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Abstract

Properties of magnetic materials are determined by their internal structures. In this
work, magnetic domains and domain walls were analyzed with the change of film
deposition-conditions, an externally applied field and a perpendicular anisotropy. The
influences of the transition structures (TSs) of the walls, such as vortices and an-
tivortices, on the domain configurations and magnetization reversals were investigated.
Different types of domains, domain walls and their TSs in permalloy (Py) patterned
films were imaged with Magnetic Force Microscopy (MFM). The corresponding micro-
magnetic simulations were performed using Object-Oriented MicroMagnetic Framework
(OOMMF) software.

On increasing the argon (Ar) sputtering pressure, pinning of the TSs and domain
walls due to the increase of porosity in the films resulted in the formation of complex
domain configurations with irregularly arranged magnetizations. Technically relevant
domain configurations, with magnetizations well-defined by the shapes and dimensions
of the films, were obtained by depositing films at ~1 pbar Ar pressure.

By investigating the T'Ss during magnetization reversals, it was found that their
nucleation created segments of reversed magnetizations inside the walls. These segments
expanded with the increase of the applied field to form the domains of reversed
magnetizations. In this process, domain walls also reversed their internal magnetizations
with the displacement of a resulting single vortex along their wall-axes, as a consequence
of the nucleation and annihilation of the T'Ss inside the walls.

Moreover, on observing the internal structures of the walls inside a film of a certain
thickness and containing a perpendicular anisotropy, alternate upwards and downwards
split magnetization segments were found. These segments expanded inside the domains
with the increase of the film thickness and formed stripe domains. Hence, a fifty years
old domain-phase diagram was refined by finding a premature formation of stripe

domains inside the domain walls.
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/usammenfassung

Eigenschaften magnetischer Materalien sind bestimmt durch ihre interne Struktur. In
dieser Arbeit wurden magnetische Doméinen und Doméinenwinde mittels Anderung
der Diinnschicht-Depositionsbedingungen, eines externen magnetischen Feldes sowie
einer senkrechten Anisotropie untersucht. Der Einfluss von Ubergangsstrukturen der
Doménenwénde, wie Wirbel und Antiwirbel, auf die Doménenkonfigurationen und
Magnetisierungsumkehrung wurde untersucht. Verschiedene Arten von Doménen, Domé-
nenwédnden und deren Ubergangsstrukturen in Permalloy strukturierten Filmen wurden
mit einem Magnetkraftmikroskopie abgebildet. Die entsprechenden mikromagnetischen
Simulationen wurden mit Hilfe der Object-Oriented MicroMagnetic Framework Software
durchgefiihrt.

Bei Erhohung des Argon-Gasdrucks in der Sputterkammer ergab sich eine Fixierung
der Ubergangsstrukturen und Doménenwéinde aufgrund der Erhohung der Porésitét der
Filme, die zu einer Formation von komplexen Doménen-Konfigurationen mit irregulér
ausgerichteten Magnetisierungen fiihrte. Technisch relevante Doménenkonfigurationen,
mit Magnetisierungen die durch die Form und Grofle des Films definiert sind, wurden
durch Sputter-Deposition bei einem Argon-Gasdruck von ca. 1 pbar erhalten.

Mittels Untersuchungen der Ubergangsstrukturen wihrend Magnetisierungsumkehrun-
gen konnte herausgefunden werden, dass ihre Entstehung Segmente invertierter Mag-
netisierung innerhalb der Domanenwand erzeugte. Diese Segmente vergrofierten sich bei
Erhohung des externen Magentfeldes, um Doménen mit invertierter Magnetisierung zu
bilden. In diesem Prozess invertierten Doménenwande ihre internen Magnetisierungen
mit der Verschiebung eines resultierenden einzelnen Wirbel entlang der Wandachse als
Folge der Nukleierung und Annihilation der Ubergangsstrukturen innerhalb der Winde.

Des Weiteren wurden bei der Untersuchung der internen Strukturen der Doménen-
wande in einem Film bestimmter Dicke und Anisotropie sich abwechselnde auf- und
abwartsgeteilte Magnetisierungsbereiche gefunden. Diese Bereiche vergrofierten sich
innerhalb der Doméanen mit der Zunahme der Filmdicke und bildeten Streifendoménen.
Infolgedessen konnte ein 50 Jahre altes Phasendiagram fiir magnetische Doménen

aufgrund der Beobachtung einer vorzeitigen Formierung von Streifendoménen innerhalb



von Doméanenwinden revidiert werden.
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1 Introduction

Today, magnetism and thus magnetic materials have become indispensable parts of
our daily life. Some examples include their use in credit cards, mobile phones, hard
disk drives, audio speakers and motorized household appliances [1]. The versatility
of their impact on life demands a deeper understanding of their magnetic properties
owing to their internal structures. Inside a magnetic material, a variety of extended
and localized spatial magnetic configurations are formed [2]. These configurations have
a hierarchical order. A magnetic material is divided into domains by domain walls,
while within the domain walls there may exist localized TSs which further split the
domain walls into segments of different magnetic configurations, as shown in Fig. 1.1.
These TSs have dimensions of the order of a few tens of nanometers and consist of

vortices, antivortices and magnetic singularities (see section 2.4) [2-9].

transition structure - - - _

~~ - domain wall

Figure 1.1: A simplified schematic depicting transition structures inside a domain wall.

A variety of domain walls exist in magnetic materials [2]. In thin films of soft
magnetic materials such as Py, internal structures of the domain walls change from
one-dimensional to two-dimensional magnetization configurations above a certain film-
thickness [2]. Inside one-dimensional domain walls, the magnetization is oriented only in

the plane of the film. However, inside two-dimensional domain walls, the magnetization



2 1 Introduction

is oriented in the plane of the film at the surfaces and out of the plane of the film in
the interiors of the walls [2]. In one-dimensional domain walls vortices and antivortices
exist as T'Ss (see Fig. 2.15 in chapter 2) [3-5]. Whereas, inside two-dimensional domain
walls, different combinations of vortices and antivortices at the surfaces and singularities
in the interior of the walls form various types of complex three-dimensional T'Ss (see
Figs. 2.16 to 2.19 in chapter 2) [6-9].

A magnetic anisotropy inside the material influences both the overall domain config-
urations (i.e., the overall arrangement of the magnetization inside the material) and
the internal structures of the domains [2, 10]. In thin films, the internal structures of
the domains change with the increase of the perpendicular (or out-of-plane of the film)
anisotropy [2, 11, 12]. Homogeneously in-plane magnetized domains are superimposed
by an alternate upwards and downwards tilted magnetization configuration, known as
stripe domains [11]. According to the domain-phase diagram [12] (see Fig. 2.22 in chap-
ter 2), stripe domains are formed abruptly above a perpendicular-anisotropy-dependent
critical thickness of the film. In films with a larger perpendicular anisotropy, parallel-
and maze-shaped band and cylinder-shaped bubble domains are formed, which possess
the magnetization oriented completely out of the plane of the films [2].

The technically important properties of magnetic materials depend on both their
structural characteristics (such as grain morphology, stress and elemental composition
etc.) [13-17] and the types of their internal magnetic configurations (i.e., the types
of domains, domain walls and TSs) formed inside them [18-24]. Over the past few
decades, the analysis and manipulation of the internal magnetic configurations inside
patterned thin films has become a subject of an intense interest to enable various
new applications in the field of magnetic data storage and sensor devices [22, 24-28|.
Internal structures of the domain walls and their various type of T'Ss within and without
applied magnetic fields [29-31] or current pulses [23, 32, 33] are investigated in detail
in this context. It is found that the TSs significantly influence the static and dynamic
properties of the walls [22, 26, 31, 34] and also control the evolution of the domain
configurations (i.e., the rearrangement of the domains) within an applied field [35-38].
Since the domain configurations determine the characteristics of the hysteresis loops
[39-41], magnetoresistance [42-44], magnetoimpedance [45, 46] and numerous other
magnetic effects [10, 47-49] of the materials, it is crucial to understand the role of the
TSs in the basic magnetization processes such as the formation of the domains and
magnetization reversals in the patterned thin films.

In this work, the role of the T'Ss in the formation of different types of domain

configurations and their internal structures, manipulation of the internal structure



of the domain walls and the magnetization reversal of Py patterned thin films is
investigated. Due to the soft magnetic properties of Py [50], it is one of the most widely
used magnetic materials for both basic research and various technical applications
[51]. Micro-patterned Py films of various shapes and thicknesses were prepared using
electron-beam lithography (EBL) and sputter deposition. Different types of domain
configurations, domain walls and their T'Ss within and without an externally applied
magnetic field were analyzed with MFM. Moreover, in order to better understand the
three-dimensional magnetic configurations and to evaluate the contributions of different
magnetic energies, micromagnetic simulations were also performed using OOMMF
software [52].

This thesis is organized as follows:

In chapter 2, the basic concepts of micromagnetism, different types of domain walls,
their TSs and stripe domains are discussed.

In chapter 3, a brief description of the structural and magnetic properties of Py and
different techniques used in this work is presented.

In chapter 4, the formation of different types of zero-field domain configurations
with the change of the Ar sputtering pressure is explained. It is shown that the grain
morphology influences the domain configurations. The formation of well-defined and
repeatable domain configurations in micro-patterned Py films is explained.

In chapter 5, the role of the T'Ss in magnetization reversals of the micro-patterned
Py films is explained. The nucleation and annihilation of the T'Ss and an interplay of
the different magnetic energies are analyzed to understand the evolution of the domain
configurations within an applied magnetic field.

In chapter 6, the role of the TSs in the reversal of the internal magnetization
configurations of the one-dimensional and two-dimensional domain walls within an
externally applied magnetic field are investigated and compared, respectively.

In chapter 7, the influence of the perpendicular anisotropy on the domain wall
internal structures and the consequent formation of the stripe domains is investigated.
A refined domain-phase diagram for the formation of the stripe domains is presented.

In chapter 8, finally the results are concluded and a brief outlook of the future

investigations is presented.






2 Basics of micromagnetism, domain walls,
their transition structures and stripe

domains

2.1 Micromagnetism and formation of domains

2.1.1 Micromagnetism

Micromagnetism (originally called micromagnetics) is a continuum theory, which started
in the 1930s with the pioneer work of Landau and Lifshitz [53] on the interpretation of
domain configurations. The other contributions of Brown [54, 55|, Bloch [56], Néel [57],
Kittel [58, 59] and other authors [60-63] from around 1930s to 1950s established this
theory as an efficient tool to describe magnetization processes and the characteristic
properties of the hysteresis loops [64]. This theory describes the magnetization on a
length scale which is large enough to replace the discrete atomic spins by a continuous
function of position, i.e., M(r), and small enough to resolve the transitions of magne-
tization between magnetic domains [2, 53, 55]. The magnetization M(r) is generally
nonuniform, but a continuously varying function of position r. M(r) varies in direction
only: its magnitude is the spontaneous (or saturation) magnetization M. Thus we can

write
M(r) = M;m(r); m-m=1. (2.1)

m is a unit vector in the direction of M(r). As the adjacent magnetizations m; and m;
at positions r; and r;j are assumed “almost” parallel and there exists no abrupt change,
therefore,

|m; —m; [~ 0 for |rj—r;|<le. (2.2)

Here [, is an exchange length which is described by the exchange interaction (exchange
interaction will be discussed below) between the adjacent magnetizations which results

in their almost parallel alignment for ferromagnetic materials.
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In micromagnetism, the total energy E. of a magnetic material is composed of
several different energy contributions, i.e., the exchange energy F.,, anisotropy energy
Fx, Zeeman energy Ey, demagnetization energy Ep, and magnetoelastic energy F.,

which is written as [2]
Eiot = Eex + Ex + Ez + Ep + Exe. (2.3)

In order to achieve a stable magnetic configuration in an existing situation, the total
energy is minimized by an interplay of different contributing energies. This process
leads to the formation of domains and domain walls inside ferromagnetic materials.
The most common approach to find the equilibrium state of the material is to solve the
Landau-Lifshitz-Gilbert (LLG) equation of motion (will be discussed below, equation
(2.23)), which is a torque equation relating the time evolution of M(r,t) to the torque
exerted by an effective field Heg(r,t) (equation (2.19)) inside the material.

Exchange energy

The exchange interaction is an interaction which couples two neighboring spins, and it
is responsible for parallel or antiparallel alignment of the neighboring spins. It arises
from the quantum mechanical principle of exchange symmetry, which states that no
observable physical quantity should change after exchanging two indistinguishable

particles. The exchange energy can be written as [65]

Eoo = =2 J;Si-Sj=—2>_ J; 5 m; - my, (2.4)
ij ij

where S; and S; are two magnetic spins located on neighbouring sites r; and rj,
respectively. S is the spin quantum number. m is a unit vector along the local spin
direction and Jj; is the Heisenberg exchange integral. Since it is a short-range interaction,
one can consider the sum from the nearest neighbors only. The sign of Jj;, i.e., J;; > 0
or Ji; < 0, determines whether the material is ferromagnetic (parallel alignment of the
neighbouring spins) or antiferromagnetic (antiparallel alignment of the neighbouring

spins), respectively.
The exchange energy of a unit volume for a cubic lattice system of lattice constant

a is given by [65]

_ nJS?
a

Eex

/V [(Vim)? + (Vimy)? + (Vim,)2] dV. (2.5)
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Where my, my, and m, are the magnetization components along the orthogonal x, y
and z axes. The coefficient of the right hand side of the equation (2.5) is an exchange
stiffness constant A, proportional to the exchange constant J and is measured in
Jm™ (erg em™!, in the CGS). A, defines the strength of the magnetic coupling,
and therefore describes how difficult it is to deviate a spin from the direction of the
exchange-coupled field. The number n is equal to 1 for the simple cubic (sc) structure,
2 for the body-centered cubic (bce) structure, and 4 for the face-centered cubic (fcc)

structure [65].

Magnetocrystalline anisotropy energy

In ferromagnetic materials, one crystallographic axis is or more than one axes are easy
to magnetize compared to the other crystallographic axes. The crystallographic axes
which are easy to magnetize are called easy axes, whereas the other axes are called
hard axes. The total free energy of the magnetic materials depends on the direction
of the magnetization relative to their crystallographic axes. This form of anisotropy
arises from the spin-orbit interactions of the atoms [10]. Frequent magnetocrystalline
anisotropy energies considered are for the cubic and the uniaxial systems.

For the cubic case the magnetocrystalline anisotropy energy is [2]
Ey = /V[Kcl(mimg +mim? +mim]) + Ko(mimim?)] dV. (2.6)

Where my, my and m, are the magnetization components along the cubic axes, i.e., x,
y and z axes and K ; and K. are the first and second order cubic anisotropy constants.
Usually K. is in the range of £10* Jm~2 for different materials [10]. The higher-order
energy terms are usually neglected because of the thermal agitation of magnetic spins
2]. Also sometimes Ko is so small that the term involving can be neglected [10]. When
K5 is zero, the direction of easy magnetization is determined by the sign of K. If K
is positive as in the case of iron and cubic ferrites containing cobalt, (100) is the easy
direction [10]. If K is negative as in the case of nickel and all cubic ferrites containing
no or very little cobalt, (111) is the easy direction [10].

The uniaxial anisotropy energy is usually written as [2]
B — / (Ko sin2(8) + Ko sin(8)] V. (2.7)
v

K, and K are the first- and second-order uniaxial anisotropy constants and 6 is

the angle between the magnetization direction and the easy axis of the material.
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When both K; and K, are positive, there exists an easy axis for the magnetization.
Cobalt, barium ferrite, and many rare earth transitional metal intermetallic compounds
behave in this way [10]. In the case of both K,; and K,s are negative an easy plane
perpendicular to the anisotropy axis exists. If K,; and Ko have opposite signs, the
easy directions lie on a cone surface [2, 10]. The K, value can reach upto 107 Jm™3
for rare earth transition metal permanent magnet materials, whereas the higher order

uniaxial anisotropy energies are usually neglected for being very small [2].

Zeeman energy

The Zeeman energy is due to the interaction of the magnetization M with an externally
applied magnetic field Hypp. The magnetization inside the material is preferentially
aligned along the applied magnetic field direction in order to minimize the torque

applied by the external field. This energy is given as [2]

By = —MO/ M - Hypp dV, (2.8)
Vv

where ji is the permeability constant.

Demagnetization energy

When a specimen is magnetized, the free magnetic poles which appear on its ends
produce a magnetic field both inside and outside the sample. The field inside the
sample is directed opposite to the magnetization and called demagnetizing field. The
field outside the sample is called stray field. For a uniformly magnetized ellipsoid this
field can be expressed as [66]

Hp = —-NM, (2.9)

where N is a demagnetizing tensor.
The demagnetizing or stray field Hp can be calculated from the magnetic scalar

potential @(r) from the relation
Hp = —V&(r), (2.10)

as a result from Hp being irrotational (i.e., V x Hp = 0). The scalar potential is given
by [67]

B(r) = ZH_ /V V’r ﬁr‘) dv’ + /S l\ﬁ(i)r}f ds’], (2.11)
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where n is a unit vector pointing outward from the surface and p,, = —V - M and
om = M - n are the volume and surface charge densities, respectively. It is therefore
common to use the notion of magnetic “sources” and “sinks” that act like positive and
negative magnetic charges, just like in electrostatics but with the difference that magnetic
charges never occur isolated but always exist in balancing pairs. The corresponding
field obtained from equations (2.10) and (2.11) is [67]

HDzll—/V(r_rWM v’ + / )'nds’. (2.12)

i -] |r—rr

The demagnetization energy (also known as stray-field or self energy) for such a

magnetic material is expressed as
Ho
Ep = —?/ M - Hp dV. (2.13)
\%

As the demagnetizing field Hp is always directed opposite to the magnetization direction

M, the demagnetization energy Ep is either positive or zero.

Magnetoelastic energy and magnetostriction

The magnetoelastic energy of a magnetic solid arises from an interaction between the
magnetization M and the strains ¢;;. The magnetoelastic energy is the increase in the
anisotropy energy of a magnetic solid submitted to an applied stress. Its expression for

a cubic crystal is given by [59]
Eme == /V[Bl (Oé%&?xx -+ Oégéyy + agazz) —+ Bg(alagaxy -+ OéQOégﬁyz -+ agalazx)] d‘/, (214)

where B-factors are the magnetoelastic coupling constants and «; are the direction
cosines.

Magnetostriction is a property of ferromagnetic materials that causes them to change
their dimensions as their magnetic state is changed. It is measured by the relative
linear deformation A\ as below

A=, (2.15)

where [ is the original length of the material and ¢l is the change in the length due to
the change of magnetization.

For a cubic crystal material with saturation magnetostriction \g, the magnetoelastic
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energy Ep,. related to a stress o is given by [65]

FEre 3 . 9
= - 2.1
% 5 As osin0, (2.16)

where 6 is the angle between the direction of the magnetization and the direction along
which the magnetostriction is measured.
Note that, in order to distinguish the strain € caused by an applied stress, the

magnetically induced strain is denoted by a different symbol .

Effective-field and Landau—Lifshitz—Gilbert equation

The free energy function of a magnetic material might have several local minima,
where each of them is corresponding to a possible magnetic stable state. According
to the variational principle, the magnetization distribution at equilibrium satisfies the

following conditions simultaneously,
6Eio(m) =0 and 6%Eii(m) > 0. (2.17)

Where § o (m) = Fio(m 4+ dm) — Eyo(m) represents an infinitesimal variation of the
energy induced by a small change in the magnetization ém. The energy variation of a

magnetic body with uniaxial magnetocrystalline anisotropy can be written as [68]

2Aex —, 9K,
. H, Hp| - dmdV
/L(JA]\JSV m /’LOMS (Uk m) Hk * PP * P "

5Et0t(m) = NJO/VMS

om
+/S2Aex (m X an) dS,

where uy is the unit vector along the magnetocrystalline easy axis. The quantity

(2.18)

between the brackets from the first term represents an effective field,

2A 2K,
Heyg = —2V?m + ke
g /’LOMS /'I’OMS

(uk : m) uyx + Happ + HD- (219)

In the general case, Heg is defined as the variational derivative of the free energy

density €0y = 0Fot/0V with respect to the magnetization, i.e.,

1 561:0‘5
Hee — — . 2.20
fr oMy dm ( )

To obtain the equilibrium condition, both the surface and volume integrals from
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equation (2.18) must vanish. This is possible if simultaneously two conditions are
fulfilled [68]

0
a—l: =0 V reS and m(rjt) x Heg(rt) =0 V reVl. (2.21)

These conditions were deduced by Brown [54] and therefore are called Brown
equations. Their solutions specify the equilibrium state. The first one is a Neumann
boundary condition, which forces the magnetization to be stationary near the sample
surface S. The second equation states that for a magnetization distribution to be
at equilibrium, the torque acting on M due to the effective field Heg must be zero
everywhere (the magnetization is aligned with the effective field).

The Brown equations define the equilibrium state of a magnetic system, but they
do not specify how the system reaches this state. The magnetization dynamics can be
accessed through the LLG equation. The starting point is represented by the Larmor
equation [65],

ddl\t/l =—v(M x H), (2.22)
which describes the magnetization’s gyrotropic reaction in the presence of the magnetic
field H. Here v = 2.21 x 10° m(As)! is the Gilbert gyromagnetic ratio. The Larmor
equation is conservative. Its solution corresponds to a magnetization which precesses
endlessly around the field, with constant precession angle and energy. However, in
real ferromagnetic materials, dissipation processes cause the system to minimize its
energy and to reach, after certain time, a stable state (dM/dt = 0). In order to take
account of dissipation, a term was added to equation (2.22), allowing the magnetization
to reach static equilibrium. Gilbert [69] introduced magnetic damping as a viscous
force proportional to the time-derivative of the magnetization. The Gilbert equation of

motion includes precession and relaxation [65]

Cg\t/l — (M x Heg) + ]\j (M x (21;4). (2.23)

The damping « is a dimensionless phenomenological constant, arising from all
dissipation processes (e.g., magnon-magnon scattering, magnon-phonon scattering,
Eddy currents). The meaning and the measurement of « is an intricate matter since
its value depends not only on the material but also on the experimental conditions [70].
For most common ferromagnetic materials « is a scalar ranging from 5 x 107 to 0.1

[71-73]. Equation (2.23) is known as the LLG equation which is commonly used in
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micromagnetic simulations to model the temporal behavior of the magnetic samples

within a magnetic field.

2.1.2 Formation of domains and domain walls

In Fig. 2.1, schematics of the formation of domains with the consequent minimization
of the stray field of a magnetic sample are drawn. Fig. 2.1(a) describes a uniformly
magnetized ferromagnetic rectangular sample. The arrow inside the sample shows the
direction of the magnetization, whereas the arrows outside the sample describe the stray
field at the sample ends, respectively. The stray field can be reduced by a subdivision
of the sample's uniform magnetization state into two antiparallelly magnetized regions,
as described in Fig. 2.1(b). Such regions with uniform magnetizations are called
magnetic domains [10, 59]. These domains are separated by transition regions called
domain walls, shown as broken lines in Figs. 2.1(b) and (c). However, from the
demagnetization energy equation (2.13) it is clear that the demagnetization energy is
reduced by minimization of both the stray field and the total magnetization M(r) of
the sample under consideration. The schematic shown in Fig. 2.1(b) minimizes the
vector sum of the magnetization (total magnetization), whereas the stray field is still
produced by the surface charges (0 = M - n) formed on the sample ends. The surface
charges are avoided with the formation of closure end domains [2, 58, 74] which close

the magnetic flux inside the sample as shown in Fig. 2.1(c).

(a) (b) (c)
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Figure 2.1: Schematics showing the stray-field minimization by formation of domains
inside a ferromagnetic sample.

For energy minimization, the magnetization inside the transition regions (domain

walls) must rotate gradually. More gradual is the rotation of the magnetization, lower
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is the exchange energy of the domain walls because the angle between the neighboring
magnetic moments will decrease. This, in turn, increases the magnetic anisotropy
energy (if the magnetic sample possess an anisotropy), as the domain wall becomes
wide and a large number of the wall's magnetic moments will lie along the magnetic
hard axis. Therefore, the domain walls are formed to minimize the demagnetization
energy, whereas the number and widths of the domain walls are limited by the increase
in anisotropy and exchange energies. Hence, the formation of domains and domain walls
inside a magnetic sample is the result of an interplay between the demagnetization,
exchange and anisotropy energies of the sample.

However, there exists a critical size of the sample, below which the magnetization
does not divide into domains [10]. Below the critical size, it becomes energetically
unfavorable to create domain walls as the lowering in the demagnetization energy is

not sufficient to compensate the increase in the exchange and anisotropy energies.

2.2 Types of domain walls in soft ferromagnetic materials

There exist a vast variety of the domain walls depending on the intrinsic parameters
such as anisotropy and stress as well as the extrinsic parameters such as shape and
thickness of the material [2]. However, in general, the domain walls are classified into

two basic types known as Bloch and Néel walls [10].

(a) (b)
v veAs ) SN — A
t|® 4 pr e e — 500
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Figure 2.2: Schematics showing the magnetizations inside a Bloch (a) and Néel wall
(b), respectively. Figures adapted from Ref. [2].

Figure 2.2 shows sketches of the Bloch and Néel walls inside infinitely extended
thin films which have an in-plane magnetic anisotropy, respectively. In the Bloch wall
configuration, the magnetization inside the wall rotates perpendicular to the film plane,

whereas the magnetization inside the Néel walls rotates in the plane of the film [2]. The
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out-of-plane orientations of the magnetization inside the Bloch walls induce opposite
magnetic charges on the upper and lower surfaces of the walls, respectively, as shown in
Fig. 2.2(a). The in-plane orientations of the magnetization inside the Néel walls induce
opposite magnetic charges on the sides of the wall, as shown in Fig. 2.2(b). Néel [75]
realized that the standard wall theory of Bloch walls does not hold for films thinner than
the width of the domain wall. The interaction between the magnetic charges induced
on the surfaces makes the Bloch walls energetically unstable. The argument follows as:
if the cross-section of the domain wall is approximated in an elliptical shape of height ¢
and width W as shown in Fig. 2.2, then the demagnetizing factor for the Bloch wall is
Ng = W/(W +t). If the thickness of the film (¢) becomes smaller than the wall width
(W), the demagnetization energy increases which makes the flipping of the domain wall
magnetization from the out-of-plane (Bloch type) to in-plane (Néel type) orientation.
The demagnetizing factor for the Néel wall configuration is Ny = t/(W + t), which is
smaller than Ng for W >t [2].

The width (Wg) and energy density (op) of a 180° Bloch wall can be written as [66]

Aex A
WB =T K and OB = 4 AexKu- (224)

u

The width (Wy) and energy density (on) of a 180° Néel wall are written as [66]

A
W — ex
N “V Ko + (1/2) i M2

1
and oy = 4\/A6X(Ku + §”°M52)' (2.25)

The ratio of the anisotropy constant K, to the stray-field constant Kp, i.e.,

K, 2K,

is known as the quality factor of magnetic materials. Materials with a very small quality
factor, i.e., Q < 1, are called soft magnetic materials. In soft magnetic materials, due
to the absence of a crystallographic or a field-induced anisotropy, the magnetization
can easily orients within the film in order to minimize the demagnetization energy.
Therefore, soft magnetic materials show various different types of domain walls due to
the intrinsic and /or extrinsic influences as described above. In the following subsections,
different types of domain walls with the change of the thickness of Py films (see
section 3.1 for details about the magnetic and structural characteristics of Py) will be
discussed. In micro-patterned thin films, typically, 90° and 180° domain walls exist

in their magnetic ground states (the lowest energy state) and zero-field states with
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magnetic flux-closed configurations. So the configurations of 90° and 180° domain walls

are discussed in the following subsections.

2.2.1 Symmetric Néel walls

In Py films at thicknesses below approximately 20 nm, all domain walls' magnetization
stays in the plane of the film, i.e., one finds Néel type orientation, because of the
minimization of the demagnetization energy as discussed above. Figure 2.3 describes the
schematics of 90° Néel walls in this thickness regime, respectively. As the magnetization
configuration in both halves of the domain walls is mirror symmetric, these domain

walls are called symmetric Néel walls (SNWs) [2].
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Figure 2.3: Schematics of (a) a 90° and (b) a 180° SNW, respectively. To represent
the projections of the magnetization vectors on the sample surfaces, the arrows of varied
lengths are drawn.

In Fig. 2.3, if we look from the top surfaces, the magnetization inside both 90° and
180° domain walls rotates with counter-clockwise orientation. However, these domain
walls also exist with clockwise rotation of magnetization and they have equal energies

for both rotation orientations [2, 66].

2.2.2 Cross-tie walls

A 90° SNW has only 12% of the energy of a 180° SNW [2]. As the in-plane magnetization
configurations in the SNWs (Fig. 2.3) produce magnetic charges on both sides of the
wall as described in Fig. 2.2(b), therefore the energy of a SNW also increases due to the
increase of the film thickness. As a result, above approximately 20 nm thickness a 180°
SNW transforms into a cross-tie arrangement of 90° SNWs called Cross-tie wall (CTW)
[76, 77]. This domain wall is stable from approximately 20 to 100 nm thickness [78].
In Fig. 2.4, a schematic of a CTW is shown. The magnetizations inside the wall are

arranged in circular and cross configurations which generate vortices and antivortices
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Figure 2.4: A schematic of a CTW. The vortex and antivortex cores are shown with
filled and open dots, respectively.

(see subsection 2.4.1) also known as circular and cross Bloch lines inside the walls,
respectively [2]. The circular and cross Bloch lines are indicated by filled and open dots
in Fig. 2.4. All domain walls in this thickness regime are 90° SNWs. The wall segments
of the CTW (i.e., 90° SNWs) switch their magnetization across the circular and cross
Bloch lines. The magnetization inside a CTW is in the plane of the film except at the
center of circular and cross Bloch lines, where the magnetization points out-of-plane of
the film.

It is important to mention that the CTW separates two anti-parallel domains, as
visible in Fig. 2.4. Therefore, a CTW is actually a 180° domain wall composed of 90°
wall segments. The other 90° domain walls in this thickness regime are the 90° SNWs

(Fig. 2.3(a), as described above in the previous subsection 2.2.1).

2.2.3 Asymmetric domain walls

The domain walls to be discussed in this subsection are stable in somewhat thicker
films than those in which SNWs and CTWs are stable, i.e, above approximately 100
nm thick Py films. These domain walls are called ADWs or vortex walls because they
have one or two vortex structures along the wall axes (in the cross-section of the wall)
which are placed asymmetrically to the center of the walls. These domain walls were
derived by Hubert [79] and LaBonte [80] independently in 1969 from the SNWs and
symmetric Bloch walls (shown in Fig. 2.2) by avoiding the stray field on the wall



2.2 Types of domain walls in soft ferromagnetic materials 17

surfaces and allowing an asymmetry in the wall structure with respect to the wall
plane. Ideally, the ADWs derived by Hubert [79] and LaBonte [80] are divergence-
free. However, the domain walls existing in real magnetic films are not completely
divergence-free and produce stray field [81, 82], as the complete divergence-free domain
walls would have higher energies. ADWs are further classified into asymmetric Néel
walls (ANWs) and asymmetric Bloch walls (ABWs), as presented in Figs. 2.5(a) and
(b), respectively. Their detailed cross-sectional magnetization is shown in Figs. 2.5(c)
and (d), respectively. These domain walls have SNW-type magnetization at the surfaces
called Néel caps (NCs), which are joined with symmetric Bloch wall type orientations

in the interiors of the walls called Bloch cores, as shown in Fig. 2.6(a).
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Figure 2.5: Schematics of (a) a 90° ANW and (b) a 180° ABW. Curved lines show
the cross-sectional magnetization of the domain walls. (c¢) and (d) show their detailed
cross-sectional views, respectively.

The ANWs have “S” type of cross-sectional magnetization configuration, whereas
the ABWs have “C” type of cross-sectional magnetization configuration. ANWs are
formed for wall angles approximately from 40° up to 150° (see Fig. 2.10) [83]. The
upper and lower NCs in ANWs are formed on the left and right sides of the Bloch cores
or vice versa, as shown in Fig. 2.6(b). For higher wall angles up to 180°, ABWs are
formed (see Fig. 2.10) [83]. In ABWs both the upper and lower NCs are formed on the
same side of the Bloch cores as shown in Fig. 2.6(c).

Figures 2.5(a) and (b) show counter-clockwise oriented asymmetric domain walls
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Figure 2.6: (a) NC and Bloch core components inside an ANW and an ABW. More
detailed schematics of (b) a 90° ANW and (c) a 180° ABW along with the adjacent
domains, respectively. Bold arrows represent the magnetization inside the adjacent
domains, whereas the magnetization inside the domain walls is represented by curved
lines. Grayish-pink and blue shaded areas represent NCs and Bloch cores inside the
domain walls, respectively.

(if one looks from the top surface). However, as the asymmetric domain walls have
both in-plane and out-of-plane components of the magnetization, in addition to the
switching of the in-plane orientation at the NCs there is another degree of freedom
which is the switching of the Bloch core. As a result, four different magnetization
configurations of each ANWs and ABWs are possible, as shown in Fig. 2.7. All these
respective configurations of ANWs and ABWs have the same energies [2].

In Fig. 2.8, a three-dimensional magnetization configuration in a 400 nm thick
2.3 x 6.7 pm? Py sample is shown. Figures 2.8(a) and (b) show the magnetization at
the upper and lower surfaces of the sample, respectively. It is visible that a vortex is
formed at the right end of the 180° ABW at the upper surface and at the left end of
the 180° ABW at the lower surface of the sample, respectively. In Figs. 2.8(c) and
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(d), Bloch cores inside the ANWs and ABWs are shown as magnetization iso-surfaces
for out-of-plane magnetization components. In Fig. 2.8(d), it is visible that the Bloch
core of the ABW is connected to the vortex cores at both surfaces. The change in
the (surface) magnetic configuration with thickness results from the two-dimensional

configuration of the ADWs.

SIS
C22¢

Figure 2.7: Four energetically equivalent configurations of (a) to (d) an ANW and (e)
to (h) an ABW.

The size of the vortex structure (i.e., the width of the Bloch core) in the cross-
sections of the ADWs is controlled by the thickness of the film. As in the low-anisotropy
materials for a stray field free configuration, the exchange energy is a significant energetic
contribution. But the vortex cannot lower its exchange energy by increasing its size

which is limited by the thickness of the film.
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Figure 2.8: A landau domain magnetization configuration in a 400 nm thick Py sample.
(a) Magnetization at the top surface and sides of the sample. (b) Magnetization at the
bottom surface of the sample. In (c) and (d), in addition to the magnetization at the
bottom surface, magnetization iso-surfaces of the out-of-plane magnetization components
at M, = £0.5M and M, = £0.9M; are shown, respectively. Red-brown and blue colors
(both on the iso-surfaces and on the sample surfaces) correspond to the upwards and
downwards oriented magnetization, respectively.



2.2 Types of domain walls in soft ferromagnetic materials 21

2.2.4 Domain walls in bulk soft magnetic materials

Above a thickness of the order of 51/ Aey /K, (which is about 2 pm for Py films assuming
K, =~ 100 Jm™3 [2]) the energetical difference between the ABWs and ANWs disappears
2, 84]. Above this thickness, a wall structure develops, which is still related to the ABW.
Instead of a single vortex in the middle (interior of the wall), vortices are formed that
are confined to the neighborhood of the surfaces. In the interior, this divergence-free
wall assumes a one-dimensional character with a rotation parallel to the wall plane like
in a classical Bloch wall, and at the surfaces, the vortices close the magnetic flux with
a Néel-like rotation right at the surface, shown in Fig. 2.9. Rave and Hubert [85] found
by numerical simulation that the surface wall width steadily increases with thickness,
whereas the interior wall width approaches the expected classical value of my/Aex/ K.
Consequently, the domain wall widths in bulk materials are not localized in the case of

zero anisotropy, in contrast to the thin films.
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Figure 2.9: Cross-sections of a domain wall in a soft magnetic film with a thickness of
20/ Aex/ K. The contour lines indicate the wall by lines of constant m, magnetization
[85].



22 2 Basics of micromagnetism, domain walls, their transition structures and stripe domains

2.3 Domain-wall phase diagram

Figure 2.10 shows a phase diagram of different types of domain walls in Py films with
Q = 2.5x 107* (see equation (2.26)), as a function of the film thickness and wall angles
[2, 86]. Other parameters are the typical Py material constants such as an exchange
stiffness constant A, (or A) = 107! Jm~! and M, =1 T. This phase diagram is also
approximately valid for other soft magnetic materials, which have quality factor close

to 2.5 x 107* and easy axes parallel to the film plane.
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Figure 2.10: Phase diagram of domain walls in Py thin films as a function of film
thickness D (denoted by t in this thesis) and wall angle [2].

The angle of a domain wall within an externally applied field perpendicular to the
wall-axis changes with the rotation of the magnetization inside the adjacent domains,
as shown in Fig. 2.11. The angle of the wall decreases with the increase of the applied
field because the magnetization inside the adjacent domains starts aligning along the
direction of the applied field. In Fig. 2.10, h is the normalized parameter of the
externally applied field, where J; = oM and M is the saturation magnetization.

From Fig. 2.10, SNWs are the only stable domain walls in a large field at all

thicknesses. The applied magnetic field forces the magnetization inside the domain
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Figure 2.11: Schematics of the change in angle of domain wall (blue line) with the
change of an applied field. Black arrows represent magnetization directions inside the
adjacent domains.

walls to stay in the plane of the films. For films with thicknesses approximately below
100 nm, as the field is reduced, the increase in the energy of the wall with the increase of
the domain-wall angle results in the transformation of the SNW into cross-tie patterns
of 90° SNWs (CTW, as discussed in subsection 2.2.2). Whereas the SNWs in thicker
films first transform into ANWs and later into ABWs with the reduction of the applied
magnetic field in order to avoid the stray field [2, 86].

Here, it is important to mention that the symmetric Bloch walls, shown in Fig. 2.2(a),
do not exist in soft magnetic materials. Due to a very small or negligible anisotropy
energy, the magnetization at the wall surfaces orients in the plane of the film in order
to minimize the demagnetization energy. However, in common conception, the SNWs
are called Néel walls and ADWs are called Bloch walls.

2.4 Vortices, antivortices and Bloch points

Magnetic materials, especially soft magnetic materials with anisotropy energies much
smaller than the demagnetization energy or () < 1 (see equation (2.26)), tend to avoid
the stray field as far as possible. The solution is to fulfill the conditions V - M(r,t) =0
and M(r,t) - n = 0 with a constant modulus of M(r,t). Such pole-free magnetization
vector fields are possible only for infinitely extended two-dimensional bodies [87]. For
real finite three-dimensional bodies, ideal stray-field-free magnetization configurations
do not exist. From the topological point of view, a unit vector field cannot be combed
everywhere parallel to a closed surface. At least two singular points have to be present

at the surface where the vector field is not parallel to the surface of the body [87, 88].
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As discussed in subsection 2.1.2, domain walls are formed as a result of the stray field
minimization. However, from the topological argument discussed above, minimization
of a stray field also leads to other topological defects in the vector field configuration
such as vortices, antivortices, Bloch points (BPs), bubble domains and skyrmions etc.
[88]. In this section, only vortices, antivortices and BPs are discussed, which are relevant

to the scope of this thesis.

2.4.1 Vortices and antivortices

In Fig. 2.12, schematics of the detailed magnetization inside a vortex and an antivortex
are shown, respectively. In both vortices and antivortices, the in-plane magnetization
rotates by 360° along a closed loop path surrounding them. In order to minimize the
exchange energy, magnetization in the centers of both vortices and antivortices turn
out-of-plane of the film (i.e., parallel to the z axis in Fig. 2.12). Because from the basis
of micromagnetics, M(r,t) is a function of position and time while its modulus stays
constant. A full in-plane magnetization would lead to a singularity of the exchange-
energy density, which is avoided by turning magnetization out of the film plane. The
regions with the out-of-plane-oriented magnetization are called cores of vortices and
antivortices. The core region in soft magnetic materials is typically of the size of 10
nm in width [2, 87]. Around the vortex core, the in-plane magnetization makes a
closed flux loop as shown in Fig. 2.12(a). This results in the switching of the in-plane
magnetization across the central core. Whereas, around the antivortex core, in addition
to the switching of the in-plane magnetization across the central core, there also exist
two in-plane directions along which the magnetization is directed towards and away
from the central core, respectively, as shown in Fig. 2.12(b). In Figs. 2.12(c) and (d),
the out-of-plane magnetization profiles are also shown in the cross-sectional schematics.

The vortices and antivortices are also further characterized by their polarity (p),
chirality (¢) and winding numbers (z). The polarity of the vortices and antivortices
is defined as +1 depending on the upwards or downwards out-of-plane oriented mag-
netization inside the core, respectively. The chirality is only defined for vortices as a
clockwise and counter-clockwise sense of magnetization rotation around the core. The
winding number (also called vorticity), is +1 for a vortex, regardless of the clockwise or
counterclockwise chirality, and —1 for an antivortex. The winding number is calculated
as the change in the angle of the local magnetization, integrated over a loop around the
vortex or antivortex core, divided by 27. Another topological invariant is the Skyrmion

number g = £xp/2 (+ sign for the top surface and — sign for the bottom surface). In
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Figure 2.12: Schematics of a vortex in (a) and (c) and an antivortex in (b) and
(d), respectively. (a) and (b) describe the the top views of the vortex and antivortex,
respectively. (¢) and (d) show the cross-sectional views of the vortex and antivortex,
respectively. Schematics adapted from Ref. [2].

thin-film elements, the Skyrmion number can be considered as a topological invariant

for each surface.

2.4.2 Bloch points

Although micromagnetics assumes a continuous variation of the magnetization vector
M(r,t) with position, Feldtkeller proved that some magnetic configurations demand the
topological presence of singularities, called BPs [89]. The BPs are singular magnetic
configurations in micromagnetics where a noncontinuous transformation between two
opposite magnetizations occurs. These are topological point defects. At the center
of the BP structure, it is not possible to assign a magnetization direction. This is in
obvious disagreement with the fundamental assumption of the micromagnetic theory
that modulus of M(r,t) stays constant. Therefore, the magnitude of the gradient of
M(r,t) tends to infinity in its neighborhood. BP cannot be investigated within the
framework of micromagnetics. But it can be shown that all the magnetization directions
occurring on a closed surface surrounding the singular point, can be transferred onto
the surface of a unit sphere of magnetization directions [2]. If we try to shrink the

surrounding surfaces towards the transition region, a theorem of the topology states



26 2 Basics of micromagnetism, domain walls, their transition structures and stripe domains

that there exists no continuous path from the surface to the transition region with a
well-defined magnetization direction [2]. At least one singularity must exist inside the
surface. Furthermore, by considering the topological argument, the BP is the only stable
singularity in ferromagnets [88, 90]. Therefore, BPs cannot appear alone, either they
are created in pairs or enter from the boundary of the ferromagnet [90, 91]. Essentially,
they consist of a small region of a few lattice constants in which the ferromagnetic

order is destroyed.

Figure 2.13: Different types of BP structures as discussed in the text [92]. (a) A purely
radial “hedgehog”-type BP, (b) a BP with an azimuthal vortex in the central plane, and
(c) a variant of case (b) where the vortex is replaced by an antivortex.

Considering a sphere with a radius R surrounding the BP but far enough so that
micromagnetic theory can be applied, Feldtkeller [89] showed that the leading energy is
the exchange energy, which is given by [91]

Eex(BP) = 87TAEX R. (227)

Where A, is the exchange constant. Topologically, the simplest configuration of the
BP assumes the form M(r,t) = £M; in which the magnetization directly diverges
or converges thereby defining “positive” and “negative” BPs, respectively. These BP
configurations are also called hedgehog BPs and are shown in Fig. 2.13(a). This
configuration has the highest demagnetization energy, as it builds up a large monopole
in the center. This monopole charge is reduced in Fig. 2.13(b) by a 90° rotation of the
magnetic moments and forms an anisotropic structure, with a vortex perpendicular to
the axis of the rotation. Another variant of this vortex-type, axial BP structure has a
magnetic antivortex instead of a vortex in the plane perpendicular to the rotation axis,

shown in Fig. 2.13(c). Actually, an infinite number of BP configurations can occur.
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A good description of the various BP configurations such as divergent, convergent,

circulating and contra-circulating etc. can be found in Ref. [93].

2.5 Micromagnetic transition structures inside domain walls

The macroscopic properties of magnetic materials, which are important from the
practical point of view, such as magnetic hysteresis, are substantially determined by the
types of the spatial magnetization configurations formed and their modifications under
external influences. The spatial distribution of the magnetization has a hierarchical
structure, i.e., a ferromagnetic sample is divided into domains by domain walls, while the
domain walls themselves may contain segments of different magnetization distributions
separated by localized T'Ss, shown as blue rectangular blocks in the simplified schematics
in Fig. 2.14. Although the TSs are small from the macroscopic point of view, they have
sizes significantly exceeding the interatomic distances, and therefore the magnetization
M(r) can be considered as a continuously varying function of position r. TSs have
significant influence on both static and dynamic properties of domain walls [2, 5, 9, 22,
26, 31, 34, 94-96]. In Figs. 2.14(a) and (b), TSs inside one-dimensional (i.e., SNWs)
and two-dimensional (i.e., ANWs and ABWs) domain walls are shown, respectively.
The TSs are further composed of vortices, antivortices and BPs. Since in Py films
the domain-wall configuration changes from one-dimensional to two-dimensional at a
thickness of approximately 100 nm, the internal configuration of the TSs also changes
with the film thickness. The TSs inside the one-dimensional and two-dimensional

domain walls are discussed in detail in the following subsections.

Figure 2.14: Simplified schematics of TSs inside (a) a SNW and (b) ANW/ABW. TS
“1” is between two ABWs and TS “2” is between an ANW and an ABW.
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2.5.1 Transition structures inside one-dimensional domain walls

Most domain walls in the absence of an applied magnetic field exist along with their
equivalent forms (equal energy configurations) inside micro-structured thin films. The
CTW shown in Fig. 2.4 belongs to one of such domain wall types, where the alternately
reversed magnetization components of SNWs are co-existing inside the main wall. In Py
films of a thickness regime approximately from 20 to 100 nm, vortices and antivortices
exist as T'Ss inside the one-dimensional SNWs. Below 20 nm thickness, the domain

walls avoid the formation of T'Ss for energetic reasons [2].

Figure 2.15: (a) A CTW in a 50 nm thick 2.3 x 6.7 pm? Py sample. (b) and (c) show
iso-surfaces of the out-of-plane magnetization at M, = £0.2Mg and M, = +0.7Mj in the
area selected from (a), respectively. In (c), the transparent magnetization iso-surfaces
correspond to M, = +0.2 M.

In Fig. 2.15, a detailed magnetization configuration around a pair of a vortex and
an antivortex inside a CTW is shown. Figures 2.15(b) and (c) show the magnetization
iso-surfaces of the out-plane magnetization components inside the area selected in Fig.

2.15(a). The magnitude of the out-of-plane component of the magnetization decreases
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with the distance from the centers of the cores. From these images, it is clear that
except in the cores of vortices and antivortices, the magnetization inside the domain

walls is in the plane of the film.

2.5.2 Transition structures inside two-dimensional domain walls

As discussed above in subsection 2.2.3, in the absence of an external magnetic field, the
ANWs and ABWs each have four energetically equivalent forms shown in Fig. 2.7. Due
to the history of the system or the effect of some external factors, a domain wall can
be composed of several segments of these different magnetization configurations. The
domain wall segments of different configurations are separated by T'Ss. However, as
the domain walls in this thickness regime are two-dimensional in magnetization, the
TSs are more complex in magnetic configuration than for the lower thickness regime
i.e., for approximately 20 to 100 nm thickness. A few out of many possible TSs inside
two-dimensional domain walls are discussed below.

In Fig. 2.16, a three-dimensional magnetization configuration in a 180° domain wall
inside a 130 nm thick 2.3 x 6.7 pm? Py patterned film is shown. Figures 2.16(a), (b) and
(c) show the magnetization configurations at the top, middle and bottom surfaces of the
right end of the pattern shown in Fig. 2.16(d). A single vortex in the center of the wall
at the upper surface is visible in Fig. 2.16(a). In the interior of the wall, no clear vortex
or antivortex is visible in Fig. 2.16(b). At the bottom surface, two vortices at the end
of the domain wall and a single antivortex in the center of the wall are visible in Fig.
2.16(c). This confirms the three-dimensional configuration of the magnetization at this
thickness. Moreover, it can be seen that the orientations of the NCs' magnetization
switch at the upper and lower surfaces. Also the NCs' magnetization orientation across
the vortex at the upper surface and across the antivortex at the lower surface switches.
In Figs. 2.16(e) and (f), iso-surfaces of the out-of-plane magnetization components of
+0.25M and +0.75M; are shown, respectively. In Fig. 2.16(f), it is visible that the
out-of-plane magnetization switches its orientation along the domain-wall-axis. This
180° domain wall is composed of two segments of upwards and downwards oriented
ABWs. The TS which is composed of a vortex at the upper surface and an antivortex

at the bottom surface separates the ABWs shown in Figs. 2.7 (e) and (h), respectively.
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Figure 2.16: Detailed magnetization configurations at the top (a), middle (b) and
bottom (c) surfaces of the right end of the 130 nm thick 2.3 x 6.7 pm? Py sample
shown in (d). Magnetization iso-surfaces with M, = £0.25M; (e) and M, = £0.75M; (f)
describe the out-of-plane magnetization inside the domain walls, respectively. In (f), the
transparent magnetization iso-surface corresponds to M, = £0.25M;. Red-brown and
blue iso-surfaces in (e) and (f) represent upwards and downwards oriented magnetizations,
respectively.
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Figure 2.17:

A part of the magnetization in a 130 nm thick 5 x 18 pm? Py sample
shown in (a).

The detailed magnetizations from the top surface (b) and the bottom
surface (c) of the marked area from (a) are shown.

In Fig. 2.17, two TSs in a 130 nm thick 5 x 18 pm? Py pattern are shown. One
TS is between two ABWs and another one is between an ABW and an ANW. In this
image the T'S between the ABWs is the same TS as already described in Fig. 2.16. The
other TS with the switching of the NC magnetization, containing an antivortex at the
upper surface (Fig. 2.17(b)) and showing an absence of a vortex or an antivortex at

the lower surface (Fig. 2.17(c)), is a TS between an ABW and an ANW. This TS is
between the domain walls shown in Figs. 2.7(c) and (h).
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Figure 2.18: Schematics of different types of TSs between ABWs [6].

Several authors have described the detailed magnetization configurations of various
types of TSs between different types of ABWs [6, 9, 96-100] as well as between different
types of ANWs [9, 97, 101]. There exist three types of TSs between ABWSs; named
T1, T2 and T3 shown in Fig. 2.18. M. Redjdal et al. [99] explained the detailed
magnetization configurations of these TSs as shown in Fig. 2.19. Iso-surfaces A and C
represent the NC magnetization with M, = £0.9M; and the iso-surface B represents
the Bloch core of the domain walls with a magnetization of M, = +0.9M. Iso-surface
D represents the vortex-antivortex core with a M, = +0.9M;. Figures 2.19(a), (b)
and (c) describe the T1, T2 and T3 TSs, respectively. For T1 and T2 TSs, a vortex
and an antivortex were formed at opposite surfaces of the film, whereas a pair of a
vortex and an antivortex was observed at one surface and no vortex or antivortex at
the other surface in the T3 TS. Each arrow corresponds to the magnetization vector in
the respectively indicated planes. However, V. V. Zverev et al. [9] and H. Asada et
al. [6] found no vortex and antivortex at both surfaces of the film in the T3 TS. This
discrepancy can be attributed to the fact that the calculation procedures used were
different in their studies. V. V. Zverev et al. [9] observed a BP in the center of the T3
TS.

Just as in ABWs, fourfold degeneracy in ANWs also suggests the presence of at
least three types of TSs. Micromagnetic simulations of two TS types were performed
in Ref. [101] for 60 nm thick iron films with the boundary surface parallel to the
crystallographic plane (001). The third type of the TS with two BPs in Py films was

examined in Ref. [9].
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Figure 2.19: (a) “T1”, (b) “T2” and (c) “T3” TSs between ABWs [99].

2.6 Stripe domains

2.6.1 Stripe domains and their origin

Some magnetic materials show periodic stripe patterns rather than the usual single- or
multi-domain configurations as magnetization at the surface. Garnets [102], FeSi sheets
[103], shape memory alloys [104, 105], various amorphous alloys [106] and a variety of
thin films [107-109] show such patterns. These stripe patterns are formed from both in-
plane [103-105] and out-of-plane orientations of the magnetization [102, 104, 106-109].
An out-of-plane magnetization generates magnetically charged stripes. A component of

the magnetization is alternately tilted upwards and downwards to the plane of the film
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which in turn produces opposite magnetic charges arranged in a periodic fashion in the
form of stripes at the surface of the film. These magnetic patterns of periodic stripes

are called stripe domains.

(a)

Figure 2.20: In (a) magnetization iso-surfaces with M, = £0.5Mj for stripe domains in
a 140 nm thick 2.3 x 6.7 pm? Py sample are shown. Red and blue iso-surfaces represent
upwards and downwards oriented magnetization, respectively. In (b), a part of the
magnetization close to the front edge of the sample, which is parallel to the x axis is
shown in detail. In (c), The magnetization configuration of a cross-section indicated in
(a) is shown.

Figure 2.20 describes the stripe domains inside a 140 nm thick 2.3 x 6.7 pm? Py
sample. In Fig. 2.20(a), the alternately upwards and downwards tilted components

of the magnetization inside the film are shown with red and blue iso-surfaces for
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M, = £0.5 Mg, respectively. A closer look at the edge of the pattern is shown in Fig.
2.20(b). A cross-section taken from Fig. 2.20(a) shown in Fig. 2.20(c) describes the

orientations of the magnetizations inside the stripe domains.

(a) \ (b)
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Figure 2.21: (a) and (c) describe weak stripe domains, while (b) and (d) describe strong
stripe domains. A is the periodicity of the stripe domains.

Stripe domains originate from an interplay of a perpendicular (or out-of-plane of
the film) induced (from stress, field applied during deposition and columnar grains)
and /or magnetocrystalline anisotropy with an in-plane shape anisotropy of the films.
The perpendicular anisotropy forces the magnetization to align out-of-plane of the
film, whereas the shape anisotropy tries to keep the magnetization along the in-plane
orientation in order to minimize the demagnetization energy of the film. The total energy
of the film with perpendicular anisotropy is minimized by the formation of alternately
arranged upwards and downwards oriented uniform domains as first speculated by
C. Kittel in 1946 [58]. However, in stripe domains, there is a strong variation of the
magnetization directions across the film thickness, as seen in Fig. 2.20(c). Therefore,
the stripe domains are not domains in the common sense but involve only a small

component of the total saturation magnetization. In materials with weak perpendicular
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anisotropy, the magnetic flux inside the out-of-plane oriented domains is mostly closed
at the surfaces by an in-plane rotation of the magnetization at the surfaces as shown
in Figs. 2.21(a) and (c). Such stripe domains are called weak stripe domains. With
the increase of the perpendicular anisotropy in the materials, the magnetic flux of the
out-of-plane oriented domains is opened more and more at the surfaces due to the
increase of the out-of-plane tilt of the magnetization inside the domains as shown in
Figs. 2.21(b) and (d). Such stripe domains with opened magnetic flux at the surfaces

are called strong stripe domains [2, 109].

2.6.2 Critical thickness and phase diagram of stripe domains

Due to the interplay of the perpendicular and the in-plane shape anisotropy, there
exists a critical thickness of the film beyond which the formation of the stripe domains
takes place [2, 11, 12, 109, 110]. As the thickness of the film increases, the in-plane
shape anisotropy becomes less dominant (see section A.1 in the appendix) and the
magnetization starts tilting towards out-of-plane orientation due to the perpendicular
anisotropy. Just above the critical thickness, the magnetization still lies predominantly
in the plane of the film, where the deviation from the homogeneous in-plane orientation
is very small. The critical thickness varies with the film deposition conditions because
they have an influence on the induced and crystalline anisotropies (with the change of
the film composition and/or stress etc.) of the films [15, 111-113].

Holz and Kronmiiller in 1969 [12] calculated the critical thickness and the phase
diagram of weak stripe domains, shown in Fig. 2.22. Critical thickness D, (denoted by
ter in this thesis) and periodicity A, (indicated in Fig. 2.21(a)) of the stripe domains
at the critical thickness as a function of perpendicular anisotropy K (denoted by K, as
uniaxial anisotropy in this thesis) are plotted in reduced units. The phase diagram is
divided into three regions. In region I, i.e., below the critical thickness D,/ (7r\/A/7K )
curve and for anisotropy K/I? < 27 (where 12 = pgM?/(47)), the magnetization lies in
the film plane and the domains are separated either by the SNWs or CTWs (discussed
in sections 2.2.1 and 2.2.2, respectively). In region II, i.e., above the critical thickness
D../ (71'\/14/7 ) curve and for anisotropy K/I? < 2m, stripe domains are formed. Just
above the critical thickness curve, weak stripe domains are formed. Inside this region for
thickness much larger than D, strong stripe domains are formed. The stripe-domain
structure goes over to the usual macroscopic domain structure where the domains are
separated by 180° symmetric Bloch walls. The weak stripe domains gradually evolve

towards the strong stripe domains. Inside region III, i.e., for K/I? > 2, a homogeneous
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distribution of the magnetization parallel or antiparallel to the easy axis is formed
irrespective of the thickness of the film. In this region, the critical thickness becomes
zero, while the stripe-domain width diverges. For finite lateral extensions, one has
Bloch walls with strong stripe domains in this region as in region II for a thickness

much larger than the critical thickness.
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Figure 2.22: The critical thickness D., (or tc) and critical periodicity ¢, of the stripe
domains defined in reduced units as a function of K/I2 (or K,/I2, where I? = pugM2/(47))
of a magnetic thin film [12].

From Fig. 2.22, for soft magnetic materials (i.e., with @ < 1 or K, = 0), the critical

thickness and the critical period of the weak stripe domains approaches [12],

AeX AeX
te = Do =27 K and A\, =4m K. (2.28)

The phase diagram shown in Fig. 2.22 is valid in the absence of any external field.
Within an externally applied in-plane magnetic field, the value of the critical thickness
changes. With the increase of the external field, the critical thickness as well as the
perpendicular anisotropy required for the formation of stripe domains increases [11, 12].
In other words, for each thickness there exists a critical value of the in-plane external

field, only below this field value stripe domains are formed. For soft magnetic materials,
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the expressions for the critical thickness and critical period of weak stripe domains in

the presence of an applied field is calculated according to Ref. [2]:

ter = Doy = 2W7M1

2.2
= (229)

Aer = 2t 112, where h = ;Happ po Mg/ K. (2.30)

Another critical thickness for strong stripe domains is calculated by F. Virot et.
al. [109], shown in Fig. 2.23. In this plot, the solid line corresponds to the critical
thickness for the formation of weak stripe domains as plotted in Fig. 2.22 in reduced
units. The dashed line is the reduced critical thickness of strong stripe domains which

is a cross-over line between the weak and the strong stripe phases.
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Figure 2.23: Phase diagram of magnetic domains in thin films which describes the
stability range of weak and strong stripe domains. A reduced critical thickness h, =
ter/\/Aex /Ky is calculated as a function of the quality factor Q = 2K, /(uoM2) [109].
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3.1 Permalloy

3.1.1 Technical history of permalloy

Py is a ferromagnetic alloy of Nickel (Ni) and Iron (Fe), usually referred to an alloy of
nominal 80 wt% Ni and 20 wt% Fe contents [114-116]. It was invented by the physicist
Gustav Elmen in 1914 at Bell Telephone Laboratories, where he observed remarkable
magnetic properties in alloys of Ni-Fe with more than 30 wt% Ni content [115]. In 1923,
he found that with heat treatments the permeability of Py can be enhanced up to 90,000
for 78.2 wt% Ni and 21.3 wt% Fe along with other additives [115]. In 1924, soon after
the discovery of the high permeability of Py, four million US dollars were invested by
the Western Union Telegraph company on Py to enhance the communication-message
speed in transatlantic cables (shown in Fig. 3.1(a)) [117]. Py was wrapped on the inner
copper cable in the submarine transatlantic cables to compensate the inductance of the
long cables as shown in Fig. 3.1(b). It increased the message speed five times more
than that of any cable laid before [117]. This method of cable compensation declined
in the 1930s, but during the World War 2 many other applications of Py were found
in transportation-automotive, railway, aviation, marine, telephone and radio industry,
owing to its magnetic properties and as well as its lightweight and increased corrosion
resistance compared to other materials such as steel and cast iron [51, 118]. Later, with
the invention of the thin film fabrication techniques, new applications of Py thin films
in magnetosensors such as giant magnetoresistance, bio-sensors, magneto-electronics,
data storage, magnetic heads of computers hard disks and microwave electronic devices
were found [119, 120].

39
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U &U.
Cable Ship Loading 2,360 Miles of Permalloy Submarine Cable at Greenwich, England, for New America-
Azores Link of the Direct Line to Italy

“Four Millions on ‘Permalloy’—to Win!”

Once More of a Gamble than a Horse Race, New Transatlantic
Cable Speeds Messages Five Times Faster than Before
By EARL CHAPIN MAY

HIS is not a race-track yarn. It is the America ex‘changed information only by

story of messages flashed along thou-
sands of miles of track laid on the bottom
of the seven seas. ‘“Permalloy” is not a
horse, but an alloy of about eighty per
cent nickel and twenty per cent iron,
which promises to revolutionize subma-
rine-cable transmission.,

mail or by word of mouth. About ten
days elapsed between sending and receiv-
ing a message. The first official transat-
lantic cable message of twenty-one words
was thirty-five minutes in transmission.
The average speed of the 732 messages

carried by that first cable was two words

(b)

copper  COpper  permalloy  gutta percha  jute steel hemp cord

wire tape - . l l

Figure 3.1: A clipping from the famous science and technology magazine “Popular
Mechanics” published in December 1925 [117]. (a) An article about the successful
application of Py in transatlantic cables in order to increase the telegraphic message
speed was published. (b) A transatlantic telecommunication submarine cable used in
the 1920s. The central copper wire carried the current. In case the central wire was
broken, the wrapped flexible copper tapes carried the current. Py was used for inductive
compensation of the cable. A thick layer of gutta percha was used as insulation to avoid
leakage of the current in sea water. Jute wrapping cushioned the pressure of the deep
sea water. Steel armor wires were wrapped to avoid cable from injury along with final
wrappings of the tarred hemp cords [117].
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3.1.2 Magnetic and structural properties of permalloy

Under ambient conditions Ni,Fe;_, alloys form either a bce crystal structure at the
Fe-rich side or an fcc crystal structure at the Ni-rich side with a borderline at the
stoichiometry of = ~ 0.35 [121, 122]. Py with 0.35 < = < 0.90 composition is very
ductile which allows making very thin ribbons of down to 2.5 pm thicknesses or wires
of 10 pm diameters and can be annealed at high temperatures [114]. Also, Py with
these compositions is one of the most versatile soft magnetic alloys. With suitable
alloy additives (such as C, Si, P, Cu, Cr, Mu etc.) and proper processing, the magnetic
properties can be controlled within a wide range and a strong uniaxial anisotropy can
be easily obtained. A value of ~ 100,000 of the initial permeability has been achieved
in a number of alloys (of Py) at room or at cryogenic temperatures [114]. Values of a
coercive field from 0.0002 to 1 mT can be adjusted [114]. One may also choose either a
square hysteresis loop with the remanence practically equal to saturation, or a skewed
hysteresis loop with no remanence. Hence, Ni Fe;_, alloys are ideal for transformers,
magnetic shielding, magnetic amplifiers, and memory applications [114].

In 1950, Bozorth [116] reported the magnetic properties of Py in a full range of
composition. Permeability is influenced remarkably by heat treatment and increased to
maximum with rapid cooling for x & 0.79, as shown in Fig. 3.2(a). Another permeability
peak was observed at x ~ 0.45. The crystalline anisotropy approached zero in the
composition range of 0.63 < = < 0.74 depending on the cooling rate, as shown in
Fig. 3.2(b). The magnetostriction of Py films varies with both the film composition
and their crystal textures. Thin films are often deposited with well-defined crystal
texture. However, the crystal texture quality can vary depending on the deposition
conditions [112, 113, 122, 123]. The magnetostriction coefficient A in polycrystalline
films is averaged over all single crystal A values [113, 123, 124]. Py films with fcc lattice
structure grow with a preponderance of [111] crystal orientation along the film normal
[125, 126]. The magnetostriction coefficient for polycrystalline Py films can be written
as A = aligo + SA111, where o and [ are averaging constants. For Py with 0.79 < x <
0.80, A\i11 &~ 0 and A\jgp # 0, whereas for x & 0.45, Ajgo ~ 0 and A;1; # 0. As the crystal
structure also plays a role in determining magnetostriction, the alloy composition at
which A = 0 (i.e., when either \j1; and a are zero or Ajgp and [ are zero) is not unique.
In Fig. 3.2(c), A = 0 in the range of 0.79 < x < 0.82. The scattered solid circles and
the triangular points in Fig. 3.2(c) are the measurements performed by Klokholm and
Aboaf [124] on evaporated and sputtered Py films, respectively. The line drawn through

the square points is the result of Masiyama [127]. The general conclusion based on the
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result shown in Fig. 3.2(c) is that the magnetostriction goes to 0 at about x &~ 0.815.
In practice A = 0 is difficult to attain. However, A can be small, positive or negative, by

a judicious choice of starting compositions (of alloy source) and deposition parameters.
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Figure 3.2: Magnetic and structural properties of Py. (a) and (b) describe permeability

and crystalline anisotropy as a function of film composition and heat treatments reported

in Ref. [50], respectively. (c) Saturation magnetostriction of Py films near the Ni

composition for which saturation magnetostriction is zero [124]. (d) Variation of stress

inside Py films as a function of thickness and deposition conditions [128].
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There exists a vast literature in which stress of Py films has been extensively studied
as a function of the types of the substrate, buffer layers, film composition, deposition
methods and their parameters [11, 13, 15, 122-124, 128]. The magnitude and type of
the stress (compressive or tensile) inside Py films change with deposition conditions
as well as the thickness of the films. The variation of the stress with film thickness
has been observed in many metallic films [129], and can be attributed to the grain
morphology difference at different film thickness. Several different mechanisms for the
origin of the thin film's intrinsic stress have been reported. These mechanisms include
lattice expansion, surface tension, grain coalescence, the effect of the annealing on
the grain boundary, defects, and impurity incorporation [130, 131]. During the film
growth, one or several of these mechanisms can become dominant at a given thickness
(12, 15, 112, 113, 123]. Typical behavior of the stress in Nig;Fejg films as a function of
the film thickness and the substrate temperature is shown in Fig. 3.2(d). The variation
trend of the stress in Py films shown in Fig. 3.2(d) is not unique, because all the above
listed mechanisms for the origin of the film stress are functions of deposition techniques

and their parameters.

3.2 Sample fabrication and techniques

Two types of samples were prepared in this doctoral work: continuous Py thin films
of varying thicknesses deposited on Si substrates and patterned microstructures of Py
films of different shapes and thicknesses on Si substrates. For sample fabrications,
EBL and sputter-deposition techniques were used. For continuous thin film samples,
Py films were directly deposited by sputtering on cleaned Si substrates. Whereas,
for micro-patterned films, first the desired patterns in polymer layers coated on Si
substrates were formed with EBL and later Py films were deposited. The detailed
description of the sample-fabrication steps with EBL and basics of sputter deposition

are discussed below.

3.2.1 Electron-beam lithography

To write patterns on polymer coated Si-substrates, a Hitachi S4500 Field-Emission
Scanning Electron Microscope (SEM) equipped with a Raith-ELPHY quantum attach-
ment was used, shown in Fig. 3.3. ELPHY quantum is a lithography tool developed by
Raith to produce micro- and nanostructures using electron-beam writing in connection

with a SEM or Focused Ion Beam (FIB) systems equipped with beam blankers (to
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divert the e-beam from the “electron-optic axis” of the SEM column) [132]. It consists
of a sophisticated scan-generator electronics (hardware), a powerful PC-based operating
software as well as a range of interfaces and supporting means for the “writing tool”,
i.e., the SEM.

¥ stage cpnti
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[
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beam blanker , :L' u%!?- b

A =

\ Hitachi S4500 SE

Figure 3.3: Hitachi S4500 SEM along with Raith-ELPHY quantum attachment used
for EBL.

Si(100) p-type/Boron-doped wafers were cut into small pieces of edge lengths around
0.5 cm. The wafer pieces were cleaned in an ultrasonic bath for 5 minutes each in
acetone, isopropanol and deionized water, consecutively. Afterwards, these Si substrates
were dried with Ny gas flow. Two different types of positive Poly Methyl Methacrylate
(PMMA) solutions 3% 950k PMMA (950 000 amu) and 4% 600k PMMA (600 000
amu) dissolved in anisol were used to prepare samples. To fabricate Py microstructures
of thicknesses below 150 nm, a single layer of 950k PMMA was spin-coated onto the
Si substrates with 4000 rpm for 30 seconds, as drawn in Fig. 3.4(a). Whereas, for
thicker Py microstructures, first a double layer of 600k PMMA was spin-coated onto Si
substrates with 2000 rpm for 30 seconds and later a single layer of 950k PMMA was
spin-coated with 4000 rpm for 30 seconds. The PMMA coated Si substrates were baked
after each spin-coating on a hot plate for 10 minutes at 140 °C to evaporate the solvent.

All the above procedures were performed inside a class-100 clean-room.
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(a) (b) e-beam (c)

(d) (e) ®

|:| Si substrate |:| PMMA |:| exposed PMMA D NiFe

Figure 3.4: Sample fabrication steps using EBL and sputter deposition. (a) PMMA
coated on top of Si substrate using spin-coating. (b) Writing pattern with e-beam. (c¢) The
pattern of the exposed PMMA. (d) Dissolution of the exposed PMMA in the developer
solution. (e) Deposition of NiFe film by sputtering. (f) Dissolution of the remaining
PMMA in acetone in the final lift-off process.

Figure 3.4 describes the following EBL patterning and Py deposition steps. For
patterning of polymer-coated substrates, samples were inserted inside the SEM and
the e-beam calibration was performed. The patterns of squares, rectangles, circles and
ellipses of various aspect ratios drawn in the Graphic Database System (GDSII) Editor
were written with a calibrated e-beam (Figs. 3.4(b) and (c¢)). GDSII is an industry
standard database file format for data exchange of integrated circuit layout artwork
[133]. It is a binary file format representing planar geometric shapes, text labels, and
other information about the layout in hierarchical form. E-beam doses of 430 and
650 nC(cm)~2 for single layer and triple layers PMMA-coated substrates were applied,
respectively. The polymer chains inside the e-beam exposed areas of the positive PMMA
break down which results in the dissolution of the exposed PMMA areas in developer
solutions. For all samples, the PMMA-coated Si substrates after e-beam writing were
dipped in an isopropanol bath for 1 minute for pattern development (Fig. 3.4(d)). The

development process was stopped by submerging the samples in deionized water. The
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samples were later dried with Ny gas flow and fixed inside a sputtering chamber for Py
deposition (the basic sputter deposition is described in subsection 3.2.2 below). After
sputtering Py films of desired thicknesses, the samples were submerged inside a hot
acetone bath (60 °C) for 10 minutes for the lift-off process (Figs. 3.4(e) and (f)). In
the lift-off step, the unexposed PMMA (the remaining PMMA after the development)
was dissolved which left the desired micropatterned structures of Py film, as shown in
Fig. 3.4(f).

3.2.2 Sputter deposition

Sputter deposition is a vacuum-based physical vapor deposition technique in which the
material to be deposited is ejected from a target, called source, onto a substrate such as
a Si wafer. The target is connected to the negative terminal of a DC or RF power supply,
as shown in Fig. 3.5 for a DC-magnetron sputtering. Therefore, the target is also
known as a cathode. Typically, several kilovolts are applied to it. The substrate which
faces the cathode can be grounded, electrically floated, biased positively or negatively,
heated, cooled, or even some combinations of them [130]. After the evacuation of the
sputter chamber, an inert gas, typically Ar, is introduced which serves as a medium
in which the plasma of the source material, gas ions and electrons, is initiated and
sustained. The gas pressure usually ranges from a few to around 100 pbar. lonization
of the Ar gas initiates with the motion of the stray-free electrons under the influence of
the high potential applied between the electrodes. On its way, the electron encounters
a neutral Ar gas atom and collides with it to produce a positively charged ion and
two more free electrons. The newly generated free electrons go on to ionize more Ar
atoms resulting in a cascade effect which continues until the gas breaks down into
ions. The plasma generation is optimized by determining the gas pressure required for
maximum efficiency. If the pressure is too low, there would be not sufficient collisions
between the electrons and gas atoms to sustain a plasma. If the pressure is too high,
there would be too many collisions that electrons would not have enough time to gain
energy in order to ionize the Ar atoms. Positively charged Ar ions strike the target and
eject target atoms through momentum transfer, as shown in Fig. 3.5. The sputtered
target atoms enter and pass through the plasma region to eventually deposit on the
substrate. In addition to the sputtered target atoms, other particles, such as secondary
electrons, desorbed gases, and negative ions as well as X-ray and photon radiations are
emitted from the target [130]. In the electric field, the negatively charges ions are also

accelerated toward the substrate to bombard the growing film.
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Figure 3.5: A schematic representation of the DC-magnetron sputtering technique.

DC- and RF-sputterings are two common variations of the sputter deposition
techniques. In DC-sputtering a direct current is applied to the electrode. However,
the major limitation of the DC-sputtering is that it is not possible to sputter insulator
materials like quartz. Due to the high resistivity, an impossibly large voltage (~ 10'2
V) is required [130]. Practically it limits the DC sputtering to materials of a resistivity
less than 10° Q-cm (no insulators). This problem is avoided by applying an alternating
current at typical frequencies from 5 to 30 MHz. For a small portion of the frequency
cycle, the direction of the ion and electron flow is reversed. This prevents the charge
build-up on the insulating surfaces. Moreover, strong permanent magnets are used
under the target material in order to produce a closed magnetic field loop in the vicinity
of the target as shown in Fig. 3.5. They are used to trap the electrons and enhance
both the efficiency of the initial ionization process by prolonging the electron residence
time in the plasma and thus increase the possibility of ion collisions. This allows the

plasma to be generated at a lower pressure which reduces both the background gas
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incorporation in the growing film and energy loses of the sputtered atoms during gas

collisions.

3.3 Sample characterization techniques

3.3.1 Magnetic Force Microscopy

MFM is a type of Scanning Probe Microscopy where a sharp magnetized tip attached
to a cantilever is used to scan the magnetic sample in order to map the magnetic
features of the sample surface. In this technique, the magnetic stray field from the
sample surface is detected through the tip-sample interaction. A schematic diagram of
the basic working of a MFM is shown in Fig. 3.6. Typical dimensions of the cantilever
are a length of 200 pm, a width of 40 pm, a thickness of 20 pm, a tip length of 15 pm
and a tip-apex diameter of 15 nm [134, 135]. The force on the tip from the sample
stray field is detected based on the reflection of a laser signal from the deflecting
cantilever to a photodiode as described in Fig. 3.6. Other important components of
MFM include piezo-scanner and controller. The piezo-scanner moves the sample in x, y
and z directions during the measurements. The piezo-scanner movements are controlled
by the voltage signals sent by the controller to two pairs of electrodes inside and outside
the piezo-tube of the scanner. A typical signal value is 1 V which results in a 1 to 10
nm displacement [135]. The sample is scanned in a raster mode with a typical scan
range from a few tens of nanometers to 200 pm. The typical imaging time ranges from
a few minutes to approximately 30 minutes. For magnetic force measurements, the
Si or SiN cantilevers are coated with a ferromagnetic layer of few tens of nanometers
thickness [136-139]. Using special FIB milled and carbon-needle cantilevers coated with
a ferromagnetic layer, a lateral resolution of MFM down to 10 nm has been achieved
(140, 141].
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Figure 3.6: A schematic representation of the basic principle of an atomic/magnetic
force microscope.

In the static-mode, if a force F is exerted on the tip by the sample stray field,
the cantilever gets deflected towards or away from the sample surface by a distance
AZ = F/k, where k is the spring constant of the cantilever in the z direction, usually
in the range of 0.01 to 100 Nm~!. Forces in the range of tens of a pN and above are
measured [135].

In the dynamic-mode, for small deflections, the cantilever can be modeled as a
damped harmonic oscillator with a mass m, an ideal spring constant &, and a damper
d. If an external piezo-driven oscillating force F, with frequency w is applied to the
cantilever, then the tip will be displaced by an amount Z in the z direction. Moreover,
the displacement will also harmonically oscillate, but with a phase shift § between the

applied force and cantilever displacement:
F, = Fycos(wt) and Z = Zcos(wt+0). (3.1)
The amplitude and phase shift are given by [142, 143]

F
Zy = o/m , and 0= arctan[

V(W2 = w?)? + (wy w/q)?

Wy W

]. (3.2)

g(wp —w?)
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Here the quality factor of resonance g (proportional to the ratio of the energy stored in
cantilever to the energy lost per cycle), resonance angular frequency w, and damping

factor 0 are given by

A/2kz2 1 i J
G Lo S LA S .
= e, 25 T\, SN (3:3)

In MFM, the force on the tip increases when the tip approaches the sample. Using
a first-order Taylor approximation for very small deflections of the cantilever compared
to the tip-sample distance, the increase of the force results in the modification of the
spring constant to k.ss = k + OF,/0Z, depending on whether the force is repulsive or
attractive, respectively [142, 144]. In case of a very small cantilever deflection (which
is the usual case in MFM), OF,/JZ can be considered as a constant, this results in a

change Aw, in natural resonance frequency w, of the cantilever as

/ 1 an ’ Wn an
— o1+ Aw. =) — w220z 4
Wn T @n oz ST T W E 5007 (3-4)

The approximation is valid for Aw, < wy,. The frequency shift is typically in the

range of 1 to 50 Hz for cantilevers with a resonant frequency of w, ~ 100 kHz [135].
Note the sign of Aw. For instance, the coordinate system is such that positive z
direction is pointing away perpendicular to the sample surface so that an attractive
force would be in the negative direction (Fy < 0), and thus the gradient of F, is positive.
Consequently, for attractive forces, the resonant frequency of the cantilever decreases,
while for repulsive forces the resonant frequency increases (as described by the equation
(3.4)). The final image displayed on the computer monitor is encoded in such a way

that attractive forces are generally depicted in dark color while repelling forces are

coded bright [136].

Imaging modes

AFM can be operated in three different imaging modes: contact, non-contact and
tapping (or intermittent) mode [135, 145]. The contact mode is performed in static-
mode operation while the other two imaging modes are performed in dynamic-mode
operation.

In contact mode, the tip is “dragged” on the sample-surface. The topography of
the surface is measured either using the deflection of the cantilever directly or using

a feedback signal required to keep a constant bend in the cantilever during the scan



3.3 Sample characterization techniques 51

[135]. As the measurement of a static signal is prone to noise and drift, low stiffness
cantilevers (i.e. cantilevers with a low spring constant) are used to achieve a large
enough deflection signal while keeping the interaction force low [142, 145]. The contact
mode AFM is always performed at a tip-sample distance where the overall force is
repulsive, because the attractive force at larger tip-sample distance could cause a
“snap-in” of the cantilever. However, there are certain drawbacks associated with this
mode of operation such as the combination of normal force and lateral force created
by dragging motion of the probe tip across the sample result in high contact stresses
which can damage the sample and/or the tip [146].

In non-contact mode, the cantilever is vibrated near its resonant frequency, but
the oscillation amplitude is of the order of approximately 1 to 10 nm [146]. The tip
oscillates in the attractive force regime just above the surface contamination layer and
never contact the surface [145]. Either the amplitude or the resonance frequency is
maintained constant through the feedback loop. The spring constant of the cantilever
used in this mode is greater than that of the cantilever used in contact mode in order
to avoid the tip getting pulled to the surface by attractive forces. However, non-contact
mode has certain drawbacks. Combination of weak interactive van der Waals forces and
large spring constants causes the signal to be small, which causes unstable feedback
and slower scan speeds [146]. Also, the lateral resolution is lower than the contact or
tapping mode because of the larger tip-sample separation [143, 146].

In tapping mode, also the cantilever is vibrated near its resonance frequency but
with an oscillation amplitude from around 20 to 200 nm [146]. The tip in this imaging
mode taps the surface with its each vibration swing. The amplitude of the cantilever is
such that the probe oscillates from repulsive to attractive force regime and maintains
enough energy for the tip to tap through and back out of the surface contamination
layer [145]. The tip-sample interaction alters the amplitude, resonance frequency and
phase angle of the oscillating cantilever. This mode is suitable for imaging of soft
samples. Although the resolution is similar to contact mode, the applied forces are
lower [146].

Lift mode

For MFM, a two-pass technique known as lift mode is used in order to separate the
effects of mechanical forces from magnetic forces [136], shown in Fig. 3.7. In this
technique, first, a height profile is recorded in the first pass in tapping mode, shown in
Fig. 3.7(a). At the end of the first pass, the probe is lifted typically from 30 to 100 nm
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above the surface. Then it is moved along the previously mapped height contour at
a constant lift height, as shown in Fig. 3.7(b). During this second pass, the changes
of the probe resonant frequency or the phase are monitored, which are caused by the
long-range magnetic forces, see Fig. 3.7(c). This approach allows to separate the
topographic and magnetic effects. However, the two-pass technique requires twice more
time for imaging. There are also other disadvantages, such as, a remote position of
the probe during the second pass, which reduces the resolution and sensitivity of the

magnetic imaging [136].
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Figure 3.7: (a) Cantilever scans the sample surface topography. (b) Cantilever ascends
to a lift height and scans with the topography profile while responding to magnetic forces.
(c) Approximate range of the different dominant-force interactions between the sample
surface and tip of the cantilever. Figure (c) adapted from Ref. [139].

Image formation

The force derivative OF /0Z can originate from a wide range of sources, including
electrostatic probe-sample interactions, van der Waals forces, damping, or capillary
forces (shown in Fig. 3.7(c)) [139]. However, MFM relies on those forces that arise
from a long-range magnetostatic coupling between the probe and sample. This coupling
depends on the internal magnetic structure of the probe, which greatly complicates the
mechanism of contrast formation.

In general, a magnetized MFM tip brought into the stray field of a sample or
vice versa (a magnetic sample brought into the stray field of an MFM tip), has the

magnetostatic energy E

E = —Ho /V Mtip : Hsample d‘/tip = —Hlo ~/V Msample : Htip d‘/;amplea (35)
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where o is the vacuum permeability and M and H are the magnetization and stray

field, respectively. The force acting on a MFM tip can thus be calculated by
F = —VE =i [ V(Map - Huampie) WViip = 10 | V(Maampie - Hiip) dViampe (3.6)
The sample stray field can be calculated from a magnetostatic potential as below
Hsample(r) = —V‘psample(l‘), (3-7)

where @gmple(r) is created by any ferromagnetic sample from its magnetization vector

field Mgample(r) [147]:

@Sample(r) 1 (/S Msample(r ) -n ds’ — /v V- Msample(r ) dV/) (38)

T dn |r—1'| |r—r'|

Here, n is an outward normal vector from the sample surface. The first (two-dimensional)
integral covers all surface charges created by magnetization components perpendicular to
the surface, while the second (three-dimensional) integral contains the volume magnetic
charges resulting from interior divergences of the magnetization vector field.

A limitation of the use of MFM is that the magnetic configuration of the sensing
probe is rarely known in detail [148-151]. As a consequence, MFM generally cannot
be performed in a quantitative way. Furthermore, because MFM is sensitive to the
strength and polarity of near-surface stray fields produced by ferromagnetic samples,
rather than to the magnetization itself, it is usually not straightforward to deduce the
overall domain topology from a MFM image [152, 153]. The problem of reconstructing
a concrete arrangement of the inner and the surface magnetic charges from their stray
fields is not solvable. MFM can, however, be used to compare the experimentally
detected stray-field variation of a micromagnetic object to that obtained from certain
model calculations (such as micromagnetic simulations) [152, 154, 155]. This often
enables to classify the magnetic object under investigation. Thus, even without detailed
quantitative analysis, the qualitative information collected by the microscope can be
very useful [154-156].

MEM setup utilized

In this doctoral work, a Bruker MultiMode 8 atomic force microscope (AFM) placed on
an anti-vibration optical table was utilized for the topographic and magnetic domain

imaging of the samples, as shown in Fig. 3.8. For magnetic imaging, Olympus
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OMCL-AC240TS cantilevers [134] were sputter-coated with a CoCr layer. The tip-apex
diameter of these cantilevers is about 14 nm. By coating a 30 nm thick Cog;Cry; layer
on these cantilevers, a lateral resolution down to ~ 30 nm was achieved. A CoCr
coating provides an optimum compromise between a high magnetic sensitivity, a good
stability of the tip-magnetization and a low tip stray-field for high resolution magnetic
imaging [157]. The AFM head was placed inside a pair of em coils for investigations
within an externally applied magnetic field. With these coils, a magnetic field of up
to £80 mT in the plane of the sample could be applied. The inset image in Fig. 3.8
shows the details of sample, cantilever and cantilever holder inside the AFM head. An
optical microscope was used for the placement of the cantilever on the sample and for

the adjustment of the laser with respect to the photodiode (see Fig. 3.6).

optical microscope

H -

coils

Figure 3.8: Bruker MultiMode 8 atomic/magnetic force microscope used for the topo-
graphic and magnetic imaging of patterned Py thin films. The inset image shows details
inside the AFM head. The cantilever is not clearly visible in the image.

3.3.2 Vibrating Sample Magnetometer

A Vibrating Sample Magnetometer (VSM) is used to measure magnetic properties of
materials. It was invented by Simon Foner in 1955 at the MIT Lincoln Laboratory [158].
In this instrument, a magnetic sample is placed inside a uniform magnetic field, which

induces a magnetization M inside the sample. A set of coils called pickup or sensing
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coils is placed in the proximity to the sample. The sample which is fixed to a sample rod
is vibrated sinusoidally using a piezoelectric material with a typical frequency from 60
to 80 Hz and at an amplitude of approximately 1 mm, respectively. When the sample
vibrates, it introduces perturbations in the external magnetic field, which is sensed by
the pickup coils in terms of induced electromotive force (emf) defined by Lenz's law
of magnetic induction. The induced emf voltage in the pickup coil is proportional to
the sample's magnetic moment but does not explicitly depend on the strength of the
applied magnetic field. In a typical setup, the emf voltage is measured by a lock-in
amplifier using the piezoelectric signal as a frequency reference. It is also possible to
record the hysteresis loop of any material by sweeping the magnetic field. Further
details about the VSM technique can be found in Ref. [158, 159].

In this doctoral work, VSM was used to measure the hysteresis loops with a magnetic
field applied in- and out-of-plane of the Py continuous thin films. Magnetic parameters

such as coercivity and saturation magnetization of the films were determined.

3.3.3 X-Ray Diffraction

X-Ray Diffraction (XRD) is a nondestructive technique for characterizing crystalline
materials. With this technique, information about the crystal structure, crystalline
phase, preferred crystal orientation (texture), and other structural parameters, such
as average grain size, strain and crystal defects can be obtained [160, 161]. In this
technique, XRD peaks are produced from constructive interference of a monochromatic
beam of X-ray diffracted at specific angles from various sets of lattice planes in a sample.
Peak intensities, positions and widths are determined by the distribution of atoms
within the lattice (crystal structure) of the sample. Further details about the XRD can
be found in Ref. [160, 161].

In this doctoral work, XRD was used to determine the crystal texture, average grain

size and structural morphology of the Py continuous thin films.

3.3.4 Transmission Electron Microscope

Transmission Electron Microscopy (TEM) is a microscopic technique in which a beam
of electrons is transmitted through a thin sample (typically thinner than 100 nm) to
form an image. The specimen is usually placed on a copper-grid suspension. An image
is formed from the interaction of the electrons with the sample when the beam is
transmitted through the sample. The image is then magnified and focused onto an

imaging device, such as a fluorescent screen, a layer of photographic film, or a sensor
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such as a charge-coupled device [162]. The image contrast depends on the density of
the sample under observation. In the normal operation mode (i.e., the bright-field
mode), low-density regions of the sample produce bright contrast as more electrons
pass through the sample and high-density regions of the sample produce dark contrast.
The main application of a TEM is to provide high magnification images with resolution
down to around 0.2 nm of the internal structure of a sample [163]. TEM is a major
analytical method in the physical, chemical and bio sciences. Further details about the
TEM can be found in Ref. [162, 164].

In this doctoral work, TEM was utilized to observe the cross-sectional morphology

of Py continuous and patterned thin films.

3.4 Micromagnetic simulations

Micromagnetic simulations are performed to understand and visualize the behavior
of the magnetization and domain walls in micro- and submicro-scale systems [70,
165, 166]. The most prevalent micromagnetic simulation technique is to find an
equilibrium magnetization configuration of a ferromagnetic body by successive iteration
of minimizing its total energy under certain conditions [165, 167, 168]. For a given
initial condition, the final magnetization configuration is reached when the successive
iteration does not further lower its total energy (see equation (2.3)).

The simulation as a whole is run in large increments called stages. Individual stages
are run in several smaller increments called iterations or steps. The iterations are run by
evolvers, which update the magnetic state of the sample from one iteration to the next
iteration. The evolvers, in turn, are controlled by drivers. Stages are run by drivers,
which coordinate how the simulation evolves as a whole. New conditions are introduced
at the beginning of each stage. The drivers hand a magnetization configuration to the
evolvers with a request to advance the configuration. The evolvers then update the
magnetization of the sample. It is the role of the drivers, not the evolvers, to determine
when a simulation stage or run is complete [52]. The length of a stage (i.e., the number
of iterations or steps in that particular stage) is controlled by the user, who defines the
stopping criterion in the driver. Depending on the stopping criterion, a stage can have
as few as one iteration to as many as thousands of iterations. Therefore, a prudent
choice for the stopping criterion is required. Once the stopping criterion is reached, a
new stage begins.

There are two types of evolver-driver pairs, i.e., time and minimization evolvers-driver

pairs [52]. Time evolvers track LLG dynamics (equation (2.23)), whereas, minimization
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evolvers locate the local minima in the energy surface through direct minimization
techniques. For a certain driver to be used its corresponding evolver must be used in
conjunction, i.e., time evolvers must be paired with time drivers, and minimization
evolvers must be paired with minimization drivers.

A number of micromagnetic solvers (to solve LLG equations numerically) are avail-
able based on two common approaches: finite-difference method (FDM) [70, 169] and
finite-element method (FEM) [70, 170]. OOMMEF [52], MuMax [171, 172] and Micro-
Magus [173] are FDM based, whereas Nmag [174], MicroMagnum [175], magpar [176],
TetraMAG [177] and FeeLLGood [178] are FEM based few micromagnetic solvers out of
many others [166]. In both approaches, the sample is divided into a large number of cells.
Each cell is assigned with a single spin which is the average magnetization of the cell.
The size of each cell is generally kept smaller than the exchange length (1/2Aey/ 110 M?2)
of the material under consideration in order to take into account of the exchange
interactions among the spins in addition to the magnetostatic interactions among them.
In FDM the space is discretized by a regular cubic lattice [169]. As a result for a
complicated geometry like curved boundary or irregular microstructures, FDM creates
some artificial edge roughness. The FEM can solve the above mentioned problem. For
FEM the solution domain is discretized into finite elements [170]. Depending upon
the dimension of the problem, these can be triangles, squares, or rectangles in two
dimensions or tetrahedrons, cubes, or hexahedra for three-dimensional problems [170].
As a result it is easier to construct complex geometries using this method. However,
the FEM is much slower in the evaluation of magnetostatic field and consume more
computer memory as compared to the FDM [179]. Therefore, for larger problems it is

easier and reasonable to use FDM rather than FEM technique.

3.4.1 Object-Oriented MicroMagnetic Framework simulations

For micromagnetic simulations, OOMMF, an open source micromagnetic software
developed at National Institute of Standards and Technology, Gaithersburg, by Mike
Donahue and Don Porter is used [52]. OOMMEF is written in C++ and Tcl languages.
In OOMMF, a sample or space is discretized into small cuboidal cells of the same
dimensions as mentioned above. All the required parameters such as bulk-saturation
magnetization, exchange-stiffness constant, magnetocrystalline anisotropy, Zeeman field,
sample geometry and dimensions and cell parameters are provided at the initialization
of the simulation, as described in the flow chart shown in Fig. 3.9, through a file
called “MIF file”. The “MIF file” is written in the Tcl/Tk script. In addition to these
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Figure 3.9: A typical flow-chart for static micromagnetic simulations.

parameters, an initial magnetic state of the sample magnetization is also provided at
the starting point of the simulation, as shown in Fig. 3.9.

Once the initialization is complete, the simulation can be started and the actual
calculations are performed by the evolvers. The evolver first calculates the effective field
(equation (2.19)) at each point (or cell) of the system based on all energy contributions
for the given initial magnetization configuration. Later, it updates a small change in the
magnetization at each point by solving the LLG equation (equation (2.23)). The whole
system is updated simultaneously and the calculation of a new effective field for the
updated magnetization configuration and the subsequent change in the magnetization is
carried out in a loop in several iterations until an equilibrium state is reached. The step
size At for the first iteration in the problem run is selected according to the maximum
change in m specified by a user-defined “start_dm?” value [52]. The next iteration
proceeds with this step size. If an error “Error;” for the change of magnetization at each

cell location 7 after this step size is smaller than a certain value, this step size is selected
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for the next iteration otherwise a smaller step size is chosen [52]. The equilibrium state
is determined by the predefined convergence criterion by defining the stopping value
for dM/dt in the “MIF file”. The typical stopping value for dM/dt is set in such a
way that the maximum torque experienced by the magnetization under the effective
field, | M x Heg |/Ms? goes below 1 x 107° [167]. At the stopping time, the maximum
value of dM /dt across all spins (or inside all cells) drops below the set value and a
stage of the simulation is completed. After finishing off a stage (or as an equilibrium
state is found), the drivers further check whether the simulation is completed or other
updates such as a change in the applied filed for hysteresis loop are required. If any
parameter is updated, then again new calculations of the effective field and change in
the magnetization start as a next stage based on the previously calculated equilibrium
state, as shown in Fig. 3.9. When all the predefined stages in the “MIF file” are
completed, the simulation stops. The textual output data of the simulation which is not
of the vector-field format is obtained in an “ODT file” [52]. Whereas, the vector-field
format data is obtained in “OVF” and “OMF files” [52].

In this doctoral work, the OOMMEF software was utilized to perform micromagnetic
simulations of Py patterned thin films of various shapes and thicknesses. Micromagnetic
behavior of TSs inside domain walls within and without applied external magnetic field
was investigated by three-dimensional static simulations. The OOMMEF software used
in this doctoral work was a Central Processing Unit (CPU) based software. However,
recently the Graphics Processing Unit (GPU) based OOMMEF has been released which

offers up to 32 times speed-up of the micromagnetic simulations [180].






4 |nfluence of sputtering conditions on
domain configurations in patterned thin

films

4.1 Introduction

Well-defined, stable and repeatable magnetic domain configurations are required for
various devices based on magnetic thin films [22, 181-183]. However, even for a fixed
geometry, patterned films often show more than one domain configuration in their
zero-field (or remanent) states [35, 36, 184-186]. Some of these zero-field states have
complex domain configurations which are undesirable from the application point of
view [187-190]. The Landau-domain state in squares (Fig. 4.1(a)) [191, 192] and
single-vortex state in disks (Fig. 4.1(e)) [24, 193] are simple and technically important
(24, 181, 182] zero-field states. In Landau configuration, four triangular closure domains
keep the magnetic flux almost completely within the structure. The four-fold magnetic
symmetry results in the formation of a single vortex in the center of the square structure
[24]. However, apart from the Landau-domain configuration, square-patterned films also
show tulip [2, 194], diamond [184, 195] or many other irregular domains configurations
[187-190] in the absence of external fields, as shown in Figs. 4.1(a) to (d), respectively.
Similarly, disk-patterned films show various other domain configurations in addition
to the single-vortex state such as triangular and diamond-domain states, as shown in
Figs. 4.1(e) to (g), respectively. Zero-field domain configurations are determined by
various structural properties such as geometry [2, 184, 191], intrinsic stress [13, 187],
grain morphology [14, 16, 17, 195, 196], magnetocrystalline anisotropy [2, 59] as well
as direction and strength of the magnetic field possibly applied during the fabrication
processes [2, 125, 187]. Moreover, due to the influences of the magnetic history [197]
such as trapped vortices from previous reversals [39, 40] and the changes of energy

landscapes with the variation of the magnetization sweep rate [35, 36, 185], often
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some of the higher energy states stabilizes instead of the true ground state, i.e., the

lowest-energy state.

(a) Landau state (b) Tulip state (c) Diamond state (d) Irregular domains

(e) Vortex state () Triangular state

(Eih

Figure 4.1: A few different zero-field states out of a large number of possible domain
configuration states in square- and disk-shaped Py patterns of 5 pm edge length or
diameter, respectively. The thicknesses are in the range of 50 to 70 nm.

Py with a NiggFesy (wt%) composition is a frequently used magnetic material for
both basic research and technical applications [51] because of its negligibly small
magnetocrystalline anisotropy and almost vanishing magnetostriction coefficient [50,
124] (discussed in section 3.1). Due to the soft magnetic properties of the Py films,
their domain configurations are mainly defined by the shape and dimensions of a given
geometry [2, 84]. However, with the deviation of the structural characteristics from their
ideal bulk characteristics [50], soft magnetic properties of Py films can easily deteriorate
due to the development of an anisotropy resulting from the grain morphology [110, 198]
and/or from the stress in conjunction with a nonzero magnetostriction of the films
[199, 200]. This results in an increase of the degrees of freedom which determine the
magnetic properties of the films. This, in turn, leads to an increase of the complexity
of the observed ground-state domain configurations [187].

The structural characteristics of the films vary with the deposition parameters.
Among various thin-film deposition techniques, sputter deposition (see subsection 3.2.2)
allows the adjustability of a number of parameters in order to achieve the desired qualities

of a film from wide ranges of materials [201]. The composition, uniformity, adhesion
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strength, stress and grain morphology of the film can be controlled by optimizing
the substrate bias voltage [128, 202-204], buffer layers at the film-substrate interface
[205, 206], substrate heating [203, 207], sputtering power [128, 202] and working gas
(Ar) pressure [15, 208, 209] during the sputter deposition. Especially, by varying Ar
pressure, crucial deposition parameters such as flux rate, composition, incidence angles
and energies of the adsorbing atoms on the substrate can be controlled [15, 209, 210]. Py
films become magnetically softer [15, 204, 208] and their surface roughnesses decrease
[208] upon decreasing the Ar pressure during the sputter deposition.

In this chapter, the structural and magnetic properties of square-patterned Py films
are investigated. The films were deposited by DC-magnetron sputtering upon varying
Ar pressure between 1.5 and 30.0 pbar. Ground-state domain configurations were
imaged by MFM and their magnetic energies were calculated. It is demonstrated that
the Landau-domain configuration in Py films can reliably be achieved with low-pressure
sputtering. By increasing Ar pressure, the complexity of the ground-state configurations

increases.

4.2 Experimental and micromagnetic simulation details

Continuous and patterned Py films were prepared by DC magnetron sputtering. Si
substrates without oxide layers were first cleaned in an ultrasonic bath in acetone and
isopropanol solutions, consecutively, and later washed with deionized water and dried
in a Ny gas flow, respectively. To prepare patterned samples, cleaned Si substrates were
spin-coated by PMMA layers. PMMA-coated substrates were patterned using EBL (see
section 3.2 for details). The pattern consists of arrays of 5 x 5 pm? squares and 5 pm
diameter disks, each with 10 pm edge-to-edge interspacing. A 5 cm diameter NiggFeq
(wt%) Py target was used for all depositions. However, the elemental composition of
the deposited film can vary from the target composition depending on the sputtering
parameters [15, 209]. Substrates of 0.5 cm edge lengths were fixed at a distance of 11
cm from the target without cooling. The base pressure in the sputtering chamber was
approximately 6.0 nbar. Different depositions were performed setting the Ar pressure
to 1.5 pbar, 5.0 pbar, 7.0 pbar and 30.0 pbar, respectively. The vertical and horizontal
components of the magnetron's residual magnetic field at the substrate location were
around 0.4 mT and 0.2 mT, respectively. Such a small residual magnetic field has a
negligible influence on the structural and magnetic properties of the sputtered films
(66, 125]. Also, no additional magnetic field was applied to the substrates during
sputtering. The DC power was kept approximately at 104 Watt. This optimal value
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was selected out of a range of achievable DC powers for the sputtering pressure from
1.5 pbar to 30.0 pbar. The films were deposited with thicknesses between 50 nm and
70 nm. No capping layer was deposited on Py films. After the deposition, a lift-off
process was performed in acetone, and the samples were finally cleaned in de-ionized
water. The continuous film samples were prepared by sputtering Py films directly onto
cleaned Si substrates.

Structural and magnetic properties investigations were carried on both continuous
and patterned Py film samples. The crystallographic structures of the films were
analyzed by a PANalytical X'Pert MRD diffractometer with CuKea radiation (A =
0.15406 nm). The cross-sectional morphology of the continuous Py films was examined
with a JEOL JEM2011 TEM and a JEOL ARM200F Scanning Transmission Electron
Microscope (STEM). The topography was analyzed with a Bruker MultiMode 8 AFM
(see subsection 3.3.1). Olympus OMCL-AC240TS cantilevers [134] with a 14 nm tip-
apex diameter and 0.05 nm vertical sensitivity [211, 212] were used. The elemental
composition of the Py films was investigated with a Genesis 2000 energy-dispersive X-ray
spectroscopy (EDX). For the magnetic measurements, the in-plane and out-of-plane
magnetic hysteresis loops of the continuous films were measured with a DMS model
10 vector VSM. The magnetic domain configurations of the patterned Py films were
analyzed with the MFM mentioned in subsection 3.3.1.

Energies of the different types of the domain configurations in a Py square were
micromagnetically calculated. The OOMMEF software [52] with a cubic cell of 10
nm edge length was used to carry the three-dimensional simulations. The saturation
magnetization of My = 860 kAm~!, an exchange constant of A., = 13 x 1072 Jm™!,
and a gyromagnetic ratio of v = 2.21 x 10° m(As)~! were assumed in the simulations.
To perform the static simulations, a damping parameter of o = 0.5 was applied. The
convergence criterion | M x Heg | /M2 < 1 x 1075 as a torque-minimization condition

was employed in the calculations.

4.3 The crystal structure and morphology as a function of the

argon pressure

Figure 4.2 shows the XRD patterns of a bare Si substrate and of Py films sputtered
on top of the substrates at different Ar pressures. From Fig. 4.2 it is clear that with
the increase of the Ar pressure, the basic crystal structure of the Py films remains

unchanged, whereas the intensities of all XRD peaks decrease. All Py films show a
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fcc phase with a preponderance of (111) crystallographic planes oriented parallel to
the film surface. The crystallite size calculated by the Williamson-Hall method [213]
remains in the 9-12 nm range. With increasing Ar pressure, a peak with increasing
intensity at 53.6° was observed. Comparing the Py films XRD patterns with that of
the bare Si substrate, it became obvious that this peak is due to the substrate. The
appearance of this substrate peak indicates the reduction of the number of crystallites
in Py films with increasing Ar pressure, because the thickness of the Py film prepared
at 30.0 pbar is almost same as that of Py film prepared at 1.5 pbar. The thicknesses
of the Py films prepared at different Ar pressures are listed below in tabel 4.1. The

thicknesses of the Py films were measured from the cross-sectional images taken by

TEM.
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Figure 4.2: XRD patterns of a bare Si substrate and of Py films deposited at different
Ar pressures. The inset image shows a detailed view of the influence of the Si substrate
on the Py XRD patterns. The substrate peak from the Py XRD pattern is indicated by
a black arrow. A slight shift of the peak position for films prepared at 5.0 and 7.0 pbar
Ar pressure could be due to the change of stress inside the films [160].
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Figure 4.3: A bright-field TEM image of the cross-sectional grain morphologies of
Py films grown consecutively on a Si substrate at 1.5 pbar and 30.0 pbar Ar pressures,
respectively. A capping layer of Pt was deposited on top to protect the Py films during
the necessary FIB treatment.

Structures of the Py films prepared at 1.5 pbar and 30.0 pbar Ar pressures were
investigated in more detail by TEM and AFM. To observe the cross-sectional grain
morphology, a slice of both films deposited on top of each other was prepared by
Ga™ FIB milling. From the TEM analysis shown in Fig. 4.3, it is clearly visible that
the film deposited at 1.5 pbar Ar pressure grew with a denser morphology, whereas
the film deposited at 30.0 pbar shows columnar grains separated by non-magnetic
inter-grain boundaries. Further the TEM observations of the cross-sectional grain
morphologies of separated Py films are shown in the appendix (see Fig. A.4 in section
A.2). The comparison of Fig. 4.3 with Fig. A.2 proves that the growth of the second
layer on top of the first did not alter the grain morphologies of the both films. The
elemental composition measured from the film prepared at 30.0 pbar Ar pressure with
Electron-Energy-Loss-Spectroscopy (EELS) is shown in Fig. 4.4. The line profile of
the elemental composition shows an increase of the oxygen content at the inter-grain
boundaries as seen in Fig. 4.4. Since this measurement was performed at high vacuum
(~ nbar) inside the STEM chamber, so there was no atmospheric-oxygen present at the
inter-grain boundaries. Therefore, the increase of the oxygen content at the inter-grain
boundaries is due to the oxidation of the Py grains [214, 215]. AFM images in Fig. 4.5
show an increase in the surface roughness of the film with increasing Ar pressure. The

rms roughness increased from 0.2 nm at 1.5 pbar to 1.1 nm at 30.0 pbar, respectively.



4.3 The crystal structure and morphology as a function of the argon pressure 67

(a)

Spectrum Image

—_—

b)

80
704

=)

s

o

o

= &0

g 50

‘@ 0 N B ~

8-4 30 11 -~ | 8. .1 :
: 20 it |} L | _. i Y i U A " Sl ! 4! H ¥ L
— PRE R | LA f A Wil l i Pty
8 10 i“"i ﬂl‘” 1' ﬁ’ll |f|
— o

D o4 , . . : . .

oo 5 0 15 20 25 30 35 40

nm

Figure 4.4: (a) A cross-section of the Py film deposited at 30.0 pbar Ar pressure taken
with a STEM in the dark-field mode. (b) Electron Energy-Loss Spectroscopy line profile
of a gap between columnar grains formed inside the film. The red line in (a) indicates
the path along which the elemental composition was measured.
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Figure 4.5: AFM images of the surface morphology of Py films prepared at (a) 1.5 pbar
and (b) 30.0 pbar Ar pressures.

4.4 Magnetic hystereses as a function of the argon pressure

In Figs. 4.6(a) and (b), the in-plane and out-of-plane magnetic hysteresis loops of
the continuous Py films prepared at varying Ar pressures are shown, respectively.
From these VSM results, it is obvious that the saturation magnetization of the Py
films decreased with the increase of the Ar pressure. The ratios of the saturation
magnetization of the films (M) to bulk value (M = 860 kAm~!) are shown in table

4.1. The in-plane saturation field measured from Fig. 4.6(a) increased from 15 mT to



4.4 Magnetic hystereses as a function of the argon pressure 69

more than 1200 mT with the increase of Ar pressure. The film prepared at 30.0 pbar
Ar pressure did not saturate up to 1200 mT as shown in the inset image in Fig. 4.6(a).
The out-of-plane saturation field decreased according to Fig. 4.6(b) from 1300 mT to
600 mT with the increase of Ar pressure. Also, the in-plane coercivities (o H " P!a¢) of
the Py films increased from 0.12 mT to 4.30 mT, as specified in table 4.1.

The film deposition rate shown in table 4.1 was calibrated using a quartz crystal
microbalance. The deposition rate decreased with the increase of Ar pressure. At high
Ar pressure the number of collisions of the sputtered target atoms with the Ar atoms
and ions increases. As a result the sputtered atoms scatter by large angles and less
number of sputtered atoms reach at the substrate [130].

The elemental composition measured with EELS, shown in Fig. 4.4, of the film
prepared at 30.0 pbar Ar pressure is quite different than measured with EDX, shown in
table 4.1. These two measurements were performed on two different samples prepared
at same sputtering conditions. The reasons of too low Ni at% in EELS measurement
are not known yet, till the time of describing the results in this thesis. However, the
EELS measurement was performed only to prove the oxidation of the films at the pores

rather than measuring the composition of the film.

Ar Press. Dep. rate thickness Ni (Ni:Fe) O (Ni:Fe:O) poHPane Mt/ P

(nbar)  (nm/min) (nm) (wt%) (wt%) (mT)
1.5 18.6 65 81.0 3.0 0.12 0.92
5.0 13.2 20 82.9 5.0 0.40 0.77
7.0 10.7 o1 84.4 8.5 2.73 0.63
30.0 4.0 67 84.3 14.6 4.30 0.53

Table 4.1: Sputtering parameters, structural and magnetic properties of deposited Py
films. Ni wt% values are calculated considering Ni and Fe as components. Whereas, O
wt% values are calculated considering Ni, Fe and O as components.
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Figure 4.6: In-plane (a) and out-of-plane (b) magnetic hysteresis loops of Py films
prepared at different Ar pressures. The inset image in (a) shows an in-plane hysteresis
loop of the film prepared at 30.0 pbar Ar pressure with an applied field of up to 1.20 T.
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4.5 Experimentally observed domain configurations at varying

argon pressure

Figure 4.7 shows MFM images of remanent domain configurations, i.e., the zero-field
states of the patterned Py films prepared at different Ar pressures. Nine out of two
hundred squares patterned in each array are shown. Domain configurations in disks
prepared at 1.5 and 5.0 pbar Ar pressures are shown in appendix (see Fig. A.5 in
section A.3). In Fig. 4.7, Landau domains in Fig. 4.7(a), tulip domains in Fig. 4.7(b),
irregular domains in Fig. 4.7(c) and no domain configurations in Fig. 4.7(d) are
visible. The number of squares showing the Landau, tulip, diamond and irregular
domain states as remanent states were counted after each hysteresis loop. For the
squares prepared at 1.5 pbar Ar pressure, approximately 90% of the squares showed the
Landau domain state. The remaining squares showed either tulip or diamond domain
states. For the squares prepared at 5.0 pbar Ar pressure, no square showed the Landau
domain state as the remanent state. However, approximately 60% of the squares showed
multiple tulip domain configurations as remanent states. For repeated hysteresis loops,
positions of the tulip configurations with respect to the corners of the squares changed.
Remaining squares showed irregular domains with complex arrangements of vortices
and antivortices (see Fig. 2.12) in their remanent states. For the squares prepared at
7.0 pbar Ar pressure, again no Landau domain configuration was observed, but more
than approximately 80% of the squares showed irregular domains and the remaining
squares showed multiple tulip configurations at the corners. For the squares prepared
at 30.0 pbar Ar pressure, no clear domain configuration was observed at any applied
field value from zero to 80 mT.

In order to understand the formation of the remanent domain configurations in
squares prepared at different Ar pressures, their evolution was studied in more detail.
For this purpose, MFM images were taken in external fields between the saturation
and remanent states as shown in Figs. 4.8, 4.9, and 4.10, respectively. Two squares
from each array were respectively selected for the observations.

For the squares prepared at 1.5 pbar Ar pressure upon reduction of the applied field
from the saturated stage Fig. 4.8(a), the well-defined S-state end domains [184, 195, 216]
formed at the edges as seen in Fig. 4.8(b). With further decreasing the field, the S-state
end domains expanded inside the squares as shown in Figs. 4.8(c) and (d). At 2.4
mT in Fig. 4.8(e), S-state end domains in the right square evolved into a four-domain
configuration with a vortex formed close to the upper edge of the square. In the left

square, the S-state end domains evolved to form a domain wall close to the left edge of
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Figure 4.7: MFM images in the remanent states of Py squares of 5 pm edge lengths
prepared at (a) 1.5 pbar, (b) 5.0 pbar, (c¢) 7.0 pbar and (d) 30.0 pbar Ar pressure,
respectively.

the square and a vortex close to the upper edge of the square. Below 2.4 mT external
field, the domain wall formed close to the left edge of the left square was pushed out of
the square, and the vortices formed close to the upper edges of both squares moved
towards the centers to form four domains inside the squares, as shown in Fig. 4.8(f).
At zero field, the Landau domain state was established in both squares.

For the squares deposited at 5.0 pbar Ar pressure and shown in Fig. 4.9, the
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Figure 4.8: MFM images of two 5 x 5 pm? Py squares prepared at 1.5 pbar Ar pressure
and scanned at (a) 16.0 mT, (b) 9.0 mT, (c¢) 6.0 mT, (d) 3.6 mT, (e) 2.4 mT and (f) zero
field. The left-right arrow in (a) represents the axis of the applied magnetic field.

well-defined S- or C-state end domains [184, 195, 216] were not formed. Upon reduction
of the applied field from the saturation state seen in Fig. 4.9(a), multiple domain walls
were nucleated from the edges as seen in Figs. 4.9(b) and (c). Upon further reduction
of the field, multiple vortices and antivortices were nucleated which led to the formation
of multiple tulip configurations at the corners of the squares, as shown in Figs. 4.9(d)
to (f). The remanent configurations close to the corners of the squares differed from
one square to another square.

For the squares deposited at 7.0 pbar of Ar pressure, the reduction of the applied
field from saturation again did not result in the well-defined S- or C-state end domains,
as seen in Figs. 4.10(a) to (c¢). Domain walls being primarily perpendicular to the
applied field were nucleated as shown in Figs. 4.10(d) to (f). This explains the increase
of the remanent magnetization with increasing sputtering pressure observed in Fig.
4.6(a). Detailed magnetization configurations in the remanent states of the squares

differed from each other.
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(b)

Figure 4.9: MFM images of two 5 x 5 nm? Py squares prepared at 5.0 pbar Ar pressure
and scanned at (a) 16.0 mT, (b) 8.4 mT, (c) 2.5 mT, (d) 2.2 mT, (e) 0.9 mT and (f) zero
field. The left-right arrow in (a) represents the axis of the applied magnetic field.

@)

)

Figure 4.10: MFM images of two 5 x 5 pm? Py squares prepared at 7.0 pbar Ar pressure
and scanned at (a) 16.0 mT, (b) 6.0 mT, (c) 3.9 mT, (d) 3.1 mT, (e) 1.9 mT and (f) zero
field. The left-right arrow in (a) represents the axis of the applied magnetic field.
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4.6 Energies of the zero-field domain configurations

In Fig. 4.11, out of a large number of possible zero-field domain configurations, four
experimentally relevant domain configurations calculated for a 60 nm thick 5 x 5 pm?
Py film are shown. No grain morphology was assumed in the simulations. Landau, tulip
and irregular domain configurations were obtained by selecting a random magnetization
configuration as an initial stage. The diamond configuration was obtained from a
seven-domain configuration initial stage. For Landau and diamond configurations, the
magnetization was allowed to relax according to the convergence criterion mentioned
in section 4.2, whereas for tulip and irregular domain configurations, simulations were
stopped before convergence. Corresponding magnetic energies are listed in table 4.2.
The Landau state configuration has the lowest energy. The energy of the tulip state
is higher because of the formation of an extra vortex and domain walls at the corner
of the patterned film. The diamond domain configuration with multiple vortices and
antivortices has even higher energy. An irregular domain configuration shown in Fig.
4.11(d) has the highest energy.

Domain configuration Energy (eV)

Landau 2727.7
Tulip 3302.0
Diamond 7016.0
Irregular 9606.4

Table 4.2: Different domain configurations and their magnetic energies.
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Figure 4.11: OOMMF-simulated domain configurations of a 60 nm thick 5 x 5 pm? Py
square. (a) Landau state, (b) tulip state, (c¢) diamond state and (d) an irregular domain
configuration shown with a vortex (V) and an antivortex (AV) indicated. Each arrow
represents an averaged magnetization vector inside 20 x 20 adjacent cells on the sample
surface. Black arrows represent the in-plane magnetization, whereas blue and red arrows
are the in-plane projections of the magnetization vectors tilted upwards and downwards,
respectively. Orange and green areas represent positive and negative charge-density
locations, respectively. Images are shown in the order of increasing energy of the domain
states.
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4.7 Discussion

From the XRD and TEM measurements shown in Figs. 4.2 and 4.3, respectively, and as
well from the reduction of the saturation magnetization in table 4.1, it is clear that the
grain morphology of the films changed from denser to more porous with the increase of
the Ar pressure during sputtering. At high Ar pressure, the sputtered atoms reach at the
substrate with less energy and have low surface mobility as they lost a big part of their
energy on collisions with Ar atoms and Ar ions [130]. Also, due to the increased number
of collisions at higher Ar pressure, the sputtered atoms reach at the substrate surface
at oblique angles [130]. The oblique incidence of the sputtered atoms creates an atomic-
shadow effect [217, 218]. Because of a low surface mobility of the deposited atoms,
they can not overcome the effect of atomic-shadow and therefore the films at higher Ar
pressure grow with large voids and columnar grains [217, 219, 220]. With decreasing
film density, the exchange interactions between the grains of the polycrystalline films
are expected to become weaker [17]. This, in turn, explains why the average size of
the magnetic domains inside the squares decreased with the increase of Ar pressure, as
observed in Figs. 4.7, 4.8, 4.9 and 4.10. Moreover, EDX data presented in table 4.1
proves that the stoichiometry of the films prepared at 1.5 pbar Ar pressure is closest to
the target composition (NiggFego). Thus, the magnetostriction coefficient of those films
is the lowest [124, 200]. Because of the relatively high density and low magnetostriction
coefficient, the lowest in-plane coercivity and saturation field were observed, as shown
in Fig. 4.6(a). In this case, magnetic domains inside the squares were solely defined
by the shape of the squares rather than by the film morphology. This led to the
formation of the well-defined end domains and the magnetization always evolved to
the Landau-domain configuration in the zero-field state, which is the lowest energy
state for an ideal dense film without granular texture and stress, as seen in section 4.6.
With the increase of Ar pressure, the film growth involved more and more columnar
grains separated by oxides. This inevitably resulted in an increase of pinning sites for
the vortices, antivortices and domain walls. Consequently, the in-plane coercivity and
in-plane saturation field increased, as seen in Fig. 4.6(a). Moreover, the Ni content
was found to increase when Ar pressure was increased. This is due to the reduced
relative mean free path of the sputtered Fe atoms with respect to the Ni atoms [15, 221].
The increase of the Ni content, and hence the magnetostriction coefficient of the film,
made the magnetization sensitive to the stress inside the film. As a result, irregular
and smaller domains, especially at the sample edges, were formed because of the local

variation of the stress at the edges [187]. Therefore an increase in the complexity of
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the end domains was observed in Figs. 4.9 and 4.10. The increased number of pinning
sites and the increased magnetostriction coefficient of the film led to stabilization of
the multiple tulip configurations and irregular domains in remanent states, which are
energetically less favorable states for an ideally dense and stress-free film as seen in
section 4.6. Stress and the reduced inter-granular exchange interactions inside the
films prepared at higher Ar pressures induced energy barriers in the magnetic energy
landscape and in consequence stabilized these local minimum energy states. Moreover,
local variations in the tulip and irregular domains configurations from one square to
another one indicate that the remanent states in these cases are not well-defined. Films
prepared at 30.0 pbar Ar pressure do not show any visible domain contrast in the MFM
data, as presented in Fig. 4.7(d). This could be due to the complete oxidation of the
porous films exposed to the atmospheric oxygen [214, 215]. EDX analysis in table 4.1
confirms the increase of the oxygen content with increasing Ar pressure.

With increasing Ar pressure, a decrease of the saturation field in the out-of-plane
hysteresis loops (Fig. 4.6(b)) indicates an increase in the perpendicular anisotropy
inside the films. The granular shape anisotropy induces perpendicular anisotropy
inside those films prepared at relatively high Ar pressures [110, 198]. The shape
anisotropy calculated by assuming perfect non-interacting columnar grains of 10 nm
diameter (the average grain size calculated from the XRD measurements) for the film
prepared at 30.0 pbar Ar pressure is 52 kJm™ [222]. Whereas, the perpendicular
anisotropy (K, = (uoMZ/2)(1 — H**/Mj)) calculated from the out-of-plane hysteresis
loop (Fig. 4.6(b)) for this film is 6.4 kJm™>. The large difference between the two
anisotropy constants indicates a non-zero interaction between the grains. In addition,
the stress-induced anisotropy also contributes to the perpendicular anisotropy of the
films. However, the calculation of the strength and orientation of the stress-induced
anisotropy is beyond the scope of the investigations shown in this chapter. Therefore, a
conclusion of the interaction between the columnar grains and contribution of stress-

induced anisotropy in the total perpendicular anisotropy of the film is ambiguous.

4.8 Conclusion

To conclude, it is shown that the well-defined Landau-domain configuration can be
obtained in Py thin film squares by sputtering at a low Ar pressure, i.e, at 1.5 pbar.
With the increase of the pressure, the soft magnetic properties of the films deteriorated
rapidly. This was due to an increased Ni content, a decrease of the film density and

growth of the columnar grains in the films. The decrease in the film density resulted in
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a reduction of the inter-grain exchange interactions and to an increase in the number
of pinning sites for vortices, antivortices and domain walls. In this case, domain
configurations were more determined by the morphology of the films rather than by the
shape of the patterned thin film. Moreover, an increase of the in-plane coercivity and
in-plane saturation field was observed due to the increase of the Ni content and the
reduction of the inter-grain exchange interaction. The formation of the columnar grains
on increasing the Ar pressure resulted in the increase of the perpendicular anisotropy

inside the films.






5 The role of vortex-antivortex pairs in the
magnetization reversal of patterned thin

films

5.1 Introduction

A detailed understanding of the magnetization-reversal process is important both in
fundamental research on magnetic materials and in applications, e.g., data storage
devices [223, 224]. In general, magnetization reversal in magnetic films proceeds with the
nucleation and expansion of reversed domains [225]. In micro-patterned films, domain
walls nucleate and form multiple junctions which lead to the formation of clusters of the
walls at the edges and within the sample [226-228]. Moreover, micromagnetic entities
such as vortices, antivortices [37, 229, 230] as well as singularities (BPs) [231] nucleate
inside the domain walls as their T'Ss during the magnetization-reversal processes. In
soft magnetic films of a thickness of approximately below 20 nm, domain walls avoid
to have any TS due to energetic reasons [2]. However, as discussed in chapter 2 in
subsection 2.5.1, for the intermediate film thicknesses, i.e., for approximately 20 to 100
nm, vortices and antivortices exist as TSs inside domain walls [2, 230], whereas complex
arrangements of vortices, antivortices and BPs form three-dimensional T'Ss in thicker
films (above approximately 100 nm) (see subsection 2.5.2 for details) [2, 97, 99, 232].
Different types of domain configurations within and without applied fields have been
explored in the films of intermediate thicknesses due to their applications in magnetic
data storage [233], sensors [233, 234] and other devices [235]. Such studies involve
investigations of the influence of the magnetic history [39, 40, 197], field-sweep rates
[35, 36, 186] and shape and size of the films [236, 237] on magnetization reversals.
The micromagnetic behavior of vortices and antivortices such as their nucleation,
displacement and annihilation was studied in this context [35-38, 94]. Vortices show

a mobility above a certain threshold field [38], whereas antivortices stay more or less
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fixed and tend to pin the motion of the domain walls [38, 94]. Also, it was found that
the trapping of the vortices at the sample edges lowers their reversal fields [39, 40].
The micromagnetic behavior of vortices and antivortices varies with the change of the
field-sweep rate, which alters the evolution of the domain configuration formed in the
course of the reversal process [35, 36]. Since the domain configurations define typical
magnetic characteristics of thin films such as the coercivity [39, 40, 47], the shape of the
hysteresis loop [39, 40] and the magnetoresistance [42, 43], it is crucial to understand
the role of vortices and antivortices in the evolution of domains. However, except for
a few regular domain configurations such as Landau [36, 237], diamond [36, 237] and
concertina domains [226, 228, 238], the formation of complex domains with coupled
vortices and antivortices [187, 188, 239-241] is not completely understood.

In this chapter, the role of vortices and antivortices in the magnetization reversal of
patterned Py films of intermediate thicknesses is reported. By applying in-plane mag-
netic fields during MFM measurements, magnetization reversals along the sample's long
and short axes are compared, respectively. Contributions of different magnetic energies
in the evolution of the domain configurations are evaluated by using micromagnetic

simulations.

5.2 Experimental and micromagnetic simulation details

Py patterns of 9 x 18 pm? dimensions were fabricated using EBL and DC magnetron-
sputtering techniques (see section 3.2 for details). The Py film were deposited at 3.0
pbar Ar pressure at a constant sputter rate of 18 nm/min. The thicknesses of the films
were chosen to be 50 nm. At this thickness, CTWs containing vortex-antivortex pairs
(VAVPs) are formed (see subsection 2.2.2) [2, 230, 242]. For micromagnetic simulations,
a cubic cell of 20 x 20 x 50 nm® dimensions was used. The rest of the experimental
deposition and micromagnetic simulation parameters were chosen as described in section
4.2 of chapter 4.



5.3 Magnetization switching of patterned permalloy films along their easy and hard axes 83

5.3 Magnetization switching of patterned permalloy films along

their easy and hard axes

5.3.1 Easy axis switching

For the easy axis switching (EAS) process, MFM measurements and micromagnetic
simulation results are shown in Figs. 5.1 and 5.2, respectively. Before the measurement,
the sample was saturated by an external in-plane magnetic field applied along the —y
direction. When the field was reduced, the magnetization at the sample ends formed
S-shaped closure domains [201, 243], as seen in Figs. 5.1(a) and 5.2(a). In these images,
an edge cluster of three domain walls [228, 244] was also observed at both ends of the
sample. A more detailed view of this wall-cluster is shown in Fig. 5.3 and schematically
drawn in Fig. 5.4. This wall-cluster evolved with the change of applied field. From Fig.
5.4, it can be seen that with the reduction of the applied field as the magnetization
inside the upper-end domain relaxed more along the upper edge of the sample, the
angle of the middle wall (which is connected between the edge and the corner of the
sample) of the wall-cluster increased. The schematics in Figs. 5.4(a) to (d) are drawn
according to the decrease of the applied field. More detailed information about the
domain wall clusters can be found in Refs. [2, 226228, 244].
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(b)

Figure 5.1: Magnetization reversal of a Py bar sample parallel to its long axis. The
magnetic field was swept from +80 mT to —80 mT. The MFM images were taken at (a)
+2.0 mT, (b) +1.7 mT, (c) +0.7 mT, (d) zero, (¢) —0.1 mT, (f) —1.5 mT, and (g) —2.3
mT, respectively.

All domain walls at this thickness (i.e., 50 nm) are SNWs (see subsection 2.2.2). But
there is a considerable difference between the energies of the 90° and 180° SNWs. The
energy of a 90° SNW is only 12% of the energy of a 180° SNW [2]. According to the
model developed by Middlehoek [245], in a Py (NiggFey) film with a thickness below
90 nm, a SNW with an angle larger than 100° splits into a periodic cross pattern of
90° SNWs, i.e., a CTW (see subsection 2.2.2). The phase boundary (and hence the
wall-angle), which separates the stability range of the SNWs and CTWs for a particular
material, varies with both the film thickness as well as the applied field (see Fig. 2.10)
[2, 86, 245).
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Micromagnetic simulation results of the magnetization reversal parallel to

the long axis of a Py sample. The magnetic field was swept from +500 mT to —500 mT.

Figure 5.2

+0.6 mT,

c)
Each arrow in (a) to

+1.2 mT, (

)

For the presented images, the field steps are: (a) +1.8 mT, (b
(d) zero, (e) —0.6 mT, (f) —3.1 mT, and (g) —8.9 mT, respectively.

(g) represents an averaged magnetization inside 35 x 35 adjacent cells. Orange and green

areas represent positive and negative charge densities, respectively. The marked areas in

(a) and (b) are shown in details in Fig. 5.3.

In the 50 nm thick Py film under investigations, the splitting of the SNW close to the

knot of the edge cluster (which is the middle wall of the edge cluster) into a CTW was
observed for angles more than 115°, as seen in Fig. 5.3. This splitting of the edge-cluster

SNW occurred due to the nucleation of a single pair of vortex and antivortex, as seen

in Figs. 5.1(b

b). In Fig. 5.3, detailed magnetic configurations of the edge

and 5.2(

)

cluster before the nucleation of a VAVP and the consequent reversal of a segment of

the domain wall magnetic moments after the nucleation of a VAVP are presented in
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the MFM and simulation results. The VAVP formed during the magnetization reversal
process created a segment in the wall with the magnetic moment aligned parallel to
the applied magnetic field. This reversed magnetization segment of the domain wall
further stretched when the vortex moved towards the other edge of the Py sample,
on further increasing the magnetic field along the +y direction. Because of the low
mobility of antivortices [94, 246], the antivortex stayed fixed near its nucleation site
close to the sample edge. Such reversed segments of the domain walls were formed
near both ends of the sample. They act as channels to let the magnetic flux flow from
one end to the opposite end of the sample. Hence the magnetization of the Py sample
reverses. Observations near the remanent state, i.e., as shown in Figs. 5.1(d) and (e),
imply that the domain wall grown from the first nucleated antivortex, i.e., the wall
connected with the antivortex in Fig. 5.3(b), joined with the vortex from the opposite
end of the sample. Consequently, the Py sample reversed its magnetization by forming
two CTWs along its long axis as observed in the MFM measurements presented from
Figs. 5.1(d) to (f) and confirmed by the simulation results presented from Figs. 5.2(d)
to (f). Upon further increasing the magnetic field along the +y direction, these CTWs
were expelled out of the long edges of the sample. Finally, the Py sample was saturated

along the +y direction.
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Figure 5.3: MFM images (a) and (b) show the nucleation of a vortex (V) and an
antivortex (AV) close to the edge cluster knot. Corresponding calculated results taken from
the areas marked in Figs. 5.2(a) and (b) are shown in (c) and (d) in this figure, respectively.
A splitting of the domain wall was observed at a 115° angle of the magnetization in
simulated results. Each arrow in (c¢) and (d) represents an averaged magnetization inside
7 x 7 adjacent cells. Orange and green areas represent positive and negative charge
densities, respectively.

The increase in the number of VAVPs from Figs. 5.1(d) to (f) was due to the build-up
of magnetic charges when the domain walls moved close to the sample edge [242, 247].
This extra charge was reduced by the nucleation of new VAVPs, so the domain walls
shared more magnetic flux with adjacent domains at VAVP locations [248].

In the MFM measurement results presented in Fig. 5.1, the splitting of the domain
wall edge cluster into a VAVP was not observed simultaneously at the upper and the
lower edge clusters of the sample, as seen in Fig. 5.1(b). This could be due to the
nonideal rectangular shape of the sample and/or existence of pinning sites for the

motion of domain walls [38, 189].
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Figure 5.4: Schematics showing the evolution of an edge cluster of domain walls formed
in Figs. 5.1 and 5.2. In (a) an end domain is formed with magnetization slightly tilted
away from the initial direction of saturation (along —y direction). (b) An edge cluster of
three domain walls [2, 228, 244] is formed as the magnetization inside the end domain
relaxes further along the upper edge with the reduction of the applied field. In (c) and
(d) the angle of the middle wall of the edge cluster increases more as the field is further
reduced.

5.3.2 Hard axis switching

For the hard-axis switching (HAS) process, MFM measurement and micromagnetic
simulation results are shown in Figs. 5.5 and 5.6, respectively. For the interpretation
of the magnetic configurations formed during the HAS process, schematics of the
magnetization reversal steps are presented in Fig. 5.7. The sample was initially
saturated by an in-plane magnetic field applied along the —x direction before the
measurement. Initial closure domains with edge clusters were formed when the applied
field was reduced, as shown in Fig. 5.5(a) and in a detailed magnetization view shown
in Fig. 5.6(a). The corresponding magnetic configuration is drawn in Fig. 5.7(a).
Further reducing the field, domain walls from the edge clusters formed at the lower end
of the sample merged to form a CTW along the x axis of the sample, which is visible
in Figs. 5.5(b) and 5.6(c).
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Figure 5.5: Magnetization-reversal of a Py bar sample parallel to its short axis. The
magnetic field was swept from +80 mT to —80 mT. MFM images were taken at (a) +3.0
mT, (b) +1.9 mT, (c) zero, (d) —1.1 mT, (e) —1.7 mT, (f) —2.2 mT, and (g) —3.8 mT,
respectively. Black markers indicate the enlargement of the domain-wall segments with
magnetic moments parallel to the direction of the applied field.

Another domain wall parallel to the y axis of the sample, which is an SNW, was
formed as the closure domains enlarged and their domain walls merged when the
magnetic field was reduced. Magnetic moments inside this SNW were oriented parallel
to the direction of the magnetic moments in the upper triangular domain, i.e., along
the —x direction, as shown in Fig. 5.6(c) and drawn in Fig. 5.7(b). This SNW was
observed to be connected between two domain-wall cluster knots [228]. The lower
cluster knot is equipped with a vortex while the upper one is a vortex-free knot as
seen in Fig. 5.6(c). This configuration is also shown in Fig. 5.7(b) with a detailed

description of the orientations of the magnetic moments.
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Figure 5.6: Micromagnetic simulation results of the magnetization reversal parallel to
the short axis of a Py sample. The magnetic field was swept from +500 mT to —500 mT.
(a) describes a detailed magnetization in one of the edge clusters of the domain walls
taken from (b). Each arrow in (a) represents an averaged magnetization inside 7 x 7
adjacent cells. For the presented images, the field steps are: (b) +3.7 mT, (c¢) +2.5 mT,
(d) 2.0 mT, (e) zero, (f) —1.8 mT, (g) —2.0 mT, and (h) —6.8 mT, respectively. Each
arrow in (b) to (h) represents an averaged magnetization inside 35 x 35 adjacent cells.
Orange and green areas represent positive and negative charge densities, respectively.

Simplified schematic configurations of a domain-wall cluster knot without and with a
vortex are shown in Figs. 5.8(a) and (b), respectively. In these images, it is shown that
a vortex may or may not forms at the wall-cluster knot depending on the orientations

of the magnetizations around the knot [228].
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Figure 5.7: Schematic diagrams of the short-axis magnetization-reversal steps revealing
the vortex-(shown as a black dot) transport mechanism between the domain wall cluster
knots. Magnetization directions inside the domain walls are indicated by black arrows,
while the magnetization directions inside the domains are indicated by blue arrows.
Detailed magnetization configurations inside the CTWs formed along the short axis are
ignored for the sake of simplicity.
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As the SNW formed parallel to the y axis of the sample (in Figs. 5.6(c) and 5.7(b))
has magnetic moments parallel to the magnetic moments in the upper triangular
domain, the magnetic flux is closed by forming a vortex at the lower cluster knot.
When the applied field approached zero as presented in Fig. 5.5(c) and 5.6(e), the
upper cluster knot (of the domain wall formed along the y-axis) moved along the +y
direction. The angle of the SNW (formed along the long axis) increased as the applied
field was reduced, which was due to the rotation of the magnetic moments inside the
adjacent domains (see Fig. 2.11 in section 2.3). This SNW transformed into a CTW
due to energetic reasons as described above when its wall angle increases above 115, as
shown in Figs. 5.5(b) and 5.6(d) [86, 245]. The upper cluster knot was not vortex-free
anymore at that moment, as shown in Figs. 5.6(d) and 5.7(c). Vortex and antivortex
always nucleate and annihilate in pairs [2, 249]. Such nucleation of a VAVP and motion
of a vortex between the two neighboring antivortices is indicated by black markers in
Figs. 5.5(b) to (d). The nucleation of VAVPs generated segments inside the SNW with
a reversed magnetization, i.e., along the direction of the increasing applied field. The
wall segments within the black markers showing contrast from dark to bright along the
+x direction in Fig. 5.5 are the reversed magnetization segments nucleated inside the
SNW. Such favorable wall segments are visible in terms of arrows pointing along the
+x direction inside the SNW in the simulated results from Figs. 5.6(d) to (f) and along
the right direction in the schematics of Figs. 5.7(c) and (d), respectively. The lengths
of these segments increased when the reverse magnetic field strength was increased.
The annihilation of the vortices with the next neighboring antivortices instead of its
co-nucleated antivortices led to the transfer of a resulting single vortex from the lower
cluster knot to the upper one. Such transfer is described from Figs. 5.7(b) to (e)
in detailed steps, where the domain wall segments with arrows pointing to the right
direction nucleate and enlarge at the expense of the segments with arrows pointing to
the left direction. At —2.2 mT, as shown in Fig. 5.5(f), the VAVPs annihilated each
other and again an SNW was formed with a reversed magnetization. The magnetic
flux transferred across the domain wall with the assistance of a resulting single vortex
transported along the axis of the domain wall as the magnetization inside the adjacent
domains rotated from —x direction towards +x direction. At this moment, as shown in
Fig. 5.6(g) and 5.7(e), again the domain wall along the y axis of the sample has only
one vortex which is attached to the upper cluster knot. The magnetic flux formed a

closed loop around this knot.
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(a) (b)

Figure 5.8: Simplified schematics showing a cluster of domain walls (a) without and (b)
with a vortex (shown as a black dot) at the cluster knot, respectively. Blue lines represent
the domain walls. Magnetizations inside the domains and domain walls are represented
by blue and black arrows, respectively.

Further increase of the magnetic field pushed the lower cluster knot along the +y
direction and the upper cluster knot bifurcated into a CTW, which is presented in Figs.
5.5(g) and 5.6(h) and drawn in Figs. 5.7(e) and (f). This bifurcation of the vortex into
a CTW reduced the density of the charge which was collected around the cluster knot
as it moved close to the edge of the sample [247]. The magnetic configuration within a
larger field, i.e., at —3.8 mT in Fig. 5.5(g) near the saturation field, was similar to the
EAS configuration with two parallel CTWs.

5.3.3 Contribution of the magnetic energies

In Fig. 5.9, calculated (simulated) magnetic energies within varied applied fields are
shown. Changes in the magnetic energy landscape during the EAS and HAS processes
were interpreted qualitatively. In simulations, the maximum field up to £500 mT was
applied, whereas the results in Figs. 5.2 and 5.6 within the field-range of around +10
mT are shown. Only in this field-range significant changes in the domain configurations
were observed. However, the exchange and demagnetization energies beyond 410
mT field-range approached very slowly to zero and maximum, respectively. This is
due to the existence of the persistent end domains which have magnetization slightly
tilted away from the saturation orientation. A very high magnetic field is required to
completely orient the magnetization in the end domains along the applied field direction
[250].

Based on the demagnetization energy presented in Fig. 5.9(a), it is concluded that

different demagnetizing fields due to the different sample aspect ratios created different
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configurations of the closure domains and of the wall clusters during the EAS and HAS
processes. A smaller aspect ratio in the HAS generated a larger demagnetizing field
compared to that in the EAS at the saturated state [251]. This larger demagnetization
energy decreased more steeply in the case of the HAS compared to that of the EAS
due to the rotation of the magnetic moments inside the larger closure domains formed
during the HAS. The smaller value of the demagnetization energy for the HAS in
the remanent state as shown in Fig. 5.9(a) revealed the formation of a more perfect
flux-closed solenoidal configuration in the HAS than in the case of the EAS. The larger
exchange energy in remanent state for the EAS, as shown in Fig. 5.9(b), is because of
an increased number of VAVPs created near the remanent state compared to the HAS.
Closer positioning of the VAVPs leads to an enlargement of the angles between the
neighboring magnetic moments and hence increases the exchange energy. This means
that the VAVP transformations inside the domain wall which transform the SNW into
a CTW took place in an applied field range which is below the exchange-energy peaks
presented in Fig. 5.9(b). The Zeeman energy calculated in Fig. 5.9(c) is of the order of
102 and 10® times larger than the demagnetization and exchange energies, respectively.
So the Zeeman energy dominated the magnetization reversal process. Therefore the
total energy, as shown in Fig. 5.9(d), has a response and magnitude similar to the
Zeeman energy under different applied fields. However, the Zeeman energy, being the
product (mathematically) of the field strength and the magnetization of the sample
(see equation (2.8)), is comparatively smaller than the demagnetization and exchange
energies near the zero-field state, i.e., the remanent state. Domain wall TSs, i.e., vortices
and antivortices, are formed because of the competition between the demagnetizing
field and exchange interaction [2]. The demagnetization field favors curling of the
magnetization in order to reduce the magnetic charges, while the exchange interaction
tries to avoid the curl and divergence of the magnetic moments. Thus most of the
transformations inside the domain wall only occurred near the remanent state where
the Zeeman energy had a very weak influence on the magnetic moments inside the

domain walls.
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Figure 5.9: Simulation results of the (a) demagnetization (b) exchange, (c¢) Zeeman and
(d) total energies under varying field strengths during the magnetization reversals along
the long and short axis of the Py sample. The magnetic field was swept from +500 mT
to —500 mT.

5.4 Modes of edge cluster evolution and formation of different

domain configurations

Figure 5.10 shows two different modes of the evolution of a domain-wall edge cluster
(shown in Fig. 5.4(d)). Figures 5.10(a) to (b) describe the nucleation of a VAVP at the
domain-wall edge cluster. This mode has already been discussed in subsection 5.3.1
and described in Fig. 5.3. In the MFM scanned results shown in Figs. 5.10(d) to (e),
two domain walls parallel to the long axis of the sample in the remanent state are
formed, when a VAVP is formed at both ends of the sample, which is already discussed

in subsection 5.3.1.
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Figures 5.10(b) to (c¢) describe another mode of the evolution of the domain-wall
edge cluster. In this mode, a domain of a reversed-magnetization is formed with the
subsequent expulsion of the antivortex (due to the applied field) from the sample
edge. For this mode, the MFM images in Figs. 5.10(f) to (g) show the formation of a
triangular closure domain in the lower half of the sample in the remanent state, when
the domain of the reversed-magnetization is formed only at one end of the sample.
However, when such domains of the reversed-magnetizations are formed at both ends
of the sample, a diamond domain in the remanent state is formed, as described in the
MFM results shown in Figs. 5.10(f) to (h).

(a) (d

Figure 5.10: In (a), (b) and (c) an evolution of a domain-wall edge cluster is described
through schematics and simulated results. MFM images (d) and (f) are the magnetic
states scanned at high magnetic fields, whereas (e), (g) and (h) are the remanent states.

5.5 Stochasticity in the modes of magnetization reversals

The experimentally observed magnetization reversals presented in this chapter are not

deterministic processes. It was observed that the magnetization reversal could proceed
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through a different zero-field state on repeating the hysteresis loop, as already discussed
in above section 5.4. However, the simulated magnetization reversals are deterministic
processes, unless any parameter is varied. No temperature dependence was considered
in the simulations [252]. In Fig. 5.11 the HAS of a 50 nm thick 9 x 18 ym? Py sample
was subsequently repeated by slightly varying the direction of the applied magnetic
field. The field was applied at an angle of 0.1° to the short axis of the sample. On
comparing the magnetization reversal processes shown in Figs. 5.6 and 5.11, it was
found that a slight change in the direction of the applied field can change the mode of
the magnetization reversal in simulations. A slight asymmetry in the initial end-domains
formed in Fig. 5.11(b) lead to the formation of a S-state configuration [184, 195, 216] in
Fig. 5.11(c), whereas no clear S- or C-state configuration [184, 195, 216] was observed
in Fig. 5.6 (where the field was applied exactly parallel to the short axis of the sample).
In Figs. 5.6 and 5.11, different initial end-domains lead to a variation in the mode of

the magnetization reversal.
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Figure 5.11: Micromagnetic simulation results of the magnetization reversal of a Py
sample with a magnetic field applied at an angle of 0.1° to the short axis of the sample.
The applied field was changed to (a) +376.2 mT, (b) +5.0 mT, (c¢) +3.4 mT, (d) +1.9
mT, and (e) zero, respectively. The magnetic field was decreased from +500 mT. Each
arrow represents an averaged magnetization inside 35 x 35 adjacent cells. Orange and
green areas represent positive and negative charge densities, respectively.

In Figs. 5.12(a) and (b) the domain configurations at +5.6 mT field applied parallel
and at an angle of 0.1° to the short axis are shown, respectively. The energy difference
between these domain configurations is around 33 kg7 (where kg is the Boltzmann
constant and 7' is the temperature). This energy difference reduces further down to

the order of kgT' (thermal energy) if the angle between the applied field and the short
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axis of the sample is further decreased. Such magnetic states of very small energy
differences could be considered as the energy states existing at the branching locations
(one of such location is marked with a dashed circle) in an energy (of the magnetic
states) versus the applied field plot as shown in Fig. 5.12(c). If the energy differences
between the states at the branching locations are smaller than the thermal energy, the
thermal fluctuations could make the mode of magnetization reversal nondeterministic

in the experimental investigations.
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Figure 5.12: Domain configurations inside a 50 nm thick 9 x 18 pm? Py sample at
+5.6 mT field applied (a) parallel and (b) at an angle of 0.1° with respect to the short
axis. The magnetic field was decreased from +500 mT. Blue brocken line indicates the
asymmetric end-domains in (b). Each arrow represents an averaged magnetization inside
35 x 35 adjacent cells. Orange and green areas represent positive and negative charge
densities, respectively. (c) A speculative variation of the energies of different magnetic
states with the reduction of an applied field. Energy barriers are not drawn for the
simplicity.

Such branching of the magnetization reversal modes could occur at various stages
of the magnetization reversal, which leads to the modification of the magnetic energy
landscape [35, 36, 185]. As an example, an expulsion of an antivortex was observed
in Fig. 5.10, which changed the remanent (zero-field) state. Also, from the simulated
magnetization-reversal mode with an asymmetric initial end-domains (shown in Fig.
5.11(b)), a remanent state containing two domain walls along the long axis of the
sample was formed as seen in Fig. 5.11(e). However, in the experimental investigations
in Fig. 5.5(a), though the initial end-domains were asymmetric, the magnetization
reversal proceeded through the formation of a single domain wall along the long axis of
the sample at the remanent state as seen Fig. 5.5(c). So, there exists a branching of

the reversal mode between the magnetic states shown in Figs. 5.5(a) and (b).
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In simulations, in the larger aspect-ratio rectangular samples than those discussed
above in this chapter, the initial asymmetric end-domains can also form for the case
of a magnetic field applied exactly parallel to the edges of the sample. Therefore, the
mode of the magnetization reversal in simulations can not be changed by just varying
the orientation of the applied field for all samples of different shapes and thicknesses. In
addition to a slight variation in the angle of the applied field and shape of the sample,
there exist several other parameters such as the initial magnetization (chosen before
starting the hysteresis loop), dimensions of the cells and step-size of the applied field

which can alter the modes of the magnetization reversals in simulations.

5.6 Conclusion

In this chapter, it is shown that the basic role of vortices and antivortices in the
magnetization reversals is to create segments of reversed magnetizations inside the
walls. These segments act as the channels to transfer magnetic flux across the walls.
Expansion of these segments with the increase of reversed applied field formed domains
of reversed magnetization inside the films. However, the overall domain configurations
changed with the change of the applied field direction due to the different evolution
of the wall clusters. During the reversal, magnetic flux transferred across the walls by
transporting a resulting single vortex along the wall-axes. Also, based on the analysis
of the interplay of the different magnetic energies, a range of the magnetic field was
defined within which the nucleation and subsequent annihilation of the T'Ss inside the
walls took place. This narrow and near-remanent state field range suggests that the
demagnetization and exchange energies should be kept larger than the Zeeman energy
for the analysis of the behavior of the T'Ss of domain walls.

Moreover, it is described that the experimental magnetization-reversals are nondeter-
ministic processes. A variation in the evolution of domain-wall cluster due to a change in
the behavior of vortices and antivortices alters the mode of magnetization-reversal and
consequently different remanent states are formed. Also, in micromagnetic calculations,
it is found that a slight variation of the simulation parameters could change the mode
of the magnetization-reversal.

Since the simulations were used only to support and better understand the exper-
imental observations, no new conclusions solely based on the simulations are drawn.
Therefore, the presented interpretations of the magnetization processes such as the
behavior of VAVPs and evolution of domain-wall clusters are still reliable from the

physics point of view, despite being the experimental results nondeterministic and the
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calculated results sensitive to the simulation parameters.



6 Reversal of the internal magnetizations of

the one- and two-dimensional domain walls

6.1 Introduction

The control and manipulation of the internal magnetization configuration of domain
walls is a subject of intense research in magnetism [22, 26, 253-255]. The switching of
the bi-stable orientation of the internal magnetization of walls is purposed for data
storage [22, 253, 256] and sensor [255] applications. Also, controlled magnetization
configurations of the domain walls are required for reliable operation of racetrack
memories [23, 26, 254] and spin-wave-based logic operation circuits [257-259]. The
internal configurations of domain walls depend on the magnetic anisotropy and thickness
of the constituting material [2]. As discussed in section 2.2, in a soft magnetic material
such as Py, the configurations of the domain walls change from one-dimensional to
two-dimensional at around 100 nm with the increase of the film thickness [2, 86]. In
Py film of a thickness of approximately < 20 nm, one-dimensional SNWs exist (see
subsection 2.2.1 for details). The magnetization inside the SNW is oriented in the
plane of the film. For an intermediate film thickness from approximately 20 to 100 nm,
CTWs exist, which are composed of oppositely oriented one-dimensional SNW segments
separated by vortices and antivortices (see subsection 2.2.2 for details) [3, 4]. In thicker
films, two-dimensional ADWs exist. ADWSs possess both in-plane and out-of-plane
orientations of the magnetization inside their configurations (see Fig. 2.5). They
minimize their stray field by the formation of NCs at both surfaces and vortex-like
structures in the cross-sections of the walls [79, 85]. ADWs are further classified into
ABWs and ANWs depending on their “C” and “S” type cross-sectional magnetization
configurations, respectively (see subsection 2.2.3 for details).

Domain walls also transform their internal magnetizations within an applied magnetic
field (see Fig. 2.10). These transformations proceed with the nucleation of various types
of T'Ss inside the walls. These T'Ss separate wall-segments of different configurations.

Different types of TSs in one-dimensional and two-dimensional domain walls have

101
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already been discussed in subsections 2.5.1 and 2.5.2, respectively. However, despite
the existence of a vast knowledge of T'Ss and various types of domain walls, the role of
TSs in transformations of the internal magnetizations of two-dimensional domain walls
has never been investigated in detail.

In this chapter, a report on the role of the vortices and antivortices as the T'Ss in the
reversal of internal magnetic configurations of one-dimensional and two-dimensional
domain walls in Py films is given. Patterned structures of Py films of 40 nm and 130
nm thicknesses were fabricated in order to investigate the magnetization configuration
transformations inside one-dimensional and two-dimensional domain walls in an in-plane
magnetic field, respectively. For the investigations inside a single domain wall, the
short axis magnetization switching of the elongated rectangular structures of 2.3 x 6.7
nm? was selected. This configuration favors the formation of a single domain wall
perpendicular to the direction of the applied magnetic field. The evolution of the domain-
wall magnetization configurations under varying field strengths was investigated by
MFEM. Also, micromagnetic simulations were performed to understand three-dimensional

magnetization transformations inside the domain walls.

6.2 Experimental and micromagnetic simulation details

Py patterns of 2.3 x 6.7 pm? dimensions were fabricated using EBL and DC magnetron
sputtering techniques. The Py films of 40 and 130 nm thicknesses were deposited at
2.0 pbar Ar pressure with a constant sputter rate of 18 nm/min. For micromagnetic
simulations, a cubic cell of 20 x 20 x 10 nm?® dimensions was used. The rest of the
experimental deposition and micromagnetic simulation parameters were chosen as

described in section 4.2 of chapter 4.

6.3 Reversal of the internal magnetic configuration of

one-dimensional domain walls

The domain configurations investigated by MFM at various applied fields and the
schematic diagrams of a segment of the domain wall for varying magnetization configu-
rations are shown in Fig. 6.1. Corresponding simulated images are shown in Fig. 6.2.
The sample was initially saturated along the +y direction. When the field was reduced,
the domain walls formed along the long edges of the sample (not shown in the results)

joined to form a single domain wall (parallel to the x axis), as shown in Figs. 6.1(a)
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Figure 6.1: MFM images of a 40 nm thick 2.3 x 6.7 pm? Py sample at (a) +3.4 mT, (b)
+1.7 mT, (c) zero, (d) —2.0 mT, (e) —3.1 mT and (f) —6.4 mT. The magnetic field was
swept from 480 mT to —80 mT. The magnetic field was applied along the short axis of the
sample, i.e., along the y axis as described. Figures (a) to (f) show transformation steps of
a SNW into a CTW and back to a SNW. The position of a vortex (V) and an antivortex
(AV) nucleated inside the CTW is shown in (b). The nucleation and expansion of a
reversed magnetization domain-wall segment are marked from (b) to (e). Black arrows
mark the displacement of the vortex inside the domain wall. The schematic illustrations
of SNWs and CTW are shown in Figs. (g) to (i).

and 6.2(a). This domain wall was connected to two domain-wall junctions at its ends.
In the MFM image in Fig. 6.1(a), this domain wall formed a bipolar contrast changing
its appearance from bright to dark, while in the simulated image in Fig. 6.2(a) the
domain-wall contrast changes from orange to green along the +y direction, respectively.
Opposite magnetic charges inside the two halves of the wall, which were produced by
an in-plane rotation of the magnetization inside the domain wall, produced a bipolar
contrast in the MFM scan. A continuous contrast of this wall along its length indicates
the absence of any TS inside the wall. In Fig. 6.1(a), the domain wall forming the
upper trapezoidal-shaped domain (the domain formed with the upper long edge of the
sample) changes its contrast at the left domain wall junction, while, the contrast of this
domain wall remains unswitched at the right domain-wall junction. The switching of
the domain-wall contrast at the left wall junction indicates the presence of a vortex on
the left domain-wall junction. This vortex is indicated by a black arrow in Fig. 6.1(a).

The domain-wall junctions without and with a vortex were already described in Fig.
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Figure 6.2: OOMMF-simulated images of a 40 nm thick 2.3 x 6.7 pm? Py sample at (a)
+8.0 mT, (b) +5.3 mT, (c) zero, (d) —5.3 mT and (e) —13.3 mT. The magnetic field was
swept from +500 mT to —500 mT. The magnetic field was applied along the short axis
of the sample, i.e., along the y axis as described in the figure. Each arrow represents an
averaged magnetization vector inside 11 x 11 adjacent cells at the sample surface. Black
arrows are in-plane magnetization vectors, whereas blue and red ones are the in-plane
projection of magnetization vectors tilted upwards and downwards, respectively. Orange
and green areas represent positive and negative charge densities, respectively.

5.8 in chapter 5. The domain wall formed parallel to the x axis is a SNW with a vortex
formed on its left end. This is also confirmed in Fig. 6.2(a) with the magnetization
inside the SNW oriented along the +y direction. A schematic illustration of a segment
of such a SNW is shown in Fig. 6.1(g). The angle of this SNW increased with the
reduction of the applied external field because the magnetization inside the adjacent
domains relaxed more along the edges of the sample (as shown in Fig. 2.11). This,
in turn, increased the magnetic charges inside the domain wall and hence decreased
the stability of the domain wall. When the external field was reduced further, i.e.,
at +1.7 mT (Fig. 6.1(b)), the SNW was stabilized with the nucleation of VAVPs as
TSs. Locations of a vortex and an antivortex in one of the VAVPs are indicated in
Fig. 6.1(b). The nucleation of VAVPs transformed the SNW into a CTW [3, 4]. In
a 40 nm thick Py film, the SNW with the wall angle larger than approximately 100°
transforms into a cross-tie pattern of 90° SNWs, [77, 86] because a 90° SNW has only
12% energy of the 180° SNW [2]. Such a transformation of the SNW into a CTW was
observed in the simulated results in Fig. 6.2(b), as the angle of the SNW in Fig. 6.2(a)
approached approximately 115°. A schematic configuration of such a CTW segment is
shown in Fig. 6.1(h). In Fig. 6.1(b), the nucleation of two VAVPs creates segments
of the oppositely oriented magnetization inside the domain wall, i.e., dark-brown to
bright-brown color along the +y direction. One of the reversed magnetization domain

wall segment in between a vortex and an antivortex is marked by black markers in
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Fig. 6.1(b). The broken arrows indicate the locations of a vortex and an antivortex
in Fig. 6.1(b). The nucleation of the segments with a reversed domain-wall contrast,
i.e., the green to orange along the 4y direction, in the simulated results is shown in
Fig. 6.2(b). Such reversed segments inside the domain wall enlarged with the further
increase of the applied field strength along the —y direction, as indicated by the markers
in Figs. 6.1(b) to (e) in the MFM images, and shown in Figs. 6.2(b) to (d) in the
simulated results. When the field was further increased along the —y direction, the
antivortices located at the cross-ties of the 90° SNWs stayed more or less fixed at
their nucleation sites, while the vortices were displaced towards the +x direction and
annihilated with the next-neighboring antivortices rather than with the co-nucleated
antivortices. The displacement of the vortex, which appeared at the left end of the
SNW (location indicated by an arrow), towards the +x direction is shown in Figs.
6.1(b) to (e). The consequent switching of the domain wall contrast as a result of the
displacement of the vortex is visible in these images. Displacements of all vortices
towards the +x direction and their consequent annihilation with the corresponding
next-neighboring antivortices lead to switching of the whole domain-wall magnetization
orientation from the 4y direction to the —y direction. Finally, again an SNW was
formed showing a continuous bipolar contrast with a single vortex attached at the right
end of this domain wall, as shown in Figs. 6.1(f) and 6.2(e). A segment of such a
switched SNW is illustrated in Fig. 6.1(i). In this process, a resulting single vortex was
displaced from the one end to the other end of the SNW, by the assistance of VAVPs

nucleation and annihilation, to switch the domain-wall magnetization.

6.4 Reversal of the internal magnetic configuration of

two-dimensional domain walls

In order to interpret the surface magnetization of the sample observed by MFM
measurements as shown in Fig. 6.3, the domain configurations are visualized in different
planes along the thickness of the sample as shown in Fig. 6.4, as well as along the
cross-sections of the domain wall, by three-dimensional micromagnetic simulations as
shown in Figs. 6.5 and 6.6. To specify the different planes of views, the coordinate
axes of the sample are chosen as described in Fig. 6.4, where the scales along the x, y
and z axes vary from 0 to 6700 nm, 0 to 2300 nm and 0 to 130 nm, respectively. For
a general specification of the different planes of views, the dimensions along all axes

are converted into a dimensionless 0 to 1.0 scale. Figure 6.3 shows MFM results of the
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Figure 6.3: MFM images of a 130 nm thick 2.3 x 6.7 pm? Py sample at (a) +19.3 mT,
(b) +16.7 mT, (c) +4.8 mT, (d) zero, (¢) —3.8 mT, (f) —7.2 mT, (g) —8.5 mT, (h) —11.4
mT and (i) —27.7 mT. The magnetic field was swept from +80 mT to —80 mT. The
magnetic field was applied parallel to the short axis of the sample. In (e) a location of the
switching of the Bloch core, i.e., a Bloch Switch (BS), is indicated. Figs. (a) to (i) show
transformation steps of a SNW into an ADW and back to a SNW. Schematic illustrations
of SNWs and ADWs are shown in Figs. (j) to (n).

sample at different fields during the switching of the sample's magnetization parallel to
the y axis (i.e., parallel to the short axis of the sample). OOMMF-simulated images of
the domain configurations in three different xy planes of the sample along the thickness,
i.e., the lower plane (Z = 0), middle plane (Z = 0.5) and upper plane (Z = 1.0) for
different fields, are shown in Fig. 6.4. The locations of the vortices and antivortices are
indicated in the upper and lower planes. The corresponding cross-sectional images of
the domain wall in the yz-planes at different field steps are presented in Fig. 6.5.

The sample was first saturated along the +y direction. When the field was reduced
to +19.3 mT, the domain walls formed along the long edges (not shown in the results)
joined to form a single domain wall (parallel to the x axis), as shown in Fig. 6.3(a).
This domain wall is connected to two domain-wall junctions at its ends. This domain

wall forms a bipolar contrast both in the MFM image Fig. 6.3(a) and in the simulated
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Figure 6.4: OOMMF-simulated results of a 130 nm thick 2.3 x 6.7 pm? Py sample at
(a) +42.3 mT, (b) +19.3 mT, (c) +11.7 mT, (d) +11.3 mT, (e) zero, (f) —15.5 mT, (g)
—23.9 mT, (h) —27.2 mT and (i) —45.4 mT. The magnetic field was swept from +500
mT to —500 mT. The magnetic field was applied parallel to the short axis of the sample.
Three images corresponding to three xy-planes, i.e., Z = 0, Z = 0.5 and Z = 1.0, along
the thickness of the sample are shown for each magnetic field step. Positions of the vortex
(V), antivortex (AV) and Bloch point (BP) are marked inside the images. Each arrow
represents an averaged magnetization vector inside 11 x 11 adjacent cells. Black arrows
are in-plane magnetization vectors, whereas blue and red ones are the in-plane projection
of magnetization vectors tilted upwards and downwards, respectively. Orange and green
areas represent positive and negative charge densities, respectively.
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Cross-sectional images of the domain wall along the yz-planes taken from

Fig. 6.4 at (a) +42.3 mT, (b) +19.3 mT, (c) +11.7 mT, (d) +11.3 mT, (e) zero field,

Figure 6.5

(f) —=15.5 mT, (g) —27.2 mT and (h) —45.4 mT. The X value in each image indicates

the location along the x axis at which the cross-sections are taken. The angle of the

domain wall is measured from the middle planes presented in Fig. 6.4. The images

show a complete thickness of the sample i.e., 130 nm parallel to the z axis, while a

260 nm long segment of the sample parallel to the y axis is selected to describe the

cross-sectional magnetization configuration of the domain wall. Each arrow represents an

averaged magnetization vector inside a single cell. Black arrows represent the in-plane

magnetization, whereas the red and blue ones represent the out-of-plane projection of the

magnetization inside a single cell. Orange and green areas represent positive and negative

charge densities, respectively.
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Figure 6.6: (a) to (c) represent cross-sectional images of the “T3” TS inside the ABW
in Fig. 6.4(e) taken at from X = 0.5 to X = 0.6. The angle of the domain wall was
measured from the middle plane presented in Fig. 6.4(e). (a) to (c) show a complete
thickness of the sample i.e., 130 nm parallel to the z axis, while a 260 nm long segment of
the sample parallel to the y axis is selected to describe the cross-sectional magnetization
configuration of the domain wall. The magnetization configuration in the xy-plane for
this TS is shown in (d). (e) shows the magnetic configuration after the nucleation of a
VAVP at the lower NC in Fig. 6.4(f). (f) shows the magnetic configuration before the
annihilation of the VAVP at the lower NC in Fig. 6.4(g). Black arrows represent the
in-plane magnetization, whereas red and blue ones represent the out-of-plane projection
of the magnetization inside a single cell. Orange and green areas represent positive and

negative charge densities, respectively.
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result in Fig. 6.4(a). A continuous contrast of this wall along its length indicates
the absence of any TS inside the wall. In Fig. 6.3(a), the domain wall forming the
upper trapezoidal-shaped domain (the domain formed with the upper long edge of the
sample) changes its contrast at the left domain-wall junction, while, the contrast of
this domain wall remains unswitched at the right domain wall junction. The switching
of the domain wall contrast at the left wall junction indicates the presence of a vortex
at the left domain wall junction (see Fig. 5.8 in chapter 5), which is also confirmed by
comparing the MFM result in Fig. 6.3(a) with the simulated result in Fig. 6.4(a). The
position of the vortex is marked by a black arrow in Fig. 6.3(a). A cross-sectional image
of the wall taken from Fig. 6.4(a) is shown in Fig. 6.5(a). An in-plane orientation
of the domain-wall magnetization in the cross-sectional image in Fig. 6.5(a) and a
bipolar contrast of this wall in Fig. 6.3(a) indicate that this wall is a SNW. The
angle of this SNW is 80° which was measured in the middle plane of Fig. 6.4(a). A
schematic illustration of a segment of such an SNW is shown in Fig. 6.3(j). As the
applied field strength was further reduced, a reduced magnitude of the MFM bipolar
contrast of the domain wall was observed, as shown in Fig. 6.3(b). A cross-sectional
view of the domain wall taken from the corresponding simulated image in Fig. 6.4(b) is
shown in Fig. 6.5(b). From Fig. 6.4(b) it was observed that the angle of this domain
wall increased to 143° and the magnetization configuration inside the domain wall
transformed into a curved shape with the overall magnetization still pointing towards
the +y direction, as observed in Fig. 6.5(b). With the reduction of the applied field
strength, the magnetization inside the adjacent domains relaxed more along the edges
of the sample (i.e., parallel to the x axis), the angle of the domain wall increased. The
increase of the domain-wall angle led to an increase in the magnetic charges around the
wall. But the amount of the magnetic charges (formed as a result of increasing angle)
around an SNW configuration at this thickness, i.e., 130 nm, would be much larger
compared to the amount of the charges around the same angle SNW in a 40 nm thick
sample. Therefore, with the reduction of the applied field strength, the one-dimensional
SNW transformed its configuration into a curved shape two-dimensional domain wall,
rather than transforming into a cross-tie pattern of one-dimensional 90° SNWs (i.e., into
a CTW as observed in the 40 nm thick sample). This domain wall is an ANW, where a
partial out-of-plane magnetization orientation in the interior of the wall produces less
magnetic charges around the wall, compared to the same angle SNW. An ANW and the
magnetization inside adjacent domains are illustrated in a schematic diagram in Fig.
6.3(k). The bipolar nature of the MFM contrast of the ANW observed in Fig. 6.3(b) is

because of the orientation of the overall magnetization inside the domain wall along
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the +y direction [260, 261]. On further reducing the field strength, in order to avoid
magnetic charges due to the increase of the wall angle, the magnitude of the out-of-plane
tilting of the magnetization in the interior of the domain wall increased. Therefore,
the bipolar character of the MFM contrast of the domain wall further reduced, as
seen in Fig. 6.3(c). The cross-sectional view of the domain wall from Fig. 6.4(c) is
shown in Fig. 6.5(c). When the applied field was reduced further, the increase in the
magnetic charges around the wall was avoided by transformation of the orientation of
the overall magnetization along the +z direction (shown in Fig. 6.5(d)). In this process,
the magnetization in the interior of the domain wall rotated completely out-of-plane,
and the wall transformed into an ABW with the switching of one of the NCs at the
surface of the sample. Such transitions of the ANW into an ABW were observed in
the MFM measurement, as shown in Fig. 6.3(c), where the remaining ANW segments
displaying slight bipolar contrasts are indicated by dotted arrows. In the upper plane (z
= 1.0) presented in Fig. 6.4(d), a VAVP nucleated close to the right end of the domain
wall. The antivortex nucleated at the right end of the upper NC moved towards the
left end in order to switch the upper NC and annihilated with the vortex present at
the left end of the upper NC. As antivortices at this thickness have no long “cross-legs”
(i.e., CTWs), they move easily. The cross-sectional image in Fig. 6.5(d) taken from
Fig. 6.4(d) describes the switching of the upper NC. The ANW to ABW transition
stage in Fig. 6.3(c) displays the transformation of the bipolar contrast to a unipolar
contrast of the domain wall. Tiny segments of the bipolar contrast at locations close to
the dotted arrows indicate the presence of TSs between the ANW and ABW segments
of the domain wall. These TSs form vortices and antivortices inside the NCs at the
locations of the transformations between different types of ADWs (i.e., between ANWs
and ABWs). At zero field, an ABW with a unipolar MFM contrast was formed as
shown in Fig. 6.3(d), and in the simulated images in Figs. 6.4(e) and 6.5(e). The
schematic orientation of an ABW segment is illustrated in Fig. 6.3(1). A transition
between a clockwise and a counter-clockwise ABW was observed by MFM as well as
in the simulated results, which is shown in Figs. 6.3(e) and 6.4(e), respectively. The
magnetization configuration of the domain wall around this TS is shown in different
cross-sectional yz planes in Figs. 6.6(a) to (c¢), and the configuration in different xy
planes in Fig. 6.6(d). This is a “T3” TS between the clockwise and counter-clockwise
chiralities of the ABW, where the Bloch core (see Fig. 2.6) of the ABW switched its
magnetization orientation, while the orientations of the NCs at both surfaces remained
unswitched across this TS [6, 95, 262]. The Bloch switch (BS) in the MFM result Fig.
6.3(e) is observed with a switching of the unipolar contrast of the ABW due to the
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switching of the out-of-plane orientation between the +z and —z directions. This T'S
contains a BP in its center [9, 91, 231, 263]. The equal magnitude of the opposite
out-of-plane orientations of the magnetization in Fig. 6.6(b) indicates the location of a
BP in the “T3” TS in this simulated result. A further increase in the field strength
along the —y direction started saturating the domain wall in the reversed orientation.
Therefore, the ABW which is favored only for small or zero fields [2] became unstable
and transformed into an ANW with the switching of the remaining NC, i.e., the lower
NC. In Fig. 6.4(f), a VAVP nucleated in the lower NC at the right end of the domain
wall reversed a segment of the lower NC along the direction of the applied field. A
detailed magnetization configuration of this VAVP is shown in Fig. 6.6(e). Such
reversals of the NC segments and a consequent transformation of the ABW into an
ANW are observed in Fig. 6.3(f). Three such segments of bipolar contrast domain
walls nucleated inside the ABW are presented in Fig. 6.3(f). At this field strength,
ABWs and ANWSs co-exist inside the domain wall. In Fig. 6.3(g), three VAVPs at the
transitions between the ANW and ABW segments are indicated by black markers. In
Figs. 6.4(g) and 6.6(f), one of such VAVP is shown inside the lower NC, while Fig. 6.5(f)
describes the onset of the lower NC switching by pushing the cross-sectional vortex-like
structure of the ABW towards the lower NC. VAVPs in Fig. 6.3(g) annihilated with
the increase of the strength of the applied field and the domain wall transformed into
an ANW as shown in Figs. 6.3(h) and 6.4(h). The cross-sectional image in Fig. 6.5(g)
taken from Fig. 6.4(h) indicates an ANW with overall magnetization pointing along
the —y direction. The schematic illustration Fig. 6.3(m) describes a segment of such
a reversed ANW. Further increase of the magnetic field transformed the ANW into
an SNW as shown in Fig. 6.3(i) and 6.4(i), which is confirmed in the cross-sectional
image in Fig. 6.5(h). A single vortex present at the right end of this SNW is marked
by a black arrow in Fig. 6.3(i), which is confirmed in Fig. 6.4(i). In this process, the
magnetization throughout the domain wall rotated again in the in-plane orientation. A
reduced angle of the domain wall, i.e., 70° in Fig. 6.5(h), at high magnetic field strength
kept the magnetic charges low around the domain wall. A reversed SNW segment is
illustrated in Fig. 6.3(n).

6.5 Conclusion

The role of the vortices and antivortices as TSs in the reversal of the internal mag-
netization of one-dimensional and two-dimensional domain walls in Py thin films is

explained. T'Ss nucleated and annihilated in order to stabilize the domain walls against
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the magnetic charges induced inside a varying magnetic field. Segments of the domain
walls with reversed magnetization orientations nucleated and enlarged with the nucle-
ation and annihilation of the TSs, respectively. In this process, domain walls completed
the switching of their magnetization configurations by transferring a resulting single
vortex along their axes. However, with the change of the thickness, the different modes
of transformations inside the domain walls led to a change in the behavior of the T'Ss.

In 40 nm thick films, domain walls switched their magnetization configurations
through an in-plane rotation of their magnetization. Nucleation of vortices and an-
tivortices as TSs inside one-dimensional domain walls reduced the magnetic charges by
transforming the domain walls into the segments of smaller-angle domain walls. This
resulted in the transformation of the SNWs into CTWs. CTWs transformed back into
the SNWs with reversed magnetization orientations in order to complete the domain
walls' magnetization switching.

Domain walls in 130 nm thick films switched their magnetization configurations
through both in-plane and out-of-plane rotations of their magnetizations. First, an out-
of-plane rotation of the magnetization in the interior of the domain walls transformed
the one-dimensional SNWs into the two-dimensional ANWs. Later, two-dimensional
ANWSs reversed their magnetization by the in-plane switching of both of their NCs'
magnetization configurations with the nucleation of vortices and antivortices inside
the NCs. This reversal of the two-dimensional ANWs' magnetization configurations
proceeded through their transformations into two-dimensional ABWs. Finally, reversed
two-dimensional ANWs transformed into the reversed one-dimensional SNWs by another
out-of-plane rotation of the magnetization. Switching of the internal magnetizations of
the walls at this thickness proceeded through successive switching of upper and lower
NCs, or vice versa, which generated three-dimensional T'Ss. Three-dimensional TSs at
this thickness stabilized the domain walls by changing the shapes of the walls (i.e., by
changing ANWs into ABWs), rather than transforming the domain walls into the lower

angle segments.






7 Nucleation of stripe domains in

ferromagnetic thin films

7.1 Introduction

In the 1960s, thin films of soft magnetic materials, namely of Py were found to display
stripe domains (see section 2.6 for details on stripe domains) [11, 264-266], despite
having a negligible bulk magnetocrystalline anisotropy [122]. These films develop
a perpendicular anisotropy from the internal stress in conjunction with a nonzero
magnetostriction coefficient [13, 112, 113] and/or from the columnar grains separated by
nonmagnetic intergrain boundaries [198, 267]. In general, both these sources constitute
the intrinsic perpendicular anisotropy constant Kj,; of the film. Due to the interplay of
the perpendicular and the in-plane shape anisotropy, there exists a critical thickness of
the film beyond which the formation of the stripe domains takes place (see subsection
2.6.2) [2, 11, 12, 109, 110]. The critical thickness varies with the film deposition
conditions because these have an influence on the Kj, value [15, 111-113]. Almost fifty
years ago, Holz and Kronmiiller calculated the domain-phase diagram and the critical
thickness as a function of Kj,; in their classical and even today frequently cited work
[12]. However, domain walls were completely ignored in the original work because an
adequate micromagnetic treatment was beyond the possibilities of a numerical approach
at that time. As a result, the domains with an in-plane homogeneous magnetization,
separated either by SNWs or CTWs [2], are abruptly superimposed by stripe domains
all over the film, when increasing the thickness beyond the critical value [2, 12, 109].
In the past few decades, magnetic thin films showing stripe domains were proposed
for Bloch-line memories [18], magneto-optical displays [19] and tunable microwave
applications due to the presence of a rotatable anisotropy [20]. Recently, stripe domains
have generated new interests for spin-wave propagation in magnonic devices [21]
and a nanoscale control of superconductivity in hybrid ferromagnet-superconductor
memories [268, 269]. Today, much research is focused on the analysis and manipulation

of micromagnetic entities, such as domain walls [22, 25-27], vortices [24, 27, 28|
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and skyrmions [270, 271] to enable various new applications of magnetic thin films
22, 24, 26, 271, 272]. Consequently, an increasing interest in the internal structures of
domain walls separating stripe domains [273, 274], in the static and dynamic analysis
of stripe domains in submicron geometries [275-279] and as well in the local tailoring of
perpendicular anisotropies [280, 281] in various thin films has developed. In this context,
the influence of reduced lateral dimensions on the orientation of an effective anisotropy
in stripe domains was explored [275, 276, 282]. Also, recently it was shown that
skyrmions can be created by passing stripe domains through geometrical constrictions
[283] as well as by a local tuning of perpendicular anisotropy of thin films [281]. In
submicron disks, a range of domain configurations akin to skyrmions besides vortices
was observed depending upon the perpendicular anisotropy [277, 284]. The internal
structure of vortices and skyrmions, which determines their magnetic properties, can be
controlled through the perpendicular anisotropy of the film [277, 278, 281, 285]. Recent
research further shows that the perpendicular anisotropy of a thin film modifies the
domain-wall internal structures in a subtle way [44].

In this chapter, the role of domain walls and their internal structures in the evolution
of stripe domains is focused in order to refine the Holz and Kronmiiller domain-phase
diagram [12]. For this purpose, MFM investigations on patterned Py thin films of
varying thickness were performed and compared the experimental results to those of

micromagnetic calculations.

7.2 Experimental and micromagnetic simulation details

The samples consist of 2.3 x 6.7 pm? elongated Py rectangles of a thickness of 120 nm,
140 nm, 180 nm and 240 nm, respectively. As the magnetic properties of the films vary
with the deposition conditions [15, 111-113], a constant Ar pressure of 2.0 pbar and a
sputter rate of 18 nm/min were maintained during the deposition of all samples.

The micromagnetic simulations were performed with a cubic cell of 20 nm edge length.
In order to mimic the Landau domain configuration obtained in the experimental results,
the simulations were started from this configuration as the initial state. This initial
state was then allowed to relax for different thicknesses at different values of K, in
order to match the experimental results most precisely. Kj,; was increased from zero
with a step size of 0.5 kJm~3 for each thickness. The shape anisotropy of the film was
not included in the perpendicular anisotropy constant K.

The rest of the experimental fabrication and simulation parameters used are as

described in section 4.2 of chapter 4.
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7.3 Magnetic configuration at different thicknesses

Figure 7.1 shows modifications of the Landau domain configuration at varying sample
thickness. In Fig. 7.1(a), for a 120 nm thick sample, the 90° domain walls of the Landau
configuration show a continuous bipolar contrast and the 180° domain wall a unipolar
one with a reversal along the wall axis. All these domain walls are two-dimensional
ADWs with out-of-plane components (Bloch core) of the magnetization in the interior
and in-plane components (NCs) of the magnetization at the surfaces to reduce stray-field
energy (see Fig. 2.6 in chapter 2) [2, 9, 286].

Figure 7.1: MFM images of the Landau domain configurations of 2.3 x 6.7 pm? Py
patterns of thickness (a) 120 nm, (b) 140 nm, (c¢) 180 nm and (d) 240 nm, respectively.
The marked area is shown in more detail in Fig. 7.4.

In Fig. 7.1, the 90° domain walls are ANWs and the 180° domain walls are ABWs.
The reversal in the MFM contrast of the 180° domain wall in Fig. 7.1(a) is due to a
transition between clockwise and counter-clockwise orientations of the Bloch cores (see
subsection 2.2.3) [6, 9]. Furthermore, the domains in Figs. 7.1(a) and (b) show a faint
spike-shaped contrast at the edges. This contrast was due to magnetic charges evolved
at the imperfect edges of the sample. For the 140 nm thick sample, an alternately
changing contrast along the 90° ANWs and a bipolar contrast along the 180° ABW were
observed, as shown in Fig. 7.1(b). These domain-wall modifications for this sample
were clearly not related to the perturbed magnetization close to the nonuniform edges
of the sample. Upon increasing the sample thickness to 180 nm, the periodic pattern of
the 90° ANWs and the bipolar contrast of the 180° ABW were further extended inside
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the domains. At this thickness, a faint stripe contrast was observed inside the domains
as shown in Fig. 7.1(c). For 240 nm thickness, clear stripe domains were observed all

over the sample, as shown in Fig. 7.1(d).
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Figure 7.2: OOMMF-simulated images of Landau domain configurations in 2.3 x 6.7
nm? Py patterns of thickness (a) 120 nm with Kiy = 0, (b) 140 nm with K = 32.0
kJm™3, (c) 180 nm with Kiy = 22.5 kJm™ and (d) 240 nm with Ki,; = 17.0 kJm™=3,
respectively. Each arrow represents an averaged magnetization vector inside 14 x 14
adjacent cells at the sample surface. Black arrows are in-plane magnetization vectors,
whereas blue and red ones are the in-plane projections of magnetization vectors tilted
upwards and downwards, respectively. Orange and green areas represent positive and
negative charge densities, respectively. The marked area is shown in more detail in Fig.
7.4.

Figure 7.2 shows the respective theoretical results. Almost perfect matching was
achieved in all cases by choosing appropriate values for Kj,. Figure 7.3 shows the cor-
responding cross-sectional images taken from the middle of the samples. In Figs. 7.2(a)
and 7.3(a) no perpendicular anisotropy had to be assumed to match the experimental
results. The spikes observed in Figs. 7.1(a) and (b) are absent in the calculated images
because ideally smooth edges of the sample were assumed. The absence of the transition
in the 180° wall from Figs. 7.1(a) and (b) is simply due to the initial assumption
of a non-subdivided wall in simulations. For the 140 nm thick sample, no periodic
contrast along the 90° domain walls and no bipolar contrast along the 180° domain
wall was observed in the simulated images upon assuming a vanishing perpendicular
anisotropy. However, a nearly perfect match with the experimental results was obtained
upon assuming a perpendicular anisotropy of Kj,; = 32.0 kJm~3. This is shown in Fig.

7.2(b). Furthermore, though the finite K, value modified the magnetization inside the
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domain walls, the magnetization inside the domains was still completely in-plane. This
is in particular evident from Fig. 7.3(b). A satisfying match of the MFM image from
Fig. 7.1(c) was obtained by assuming Kj,; = 22.5 kJm™3. This is shown in Fig. 7.2(c).
The corresponding cross-sectional image in Fig. 7.3(c) clearly indicates the slightly
upwards and downwards periodic tilting of the magnetization inside the domains. The
tilted magnetization, in turn, produced charges on the sample surfaces. In Fig. 7.2(d),
the stripe domains inside the 240 nm thick Py sample were reproduced by assuming
Kint = 17.0 kJm™3. The corresponding cross-sectional image is shown in Fig. 7.3(d).

An increased tilting of the magnetization inside the domains is clearly visible.

Figure 7.4: Modified 90° ANW of the 140 nm thick sample. (a) Enlarged MFM image
of the area marked in Fig. 7.1(b). Arrows represent the direction of magnetization.
(b) Simulated data corresponding to Fig. 7.2(b). Each arrow represents an in-plane
magnetization vector inside a single cell. Blue and red arrows represent the in-plane
projection of magnetization vectors tilted upwards and downwards, respectively. Orange
and green areas represent positive and negative charge densities, respectively.
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7.4 Perpendicular-anisotropy-modified domain wall

In Fig. 7.4, details in terms of charged segments from a modified 90° ANW are

visible. By comparing both images in detail, it becomes clear that the alternately

varying magnetic charges along the walls are formed because of alternately upwards and

downwards pointing domain wall segments. Since no changes are yet induced within

the domains, the domain walls obviously turn out to be magnetically softest.
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Figure 7.5: A 90° ANW with Kjy = 0 in (a), (c) and (e) is compared with a 90° ANW
with Kin = 32.0 kJm =3 in (b), (d) and (f) for a 140 nm thick sample, respectively. (a)
to (d) show simulated images of the 90° ANW and each arrow in the simulated images
represents an out-of-plane projection of the magnetization vector inside a single cell. (a)
and (b) show cross-sectional images of the domain wall. (¢) and (d) show views along
the wall axis. (e) and (f) schematically show the 90° ANW. The bold arrows represent
the magnetization inside the domains, whereas the magnetization inside the domain
wall is represented by curved lines. The blue shaded areas represent those parts of the
ANW which have out-of-plane magnetization components (i.e., Bloch cores) and the
grayish-pink shaded areas represent NCs with in-plane components at the surfaces.

In order to explore the three-dimensional modifications of the wall internal structures
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induced by the perpendicular anisotropy in more details, magnetization-vector fields
were modeled for a 140 nm thick sample for both Ky = 0 and Kjy = 32.0 kJm 3.
The resulting configurations of the domain walls are compared in Fig. 7.5. From Figs.
7.5(a) and (b), which are the cross-sectional images of the walls, it is observed that
the perpendicular anisotropy increased the magnitude of the out-of-plane tilting in the
pre-existing Bloch core of the domain walls. This, in turn, enhanced the divergences of
the magnetization at the intersection of the ANW with the sample surfaces and hence
increased the charge densities right at the surfaces. Furthermore, from Figs. 7.5(c)
and (d), which are the images along the axis of the walls, it is clear that in order to
reduce the stray-field energy, the ANW splits into alternately upwards and downwards
magnetized segments in its interior. The relative orientation of the upper and lower
NCs still remains at 90°. Figures 7.5(e) and (f) schematically illustrate the respective
ANW configurations.

Perpendicular anisotropy generates T'Ss inside the 90° ANW. The TSs inside the
wall shown in Figs. 7.4 and 7.5 are formed either between the ANWs shown in Figs.
2.7(a) and (c) or between the ANWs shown in Figs. 2.7(b) and (d), respectively.

7.5 Perpendicular-anisotropy-modified domain wall at different

wall angles

The 180° ABWs in all images of Figs. 7.1 and 7.2 do not show alternately varying
charges at the sample surfaces. However, the MFM contrast changes from unipolar to
bipolar as seen in Figs. 7.1(a) and (b). Subsequently, a faint stripe contrast appeared
along the ABW with a further increase of the sample thickness. According to Fig.
7.3, the 180° ABW involves a vortex structure in its cross section (also see Fig. 2.5
in chapter 2). This vortex picks up a big part of the increase in the magnetization
divergence and hence prevents the splitting of the out-of-plane components in the
interior of the ABWs.

In Fig. 7.6, an in-plane magnetic field was applied along the short axis of a 140 nm
thick 2.3 x 6.7 pm? Py sample. The corresponding simulated results for 32.0 kJm~3
perpendicular anisotropy are shown in Fig. 7.7. As it is shown in Fig. 2.11, the angle
of a domain wall decreased with the increase of an in-plane field applied perpendicular
to the wall. The angle of the domain wall formed along the long axis of the sample
decreased from Fig. 7.6(a) to (d). This was confirmed in the simulated images from

Fig. 7.7(a) to (h). The angle of the domain wall (formed parallel to the long axis)
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(a) 0 mT (b) 12.7 mT

(¢) 16.4 mT (d)22.3 mT

Figure 7.6: MFM images of the domain configurations in a 140 nm thick 2.3 x 6.7 pm?
Py sample at different in-plane fields: (a) zero, (b) 12.7 mT, (c¢) 16.4 mT and (d) 22.3
mT applied parallel to the short axis as indicated by bold arrows.

was measured at the locations marked with black lines in Figs. 7.7(a), (c), (e) and
(g), respectively. A TS, marked by a black marker, inside the wall was observed at
12.7 mT in Fig. 7.6(b). On further increasing the applied field a periodic pattern
inside the domain wall was observed at 16.4 mT, shown in Fig. 7.6(c). At 22.3 mT the
periodicity of the pattern in the domain wall parallel to the long axis became same as
the periodicity of the pattern inside other domain walls (i.e., the 90° domain walls).
In the simulated results, the formation of the periodic pattern inside the domain wall
parallel to the long axis was observed at a wall angle of 90°, shown in Fig. 7.7(g).
From the cross-sectional images in Fig. 7.7(b) and (d), it is found that the ABW with
one cross-sectional vortex structure transforms into an ANW with two cross-sectional
vortices (also discussed in chapter 6, section 6.4 and Fig. 6.5). From Figs. 7.7(g) and
(h) it is clear that as the cross-sectional vortices disappeared the domain wall split into
alternately arranged upwards and downwards magnetization components.

However, with the increase of sample thickness, the alternate upwards and downwards
magnetized segments spread parallel to the 180° ABW on both sides, as seen in Fig.
7.3(b). The expanding segments cross the 90° ANWs and are ultimately extended all
over the sample with further increasing thickness. This finally constitutes a complete

stripe-domain pattern as predicted by the Holz and Kronmiiller nucleation model [12].
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(a) 0 mT, 180° ABW (top view)

(c) 13.3 mT, 163° ANW (top view)
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(b) 0 mT, 180° ABW (cross-sectional view)

(d) 13.3 mT, 163° ANW (cross-sectional view)
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(f) 36.6 mT, 97° ANW (cross-sectional view)

(h) 40.0 mT, 90° ANW (cross-sectional view)
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Figure 7.7: OOMMF-simulated images of the top and cross-sectional views of the
domain configurations in a 140 nm thick 2.3 x 6.7 pm? Py sample with Kj,; = 32.0
kJm™3. The cross-sectional images are taken at positions indicated by black markers
in the top-views. Each arrow in the top-views represents the projection of an averaged
magnetization vector inside 9 x 9 adjacent cells at the sample surface. Each arrow in
the cross-sectional images represents an out-of-plane magnetization vector inside a single
cell. Blue and red arrows represent the in-plane projection of magnetization vectors tilted
upwards and downwards in the respective planes, respectively. Orange and green areas
represent positive and negative charge densities, respectively. Bold arrows indicate the
direction of the applied in-plane magnetic field parallel to the short axis.

7.6 Threshold value of the intrinsic perpendicular anisotropy

Simulated magnetization iso-surfaces for M, = 4+0.25M; are shown in Fig. 7.8. In
Fig. 7.8(a), no magnetization reversal inside the walls except at the corners was
observed. The reversed segments at the corners were formed to reduce the stray field
energy. On increasing Ki,; up to 15 kJm™3, no further magnetization reversal inside
the domain walls was observed, as seen in Fig. 7.8(b). Selecting any other out-of-plane
magnetization component for the iso-surfaces, e.g., M, = +0.1Mj, did not change the

number of reversed segments inside the domain walls. At Ki, = 16.0 kJm™3, the first



7.7 Modified domain-phase diagram of stripe domains 125

reversed wall segment was observed close to one wall junction, as seen in Fig. 7.8(c).
The corresponding value of K, was classified as the threshold anisotropy Kfé‘t An

th

increase of K,z beyond K;

it induced more and more reversed wall segments, as seen in

Figs. 7.8(d) and (e), respectively. At further increasing Kj,, the alternately arranged
wall segments grew more and more and ultimately formed stripe domains, as seen in

Fig. 7.8(f).

(a) (b)

Figure 7.8: OOMMF-simulated domain configurations in terms of magnetization iso-
surfaces in a 140 nm thick 2.3 x 6.7 pm? Py sample for M, = +0.25M and (a) Kint = 0,
(b) King = 15.0 kJm™3, (¢) Kin = 16.0 kJm =3, (d) Ky = 30.0 kJm ™3, (e) Kins = 32.0
kJm =3 and (f) Kiy = 35.0 kJm—3, respectively. The blue and red-brown colors represent
upwards and downwards oriented magnetization components, respectively.

7.7 Modified domain-phase diagram of stripe domains

In Fig. 7.9, the thickness dependence of Kj, as obtained from a comparison of
experimental and theoretical data is shown. Furthermore, the thickness dependence of

a computationally obtained threshold anisotropy KL is shown as well. Figure 7.9 also
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shows the classical data calculated by Holz and Kronmiiller [12]. Comparing the Holz
and Kronmiiller data to the results obtained in this chapter, it can be concluded that
the domain walls magnetically soften the sample and permit the evolution of premature
stripe domains at an anisotropy well below that one needed for sudden nucleation of
complete stripe domains. The experimentally observed K, values are well above the
threshold values. The Kj,; values for 140 nm and 180 nm thick samples, where no fully
developed stripe domains were observed, are above the Holz and Kronmiiller values.
In Holz and Kronmiiller calculations an infinitely extended thin film with an initial
uniform in-plane magnetization was assumed, whereas in the micromagnetic simulations
presented in this chapter patterned samples of finite dimensions with a Landau domain
configuration as an initial magnetization were taken for the calculations. However, the
reasons for the Kj,; values of 140 nm and 180 nm thick samples larger than Holz and
Kronmiiller values are not clear yet. It seems that the domain walls also delay the
expansion of stripe domains inside the adjacent domains.

In order to check the robustness of the results with respect to variations of the basic
th

properties of a Py film, changes of K

= resulting from the change of up to £10% in
the saturation magnetization (M; = 860 kAm™!) were calculated. Results are shown

in Fig. 7.9. An increase of Kl

added to K

int

is observed for increasing M. An error bar was
in accordance to this My dependence. However, for up to £10% change

in the gyromagnetic ratio (7) and exchange stiffness constant (A.x), no appreciable
change of K&

i was observed. Also, a particular data point (140 nm, 22.5 kJm~3) on

the Holz and Kronmiiller nucleation curve is marked in Fig. 7.9. The corresponding
calculated magnetization configuration is shown in the inset. Clearly, no stripe domains
are observed as predicted by the Holz and Kronmiiller nucleation model. This explains
why the experimental data points are above the Holz and Kronmiiller curve.

A decrease of Kj,; with increasing film thickness as observed here was also reported
in Ref. [123]. A plausible explanation for this behavior is that stresses due to the lattice
mismatch at the Py-substrate interface decrease with increasing distance to the interface
[123, 129]. Therefore, the effective value of K, decreases with increasing film thickness.
However, with increasing thickness the in-plane shape anisotropy decreases as well (see
section A.1 in the appendix for details). Therefore, above a certain critical thickness

stripe domains develop in spite of a decreasing intrinsic perpendicular anisotropy K.
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Figure 7.9: Thickness dependence of Ky (blue triangles) and K (black squares) for
Py thin films. Data from Holz and Kronmiiller [12] is shown as red dots. The area

below the K data points represents the thickness regime in which the perpendicular

anisotropy does not induce any magnetization reversal. Uncertainties of Kf};t for +£10%
changes in the saturation magnetization Mg (= 860 kAm~!) of Py films as shown by error
bars. The inset shows the domain configuration corresponding to one particular data
point (open circle) on the Holz and Kronmiiller curve. Blue and red-brown represent
upwards and downwards oriented magnetizations, respectively.

7.8 Conclusion

To conclude, the almost fifty years old domain-phase diagram by Holz and Kronmiiller
[12] has been refined by showing that the formation of stripe domains is an evolutionary
and continuous process, which starts well below the critical thickness expected for the
formation of the stripe phase from the classical theory [287]. The stripe domains evolve
from the domain walls and in particular wall junctions which locally soften the film
magnetically. Particularly interesting is that these softening sites shift the development
of full stripe domains to film thicknesses which are for a given perpendicular anisotropy

even above those values predicted by Holz and Kronmiller [12].
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It is shown that the initial changes of the magnetization due to a perpendicular
anisotropy start at magnetic inhomogeneities, i.e., domain walls and wall junctions.
Structural imperfections and crystalline defects of magnetic films also result in magnetic
inhomogeneities [288]. Thus, the presented results are of some general relevance and
conclusions are not limited to configurations involving domain walls only. In general,
tailoring of internal structures of micromagnetic entities in the context of spintronics
is of great importance today [289, 290]. This definitely implies manifold implications
of the presented results for applications of magnetic thin films in present and future

technologies.
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8.1 Conclusion

In this work, detailed magnetizations of domains and domain walls with the change of
film deposition-conditions, an externally applied field and a perpendicular anisotropy
were analyzed.

It was found that with the increase of the Ar sputtering pressure, pinnings of the
TSs and domain walls resulted in complex and irregular domain configurations (see
Fig. 4.7). The grain-morphologies of the films changed from dense to porous and their
elemental compositions varied more and more away from the target composition, i.e.,
from NiggFeqgy (wt%) at which the magnetocrystalline anisotropy and magnetostriction
coefficient are vanishingly small (see subsection 3.1.2 in chapter 3). This resulted
in an increase in the number of pinning sites and the magnetostriction coefficient
of the films. Vortices, antivortices and domain walls during their nucleation and
displacements got pinned at the pinning sites. The increase of the magnetostriction
coefficient of the films made the magnetization sensitive to the stress inside the films.
Therefore, the soft magnetic property of the Py films was deteriorated and an increase
of the coercivity was observed. Also, the increase of the porosity in the films led to
a reduction in the inter-grain exchange interactions. As a result, smaller domains
were formed in the patterned films with the increase of the Ar pressure. However,
the films prepared at 1.5 pbar Ar pressure showed dense morphology and the film
composition was closest to the Py target composition. Due to the less pinning sites and
well exchange-coupled grains, larger domains were formed and magnetization was less
sensitive to the stress. Therefore, after the removal of the applied field, the domains
evolved to the configurations actually defined by the shape and dimensions of the
patterned films, i.e., a four domain configuration, which is the lowest energy state in
Py square patterned films (see Fig. 4.8).

From the magnetization reversals in patterned films, it was observed that the
basic role of the TSs is to let the magnetic flux pass through the domain walls by

forming segments of reversed magnetizations inside the walls (see Fig. 5.3). These
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segments expanded with the increase of the applied field to form the domains of reversed
magnetizations. The magnetization reversal proceeded with the formation of domain
walls as clusters and their rearrangements with the nucleation and displacement of
vortices and antivortices as the T'Ss inside the walls. The nucleation of the T'Ss occurred
near the remanent state, where the influence of the applied field on the magnetization
inside the domain walls was weak compared to that of the demagnetizing field of the
sample. Moreover, it was observed that the behaviors of the vortices and antivortices on
repeating the magnetization reversal could change and consequently alter the evolution
of the domain configurations.

Magnetic-field-induced transformations in the internal structures of the walls were
analyzed in 40 nm and 130 nm thick Py films for one-dimensional and two-dimensional
domain walls, respectively. It was observed that these both types of domain walls
switched their internal magnetizations with the displacement of a resulting single vortex
along their wall-axes. This displacement of a resulting single vortex proceeded with
the nucleation of the vortices and antivortices as pairs inside the walls and movements
of the vortices toward the next-neighbouring antivortices rather than toward the co-
nucleated antivortices for annihilation (see Figs. 6.1 to 6.4). In 40 nm thick films,
only one-dimensional domain walls existed within all applied fields. In these films,
domain walls switched their internal magnetizations with the in-plane rotations of their
magnetizations. The in-plane rotations of the magnetizations of the walls proceeded
with the displacements of vortices only, as the antivortices stayed more or less fixed at
their locations of nucleations. Nucleation of the vortices and antivortices inside the walls
at this thickness reduced the magnetic charges of the walls by transforming the domain
walls into cross-tie arranged lower angle wall-segments. In 130 nm thick films, only at
high in-plane fields, sufficient enough to orient the domain wall magnetization parallel
to the direction of the applied field, one-dimensional domain walls were formed. With
the reduction of the applied field, first an out-of-plane rotation of the magnetization
in the interiors of the walls transformed the one-dimensional domain walls into two-
dimensional domain walls. Afterwards, the two-dimensional domain walls reversed
their internal magnetizations at the surfaces by successive in-plane rotations of the
magnetizations at the upper and lower surfaces of the walls or vice-versa. Finally, another
out-of-plane rotation of the magnetization in the interiors of the walls transformed
the two-dimensional domain walls back to one-dimensional domain walls with reversed
internal magnetizations compared to the initially formed one-dimensional domain walls.
In 130 nm thick films, the in-plane rotations of the magnetizations at the surfaces

proceeded with the displacements of both vortices and antivortices. However, for the
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domain walls being two-dimensional, certain singularities in the interiors of the walls
were also formed. The TSs at this thickness stabilized the domain walls by transforming
the shapes of the walls, rather than splitting the domain walls into the lower angle
wall-segments as observed in 40 nm thick films (compare Figs. 6.1 and 6.2 with Figs.
6.3 to 6.5).

In addition to the analysis of the domain walls within an applied field, the change of
their internal structures due to a perpendicular anisotropy was also investigated. Above
a certain thickness of a Py film containing a perpendicular anisotropy, the 90° domain
walls were found to split into alternately upwards and downwards tilted wall-segments.
This splitting generated T'Ss inside the 90° walls. However, no TS inside 180° walls
was observed due to the presence of a cross-sectional vortex in their internal structures
(see Figs. 7.6 and 7.7). The split wall-segments expanded further inside the adjacent
domains with the increase of the thickness and consequently formed stripe domains
all over the film. In these results, the fifty years old domain-phase diagram from Holz
and Kronmiiller [12] was refined by showing that the formation of stripe domains is
an evolutionary and continuous process, which starts well below the critical thickness
at which the stripe-domain phase appeared in their classical theory [287]. The stripe
domains evolved from the domain walls and in particular from the wall junctions. The
domain walls and their junctions locally soften the film magnetically. It is particularly
interesting that these softening sites shifted the development of the full stripe domains
to the film thicknesses which are for a given perpendicular anisotropy even above than
the thickness-values predicted by Holz and Kronmiiller [12] (see Fig. 7.9).

8.2 Outlook of the work

As shown in the results, the TSs inside two-dimensional domain walls are quite complex
in terms of their configurations and can involve magnetic singularities. Detailed
magnetization configurations of various types of the T'Ss inside two-dimensional domain
walls and their evolution during different magnetization processes are not completely
understood. MFM is limited to imaging of the surface magnetization only. Three-
dimensional magnetic imaging techniques like X-ray Magnetic Circular Dichroism
Photo-Emission Electron Microscopy [291, 292] and Lorentz Transmission Electron
Microscopy [263, 293] can be used to experimentally visualize the complex magnetization
of the TSs in thin films. Such investigations are in fact important from the prospects of
the flourishing three-dimensional nanomagnetism, where unconventional magnetization

configurations could offer novel physical effects for future applications [294].
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Also, the understanding of the behaviors of the domain walls and their TSs inside
multilayered films is crucial. Especially, in trilayer systems in which two ferromagnetic
films are separated by a non-magnetic spacer layer, which exhibits a wealth of interesting
physical phenomena such as giant magnetoresistance effect [120]. The local stray
field from the domain walls and their T'Ss leads to strongly localized magnetostatic
interactions between the two ferromagnetic films, which influences the nucleation barrier
for magnetization reversal [295] or the demagnetization of one of the layers [296].

Another interesting aspect of the behavior of the domain walls and their TSs
could be explored inside functionally graded materials [297]. Owing to the graded
variation in the composition and grain morphology, the properties of functionally graded
materials changes significantly and continuously from one surface to another, thus
eliminating interface problems like stress concentrations and poor adhesion [297]. The
applications of functionally graded materials are increasing in aerospace, defense, nuclear
industry, biomedical and energy sectors for their thermal and mechanical properties
[298]. However, the magnetic properties of the functionally graded magnetic materials
other than steel [299, 300] are barely investigated.
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A Appendix

A.1 The interplay of shape anisotropy and intrinsic
perpendicular anisotropy

The volume-averaged [301, 302] demagnetizing factor N, parallel to the z axis for a

ferromagnetic rectangular sample, as shown in Fig. A.1(a), is given by [303],
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Figure A.1: (a) A ferromagnetic rectangular sample shown with a coordinate system. (b)
Resulting anisotropy K. Kj is the shape anisotropy and Kj, is the intrinsic anisotropy.

The other two demagnetizing factors Ny and Ny can be derived from equation

(A.1) by applying twice the cyclic permutation ¢ — a — b — ¢ [303]. Therefore, the
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Figure A.2: OOMMF-simulated domain configurations in the 2.3 x 6.7 pym? Py sample
for (a) a thickness of 140 nm with Ky, = 40 kJm~2 and (b) a thickness of 240 nm with
Kint = 17 kJm ™3, respectively. The blue and red-brown colors represent the out-of-plane
magnetization iso-surfaces with a magnetization component of M, = +0.5Mg, respectively.

demagnetizing factors along the orthogonal axes for a rectangular sample, shown in Fig.
A.1(a), of lateral dimensions 2a = 6700 nm, 2b = 2300 nm and of two different thicknesses
2¢ = 140 nm and 240 nm can be obtained from equation (A.1). The demagnetizing
factors for the 140 nm thick sample are N* = 0.026, NJ** = 0.077 and N,*° = 0.897,
respectively. With the increase of the thickness to 240 nm, the demagnetizing factors
change to N2* = 0.038, N2** = 0.115 and N7** = 0.847, respectively.

Considering the demagnetizing factors parallel to the easiest, i.e., the x axis and
the hardest, i.e., the z axis of the rectangular sample, the shape anisotropy Ky =
(1/2) o M2(Ny — N,) decreases from K = 404.8 kJm ™ to K2?* = 376.0 kJm—® with

the increase of the thickness from 140 nm to 240 nm, respectively.
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(b)

(c)

Figure A.3: Cross-sectional images (as described in Fig. 2.20) of the magnetization
inside stripe domains in a 140 nm thick 2.3 x 6.7 ym? Py sample with (a) K, = 32
kJm=3, (b) Kiny = 34 kJm =3, and (c) Kin = 35 kJm ™3, respectively. The angles of the
magnetization with respect to the horizontal direction are shown in (b).
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The interplay of the out-of-plane anisotropy Kj,; and the in-plane anisotropy K
constitutes a resulting anisotropy K, at an out-of-plane angle of § = arctan(K,;/Ky)
along which the magnetization aligns, as shown in Fig. A.1(b). As K decreases with
the increase of the thickness, a smaller Kj, is required to orient the magnetization at a
critical angle 8y at which stripe domains are formed. Therefore, the Kj,; value obtained
from the OOMMEF simulations for the formation of stripe domains decreases from 40
kJm~3 to 17 kJm 3 with the increase of the thickness from 140 nm to 240 nm, as shown
in Fig. A.2. The angle 0y calculated from the demagnetizing factors is a result of a
simplified continuous approach assuming a purely uniform magnetization. It amounts to
5.6° for 140 nm thick sample with Kj; = 40 kJm™ and KSMO = 404.8 kJm—3. However,
from the OOMMEF cross-sectional image for a 140 nm thick sample with K;; = 34
kJm™3, the maximum angle of the magnetization of 11° and the minimum angle of 4°
were observed at the middle-plane across the thickness and at the surfaces, respectively,
as shown in Fig. A.3(b). For 140 nm thick sample, approximately above Kj,, = 34
kJm™3 the stripe domains were found to start extending inside the domains, as seen
in Fig. A.3. From this image, it can also be seen that the angle of the magnetization
inside the stripe domains increases with increase of perpendicular anisotropy.

The perpendicular anisotropy constants K, at the critical thickness are almost
ten times smaller than the in-plane shape anisotropy constants K. As a result, the
magnetization inside the stripe domains is not completely out-of-plane but tilted towards
out-of-plane with a strong variation of the magnetization direction both across the film

thickness as well as along the lateral directions as shown in Fig. 2.20 in chapter 2.

A.2 Cross-sectional images of Permalloy films prepared at

different argon pressures

In Fig. A.4 TEM images of the cross-sectional grain morphology of the two Py films
prepared at 1.5 and 30.0 pbar Ar pressures are shown, respectively. The Py film prepared
at 1.5 pbar Ar pressure shows a dense morphology without visible columnar grains,
whereas the Py film prepared at 30.0 pbar Ar pressure shows a porous morphology
built up of columnar grains. From the comparison of Fig. A.4 with Fig. 4.3, it can
be seen that the growth of two Py layers on top of each other did not alter the grain

morphologies of the individual films.
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Figure A.4: Bright-field TEM images of the cross-sectional grain morphology of the Py
films grown on Si substrates at (a) 1.5 pbar and (b) 30.0 pbar Ar pressures, respectively.
Capping layers of Pt were deposited on the top to protect the Py films during the necessary
FIB treatment.

A.3 Domain configurations of disk-shaped films as a function of

the argon pressure

In Fig. A.5 remanent magnetic domain states inside two arrays of Py disks prepared
at 1.5 and 5.0 pbar Ar pressures are shown, respectively. It is found that all Py disks
prepared at 1.5 pbar Ar pressure show a single-vortex domain configuration as their
remanent states, whereas very few Py disks prepared at 5.0 pbar show the single-vortex
domain configuration as their remanent states. Most of the Py disks prepared at
5.0 pbar show either triangular domains or diamond configurations (see Fig. 4.1) as
their remanent states. In this image, an information about the change of domain
configurations as a function of Ar pressure in Py disks, in addition to the Py squares

discussed in chapter 4, is provided.
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Figure A.5: MFM image of the remanent state of (a) 65 nm thick Py disks prepared at
1.5 pbar Ar pressure and (b) 50 nm thick Py disks prepared at 5.0 pbar Ar pressure. The
disk diameter is 5.0 pm and the edge to edge inter-spacing is 10.0 pm. Inset images show

(a) a single-vortex and (b) a diamond domain configurations.
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