

in which X is the Landau-Lifshitz form of damping. The two equations can be transformed into one
another using algebraic manipulation. The Landau-Lifshitz form of damping encounters problems

10
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for large damping, which was the main reason behind developing the Gilbert form of damping [111].
As such, we will base all further discussion in this work on the LLG equation.

Due to our specific interest in current-induced magnetization dynamics, we will separate terms
due to currents and add them as separate torques to the LLG equation, leading to the extended
LLG equation:

—

m
i + TsTT + Tsor (2.17)

dm
E = —’7m X Heffectwe +am x —
where TsTT are the torques due to spin transfer and 7soT are torques due to spin-orbit interactions.

These torques will be outlined in the next sections.

2.3.1 The Effective Field

The effective field in the LLG equation is key to understanding magnetization dynamics. This field
includes internal interactions within the magnetic material, and may include external stimulation
of the system due to fields and currentb The effective field is related to the energy of the different
interactions through Heg = ij[ $5- The major energy terms inherent to a ferromagnetic sample
are exchange, magnetic anisotropy, and magnetostatic energies. Any applied external field will also
contribute to the effective field through an associated Zeeman energy term.

In the presence of an applied field, the total energy density of a system with DMI and uniaxial

anisotropy may be written as:

Ezxzchange

R Anisotropy Magnetostatics Zeeman
/—’H / M, N
Eiens = AZ |le\ + Ky sin? 6 — MO PO Hoy o — oM Hope -1 (2.18)

i=1

where A is the exchange constant, Ky is the uniaxial anisotropy constant, My is the saturation
magnetization, Hy is the demagnetizing field, Heyy is the externally applied field and 6 is the
angle between the easy axis of magnetization and the magnetization. The demagnetizing field
may be calculated as Hy = —N.mi where N is the demagnetizing tensor. It is also notable that
the magnetostatic energy can be included in anisotropy energy as shape anisotropy. In a system
with perpendicular magnetic anisotropy and ellipsoidal conditions, the effective anisotropy will be
defined as:

1
Kerfo = 510MIN: (2.19)

1
Keppu =Ky + §qus (N, cos® ¢ + Ny sin® ¢ — N) (2.20)

2.3.2 Spin Transfer Torques

When a spin polarized current is injected in a ferromagnetic material, it gives rise to spin transfer

torques (STTs) which can induce magnetization dynamics and move a DW [113]/114]. Sloncwezski

and Berger were the first to predict this phenomenon [115,|116], which was later experimentally

demonstrated [117,/118]. Spin polarization of current may be achieved by various methods, includ-

ing injection of the current in a ferromagnet [19]; most nanowires are sufficiently long enough to

assume spin polarization of the current to an extent as it traverses the ferromagnetic layer [64].
Two underlying mechanisms contribute to DW motion through STT:

11
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1. Linear momentum transfer and electron reflection:In theory, the electron can be assumed
to reflect completely after hitting the DW. The reflected electrons will have opposite spin
compared to the incoming electrons. This requires linear momentum transfer to the wall,
leading to DW motion. This mechanism is the most important for thin DWs due to electron
scattering.

2. Electron transmission and angular momentum transfer: Theoretically, the electron can also
traverse the wall. During this process, the electron changes its spin direction, which requires
angular momentum transfer between the transmitting electron and the DW, to comply with
conservation of angular momentum. This process is most important in thick DWs where
strong exchange interaction prevents electron scattering.

Of course, in reality we have a combination of the two happening in any system.

Several authors developed theories to describe STT and its effects on magnetization dynamics
[97,119,120]. These two processes can be modeled by adding two terms in the LLG equation: An
adiabatic term taking into account electron transmission and angular momentum transfer, and a
non-adiabatic term which stems from linear momentum transfer and spin relaxation. The torques
on the magnetization due to these terms may be written as [641(97]:

non—adiabatic

- —_—
Forr = — (ﬁ~ v) 7+ B x (7 - V) m) (2.21)
—_———
adiabatic

in which 8 is the nonadiabaticity coefficient and 0 = is the velocity of the electrons, with J
denoting current density and P denoting the polarization rate of the current. The adiabatic torque
is also known as the in-plane or Slonczewski-like torque (the torque being in the same direction as
the damping torque), while the non-adiabatic term is also called the field-like torque, perpendicular
torque or § term (the torque being in the same direction as the torque due to the effective field).
The direction of DW motion in STT is the same as that of electron motion or opposite current
flow. Note that the non-adiabatic torque is the driving force in DW motion, while the adiabatic
torque competes with damping and prevents precession to end.

These torques may also be included as an equivalent effective field using the following formu-
lation:

IPgu
2eM

non—adiabatic

—_——
Hspr = 1 % ((a’ﬁ) m) + B (ﬁv) i (2.22)
—_—
adiabatic

Some authors describe this as the in-plane STT, as it is only valid when the current is going
within the ferromagnetic layer. The out-of-plane spin transfer torque happens when the current is
traversing the ferromagnetic layer perpendicular to the system (in magnetic tunnel junctions for

example), and has a form similar to the Sloncwezski-like spin orbit torques presented in the next
—lglpp 1 J

section (with ugor replaced with the current polarization vector) and Hgy, = 2 Mot [116]).

2.4 Spin Orbit Interactions

Recent studies on heterostructures of ultrathin ferromagnets sandwiched between a heavy metal
layer and an oxide have highlighted the importance of spin-orbit coupling (SOC) and broken inver-
sion symmetry (BIS) in domain wall (DW) motion. In these structures, interfacial effects contribute
to DW motion as predicted theoretically [121H123] and later observed in experiments [75[124].

12
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Current-dependent spin-orbit interactions are observed in systems with a ferromagnetic layer
sandwiched between two heavy metal layers, or a heavy metal layer and an oxide layer. Such
effects stem from the fact that the flow of electric current in a crystalline structure lacking inversion
symmetry can transfer orbital angular momentum from the lattice to the spins, giving rise to effects
which can enhance the STT or act on their own to move DWs. Enhancement of current-driven DW
motion in these systems was attributed to mechanisms such as the Rashba spin-orbit effect [77]
and the spin Hall effect (SHE) [125].

In SHE, first predicted in 1971 [126,/127], spin dependent scattering in the heavy metal layer
leads to spin accumulation at lateral boundaries of the heavy metal layer with opposite spins
accumulating on opposite boundaries [50]. This leads to a spin current perpendicular to the charge
current and interface normal, which may interact with the magnetization in the magnetic layer.
The Rashba effect arises from spin dependent scattering at the interface of the heavy metal layer
and the ferromagnet [78].

The main torques stemming from current dependent spin-orbit interactions may be modeled
as [81]:

Slonczewski—like

TSOT = ’yHFL (T?l X 'aSOT) —VHSLT?L X (rﬁ X '&SOT) (2.23)

field—like

in which isor = J x 1 is the direction of spin current when J is the direction of current flow in the
heavy metal layer and 1 is the interface normal. These two torques are called the homogeneous
torques, as higher order torques are not included in the above model [79}(80].

While both the SHE and Rashba effect contribute to these torques, it has been suggested
[80,/81,/128] that, effectively HEIE << HSHE = 1;91sv1[qi in which fgg is the spin Hall angle which
signifies the strength of the spin Hall effect and t is the layer thickness. It has also been suggested
that HEashba < HRashba — O‘le/lp in which ag is a parameter outlining the strength of the Rashba
effect. The strength of the field-Tike and damping-like components of the torque arising from SHE
and Rashba effect are of course affected by the thickness of the layers |[129].

It should be noted that some authors have argued that the above torques have a complex vector
dependence on the direction of the magnetization, and that Rashba and SHE alone are not enough
to explain such dynamics [80]. Other authors have noted that under specific circumstances (such
as thin wires), one mechanism can give rise to considerable torques in both directions [130].

The torques mentioned above could also be included as an equivalent effective field [131]:

Slonczweski—like

/_/%
) H o
Hsor = Hppisor + =2 (i X dsor) (2.24)
ZELUSOT T Ry

field—like

An example of current independent spin-orbit interaction is the interfacial Dzyaloshinski-Moriya
interaction (DMI) also known as the antisymmetric exchange interaction which stems from inter-
facial spin-orbit coupling [72,/73]. This effect has the following Hamiltonian form:

Hpur =—D - (S x ) (2.25)

where D is the DMI vector. This clearly shows that the DMI prefers the spins to lie perpendicular
to each other. The energy density associated with the DMI for a sample isotropic in the plane,
where the Dzyaloshinskii vector originated from symmetry breaking at the z surface, may be
calculated as [74,95,96):

-Edens7 DMI — D(mzﬁm - (mv)mz) (226)

13
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where D is a uniform constant signifying the strength of the DMI.

The DMI favors DW structures of specific chirality [69170] and stabilizes Néel-like DW structures
over the Bloch DW structure, with the final structure depending on the competition between DMI
and anisotropy . Thiaville et al. later suggested that this has consequences for DW motion, as
it makes transition to the Bloch DW structure unfavorable and may increase the Walker breakdown
field, allowing larger DW velocities . Experiments have found that depending on the chirality
of the DW and the stacking of the materials in the heterostructure, the DW might move along
or against the direction of electron flow in systems with spin-orbit interactions . As such,
many recent studies have focused on tailoring the DMI interaction to achieve more efficient
DW motion.

2.4.1 Other Interactions

Other effects may also be included in the LLG equation. Electric fields [1344136] and mechanical
stress can also be used to manipulate DW motion. Pinning due to disorder in the system is
usually modeled using a quadratic or harmonic pinning potential added to the energy
landscape of the system. Thermal effects and wire roughness may also be modeled as stochastic
processes changing the energy landscape of the system . The effect of defects may be
included using a nonlinear dry friction dissipation model [67].

2.5 Micromagnetic Simulations

The LLG equation can be numerically solved within a system to understand the response of the
system to different stimuli. Several tools for numerical solution of the LLG exist, most notably
OOMMF , and Mumax? . Both of these tools rely on finite difference solutions, with the
former solving the equations using CPUs, and the latter relying on CUDA-enabled GPUs to do so.
In this thesis, all simulations were performed with Mumax?3, unless otherwise stated in the text.
The color code used to present the results from micromagnetic simulations is depicted in the color
wheel of Figure Outputs of Mumax® include the magnetic moment at each simulation cell.
Details of post-processing the images to extract information of relevance to this work are presented
in Chapter 4.

Figure 2.2: The color code used in micromagnetic snapshots presented in this work. The arrows
show the direction of the magnetization and the color is the corresponding color used to denote
that direction of magnetization. Magnetization out of the plane of the sample is shown as white
or black.

As these tools rely on discretization of the solution space, it is important to understand their
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limits. Cell sizes used in studies should be smaller than the exchange length, lo, = ﬁ. At
the same time, these cells cannot be too close to atomistic limits, where the continuum theory is
no longer valid. All simulations in this work were done with a cell size of 1 nm X 1 nm unless
otherwise stated.

An additional limitation of the micromagnetic approach based on the LLG is the assumption
that the temperature is zero. Based on statistical mechanics [65)/141], approaches have been devel-
oped for approximating finite temperature effects on magnetization dynamics. Such approaches are
only valid far below the Curie temperature, as the LLG equation also assumes a fixed saturation

magnetization.

2.6 LLG in Spherical Coordinates

It seems simpler to use a set of spherical coordinates to describe magnetization, as they could be
more intuitive. The spherical coordinates used to describe magnetization are depicted in Figure
The normalized magnetization vector in this case (assuming a constant saturation magnetization,
M) is:

m = (cos P sin , sin P sin 6, cos ) (2.27)

This helps describe magnetization as a spinning top, aiding in the development of the Lagrangian
description of magnetization dynamics [103]. Note that, while the coordinates § and ® are useful
for calculations, they only posses physical meaning for magnetization (or spins), and not the DW
as a collective entity.

Figure 2.3: Spherical coordinates used in this work to describe magnetization.

The LLG equation in spherical coordinates (neglecting spin transfer and spin orbit torques)
may be written as:

0 — asin 0 = poyHg (2.28)
ol — sin 0 = oy Hy (2.29)
where:
1 JOF 1 OF dm;
Hy = - i (2.30)

_/L()Ms@ - _,U()MS 6mi o0

1 oE 1 6FE émy

H = — =
T oM, sind 60 Lo M, 5m; 6®

(2.31)
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Based on this description, it can be shown that the following Lagrangian and Dissipation
functions could be used in the context of the Euler Lagrange equation to derive the LLG equation
equivalent above:

L=FE+ %q) cos 6 (2.32)
Y
Ms Ms ) T .
F=2p2 s 2 (92 + $2 sin? 9) (2.33)
v Y

Additional terms need to be added to the equations above to take into account the effect of
STT and SOTs. A more complex form of this equation will be presented in Chapter 4.

2.7 Materials of Interest

In recent years, studies have focused on multilayers made of a ferromagnetic layer sandwiched
between a heavy metal layer and an oxide. The composition of the sandwiching layers affect
the magnetic properties of the ferromagnetic layer [144]. Initial interest in forming multilayers
stemmed from the fact that the addition of the underlayers helped increase anisotropy due to
interfacial effects. Later on, finding large DW velocities in systems with DMI led to further studies
in these materials.

Table summarizes some of the material stacks studied in the literature, some of which
will be used in this work. Most properties of these stacks were determined experimentally, or
through fitting the experimental results using models. In general, the stacks can be broken down
into symmetric stacks (with the top and bottom layers being the same material and of the same
thickness) and non-symmetric stacks. The heavy metal layer (in particular its spin-orbit coupling)
and lack of symmetry in the stacks play major roles in the presence of the DMI in these systems.
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Chapter 3

Domain Wall Structures

Using a theoretical approach based on energy minimization, different static stable structures within
the magnetic material can be derived [55,[101}/102,153]. Magnetic domains walls are formed to
minimize the energy in the system mainly owing to the effects from magnetostatics. They are
interfaces through which magnetization rotates from a specific direction in the first domain, to
another direction in the second domain; this rotation is typically 90 or 180 degrees. In recent
years, the energy minimization method has been extended to systems with DMI, showcasing a
difference in the type of DWs formed [153].

In this Chapter, we study the structure of magnetic domain walls in the materials of interest. We
will present the theoretical predictions of magnetic domain wall structures, and compare them to
micromagnetic simulations. These static structures are key to the models which will be developed
in future Chapters to describe DW dynamics.

3.1 DW Structure without DMI

In perpendicularly magnetized thin films, the main interactions playing a role in magnetic texture
of the material are exchange, anisotropy, and the dipolar interactions. Using spherical coordinates
(Figure , the total internal energy density (Eqens) for a material with uniaxial crystalline
anisotropy in the absence of any external excitation may be written as:

Exchange
2 2 2 2 2 2
d P P
Edens =A % + @ + @ + 52n29 67 -+ 87 + 87
Ox Oy 0z Oz Oy 92 3.1)
Anisotropy Magnetostatics

Ko
+ Kysin? 0 + ?ME (N, sin® 0 cos® @ + N, sin® @sin® @ + N, cos® 0)

In the above equation, the demagnetizing factors may be calculated based on the geometry of the
system and ellipsoidal approximations as highlighted in Chapter 2.

3.1.1 Variation of the Perpendicular Component of Magnetization 0:
The Bloch Profile

Assuming an infinitely long wire with a flat domain wall, neglecting edge effects (or assuming a
large width), and assuming a homogeneous in-plane magnetization along the DW, we can model
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(a) Spherical coordinates. (b) Collective coordinates.

Figure 3.1: The coordinate systems used in this work. The collective coordinates of interest here
are the DW width parameter A, the DW magnetization angle ¢ and the geometric tilting of the
DW .

this system as a one dimensional system where all changes happen along the length of the wire.
The energy density in this case simplifies to:

90\ M? M2
Egens = A () + (Ku + ,u02 5 (Nz cos® d + N, sin® ® — NZ)> sin? 6 + ,u02 =

- N, (3.2)

The total energy density of the static system should be constant as no external excitation is applied
to the system. Hence, we need to solve the differential equation:

AN foM? 2 -2 -2
A . + [ K, + 5 (NI cos” ® + N, sin” ¢ — NZ) sin“ 8 = constant (3.3)
T

A particular solution of this equation is what has been dubbed the Bloch profile:

0 r—q . 1
— = :l:i =S = .4
tan ( 5 ) exp < A ) sin @ cosh (£757) (3.4)

with A defined as:

A
A= Y (3.5)
K, + "5 (N, cos? ¢ + N, sin® ¢ — N,)

and ¢ being a temporal measure of the spatio-temporal variable ®.

The range for 6 using this function is [0, 7], which makes sense based on what is observed in ex-
periments on perpendicular systems and in micromagnetic simulations. Note that this description
of the domain wall is valid in any system (in-plane or perpendicular); only the coordinate system
should be adjusted for in-plane systems.

3.1.2 Variation of the In-plane component of Magnetization ¢

To find the ¢ degree of freedom (or in-plane component of magnetization inside the DW), we first
need to plug in the DW profile derived in the previous section into the equations and integrate
along the length of the wire. The energy density integrated over the wire length of the wire Ey
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will be:
24 M2 M2
B, =2 -2 <Ku+ o= (Nxcosz¢+Nysin2¢—Nz)) + BN
M2 M2
_ _4\/A [Ku + “02 S (N, cos? ¢ + Ny sin? ¢ — Nz)} + “02 * NI (3.6)

M2 M2
= —4\/A {Ku + B (Vo = N, + (N, — ) sin? ¢)] + E N

where | is the length of the nanowire, which coincides with the direction along which the DW
profile changes based on the assumptions. Using energy minimization 0Ey/0¢ = 0, we get:

~ApoMZ (N, — N,)sin2¢ =0= ¢ =0, g w?’?” (3.7)
which predicts two classes of domain walls based on the rigid model presented here. The cases
¢ = 0orm are called Néel DWs, while the case with ¢ = J or 37“ characterizes Bloch DWs. In the
Néel DW, the magnetization rotates along the direction parallel to the DW and in the plane of the
thin film, while for Bloch DWs the magnetization rotates about an axis perpendicular to the DW
and out of the plane of a thin film sample. Figure [3.2] shows these two type of DWs. Clearly, this
theoretical approach does not predict an intermediate state between Bloch and Néel. To determine
whether the Bloch structure or Néel structure is present, one should compare the energy for the

two cases; the structure with the lowest energy is the stable structure predicted by the theory.

Bloch

Néel

Figure 3.2: The structure of Bloch and Néel domain walls. The domains are marked with different
shades of gray and the domain walls in white.

3.1.3 Validation of Theory

To validate the theory above, we compared the DW structure predicted from micromagnetics to
that predicted by the theory for Pt/Co/Ni/Co/Pt and Au/Co/Ni/TaN which are
systems without DMI as listed in Chapter 2. We observed that in all cases the 6 component of
magnetization followed the Bloch profile. Figure [3.3] shows the results of this comparison for the
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magnetization angle ¢ and the DW width parameter A; the lines in this figure are a result of nu-
merically simulating the energy for different magnetization angles using the one-dimensional model
of DW structure presented here, and then finding the magnetization corresponding to minimum
energy. The squares showcase the results from micromagnetic simulations.

From Figure [3:3]b, it is clear that the model fails to reproduce micromagnetic results as the
DW becomes wider. This is understandable as a wider wall is more 2-D and has higher degrees of
freedom while the model assume all changes happening along the DW. Moreover, the assumption
of a homogeneous ¢ along the wall is not fully valid for a wide DW.

Figure [3:3]a shows two cases where intermediate DWs are predicted from micromagnetics while
the analytical description in one case does not predict a transition from Bloch to Néel and in the
other case predicts an abrupt one. Figure[3.3]b shows a case in which the transition takes part over
a wider range of wire widths, with an intermediate DW being stable from 200 —300nm. Comparing
the width of the DWs as shows in Figure [3.3]c, we see that the gold sample has a much wider DW
with potential for potential for more local minimums where the micromagnetic simulation can stop
at. In addition, the gold sample DWs are the least 1-D, as owing to the low anisotropy and wider
DWs.

These transitory domain wall structures are in contradiction with our model and other ana-
lytical [154] and micromagnetic [154},/155] studies. This partially arises as in most micromagnetic
studies, the authors assumed that the DWs can only have Bloch or Néel structure, and only
compared the energy of these two cases.

To better understand the reason for the differences seen in Figure we initially looked at
the changes in the energy density of the different interactions in the system with DW width as
depicted in Figure Clearly, the source of the presence of intermediate DWs with structure
between Bloch and Néel is the change in the dipolar interaction whose energy density varies with
the DW width the most.

Looking at the variation of the demagnetizing field of the system with DW width as depicted
in Figure we see that during transition from Bloch to Néel, the demagnetizing field along the
y and z direction dramatically changes. We also see that in the Au/Co/Ni/Co/TaN system, the
changes in the demagnetizing field take place over a longer width similar to changes in ¢. While
the general behavior of the different components of the demagnetizing field is the same in all three
cases, the changes happen over a different range of wire width values as the DW gets wider.

As depicted in Figure [3.6] an increase in saturation magnetization will shift the transition
towards higher widths, while increasing the uniaxial anisotropy shifts the transition to lower widths.
This is understandable, as the major interactions playing a role in these systems are the anisotropy
and the demagnetizing field, with the demagnetizing field being directly related to Mj.

Figure [3:5] shows how the ellipsoidal approximation of the demagnetizing factors vary with the
nanowire width. Clearly, as the system gets wider, the perpendicular (N,) and transverse (Ny)
component of demagnetizing factors increase with the longitudinal component (Ny) decreasing
until they reach a somewhat fixed value. We also see that the system with the lowest K, has the
highest N, (anisotropy exerts this effect by changing the domain wall width A). These changes in
demagnetizing factors are important, but clearly do not fit the changes in the demagnetizing fields
seen in Figure (note that the demagnetizing field is B; = —MN;m; for an ellipsoid where i is the
axis under consideration; as such, we verified that the demagnetizing factors and field follow almost
the same trend). While the ellipsoidal demagnetizing factors vary smoothly, the demagnetizing
fields in Figure vary much differently; specifically B, initially becomes negative before moving
to positive values, and By initially drops and then increases. These complex changes in the dipolar
fields seem to be the source of the inaccuracy of the one dimensional model.

To better understand the profile of the DW along the width of the wire), we plotted the changes
of the magnetization angle at the center of the DW (¢) along the width of the Pt/Co/Ni/Co/Pt
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Figure 3.3: The variation of magnetization angle and domain wall width parameter with wire width
in three different systems without DMI. The lines showcase one-dimensional predictions, while the
squares are results of micromagnetic simulation. (a) shows two cases where intermediate DWs
are predicted from micromagnetics while the analytical description in one case does not predict a
transition from Bloch to Néel and in the other case predicts an abrupt one. (b) shows a case in
which the transition takes part over a wider range of wire widths. From (c) it is clear that the
model fails as the DW becomes wider. We did not show the change in DW width for wire widths
more than 200 nm as the DW width changed negligibly for higher wire widths.

nanowire in Figure We see that at widths lower than 40nm, the DW has a Néel struc-
ture overall, with the in-plane magnetization slightly changing along the DW in an almost linear
manner. Above 40nm width, these changes become more profound, and the profile of the in-plane
magnetization changes from somewhat linear to a parabolic shape along the width (as shown in
Figure b and c¢). In these intermediate DWs, the structure near the edge may have a magneti-
zation angle up to 5 degrees different from the middle of the wire. As the width increases, the DW
changes to a fully Bloch structure, with a profile showing magnetization being about 90 degrees
at a large part of the center of the DW, and slightly above or below that value at the two edges

(Figure 3.7/d).
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Figure 3.4: The variation of DW energy density and demagnetizing fields with the width of the wire
in three different systems without DMI from micromagnetic simulations. (a), (c), and (e) show
that the main source of difference is the demagnetizing energy. In (b), (d), and (f) we see that
in fact the changes in the demagnetizing field in the x and z direction gives rise to the transition

from Bloch to Néel DWs.
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3.2 DW Structure with DMI

We now focus on systems with spin-orbit coupling and broken inversion symmetry which give rise
to the interfacial Dzyaloshinskii-Moriya interaction. In these systems, an additional term due to
the DMI needs to be added to the one-dimensional energy of Equation [3.2

2 2 2
M M
Eiens = A <g§) + <Ku + “02 2 (N, cos® @ + N, sin® @ — NZ)> sin? @+ D cos @%#‘02 5N,

(3.8)

3.2.1 DW Profile: Variation of 9

For a small enough DMI strength, the spin texture will not rotate, and the solution to the system
is a DW with the same Bloch profile as before. However, in the presence of high DMI there are
other solutions possible which are beyond the scope of this work [153].

If the domain wall tilts rigidly (which is seen in systems with DMI when the DW moves as
discussed in the next Chapter), this will simply change the terms inside the profile to:

tan (Z) — exp (i(z—Q)cosAX+ysz> (3.9)

where x is the geometric tilting angle, and the DW is assumed to tilt as a rigid line as depicted in
Figure 3.1}

Figure highlights the effect of changing the ansatz parameters. Clearly, the DW width
defined through the ansatz is much more rigid than a real DW (with no internal degree of freedom).
This means there should be a limit for the width, after which the profile is no longer valid. A similar
effect is seen for tilting, where the wall seems to deform for x > 7. In general, the profile seems
to work for moderate tilting and DW width.

3.2.2 In-plane Magnetization of the DW ¢

Assuming no tilting for now (x = 0 which is valid for static DWs), the integrated energy density
along the length of the wire has the form:

2
E, = —4\/A [Ku + “O;WS (N, — N, + (N, — N,)sin? ¢)
(3.10)
2

M:
+mDcos ¢ + ,u02 5N,

and energy minimization (88% = 0) results in:

M2
_2A,u/0 s

(Ny — N;)sin2¢ —mDsing =0 =

cosp= -7 D _ _mHpur
2/J,QMS2A(Ny—Nw) 2 HK

7 D \/Ku-HioMs2 (N, cos? ¢ + N, sin® ¢ — N,)

2VA po Mz (Ny — Na)

(3.11)
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(a) Variation of € in radians along the width and length for A = 3 and x = 45°. The DW tilting angle can clearly
be seen in this figure.
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area of the system affected by the profile.

Figure 3.8: Variation of the # calculated from the tilted Bloch profile with different parameters. (a)
clearly shows that the wall tilts along the width of the material. (b) shows the effect of changing
x and (c) highlights that changing A changes the width of the wall. It is clear that the profile
becomes invalid at high values of y and A, as the DW can no longer be distinguished from the
surrounding.

where Hpyp = is the DMI field, and Hkx = M, (N, — Ny) is the shape anisotropy field .

_D
HoMsA

Figure visually presents this equation, showcasing that when the DMI field us about 0.65
times the shape anisotropy field, the DWs will be fully Néel. According to this equation and the
figure, for small values of the DMI, the DW will have a near Bloch structure (¢ ~ 5) while for
higher values you reach a near Néel DW. After a threshold D¢ = %qugA (Ny — Ny), the DW
will always be of Néel structure.

Predictions for the critical DMI strength are shown in Figure (assuming a length of 1um
and thickness of 0.6nm for the ferromagnetic layer). We should first note that in the large yellow
area at the right of each figure (with high My and low K,,), the DW is Néel without the need for
DMI (or the system turns in-plane). We see that at high K, and low My (K, >> M), a low
critical DMI exists which is almost independent of the values of K, and Mg, while for a small range
of K, and Mg really high DMI is needed to maintain a Neel DW. Increasing the exchange constant
generally increases the range of critical DMI values achieved, while increasing the width reduced
these values. there is a set of Mg and K, values for which really high critical DMIs are predicted
(shown similar to a line in the graphs).
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Figure 3.9: Variation of DW structure with the relative strength of DMI to the shape anisotropy
fields.

3.3 Validation of Theory

For each of the material stacks presented in Chapter 2 with DMI, we performed micromagnetic
simulations on a 1200nm long sample, with different widths. While the out-of-plane component of
magnetization followed the Bloch profile in all cases, intermediate DWs with structures in between
Bloch and Néel could be observed. In Pt/Co/AlOx [82], Pt/CoFe/MgO [85], Ta/CoFe/MgO
[85], Pt/CoSBi/Pt [146], Pt/Co/Gd |149], Pt/Co/Ni/Co/MgO/Pt [151], Ir/Co/Ni/TaN [152], and
Pt/Co/Ni/TaN [152] our micromagnetic results revealed only Néel DWs for w = 10 — 200nm.
This observation can be connected to the high DMI in these systems. One special case was
Pt/Co/Gd [149] in which the DMI was so high that single domain walls could not be stabilized for
w > 50nm.

The theoretical studies also revealed fully Néel DWs for Pt/Co/AlOx [82], Pt/Co/AlOx [77],
Ta/CoFe/MgO [85], Pt/CoSBi/Pt |146], Pt/Co/Gd [149], Pt/Co/Ni/Co/MgO/Pt [151], and Pt/Co/Ni/TaN
[152]. This is not fully in agreement with our micromagnetic results, as in some cases the one-
dimensional prediction does not match micromagnetics.

Figure [3.11]illustrates the structures predicted in systems with DMI using micromagnetic simu-
lations and our one-dimensional model. We only illustrated cases in which intermediate structures
were present (cases with only Néel DWs are not shown). The three cases where micromagnetic
simulations show intermediate DWs do not follow the smooth transition from Bloch to Néel we saw
in the systems without DMI. Instead, in these systems as the width of the wire increases the DW
seems to transition to a Néel or Néel-like structure of opposite chirality before moving towards a
Bloch-like structure. Our one-dimensional model does not predict such effects, likely as they arise
from dipolar effects which are not properly modeled in the on-dimensional approach.

3.4 DW Structure Under In-plane Fields in a system with
DMI

In recent years, several studies of magnetic DWs have focused on the behavior of DWs under
in-plane fields. For example, bubble expansion under in-plane magnetic fields is used to assess the
strength of the DMI interaction [88}[89].

In this section, we study the static structure of a magnetic DW in systems with DMI under the
applications magnetic in-plane fields. This work will later connect with Chapters 6 and 7, where
the dynamics of DWs under similar conditions are being studied.

In the presence of an in-plane fields, a Zeeman term will be added to the energy equation of
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Figure 3.10: Variation of critical DMI values with material parameters. We see that for each width,
when Mg >> K, or K, >> Mj the critical DMI reaches fixed values, while there is a set of Mg and
K, values for which really high critical DMIs are predicted (shown similar to a line in the graphs).

the DW as written in Equation [3.§]leading to:

2 2
Egens =A 9% + | Ky + HoM, (N, cos® @ + N, sin? & — N.) sin® 0
Ox 2
/ (3.12)
S

99 M
+ Deos® o + oM, (Hy cos® + H, sin®) sinf + %NZ

For small enough in-plane fields and DMI, the Bloch profile presented in the past (Equation |3.9)
is still valid but the DW width parameter will adjust to:

A
A= o . — . (3.13)
Ky 4 =5 (N cos? ¢ + Ny sin® ¢ — N.) + poMs (Hy cos ¢ + Hy sin @)
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Figure 3.11: Micromagnetic and collective coordinate study of DW structure in systems with DMI.
We have only included results for systems which showed intermediate structures.

3.4.1 Micromagnetic Study

To understand the effect of in-plane fields on the DW structure, micromagnetic simulations were
conducted under static conditions on a Pt/CoFe/MgO nanowire with the dimensions 2.8um x
160nm x 0.6nm.

Figure shows the results of such simulations for two values of longitudinal fields (By), com-
pared to the case where no external field is applied. The application of By tilts the magnetization
in the domains into the plane, reducing the m, component (or ¢). This changes the 6§ component
of magnetization in the domains from the neutral zero and 7 values, canting the magnetization in
the domains. The effect of canting does not fit the traditional Bloch profile.

It can be seen that, in the absence of in-plane fields, the Bloch profile describes the change in 6
acceptably. The Bloch profile can fit the transition from one domain to the next under longitudinal
fields, if the value of the DW width is adjusted or a prefactor is added to the profile.

It can be seen from the snapshots in Figure that, when the DMI and By are supporting
each other within the DW (By > 0) in Figure [3.13|c-d), the DW width increases and the DW is
further stabilized. In cases where the DMI and By are competing (Byx < 0 in Figure a, e, f),
a sufficiently large longitudinal field can change the chirality of the DW; as the magnetization of
the DW aligns with this field, the DW tilts in its plane (Figure a).

Figure shows the static DW profile under four values of transverse field (By) compared to
the Bloch profile. It is clear that the effect of transverse fields on the DW are symmetric (do not
depend of the direction of the field). The deformation of the DW at high field (|By| > 100mT)
creates large deviations from the Bloch profile. For smaller transverse fields, the Bloch profile
seems to suitability describe the DW profile. The effect of canting in the domains can also be seen
in these cases as well.

Figure [3.15] shows snapshots of DW structure under transverse fields. The elastic behavior of
the wall for |By| > 100mT could clearly be seen (with the wall curving and increasing length),
which gives rise to the well rounded profile in Figure [3.14]b. Such a DW could not be modeled as a
tilted line. However, the DW at smaller values of By, could be modeled as a line. More importantly,
transverse fields seem to affect the DW tilting more prominently, changing the direction of tilting
of the DW.

Simulations under dynamic conditions revealed that the Bloch profile is not an exact predictor
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Figure 3.12: Comparison of the static DW profile under different longitudinal fields as determined
by micromagnetic simulations to the Bloch Profile.

(a) Static DW structure for Bx = —225mT. (b) Static DW structure for By = —100mT.

(c) Static DW structure for By = 0mT. (d) Static DW structure for Bx = 325mT.

Figure 3.13: Snapshots of DW static structure determined by micromagnetic simulations under
longitudinal fields.

of DW structure under dynamic conditions. Figure illustrates the DW structure after 10ns
under the application of a current density of 0.1TA /m and two different values of longitudinal fields.
In each case, it is clear that the Bloch profile can fit the transition between the two domains, if
the right parameters are selected. Note that, in the case of Bx = 325mT, while the profile fits
the transition, there is a misfit due to the canting angle (as mentioned before) and the DW width
tends to increase dramatically to 3-4 times its value when no fields are applied. As such, it seems
better profiles might be needed to study DW motion under in-plane fields.

In conclusion, under both longitudinal and transverse fields, the transition region of the wall
somewhat follows the Bloch profile (the fit can be improved by tuning A or adding a prefactor to
the profile), albeit not exactly. However, the Bloch profile does not describe the magnetization in
the domains correctly under in-plane fields.

3.4.2 Analytic Characterization of the Canting in the Domains

As we mentioned in the previous section, under the application of in-plane magnetic fields the
magnetization in the domains cants into the plane. This effect could be characterized using energy
minimization. As mentioned in the previous Chapter, the micromagnetic internal energy at any
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Figure 3.14: Comparison of the static DW profile to the Bloch profile for four different transverse

fields.

(a) Static DW structure for By = —150mT. ) Static DW structure for By = 150mT.

(c) Static DW structure for By = —100mT. (d) Static DW structure for By = 100mT.

Figure 3.15: Snapshots of DW static structure determined by micromagnetic simulations under
static conditions.

location within the system may be written as:

FExzchange

5 > > Anisotropy

90 90 90 : b5 00, 0, )
E=A(=— — — 20 Ky sin® @

(83}) +(6y> +(3z) s <(8m) +(3y) +(8z) s
Magnetostatics
+ %MSQ (Nl. sin? 6 cos? ¢ + Ny sin? @sin”® ¢ + N, cos? 9)
DMI
Zeeman

+D |:COS (bae + sin qb —sind <sin d)% — cos (i)?j)] —poM; [(Hy cos ¢ + Hy sin ¢) sin 6]
(3.14)

Assuming a long wide wire to reduce the effects of the wire edges on the domains, the local
gradients of ¢ and 6 will be negligible (in reality the magnetization at the edges of the system
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Figure 3.16: Comparison of the moving DW structure to the Bloch profile (Equation in SHE-
driven DW motion in Pt/CoFe/MgO under a current density of 1TA/m?.

are also canted into the plane). As a result, exchange and DM interactions will not play a role in
the domains. It should be emphasized that this assumption is not valid for nanowires with small
widths. The energy description may be simplified as:

Anisotropy Magnetostatic

Ho
E = Kysin®60 + 7]\/[52 (Nz sin? 0 cos? ¢ + Ny sin? 0sin® ¢ + N, cos® 0) (3.15)

Zeeman

—poMs [(Hy cos ¢ + Hy sin ¢) sin 6]

¢ is only dependent on the in-plane fields being applied: in the absence of in-plane fields ¢ = 0
while in the presence of these fields tan ¢ = #*.

Minimization of energy means g—% = 0 (not VE = 0 since the ¢ degree of freedom is only

determined by applied fields) which yields:

poMs (Hy cos ¢ + Hy sin @)
2K, + pioM2 (N, cos? ¢ + Ny sin® ¢ — N.)

sinf, =

(3.16)

The equation above may be used to calculate the canting angle in the domains. Figure [3.17
illustrates predictions from equation [3.16] when compared to micromagnetic simulations for the
Pt/CoFe/MgO sample studied in the previous section. While the analytical approach accurately
predicts the canting angle under longitudinal fields, it fails to do so for transverse fields unless
demagnetizing effects (estimated using ellipsoidal approximations) are neglected. The inaccuracy
in the case of transverse fields could be attributed to the geometry of the system, as edge effects
become important when a field is applied along the width due to the small width of the wire.

32



3 — Domain Wall Structures

45 30

g | W Hm " " mm

15 Analytical ,ll/ Analytical

30 f 20 Analytical excluding
7 / demagnetizing effects
3 25 .)r ’8\
& 20 £ 10 =
3 / &n l/!/l
S >~ S [
= 10 b ° . ®
2 s '; @ 0
&n < /l/l/l
g 0 % "
g 5 E0p—_ =
< =) n
gu -10 (‘(. S

-15 e

P s 20

20 o~

25 /‘

-30 -30

300 2200 -100 0 100 200 300 400 250 200 -150 -100 -50 0 50 100 150 200 250

B_(mT) By (mT)
(a) Longitudinal fields. (b) Transverse fields.

Figure 3.17: Comparison of the canting angle predicted analytically to that predicted through
micromagnetic simulations.

3.4.3 A Canted Domain Wall Profile

Boulle et al. included canting in the domains as an alternative angle affecting 6 . However,
we take a different approach.

An alternative DW profile for systems with canted domains was proposed by Hubert [101], and
used extensively by Sobolev et al. [58-61]. This profile takes the form:

: . cos? 0 .
nfd —sinf, = < < <f<m
sin @ — sin 6, cosh( E=DEos xEU TRy oo ife<q(.<0<7/2) (3.17)
: . cos> 0 . .
— c < <
sin(m — 0) —sinf,. = cosh( E=eos XEU TR ) Lo ife>qn/2<6<86,)

Through mathematical manipulation, we were able to show that this ansatz may be alterna-
tively written as:

n0+0c _ [exp (u) + sin 6,] (3.18)

ta
2 cos 0,

where u = &=acosxdvsinx o g — () this equation is equivalent to the extended Bloch profile

(equation [3.9). As depicted in Figure [3.18] this profile is a much better fit to the DW structure
when in-plane fields are applied.

3.5 In-Plane Magnetization Angle ¢

Integrating the energy along the length of the wire, and minimizing it with respect to the magne-
tization angle ¢, we find the static in-plane field component of magnetization in the DW.
Taking into account canting, the Bloch profile yields:

D s
T M. A *H:v+HyC0t¢ o (5—96) HDM]+(HyCOt¢7Hm)

= (3.19)
2cos0.Ms(N, — N,) cosf,. Hy

cos ¢ = (m — 20,)
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Figure 3.18: Comparison of the static DW structure to the Bloch profile and the inherently canted
profile. It is clear that the inherently canted profile is a better fit to the actual DW structure.

while for the inherently canted profile we have:

D H, + H, cot ¢

_ — 20, poMA
cosp = (m ) 2 (c052 0. + (% — 96) sin 0. cos 96) My(Ny, — N,) (3.20)
_ 5 — 0 Hpumr+ (Hycot ¢ — Hy) ’
cos? 0, + (g — 6‘0) sin 0. cos 0, Hy

Both equations are similar in form to Equation [3.11] with additional terms due to the in-
plane fields and canting. Interestingly, the Hy and Hpyy field have similar effects on the DW
(hence longitudinal fields in the opposite direction as the DMI field can stabilize the DW), while
transverse fields have a nonlinear effect.

Clearly, the difference between the output of the ansatz does not stem from the fields, but from
the prefactor. Dividing Equation by we have:

COS @ Bioch

COS ¢inherently canted

=cosf. + (g — 00> sin 6, (3.21)

Which clearly shows that the difference between predictions from the two models increases with
increasing canting (or increasing the in-plane field applied). Figure shows how this ration
changes with canting angle. It is clear that higher in-plane fields lead to further difference, with
positive canting angles have more effect on the ratio than negative canting angles.

3.6 Conclusion

In this chapter we presented the static structure of DWs for systems with and without DMI. In the
absence of DMI, the Bloch profile was extracted to describe the variation of the # component of
magnetization which we found to be valid for cases with DMI as well. Under in-plane fields, canting
in the domains also affects the DW structure, and an alternative canted profile was presented to
take these effects into account.
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Figure 3.19: Comparison of the ratio between cos ¢ predicted from a Bloch profile with canting
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The in-plane component of magnetization was harder to elucidate. While in systems without
DMI our 1-D description predicted only Bloch or Néel DWs, we observed that micromagnetic
simulations and experiments also showcase Dws with intermediate structures between Bloch and
Néel. This was attributed to the limitations of the on-dimensional model in predicting dipolar
effects. We found similar issues under the DMI, although for systems with high DMI the predicted
structure from the on—dimensional model matched micromagnetics.

Overall, it seems that the on-dimensional prediction is valid for narrow domain walls, and in
systems with high DMI or systems under strong longitudinal in-plane fields.
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Chapter 4

Towards an Analytical Model: A
Collective Coordinates Approach
to DW Motion

While the LLG equation could be used to describe magnetization dynamics involving magnetic
domain walls, such an approach is computationally costly due to the need for discretization of the
systems and use of numerical techniques at each discrete cell.

This Chapter attempts to introduce a method to derived reduced models of magnetization dy-
namics from the LLG equation. These models are based on collective physical coordinates which
are characteristic of the DW being studies. To achieve such models, one approach is to develop
a Lagrangian description of magnetization dynamics, so coordinate changes could be properly ap-
plied. The Euler-Lagrange formulation has the added benefit of incorporating dissipative functions
relating to position and velocity, which stem from damping and Slonczewski-like torques.

With the Euler-Lagrange equations, the first step is to solve the inverse problem of finding the
Lagrangian (£) and Rayleigh dissipation function (F) that can regenerate the LLG equation if put
in the Euler-Lagrange-Rayleigh equation:

oL d (0L OF
- — — | +—=0 (4.1)
dq;  dt \ 9¢ 9gi
Note that the Lagrangian is related to the energy of the system through £ =7 —V where V is the
potential energy and 7 is the kinetic energy of the system.
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4 — Towards an Analytical Model: A Collective Coordinates Approach to DW Motion

4.1 The Lagrangian Formulation

We are interested in magnetic DW dynamics under fields and currents in perpendicularly mag-
netized systems described in Chapter 2. It can be shown that the following Lagrangian density
function can be used in the Euler-Lagrange equation to derive the LLG [82,/103]:

PrecessionalTerm STT
Br W ,T\_\ SOTFr
W = ['dens = Edens + 75 (]5C089 — ,-ys ((ﬂ'ﬁ)?ﬁ) —/L()MSHFLT?L . ’&SOT (42)

where Egens takes into account the energy density of exchange, anisotropy, demagnetizing, DM
interactions and external fields.

As our interest is in systems with STT along the length of the wire, we may simplify the STT
term assuming small angle approximation to —“TMS¢@ where u is the electron velocity along
the length of the wire. Other forms of STT may be included as a field-like term or using the full
description.

The dissipation density function may be written as:

d>F aM [dm B povHsr ?
—_— ens — —— | —— = (i - » TP 9 4'
s Fuq > | + a(u V)m o X UsoT (4.3)

Clearly, the Lagrangian includes the internal energy of the system (the derivative of which with
respect to m gives the effective field) plus a precession term to model the precessional motion of
magnetization. The dissipation function is made up of the torques acting in the damping direction
(which show up as the cross product of fields with m in the LLG equation). The LLG may be
retrieved from this Lagrangian and dissipation description of the system, by forming the cross
product of the Euler-Lagrange equation with the magnetization.

The Lagrangian relies on a description for the internal energy density of the system. Using
spherical coordinates, the total internal energy density (Egens) for a material with uniaxial crys-
talline anisotropy and DMI may be written as:

Ezxchange

RO RO R CORE))

Magnetostatics

Edens =A

Anisotropy

Ho
+ Kysin?0 + 7M52 (Nw sin? 0 cos? ¢ + Ny sin? #sin? ¢ 4+ N, cos? 9) (4.4)

DMI

2 .00 .09 9¢
+D {cos gb% + sin (ba—y —sinf (Sm gb% — cos ¢8yﬂ

Zeeman and Field—like SOT

—poM; [(Hy cos ¢ + Hysin¢)sinf + H. cos 6]

In the above equation, the demagnetizing factors may be calculated based on the geometry of
the system and ellipsoidal approximations [106-110]. Note that this assumption is only valid in a
coordinate system along the DW (Figure b). The Zeeman energy term includes both effects of
applied fields and field-like spin-orbit torques with H; = H, ; + Hpr,usor,; is the effective field like
excitation in the i direction and ugor,; is equal to 1 when there are field-like spin orbit effects in
direction i and zero, otherwise.
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The dissipation density function will have the following form in spherical coordinates (keeping
in mind the assumption of STT along the wire length):

M, rovHst : 2
2y @ e’ Oz
. . 2
+ <9 C08681n¢ -+ ésjnacos ¢ — w [COS eux — sin @ cos ¢uz] Bua(smgsnl(b))
@ x
) Hgy,
+ <—9 sin § — HOI=SL [sin 6 cos pu,, — sin O sin pu,] + Bu 9(cos 9)) ]
@ a  Ox
(4.5)

which may be further simplified to the following:

2 2
0% + $*sin 9+(Bu) [(31”) —|—sin29<gf> ]

(M075SL)2[(

alM,

F ens —
d 27

+ cos? 0 + sin? 6 sin? qﬁ) u? + (cos2 6 + sin? 0 cos® (b) ui + sin? Ou.,

— 25in 6 cos 0 (cos pu, + sin duy) u, — sin’ 0 sin 2¢u,u, |

Bu (0000 5 0000
(81& gz o0 981&895)

- 2@ {(sin DUz — COS Puy) 9 _
o

5 (sin 20u, + sin @ cos 6 (cos gu, + sin Pu,)) (‘3@{)]

ot

(Sin 6 cos 6 (cos pu, — sin pu,) + sin? 9uz 6‘¢] 1

(4.6

Bu povHsr . 00
Lt s 2 _ 7
2 (sin pu, — cos duy)

4.2 A Collective Coordinates Approach to Magnetic DW
Motion

Our aim is to develop a description of the collective motion of the DW; a description which does
not rely on the properties of single magnetic moments in the system, but the DW as a collection of
magnetic moments. To do so, we need to introduce assumptions in the system in order to connect
the spatial change of magnetization with the collective properties of the DW which only change
temporally.

As previously mentioned, the system of interest in this work is a multilayer perpendicularly
magnetized nanostrip containing a magnetic DW. Based on micromagnetic simulations and exper-
imental observations [54162,[82], the following time dependent collective coordinates were selected
to describe DW motion in such systems:

1. The position of the center of the DW (q);
2. Magnetization angle at the center of the DW (¢);

3. The domain wall width parameter (A);
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4. The tilt angle of the wall as a whole (x).

Using these coordinates, the DW is modeled as a thin line with four degrees of freedom. The
coordinates above are depicted in Figure [£.1]b.

The coordinate q was included as a measure of DW motion, ¢ was included to provide a measure
of the magnetization state which is how the DW interacts with its environment, and A was included
as physically any DW has a width. The coordinate y was added in order to model the effects of
the DMI on a moving DW, which tends to tilt the DW in its plane [82], as depicted in Figure d
and e. This tilting has also been observed in systems without DMI under in-plane fields [156], and
is a way for the DW to adjust its internal magnetization while keeping multiple energy terms to
a minimum. Under high in-plane fields or high DMI, the DW no longer tilts rigidly and, a rigid
description based on a tilting line might no longer be suitable.

a Y
X, t
y T m
1
é—x
X
zh X% \
I X
(a) Collective coordinates. (b) Ellipsoidal coordinates of the DW.

() t=0,D=1mJ/m?. (d) t =100ps, D = 1 mJ/m?.
(e) t=0,D =2mJ/m?. f) t = 100 ps, D = 2mJ/m?.

Figure 4.1: The selected collective coordinates and snapshots from micromagnetic simulations with
an applied field of 10mT. (b) Relevant ellipsoidal coordinates.The rectangle in solid gray shows the
initial state of the Dw and the one in dotted gray rectangle shows the DW in motion with a tilting
angle x. Clearly, during motion the ellipsoidal axes (Ex and Ey) of the DW tilt by x as well. (d)
and (f) clearly show the tilting of the DW, when compared to the initial DWs illustrated in (c)
and (e) respectively. Note that (f) also shows the partial deformation of the DW at high DMI.

In order to introduce a DW as an object within the system, and move from a description based
on spherical coordinates to collective coordinates, the two coordinate systems need to be linked.
To relate the spherical coordinates with the collective coordinates, we may use the profile of a
tilted Bloch or Néel wall derived in Chapter 2 (Equation as an ansatz:

tan g = exp (i (=) COSAX +y smx) (4.7)

The ansatz above (Eq. is a generalization of the original ansatz used by Slonczewski [54,/157]
(and derived in Chapter 2) with the additional parameter x added to account for the tilting of the
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wall. Note that by introducing the parameter x, the diagonal axes of the DW change, as depicted
in Figure [L1]b.

By introducing this ansatz, magnetization dynamics is now constrained. This means that the
degrees of freedom such as as § man no longer follow any direction they want and need to obey
this ansatz, moving them slightly away from the exact LLG equation towards a form of the LLG
with additional torques which constrain the dynamics of the magnetic moments. These constraints
are the main reason why micromagnetic simulations do not exactly match 1-D model predictions
in some cases.

The ansatz (Equation has the following properties

00  sind
3 = A COX (4.8)
g—z = 8120 sin (4.9)

90 _.cosx+.(q—x)sinx—i—ycosx_é(w—q)cosx—&—ysinx 0
ot A TX A A A =

(4.10)
sin 0
A

cos X (y — Asin x In (tan (6/2))) — % ((z —q)cosx + ySinx)>

= (—(jcos X +
which shows all derivatives of 6 somehow relating to sinf/A, simplifying spatial and temporal
integration of the energy (Lagrangian and dissipation) functions. For the DW to maintain its
shape, we must also have [59}/61]:

A< ), 191> | 51, V0] < 5. Vg < 1 (4.11)
0
which are equivalent to the DW internal degrees of freedom changing slower than its collective
motion, and ¢ and q being almost spatially homogeneous.
To evaluate DW dynamics using the collective coordinates, we need to rewrite the energy terms
using these coordinates and the properties of the ansatz. The Lagrangian density will take the
form:

Exchange DMI

Anisotropy
——

&L A, D O
W = Edens = KSIH 9+§COS(¢—X)SIHG+KU81H 0

Magnetostatic

+ %MSQ (Na sin® @ cos® (¢ — x) + N, sin? @sin? (¢ — x) + N, cos® 9)
(4.12)

PrecessionalTerm
Zeeman

M, .
—poMs [(Hy cos ¢+ Hysin¢) sinf + H, cos 0] + 7¢cos€

STT
—— N SOTFL
uM, d(cos8 —
- ¢g —poM Hprm - isor
y dx

Note the change in the Magnetostatic terms from equations based on ¢ only, to equations based
on ¢ — x. This is due to the local nature of the demagnetizing field, which acts on magnetization
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at each point within the system. In order to maintain the ellipsoidal assumption (or diagonality of

the demagnetizing factors tensor), a change of axes is required (as depicted in [f.1}b) which leads
to these new equations. The dissipation density can be written as:

. 2
Fpr = aM, l (_qcosx +>,<y— AsinyIn (tan (6/2)) A (z —q) cosx+ysinx> <in2 0

2y A A cos x A A

. 2 H
+ | 9% + (ﬂuCOSX> sin 6 — Q@M (sin pug — cos puy) X Ging
alA @ o A

.2
A X A cos x A A sin” 0

+2@ _,cosx+,y—Asinxln(tan(H/Q))_A(a:—q)cosx—i—ysinx cos
«@ d A

H
+ (M)2 [ (cos? 0 + sin® Osin® ¢) uZ + (cos® 6 + sin® 0 cos® ¢) ui + sin? Qu,
@
— 28in 0 cos 6 (cos Pu, + sin puy ) u, — sin? @ sin 2¢uwuy}
H
_ gHoTSL (sin pu, — cos ¢u,,) sin 6
o :

_glosx .y — Asinyln (tan (/2)) A (z — q) cos x + ysin x
A X Acosy A A

(4.13)

Next, the Lagrangian and dissipation density function need to be integrated over the length
of the wire. The properties of the ansatz help simplify the integration process. This integration
will remove the dependence of terms on 6, leading to an equation based only on the collective
coordinates and material properties. We have:

d2L 24 D M, - uM,
= = — _— — 27 — —
e Ly =55 co8x + M5 cos(d—x)+ S ¢(qg—ytany) —m——¢
2A Ho 5 2 2 : 2 (414)
o LK+ 5 M2 (N cos? (9= X) + Nysin (6= x) = V.|

— mpo My [Hy cos ¢ + Hysing + 2H, (g — ytany)]

aM, | ¢> 2 A? 2A y 2 g2 9
Fo = — CoS — — ta
* y lA X+12ACOSX+COSX Acosy +12 X

. A . . 2 . . . H A
FECAT-SP B S sy N SPWPE Y a1 LI A-S

cos X Acosy 6 cosy a  cosy

I .
+ (%)2 CCZX i [W’)’ aSL (sin pug — cos puy) — 2§Z cos X:| {q — yCO;g X} (4.15)
H

- W@u(sin DUz — COS Puy)

a o«

_ (VHSL)2A(

u? + ui cos® ¢ + u2 sin? ¢ — 2uyu, sin 2¢ + constants) ]
a cos Y

The constant terms are not all written down here to save space, specially since only terms with a
derivative of a collective coordinate play a role in the dynamics.
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The above equations still need to be integrated along the width and thickness of the wire.
Considering the DW tilts along the center of the wire, integration from —w/2 to w/2 is reasonable
along the width (if other coordinate systems are used, as they will not be inertial, inertial terms
will show up in the equations). After integration, the Lagrangian and dissipation function may be
used to derive the equations of motion using the Euler-Lagrange equation. Four models may be
developed, which will be outlined below.

4.2.1 Models without DW Tilting
The q — ¢ Model

The simplest model that can be derived using the approach above is the q — ¢ model which is
most similar to the original model proposed by Sloncweski [54]. This model assumes that the
DW width parameter A is fixed and derived using the equation presented in Chapter 3. It also
neglects tilting in the DW. It consists of the following two equations describing the evolution of
the collective coordinates q and ¢:

] . T . U
OK% + ¢ = uoy (Hz - §HSL [sin pugsor,» — cos ¢USOT,y]) + ﬂZ (4.16)
q .1 . T D
9 0d = ZpoyM, (N, — N,)sin2¢ — ~ ;
A ag 2,u0’y (Ny ) sin 2¢ 5 LA sin ¢ @1
u Vs .
+ — + S poy [Hysing — Hy cos @] + poyHsrusor, -

A2

In the equations above, Equation [4.16| includes the effect of external interactions that drive the
DW, while equation includes all interactions that change the internal structure of the DW.
Equations and [{.I7may be rewritten in explicit form as:

] u 1 .
1+ 042)g = poy (eH, + Hsrugor,z) + (1 + af)— + zpoyMs (Ny — N;) sin2¢
A A2 (4.18)

D
+ gNO'Y KHx T wMA aHSL“SOT,x) sing — (H, — aHgrusor,y) cos ¢

. U 1 .
(1+a?)¢ = poy (H, — aHsrusor,.) + (8 — Q)K - aiﬂo’yMs (Ny — N;)sin2¢

T D .
— Moy [(04 <Hac - MoMA> + HSLUSOT,x) sin¢ — (aHy + Hspusor,y) cos ¢]
(4.19)

The q — ¢ — A Model

Another somewhat simple models is the ¢ — ¢ — A model (similar to the model proposed by
Thiaville [62]) which extends the q — ¢ model by adding an additional equation outlining the
evolution of the DW width parameter. While the first two equations of the g — ¢ — A model are
and an additional equation is added with the form:

2 A v [ A poM?
—a— = — — K, — =5 [N, cos? N, sin® ¢ — N,
12a - 5 5 [ cos” ¢ + Ny sin” ¢ } (120)

+ SHoy (H cos ¢+ H, sin )

42



4 — Towards an Analytical Model: A Collective Coordinates Approach to DW Motion

The q — ¢ and q — ¢ — A models show the same dynamic behavior, since A relaxes towards a
steady state value rather fast and is independent of the driving excitation.The steady state value
of the DW width parameter may be calculated at A = 0 as:

A
A = i — : (4.21)
K, + #57= [N,y cos® ¢ + Nysin® ¢ — N | + S oy (H cos ¢ + Hy sin ¢)

Clearly the DW width depends directly on exchange, anisotropy, dipolar interaction and in-plane
fields, while the DMI exerts an effect on the DW width indirectly by affecting ¢ which is also
affected by the other interactions as well.

Due to the fast relaxation of the DW width parameter towards a steady state value, an analytical
analysis of the q — ¢ — A is valid for the q — ¢ model. These models are valid in the absence of DMI
(or presence of very low DMI), when negligible tilting is observed on the DW. Several observation
can be made regarding the mathematical form of the g — ¢ — A and the q — ¢ models:

1. Considering the relatively small changes in A, the dynamics is entirely determined by ¢.

2. The uniaxial anisotropy only affects the dynamics of the DW width directly. As the DW
width is relatively stable when no in-plane fields are applied, the uniaxial anisotropy plays a
minimal role in DW dynamics.

3. The DMI and external excitations directly play a role in the dynamics of ¢ and velocity.
4. The dipolar interaction and in-plane fields are involved in all three equations.
5. The ¢ angle predicted by these equations is equivalent to ¢ — x in models with tilting of the
DW as we will show later on in this chapter.
Closed-Form and Analytical Solutions

Steady State Condition In the case of a thin film in the absence of in-plane fields and neglecting
the smaller demagnetizing effects, the steady state DW width parameter (Equation [4.21)) can be
approximated by:

A A (4.22)

poM?2
K, —=5=N,

This approximation of the DW width parameter may be used in the q — ¢ with negligible errors
compared to the full ¢ — ¢ — A model.

It is well established that a steady state condition can be reached if the excitation is lower than
the Walker excitation, with the DW moving at a constant speed [53]. Based on our equations, and
considering A relaxes really fast, a steady state motion is equivalent to the magnetization stopping
its precession (¢ ~ 0). We have:

: 1
¢ =0= azM, (N, - N,)sin2¢" = (H. — aHs usor.:) + (8 - a) UA*
_ 5 Hoy (4.23)
) [(06 (Hz - W) + HSLUSOT,J') sin ¢* — (aHy + Hspusor,y) cos ¢*

The equation above shows that the excitations need to balance out with the dipolar and DM
interactions in order to reach a steady state. Otherwise, the precession will continue. Note that
the DM field may be defined here as Hpyp = ﬁ, and the STT field as Hgtr = m.
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In the simplest case of field-driven DW motion without any DMI, we have:

2H, _ H.
aM,(N,—N,) Hw

sin 2¢* = (4.24)

i =20 i A (4.25)
«

In such a case, the threshold field Hw = %MS(Ny —Ny) = SHyk exists, above which no steady
state solution can be achieved. This field is called the Walker Breakdown field [53]. A similar
approach could be used to define the Walker breakdown current for the STT driven DW motion
or Sloncweski-like SOTs in the z direction.

With the definition of the Walker Breakdown field, the general equation for the stead state ¢
may be written as:

H. aHspusor,:

. Hsrr
S 2 * — — _—
s Hz HDMI HS’L . H HSL
-5 [(an -« . + kuSOTI> sing — (an + H—quOT y) cos ¢] (4.26)

=h, — ahsrusor,: + (8 — a) hsrr

B [(Oéhx —ahpyr + hSLUSOT,x) sin ¢ — (Ozhy + hSLuSOT,y) cos (;5]

where h;s are each field term normalized by the Walker breakdown field (h, = II{{—;, hg = II{{%’

hgtt = @ = ,and hp = HDMI = oML AH ). This equation clearly shows that the relative
strength of each %eld compared to the Waﬁ{er Breakdown is the dominating factor in DW motion.

Using this equation, the velocity of the DW may be simplified to:

o HoyA*
g =11 H.+ 6
«

A* + HSL (usoT,y cos ™ — ugor,z sin ¢*) (4.27)
This equation clearly shows that (assuming a fixed DW width) in field- and STT-driven DW
motion, the DW velocity should vary linearly with the applied interaction, while in SOT-driven
DW motion we expect a nonlinearity in DW velocity. Moreover, SOT fields in the y direction
cannot move Bloch DWs (¢* = 7), while SOT fields in the x-direction cannot move Néel DWs
(¢* = 0). Note that the field-like component of the SOTs do not contribute to the velocity directly,
while they do have an effect on ¢*.

Linearized Solution Using a Taylor series expansion of the steady state equation [1.26] we have:

*3 320*3
<2¢ — ¢ + 1;50 + ) = h, —ahspusor,. + (8 — a) hsTT

¢*3 ¢*5
120

™
— glahs —ahpyr + hsiusor.s) (d) - + ) (4.28)

*2 *4
— (ahy + hspusor,y) (1 - ¢2 + ¢24 + )]
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From these expansions we can extract a linear solution to the equation. Using only the first
term of each expansion, we have:

h. —ahspusor,. + (B — ) hsrr + 5 (ahy + hspusor,y)
2+ % (ahy — ahpayr + hspusor,z)
H., —aHspusor,. + (8 — o) Hsrr + 5 (aHy + Hspusor,y)
aHy + 5 (aHy —aHpyr + Hspusor,z)

¢ =
(4.29)

The intriguing feature of this equation is that it shows that the internal structure of the DW is
Dependant on the ratio of interactions in the y and z directions to those interactoins acting along
the length of the DW.

Force Description During steady state motion (after the relaxation of A and ¢), it can be
shown that the dynamics of the system follows the equation below:

.. m .
mpw{ + ag = —peyA (Hz - §HSL [sin pusor,» — cos ¢USOT,y]) + Bu (4.30)

This equation shows that the DW in these two models is acting as a particle with the time dependent
mass:

1+ a?
oY [HK cos2¢ + g [(IT[:C — Hpyr — aHSLuSOT@) cos ¢ + (Hy — aHSLUSOT,y) Singf)]]
(4.31)

mpw =

Note that while in the case of field, field-like SOT and STT driven DW motion the mass does not
depend on excitation strength, in the case of Sloncweski-like driven DW motion, the mass depends
on the strength of the excitation. The mass, and hence inertial effects and relaxation time, are
dependant on the coordinate ¢.

This is related to the Doring mass [62}/158]:

(4.32)

Frequency Domain Solution As the evolution of A has minimal effect on the dynamics, the
dynamics in this model is driven by ¢. Equations for the evolution of ¢ may be reqritten as:

14+a2 1 H, Hgp B Hsrr
— (222 st ; 21 —sin2
o Hy (a m, o)t Vg, e (433)
™ Ha: HDMI + 1HSL . ¢ Hy + 1HSL ¢ '
—_ = — — u z | Sl — —_— — u COS
2 H, H, o H, °T H, o H, °°Tv

Introducing the the time constant wy = i = “f;’ggv , and using the notation for normalized fields,

we have:

1 . 1 .
—¢ = (hz - hSLUSOT,z> + (ﬁ — Dhgrr —sin2¢
We « a

(4.34)

™

1 . 1
o |:<hr —hpumr+ ahSLUSOT,m> sin ¢ — <hy + ahSLUSOT,y) cos 4
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In the simplest case (absence of in-plane fields, DMI and spin-orbit torques), this simplifies to:

- — 1)hSTT — sin Q(Z) (435)
(07 «

1 . 1
—¢=—h,+ (ﬁ
Wo
which can be analytically solved:

1 o |htzm¢—1—\/1—h2htan(;50—1—1-\/1—h2
T— 12 htang— 1+ vVI—h2 htande — 1 — v1—h?

with h = ihz + (g — 1)hgrr and noting 1 > h. This equation can further be simplified to:

w¢t = | (436)

htang — 1+ /1 — h2 htangg — 1 ++/1 — h?
- 1= Rwyt) = —wot) (4.37
o -1 VI T2 htangy 1 v O wot) = mexp(=wot) (4.37)

Note that n > 1. To get to an analytical description three cases can be solved. When tan¢ <

lovi-h? Vl}*hQ or tan ¢ > Ltvi=h?® Vﬁ*hQ , we have:
1 V1-h%21 —wot
tang = — — 1 exp(—wol) (4.38)
h h 1 —nexp(—wot)
Otherwise:
1 V1-h21- —wot
tang = — — nexp(=wo!) (4.39)
h h 14 nexp(—wot)
In both cases, the steady state solution (when t|oo) is:
1 V1-—h?
tan ¢* = P (4.40)

4.2.2 Tilted Models
The q — ¢ — x Model

Another model which may be derived assuming a fixed DW width parameter (A) is the q — ¢ — x
model which takes into account the tilting of the DW during its motions (similar to the model
proposed by Boulle [82]). In this model, the DW is seen as a rigid tilted line moving through the
system which may be described using the following three equations:

] : s . u
a-L cos x + ¢ = poy (Hz — 5 Hsy [sin pusor . — cos ¢USOT,y]) + B~ cos x (4.41)
A 2 A
q .1 . T vD |
A cosy — ap = §,uo'yMs (Ny — Ny)sin(¢ — x) — 3 VA sin(¢ — x) )
U 0 .
+ A COSX + 5H0Y [H, sin¢ — Hy cos @] + poyHsrusor,-
T X w2 1 , T vD .
_ aﬁcoﬁx {(M) + sin? X} = §'YHOM3 cos X(Ny — Ny)sin2 (¢ — x) + §J\ZSA sin ¢
A M?2
+ ]\} sin x {AQ + <Ku + MTS [Nr cos? (¢ — x) + N, sin? (¢ — x) — NZ])] (4.43)

- gpofy (Hy cos ¢+ Hysin¢) sin
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Note that the first two equations are the same as Equations [£.16] and [£.17] with the effect of tilting
on each term added in.
The equations for the evolution of each coordinate may be derived explicitly as:

1 2) g
wg cosx =aH, + Hspusor.» + (1 + af) Y Cos X
poy A [0y
+ g [(H, — aHgy)sing — (H, — aHsy) cos ¢) (4.44)
1 . m™ D .
+ ML (N, = No)sin2(6 = x) = 5 - sin(o — )
1 2) . —
(—i_iahb = H, —aHgspusor,. + MECOSX
Ko7y poy A
™ .
-3 (aHy + Hspusor,e)sing — (aHy + Hspusor,y) cos @) (4.45)

1 D
— {QMS (Ny — N3)sin2(¢ — x) — gm sin(¢ — X)}

_a7r2[ X [<w>2+sin2><” Z%MscosX(Nm—Ny)SinZw—X)

oy 12 [cosx | \TA
siny | 4 poM? 2 . 9
+ ol {A? + <Ku + [N, cos® (¢ — x) + Ny sin® (¢ — x) — N, ] (4.46)
D
+ gﬁboMsA sin ¢ — g (H, cos ¢ + Hysin @) sin x

From the equations, it can be observed that:

1. Applied field in the z direction and Slonczewski-like torques directly affect ¢ and velocity.
2. The DMI, dipolar interaction and in-plane fields affect all three coordinates.

3. Exchange and uniaxial anisotropy only affect the evolution of the tilting angle directly.

4. In-plane fields can be used to enhance the effect of Sloncweski-like torques.

_ Note that our simulations of this case show that in the steady state condition non of ®, X or
¢ — chi are necessarily equal to zero although a steady state condition can usually be observed.

The q— ¢ — A — x Model

If all four coordinates are used, the collective coordinate model will take the following form:
q ; m . u
aj cosx + ® = poy (Hz - §HSL [sin pusor,. — cos ¢USOT,y]) + 53 cos X (4.47)

q o1 B . . TD
A COSX a¢—2uovM5(Ny N, )sin2(¢ — x) 2MSASIH(¢ X)

(4.48)

u 7r .
+ R cosx+ SHoY [Hsin¢ — Hy cos ¢] + poyHsrusor,
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A X . v [ A poM; -
— + smx] = YA {N—Ku 5 [N cos (¢_X)+Ny5m2 (¢_X)_NZ]

+ g,uo’y (Hycos ¢ + Hy sin @)

(4.49)
772 A . X w 2 .2 Yy . A
_aﬁ Ksmx—i— cosx [(M) =+ sin X} =L sin Y Az
fo M 2 ;2 )
+ | K, + N cos —x) + N, sin —x)— N,
(6 + 220 [N, cos? (0 0+ Nysin? (6~ ) — ] w0

1 .
+ 5o M cos x(No — Ny) sin2 (¢ — x)
T vD
+2MA
Here the first two equations are the same as the q — ¢ — x model, while the latter two equations

are completely different from those seen in the q — ¢ — A and q — ¢ — x models.
The equations for the evolution of each collective coordinate may explicitly be written as:

sin ¢ — fuo'y(H cos ¢ + Hy sin ¢) sin x

(1+a?) 4
- =aH,+H » 1
o A cosx = aH, + Hspusor,, + (1 + af) o A cos X
—%g[U¥AfaHgmsm¢ (H, — aHsy) cos ¢ (4.51)
1 ) m D .
§M(Mr4%ﬁmﬂ¢—m—§ﬁMLAmd¢—m
1 2) . —
ﬂéb = H. — aHgpusor,: + frau cos X
oY poy A
T .
-3 [(aHy + Hspusor,z)sin¢g — (aHy, + Hspusor,y) cos ¢ (4.52)

—a[ﬂ@w@—N)wﬂ@ X) — gozAmM¢—M}

i (e )
() (e

TA
( ) v (Hycos ¢+ Hy sin @)

ol
Q
| >
3
S
v
E

26— x) + Nysin? (6 — ) - Nz]) .

1 D
+ Z’WOMS sin 2y (N, — Ny)sin2 (¢ — x) + g]\}SA sin ¢ sin y
a 72 % w \?2 A
. - =2
/m712awx(ﬂA) ;mN@A2$nX+ oﬂfAsm¢ (4.54)

1
+ iMs(Nx — N,)sin2 (¢ — x) cos x
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These equations show that:

1. Only the evolution of the DW width depends on the magnetocrystalline anisotropy.

2. Exchange interaction affects both tilting and the DW width directly.

3. The DMI and dipolar interaction show up in all equations.

4. Out-of-plane fields and Sloncweskii torques affect the evolution of ¢ and velocity directly.

5. In-plane fields do not directly affect the evolution of tilting.

Note that our simulations of this case show that in the steady state condition only A necessarily
equals zero.
Closed-Form and Analytical Solutions

Steady State Conditions In simulations and using the model, we observed the rapid relaxation
of the DW width parameter. The steady state DW width parameter can be calculated:

A=0=
Y A UOMSQ 2 2
0= A {A? — (Ku—|— — [NICOb (¢ — x) + Ny sin® (¢ — x) —NZ]
. . (455)
+ S HoY (Hy cos ¢ + Hysin ¢)
+ 2 (ﬂ)2 sin? x +I s1n¢81nx + MOM sin2x (N — Ny)sin2 (¢ — x)
M, \ 1A A2 2 A

Assuming a small tilting angle of the DW x ~ 0, the steady state DW width may be estimated as:

A
A¥ = E; (4.56)
K, + 55 [N cos? ¢ + N, sin 2p— Nz] S oy (Hy cos ¢ + H,y sin ¢)

which is the same as Equation This approximation of the DW width may be used in the
q — ¢ and q — ¢ — x models with negligible errors compared to the models that take into account
the evolution of A.

While we did observe the relaxation of ¢ and y in micromagnetic simulations, we did not
necessarily observe them when using the CCMs. Yet, using the assumptions (;5 = 0, an
approximation of steady state velocity may be extracted as:

. A*
§* = Moy H,+8

o cos x* VA*4+ T Hst (usor,y cos ¢™ — usor,s sing”) (4.57)

Determining the steady state value of the ¢ and x angles is somewhat more complex. Based
on our assumption, a steady state condition is equivalent to:

) 1 b—a u
=0=a-M; (N, — Ng)sin2(¢* — x*) = (H, — aHgrusor,») + e
6= 05z M, (N, = No)sin2(6" —x) = ( usors)+ 220X
m . * *
-3 [(aHy + Hspusor,s)sin¢® — (oHy + Hspusor,y) cosé™] (4.58)
T D .k "
+ aim sin(¢ X*)
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x=0= %MS(Ny — N,)sin2(¢* — x*) cos x* = 24 sinxy* + — 5 OJ\?A* sin ¢*  (4.59)

Equation 4.58| clearly shows that the excitations need to balance out with the dipolar and DM
interactions in order to reach a steady state condition. Otherwise, the precession of magnetization
will continue. Equations and may only be analytically solved in the simplest cases.

The presence of DMI changes the dynamics by adjusting the applied field or current at which
Walker Breakdown happens. For simplicity, we will use Hyw defined in the previous section as
Walker breakdown to help visualize the effect of DMI.

Assuming a case field driven DW motion with a small angle assumption for ¢ — x, equation

yields:
* * liz ll}Z
" —x =

(M (Ny = Vo) = Faorine)  2Hw = oHpur

(4.60)

where Hpyr denotes the effective DMI field. It is clear that, depending on its sign, the DMI field
can extend the range of fields over which a steady state condition may be reached. The DW width
can be estimated using q = %HZ.

A similar approach could be used to define the Walker breakdown current for the STT driven
DW motion or Sloncweski-like SOTs in the z direction. However, these cases will not be presented
here as in most heterostructures with SOC, the SOTs are in the y direction and STT has negligible
effect due to the low thickness of the system [75L85.86].

Another case which could be analytically solved is the case of Sloncweski-like driven DW motion,
with SOTs in the x-direction. Assuming a small tilting angle (x ~ 0) we have:

cosp* = T aHpyr — Hspusors _ ® alpyr — Hspusora (4.61)
2" oM, (N, — N,) 2 2H,, '

Note that in the case above, DMI changes the effective field at which Walker breakdown is reached.
However, this case effectively does not lead to the motion of Néel walls as shown in [81] ad also in
our simulations.

Small SOT excitations in the y direction may also be analytically written under the x ~ 0
approximation, yielding:

1

aiM( (Ny — N;)sin2¢* — fHSL cos p* — sing* =0 (4.62)

D
2 quSA*
This equation can only be analytically solved under the assumption of small ¢:
Hgy, B Hsp,

™ i
2 a(My (Ny = Np) = 53057 ~ 22H, — ZHpum

Q" =

(4.63)

Note that in this case, the DMI may reduce or increase the effective Walker breakdown field
depending on the sign of the DMI strength. The steady state velocity with small ¢ and the x ~ 0
approximation may simply be written as:

T poY

1=5- ——Hs, A" usor,y (4.64)
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4.3 Comparison to Micromagnetic Simulations

To assess the accuracy of the models developed in this Chapter, simulations were preformed on
nanowires made of Pt/CoFe/MgO. In all cases, a nanowire was simulated with the dimensions
2.8um x 160nm x 0.6nm with the material parameters outlined in Chapter 2 and reference [85].

Different methods of extracting the collective coordinates were assessed to find the most effective
way of extracting the relevant coordinates from micromagnetic simulations. These included the
Porter definition for DW width and velocity [159], the Thiele definition for DW width [62], the
fingerprinting method [160], local definitions of spherical coordinates and fitting of the data to the
Bloch profile. The most accurate description was found to be:

e DW velocity extracted following the methods in [159]: v = L—;w where Ly is the length
of the nanowire. Other methods provided results with negligible difference.

e ¢ extracted from the local values of the x and y component of magnetization at the center
of the DW (position q and y = w/2).

e The tilting angle extracted by finding the center of the DW at the edges of the nanowire and
computing the angle of the line connecting the two points with respect to the width of the
wire through the center of the DW (q).

e DW width extracted following the Thiele definition of DW width [62]: A = f%'gigvp with Atw
Ix
denoting the cross sectional area of the wire.

Figure 4.2 compares the different coordinates as predicted by different CCMs to micromagnetic
simulations for the case of field-driven DW motion below the Walker breakdown. Clearly, the
models which include tilting of the DW predicts the DW velocity with better accuracy. The
DW width parameter was found to vary negligibly, and seems to have minimal effect on the
dynamics based on the fact that models with a varying DW width and with a fixed DW width
behave similarly. All collective coordinate models clearly predict similar values for ¢ — x and the
differences could be attributed to the effect of x as a degree of freedom.

Figure[1.2] (a) clearly shows that the collective coordinate models deviate from the trend in the
micromagnetic simulations for applied fields above 40mT. To better understand these deviations,
we calculated the goodness of fit (R?) and root mean square error (RMSE) normalized by the
average value of each parameter; the results of which are summarized in Table Clearly, the
four coordinate model improves the accuracy in predicting DW velocity and DW magnetization
angle, while maintaining similar accuracy compared to other models in predicting the DW width
and tilting angle.

Figure depicts the predictions of the collective coordinate models compared to micromag-
netic simulations for the case of SHE-driven DW motion below the Walker breakdown. We assumed
that the SHE-mechanism only gives rise to Slonczewski-like torques, and that contributions from
the STT mechanism are negligible. Clearly, the q — ¢ — x and q — ¢ — x — A models accurately
reproduce the DW velocity curve, while predicting the difference between tilting and magnetization
to an acceptable degree. In terms of the angle ¢ — x, the predictions of q—¢—x and q—dp—x — A
are only similar at high currents. This difference could be attributed to the effect of changes in the
DW width. In fact, reviewing the DW width curves (not shown here) shows that the DW width
adjusts itself for low fields in the case of SHE-driven DW motion, until it reaches a fixed value
for high fields. Normalized root mean square error (NRMSE) and goodness of fit computed for
the different models in Table [4:2] clearly show the higher accuracy of the g — ¢ — x — A model.
Specifically, this model improves the accuracy in predicting the DW magnetization angle and the
DW width.
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Figure 4.2: Comparison of the 1-D model predictions to micromagnetic simulations for field driven
DW motion below Walker breakdown.

The inability of the q— ¢ and q— ¢ — A models in reproducing the micromagnetic results in this
case could be attributed to the more complex coupling between the interactions and the angles.
The Slonczewski-like field in the y-direction is directly multiplied by cos¢ (Eqgs. and ,
while the other interactions simulated here relate to ¢ — x.

Based on the relative errors in Tables and it can be concluded that the collective
coordinate model developed in this work with four coordinates (q — ¢ — x — A) can reproduce
micromagnetic simulations with acceptable accuracy, and is particularly suited for current-driven
studies. Specifically, this model improves the accuracy in predicting the DW magnetization angle,
while maintaining the accuracy in predicting other DW properties. However, for most purposes
the q — ¢ — x model also has acceptable accuracy, with errors less than 10%.

A study using this model was also performed on STT-driven DW motion, highlighting the high
accuracy of the Lagrangian models in replicating STT-driven DW motion, with errors lower than
1% in predicting velocity and DW tilting, and less than 10% fo other collective coordinates [3].
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Table 4.1: R? and normalized root mean square error (NRMSE) for field driven DW motion. The

small angle approximations are (Eqs. and [4.60). The bold values show the lowest NRMSE
achieved (if significant).

Model/ NRMSE [R?] | Velocity o % b—x A
23.38% | 54.65% 7.06%
a-9 99.92%)] | [93.31%] ) 99.87%] )
s 2373% | 12.16% 689% | 3.12%
d 99.92%)] | [93.45%] ) 99.88%] | [71.35%)
12.93% | 54.86% | 12.58% | 7.06%
490X [99.98% | | [98.78%)] | [99.94%)] | [99.87%] )
Chv_ A 12.49% | 11.86% | 12.59% 6.89% 3.12%
-9 (99.98%)] | [98.81%] | [99.95%)] | [99.88%] | [71.35%]
Small angle 19.31% 10.01%
approximation [99.92%] i i [99.68%] i

Table 4.2: R? and normalized root mean square error (NRMSE) for field driven DW motion. The
small angle approximations are Egs. and The bold values show the lowest NRMSE
achieved (if significant).

Model/ NMRSE [R?] | Velocity @ X o —X A
24.98% | 29.94% 106.15%
a-9 (99.57%] | [96.26%)] ) 90.43%] )
s A 24.78% | 30.08% 105.70% | 15.98%
a=9 99.58%)] | [96.45%] ) 90.42%)] | [95.73%]
261% | 683% | 6.67% | 23.77%
4-9¢=X 99.93%)] | [90.63%] | [97.03%)] | [57.94%) ]
A 26% | 1.79% | 6.671% | 12.97% | 15.75%
a=9¢-x 99.93%)] | [99.85%] | [97.04%] | [94.11%)] | [97.09%]
Small angle 161.39% | 4.87% 99.61%
approximation [95.82%] | [88.56%)] ) [78.20%] )

4.4 Conclusion

In this Chapter we presented the Euler-Lagrange approach to developing collective coordinate
models. This approach was used to develop four collective coordinate models to describe DW
motion. We found that in systems with DMI use of three collective coordinates (q, ¢ and x) leads
to acceptable results while a four coordinate model with the addition of A only slightly improves
the accuracy of the models compared to micromagnetic simulations. We also showed some of the
closed-form results of these models which may be useful for back-of-the-envelope calculations or
extracting material parameters from experiments.
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Chapter 5

DW Motion in Nanowires Under
the Application of In-plane Fields

As outlined in Chapters 1 and 2, recent studies on DW motion have focused on perpendicular mag-
netic anisotropy (PMA) heterostructures of ultrathin ferromagnets sandwiched between a heavy
metal layer and an oxide. In these structures, spin-orbit coupling (SOC) and broken inversion
symmetry (BIC) contribute to DW motion [75,[121-124]. Specifically, the Dzyloshinskii-Moriya
interaction (DMI) present in these systems stabilizes Néel DW structures of specific chirality. SOC
has also been linked with enhanced current induced DW motion, with the spin Hall effect (SHE)
suggested as the dominant mechanism for this observation [75].

In perpendicularly magnetized heterostructures with DMI, applied fields in-plane of the sample
could be used to control DW chirality and the behavior of the DW [82187]/156]. Micromagnetic
simulations of such systems are in agreement with experiments [85], showing an increase in DW
velocity with fields parallel to the internal magnetization of the DW. However,conventional CCMs
(q— ¢ [54] and q — ¢ — x [82]) fail to reproduce these results [82}[85].

Despite this shortcoming of collective coordinate models, two of the most prominent methods
of assessing the strength of the DMI rely on DW motion under in-plane fields. The method used by
most investigators to measure DMI strength is studying the expansion of magnetic bubbles under
the application of in-plane and out-of-plane fields [88}/89]. This method assumes that the points
with significant Néel character are located on the axis of the in-plane field applied, and the DMI
field is assumed to be equal to the in-plane field which reverses the chirality of the DW. In an
alternative method, a critical longitudinal field in current-driven DW motion in systems with DMI
is used at which the DW is locked in place, and does not move irrespective of applied current [4].

Most experimentalists rely on the q — ¢ — x model in such measurements for determining the
DMI strength; however, as mentioned previously, this model cannot reproduce the micromagnetic
results. This calls for improvements in collective coordinate modeling of DW motion, both to
reproduce micromagnetic results and to help in the assessment of DMI strength in material stacks.

We initially applied the models developed in Chapter 4 to a case of current-driven DW motion
in a Pt/CoFe/MgO sample under longitudinal in-plane fields [4]. As depicted in Figure none of
our models were able to accurately predict DW behavior under in-plane fields, while the q—¢—x—A
model seems to be the most close in replicating the qualitative behavior of the DW. This is partially
due to changes in the DW structure under in-plane fields, as presented in Chapter 3.

In this Chapter, we look at the impact of in-plane fields on field- and current-driven DW motion,
presenting two extended collective coordinate models that take into account canting in the domains
as an additional parameter. We compare these model to other CCMs for DW motion [4}54,62,/82],
showcasing its improved accuracy. Critical points in the behavior of the DW under in-plane
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magnetic fields are also identified, along with closed form solutions for these critical points which
could be used to estimate different material properties based on experimental measurements.

Acknowledgment: Parts of the content in this Chapter were published in the following
publications:

e S. Ali Nasseri, Eduardo Martinez, Gianfranco Durin, ”Collective Coordinate Descriptions of
Magnetic Domain Wall Motion in Perpendicularly Magnetized Nanostructures under the Ap-
plication of In-plane Fields”, Journal of Magnetism and Magnetic Materials (under review),
arxiv: 1804.00569 [1].

e S. Ali Nasseri, Simone Moretti, Eduardo Martinez, Gianfranco Durin, Claudio Serpico, ” Col-
lective Coordinate Models of Domain Wall Dynamics in PMA Materials under Spin Hall
Effect and Longitudinal in-Plane Fields”, Journal of Magnetism and Magnetic Materials,
vol. 426, pp. 195-201, 2017, doi: 10.1016/j.jmmm.2016.11.081 [4].

Please use these papers in any citations.

5.1 Materials under study

We study two 2.8um long, 160nm wide nanowires with the magnetic properties listed in Table
and a 0.6nm thickness for the ferromagnetic layer. These samples were selected as they both
have DMI and PMA; however, the DMI strength of the Pt/CoFe/MgO sample is twice that of the
Pt/Co/Ni/Co/MgO/Pt sample, while its PMA constant is 1/3 that of the later sample. This helps
us better understand the effects of these two parameters on the structure and dynamics of DWs.

Table 5.1: Material parameters of the two systems studied in this work. The DMI strength of the
Pt/CoFe/MgO sample is twice that of the Pt/Co/Ni/Co/MgO/Pt sample, while its PMA constant
is 1/3 that of the later sample. This difference in material properties helps better understand their
effects on DW dynamics.

Pt/CoFe/MgO [86] | Pt/Co/Ni/Co/MgO/Pt [151] |

Saturation magnetization Mg 700 837 N
(kA/m)
Exchange constant A 10 10
(pJ/m)
Uniaxial perpendicular anisotropy 0.48 1.310
constant K,, (MJ/m?)
DW width parameter (nm) 7.2 3.39
A~ B

Kuy—poM2/2
Gilbert damping « 0.3 0.15
SHE angle sy 0.07 0.07 (assumed)
DMI strength D -1.2 0.6
(mJ/m?)

5.2 Extended Collective coordinate Models

In this section we will present two approaches to improve the accuracy of the CCMs for cases
in which in-plane fields are applied. We will rely on the same collective coordinates presented in
Chapter 4 to model the DW under in-plane fields.
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Figure 5.1: Comparison of results from the collective coordinate models presented in Chapter four
to micromagnetic simulations for SHE-driven DW motion under the application of longitudinal
in-plane fields. Clearly, non of the models can reproduce the micromagnetic results fully. Only the
four coordinate q — ¢ — x — A model qualitatively matches the results of micromagnetics with a
point of inflection predicted in the velocity curve.
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As mentioned in the previous Chapter, an ansatz is needed to link the collective coordinates with
the spherical coordinates for the magnetization in order to write the Lagrangian and dissipation
functions in terms of these coordinates. As highlighted in Chapter 3, the structure of the DW under
in-plane fields is affected as the domains will be canted into the plan of the sample. In the presence

of an applied in-plane field in the domains, the magnetization in the domains may be described
oM (Hy cos ¢+Hy sin ¢)
2Ky +poM2(Ny cos? ¢+Ny sin? ¢—N,)

where 6, is the canting angle. Note that, as we are projecting the 3-D magnetization angle onto
a plane, a sign for the canting angle 6. also needs to be included in the model; we defined the
angle to be negative for negative in-plane fields and positive for positive in-plane fields (which is
equivalent to clock-wise/counter clockwise convention for the sign of angles in 2-D); comparison to
cases where this sign was not taken into account later revealed the importance of this convention
to improve model accuracy.

As such, in addition to the models presented in Chapter 3, we can derive two additional groups
of models in this Chapter:

in spherical coordinates as ¢ = atan (g—i) and sin 0, = sgn(Hy, Hy)

1. Integrating the tilted Bloch profile [82] tang = exp(u) from 6, to # — 6.: This model
approximates the effect of the canting in the domains and was the first model we developed
to take into account this effect.

2. Integrating the inherently canted profile tan (0+0 ) = m(‘;&%m from 0. to ™ — 0.: We
expected this model to be the most accurate, as it takes into account the effect of canting

not just in the domains but on the DW structure.

In both profiles u = (XQ)COS—Xﬂ'SinX The parameter p,, can take the value of £1 to adjust for

top-down vs bottom-up DWS In both cases, we also assume that magnetization is homogeneous
within the DW, hence ¢(r,t) = ¢(t). The two profiles were already presented in Chapter 3 and
compared to the static structure of the DW.

In order to evaluate DW dynamics using the collective coordinates, we need to rewrite the
energy terms using these coordinates and the properties of the ansatz. The energy and dissipation
function then need to be integrated along the length and width of the wire, and plugged into the
Euler-Lagrange equation. This process will result in four equations:

. ) U
odlp CIA cosx + Io¢ = poy (InH, — IsHgy, [sin ¢pusor,.e — €S pusor,y]) —|—611p A cosy (5.1)
q troy M . u
I, cosx — alyd = [, (N, — N,)sin2(¢ — x) + I Cos X
. vD . '
Ispoy [Hysing — H L gin(g -
+ Ispoy [Hy sin g y COS ¢ 3Mspr sin(¢ — x)

S PR S i
=L [Il TINE I4pr} + Ispoypw (Hy cos ¢ + Hy sin @) (5.3)

A X I w \?2 . 9 ~vD .
—al 1 Y Y el
al; prSIHX+COSX [67(PwA) + sin” x 3Msprsm¢>
M; .
+ 1y MO’; cos X(Nz — Ny)sin2 (¢ — x) (5.4)
Yo A :
MS [1W+I4K716’UJOMS (H/L-COSQS+H‘USIH¢)
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where K = K,, + “OTMS [Ny cos? (¢ — x) + Ny sin® (¢ — x) — N,].

Note that the equations |5.1 above may be further simplified into two coordinate models
(assuming x = 0 and a fixed A leads to a model similar to the q— ¢ model [54]), or three coordinate
models (x = 0 leads to a model similar to the q — ¢ — A [62] model, while assuming a fixed A leads
to a model similar to the q — ¢ — x [82] model).

In the equations above, Ijs are integration constants which depend on the ansatz used and
relate to the amount of canting in the domains. Three classes of models were derived based on the
ansatz used and how they were integrated:

1. Integrating ansatz 1 from 0 to 7: This model does not take into account the canting in the
domains, and was presented in one of our previous works [3].

2. Integrating ansatz 1 from 6. to m — 6.: This model approximates the effect of the canting in
the domains and was presented in our past work [4].

3. Integrating ansatz 2 from 6. to m — 6.: We expect this model to be the most accurate, as it
takes into account the effect of canting not just in the domains but on the DW structure.

Equations are rather interesting as they show that the ansatz used does not affect the
functionality in terms of the collective coordinates. Instead, the effect of the ansatz (including
canting) is taken into account in the I; parameters.

Table 5.2: Summary of model parameters derived from integration for the three different models.
Model 1 is the model based on the Bloch profile without canting, model 2 is also based on the Bloch
profile but takes into account canting in the domains through the canting angle in the domains
(0.), and model 3 is based on an inherently canted ansatz. The column labeled Model 3/ Model 2
shows the ratio of the parameter in model 3 to the one in model 2.

Model 1 Model 2 Model 3 Model 3 / Model 2
I; 1 cos 0, 1-— (% - HC) tan 6, sec 0, (1 - (% - 90) tan QC)
Iy 1 1 cos 0, sec 0.
I3 5 5 — 0. 5 — 0. 1
Iy 1 cos 0, cos? 6, + (% — GC) sin 0, cos 0, cos . + (g — GC) sin 6,
Is 1 cos 0, cos 0, 1
Is 5 5 — 0. 5 — 0. 1
17 %2 Equation Equation -

Table summarizes the value of the Ijs for the three different groups of models, which are
parameters included in th model to account for the effect of the ansatz and the canting in the
domains. For model 2, the closed form of the I; constant is:

. 0 . 0. : 0 . . 0
I; = {Lzz (— cos 2) — Lis (— sin 2) — Lis (1 — cos 2) + Lio (1 — sin 2) }

— cos? % {1 — log(cos QC)} + sin? % [1 — log(sin 926)]

2
6 0 6 1 0 60 6 1
_eng2 e 2 e Yey 2 2 Ve 2 % ey 2 (5.5)
cos” 5 log(sin 2) [log(cos 2) 2] + sin 5 log(cos 2) {log(sm 2) 2]
1 90, 1 5 0. 0. 0.
~3 log(sin 5) + 5 log(cos 5) + log(cos 5) log(1 + cos 5)

0. 0. 0. b
— log(sin 5) log(1 + sin 5) + cos B, + (cos . + 1) In*(cos 5) + (cos B, — 1) In?(sin 5)
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where Lis is the polylogarithm function of order 2.
A closed form for I; could not be derived for model 3. Instead, the integral was numerically
solved and fitted to the following polynomial function (R? = 1, RMSE = 3.82 x 107%):

I; = 0.5680° — 0.423202 — 1.476,. + 1.649 (5.6)

The mathematical form of the Ijs reveal the differences between the model families. Figure
visually depicts the differences between these constants. While both model families 2 and 3
reproduce the constants for model 1 in the limit 6. = 0, there is considerable difference between the
models for the behavior of constants I, I, I4, and I7 for non-zero canting angles. Not only these
parameters for model 2 and 3 do not predict the same value for the same amount of canting, but
also their behavior as a function of the canting angle is considerably different for negative canting
angles. As I; and I directly multiply ¢ and qb in the equations, and I, affects the demagnetizing
field, there should be a dramatic difference between the predictions from the two models.

It should also be noted that with ansatz 2, several divergent terms were neglected in the integra-

tion of some of these factors. Specifically, parameter I had the additional term — sin*fe ) (—sinf.cosf..),

2
and parameter I had the additional term +ta%9“1n(fsint9ccosﬂc). These terms will likely affect the
accuracy of the models, specially when canting is not playing a role in the dynamics.

The models may also be written in explicit form as well, leading to equations for the evolution

of the 4 collective coordinates:

I I 131
(IQ + o 1124) I M;jzqu =« <I4HZ — %;HSL [sin ¢US'OT,z — COS QSUSOTA,y])
w

LI
+ <a614 + 15)

sin(¢ — x) + I [Hy sin ¢ — Hy, cos @]

Uu 1 .
PN cos x + §I4Ms (N, — Ny)sin2(¢ — x) (5.7)

? o MpuwA

(12 + I%) : L1
2 lh= (IH, — I3Hgy, [sin pusor,. — cos pusor,y]) + <ﬁ[1 — a“) Y COS Y

HoY I ) puyA
12 M, . 1314 D . 5.8
—O[T[;TS(Ny—Nw)Slnz((b—X)—FOéTQm SIH(QS—X) ( )
141,
P [Hy sin ¢ — Hy cos @]
I
a I ( w )2 A A I ( w >2 . 2
2 =71 — | —— ] +2sin
Ho7Y 6 pr pr 1,U0M9(pr)2 617 pr X
K , L[ w )\’
+ I 1 — pp) sin? X — Py —— <>
oM, <( Pu)SX = Pu g\ Gu (5.9)

1
+ §I4Ms sin x cos X(Ng — N,)sin2 (¢ — x)

D
Is————i i w (Hy H,sin¢) I
+ 3M0MstA sin ¢ sin x + pw (Hy cos ¢ + Hysin ) Is

a It x

siny + I4
2 ,U/OMS

X o 2
foy 6 cos x oM, (puA)
1
+ §I4MS cos X(Ny — Ny)sin2 (¢ — x) + I3

(1 — py) siny

b (5.10)
——— sin
MOMspr d)
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Figure 5.2: Variation of the I; parameters of the collective coordinate models with canting angle.

The equations corresponding to each parameter may be found in Table
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5.3 Collective Coordinate Models: Differences and Accu-
racy

5.3.1 Current-driven DW Motion in Pt/CoFe/MgO

To compare all the models to each other, we analyzed the case of current-driven DW motion in
Pt/CoFe/MgO sample using the extended models.

Figure illustrates predictions of model 2 compared to micromagnetic simulations. Including
an approximation of canting improves the accuracy of the q — ¢ — x — A model to an extent, while
other models still fail. This shows that canting in the domains is playing an important role in DW
motion.

Figure illustrates predictions of model 3 (model with canted ansatz) compared to micro-
magnetic simulations on the Pt/CoFe/MgO sample. Interestingly, the ¢ — ¢ form of model 3 has
the largest range of applicability, and predicts the right trend in DW velocity. The four coordinate
form of this model also shows acceptable accuracy for —75mT < By < 100mT. This shows that
the profile used for the DW is much more important than the additional degrees of freedom.

Finally, in Figure [5.5| we compare the best models from each model set together in predicting
DW behavior. Clearly, models with inherent canting show superior capability in replicating the
micromagnetic results, and require a lower number of degrees of freedom for accurate predictions
(only q and ¢). This shows the important effect of canting on the DW motion.

The application of the in-plane field does not just add a new term in the equations, but also
affects the relative strength of the other interactions in the system. The Lagrangian density of the
system and the Dissipation function describe the energy landscape of the system. Figure (f)
illustrates the energy landscape of the Pt/CoFe/MgO system for a current density of 1PA /m? under
the application of longitudinal in-plane fields using the Lagrangian description with four collective
coordinates. We can see that with increasing By, the role of anisotropy and demagnetization
energy increase, while the exchange and DMI energy decrease in magnitude. These changes are
modulated by changes in DW width, DW tilting angle and the canting protractors (which affect
all energy terms above), along with changes in the magnetization angle (which effects the DMI
and demagnetizing energies). The effect of other energy terms on the energy landscape is minimal.
Moreover, there seems to be a correlation between increase in the proportion of exchange interaction
and DMI, and the speed of the DW, with the speed increasing as the proportion of these two
interactions decreases.
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Figure 5.3: Predictions of different forms of model 2 compared to micromagnetic simulations in
the case of current-driven DW motion with a current density of J, = 0.1TA/m?.
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Figure 5.4: Predictions of different forms of model 3 compared to micromagnetic simulations in
the case of current-driven DW motion with a current density of J, = 0.1TA/m?.
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5.3.2 Other Cases

We also performed simulations for field-driven DW motion under longitudinal fields in the Pt/Co/Ni/Co/MgO/Pt
sample, and current-driven DW motion under transverse fields in the Pt/CoFe/MgO, the results
of which are presented in Figure [5.6

In the Pt/Co/Ni/Co/MgO/Pt sample (which has stronger anisotropy and lower DMI which
lead to smaller canting and tilting), according to Figure (a) we see that the DW tilting
has minimal effect on accuracy of the models, while DW width plays an important role in these
narrower DWs. We verified this in other models as well, observing that in this case models without
canting are better suited to reproduce micromagnetic results likely due to the smaller value of the
canting and the fact that ansatz three had some divergent terms. We also observe that the models
are able to predict the Walker Breakdown initiation and cessation properly, and showcase the right
qualitative trends.

In summary, it seems that narrower DWs are better modeled by CCMs that include DW width
while for wider DWs this parameter plays a minor role. In addition, in systems with high anisotropy
canting effects can be neglected. In the next section, we provide a more detailed analysis of different
cases of DW motion under in-plane field using the models verified here.

Applications of the models in the case of transverse fields as shown in Figure (b) highlighted
that in those cases more rigid models are better able to reproduce micromagnetic simulations. This
is likely due to the strong interaction between tilting and DW width when transverse fields are
applied, with the DW adjusting these two parameters in concert to reduce energy. The models
did predict the magnetization angle of the DW (¢), and ¢ — x well as highlighted in Figure
specially for the critical case ¢ — x ~ 0.
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Figure 5.6: Comparison of the DW velocity among the most accurate CCMs of each class. (a)
instantanuous velocity predictions for PtCoNiCoMgOPt under an applied field of B, = 10mT, and
(b) prediction of tilting in Pt/CoFe/MgO under a current density of J, = 0.1TA/m?.
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5.4 Characteristics of Domain Wall Motion Under in-plane
Fields in Nanowires

Micromagnetic simulations were performed on the two nanowires outlined in Table [5.1] with DWs
driven by fields or Slonczewski-like spin-orbit torques under the applications of longitudinal (By)
and transverse (By) magnetic fields. To interpret the results of the micromagnetic simulations, we
used the four time dependent collective coordinates identified earlier.

It is well-known from micromagnetic studies that the motion of the DW reaches steady state
conditions after a period of transient behavior, which we also verified for our systems. In our
simulations, steady state conditions were reached after about 2.5ns in most cases, with (b ~ X~
A ~ 0. While we found the evolution of the micromagnetic model to not exactly match the CCMs,
a steady state condition was identified in the CCMs as well. In CCMs without the tilting of the
DW, a steady state condition was observed with gb ~ A ~ 0, while in tilted models we found only
A~0 (although in many cases ¢ ~ x < 1). In steady state conditions, the collective coordinate
models may be simplified to better understand the critical points which can be identified in the
micromagnetic simulations. In this section we use a * to denote steady state values of the collective
coordinate.

In the next subsections, we will show which CCMs were able to better predict the micro-
magnetic results for different combinations of in-plane fields and drive interactions, and use these
models to highlight features or critical points in the dynamics of the DW. By better predicting the
micromagnetic results, we mean reproducing the results with the lowest error over a wider range of
fields. Note that the range of in-plane field values over which different collective coordinate models
can be solved with a convergent solution is different for different materials and drive-conditions;
we only show cases where a solution could be calculated.

5.4.1 General Observations

We identified several general features in the simulations. First, as outlined in our previous work
[4], one notes that domains under large in-plane fields can no longer be assumed to be fully
perpendicularly magnetized, but clearly show some canting of the magnetization into the plane of
the sample. This effect was much smaller in Pt/Co/Ni/Co/MgO /Pt compared to Pt/CoFe/MgO,
due mainly to the difference in the uniaxial magnetic anisotropy of the two samples.

Second, in the Pt/Co/Ni/Co/MgO/Pt sample we observed limited tilting of the DW (only
up to 10 degrees in many cases) which likely is due to the much lower DMI compared to the
Pt/CoFe/MgO sample. As a result, we expect the x coordinate to play a small role in modeling
this system.

Third, we found that DW shape and rigidity (lack of elasticity) are affected by in-plane fields.
As depicted in Figure 5.7, depending on the combination of drive interaction and in-plane fields,
the DW might have a rigid line shape, or a curved shape (either S-shaped or an arch of a circle).
With large in-plane fields (longitudinal and transverse), the DW might lose its rigidity, and instead
extend elastically through the system. In Pt/CoFe/MgO system, we found both longitudinal and
transverse fields where the DW starts to elongate instead of moving rigidly. Thess fields were
dependent on the material properties, and also the driving interaction applied to the system. In
the Pt/Co/Ni/Co/MgO/Pt system, these effects were not observed, likely due to the high uniaxial
anisotropy of the system which helps maintain the DW shape. However, in this material the DW
shape was disrupted due to other features which will be discussed later.
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" u A -

= —200mT Bx =300mT By = —100mT (d) By =100mT

Figure 5.7: Snapshots of different shapes of the DWs observed under a current density of 0.1TA /m
in Pt/CoFe/MgO after 5ns. (a) and (b) show a rigidly moving linear DW, while the DW in (c)
and (d) is rather S-shaped.

5.4.2 Domain Wall Motion Under Longitudinal in-plane Fields
Field-Driven Case

The two samples were studied under drive fields of B, = 5mT, 30mT. Longitudinal in-plane fields
in the range By = —225mT to 325mT were used for Pt/CoFe/MgO, while a range of B, = —500mT
to 500mT was used for Pt/Co/Ni/Co/MgO/Pt. The results of these micromagnetic simulations
are presented in Figures and and compared to the most accurate collective coordinate
models.

Comparing the variation of velocity for the two samples, as depicted in Figure [5.9la and [5.10]a,
we see that in both cases the general trend with the drive field is the same; the velocity and
nonlinearity of the curve increases with increasing drive field (B,), while changing By tunes the
velocity to an extent (with the curve having a minimum with respect to the longitudinal field).
The DW velocity predictions are qualitatively in agreement the behavior observed in experiments
[161,/162]. However, the Pt/Co/Ni/Co/MgO/Pt sample shows the additional effect of a sudden
drop in DW velocity for a range of in-plane fields applied. This Walker Breakdown (WB) like
behavior [53] was verified by looking at the snapshots of the moving DW (depicted in Figure ,
where we can see local precession of the magnetization and formation of vertical Bloch lines arising
from the edge that modify the DW structure [151]. This behavior could be attributed to the
higher anisotropy of this material, which reduces the local field needed to reach WB. Note that
this behavior is local; the DW does not oscillate back and forth as a single object (unlike an actual
WB behaviour during which the DW moves back and fourth rapidly), but the overall effect of the
local precession of magnetization over time is equivalent to the DW moving back and forth rigidly
and slowing down, which is why the collective coordinate model can replicate this effect to an
extent.

In terms of the CCMs, we found models without canting to better reproduce the results for
Pt/Co/Ni/Co/MgO/Pt (where canting and DW tilting are small). However, in this material the
DW width parameter A was important in predicting the DW behavior properly. In Pt/CoFe/MgO
with its higher canting and tilting of the DW, we found that q — ¢ form of model 3 (with inherent
canting) is better suited in predicting the DW behavior.

Looking closely at Figures [5.91b and [5.10/b, we find a serious flaw in model set 3; this model
set seems to not be able to predict the DW width correctly, which in turn can affect its outputs.
As such, when a two coordinate form of this model is used, it is able to better predict the DW
motion. This also shows why this model set is not suitable for the Pt/Co/Ni/Co/MgO/Pt sample
where lack of canting and tilting mean A is one of the main variables affecting the DW. Overall,
this observation suggests that the q — ¢ form of model 3 is the most suitable for studying DW
motion in these systems.

A major difference between the two cases can be observed in the DW’s tilting behavior; while
Pt/CoFe/MgO DWs always maintain a positive tilting, in the case of Pt/Co/Ni/Co/MgO/Pt
negative tilting can be observed which is likely due to the lower DMI strengths and the higher
applied fields used (see Figures e and e). Another notable feature of the DW behavior
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could be seen in Figure [5.9lc where at a specific field ¢ — x ~ 0 independent of the drive field,
while in Figure 5.10}(‘, a point could be observed for which ¢ — x ~ 7. We label these points as
critical in-plane fields which will be discussed in details in later sections.

(a) B, = 10mT, By = 225 mT. (b) B, = 30mT, By = 225mT. (c) B, = 30mT, By = 100mT.

Figure 5.8: Snapshots of the moving DW under different conditions in the Pt/Co/Ni/Co/MgO /Pt
sample. The rapid change of magnetization along the DW owing to the Walker Breakdown can be
observed.

Current-Driven Case

Figures and illustrate the results of micromagnetic simulations for current-driven DW
motion under longitudinal fields. The trends observed in the velocity of current-driven DW motion
(Figures a and a) are in general agreement with published experimental results [76,86,87,
152]. A somewhat linear behavior is observed for low longitudinal fields, which becomes non-linear
as the in-plane field increases. The non-linearity in behavior also seems to increase with increasing
current. In terms of the CCMs, we saw results similar to the field-driven case, with models without
canting being more suitable for the high anisotropy system and those with canting more suitable
for the low anisotropy high DMI system.

We also observe a point where the DW velocity is zero in both cases; the in-plane field at which
this happens is another critical point of interest. For the system with lower DMI the nonlinearity
in the DW velocity seems to be observable mainly around this point, while in the system with
larger DMI this nonlinear behavior is observed over all in-plane fields studied. Interestingly, this
in-plane field seems to have an additional feature: the DW will have the same tilting angle x for
different drive interactions ((Figures e and e)). In the system with the higher anisotropy
and lower DMI (namely Pt/Co/Ni/Co/MgO/Pt), we also observe that at this point ¢ — x ~ 90°
(a fully Bloch DW).

One unexpected result was the presence of Walker Breakdown in our initial current-driven sim-
ulations of Pt/Co/Ni/Co/MgO/Pt; however, in these cases while a vertical Bloch line is nucleated,
it is short-lived and simulating for longer durations shows that this is just a transitory effect. One
point with such an effect can be observed in Figure 5.12la as an outlier at By = 250mT.

In terms of angles, an in-plane field exists for which ¢ — x ~ 0 (Figures c and c);
in the Pt/CoFe/MgO sample we also see a case of ¢ = 0 (Figures [5.11}d) which is absent in the
Pt/Co/Ni/Co/MgO/Pt sample. These could be points of interest for further analytical studies.
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Figure 5.9: Instantaneous steady state DW characteristics for field-driven DW motion in
Pt/CoFe/MgO with different out of plane and longitudinal fields applied. Only the collective
coordinate models with highest accuracy in predicting the DW velocity are shown.
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Figure 5.10: DW characteristics for field-driven DW motion in Pt/Co/Ni/Co/MgO/Pt with dif-
ferent out of plane and longitudinal fields applied. Only the collective coordinate models with
highest accuracy in predicting the DW velocity are shown. We decided to show the average DW
speed in place of the instantaneous velocity of the DW, due to the walker breakdown behavior;
this behavior is observed in panels (b)-(e) for 50InT < By < 300mT.
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ordinate models with highest accuracy in predicting the DW velocity are shown.
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5.4.3 Domain Wall Motion Under Transverse Fields

Figures[5.13|and [5.14]show the results of field-driven DW motion under the application of transverse
fields in the materials under study, while figures [5.15] and [5.16] show the results of current-driven
DW motion under transverse fields.

As observed from Figures [5.10e, [5.14le, [5.15le, and [5.16le, the DW tilting angle changes dra-
matically under transverse fields with a behavior different compared to what was observed under
longitudinal fields. While under longitudinal fields we only observed positive or negative tilting
for a specific material, under transverse fields we can observe both types of angles; in a sense the
transverse fields could be used to control the tilting of the DW. Obviously, under these conditions
the tilting of the DW is an important coordinate. Yet we see that the collective coordinate models
are accurate in predicting the behavior of the DW, with and without the tilting included in the
models.

In the Pt/CoFe/MgO sample (Figures c, and c) , we can identify a critical transverse
fields at which ¢ ~ x ~ 0. In the Pt/Co/Ni/Co/MgO/Pt system (Figures and panels c,
d, and e), we instead have a point where y = 0 and ¢ = 180. These points coincide with when the
DW is fully Néel, with the difference in magnetization being due to the different chirality of the
DW in the two systems.

5.4.4 Analysis of the critical points

In the micromagnetic simulations and collective coordinate results of Figures [5.9{5.16] we were
able to identify several points where the DW behavior showed features that could be reproduced
irrespective of material properties. These points could be used to derive simplified forms of the
DW dynamic equations.

We observed that in several cases (field- and current-driven DW motion under longitudinal
and transverse fields in Pt/CoFe/MgO, and field-driven case under transverse fields and field- and
current-driven cases under transverse field for Pt/Co/Ni/Co/MgO/Pt), an in-plane field exists for
which ¢ — x ~ 0 or 180°. In addition, under longitudinal fields this point is independent of the
drive interaction. We observed in Figures that the CCMs can accurately predict the DW
behavior at this point. From a CCM perspective, this is the point where the DW has a fully Néel
like structure. This means the contributions from the DMI and magnetostatic terms become zero,
and we have:

a (I4 C(I){szx _ %HSL [tan XUsoT,x — USOT,y])
LI . + (aB4E + 1) 525 + Lo [Hotanx — H,)  for g —x =0
I 24114 I 9 =
( 2 ) s
H Is1
a (LLﬁ + %HSL [tan XUsSoT,x — USOT,y])
+ (Bl + 1) jix — I [Hotanx — Hy]  for ¢ — x = 180°

(5.11)

Under the application of transverse fields, the equations become slightly more simplified, as at
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the same time x = 0, which yields:

a (I4HZ + I?j“ HSLuSOT,y)
+ (BB + 15) 5~ IH, 6~ x=0(D <0)
I I I w
(12 +a214) L (5.12)
I ) poypwA I
a (I4Hz — HSLUSOT,y)
+ (a,g%+15) U+ IgH, if ¢ — x = 180° (D > 0)

Equations and are thought-provoking, as they connect measured properties of the
DW (DW velocity and tilting) to parameters arising from material properties such as the DW
width parameter. These equations can be used to measure specific properties of the DW. Recent
experiments have shown the visualization of DW tilting under experimental conditions [163]. In
an experimental setting, first a transverse field should be identified at which the DW tilting is
negligible; in this condition one may assume based on our results that ¢ ~ y ~ 0. Using field-
driven DW motion measurements, equation [5.12|may be used to measure the DW width parameter,

which can in turn help estimate the exchange constant through A = 4/ %. In a current-driven case,

the same equation could be used to estimate the SHE angle.

In current-driven DW motion, we identified a longitudinal field for which DW velocity is zero. In
Pt/CoFe/MgO, this field was about By ~ —200mT, while in Pt/CoFe/MgO it was By ~ 200 mT.
We had shown in our previous work that this field is related to the DMI strength [4]. Under these
conditions, the DW velocity equation simplifies to:

131 I I 1
a2 Her [cos pusoT,y — Sin pusor,s] + aﬁg + Iy Y cosx = =I4M; (N, — Ny)sin2(¢ — x)
I2 IQ pr 2
D
L— = sin(¢—
oA sin(¢ — x)
— I [Hy sin ¢ — Hy cos @)
(5.13)

Looking at Figures and we also observe that at this in-plane field ¢ and x seem to
be independent of the drive interaction, and ¢ ~ 90°. Using this assumption, we have:

VEY) I 1
Ep— 4HSLUSOT,1+ e a8
IQ 12

1
cosy = §I4Ms (Ny — Ny) sin2x+13 cos x—IgH,

U D
pr MOMspr
(5.14)
Equation|p.14|could be used to measure DMI under conditions which the DW is stationary under
applied currents. Plugging observations from the micromagnetic simulations into a two coordinate
form of model 3 (and assuming J = 0.1 TA/m?), we predict a DMI strength of D = —1.1mJ/m?
for Pt/CoFe/MgO and D = 0.57mJ/m? for Pt/Co/Ni/Co/MgO/Pt, which are very close to the
values used in the micromagnetic simulations.
In the Pt/Co/Ni/Co/MgO/Pt sample, in field-driven DW motion (B, = 30mT), we observed
initiation of Walker Breakdown at By = 50mT and cessation of this behavior at By = 325mT.
This scenario could be studied using our CCMs. Assuming small tilting for the DW (which is valid
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in this case), we can simplify the steady state equation as:

(Hycot ¢ — Hy)

I3y D I4lg
I,H, + I3Hgy, cos ¢ Lt wo.pud T 5

cos ¢ = F : 5
gt M (]\2fy — N,)sing gt M (Ny — Ny) (5.15)
1|/ o, I>I3 Hgy, I3 Hpuyr Is H, Is H,
S(2) R t 3 —al 6220 ot
2 l(h) Hysmo 1 H, "%, @, “Lm, °nH, "

where Hy, is the conventional Walker Breakdown field [53], and Hpy is the DMI field. Walker
Breakdown happens when the right side of the equation above is larger than 1 or smaller than -1.
While in systems without DMI, only the drive interaction and the demagnetizing field played a
role in this solution, in a system with DMI and in-plane fields additional terms are introduced; the
relevant strength of these terms compared to each other determined whether Walker breakdown
will take place or not. Note that magnetocrystalline anisotropy plays a role in this through the I
values, as these values depend on 6. which in turn depends on K.

Finally, we also observed in-plane fields that led to switching of the system through the elastic
extension of the DW. The threshold for this switching field seems to relate to the canting angle
reaching 6. = 45° at which point the DW does not maintain a rigid structure as the domains try

to fully align with the external magnetic field. This leads to Hy 3 = V2 [ My Ms(Nx —N,)| for

2 | poMs

the longitudinal switching field and H, ¢ = g [,i]lelf + My(Ny — NZ)} for transverse fields. These

equations are expected to over-predict the switching field, as they do not take into account edge
effects in the system and the effect of the drive interaction.

For the Pt/CoFe/MgO system, By s &~ £354mT which is only 25 — 50mT higher than the field
at which the system switched in micromagnetic simulations for positive longitudinal fields. For
negative longitudinal fields, switching could not be observed due to the nucleation of a new DW.
The transverse switching field was found to be By ¢ ~ +359mT depending on the width of the
system; however, we observed elongations in the DW prior to reaching such high fields, albeit
these elongations were seen in conjunction with translational motion of the DW. The nature of
these elongations and their modeling is beyond the scope of this work, as our CCMs assume the
DW is a rigid object. We did not observe any of these effects for the Pt/Co/Ni/Co/MgO/Pt cases;
we verified that the switching field for this sample under both longitudinal and transverse fields is
about +1.48T, well above the in-plane field values studied.
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Figure 5.13: Instantaneous steady state DW characteristics for field-driven DW motion in

Pt/CoFe/MgO with different out of plane and transverse fields applied. Only the collective coor-

dinate models with highest accuracy in predicting the DW velocity are shown.
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lective coordinate models with highest accuracy in predicting the DW velocity are shown.
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Figure 5.15: Instantaneous steady state DW characteristics for SHE-driven DW motion in
Pt/CoFe/MgO with different currents and transverse fields applied. Only the collective coordinate
models with highest accuracy in predicting the DW velocity are shown.
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5.4.5 Effect of Combinations of transverse and longitudinal fields

All our simulations involved addition of a transverse or longitudinal field in the absence of the other.
To better understand the effect of combinations of these fields, we used the collective coordinate
models to study the Pt/CoFe/MgO system for a current density of J, = 0.1TA/m? when both
longitudinal and transverse fields are applied simultaneously. Figure [5.17)shows the results of this
study. Clearly, transverse fields can be used for fine tuning properties such as DW velocity with
an almost linear effect, while longitudinal in-plane fields showcase a rather nonlinear effect on DW
motion, and can be used to make major changes to the motion. This was also understandable
from the micromagnetic simulations in the previous section, where a nonlinear effect is seen when
longitudinal fields are used, with a more linear effect in the case of transverse fields.

-60 -40 -20 0 20 40 -60 -40 -20 0 20 40
B, (mM) 8, (M)
(a) DW average velocity in m/s. (b) DW tilting x in degrees.

=
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Figure 5.17: Effect of combinations of longitudinal and transverse fields on DW motion for a fixed
current density of J, = 0.1TA/m2. The effect were modeled using the CCM with four collective
coordinates and a canted ansatz.
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5.4.6 Effect of Sample Width

The dimensions of the system also play a role on the motion of the DW. We studies the effect of
increasing the dimensions of the wire on the motion of the DW. Figure [5.1§ shows that doubling
the width of the wire to 300 nm reduces the DW velocity only slightly, while the DW velocities
drop dramatically when we reach a width of 500 nm for the wire at the same current density. This
could be attributed to the structure of the DW. A larger width stabilizes domain walls with less
Néel character, reducing the effect of the SHE torques on the DW and reducing the DW velocity.
This fact was verified in Figure [5.18] where clearly the magnetization angle of the DW is much
lower for a width of 500 nm compared to the other two cases. These effects can be attributed to
the change in demagnetizing field within the system.
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Figure 5.18: Effect of changing the width of the nanowire on DW motion.

5.5 Selecting the Right CCM

The results of the micromagnetic simulations presented in Figures highlighted the impor-

tance of using the right CCM when studying different systems.
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First, we found that canting in the domains should be included in the model only if canting in
the domains is larger than about 10°; otherwise its inclusion does not add value to the models and
can overcomplicate the study. Hence, we recommend using the canted models only when 6. > 10°
is expected.

We also found that model set 3 is more applicable without the A degree of freedom, as it does
not predict this parameter correctly and seems to be of a more rigid nature than the Bloch profile.
This is understandable from a modeling perspective, as A in a way determines the transition from
DW to domain, and canting impacts the domain’s structure.

Finally, most of our models are adept at predicting the right tilting and magnetization angles
at the critical in-plane fields identified. As such, use of these critical points when trying to identify
material properties from the collective coordinate models is recommended.

Overall, it seems that when studying the velocity of the domain wall under longitudinal fields,
use of the q — ¢ form of model 3 is sufficient, while under transverse fields or other cases where
predicting the DW tilting is of interest, the q — ¢ — x form of model 3 or the q — ¢ — x — A form
of model 2 should be used.

5.6 Conclusion

In this Chapter, we showed that the models developed in Chapter 4 fail when applied to DW
motion under in-plane fields, and then presented two extended models which better replicated
micromagnetic results in these cases. Through these models, we observed the important role
played by canting in the domains on the motion of the domain walls. This showed that profile
used to derive the DW is much more important that the number of collective coordinates and we
were able to show that the best results are observed when a canted profile is used with only two
collective coordinates.

We showed how the application of moderate in-plane fields could change the dynamics of domain
walls by adjusting the internal structure of the DW (magnetization and DW width) along with the
tilting of the DW. The collective coordinate models were used to describe certain critical points
in the dynamics of the DW under in-plane fields, including points where the DW velocity reaches
zero or the DW does not tilt. The collective coordinate description at these points may be used
to measure the strength of different interactions in the system.
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Chapter 6

Collective Coordinate Modeling of
Magnetic Bubbles

In the previous Chapters we derived collective coordinate models for domain wall motion in PMA
nanowires. Specifically, our results show the importance of canting when DW motion is studied
under in-plane fields, showcasing that the impact of canting should always be included in collective
coordinate descriptions when in-plane fields are applied [1}/4,8].

Bubble memory sparked initial interest in studying magnetic bubbles in the 1970s [43}/44].
Many models of DW motion currently in use such as the Slonczewski [54] or Thiele models [56}57]
stem from bubble memory studies in the 1970s.

Today, behavior of a magnetic bubble is used both in devices to code information [34], and as
a means to measure the strength of specific interactions including the DMI. The strength of the
DMI is assessed using expansion of magnetic bubbles under the application of in-plane and out-
of-plane fields [88H90]. This method assumes significant Néel character on the axis of the in-plane
field applied, an assumption that can be debated. Moreover, the measurement relies on collective
coordinate descriptions of DW motion.

In this Chapter, we study the applicability of collective coordinate models to the study of DW
motion in expanding magnetic bubbles under in-plane and out-of-plane fields. We will present a
method for extending models developed in the previous Chapter to magnetic bubbles, and assess
the accuracy of these models.

Acknowledgment: Parts of the content in this Chapter were published in ”Dynamics and
morphology of chiral magnetic bubbles in perpendicularly magnetized ultra-thin films with the
Dzyaloshinskii-Moriya Interaction”, Journal of Magnetism and Magnetic Materials, vol. 456, pp.
433-438, 2018, |doi: 10.1016/j.jmmm.2018.01.075| |2]. Please use this paper for citations.

6.1 Toy Model

Based on the principles presented in Chapter 2 and assuming that there is no interaction between
different points on a bubble (an assumption valid for a static bubble), the energy of the domain
wall along the local x and y coordinate systems defined in [6.1] along any radius of the bubble may
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Figure 6.1: The local x,y coordinates and the global X,Y coordinates.

be written as:

Ezxchange
,.J\.\g DMI Anisotropy
2[1A —_—  ——
ET = A +213D COS¢+ 2I4AKU

Magnetostatic

poM?
2

+ 21, (N.L+2A [Ny, eppcos® ¢+ Ny cppsin® ¢ — N.])

Zeeman

_Q,UOMS [IGA (Ha:,eff COS (ZS + Hy,eff sin ¢) + IQHZQ}

Here we assumed the DW follows the profiles presented in Chapter 2 along each radius. ¢ is the
angle with the radial axis at each point, and the I; factors are the same factors defined in Chapter
5. The local x and y coordinate system is defined as a right handed coordinate system with the
x-axis along the radius and the y-axis perpendicular to the radius (Figure .

In Equation the effective applied fields in the x and y direction on the wall depend on the
applied field and the position along the bubble. Assuming the radius of interest makes an angle €2
with the global X and Y coordinates, the effective local x and y field may be calculated as:

Hy epy = Hx cos§)+ Hy sin§)

. (6.2)
Hy erf = —HxsinQ+ Hy cos§)

The same concept should be applied to demagnetizing factors, if the demagnetizing factors of
the system are taken into account in the global coordinate system.

This energy description forms the basis of our toy model. In this model, we are assuming that
each segment of the DW on the bubble is acting as if it was a DW moving in a nanowire pointing
along the radius. Clearly, this means that the DW segments are unaware of the existence of other
segments, and they are decoupled from each other; as such, this reduced model loses some realism
but can provide some initial insights into the behavior of magnetic bubbles.
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6.2 Static Structure of the DW

In the static case (H, = 0), the energy equation simplifies to:

Ezxzchange
—— DMI Anisotropy
211 A ——
Er = A +2I3DCOS¢+ 2[4AKU
Magnetostatic
(6.3)
poM?

+

(N.L+ 2I4A [Ny, eppcos® ¢+ Ny eppsin® ¢ — N.|) +
Zeeman

—2p9 M, [IA (Hm,eff co8 ¢ + Hy cpysin )]

Minimizing this energy can give us the equilibrium structure of the DW. Figure shows the
magnetization angle of the a bubble DW in a Pt/CoFe/MgO sample under different applied in-
plane fields as predicted by model 1 (the model without canting). The effect of in-plane fields can
clearly be seen and seems to match what one would expect taking into account the interaction of
local spins with the local in-plane field. We did not observe any major effect from canting when
comparing models 1-3 in the static case. The in-plane fields also affect the DW width, as depicted
in Figure however, these changes are less than 0.13% of the DW width.

Figure[6.3]illustrates the local energy of the bubble DW, highlighting that the points of minimal
energy occur for 2 = 0°, 180° in the case of fields in the x-direction and 2 = 90°, 270°. This seems
to be the evidence experimentalists provide for the way they measure DMI.

Energy minimization can also be done mathematically to find the equilibrium angle ¢ for the
DW. Assuming a fixed DW width (which seems acceptable due to the negligible changes in DW
width), we have:

ddf(‘;r =0 — —I3Dsin ¢+puoMZILA (Ny cfp — Nu,epy)sin20—poMsIgA (H,y cppcos ¢ — Hy cppsing) =0
(6.4)
which yields the equilibrium DW magnetization:
o8 ey = Isgoitos = oHo,ess + IoHy,e55 €0t @ IyHpags + Is (Hy,epg 00t ¢ — Ho cfp)
2I4M(Ny,cpr — Na,efy) L Hx ©5)
= 21734th11 + 21;]64 (hy, efpcotd — hy cryp)

with Hg denoting the shape anisotropy field, and the h;s being the relevant field normalized
by the shape anisotropy field. It is clear that, in the absence of applied fields, the DW structure
is determined by the competition between the DMI and in-plane fields normalized by the shape
anisotropy. The equation above will only be valid when numerator is less than or equal to Hy;
for all other cases, ¢oq = 0 and the wall will be Néel. Interestingly, the same equation may be
recovered from the dynamic equations developed in the previous section if no excitation is driving
the wall. A solution taking into account the changes in the DW width may also be derived, but
has a complex form.
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Figure 6.2: Variation of static DW width of the bubble at different points along the bubble in the
presence of in-plane fields. Clearly, the width varies negligibility around the bubble and is only

slightly affected by the in-plane fields applied.
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Figure 6.3: Variation of static DW energy of the bubble at different points along the bubble in the
presence of in-plane fields.
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Figure 6.4: Internal structure of the static bubble under different in-plane fields. The material
properties used are those of a Pt/CoFe/MgO system. The arrows show the local direction of
magnetization at each position along the circular bubble.

89



6 — Collective Coordinate Modeling of Magnetic Bubbles

6.3 Dynamics: Extension of CCMs to Bubbles

The equations of motion developed in the previous Chapter could be extended to a magnetic
bubble. Specifically the q — ¢ and q — ¢ — A equations could be extended to the bubble, by
applying them at each point around the bubble. These equations could also be derived from the
energy description highlighted earlier in this Chapter.

Simplifying the collective coordinate equations in the presence of an applied field (or minimizing
the system energy in Equation with %%’ ~ 0), the steady state DW magnetization may be
extracted as:

05 buy = I37MOA25A —IgHy cpp + I Hy cfpcOt g N LH,
“ 214Ms(Ny,epf — Na,efs) alsMs(Ny epf — Naepr) singeq
I3 H Is H, . Is H, . I H,
_ 3 HMbMI 16 Mz, ff_|_76y’7ffcot¢eq+£7. (6.6)
21, Hy 21, Hy 21, Hpy 1y oH sin ¢eq
I3 I6 16 12
= EhDMI — Ehx’e‘f‘f =+ Ehy’eff cot ¢€q =+ mhz CSC ¢eq

with the velocity defined as ¢ = #2TH,A*. A description for the steady state DW width (A*) was
already extracted in Chapter 3 and remains valid.

While we postulated that applying these equations without a constraint taking into account
the fact that the points are connected would be unfruitful, preliminary results show that the model
works for the bubble. As shown in Figure the relevant strength of the in and out of plane
fields seems to play a role in the evolution of the bubble. First, it is notable that the bubble
is not of Néel character at time zero, as the in-plane fields disrupt the static structure of the
bubble. Addition of the out-of-plane field clearly leads to additional changes in the magnetization.
Even for the 10mT out-of-plane field, clearly under the application of in-plane fields the Néel
point is no longer on the axis, being at 15° axis for By = 150mT, B, = 10mT, and —5° axis for
Bx = —150mT, B, = 10mT. Clearly, as the out-of-plane field increases, part of the DW reaches
Walker breakdown, which in a real interface will give rise to Bloch lines at which point our model is
invalid. This effect can be better visualized in Figure which shows the location of the interface
at each position along the bubble under in-plane fields. Clearly, there are always two points which
are least deviating from the case without in-plane fields; however, these points move along the wire
with time. For high drive field of B, = 90mT we can clearly see the deformation of the bubble as
the interface shows breaking points.

In conclusion, in the dynamic case, B, leads to a shift in the axis on which the DW maintains
Néel structure. This shift will shed some doubt on whether the bubble expansion approach for
DMI measurement [89] is accurate or not, specially since the amount of shift depends not only on
the field applied, but the properties of the material system being studied. In addition, vertical
Bloch lines may form and propagate along the bubble; the effects of these Bloch lines require a
two dimensional description of the bubble and are not well predicted by our collective coordinate
model.

6.4 Comparison to Micromagnetic Simulation

To assess the accuracy of the model presented for realistic systems, we performed micromagnetic
simulations on a 2.048 yum x 2.048 yum X 0.6nm film. Material constants used were saturation
magnetization Mg = 1353 kA /m, uniaxial anisotropy constant K, = 1.5MJ/m? along positive
z-axis, exchange constant Aqx = 13 pJ/m, and Gilbert damping = 0.2.
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Figure 6.5: Evolution of the bubble magnetization under different combinations of in- and out-of-
plane fields for a Pt/CoFe/MgO sample. The bubbles have been rescaled to the original bubble
size to show the difference in magnetization. Clearly, addition of the B, field disrupts the DW
structure from the predicted static structure (shown as t = 0).

During deposition of realistic materials, disorders such as grain boundaries, dislocations, and
lattice vacancies can be introduced into the material. To mimic a realistic system, disorders
was introduced into the system following the method presented in reference [164] using randomly
distributed grains of size 10 nm with exchange constant varied at the border of the grains by 43%.

In the simulations, a magnetic bubble of radius 256 nm was initialized in the system. Then
an out-of-plane field and an in-plane field are applied simultaneously. The bubble was allowed to
expand until it reaches the boundary of the system. An infinitely large system with one bubble
was mimicked by replacing the dipolar energy of the film with that of an infinite system.

We compared the model presented in this Chapter to the results of micromagnetic simulations
to assess whether these models are accurate especially considering the disorder included in the
model. As depicted in Figure we found that by reducing the exchange constant to 57% of the
actual value (equivalent to reducing it by the amount of exchange constant variation at the grain
boundaries) we are able to almost reproduce the micromagnetic results. As such, the toy model
seems to be valid at least for cases with low drive field.

The micromagnetic simulations showed some rippling effects on the DW, which is the reason
for the sudden drop in DW velocity in Figure [6.7]a. The CCM can be used to understand what
happens at the ripple points. In the absence of the DMI and in-plane fields, the drive field
determines whether Walker breakdown happens. However, in the presence of the in-plane field and
DMI, there are two additional parameters that play a role in whether or not precession continues.
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Figure 6.6: Evolution of the bubble radius under different combinations of in- and out-of-plane
fields for a Pt/CoFe/MgO sample. The dashed lines show the position of the bubble in the absence
of in-plane fields. Clearly, the in-plane fields make the bubbles look ellipsoidal, with some parts
moving faster than in the absence of these fields and some parts of the bubble slower. At high out
of plane fields, the formation of vertical Bloch lines along the bubble disrupts this motion, leading
to a Walker breakdown like behavior which can be seen as non-smooth points in the graphs (for
example By = 150mT in (¢)) .

The fact that the in-plane fields are locally determined means that points of precession can nucleate
within the bubble locally, showing local Walker breakdown behavior. Physically speaking, such
precessional motion will lead to 2-D effects on the bubble, affecting the spin texture around that
point and giving rise to the ripple like shape of the bubble. Even though the CCM is effectively a
one-dimensional model, such ripples can be observed in the results as well.

6.5 Conclusion

We presented a toy model that can elucidate to the structure of magnetic bubbles to an extent.
This model showed that the Néel points on a magnetic bubble depend on the relative strength
of the DMI, applied in-plane fields and the out=of-plane field applied. Moreover, as previously
mentioned, canting in the domains can play a role and our model took this effect into account.
This casts some doubt on the assumptions used by experimental groups in measuring DMI [88-90].
Of course, these experiments are usually done in the creep regime where the assumptions could be
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Figure 6.7: Comparison between the micromagnetic simulations and collective coordinate model
for a drive field of B, = 17mT. The velocity was calculated for the left side of the bubble along
the axis of the in-plane field.

valid due to the very low value of the out-of-plane field; however, thresholds need to be identified
based on material properties for when these assumptions are valid.

We also verified that these models fit micromagnetic simulations well and could account for the
effects of disorder and pining in the system. The collective coordinate model and micromagnetic
simulations both show ripelling effects in the bubble due to the formation of vertical Bloch lines.
These effects are further studied in reference [2].
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Chapter 7

Comparison with a
Semi-analytical Model

In this Chapter, the collective coordinate models derived using the Euler-Lagrange equation in
Chapter 4 are compared to a semi-analytical approach based on taking averages of the magne-
tization [3}/5,/160]. These semi-analytical approaches are effectively a method to post process
micromagnetic simulation; yet they can also shed some light on shortcomings of the collective
coordinate models presented in the previous Chapters, and the effect of the ansatz.

Acknowledgment: Parts of the content in this Chapter were published in the following
publications:

e ”Comparison between collective coordinate models for domain wall motion in PMA nanos-
trips in the presence of the Dzyaloshinskii-Moriya interaction”, Journal of Magnetism and
Magnetic Materials, vol. 449, pp. 337-352, 2018, doi: 10.1016/j.jmmm.2017.10.008 [3].

e "The effect of the Dzyaloshinskii-Moriya interaction on field-driven domain wall dynamics
analysed by a semi-analytical approach”, Journal of Physics D: Applied Physics, vol. 49 (46)
no. 465003, 2016, doi: 10.1088/0022-3727,/49/46/465003 [5].

Please use these papers for citations.

7.1 The semi-analytical approach

Based on the LLG-equation and using statistical averages, a semi-analytical collective coordinate
model could be developed [3,[5L/160]. While in micromagnetic simulations the LLG-equation de-
scribes the local magnetization dynamics in each finite difference cell, the semi-analytical collective
coordinate model developed using statistical averages describes DW dynamics in terms of the av-
erage value of magnetization along different axes. By performing a few simulations and identifying
which combinations of these average magnetization values remain constant, one can develop a
fingerprint of DW behavior in the system under study in the form of a few equations.

7.1.1 The Effective Field on the Domain Wall

To derive the semi-analytical model, the effective field presented in Chapter 2 should be properly
averaged over the DW volume and substituted in the LLG equation. The effect field on the DW
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will have the form:

1
Heff, DW :Hemt + HR + W [<Hani5> + <Hms> + <HDMI> + <He:cch> + <HSH>}

(m3,)

2 2
2Ku <m2p> <mzmip>
poMs (Im3 ) (m,)

p

= ext, z€x + Hemt,yey + Heact, €z + HRey + €,

M
Ay [Neps,a(mamip)es + Negy,y (mymi,)ey + Negg, - (m=mi,)e.]
ip
7.1
2D ) 115, .Y + (Bymabey — (@uma + ymybes) -
mz)€y m; - Ty m z
Hod, (i) Iy o
24 (m3,)
1M (|m zz|> [(Ozamz)es + (Oyymy)ey + (0:.mz)e;]
+ Hop 0 e, 4 (mae]
(Im3,))
with Heyy the external magnetic field, Hg = agb jX the Rashba field strength, H,,is the

anisotropy field, H,,s the magnetostatics field, I-i%ﬁl the DMI field, Hexen the exchange field,
and Hgpg = ﬁﬁjx the SHE strength. Note that the demagnetizing factors in the equation
above are effective and are calculated by diagonalizing the demagnetizing tensor along the x-, y-,
and z-direction [3}|5]. The vector e; denotes the unit vector in the i direction.

The spatial averages used in the field definition above are calculated over the Dw volume; for

example (f) denotes a spatial average of the function f over the domain wall volume Vpyw

<f><t>=ﬁ / / [ rwpay (7.2)

The DW volume Vpw is defined based on a parameter €, with the left boundary of this volume
defined so that |0ym,| > €, maintaining the changes in the z-component of magnetization larger
than a threshold in the computational window. The right boundary of the volume is defined by
fulfilling fDW m,(r,t) dx = 0 along every row in y. A too large € means that only part of the DE
is taken into account. A value of € = 0.002 was found to work best based on experience [5].

In Equation m;;, is the in-plane magnetization vector

m;, = mye,; + mye,. (7.3)

with the properties

(m?,) = (m3 +mj) (7.4)

and
(Imigl) = (/m2 +m3). (7.5)
Note that <<| 5 f> in the first line of Equation is a scaling factor to ensure that Heg and

H.g, pw are physically equivalent when locally interacting with the DW magnetization from the
perspective of the DW, despite one being defined over the Dw and the other at every point within
the system. Due to their uniformity, the external field Hey and the Rashba field Hi are not
scaled.

95



7 — Comparison with a Semi-analytical Model

7.1.2 The Collective Coordinates and Other Model Parameters

Equation [7.1] can be thought of as the ansatz for the semi-analytical model. In the context of this
model, after substituting equation ([7.1)) in the LLG-equation different collective coordinated may
be introduced. Here we first introduce the collective coordinate:

e The DW position may be defined as:

1

Q) = m(mz(r» t)), (7.6)

from where we can derive the DW velocity as:

dQ(t) _ 1 d(m (r, 1))
0= =0 T T At (7.7)

e The averaged DW magnetization angle may be defined as:

{my) = arctan (mipsing) (7.8)

(mz) (mipcosg)

$,, = arctan

To define ®,, unambiguously, we impose that ®,, = 0 corresponds to a Néel wall character-
ized by (my) = 0 and (my) > 0 while ®,, = 7 corresponds to a Néel wall characterized by
(my) =0 and (my) < 0.

e The averaged DW width is defined as:

(m3,)
e The averaged DW geometrical tilting is defined as:
X,, = arctan M, (7.10)

< :L’mZ>

In the derived equations for DW motion in this system, several rescaling factors show up,
including:

Ray = <|m2p|> (711)

(m3,)

Rav,w =

Ozimi .
Giaw = 77— Vi € {2,y, 2} (7.13)

Kay and Ky characterize the DW shape, while g; », are related to effects from the exchange
interaction.
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7.1.3 Equations of Motion

Based on the descriptions above, the equation describing DW velocity will have the following form:

1+a? 2 2 1+ap :
Heut) =aH, T H, o, — H Dy,
P V(Hepe) =aH, + A Uy + - [H, sin y €S Py |
av,w in2®,,
+ a“aq)HSH Cos (I)av + LHdemagSHli
Kav 2 (7.14)

— 4kau Hpprr [8in @, — tan Xg, cos Oy,
+ Hezch [Qsz (g:r:,av sin (I)av - gy,av Ccos (I)av)]

+ asymetric terms

The magnetization angle of the DW will be evolve according to the following equation:

1+ a? (mizp%f) 2 B—a« «
—— (Hezt, jz) =H, + Uy — H,sin®,, — (H, + Hg) cos ®,,
Yo <mgp> ( o ) Aav Yo Rav [ ( Y R) ]
Kav.w sin 2®,,,
+ KaoH. cos Py, — a——Hyermas———
SHE Faw T (7.15)

+ adRapHpyr [sin @y — tan X, cos Oy, ]
— aHeggen [QAiv (gw,av sin @, — 9y,av COS (I)av)]

+ asymetric terms

with ¢ the local magnetization angle, the shape anisotropy field Hyemag = Ms(Nesr,y — Nefr, x), the
DMI-ﬁeld HDMI = m and the eXChange ﬁeld Hexch = m
be found in reference [3]; they do not have an equivalent term in the Lagrangian based models
as symmetry of the ansatz and assumptions on the DW structure lead to their removal from the
equation.

. The asymmetric terms may

7.1.4 Analytical Comparison of the Models

The velocity equation from the semi-analytical collective coordinate model can be written as:

1 22 21
ta v=oaH, + 1+af
Yo Aav Au’u Yo

Uy +ar (Hspp,ycos @, — Hspp, »sin®,,)

1
+ —[(Hy + Hg, »)sin®,, — (Hy + Hg ) cos D,
K

+ M, cos @, sin P, (7.16)

A A2 )
Az # (gz S111 q)av — Gy COS (buv)
,“'O]\'[s 1

97



7 — Comparison with a Semi-analytical Model

which can be directly compared to the equation for ¢ in the collective coordinate models presented
in Chapter 5:

I + a2y g 05 1
( I )coqxq:aI4Hz+CObx +af
’YO pr A ’YO

u+ arsy [Hspusor,y cos & — Hspusor,» sin ¢

+

K field (Hz + Hprusor,e)sing — (Hy + Hprusor ) cos @]
v frelc

+ M(N, — N,)sin (¢ — x)cos (¢ — x)

—2KpMI )
/‘I‘OMS

(7.17)

Similarly, the change in averaged magnetization angle in the semi-analytical model can be
written as

14 a2 (m2,%2) 2 B-a
Moty 5.) =H, +
Yo (m3,) (Heat, Ju) T Aw v

Uy + K (HSHE,y CcOs (I)(u' - HSHE,:E sin (I)m')

1
—oa—[(Hy + Hg,»)sin®,, — (Hy + Hg ) cos @,
K

- Cd\IS ( ‘\vr ffy — ‘\v' ff.a)COS (I)(/'l' sin (I)(u' (718)
D
+ a2k ———
MOMs
A A2 )
— x5 2““ (g2 sin @y — gy cOs Pyyy)
IU’OAIS 4

which could be compared to the analytical equations for the evolution of the DW magnetization
angle

1 2) . S —
w(ﬁ) =H, + Hrrusor,. + cosx f Zu
Yo ' Ay
+ kg [Hspusor,y cos & — Hgpugor ¢ sin @]
- (Hy + Hrrusor,.)sin o — (Hy + Hppusor,y) cos @] (7.19)
Vfield

—aMy(N, — N,)sin (¢ — x)cos (o — x)

+ a2k D
Q2EDMT oML

While both models include almost equivalent terms for each interaction, the semi-analytical
model has additional terms relating to the exchange interaction (in Brown in Equations and
which do not exist in the Lagrangian-based models. Further studies revealed the sum of these
terms to be relatively small compared to the other terms.

Tableoutlines the results of comparing the equations for velocity (or magnetization angle) in
the two types of models. The comparison shows that, while the terms related to the Zeeman energy
are identical, there are slight differences in the two descriptions in terms of magnetostatic terms. In
fact, the magnetostatic terms suggest that the semi-analytical model takes into account the effect
of changes in the DW plane by varying the demagnetizing factors, while the Lagrangian based
model takes this change into account by including it as an additional tilt in the magnetization.
The DMI terms in the two models, while at first sight not identical, can be connected based
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on the definitions for DW width, magnetization angle and geometrical tilting angle in the semi-
analytical model. On the other hand, k in the semi-analytical model (with values close to 2/3
in micromagnetic simulations) is equivalent to three different constants in the Lagrangian-based
model.

semi-analytical q—¢—x—A
general % CO%X
DMI/field/Rashba/SHE o 10)
ms w S—x
DMI KDMI = 71'/4
field/Rashba K Kfield = 2/
SHE ks = /2
DMI Xav X
ms Neﬂﬂy - Neff,x Ny — Ny
exch gx sin @, — gy cos P,y 0
(HL2 @) .
general <r‘n"7_f>" 10)
ip

Table 7.1: Equivalent collective coordinates and factors in the Lagrangian-based and semi-
analytical models based on comparison of the velocity/DW magnetization angle equations.

7.2 Numerical Comparison

To quantitatively understand the correspondence between the coordinates defined in the two
models, a case of field-driven DW motion was studied. Simulations were performed using the
micromagnetic software package Mumax® [143] on a nanostrip with the following properties:
Mg = 1090 x 103 A/m, A = 1 x 10711 J/m, K,, = 1.25 x 105J/m? in the z-direction, a = 0.2,
D = —0.7mJ/m?, width = 100 nm, thickness = 0.6 nm and infinite length. Discretization cells
with dimensions Ax x Ay x Az = 1.5625 x 1.5625 x 0.6 nm? were used.

Figure summarizes the results of comparing the collective coordinates. Previous studies
have highlighted that both models are able to predict DW velocity accurately, as such DW velocity
results were omitted. While the two models seem to predict almost similar magnetization angles
(¢ and ®,,), their predictions of tilting (x and X, ) differ. In spite of this, the two models predict
¢ — x accurately.

As depicted in Figure the definition of the DW width also differs in the two models. While
the Lagrangian-based models are in agreement with the Thiele definition [62], A,, seems to follow
the same trend but at almost twice the value. Detailed analysis showed that AA;;I ~ [1.903,1.912]
while £e¢ ~ [1.910,1.960].

Observations:

1. The velocity calculated from the semi-analytical model is lower than that of the Thiele
definition.

Note that the q — ¢ — x and q — ¢ models predict early Walker Breakdowns.
The Thiele definition for velocity works perfectly with the analytical models.

Largest error in predicting velocity is about 3% which is acceptable for an analytical model.

AT I

The semi-analytical and Lagrangian-based definitions of the tilting angle and ¢ seem to be
almost the same (except at very high fields).
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6. The Lagrangian-based models predict higher values of tilting. The analytical moels that
include tilting predict ¢ within 10% accuracy. However, all analytical models fail when
¢ = 4bdegrees.

7. The DW width defined in the semi-analytical model is between 1.9 and 1.91 times the Thiele
DW width.

7.3 Conclusion

The analysis presented in this Chapter showed that similar models for DW motion can be derived
using two different approaches, namely the Lagrangian approach based on an ansatz, and a method
based on statistical averages of the LLG equation. Introducing the ansatz clearly assumes some
symmetries which remove some assymetric terms from the LLG. Moreover, the semi-analytical ap-
proach showed that some small terms based on exchange are removed when the ansatz is introduced
in the Lagrangian approach.
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Figure 7.1: Comparison of the 1-D model predictions to micromagnetic simulations for field driven
DW motion below Walker breakdown.
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Chapter 8

Modeling Realistic Systems

Real devices differ from the ideal models presented in the previous Chapters. The working tem-
perature of these devices is finite, as opposed to the T = 0 assumption of the LLG equation. In
addition, the quality of material deposition can affect the performance of devices. In this Chapter,
we comment on how these effects can be included in the models.

8.1 Pinning

The ability to control the motion of domain walls within a device is crucial to reaching the required
levels of performance. As devices become smaller, the effects of material edges and the quality of
material deposition become important in DW motion. These properties can lead to the pinning of
magnetic domain walls. Pining of DWs can be used to control the location of data coded in the
magnetic memories, while it can also affect switching of data bits in devices such as the MRAM.

Past studies on DW pinning in materials such as permalloy focused on pinning due to geometric
constrictions. The strength of pinning was found to be related to the notch depth [165}|166] with
minimal contributions from the notch shape [167H169] (although this is not the case in triangular
notches [170L{L71]). Square notches were found to be most suitable for transverse DWs [169]. The
position of the notch was also a factor as the pinning strength at the notch is high when the
spins in the wall oppose the direction of the magnetostatically determined spins around the notch
showcasing a chirality dependence in the pinning potentials |27,/167,171-175].Such studies found
a pinning depth saturation effect when the notch size reaches 60-70% of the nanowire width or
larger [167,/171] and a minimum depth of around 18% for pinning [165]. Studies on antinotches
have suggested they might be more effective at pinning DWs [176]. A symmetric set of double
notches was presented as the best technological solution [170]. The deppining for transverse DWs
was characterized into three different categories [169] depending on notch size and geometry.

Other studies on permalloy have used the stray field from an external magnet or transverse
fields as a means of pinning DWs [27[177H179).

While study of notches in PMA is not common, one study found the pinned DW forms a
circular arc when a field is applied before deppining [180|, which was a feature we could reproduce
in micromagnetic simulations as well. Bruno et al. analytically studied geometrically constrained
magnetic DWs in such systems, proposing that such a configuration constitutes a new kind of DW,
different from the Bloch and Néel walls [181]. Other features which may induce pinning include
linear defects [93], structural defects [67}/68l[182,/183], and edge roughness |184-186].
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8.1.1 Defects and Disorder in Micromagnetics

To model pinning arising from material property changes within the system due to imperfections in
micromagnetic simulations, one can introduce grains in the material using 2D Voronoi tessellation
[143,/164,/187]. This methods lets the user define regions within the material where material
properties change, simulating grains with different material properties and is well accepted in the
community. In Chapter 6, we presented some results from micromagnetic simulations on a bubble
in which the effects of imperfections in the material were taken into account. When matching
micromagnetic simulations to experimental results, the difficulty is determining the amount of
material property changes from grain to grain to reproduce the experimental results.

Another way to model the effect of defects and disorder in the system is adding an additional
damping term based on dry friction to the LLG equation of the form [67}(68]:

‘ 3

Ty = (i X (8.1)

Where the phenomenological parameter ¢ accounts for the average distribution of defects in the
material and, for a nonhomogenous material, may be replaces by a tensor accounting for anisotropy.

B

8.1.2 Modeling Pinning in Collective Coordinate models

Previous attempts at characterizing pinning in collective coordinate models used a parabolic pin-
ning potential of the following form in the equations [66}[141]:
1 2
—sKyz* for|z| <L
0 for|z| > Ly

Where x is the DW position, Ly denoted the spatial extension of the pinning potential, and Ky
was the elastic constant of the pinning potential. This model was applied to pinning at notches
where Ky was extracted from micromagnetic simulations.

By analogy with a mechanical oscillator, the DW in this approach is considered as a particle
confined in a simple parabolic potential, the bottom of which is assumed to correspond to the
physical center of the notch.Derivation of the collective coordinate models with this equation leads
to an additional term linear with position in the equations for the evolution of q and ¢.

8.1.3 Pinning due to Anisotropy Variation

Recent studies on magnetic domain wall motion have focused on the use ion irradiation to tailor
material properties and modify DW motion by creating magnetic soft spots due to alloying effects
[91-94]. This helps reduce pinning at areas of the material such as edges where the material growth
is not perfect, and may also be used to create areas in the material to pin the DW.

In one such study, irradiation by He™ ions reduced uniaxial anisotropy to 1/3 its original value,
reducing saturation magnetization up to 30% and increasing the depinning field more than two
fold [94]. These studies have revealed that the determining factors in DW pinning are the width
of the nanowire and the irradiation fluence [92,94].

We performed micromagnetic simulations to recreate these effects. A Pt/CoFe/MgO nanowire
with dimensions 2.8um X 160nm x 0.6nm was simulated with the uniaxial anisotropy changing 5,
10, 15 and 20 percent in it at 10, 20, 40, and 80 nm intervals. Figure shows the results of
anisotropy variation in the case of field driven DW motion. Micromagnetic simulations reveal a
pinning effect due to the change in anisotropy, which is mildly effected by the size of the regions
with fixed anisotropy. The mobility curves from micromagnetics make sense, taking into account
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that the DW width calculated from simulations with anisotropy variation is 3 to 4 times that of
no anisotropy variation. The full collective coordinate model based on four coordinates fails to
reproduce the results. Further investigation in the micromagnetic simulations revealed a lack of
tilting. However, the q — ¢ — A model which does not include the tilting degree of freedom still
fails to reproduce the micromagnetic results as well. In both cases, collective coordinate models
predict faster DW motion likely due to inability to predict the increase in DW width.
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Figure 8.1: Effect of anisotropy variation on field driven DW motion.

After the initial study of adding anisotropy variation directly to the equations, we rederived
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the equations, assuming anisotropy varies with the DW position.

. . A
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In the above K ff(q) = (1 + n(q))K, where 7(q) is a random variation defined for each region
along the nanowire and Kyar is defined as:

_ dKepp {"fq", if passed into new region s7)

0, if in old region

However, this model failed to reproduce the micromagnetic results as well.

8.2 Finite Temperature Effects

The LLG equation is valid only at zero temperature; however, real systems work at finite tem-
perature. Thermal fluctuations can induce changes in DW motion, making it stochastic. More
importantly, thermal fluctuations may depin a DW from a pinning point. Changes in temperature
may also lead to changes in saturation magnetization. As such, it is important to include these
effects in models, specially when low excitations are used to manipulate the DW. Thermal effects
on DW motion have been investigated in PMA material [66,(188] and in permalloy |141}/189,/190].

The first attempts to include thermal fluctuations in the LLG equation were those of Brown,
where he applies fluctuations in the effective field (modeled using a random white noise thermal
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field) to single domain particles [191,192]. Both the Fokker Planck equation and fluctuation-
dissipation theorem may be used in this context to derive the right terms to be included in the
stochastic form of the LLG. Brown’s method is still the method used to date to include thermal
effects in micromagnetics.

Fan et al. studied the effect of finite temperature on DW motion [193]. The results showed
that the velocity of the DW is almost independent of temperature until the Walker breakdown.
They also showed that the thermal field can suppress Walker breakdown and makes domain wall
move faster.

Another important effect when currents are used is Joule heating, which can have additional
consequences for DW motion [194]. While initial studies postulated that this effect is negligible,
recent studies have confirmed that such high temperatures could be reached that the magnetic
order is lost [195].

8.2.1 Stochastic LLG

Thermal fluctuations have traditionally been added to the LLG as a thermal field in the effective
field |141}/191L[192] . This field had a Guassian distribution with zero mean value and uncorrelated
in time and space [65]:

< ch’i(’l?, t) >=0

- . 8.8
< Hyp i (7, 6) Hyp j (17, 61) >= 2D ;10,0350 (7 — r1)6(t — 1) (8:8)

Where D1, characterizes the strength of the fluctuation and may be calculated from the fluctuation
dissipation function as:

aKBT

T oo M AT (8.9)

Where Ax is the cell size, Kg is the Boltzman constant and T is the temperature. Note that this
formulation assumes that the saturation magnetization is unaffected by the temperature, which is
valid at temperatures much lower than the Curie temperature. This method is already included
in simulation tools such as Mumax [143].

8.2.2 Stochastic Collective Coordinate Models

The effect of the above thermal fluctuations has been introduced in the 1-D model as a thermal
force [65] or a field of the following form [66):
< ch (t) >= O

< by () Hyp (t)) >= 2D an0(t — t') (8.10)

Where D, characterizes the strength of the fluctuation and may be calculated from the fluctuation
dissipation function as:

Dy = (| BT (8.11)
HoYoMsVpw

Where Vpw = ALw is the DW volume, Kg is the Boltzman constant and T is the tempera-
ture. Note that this formulation assumes that the saturation magnetization is unaffected by the
temperature, which is valid at temperatures much lower than the Curie temperature.
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8.2.3 The LLB Equation

When high temperature closer to the Curie temperature are reached, the assumption of a fixed
saturation magnetization is no longer valid. In such cases, the effects of enhanced damping and
the change in saturation magnetization need to be taken into account [196]. Such a model should
include both transverse and longitudinal relaxation terms and interpolate between the Landau-
Lifshitz equation at low temperatures and the Bloch equation at high temperatures [197].

Torrey introduced diffusive terms in the LL equation to take into account the relaxation of
magnetization LLB with diffusive terms [198]:

Vi 11 L
E—i] V.-V(M - My (8.12)

H y n M- HspH, gy

2
Ty H g

dt [

dM Lo M
5 = VM X Hp— 7+ Xo
2
In case spin-exchange diffusion is not negligible, an additional term V - V(M — M) - H,¢H_g/ H?g
needs to be added to the right side of the above equation.
One stochastic form of the LLB equation reads [199]:

1= y(m x (Hogr + ) + ) (m (Hogr +¢))m — 2tm x (mx (Hog +¢1)) (813)

where m = M/M(T) and «| and o, are dimensionless longitudinal and transverse damping
coefficients. The stochastic fields in the LLB-Langevin equation above can be, in fact, introduced
in many different ways.

T VforT < T, (8.14)
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a 3T,
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—, 0 :)\(1—

3T,
For T > T¢, ay = 1. Here A is the parameter describing the coupling of the spins to the heat

bath on an atomistic level.
Perpendicular and longitudinal noise parameters have the following properties:

<¢F>=0

2K 5T (8.15)
B v BT 5.
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where p, v =||, L, iandj denote x,y,z components and V is the particle volume.

Evans et al. proposed another stochastic form for the LLB equations [200], claiming it to be
more proper than that proposed in [199] as it is consistent with the Boltzmann distribution at high
temperatures. This equation has the form [200]:

Y Yoo

m = y(m x Hff) + W(m -Hff)m — Wm X (mx (Heff +11)) + n (8.16)
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QKBT(OLL 7OZH)

Lyt () = 2BBIaL — o) o sy
<O () >= =2 () o

Iy (1) >= 22T 5. 50 |
<n; ( )Uj()>*w i0(t)
<l >=0
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8.3 Conclusion

Pinning and temperature are rather important factors specially when low excitations are concerned.
These effects can be studied using modified forms of the LLG equations as presented here, and are
already available in micromagnetic codes. There are methods for including these effects in collective
coordinate models; however, these methods will need further study and require extension to the
four coordinate model.
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Chapter 9

Conclusion and Future Work

This dissertation was initiated as part of the ITN-WALL project, with the aim of improving
collective coordinate models for magnetic domain wall motion. In this Chapter, a summary of the
main finding are provided, along with areas where improvements are needed.

9.1

Summary of Findings

This report summarized a study on the motion of magnetic domain walls in perpendicular mag-
netic anisotropy (PMA) materials with DMI using collective coordinate models developed using a
Lagrangian approach. Specifically, we showed:

Magnetic domain walls can be of Bloch, Néel or intermediate structure depending on the
strength of the different interactions involved. While intermediate structures in between
Bloch and Néel are not predicted using analytical models for systems without DMI, they
were observed in micromagnetic simulations.

The profile describing the change in the out-of-plane component of magnetization changes
under in-plane fields. While the Bloch profile (Equations and is valid for systems
with or without DMI, in systems under in-plane field a canted profile (Equation [3.18)) should
be used.

The collective behavior of the domain wall may be characterized by four collective coordinates
(position q, magnetization angle ¢, tilting x and domain wall width parameter A). Using an
Euler Largrange equation the q — ¢, q — ¢ — A, q— ¢ — x, and q — ¢ — x — A models were
derived based on the Bloch profile and compared to micromagnetic simulations.

Models based on the Bloch profile cannot reproduce micromagnetic results of DW motion
under in-plane fields for systems with high DMI and low anisotropy. In these systems canting
plays an important role. We developed models based on canted profile (Equation which
better reproduce the micromagnetics. This shows that canting and the profile play a more
important role in these models. We also functional form of the equations in terms of collective
coordinates is unaffected by the profile used, and the profiles only affect prefactors in the
equations.

Several features of DW motion under in-plane fields in nanowires may be used to measure
specific material properties. Critical points include a point of zero velocity under longitudinal
fields for current driven DW motion, and a point of zero tilting under transverse fields. Closed
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form equations were presented to describe the dynamics of these critical points. We also
observed the formation of vertical Bloch lines in systems with low DMI and high anisotropy.

e The collective coordinate models were extended to magnetic bubbles. These models for
bubbles may be used in the measurement of DMI using bubble expansion experiments. We
showed that some of the assumptions of bubble expansion experiments are only valid at very
low drive fields.

9.2 Future Work

While the models developed in this work helped improve accuracy of previous models, and shed light
on the importance of canting in the domains, they had inherently complex equations. Simplification
of these equations can help with the dissemination and use of these equations by experimental
groups.

Additionally, there is much more work that could be done in including the effects of pinning
and thermal fluctuations in the models. Models for magnetic bubbles which took into account the
elliptical shape of the bubble were unsuccessfully attempted and could be an additional topic of
study.

Some of the equations presented in this work presented potential for measurement of specific
material properties. Experimental verification of these methods is the next step in verifying the
applicability of the equations presented.

Finally, close form equations can be useful for the design of devices. While our current equations
can be used to develop conceptual understanding, additional aspects of performance of real devices
could be integrated in them to lead to more application focused models.
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