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Abstract

Foundations of magneto-optics (MO), the field studying the influence of magnetic fields and
magnetization on the propagation of light within matter, had been laid over a century and a
half ago. Since then, MO has become one of the most widely used methods for magnetic imag-
ing at the micro-scale. In addition to the MO Faraday and Kerr effects, which are linear in mag-
netization, effects quadratic in magnetization (Voigt or Cotton-Mouton effect) or dependent
on magnetization-gradients (gradient effect) were later found. In particular, the MO gradient
effect was the last to be discovered, but as it only decorated magnetic domain boundaries, it
has not attracted so far the same interest as the Kerr effect for magnetic imaging. This work in-
vestigates the usefulness of the magneto-optical gradient effect to characterize nanoscale spin
configurations, such as domain walls in perpendicularly magnetized materials. We present
a novel experimental approach to reveal the properties of the MO gradient effect by exploit-
ing its symmetries with respect to the polarization of light. Further, we analytically express
the corresponding signal using an available theoretical model. By comparing simulated MO
gradient effect signals obtained from the transfer matrix method and experimentally retrieved
signals, we explore the possibility of characterizing the internal spin structure of nanoscale
magnetic domain walls.

Abstrakt

Zéklady magnetooptiky (MO), oboru zkoumajiciho vliv magnetickych poli a magnetizace na
Sifeni svétla v hmoté, byly polozeny pred vice nez pildruhym stoletim. Od té doby se MO
stala jednou z nejpouzivanéjsich metod magnetického zobrazovani v mikroméritku. Kromé
MO Faradayova a Kerrova jevu, které jsou linearni v zavislosti na magnetizaci, byly pozdéji ob-
jeveny efekty kvadratické v zavislosti na magnetizaci (Voigtiiv nebo Cottontiv-Moutontv jev)
nebo zavislé na gradientech magnetizace (gradientni jev). Zejména MO gradientni jev byl ob-
jeven jako posledni, ale protoze zdobi pouze hranice magnetickych domén, nepritahoval zatim
takovy zajem jako Kerrtv jev pro magnetické zobrazovani. Tato prace zkouma uzite¢nost mag-
netooptického gradientniho jevu pro charakterizaci spinovych konfiguraci v nanorozmeérech,
jako jsou doménové stény v kolmo zmagnetovanych materialech. Pfedstavujeme novy exper-
imentalni pfistup k odhaleni vlastnosti MO gradientniho jevu vyuzitim jeho symetrie vzhle-
dem k polarizaci svétla. Dale analyticky vyjadfujeme odpovidajici signal pomoci dostupného
teoretického modelu. Porovnanim simulovanych signald MO gradientniho jevu ziskanych
metodou prenosové matice a experimentalné ziskanych signalt zkoumame moznost charak-
terizovat vnitfni spinovou strukturu magnetickych doménovych stén v nanorozmérech.
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magneto-optical microscopy, magneto-optical gradient effect, perpendicular magnetic anisotropy,
Néel and Bloch magnetic domain walls, differential imaging, transfer matrix method
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INTRODUCTION

The research landscape of magnetism is no longer exclusively scientific, and it has been like
this for many years, given the still-enlarging portfolio of industrial applications. Particularly
the hard disk drive (HDD) technology, which remains the most dominating digital data storage
technology and will continue to be so for many years, possibly even decades. Considering the
success of the field of spintronics in commercial magnetic random access memory (MRAM) and
domain wall-based multi-turn sensors [1], research efforts toward higher energy efficiency,
scalable memory and logic devices, and neuromorphic computing are made.

Next generation magnetic memory cells and logic devices were initially envisioned to be
based on nanoscale shift registers via magnetic domain wall displacement. The current-induced
displacement is facilitated by the spin-transfer torque (STT), in which spin-polarized current
transfers the spin angular momentum from an adjacent magnetic layer having a non-collinear
magnetization. The applied voltage acts effectively in such devices as an applied magnetic field,
allowing all-electrical control of magnetization dynamics in ultra-fast velocities (~ 100 m/s)
[2]. Unlike STT, spin-orbit torques (SOTs) arise from spin-orbit coupling and angular mo-
mentum transfer between conduction electrons and spin reservoir (typically a non-magnetic
conductor located in the vicinity of a magnetic layer or the magnetic material itself). SOTs are
most effective when the information carrier — the magnetic domain walls — are of Néel type [3].
Alternatively, using other high-mobility magnetic textures, like skyrmions, has been shown to
enhance the capabilities of such spintronic devices [4]. Skyrmions are topologically protected,
hedgehog-like textures which can be stabilized in layered perpendicular magnetic anisotropy
(PMA) systems with interfacial Dzyaloshinskii-Moriya interaction (DMI). Most recently, hop-
fions - 3D topological solitons with non-trivial knot-like topology — drag an immense amount
of attention due to their exotic physics and potential in spin-torque-based devices [5].

Another promising application takes inspiration from human brain architecture and uses
various algorithms to produce low-energy-consumption computing systems in order to solve
cognitive tasks such as pattern recognition, data analysis, and outcome prediction. Turns
out that such a concept of neuromorphic computing binds rather well with spintronics as
certain features of spintronics are key in this field, mainly its non-volatile memory, multi-
functionality, non-linearity, and dynamics [6]. Neuromorphic chips with integrated STT-
MRAMs on top of complementary metal-oxide—semiconductor (CMOS), working as a memory
component, have already been used as a proof-of-concept [7]. A variety of spintronic nano-
synapses and nano-neurons have been developed; spintronic memristors, just like synapses
in the brain, modulate information carried from one neuron to another by passing through
an electrical current. Through the progressive transformation of magnetic textures within the
memristor by the electric current, its conductance gradually changes due to magneto-resistive
phenomena. These changes in individual memristors, mediated by nucleating and moving
domain walls or skyrmions, are implemented as changes in computational weights.

What all the mentioned spintronic applications have in common is that they utilize the
motion of nanoscale magnetic textures - domain walls, skyrmions, or hopfions (even though
their research is still in its infancy). Typically, the dimensions of these textures are around
~ 10'-10% nm. In order to study their behavior and structure, their real-time visualization is
of huge importance. Nowadays, numerous imaging techniques are considered common prac-
tice, and they vary in the physical origin of the interaction with magnetization, spatial and
temporal resolution, contrast mechanisms, information depth and acquisition time. Targeting
real-space observation of such nanoscale magnetic textures requires the development of ex-



perimental techniques with the ability to resolve magnetization-related information down to
the ~ 10" nm scale and below.

Among one of the most commonly used are scanning probe microscopies, while another
large group of imaging techniques stems from the massive development of electron microscopy
in recent decades. Some of them rely on secondary electron microscopy, while other very
powerful techniques are accessible in transmission electron microscopy. Nowadays, these
pronounced techniques are capable of achieving spatial resolution ranges from below 1 nm to
100 nm. However, since these technologies require sophisticated and often very costly equip-
ment, or sometimes even are carried at large-scale facilities (e.g., synchrotron or free electron
lasers), these techniques are not easily accessible.

In contrast with the mentioned techniques, the field of magneto-optical (MO) imaging is
based on polarized-light microscopy. Given its foundation in optical microscopy, MO com-
prises a plethora of well-established methods, which depend on polarization-altering phe-
nomena due to interaction with magnetization in a material [8]. MO allows for geometries
in transmission as well as reflection, and because we aim at observing magnetic textures that
usually occur in multilayered metallic systems, we focus only on MO phenomena in reflection.
While MO microscopy is a fast, affordable, and well-established method [9, 10] for magnetic
imaging at the 1 — 100 pm scale and beyond (with special implementations allowing to reach
~ 0.2 pum resolution), it fails to characterize nanoscale spin textures.

The most significant magneto-optical effect in reflection geometry is the Kerr effect, which
is linear in magnetization and is hence well suited for imaging of magnetic domains. There
are also higher-order MO effects, like the magneto-optical Voigt effect, which is quadratic in
magnetization, or the magneto-optical gradient effect, an effect proportional to spatial magne-
tization gradients. Since magnetization does not change within the domain itself (in general)
but rather in areas between the two domains, the gradient effect has the capacity to image
non-uniform magnetization textures such as domain walls. Because different domain wall
types change magnetization differently, the magnetization gradient is different, giving rise to
the idea that the gradient effect could be used to distinguish between domain wall types.

This thesis explores the possibility of the magneto-optical gradient effect utilization in mag-
netic domain wall imaging in out-of-plane magnetized systems. We analytically describe the
measured gradient effect contributions using its dielectric permittivity tensor and a simple
dielectric law model. By exploiting the symmetries of the Kerr and gradient effects, we man-
age to separate them and thus investigate the signals at the domain boundaries. Moreover,
we show that it is even possible to separate individual components of the gradient effect di-
electric tensor and obtain corresponding boundary contrasts. Finally, we implement more
sophisticated numerical approaches to simulate the magneto-optical signals originating from
the gradient effect and compare them to the experiments.

In Chapter 1, this thesis focuses on giving a theoretical background on nanoscale mag-
netism. Chapter 2 overviews various magnetic microscopy techniques, their fundamental
principles, and their utility. The main topic of magneto-optics is discussed in Chapter 3, where
we discuss chosen magneto-optical effects and summarize the most vital works on the anatomy
of the magneto-optical gradient effect. Chapter 4 assembles sample characteristics used in the
thesis. The central part of the thesis is covered in Chapter 5, where we define how the magne-
tization gradients manifest in magneto-optical imaging and compare our measurements with
analytical models and simulations. Finally, in Chapter 6, we utilize the theoretical approaches
and propose experimental geometries in which differentiation between Bloch and Néel walls
could be done via magneto-optical microscopy.



1. NANOSCALE MAGNETIC TEXTURES

By the end of the 19th century, the joint theory of electric and magnetic fields was al-
ready circulating worldwide, leading to the electromagnetic revolution. Despite that, physi-
cists still could not explain why the magnetization of iron is enhanced so enormously, even
by applying only moderate magnetic fields. Early in the 20th century, Paul Langevin used
a statistical thermodynamics approach to explain paramagnetism. He studied the nature of
temperature-dependent magnetization evolution and realized that the elementary magnets in
ferromagnetics must be strongly coupled, contrasting with paramagnets [11]. Not too long
after Langevin’s theory was published, Pierre Weiss introduced the theory of a molecular field
exerted by the elementary magnets [12]. Even as preposterous a theory as this one was at that
time, Weiss was able to explain the phase transition of ferromagnets above the Curie point,
where it loses its extraordinary properties. However, a stumbling rock of the molecular field
concept was that the net field calculated by the electromagnetic theory did not correspond to
actual experiments by a magnitude of a couple of orders. At that point, the arrival of quantum
physics helped to solve the conundrum of the strong magnetic interaction — now explained
the Heisenberg exchange interaction [13].

Furthermore, Weiss also predicted that the hysteretic behavior of ferromagnets, together
with the abrupt field-induced rise of spontaneous magnetization, is caused by splitting of the
body into interconnected magnetic segments. The experimental evidence of the existence of
the segments (i.e., magnetic domains) was provided a quarter of a century later, in 1932, by
Francis Bitter [14], who applied a magnetic powder on a surface of a magnet and observed
its segregation due to local magnetostatic fields. Along with other discoveries in the field,
this experimental confirmation enormously helped in the development of magnetic materials.
The development went through military purposes during World War II until its fruits were
welcomed to a consumer market.

This section covers magnetic textures, ranging from mesoscale magnetic domain types re-
flecting the materials’ inherent properties to their corresponding nanoscale domain wall struc-
tures. The energy terms responsible for the domains’ appearance and behavior are briefly
reviewed.

1.1. Interactions in magnetic systems

Of all elements that naturally occur in the universe around us, only three are inherently fer-
romagnets in normal conditions: iron, cobalt, and nickel. Individual atoms possess a magnetic
moment, which is, of course, not the case only for these elements. Suppose we put these ele-
ments in a crystal lattice. In that case, we find that these atoms arrange themselves in such a
manner that the magnetic field of all the atoms is enhanced—this kind of behavior groups the
family of ferromagnetic materials. Even though other elements may have a magnetic moment
on their own, once they are ordered in a lattice, what will happen is that the net magnetic
field will cancel out — these are called paramagnets. Lastly, materials whose atoms possess no
magnetic moment whatsoever are called diamagnetic materials.

However, why do paramagnetic materials not have any net magnetic field? The reason is
that in these materials, individual magnetic moments do not interact with each other and thus
can have statistically random orientation; magnetization M (sum of all magnetic moments per



unit volume) then goes to zero. The situation is different in ferromagnets, where the moments,
in fact, do interact with each other.

On the level of quantum mechanics, the electrons belonging to ferromagnetic atoms have
uncompensated spins. Moreover, these uncompensated spins are the ones responsible for the
interaction; this was first described by Heisenberg [15]. He introduced an energy term called
the exchange interaction, defined as the scalar product of the two neighboring electron spins
S, summing all neighboring pairs in a lattice gives

Eexchange = - Z szgz : §j7 (11)
ij

where J is the exchange constant. Given that the magnetic field is enhanced in ferromagnets
so that magnetic moments (hence spins as well) tend to be parallel to each other, the exchange
constant has to be J > 0.

The exchange constant highly depends on the distance and arrangement of atomic sites in
a crystal lattice. It is also material dependent and relates to the exchange interaction strength
and, therefore, its distance impact. In certain materials, it happens that J goes to negative
values. Should the adjacent spins stay parallel, the energy increase would be enormous; hence
the spins flip so that the neighboring ones are antiparallel. Because each spin is compensated
by its neighbor’s, such materials produce no magnetic field on the outside - they are classified
as antiferromagnets.

Another energy contribution is actually one which allows us to manipulate with material’s
magnetization M. 1t is known as the Zeeman energy, and it writes as follows

—

EZeeman = _M : Bext; (12)

where B,y is the external magnetic field acting upon the magnetization. One of the many
ways ferromagnetic materials can be classified is by how easily they can be magnetized; in
other words, by how much the Zeeman energy outweighs other energy terms. If they are
magnetized easily (| B| in the range of units of mT), they are called magnetically soft; in the
other case, we call them magnetically hard materials.

In condensed matter physics, we can define an order parameter for each phase, which shows
substantial difference when the system is above or below a critical temperature T... This order
parameter goes to zero for 7' > 7, and is non-zero for 7" < T.. In ferromagnets, the order
parameter is simply magnetization. When a ferromagnet exceeds this critical temperature, it
becomes paramagnetic; for ferromagnets, we call it the Curie temperature.

So far, we did not put any constraints on the dimensions of the ferromagnetic body under
consideration. Suppose we have a finite, bulk ferromagnet. The majority of atoms that are
within the bulk feel the presence of their neighbors and keep their properties as if they were
in an infinite medium. On the other hand, much fewer atoms that find themselves close to a
surface do not have all the neighboring atoms. This absence of neighbors at the surface forces
the system to break the symmetry, causing the surface atoms to have substantially different
properties than the bulk atoms. Such symmetry breaking applies as well for magnetic proper-
ties. If we scale down the dimensions even more and increase the surface-to-bulk atoms ratio,
the surface atoms’ properties become increasingly important. In the case of ferromagnets, the
surface atoms have reduced electronic bandwidth due to the lack of nearest neighbors, leading
to an increased density of states at the Fermi level [13, 16]. They are therefore expected to have
enhanced magnetic moments.

4



Since this thesis focuses on magnetic thin film and multilayer systems with thicknesses in
order 1 nm and below, here we focus on magnetic phenomena that become relevant at these
length scales. The interaction energies leading to non-uniform magnetization configurations
- or magnetization textures — at the micro- and nanoscale will be introduced. It is seen that
these interactions lead to the existence of spatially confined magnetic textures such as domain
walls. More exotic magnetic features, such as skyrmions, will be discussed afterwards.

1.2. Magnetic domains and domain walls

Let us assume a ferromagnetic body in which all the spins are bound only via the exchange
interaction. Such a state would mean that all spins are lined up perfectly. Even though this uni-
form magnetization state is a ground state, it is actually not a stationary one. In real magnetic
systems, there are more energy terms whose competition eventually leads to the uniform mag-
netization state collapsing. However, the exchange interaction, which is the largest in short
ranges, still applies, binding the closest spins together. These spins then form non-uniform
magnetization regions within which their orientation is unchanged, and we call them ferro-
magnetic domains. The boundary between ferromagnetic domains where the spins transition
from one domain orientation to the other is termed magnetic domain wall (DW).

The arrangement of domains and DWs, that is, the magnetic microstructure, forms a bridge
between the essential physical properties of a magnetic material and its mesoscopic properties.
In contrast with bulk magnets, thin films or magnetic multilayers form domains which can
be well considered as 2D textures. Domain dimensions can range from higher hundreds of
micrometers in thick films (hundreds of nanometers) to hundreds of nanometers in ultrathin
films or multilayers. At the same time, DW widths can be smaller by a margin of several
orders, from tens to hundreds of nanometers [9]. Usually, DWs can be considered magnetic
singularities; despite their small dimensions, they can play a prominent role in the possible
application of a particular system.

In order to describe the magnetic microstructure of a material, we usually reach for mi-
cromagnetic theory. In micromagnetic theory, continuous magnetic moments describing a
given microstructure are used. Based on the famous paper by Landau and Lifshitz [17], mi-
cromagnetics is described using a variational principle. Simply put, magnetic moments align
themselves in such a way that the system’s total free energy is minimized. The total free
energy comprises energy terms corresponding to various magnetic phenomena. This energy
minimization principle leads to a set of non-linear and non-local equations, so-called micro-
magnetic equations. However, in most cases, we rely on a theory that uses discrete, uniformly
magnetized domains together with results from the micromagnetic theory (such as DWs) - the
domain theory. While the micromagnetic theory is possibly too complex if we are interested
only in domain configurations, the domain theory is just an indispensable tool.

An important aspect that plays a significant role in magnetic domain formation is the
presence of the so-called magnetic dipolar fields (magnetostatic or demagnetizing fields). The
dipolar fields’ origin is evident when we consider one of Maxwell’s equations VB = 0 and
apply the B-field equation for materials B = MO(M + H ). By substituting back, we get
VM = —VH,. We usually write the dipolar field energy as [13]

1 - -
Edipolar = §M0Hd - M. (13)



Assuming a case with no externally applied field, we can say that the H,-field acts as a mag-
netic field stemming from magnetization. This statement is true even for individual magnetic
moments. Individual magnetic moments serve as sources of the dipolar field. Sometimes, they
are thought of as the so-called magnetic charges. Within each domain, this dipolar field adds
up and acts on the other domains in the vicinity, affecting their orientation as a result.

Another phenomenon can be exhibited as follows. Take a piece of cobalt and magnetize it
in one direction. Then rotate it by 90°, and you will see that the magnetization response is
very different. This anisotropic behavior of magnetic materials is referred to as magnetocrys-
talline anisotropy and plays a cardinal role in domain configuration processes. The anisotropy
occurs because cobalt forms a hexagonal structure, making it more favorable for the magnetic
moments to align along the [0001] axis. The axis in which moments tend to stay is called the
easy axis. Perpendicular to that is a direction with the least preferable orientation - the hard
axis. There can even be multiple easy and hard axes in materials with different crystalline
structures. In cubic materials, like iron, the easy axes are cube edges < 100>, whereas the
diagonals <111> are the hard axes. When a material has one easy axis, this property is called
uniaxial anisotropy, whereas, for two easy axes, the terminology used is biaxial anisotropy.
This phenomenon acts as another intrinsic energy term contributing to the total energy pool.
We can describe it most simply for uniaxial anisotropy as [13]

Eanisotropy = K151n297 (14)

where 6 is an angle between magnetization and the easy axis, and K; denotes the strength
of the tendency to stay magnetized in the easy axis.

The presence of dipolar fields in a ferromagnetic material and its crystalline microstructure
causes some materials to prefer to line their domains’ magnetization out of the surface plane.
Such a phenomenon is called perpendicular magnetic anisotropy; given the geometry, magnetic
domains here have only a single degree of freedom — they point either up or down. In contrast,
other materials instead tend to stay in the surface plane of a material, causing them to have two
degrees of freedom, allowing for more complexity of the domain microstructure. In usual thin
films, these two preferential orientations are the most dominant. But in general, real materials
may have a more complex interplay of different effects; hence the preferred magnetization
orientation may be arbitrary.

So far, we have roughly discussed only a few of the most important energy contributions
dominant in most ferromagnetic systems. More detailed analysis of these contributions, along
with other energy terms that can play major roles in magnetization arrangement, can be found
in [9, 13, 16, 18]

1.2.1. In-plane magnetized systems

A. 180° domains

Let us start with a case of oppositely oriented in-plane magnetic domains with a planar DW.
Most commonly, the DW will lie along the domain’s axis. Such magnetic structure is called
180° domain wall. Mathematically we can describe the two domains as m; = (0, 1, 0) for x < 0
and msy = (0, -1, 0) for x > 0, but as we know, magnetization cannot just switch abruptly; it
has to transition gradually. There are two elemental types of transitions, i.e., the DWs.



i. Bloch wall
If the magnetization rotates parallel to the DW plane, the magnetization within the wall will
not create any dipolar field. The absence of a dipolar field is particularly beneficial for this kind
of system. A DW having this type of transition is typically called the Bloch wall, in honor of
Felix Bloch, who came up with a continuous wall transition [9, p. 202]. The Bloch DW then
takes a form [9, p. 203]

mBloch = <07 tgh(£)7 1/COSh(£))7 (15)
where £ = x7w /W, and W is the DW width.

Generally speaking, Bloch walls within in-plane magnetized systems are present if their
thickness is above the Bloch wall width, typically 10-100 nm.

ii. Néel wall

The second way magnetization can transition is by rotating around the axis parallel to the DW.
This type of DW is called the Néel wall. In contrast with the Bloch wall, magnetization inside
the Néel wall does create a dipolar field, which affects the internal structure of the wall. The
most straightforward case — the symmetric Néel wall — decomposes into a sharply localized
core and two extensive tails, where most of the rotation occurs. The wall’s dipolar field least
influences the tails, whereas the core is primarily characterized by the field’s pattern [9]. In a
first approximation, neglecting magnetostatic fields, we can write

Minee = (—1/cosh(§), tgh(&),0). (1.6)

Both DW types are schematically illustrated in Fig. (1.1).
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Figure 1.1.: Schematic description of the internal magnetic structure of a) a Néel wall and b) a
Bloch wall in 180° domains. Adapted from Ref. 9.

Another example of domain configuration with a 180° wall is the so-called head-on DW.
In head-on walls, both neighboring domains’ magnetization vectors are perpendicular to the
boundary. Usually, it is not very straightforward to achieve such domain configuration due to

its high dipolar field energy.

One way to obtain the head-on walls is to fabricate submicron wires, as performed by Nozaki
etal. [19]. Another way was utilized in a work by Schéfer et al., where they used exchange-bias
systems [20]. The exchange bias is achieved by coupling an antiferromagnet and a ferromag-
net; this interaction is strong enough to overcome the magnetostatic fields and thus enables
the formation of head-on DWs. In such a case, the DW is most likely Néel type.



B. 90° domains

As DWs significantly contribute to total energy, one of the mechanisms to bring their energy
cost down is to form walls with lower rotation angles. In addition to 180° DWs, another note-
worthy group is the 90° domain walls. In thin films, the 90° walls are typically Néel walls.
According to a micromagnetic model introduced by Néel [21], the 90° Néel wall has approxi-
mately 12% of the energy of the 180° Néel wall [9, p. 249]. As a result, it can be favorable for
the domains to split into multiple domains with 90° walls instead of having a single 180° wall.
A typical example of this splitting into subdomains with 180° DWs corresponds to the case of
cross-tie domains [22], see Fig. (1.2).
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Figure 1.2.: Schematic depiction of cross-tie domains at the boundary of 180° in-plane domains.
Breaking into multiple domains with lower wall angles at the cost of additional DW
energy can be energetically more favorable. Adapted from Ref. 9.

Generally, 180° in-plane domains occur in samples with a strong uniaxial anisotropy, al-
though not exclusively. 180° domains create dipolar fields that act on the domains themselves,
but the domains keep their magnetization orientation because of the strong anisotropy. In cu-
bic materials, which have biaxial anisotropy, the anisotropy is weaker; thus, the domains’
magnetization is forced to align with the dipolar fields. This way, the dipolar fields are min-
imal, and the dipolar energy is reduced. Usually, we refer to the domains formed by this
mechanism as flux closure domains.

A characteristic flux closure pattern, the Landau pattern, is shown in Fig. (1.3a). In Lan-
dau patterns, the magnetization forming the flux closure is present only in discrete directions,
meaning that not all stray field energy is suppressed. It is possible to have a domain configu-
ration in which this stray field energy term is brought to a minimum. This configuration is the
so-called magnetic vortex. In magnetic vortices, the magnetization curls continuously around
its center, known as the vortex core; see Fig. (1.3b). Usually, vortices do not occur in contin-
uous films, so if there is a need for their study, it is necessary to fabricate patterned micro- or
nano-sized disks from soft magnetic materials. Let us look at the spin orientation from outside
the vortex toward the core. We find that the spin at the very center has trouble finding any
suitable in-plane orientation, so instead, it flips into an out-of-plane direction. One parameter
that describes a vortex is its polarity, whether the core points up or down. The second vor-
tex parameter is polarity; a vortex can have either a clockwise or a counterclockwise sense of
circulation. Moreover, because the polarity and circulation of a vortex are independent, it has
four possible states, which allows for a promising application — multi-bit memory cells [23].



Figure 1.3.: Formation of curling in-plane magnetic domains acting to close magnetic flux, typ-
ical for soft magnetic films. Patterned NiFe (permalloy) microstructures showing
a magnetic vortex (left) and a Landau pattern (right), imaged by Kerr microscopy
(own measurement). The arrows indicate the magnetization orientation. The scale
bar is 50 pwm.

Another example of flux closure domains, which may not be evident at first sight, is depicted
in Fig. (1.4a) from the top view. Even though there are 180° domains on a surface, which,
as said earlier, are hardly flux closure domains, the magnetic flux closes as we look under
the surface. In these domains, known as V-lines [24], a subsurface domain nucleates with
a magnetization orientation perpendicular to the surface, closing the flux. This subsurface
domain forms the shape of the letter “V” in a cross-section with its apex in the DW at the
surface, as shown in Fig. (1.4b).

(

Figure 1.4.: Representation of magnetic flux-closure domains where the surface regions form
head-to-head domains, while at their intersection, a subsurface perpendicularly
oriented domain appears. a) Top-view V-line domains imaged using the Kerr Mi-
croscope. The scale bar corresponds to 10 pm. b) Schematic cross-section of the
V-line domain structure. Adapted from Ref. 9.

So far, we have covered only domains magnetized in-plane of material strictly (with a slight
exception of V-lines). The following sections will provide an overview of out-of-plane do-
mains, which brings us closer to this thesis’s study subjects.



1.2.2. Out-of-plane magnetized systems

Earlier, we pointed out the existence of perpendicular magnetic anisotropy (PMA) — a magne-
tization’s tendency to lie perpendicularly to a surface, yet its origin was not explained. Very
thin magnetic films typically promote perpendicular anisotropy, whereas in-plane anisotropy
is favored as the material becomes more and more bulk-like. Nevertheless, most studies deal-
ing with the interplay of these types of anisotropies are done in magnetic multilayer systems,
whose development was boosted with an industrial application of PMA in HDDs, MRAMs, and
sensors [25]. They commonly define an effective anisotropy K. s, which can be separated into
the surface or interface contribution Kg and volume contribution Ky [26]

Kepp = Ky + ? (1.7)
with ¢ denoting the thickness of the magnetic layer. The contribution from a volume anisotropy
is mainly attributed to dipolar fields; large numbers of dipoles in bulk create large dipolar
fields, which lead to alignment along a surface. In contrast, the interface anisotropy stems
from spin-orbit coupling and closely relates to the electronic structure of the layers.

A typical example of K.;s dependence done on Co/Pd multilayers with constant Pd layer
thickness and varying Co layer thickness studied by den Broeder et al. [26] is shown in Fig.
(1.5). Positive K. s values represent perpendicular anisotropy, and negative ones represent
parallel anisotropy. In this study, den Broeder et al. show that the K., strongly depends on
what atoms constitute the non-magnetic interlayer spacers by replacing Pd with Pt, Au, Ir,
and others. A helpful rule of thumb can be deduced from here, namely, that increasing the
non-magnetic layer thickness favors the interfacial anisotropy, thus increasing the magnetic
layer transition thickness from perpendicular to in-plane anisotropy.

Anisotropy energy/area (mJ m=?)
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Figure 1.5.: Dependence of the effective magnetic anisotropy energy per unit area on the thick-
ness of the Co layer in Co/Pd multilayers with constant Pd thickness. Positive val-
ues of the anisotropy energy reflect the existence of PMA, whereas negative values
correspond to the easy-plane anisotropy case. Taken from Ref. 13.

Another critical aspect of multilayers is the domain size. Various applications may require
various shapes or sizes of domains. The thicknesses of magnetic and non-magnetic layers in a
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stack and the number of repetitions must be tuned precisely to achieve the intended properties.
Typically, a single stack with constant thicknesses and guaranteed PMA is chosen. The number
of repetitions is then optimized for a particular application. For instance, in a study conducted
by Hellwig et al. [27], they show that in a given [Co/Pt]y multilayer system, starting with
a low number of repetitions (N = 5) results in a relatively low number of large domains,
increasing the repetitions (N = 20) leads to a drop of mean domain size and increases their
count, further increase causes arguably a linear increase of domain size and decrease in their
count. The described dependence and corresponding domain images are illustrated in Fig.
(1.6). The domains appearing in multilayers with higher repetitions are usually referred to as
maze patterns or stripe domains. In contrast, the larger domains in low-repetition multilayers
are called bubble domains.
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Figure 1.6.: Top panel: dependence of the mean magnetic domain size in [Co/Pt] x multilayers
on the total Co thickness in the stack. Bottom panel: typical magnetic domain
images for multilayer samples with X repetitions, measured by magnetic force
microscopy. Adapted from Ref. 27.

A. Stripe domains

Stripe domains usually occur in samples that are highly susceptible to magnetic fields. This
susceptibility means the domain structure may be easily magnetized while applying a mag-
netic field along the easy axis. However, it also means that the domains can be strongly af-
fected also by a magnetic field applied perpendicular to the hard axis. Similarly, as in the 180°
in-plane domains, the out-of-plane magnetized domains can have either a Bloch or a Néel
wall. Since stripe domains are relatively narrow, a relatively large proportion of the domain
configuration comprises DWs. As a result, applying a low in-plane and out-of-plane magnetic
field simultaneously leads to “organizing” the initially arbitrary maze pattern, as shown in Fig.
(1.7). Increasing the in-plane magnetic field component leads to thinning of the stripe domains,
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which eventually break into a bubble lattice. Applying the magnetic field solely in the in-plane
direction then leaves us with mixture domains, simply the coexistence of stripe domains and
bubble lattice. Interestingly enough, all these domain states are eventually metastable states,
which are stable even after removing the external magnetic field. Such occurrence and sta-
bility of the metastable states is a typical feature of domain configurations in systems with
perpendicular anisotropy.

NS ——m

L
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(a) (b)
Figure 1.7.: Stripe domains in bubble garnet film with PMA. Remanent magnetization states
after saturating the sample at an angle of a) 90°, b) 20°, c¢) 1°, and d) 0° from the
sample plane. The scale bar in a) is 25 um. Taken from Ref. 9.

B. Bubble domains

As discussed earlier, in contrast with the maze-pattern-systems, bubble domains typically ap-
pear in multilayer systems with low repetitions; they as well appear in very thin films or
garnets. This can also be explained using bubble theory [9], which shows that periodic do-
mains are not energetically favorable in magnetic systems with magnetic layer thicknesses
lower than the characteristic length.

Such bubble domains’ characteristic is a high DW mobility. Because these types of domains
possess global non-equilibrium character, their nucleation is a thermally activated process.
Hence, they often nucleate around defects or similar local irregularities since the local dipolar
fields tend to be enhanced in their vicinity. The high DW mobility then causes it to be more
favorable to expand the existing domains rather than nucleate new ones.

Even though the DW energy cost contributes largely to the total energy of a system, differ-
ent DW types do not influence a static bubble shape. However, suppose we apply a magnetic
field on a nucleated bubble and go to a dynamic regime. In that case, the internal DW struc-
ture starts playing a role in how the bubble domain expands. If the magnetic field is applied
along the easy axis, nothing too unexpected happens; the bubble expands symmetrically in
all directions. However, if we add a field component applied along the hard axis, the system’s
symmetry is broken, and thus the bubble will expand asymmetrically. The effect of the in-
plane magnetic field on bubble domain expansion is depicted in Fig. (1.8). The explanation
for this behavior lies in the internal structure of the wall. While the in-plane magnetic field is
parallel to magnetization on one side of the bubble and thus favors its expansion, the opposite
side experiences an antiparallel in-plane field, resulting in less favorable expansion. Changing
the in-plane field amplitude and tracking the expanding bubble velocities along different di-
rections can give us insight into the DW’s internal structure. This methodology is now known
as the asymmetrical bubble domain expansion.

The asymmetrical bubble domain expansion method is often used to distinguish between
Bloch or Néel walls. In the case of a bubble with a Néel wall, the asymmetrical expansion
is visible in the direction of the applied in-plane field. Increasing the in-plane field will lead
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Figure 1.8.: The effect of crossed external magnetic field on the expansion of a bubble domain
with a Néel wall, causing its asymmetrical lateral expansion (own measurement via
polar Kerr microscopy). Magnetic fields are applied a) both out-of-plane and in-
plane, b) only out-of-plane, c) out-of-plane and in-plane in the opposite direction.
Hy and Hj are the in-plane and out-plane fields, respectively.

to a more pronounced expansion of the favorable wall. However, when a bubble possesses a
Bloch wall, the bubble expands symmetrically along the applied field direction. Even though
this method may, in most cases, provide an understanding of the DW type, in general, mul-
tiple factors unrelated to magnetism can also contribute to bubble expansion, such as surface
topography, DW pinning sites, and the quality of a sample’s interfaces [28].

So far, we have only stated explicitly when domains with perpendicular anisotropy have a
Bloch or a Néel wall. Whether the system has one or the other DW type is frequently governed
by the presence of the Dzyaloshinskii-Moriya interaction. The following section will discuss
this other energy term and its consequences.

1.3. Chiral and achiral magnetic domain walls

While DWs in in-plane magnetized systems had been vastly studied thanks to their relatively
large sizes, those in out-of-plane magnetized systems were, for a long time, out of the scope
of detailed investigations due to their small sizes. Therefore, the consensus, from a theoretical
perspective, had been that these domains possess only Bloch walls.

However, relatively recent research has shown that the presence of an additional magnetic
interaction can tip the balance between preferential Bloch or Néel walls in magnetic multilay-
ers with PMA [29]. The additional energy term was found to be the less explored antisymmet-
ric exchange or Dzyaloshinskii-Moriya interaction (DMI) [30, 31], described as

Epy = ZEW - S % gj, (1.8)

ij

where ﬁij is the DMI vector whose magnitude denotes the DMI strength. Given the cross-
product in the DMI equation, the adjacent spins find it more energetically advantageous to
be perpendicular to each other. The perpendicular spins alignment acts directly in contrast to
the Heisenberg exchange interaction. In ferromagnetic materials, the exchange interaction is
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usually much stronger than the DMI; hence the collinear spin alignment prevails. Yet, even
though usually relatively weak in ferromagnets, DMI influences the DW’s internal structure.
Of course, the DMI can modulate even the magnetic structure of antiferromagnets, as was
shown by Bode et al. [32], where its strength was even comparable to that of the exchange
interaction.

The origin of DMI lies in the spin-orbit scattering of electrons in an inversion-asymmetric
crystal structure [30, 31]. At the interface of a magnetic and non-magnetic layer, the electrons
of a magnetic layer couple via the spin-orbit interaction with the non-magnetic metallic atoms.
The coupling strength typically rises with the atomic number of the non-magnetic elements;
for this reason, usually heavy metals are used. In a symmetrical case, where the magnetic layer
is sandwiched between two non-magnetic symmetrical layers, one interface creates a certain
coupling, while the other interface creates an inverse coupling, thus effectively canceling the
effect of DMI. Let us remove one of the interfaces; now, the system lacks structural inversion
symmetry, the spin-orbit coupling is not canceled, and thus, the system retains the DMI. To be
more exact, the DMI arising under the described interfacial conditions classifies as interfacial
DMI. There are also other ways to break the structural symmetry, for instance, curving the
magnetic material in a particular way [33], which falls under a whole increasingly promising
field of magnetism: curvilinear magnetism [34]. For our purposes, only the interfacial DMI is
of importance; hence we will address it simply as a general DMI and forget about DMI induced
otherwise.

Until now, we were concerned only about one characteristic of DML, its strength. However,
by no means the less important feature is the chirality — the spin-rotation sense. In out-of-
plane magnetized systems with no DMI, hence with Bloch wall, left- and right-handed rotation
of spins within the DW are energetically degenerate states. Since both rotational senses cause
the same energy contribution, thus none is generally preferential. Nevertheless, one of the
two has to appear, which rotational sense is chosen is thermally driven. In a macroscopic
view, the number of left- and right-hand rotation walls is compensated; because of this, the
Bloch walls are often called achiral walls, as they do not present any specific chirality.

In contrast, in continuous films with DMI, the DWs are of Néel type. The sign of the DMI
vector indicates the sense of spin rotation, the chirality. Since the DMI is present globally
along the whole interface, DWs in such a system have one particular chirality; thus, they are
usually described as homochiral walls.

The strength, as well as the DMI sign, depends vastly on what atoms constitute the interface.
As the interaction is more prominent when heavy metals are present in one of the boundaries,
the most commonly used elements are Pt, Ir, Au, W, and Cu. Given the interfacial character of
the DML, it is possible to greatly influence its effect by adjusting the structural asymmetry. For
example, Chen et al. [29] showed that Fe(2.5)/Ni(2) bilayers (with thicknesses in monolayers,
ML) grown on Cu(001) crystal had right-handed chirality. In contrast, the observed chirality
was left-handed when they switched the bilayer order. Furthermore, in another study [35],
Chen et al. also showed that in a Ni(2 ML)/[Co(1 ML)/Ni(2 ML)]o/Ir(t;,)/Pt(111) system chang-
ing the Ir layer thickness leads to complete inversion of chirality. Namely, starting at ¢, = 0
ML, right-handed chirality prevailed, and increasing the thickness to 2.5 ML resulted in Bloch
walls. Further increasing above 3 ML was considered as a bulk Ir mode completed the transi-
tion to left-handed wall chirality. Similar results were accomplished in a system with a single
Co film, done by Hrabec et al. [36].
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1.4. Complex nanoscale textures

In this section, we will cover other types of magnetic textures, textures whose overall sizes are
comparable to DW widths, which, together with their high mobility capabilities, make them
promising subjects of technological applications [37]. Among the most prominent are mag-
netic random-access memories and magnetic sensors. One of the topics that have caught huge
attention in nanomagnetism circles is the so-called magnetic skyrmions. Essentially, skyrmions
are local chiral swirls of magnetization, which, at first sight, resemble small magnetic bubbles.
Similarly to bubbles, skyrmions can be of Bloch or Néel type; see illustration in Fig. (1.9).
The crucial difference between a bubble and a skyrmion is the chirality. Most commonly, the
chirality is achieved by the DMI, already discussed in the previous section. In contrast with
bubbles, which usually expand after applying an external magnetic field [38] or passing an
electric current [39], skyrmions move as though they were magnetic particles - for that mat-
ter, skyrmions are often described as magnetic solitons.

(a) (b)

Figure 1.9.: Representation skyrmions, topologically protected hedgehog-like nanoscale spin
configurations. a) Néel type, and b) Bloch type skyrmion. Taken from Ref. 40.

The self-localized wave packets or solitons, can be found virtually in any non-linear media.
One of their great advantages is that they can travel over long distances without changing
shape because their dispersion is countered by constituent non-linear phenomena. Solitons
are a general concept and thus appear in a surprisingly wide range of branches of physics,
from non-linear optics and particle physics, through molecular biology, to astrophysics and
oceanography [41]. Of course, magnetism is among those fields; hence we have the skyrmions.
Furthermore, skyrmions are topologically protected objects, which can be imagined as a knot
in a rope; skyrmions cannot be simply “unwound” into a uniform magnetic state [42]. The
energy barrier suppressing the “unwinding” of the skyrmion is caused mainly by the exchange
interaction.

To this day, multiple approaches have been attempted to nucleate skyrmions. One of the
successfully predicted and later experimentally confirmed was by a method called “skyrmion
blowing”. The method utilizes patterned magnetic micro-wires connected via a narrow neck.
Stripe domains are nucleated in one of the wires, then passing a current will push the domains
through the neck, and as they enter the second wire, the stripe domains effectively split into
skyrmions [43]. Another technique to nucleate skyrmions is using out-of-plane magnetic field
pulses [44]. The magnetic field pulses break the individual stripes into skyrmions, forming a
skyrmion lattice. Even though the mentioned methods lead to multiple skyrmion nucleation,
nucleating a single skyrmion at room temperature, essentially a goal of the skyrmion research
enabling the said technological applications, remains a challenge.

As aforementioned, skyrmions possess high mobility. So far, using current-driven motion,
the maximum velocities can reach up to lower hundreds of meters per second [39]. However,
an unwanted effect comes in. Passing a current through a wire with skyrmions results not
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only in their longitudinal displacement but also in a transverse displacement caused by the
skyrmion Hall effect [45]. The skyrmion’s topological charge causes this undesired deviation.

Nevertheless, there is another rather exotic class of magnetic solitons with no topological
charge; hence their current-driven motion is axial. This class covers 3D magnetic solitons with
a non-trivial knot-like magnetic texture called hopfions, illustrated in Fig. (1.10). Potentially,
hopfions could be superior to skyrmions as information carriers; however, their properties
are predominantly studied theoretically, as their nucleation and observation are still open
challenges to overcome [46].

Figure 1.10.: Schematic of the complex topological knot-like three-dimensional spin configu-
ration known as hopfion. Taken from Ref. 46.

Until now, we discussed the magnetic domains, the boundaries within them or DWs, and
some examples of rather special magnetic textures. We described their basic properties, in
which materials, and under which conditions they appear. In order to understand the magnetic
configurations more and thus be capable of developing materials with particular properties, we
must be able to observe them. The following section gives an overview of magnetic microscopy
methods and their underlying principles.
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2. MICROSCOPY OF MAGNETIC TEXTURES

In the past, within the magnetism research era of the beginning of the 20th century, mag-
netic properties could only be studied non-locally and in bulk-like materials. Even though a lot
could be said about a magnetic material from its bulk properties, the magnetic microstructure,
which directly influences the magnetization behavior of the materials, could not be probed
anyhow. The magnetic domain concept was generally accepted, yet no convincing experimen-
tal evidence existed. It was not until 1931 that Francis Bitter provided images of non-uniformly
magnetized separate regions that changed shape after applying an external magnetic field, fi-
nally proving that the magnetic domains concept is actually correct. In the decades following
this discovery, more and more magnetic microscopy techniques emerged, such as scanning
probe microscopies, electron microscopy, or even polarized light microscopy. Each has its
limitations and benefits. They also vary in how the magnetization is retrieved, if it is direct
magnetization observation, or if it observes the dipolar fields. Thus, the magnetization has to
be often reconstructed indirectly.

The following sections contain a brief review of the main magnetic microscopy techniques
that are most widely employed within nanomagnetism research. Special emphasis is given to
the capability of the technique to image nanoscale spin textures (e.g., magnetic DWs). A more
detailed account of these methods may be found in Refs. 9, 10.

2.1. Bitter method

Bitter introduced a powder pattern imaging technique that is now commonly known as the
Bitter method. He applied a colloidal solution of magnetic particles on the surface of a Co crys-
tal [14]. Magnetic particles, attracted by the dipolar fields, accumulated in places where the
dipolar field gradient was the strongest, i.e., at magnetic DWs. A regular optical microscope
was sufficient to observe the surface on which the DWs were highlighted. See the original
Bitter method patterns in Fig. (2.1). The Bitter method is a simple technique that does not
require complex equipment; it remains a valid and important method for domain observation
to this day.

One of the advantages of the Bitter method is that it does not require virtually any surface
treatment; however, the sensitivity and resolution increase if the surface is polished finely.
Another indisputable advantage is that it is equally well suited for rough and irregular surfaces
(e.g., the magnetic band of credit cards) [9]. The Bitter method locates the boundaries between
microscale magnetic domains, but does not offer any information about their character.

2.2. Scanning probe microscopies

Magnetic force microscopy (MFM)

MFM is basically a modification of the well-known atomic force microscope (AFM). In AFM, an
atomically sharp tip on a free end of a cantilever is brought above a surface under investigation.
The cantilever deflects as its tip atoms feel the presence of surface atoms. We can measure this
deflection and then let the cantilever scan over the sample surface; like this, it is possible to
reconstruct the sample morphology. Usually, the cantilever deflection is measured by shining a
laser beam at the back side of the cantilever, from which the beam is reflected onto a quadrant
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Figure 2.1.: Imaging of magnetic domains in polished hexagonal Co crystal via the Bitter
method. The approximate magnification is 70 . Taken from Ref. 14.

detector. This method is called contact mode; in this mode, the tip is usually closer to the
surface. There is also another mode called tapping mode, in which the cantilever is further
from the surface, and we force it to vibrate at its resonance frequency. As the deflecting forces
act upon the tip, the cantilever vibration slightly changes; the amplitude or phase change is
then again used to obtain the surface morphology.

Including magnetic field effects is analogous to inserting an additional contribution to the
string stiffness of the cantilever. Thus, MFM can measure dipolar fields above the sample
surface. However, how can we separate it from the other forces if we add another force con-
tribution to the equation? At first, the surface is scanned at a closer distance. After that, the
scan is performed a second time with a larger surface-to-tip distance. The two scans are sub-
tracted, the information about surface morphology cancels out, and we get purely a magnetic
field response [9].

Since specimens with PMA have relatively large dipolar fields originating from the domains,
MFM is a particularly well-suited method to image them. Even so, DWs are very small in those
systems and produce insignificant dipolar fields compared to those stemming from domains.
Eventually, for those reasons, imaging DWs in perpendicularly magnetized systems is a chal-
lenging process [47]. On the contrary, in in-plane magnetized films, domains themselves do
not generally create significant dipolar fields that exit the in-plane film geometry. Therefore,
they cannot be directly visualized. For in-plane magnetized films, DWs are responsible for the
largest dipolar fields exiting the sample and hence for the MFM image contrast. The lacking
domain contrast makes it easier to study the wall’s internal structure, and makes it possible
to distinguish between Bloch and Néel wall types [48].

One of the most crucial features of MFM is tip preparation. The tip is commonly made from
a Si crystal etched into an atomically sharp tip. Having an as sharp tip as possible is of general
interest for achieving higher spatial resolution. However, for magnetic imaging, the tip must
be coated with a proper magnetic film.

In general, no coating can be applied in all specimens with appropriate sensitivity, where
the coating selection is hindered mainly by the tip’s stray field influencing surface magnetiza-
tion and vice versa. The surface-tip magnetic interactions are negligible if the sample surface
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is magnetically soft and the tip is hard, producing weak dipolar fields. Consequently, the re-
sulting image can be understood as a magnetic charge distribution rather than a magnetization
distribution [49]; for this matter, it is usually referred to as a charge contrast mechanism. This
eventuality can be especially well visible in the case of in-plane flux closure domains, where
the domain wall is Néel-type.

In most cases, the tip and sample magnetization configurations cannot be considered com-
pletely rigid. If the interactions are fairly weak, the surface dipolar fields cause slight magne-
tization rotation in the tip or vice versa. The first case happens particularly if a magnetically
susceptible tip scans a hard magnetic material. The magnetization rotation is a subtle and, most
importantly, reversible effect. Finally, the weak rotation manifests as a disruptive background
signal, the so-called susceptibility contrast. In reality, the charge and susceptibility contrasts
are measured simultaneously, yet they can be separated upon combining the data retrieved
in two scans with opposite magnetization orientations of the tip. Hence, if we sum the two
scans, we obtain pure charge contrast, whereas if we calculate a difference, the susceptibility
contrast is isolated [50].

Lastly, if the stray field from the tip is too strong, magnetic configurations at the sample
can be modified irreversibly. The artifacts resulting from these irreversible processes are the
so-called hysteresis effects and are connected to DW motion. In the scanned image, DW dis-
placements are relatively easily recognizable as discontinuities. Alternatively, DWs can be
“dragged” by the dipolar field of the tip in every pass of the scan, resulting in blurry distor-
tions of the DW area. Sometimes, such DW dragging can be utilized to move the walls into
particular positions or even to stimulate skyrmion nucleation and motion [51].

MFM is, compared to other techniques, quite slow. Hence in a regular domain observation,
it may not always be the first method of choice. Nevertheless, MFM is a relatively simple and
accessible imaging technique that is valued for its high spatial resolution (typically ~ 30 nm
[9]) and lack of surface preparation requirement. In Fig. (2.2), exemplary MFM data are shown
where the possibility of visualizing DWs is explored.

e "“’:. »d

Figure 2.2.: MFM imaging of DWs in a) antiferromagnetically coupled magnetic multilayers
with PMA [52], and b) an in-plane Landau pattern [53].
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Nitrogen-vacancy (NV) magnetometry

Another technique that may be considered as a pinnacle among scanning probe microscopies
for magnetic imaging is NV magnetometry, which essentially utilizes a probing tip finished
with a single electron spin [54]. The diamond probe consists of a single point defect in the
lattice, whose nearest neighbor is substituted with a nitrogen atom. Ultimately, the nitrogen
atom and the neighboring vacancy form a pair in which an uncompensated spin may occur. By
scanning the tip over a sample surface and by optically detecting magnetic interaction sensed
by the spin at the NV defect, this novel microscopy technique allows for magnetic imaging
with very high spatial resolution (~ 1-10 nm) [55]. It has been recently shown that NV
magnetometry is capable of obtaining information on the internal DW structure of ultrathin
ferromagnetic films, distinguishing Bloch and Néel wall types as well as their chiralities. In
addition, it can also determine the magnetization tilting of the DW with an angular resolution
of ~ 1°.

Experiment Theory

Zeeman shift (MHz)

NV image L-Neel Bloch R-Néel

Figure 2.3.: Comparison of NV imaging of a domain wall in PMA sample with simulation cor-
responding to left-hand chirality Néel wall, Bloch wall, and right-hand chirality
Néel wall. Edited from Ref. 55.

2.3. Electron microscopies

Nowadays, electron microscopy is one of the most extensively utilized methods for micro-
scopic specimen analysis. We find its applications in a broad spectrum of scientific fields.
There are several branches of electron microscopy, which differ based on what type of signal
they measure. But what all electron microscopes have in common is the following functioning
principle: an electron gun, i.e., the electron source, generates a beam of electrons that is sent
toward the investigated sample. The electrons in the beam, called primary electrons, interact
with the sample; the primary electrons can collide with electrons bound to the sample’s atoms
and force those electrons out of the sample, called secondary electrons. The primary electrons
can also be elastically scattered from the sample atoms’ nuclei; these electrons are referred to
as backscattered electrons. If the investigated specimen is thin enough, the primary electrons
can pass through the sample, known as transmitted electrons.

Apart from secondary, backscattered, and transmitted electrons, plenty of other interactions
can happen; however, the techniques we will describe only utilize those three types. These
electrons are then detected, and each type contains different information about the specimen.
While the transmitted electrons can be detected simply by putting a detector from the back side
of the electron beam illumination, the other two electron types can be distinguished mainly
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by their energies. Since backscattered electrons scatter elastically, they do not lose energy,
whereas the secondary electrons have much lower energies.

Nevertheless, performing magnetic imaging requires adjustments to standard electron mi-
croscopy equipment. In particular, we cover magnetic imaging via scanning electron microscopy
(SEM), low-energy electron microscopy (LEEM), and transmission electron microscopy (TEM).

Scanning electron microscopy with polarization analysis (SEM-PA)

SEM is an electron microscope in which the electron beam is focused on the specimen surface
to make the smallest spot possible. Electromagnetic deflectors then scan with the electron
beam over the specimen surface, and the detector counts the yield of secondary electrons de-
tected at each spot of the scan. This way, an image is formed, each pixel containing information
about how many secondary electrons have been collected.

In the general case, the emitted secondary electrons have spin, of course, but its direction is
arbitrary. However, if we scan over like this a ferromagnetic sample, the secondary electrons
keep a certain preferential spin orientation corresponding to the domain magnetization from
which they were forced out. The speciality of SEM with polarization analysis (SEM-PA) is that
it uses a spin detector, called a Mott detector, which enables determining the spin orientation
of the collected secondary electrons.

SEM-PA is a complex experimental technique since it needs an ultra-high vacuum and a
very high degree of cleanliness at the specimen’s surface. One of the limitations is that the
total yield of secondary electrons, which keep their spins, is very low; furthermore, if they
collide with other particles on their way to the detector, their spin orientation changes. As
a result, SEM-PA is sensitive only to the top nanometer of the sample surface [9]; hence, the
surface must be well cleaned. Due to the low yield, high exposure times are required, which
adds another challenge to the system’s overall stability. On the other hand, if all conditions
are set properly, SEM-PA can provide an excellent spatial resolution up to 3 nm [56], and is
also able to recover a full surface magnetization orientation. Given its resolution, it is possible
to observe magnetization directly at the DW [57]. In Fig. (2.4) see results of SEMPA imaging.

Figure 2.4.: SEMPA imaging of a) DWs in out-of-plane domains [58], b) in-plane magnetized
domains [59].
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Spin-polarized low-energy electron microscopy (SP-LEEM)

LEEM is one of the most recognized in situ techniques for surface structure or morphology
studies. In contrast to the conventional SEM, LEEM is a so-called cathode lens electron mi-
croscopy technique, meaning that the sample itself serves as a source emitting electrons to the
objective lens. Generally, multiple accounts can stimulate electron emission using electrons,
photons, ions, or other means. Another difference between with SEM-type microscopies is
that LEEM is not a scanning technique. The imaged sample surface is stimulated simultane-
ously; hence the image can be acquired in real-time. For our purposes, we will focus solely on
the case of stimulation by electrons. The low energy electrons, illuminating the surface, scatter
inelastically from the topmost atoms of the surface. In crystalline samples, this scattering is
accompanied by diffraction, from which LEEM also benefits to provide additional information
on the sample’s lattice or the surface’s lattice reconstruction. The final contrast in the image
is formed by the directionality of the electron scattering [60].

Nevertheless, regular LEEM is not generally able to visualize visualize magnetic domains.
In order to do so, an electron gun emitting well-defined spin-polarized electrons needs to be
implemented instead of a common electron gun, hence the name spin-polarized LEEM (SP-
LEEM). Once the electrons leave the gun, they pass through magnetic rotators, which rotate
their spin-axis orientation P. Electrons then scatter asymmetrically from the ferromagnetic
surface with a particular magnetization configuration M, which gives a contrast proportional
to P - M. The difference in scattering from oppositely oriented magnetizations is mostly at-
tributed to the exchange interaction [61].

The most significant SP-LEEM advantage and limitation at the same time is its surface sen-
sitivity. Connected with high surface sensitivity is the necessity of ultra-high vacuum. Also,
given the surface sensitivity, it is not commonly possible to visualize the surface of a sample
prepared outside the vacuum chamber. Similarly to SEM-PA, the surface needs to be well-
prepared and cleaned. Nevertheless, SP-LEEM is capable of excellent magnetic imaging with
a best lateral resolution of 2 nm [62], which makes it possible to visualize even DWs conve-
niently. Magnetic imaging is, however, limited to static imaging with no, or very weak, exter-
nal magnetic fields, since their presence would deflect the electron beam originating from the
sample, precluding magnetic imaging. See examples of imaging in Fig. (2.5).

(a) (b)
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Figure 2.5.: SP-LEEM imaging of a) DWs in magnetic multilayer with PMA and b) for a sample
with in-plane domains. Taken from Ref. 63.
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Lorentz transmission electron microscopy (L-TEM)

So far, we have described magnetic imaging methods via electron microscopy utilizing sec-
ondary and backscattered electrons. This last electron microscopy technique, TEM, uses the
scattering of the high-energy primary electrons from the specimen nuclei, which pass through
the whole specimen cross-section.

Nevertheless, the transmitted electrons scattered on the nuclei in magnetic specimens do not
contribute to a magnetic signal. The deflection of the primary electrons causes the magnetic
signal in TEM due to a magnetic field within the specimen. The driving factor for the deflection
is the Lorentz force

Fy = —et x B, (2.1)

where e is the electron charge, v is its velocity, and B is the magnetic field exerted by the
sample on the traveling electron. Note that only B components perpendicular to ¥ contribute
to the electron deflection [9]. Due to its physical origin, this technique is called the Lorentz-
TEM (L-TEM).

We distinguish two L-TEM imaging modes. First is termed as the Fresnel mode, in which an
objective aperture is centered, and the objective lens is defocused. This way, opposite magnetic
domains deflect the primary electrons centrosymmetrically; therefore, they do not contribute
to a magnetic signal when projected into an image plane. Nevertheless, since magnetizations
on both sides of the DW deflect electrons in opposite directions, the electrons have to be de-
flected either into or away from the DW [64]. Consequently, the Fresnel mode can image DWs
[65]. The second L-TEM imaging mode is the Foucault mode. Oppositely to the Fresnel mode,
the objective lens is focused in Foucault mode, whereas the aperture is displaced. The aperture
displacement breaks the centrosymmetry, and thus electrons deflected from one domain get
through the aperture, whereas the electrons deflected from an opposite domain are blocked.
As a result, a domain image can be formed [64].

L-TEM is another formidable technique with a very high magnetic imaging resolution of 2

m [64]. Even though regular TEM reaches even higher sub-angstrom resolution [66], this is
not achievable for L-TEM methods. Using a high magnification lens in magnetic materials is
limited because the strong lens magnetic field can reach lower units of teslas, eventually eras-
ing any magnetic configuration. Compared to other magnetic imaging techniques, a unique
limitation of L-TEM is the sample preparation. The sample has to be sufficiently thin, up to
hundreds of nanometers, for the electron beam to shine through it. Commonly, it is also chal-
lenging to apply external magnetic fields and do the imaging at the same time. Whereas with
the Fresnel mode, it is impossible to image domains, the lateral resolution and contrast are ex-
cellent, the Foucault mode brings limitations to the spatial resolution and can directly visualize
individual domains. The major constraint accompanying all mentioned electron microscopy
techniques is the overall high cost of the equipment [9]. See the examples of L-TEM imaging
in Fig. (2.6).

2.4. Magneto-optical microscopy

Last but certainly not least is a method of probing magnetic configurations using polarized
light, i.e., magneto-optics. In general, magneto-optics tracks the slight rotation of incident
light polarization state caused by the interaction of light with the sample’s magnetization.
One of the magneto-optical microscopy categorizations is based on scanning versus parallel
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Figure 2.6.: L-TEM imaging of a) an out-of-plane magnetized system with Bloch walls [67] and
b) an in-plane magnetized patterned film sustaining a Landau pattern [9].

(i.e., wide-field) imaging. Given its utility, versatility, and accessibility, wide-field magneto-
optical microscopy is arguably the most common technique used for magnetic domain imag-
ing. Another distinction is rooted in whether we detect transmitted or reflected light. While
the effect associated with the rotation of polarized light upon transmission is called the Fara-
day effect, it is feasible only in transparent specimens, making it inapplicable for optically thick
magnetic materials, despite being highly reflective. The reflected light geometry, however, is
advantageous for domain observation in such specimens and, for this reason, is our target
of interest. The so-called magneto-optical Kerr effect exploits reflected light intensity varia-
tions upon the polarization state change of light. Nevertheless, the Kerr effect and other more
nuanced magneto-optical effects will be discussed in more detail in chapter 3.

The wide-field magneto-optical technique in reflection is typically performed in a so-called
Kerr microscope. The Kerr microscope is basically a modified polarization microscope that
enables high spatial resolution with high magnification [68]. In a typical Kerr microscope,
unpolarized light from a visible part of the spectrum passes through a linear polarizer; the well-
defined linear polarization state is modified as the light reflects from a magnetic specimen.
The reflected light then passes through another linear polarizer, called an analyzer, whose
polarization axis is nearly perpendicular to that of the polarizer. As a result, the unchanged
polarization component is blocked, and only the polarization component that changed due
to Kerr effect gets to the detector. In real measurements, the reflected light also acquires
ellipticity, which needs to be removed to increase contrast conditions. Typically, a rotatable
phase retarder is placed between the sample and analyzer; therefore, only linearly polarized
light gets to the analyzer [10]. See a simplified Kerr microscope schematic in Fig. (2.7).

As said beforehand, a visible light source is most commonly utilized in Kerr microscopy.
However, magneto-optics may be performed even at much shorter wavelengths. Magneto-
optics in the X-ray spectrum of the electromagnetic radiation constitutes very different phe-
nomena than visible light magneto-optics, which comes with more methods of magnetic anal-
ysis, but complications as well. For this reason, X-ray magneto-optics could be considered a
field of study on its own and thus would require a separate section [9].

24



detector

analyzer
light source compensator
B
O F\
| polarizer
objective

M

Figure 2.7.: Schematic of the Kerr microscope illustrating a single light beam path to the de-
tector after being polarized, reflected from a sample, and passing through the com-
pensator and analyzer before reaching the detector camera.

Possibly one of the most prominent advantages of Kerr microscopy is the high performance
for little initial investment. Compared to other magnetic imaging techniques, dynamic pro-
cesses may be observed at high speeds in Kerr microscopy. The sample might be manipulated
with magnetic fields, mechanical stresses or temperature variations during observation. Also,
the observations can be done in ambient conditions; thus, no vacuum systems are generally
needed. On the other hand, the investigated specimens must be reasonably flat and smooth, at
least on the scale of the attempted imaging resolution. Since it is a light microscopy technique,
it can hardly compete with electron microscopy or scanning probe microscopy techniques in
terms of spatial resolution, which is limited to about 300 nm in the best case scenario [68].

X-ray magnetic dichroism

In typical magneto-optical microscopy, a visible light source is utilized. However, the magnetic
properties of materials may be exceptionally well studied using soft X-ray radiation. The use of
X-rays involves wholly different areas of physics compared to most common magneto-optics.
The most dominant interactions of X-rays with the material are through atomic resonances and
photoabsorption. By measuring the absorption rates of X-rays spectroscopically, it is possible
to probe the inner electronic shells of materials [69]. Since the presence of magnetic moments
in material causes energy splitting of electronic states, the absorption edges also shift. And it
is this difference of absorption (i.e., dichroism) in areas with opposite magnetic moments that
allows performing magnetic imaging.

Analogically to the Kerr and Faraday effects, it is possible to observe ferromagnetic domains
through a mechanism called X-ray magnetic circular dichroism (XMCD). In the XMCD mech-
anism, oppositely oriented magnetic moments absorb circular polarizations at different rates.
Moreover, for ferromagnetic domain imaging, we can also observe a mechanism called X-ray
magnetic linear dichroism (XMLD), which can image antiferromagnetic domains. In contrast
to XMCD, in XMLD, perpendicularly oriented magnetic moments absorb the incident linear
polarizations differently.
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XMCD/XMLD imaging is implemented either in the photoemission electron microscopy
mode or, alternatively, in scanning transmission geometry. While both approaches can lead to
the best resolution of about ~ 10 nm, typical spatial resolutions are of the order of a few tens
of nm. More complete specifications of X-ray magnetic dichroism mechanisms may be found
in Refs. 70, 71.

Loy Ligh

i

Bloch-type

Néel-type

Experiment

Circular

Figure 2.8.: Identification of magnetic DW type for a skyrmion in a DyCos film. It is con-
cluded that the skyrmion boundary consists of a Néel wall by comparing simula-
tions and XMCD/XMLD microscopy measurements using circular, linear horizon-
tal (LH) and linear vertical (LH) incident X-rays. Taken from Luo et al. [72].

In general, XMCD/XMLD related measurements cannot resolve the internal magnetic struc-
ture of nanoscale textures such as magnetic DWs. However, a very recent study presents an
approach based on the combination of XMCD and XMLD microscopy, which together with
simulations, permits identifying the DW type in sub-micron skyrmions in a ferrimagnetic
thin film (see Fig. 2.8) [72].
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3. MAGNETO-OPTICAL EFFECTS
DEPENDENT ON MAGNETIZATION AND
ITS GRADIENT

Nowadays, magneto-optics is a very common yet powerful tool for studying magnetic do-
main configurations in the solid-state magnetism community. However, magneto-optics has
its roots way back to the times of Michael Faraday, who, in 1846, conducted an experiment in
which he saw that linearly polarized light changed its polarization plane after passing through
a glass rod (with magnetic particles) upon which a magnetic field was applied. Another very
similar phenomenon had not waited for discovery for too long. In 1875, John Kerr observed
the same, yet weaker, behavior after reflection of the polarized light on the surface of a pol-
ished magnet. Today, the two effects are known as the Faraday and Kerr effects, respectively,
and are the most widely used magneto-optical effects. As the Faraday effect is most accessible
only in transparent materials, the magneto-optical Kerr effect has become more relevant in
opaque specimens (e.g., metallic films and multilayers). A partial drawback of the Kerr is that
it is a relatively weak effect.

Furthermore, only bulk specimens with excellent surface treatment could have been studied
by the Kerr effect. These limitations were dramatically reduced by the development of com-
puters and digital processing, mainly by introducing the digital image difference technique,
which allowed to subtract a non-magnetic background signal from the magnetic one and thus
rapidly increased the magneto-optical contrast level. Even though the Kerr effect has been
most relevant for the research and development of magnetic materials and phenomena, it also
had an important period in the consumer market. The magneto-optical recording discs used
as a digital storage medium were introduced in 1983 and they held the metaphorical torch for
some time; however, in the late 2000s, they fell into disuse as the development of compact
discs and digital video discs took over the lead.

Over the course of time, scientists wanted to understand magneto-optical effects more in-
depth and were able to discover additional effects that are manifested in reflection. The Kerr
effect is an effect linear in magnetization, which means that the sense of polarization rota-
tion reverts if the magnetization is inverted. However, a quadratic effect in magnetization
was found, now called the Voigt effect. Most importantly for this thesis, an effect containing a
magnetization-gradient dependency was discovered in 1990, an effect now known as the gra-
dient effect, sometimes called the Schdfer-Hubert effect. Each of these magneto-optical effects
displays its characteristic symmetry with respect to polarization and illumination geometry,
and has their own set of advantages.

The following section will provide a more detailed description of magneto-optical effects. A
more phenomenological explanation of Kerr effects will be presented, on which an overview
of the most notable gradient effect studies will connect.

3.1. The dielectric permittivity tensor

First, let us assume an electromagnetic wave propagating in vacuum toward the yet unspeci-
fied medium. The incident electric field component £ will induce the dielectric displacement
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vector D within the medium. From material relations, we write that both electric fields are,
in general, connected via the dielectric permittivity tensor

D = €¢E, (3.1)

where ¢ is the permittivity of free space. Similarly, this can be done for the magnetic fields,
where the incident é—ﬁeld, written as ,uoff , induces a magnetic field in the medium. This
relation is expressed as . .

B = popH, (3.2)

where (1 is the permeability of free space. Nevertheless, we usually assume i to be a unity ten-
sor. The usual argument is that it is unitary only in a non-magnetic matter; however, Landau
and Lifshitz have shown that it stays unitary at optical and near-infrared frequencies even in
magnetic matter [17]. Thus we concern ourselves only with the dielectric permittivity tensor

€.
Generally, we can use Maxwell’s equations to derive the wave equation for F, which af-

ter assuming a solution in the form of plane waves E(7,t) = E, exp[ (k-7 — wt)}, for a

component F; acquires the form

In which 7, ¢ are space and time coordinates, and w, k are the corresponding temporal fre-
quency and wave vector, respectively. Lastly, n = k?/k? is the refractive index, and ky is
the wave vector in vacuum. The determinant has to vanish to find solutions for the set of
those linear equations of £;. Furthermore, this gives us a solution for the refractive index n;,
corresponding to F;, as a function of the dielectric tensor components.

Further, we specify what form the permittivity tensor takes in different materials. Firstly,
in the case of a non-magnetic crystal, the permittivity can be described as [10]

€iso 0 0
écryst = éo + ébr + éoa\a gO = 0 €% O ) (34)
0 0 €iso
The listed components stand for the diagonal isotropic tensor €); = €, where €y, = n?

is the regular isotropic permittivity, crystalline birefringence €,,, and optical activity €,,. If
only the diagonal components of the permittivity tensor are present, the D vector keeps the
same orientation as the incident £ vector. However, if the tensor has non-zero off-diagonal
components, the light interacts with the matter by rotating the E vector polarization plane.
In addition to the " tensor, it has been found experimentally that light interacts with matter
differently if we apply some magnetic field B, which implies that the B-field has to be some-
how incorporated in the total permittivity tensor €. Nevertheless, it has been found that
the permittivity tensor of ferromagnetic materials rather depends on the material’s magneti-
zation M than on the B-field [73]. In metallic materials, we can usually neglect crystalline
birefringence and optical activity. Hence, for the total permittivity tensor, we can write

ot = &0+ AE(M), (3.5)

where A&(]\7[ ) is the M -dependent permittivity tensor, which is usually very subtle compared
to €%, hence Ae;;(M) << €.
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With no harm in generality, we can split A€ into the Hermitian component Aeg , with
(Aeg = Aeﬁ and *’ denoting the complex conjugate, and the anti-Hermitian Ael-Aj compo-
nents, with (Ae{‘j)* = —Aeﬁ-, which are both complex. Moreover, A¢ abides by the so-called
Onsager relation [17]

Given that the Aé(M ) is rather weak, we can expand it into a power series of M while ne-
glecting higher than quadratic terms. We can find power series coeflicients and use them to
get both linear and quadratic permittivity tensors for cubic symmetry [74]. Finally, the tensors
can be rewritten compactly as [10]

. . 2
1 —szmg ZQVm2 Blml Bgmlmg Bgmlmg
N ~K AV . .
E=€ +€ =€ | Qvms 1 —iQymy | + | Bomums  Bim3  Bamomys
. . 2
—iQyvmy  iQymy 1 Bymiyms Bomoms  Bimg
(3.7)

The tensor éX linear in 77} corresponds to the Kerr effect, where m; are the magnetization
M cosines, and Qy is a material parameter — Voigt constant — denoting the strength of the
Kerr effect. The quadratic-magnetization tensor ¢" is the Voigt effect, where B; and B, are
corresponding material parameters. A more thorough derivation of the two magneto-optical
effects’ permittivity tensors may be found in Ref. 75.

3.2. Magneto-optical effects’ geometries

Now that we have a precise form of the magnetization-dependent permittivity tensor, we can
solve the system of equations (3.3). Essentially, it is a highly complex mathematical problem if
attempted to solve for the general form of (3.7). Therefore, we make some assumptions about
the experiment geometry to simplify the calculations.

The simplest case is the one in which we consider a general linearly polarized light at normal
incidence, thus |k| = k. = k3 and perpendicular magnetization |77i| = m. = ms = 1. This
geometry is referred to as the polar Kerr effect. Solving the set of equations (3.3) with simplified
éX leaves us with allowed modes in the medium, described by the wave vector [10]

k. & thoy/em(1 £ Qu/2). (3.5)

The approximate result was obtained after assuming || << 1. The further solution gives
us
E) = +iE), (3.9)

where + signs correspond to the left- and right-circularly polarized light. The first £ signs in
the equation (3.8) represent forward and backward propagating waves. From (3.8), we can
explicitly extract the modes’ corresponding refractive indices as k. = nky, hence

ny = Veiso(l £ Qv/2). (3.10)

In the end, we obtain four light propagation modes in the medium: two forward and two back-
ward propagating and both propagation directions have the two circular polarization modes.
These eventually account for light reflection and refraction in the medium.
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Notably, the two circular polarizations’ refractive indices will differ if the medium is mag-
netic (i.e., Qy # 0). Furthermore, if the medium is absorptive, n. will be complex num-
bers ny = n/, + in/l. This means the two polarizations will have different phase velocities
v+ = ¢/ny, leading to an optical path difference d(n, — n_) while travelling the distance d.
Eventually, as the two modes leave the medium, they combine back to the linearly polarized
state; however, the plane of polarization will be rotated due to the modes’ phase retardation.
In general, the modes will also be absorbed at different rates, leading to slight elliptical polar-
ization. Assuming incident light polarized along the x-axis, we can calculate the polarization
rotation 6 upon reflection as 0 ~ tan(f) = E;fﬂ /E™ since the polarization rotations are
small. The rotation angle is complex (in absorbing media) and is known as complex Kerr rota-
tion 9% = Ok + i€k, where the real part 0 describes the actual polarization rotation angle
and the imaginary part £ the ellipticity. In the polar Kerr effect geometry, the complex Kerr
rotation takes the form [10]

. nQy

¢ = — 3.11
K Z1—77l2’ ( )

where n = (ny +n_)/2.

So far, we have clarified only the normal incidence and out-of-plane magnetization case.
Similarly, we could calculate the eigenmodes for oblique incidence and in-plane magnetization.
Within this specification, we can distinguish between two geometries. In the first geometry,
the in-plane magnetization lies in the plane of incidence (denoted by the incident light and
surface normal); this geometry is known as the longitudinal Kerr effect. The other geometry
applies when the magnetization is perpendicular to the plane of incidence, hence called the
transversal Kerr effect. Eventually, these two Kerr effects are phenomenologically identical
to the polar Kerr effect. Even though it is possible to obtain analytically the corresponding
modes, refractive indices and thus complex Kerr angles, it is much less clear than for the polar
Kerr effect. For more detailed and structured derivations we refer the reader, for instance, to
the derivations done by Visnovsky [76].

Another way of viewing the Kerr effect more qualitatively is to take the permittivity tensor,
insert it into the dielectric law (3.1) and express the terms in vectorial form. The dielectric

displacement is then B . B
D= €0€iso[E + le(m X E)] (312)

This formulation is called the Lorentz concept, where the equation’s right-side vectors act as
Lorentz force vectors displacing electrons at the surface. The displacement vector may be con-
sidered a field corresponding to the oscillatory motion of those affected electrons. The incident
polarized-light E vector is a source of electrons’ primary motion so that the electrons will os-
cillate along the light polarization plane. However, due to the presence of magnetization, a
secondary electron motion corresponding to —(m x E ) will contribute to transverse oscilla-
tions. As electric dipoles, the oscillating electrons then radiate polarized light that is rotated
with respect to the incident polarization. Which, in the end, reveals the gyrotropic nature of
Kerr effects. In Fig. (3.1) the Lorentz concept is depicted for different experiment scenarios.
Typically, we can use the dielectric displacement to predict the magnetization dependence
of the reflected light. For instance, let us assume the incident light polarized along the z-
axis E™ = (E™ (,0). The E™ excites the Lorentzian motion of electrons, creating the
dielectric displacement field D, which in turn radiates the slightly rotated polarization Erefl,
However, since the analyzer is in crossed position, only E;eﬂ will reach to the detector, resulting
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Figure 3.1.: [llustration of the Lorentz concept, the induction of secondary motion of electrons

—

due to the presence of magnetization (/) and incident polarization in a) polar Kerr
effect mode (out-of-plane magnetization), b) longitudinal Kerr effect mode (in-
plane magnetization) and incident p-polarization, and c) longitudinal Kerr effect
with incident s-polarization. Adapted from Ref. 9.

in intensity lger- Nevertheless, there is a direct connection between D and Ereﬂ; hence,
E;ivnc ~ Dy ~ E;eﬂ ~ lgetect-

To summarize, in polar Kerr effect geometry, the light incident propagation is normal to
the surface, and only out-of-plane magnetization causes polarization rotation. Additionally,
opposite domains create opposite secondary electron motions, resulting in opposite Kerr rota-
tions. For measuring the signals related to the longitudinal Kerr effect, light incidence has to
be oblique. The Kerr rotation is caused by the magnetization component lying in the plane of
the light incidence. Furthermore, note that in this geometry, even out-of-plane magnetization
causes a certain Kerr rotation since some normal incidence component of the wave vector
of light is present. Again, it is an odd effect in magnetization; also, reversing the angle of
incidence inverts in-plane magnetizations’ Kerr rotations. Nevertheless, reversing the angle
of incidence does not change the normal component; hence, the Kerr rotation linked to the
out-of-plane magnetization component remains the same. Again, the transverse Kerr effect is
present at oblique incidence; the magnetization has to be in-plane and normal to the plane of
incidence.

In contrast to the other two Kerr effects, where the incident polarization could be arbitrary,
for the transverse Kerr effect to cause any rotation, the incident polarization cannot be s nor
p. In the case of p-polarization, the secondary electron motion coincides with the primary
motion, whereas in the case of s-polarization, the whole cross product vanishes. However,
any other polarization angle between the two results in light polarization rotation associated
with the transverse Kerr effect, while the strongest rotation is at 45° with respect to the plane
of incidence.

Lastly, the quadratic (Voigt) magneto-optical effect geometry is mentioned. Whereas the
Kerr effect amplitude is weak compared to the regularly reflected light amplitude, the Voigt
effect is even weaker. It is observable only at (near) normal incidence and in-plane magnetiza-
tion [10]. Due to its quadratic nature, the opposite magnetizations cause the same polarization
rotation. However, an opposite polarization rotation is caused instead by perpendicularly ori-
ented magnetizations. Furthermore, more than perpendicular magnetizations are required for
the opposite polarization rotations. The symmetry of the Voigt effect requires that the projec-
tion of the perpendicular magnetizations to the polarization plane has to be the same, meaning
that the magnetizations are oriented 45° with respect to the incident polarization plane. On the
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contrary, having one magnetization parallel and one perpendicular to the polarization plane
results in the same polarization rotations.

Most commonly, Kerr effects are utilized the most in magnetic domain diagnostics within
magneto-optics, arguably even among all magnetic microscopy techniques. Furthermore, they
provide a direct and linear connection to the surface magnetization. The Voigt effect, on the
other hand, is typically not the first choice when aiming at domain imaging, as resolving the
exact magnetization configuration by its sole means can be tricky. An interesting outlook of
Voigt effect microscopy is the possibility to image regions with different spin axis orientations
in antiferromagnets, where magnetic imaging cannot rely on linear Kerr effects. Voigt-like
microscopy measurements were already successfully conducted on antiferromagnetic oxides
like NiO [77] and CoO [78]. However, it is argued that the imaging contrast here arises from
optical birefringence linked to the large magnetoelasticity, which generates a an optical signal
possessing the same symmetry as the Voigt effect.

Due to the linearity of Maxwell’s equations, we could split the dielectric permittivity tensor
into multiple contributions (crystal, birefringence) and (Kerr, Voigt) and treat them individu-
ally. In actual experiments, this separation is not so straightforward. In fact, in actual experi-
ments, we detect the contribution of all effects at once; hence, all the diagonal and off-diagonal
elements of the permittivity tensors must be considered. Nonetheless, some contributions may
outweigh others, which may be caused by specific material parameters or by cleverly setting
the experiment geometry to exploit the symmetries of the desired effects. Eventually, some ef-
fects thus might be “hidden” by others and cannot be observed. This was precisely the case for
a new magneto-optical effect found by Schafer and Hubert in 1990 called the magneto-optical
gradient effect.

3.3. Overview of the magneto-optical gradient effect
experiments in the literature

In one of the pioneering works on the magneto-optical gradient effect from 1990 [79], Schéafer
and Hubert found an unexpected domain boundary contrast that appeared when the stronger
signal from the nearby domains was removed. The domain signal was removed by adequately
adjusting the optical components. Furthermore, they deduced that any other already known
magneto-optical effect could not explain this contrast originating from domain boundaries.

The investigated material in the original paper was a SiFe crystal known to have in-plane
domains with regular 90° DWs as well as 180° walls and V-lines. Once they removed the
domain signal, which was especially possible when introducing the compensator, a residual
contrast at boundaries was observed; see the anomalous contrast in Fig. (3.2a). The type
of contrast they observed was either a black or white homogeneous line along the whole
boundary, we call this contrast the single contrast. The structure of the V-line may suggest
that the boundary contrast might have been a polar Kerr contrast from the buried out-of-
plane domains. However, a decisive discovery was that this boundary contrast switched signs
after azimuthally rotating the specimen by 90°, which meant it could not be attributed to the
polar Kerr effect; see Fig. (3.2b).

Further, they investigated the possibility of utilizing this single contrast to obtain the char-
acteristic width of the DW. They compared the integrated wall contrast acquired from the
single contrast with the longitudinal Kerr effect contrast. Eventually, they made this compar-
ison in multiple materials with different wall widths and ended up with a linear dependency,
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Figure 3.2.: Magneto-optical gradient effect images of V-line domains taken at perpendicular
incidence, a) before, b) after sample rotation by 90°, showing the switching of the
gradient effect polarity. Taken from Ref. 79.

meaning that the two integrated wall contrasts are equivalent. Thus, they could not obtain a
direct estimate for the DW width below the spatial resolution, concluding that the observed
effect should be called domain “boundary” instead of DW contrast.

Another key finding was acquired after observation of the same 180° domains with V-lines
using longitudinal Kerr contrast and the boundary contrast consecutively. Since DWs in this
system are relatively large (= 250 nm [80]), it is possible to find their chirality by the longitu-
dinal Kerr effect at oblique incidence, as it is visible from Fig. (3.3a). The boundary contrast,
measured at normal incidence, then showed only an alternating single contrast, which did not
correlate to the particular wall chirality; see Fig. (3.3b). These measurements found that the
observed single contrast contains no information about the DW chirality whatsoever.

Finally, Schéafer and Hubert put all the symmetries together and empirically derived the di-
electric permittivity tensor, in which the boundary contrast was represented by magnetization
gradient. The permittivity tensor took the form

_p(m + %) p(m _ M) _p/(M + M)

88361 a@xg gxl garg aaxg 88:53
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(3.13)
—2P521 P(SH — 522) —2P/532
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—2P’'S3 2P'S3; 0

where P is a material parameter denoting the strength of the effect, whereas P’ is introduced
as an additional material parameter whose relevance needed to be tested; possibly, they could
coincide (i.e., P = P’), and S;; would therefore turn into a symmetric gradient tensor defined
For completeness, the presence of this gradient effect was also briefly discussed for the per-
pendicularly magnetized system. Using the polar Kerr effect, the authors observed a maze-like
domain pattern in a TbFeCo film. Again, they compared it with the same domain state imaged
under oblique illumination after suppressing the Kerr effect, leaving only the alternating black
and white single contrast at the boundaries; see Fig. (3.2c). This led to another outcome: the
gradient effect depends on both the planar and polar magnetization gradients [79].
Intriguingly enough, they also observed that the boundary contrast does not only have a
form of a single contrast [79]. At some conditions, a dipolar contrast may appear in which
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the Kerr effect, and b) normal incidence — primarily showing the gradient effect
signal and its independence on the domain wall chirality. Taken from Ref. 79.

the boundary contrast changes sign across the transition between domains. We refer to this
contrast as the double contrast. The single and double contrasts could appear simultaneously
at certain boundaries, making them challenging to analyze separately. Ultimately, the authors
decided to focus solely on the single contrast, as the double contrast usually appeared to be
much weaker.

However, a more in-depth investigation of the gradient effect-related dielectric tensor was
necessary to describe the difference between the gradient effect contrast at different experi-
ment geometries, including the angle of incidence. This issue was addressed in Ref. 81, where
a similar approach was applied, as in the original work [79]. The new derivation was again
semi-empirical and included an implementation of the incident light wave vector k. After a
rather complicated tensor analysis, the permittivity tensor was obtained. However, its form is
relatively hard to grasp; therefore, we instead write the corresponding dielectric displacement
component D

D%r :P{Z[Sglk'g - Sgll{?:;]El
+ [—S51k1 + Ss2ka + (S11 — Sa2) ks3] Eo (3.14)
+ [Sa1k1 + (Ss53 — S11)ka — Ssoks| Es},

whereas the other dielectric displacement components can be obtained via cyclic permutation.
By comparing this dielectric law to the one previously derived, we can spot that the per-
mittivity in (3.13), under condition P = P’, can be considered the special case of (3.14) with
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k= (0,0, k3). Note that the present wave vector is normalized; thus, its components denote
the direction cosines.

In the end, the authors admit that the proposed dielectric law (3.14) is the simplest possible
description of the gradient effect as it contains only a single material parameter and is partially
based on experiments. Even though it was possible to derive such a dielectric law, the phys-
ical origin of the gradient effect still remained yet to be discovered; therefore, more complex
relations could not be excluded.

Eventually, an explanation in the form of the diffraction theory was proposed. In Ref. 82,
Kambersky used a systematic diffraction of polarized light waves caused by magnetization
gradients and was able to derive the symmetries of the experimentally measured effects. The
derived symmetries were in agreement with the dielectric tensor model (3.14); moreover, this
approach allowed for a more complex and detailed analysis of the gradient effect. More studies
on this magneto-optical diffraction analysis were conducted, incorporating depth sensitivity
and interference effects; among the most prominent are the works in Refs. 83-86.

Another vital study [80] in this series of rather experimentally focused papers investigated
the often weak double contrast in more detail than the previous works. In this study, the
authors again observe FeSi crystal with in-plane flux closure patterns with 180° Néel walls.

The procedure was to characterize a domain pattern using the longitudinal Kerr effect (i.e.,
oblique incidence). Since the surface DW widths were, again, relatively large (=~ 270 nm),
they could identify the walls’ chiralities. Afterwards, they imaged the same domain state
under perpendicular incidence. Thus they were able to see the gradient effect. However, they
realized that the Voigt effect could be seen under the perpendicular illumination. With the
knowledge of the magnetization profile along the Néel wall, they could analytically obtain
the dielectric displacement of the Voigt and the gradient effects. The authors found that both
effects correspond to a dipolar profile leading to the double contrast. Since the two effects have
different symmetries, the double contrast’s polarity differs depending on the chirality of the
wall. This eventually means that depending on the chirality of the DW, the double contrasts
may either add or subtract. Furthermore, the authors eventually succeeded in seeing this
complete double contrast subtraction in alternating 180° domains, as seen in Fig. (3.4a).

(a) S|

Figure 3.4.: Addition and subtraction of the gradient and Voigt effect contributions at the 180°
domain boundary in a) an in-focus image, b) defocused image, showing no switch-
ing of contrast due to diffractive effects [80].
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Further, the authors discuss the diffractive character of the gradient effect shortly by com-
paring an image taken at perpendicular incidence focused precisely at the surface with a
slightly off-focus image. Diffraction effects could possibly change the boundary contrast po-
larity; however, they reported only a broadening of the boundary contrast, not its polarity
switching. For comparison, see the in-focus image in Fig. (3.4a) and the defocused image in
Fig. (3.4b).

One of the most recent studies on the gradient effect finally demonstrated experimentally
how the boundary contrast behaves in case of the absence of the subsurface domains in V-
line domains [20]. They fabricated a system with stripe-like head-on domains by magnetically
coupling a thin layer of a magnetically soft NiFe film with an antiferromagnetic IrMn layer
on top. The exchange bias field from the coupled antiferromagnetic layer forces the otherwise
highly energetically unfavorable head-on arrangement of domains. The observed gradient
effect then could be attributed only to in-plane gradients. The authors report an agreement of
a theoretical prediction by the diffractive theory with the corresponding experiments.

All the pioneering works devoted to the gradient effect observation [20, 79, 81] claim that
the magnetization difference between neighboring domains is the most dominant contribution
of the boundary contrast, not the internal DW structure itself. However, the study conducted
in Ref. 80 focusing on the weak residual double contrast showed that the boundary contrast
corresponding to the internal DW structure could be explained by the gradient effect.

Even though predominantly in-plane domains were investigated using the gradient effect
in the relevant literature, out-of-plane domain investigations need to be brought into more
detail. Furthermore, state-of-the-art research focused mainly on the dominant single contrast,
and the weaker double contrast was mostly disregarded. The following chapters focus on
filling those experimental gaps in out-of-plane magnetized systems and analyzing the residual
double contrast.
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4. SAMPLE FABRICATION AND
CHARACTERIZATION

In regard to sample fabrication, our primary goal was to prepare magnetic multilayers
with PMA. Additionally, we aimed at having preferably large (several tens of pm) and well-
separated bubble domains so that the domain boundaries are sufficiently distant and thus rec-
ognizable. In some multilayer designs, we implemented heavy metal layers (e.g., Pt) asym-
metrically with respect to magnetic layers to induce the DMI and, thus, stabilize Néel walls.
We also followed the assumption of having a heavy metal layer symmetrically placed on both
sides of a ferromagnetic layer, aiming toward canceling the DMI and the sample resulting into
achiral Bloch walls. A most commonly practiced method to confirm the presence of the DMI
indirectly is the method utilizing an asymmetrical bubble domain expansion (see Fig. (1.8)).

4.1. Experimental methods

The samples were fabricated using a direct-current magnetron sputtering system (BESTEC),
with a base pressure better than 5 x 1078 mbar. All depositions were performed at room
temperature and using an Ar pressure of 2.5 x 1073 mbar (flow 30 sccm). Initially, we used a
quartz crystal microbalance to obtain deposition rates of individual sputtered materials. We
deposited single films of individual materials of certain nominal thicknesses using the specific
deposition rates. The exact deposition rate was then calculated by measuring the thickness
of the deposited calibration films via X-ray reflectometry in a Rigaku SmartLab 9kW X-ray
diffractometer.

Further, we used a Kerr microscope from Evico magnetics with a 50x magnification objec-
tive for magneto-optical imaging and magnetic hysteresis loop characterization. The micro-
scope utilizes a set of eight white light-emitting diodes organized into a cross to access oblique
illumination from all four directions. To achieve normal incidence illumination, we manually
moved one of the light sources to the center of the back focal plane. Further, for external
out-of-plane magnetic fields, we used a custom electromagnet providing applied fields up to
4100 mT and placed on top of a custom-adapted dual-axis goniometer, which is crucial for
correcting slight sample tilts and achieving a homogeneous objective focus over an extended
field of view (~ 200 pum).

4.2. Magnetic characterization

We deposited the layered systems on either Si or glass (fused silica) 5 x 5 mm? substrates. The
multilayer structure of the samples that were used in this thesis are

1. Co/Gd: Si(subs.)/Pt(3)/Co(1)/Gd(3)/Pt(2)
2. [Co/Pt]: glass(subs.)/Ta(5)/Pt(3)/[Co(0.4)/Pt(0.7)] «3/Pt(2.3)
3. [Co/Ni]: glass(subs.)/Ta(5)/Pt(3)/[Co(0.2)/Ni(0.6)] 2/Co(0.5)/Pt(2)

4. [Fe/Gd]: Si(subs.)/Ta(3)/[Fe(0.58)/Gd(0.48)] x20/Ta(6)
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with the layers’ thicknesses in nm, together with a label on how we will further refer to the
individual samples in the thesis.

After fabrication, PMA was tested employing Kerr microscopy, by which we characterized
individual samples by measuring hysteresis loops in an out-of-plane magnetic field. Since
all the hysteresis loops had a square-like shape, PMA was confirmed in all samples. See the
corresponding hysteresis loops plotted in Fig. (4.1).
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Figure 4.1.: Hysteresis loops measured in our-of-plane external magnetic field in Kerr mi-
croscopy. Their square-like appearance confirms that all samples have PMA.

4.3. Domain wall type determination

In the next step, we meant to characterize the DW type present in the individual samples. First,
we analyzed the Co/Gd sample, which is a synthetic ferrimagnet, using the bubble expansion
method. Even though typical domains in this sample are reasonably isolated (see Fig. (4.2)a),
we saw that applying the crossed external magnetic field connected neighboring domains and
thus measuring asymmetric bubble expansion was not plausible. However, Co/Gd layered
systems are well-known to have strong DMI at the interface with Pt [87]; thus, we expected
the presence of Néel walls.

Afterwards, we characterized the DW type of the [Co/Pt] sample. We performed the bubble
expansion experiments and found that in this sample, the bubble expanded very symmetri-
cally. The opposite sides of the bubble propagate at almost exactly the same velocities as the
bubble domain elongates along the in-plane field direction. See a graph plotting the bubble
displacement on the propagation angle over time and domain images taken in the process in
Fig. (4.3). Hence, we assumed the DW in this sample to be of Bloch type, as we would suppose
from its symmetrical magnet-heavy metal stacking.
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Figure 4.2.: a) Typical bubble domains in the Co/Gd sample and b) the so-called Voronoi net-
works in the [Co/Ni] sample appearing due to strong magnetic charges at domain
walls. The scale bar corresponds to 50 pm.
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Figure 4.3.: Asymmetrical bubble domain expansion experiment done in the [Co/Pt] sample
taken at 12 mT out-of-plane and 100 mT in-plane external magnetic field. Graph
on the left shows the dependence of the bubble displacement on the propagation
angle with respect to the domain center, while plot on right shows corresponding
domain images. Brighter color represents the bubble expansion development over
time.

The analysis of the DW structure of [Co/Ni] was rather straightforward. We have not mea-
sured the bubble expansions; instead, we saw that the domains in this sample form structures
reminding of “Voronoi networks”. Typically, two bubble-like magnetic domains with the same
magnetization orientation merge as they come into contact at the end “during expansion”.
However, it can happen that as two bubble domains approach, they avoid merging and form
a gap between them. The system of these gaps is known as the Voronoi networks; see Fig.
(4.2b). Furthermore, they appear because the present walls are of Néel type with the same chi-
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rality; hence, as the two opposing Néel walls come near, the strong dipolar fields repel. And
therefore we deduced that this system has Néel walls.

Nevertheless, since so far, our conclusions about the types of walls in our samples were
acquired from indirect methods, we wanted to confirm these ideas using a direct method, like
imaging. A technique with great precision that was available to us is L-TEM. We deposited
the same multilayer structures on commercially available SiN membranes (30 nm thickness).
Using the methodology described in [65], we accurately determined the DW types. We found
that, unfortunately, we could not obtain any magnetic signal from the DWs of the Co/Gd
sample; the reason might be that the total magnetic field was too small since Co/Gd is a fer-
rimagnet. In the second multilayer sample, [Co/Pt], we eventually saw a magnetic contrast.
In contrast to our assumptions, the L-TEM measurements revealed that the DWs in this sam-
ple were Néel type; see the acquired images in Fig. (4.4a), which gives rise to doubts about
the reliability of the bubble expansion method to assign a wall type in case of samples with
low DMI, which is already debated in the community. Lastly, we confirmed that the [Co/Ni]
sample indeed has Néel walls; see the L-TEM image in Fig. (2.6b). L-TEM measurements were
kindly performed by Ing. Jan Hajducek using an FEI Titan Themis 60-300 cubed TEM operated
at 300 kV.

Figure 4.4.: L-TEM measurements of a) [Co/Pt], b) [Co/Ni], and c) [Fe/Gd] showing that only
[Fe/Gd] has Bloch walls, while [Co/Pt] and [Co/Ni] have Néel walls.

As a result, we ended up with all samples having Néel walls. Further, we used the [Fe/Gd]
sample, kindly provided by Dr. Iryna Lukiienko. From L-TEM measurements, we knew that
the sample possesses Bloch walls; see the L-TEM images in Fig. (4.4c). Nevertheless, a major
drawback of this sample was its extremely low coercivity, meaning that domains formed maze-
like structures. Furthermore, the domains were relatively unstable due to thermal fluctuations,
meaning that they were displaced by the order of micrometers in seconds.

Later in the thesis, we perform simulations of the magneto-optical gradient effect and com-
pare it to measurements. For the simulations, we need to know the optical properties of the
materials used in the fabricated samples, such as the refractive index n and Voigt constant Qv ;
see Table (A.1) in Appendix A for the employed optical constant values.
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5. MAGNETO-OPTICAL GRADIENT
EFFECT IMAGING AND SIMULATION

5.1. Can magnetic domain walls be imaged via the
longitudinal Kerr effect?

The longitudinal Kerr effect is sensitive to in-plane magnetization components; thus, naturally,
a question arises: is it possible to use it for imaging the internal structure of a magnetic DW?

Nowadays, DW imaging may be considered a relatively common practice in in-plane mag-
netized systems. By aligning the plane of light incidence perpendicularly to the wall axis, the
domain contrast vanishes, and it is possible to retrieve the wall type and its chirality. Such
imaging was heavily utilized in [20, 79-81]. However, a mere change of plane of incidence
does not suffice to remove the polar Kerr signal. Therefore, we have to use other means to get
information about the in-plane magnetization component at the DW.

Typically, in magneto-optical microscopy, we detect multiple magneto-optical effects simul-
taneously. For instance, looking more closely into the classical longitudinal Kerr effect, we find
that it is sensitive to the in-plane as well as the out-of-plane magnetization component. Be-
cause we usually work with strictly in-plane or out-of-plane magnetized systems, this duality
does not pose too much of a difficulty. However, if we want to observe the in-plane magne-
tization within the DW, we must separate the two contributions. In principle, separating the
two Kerr effects is relatively straightforward. We take advantage of the fact that the longitu-
dinal Kerr effect switches sign with the inversion of the angle of incidence, whereas the polar
Kerr effect sign remains the same. Then, we can extract the so-called pure longitudinal Kerr
effect by taking two images (I; and I,) of the same domain state upon the angle of incidence
inversion and digitally subtracting them.

We performed this pure longitudinal Kerr effect imaging with the plane of incidence along
the vertical axis on an out-of-plane bubble domain stabilized for the [Co/Pt], and we found that
the contrast, indeed, reminded a type of signal corresponding to the in-plane magnetization
at the site of the DW; see Fig. (5.1a). However, we found that the objective was incorrectly
focused slightly above the surface. After changing the focus slightly below the surface, we
obtained somewhat puzzling results. We saw that the polarity of contrast was reversed, and,
moreover, an additional fairly dim contrast appeared at the bubble edges; see Fig. (5.1b). By
adjusting the focusing height accordingly, we found a sweet spot where the polarity-inverting
contrast vanished utterly, and we saw a black-white signal on both sides of the bubble; see
Fig. (5.1c). A similar wave-like magneto-optical signal at the domain boundary has been
obtained in [88], where they studied this activity by means of magneto-optical diffraction
theory simulations via Fourier optics.

The dependence on focusing height and the unexpected black-white contrast occurrence
could not be attributed to the longitudinal Kerr effect. This eventually means that there has
to be another magneto-optical effect dominating over the Kerr effect. Our hypothesis is that
given the diffractive character of the phenomenon, the dominant effect we observed was the
magneto-optical gradient effect, which is diffractive in nature.

The following section discusses the theoretical background behind the manifestation of the
gradient effect in perpendicularly magnetized bubble domains, which will be followed by prac-
tical implications for the observations under different experimental geometries.
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Figure 5.1.: Images taken in the pure longitudinal Kerr effect geometry (vertical sensitivity) for
a bubble domain in the [Co/Pt] sample, with the illumination shown schematically
in d). The boundary contrast shown with a) slight focus above the surface, b) slight
focus below the surface, c) focus on surface. The scale bar is 50pum.

5.2. Gradient effect dielectric displacement in
out-of-plane magnetic domains

We commented earlier that, in most usual cases, samples with PMA prefer to stabilize the
Bloch wall. However, suppose a sample possesses sufficiently strong DMI. In that case, it is no
longer energetically beneficial for magnetic moments in domain boundaries to stay in Bloch
configuration, and thus the moments favor a more stable Néel wall of a particular chirality,
depending on the sign of the DMI interaction. Since the two DW configurations have different
internal magnetization structures, their magnetization gradients also differ, giving rise to the
possibility of differentiating between them using the gradient effect.

This section will focus on utilizing the gradient effect-dielectric displacement (3.14) and
how the change of inherent parameters changes the resulting image. Hence it is worthwhile
to describe the equation thoroughly.

Firstly, the parameters in equation (3.14) are of two types: 1) material dependent — P, S;;
(Si; = 1/2(0m;/0x; + Om;/0x;)) and 2) incident light property-dependent — k;, £;. The
incident light properties can be easily changed and are well-known in each experimental ge-
ometry. In our case, material parameter P is not very important because it only scales the
strength of the effect, and we are not interested in its absolute value; only relative intensity
comparison is sufficient. However, the individual gradient tensor components S;; contain in-
formation about the magnetization change. In our out-of-plane magnetized samples, the only
change in magnetization occurs at domain boundaries.
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Suppose a bubble domain with a Néel wall in a sample with PMA. Now, let us assume the
Ss1 gradient tensor component, which we write as .S;; = %(%’;13 %—Z‘;) ~ %%—fo’, where we
omitted the dependence on the derivative of x3 since we do not consider any magnetization
change along the out-of-plane orientation. Taking the S3; component of the supposed bubble
domain, it is clear that along the x;-axis, the m3 component changes such that the one side
of the bubble has a positive gradient. In contrast, the opposite side has a negative gradient.

Creating a crescent, i.e., single contrast, on each side of the bubble, see Fig. (5.2).
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Figure 5.2.: Calculated S5; magnetization gradient tensor component for a bubble domain and
a corresponding z;-axis line scan.

This single contrast is present regardless of the DW type (i.e., for S3; same contrast appears
in the Bloch and Néel walls). In the case of the S3» component, the arguments remain the
same, and a single contrast is visible along the z,-axis.

Another component, S;;, describes the change of m; along the z;-axis, which for our as-
sumed bubble domain, means that across a Néel wall, m; first drops and then increases (or
vice versa) with increasing ;. This scenario is shown in Fig. (5.3), where the S1; component
causes a double contrast on each side of the bubble. Similarly, the same arguments apply to the
Sye component, with the only difference being the change of m, along the z,-axis, meaning
the sensitivity axis is x.

In the last scenario, the gradient tensor component S5, combines the change of my with
and the change of m; with x5. For the case of the Néel wall, Sy, results in no change along the
principal axes; instead, the gradient is present along the diagonals forming alternating double
contrast, see Fig. (5.4).

Next, let us suppose a bubble domain with Bloch-type walls. In contrast to the Néel wall,
the S1; component in the Bloch wall manifests itself as an alternating double contrast again
along the two diagonals. The S, component is essentially the same as the S;; component,
only with the opposite sign; see the two cases in Fig. (5.5).

Lastly, the S5; component results in alternating double contrast along the two main axes,
similar to the S1; and S, components combined in the case of the Néel wall; see the So;
component shown in Fig. (5.6).

All discussed S;; components’ expressions and contrast influences on both Bloch and Néel
walls are summarized in Fig. (5.7).
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Figure 5.3.: The S1; magnetization gradient tensor component, calculated for Néel DW and a
corresponding line scan.

Figure 5.4.: The Sy magnetization gradient tensor component for a Néel wall.
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Figure 5.5.: a) S1; and b) S5, magnetization gradient components calculated for Bloch wall.
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Figure 5.6.: The S3; magnetization gradient tensor component for Bloch wall.
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Figure 5.7.: Table of the discussed magnetization gradient tensor components S;; calculated
for Néel and Bloch walls.

5.3. Magneto-optical effects separation

Similarly, as we can separate the polar and longitudinal Kerr effects, we can separate the Kerr
effects from the gradient effect by using the effects’ symmetries. As commented earlier in
chapter 3, one does not simply measure the gradient effect in the regular imaging setting,
even less so in systems with PMA. The main difficulty is that the Kerr effects are typically
much more prominent than the other magneto-optical effects, with the polar Kerr being the
most prominent one.

In principle, two options exist for separating the dominant polar Kerr effect from the other
magneto-optical effects: 1) proper optics setting and 2) the effects’ symmetries exploitation.
By varying the incident light polarization, it is possible to invert the Kerr rotation coming
from opposite domains. Since its inversion is smooth, finding a specific position where the
opposite domains’ Kerr rotations vanish is possible. By adjusting the other optical components
accordingly, we can remove the polar Kerr contribution while enhancing the gradient effect
contribution, which is the approach done in the pioneering work by Schéfer et al. [79].

Furthermore, it is advantageous to use the compensator to enhance the gradient effect
strength. The utilization of the compensator plays a vital role in both methods because it
has been shown that the gradient effect is notably phase-shifted from the Kerr effects [89].

When we look critically at the applicability of the gradient effect, one might argue that the
imaging of DWs could be done simply by the Kerr effects since we can separate them relatively
conveniently. Moreover, for this reason, some did not deem the gradient effect handy. How-
ever, imaging the DWs is only accessible by the Kerr effects if the walls are sufficiently thick
(i.e., > 10? nm). In typical out-of-plane magnetized systems, the width of the walls can be as
small as ~ 10 nm, which is when the diffractive phenomena start to prevail at the expense of
the classical gyrotropic interactions. Moreover, it is at this stage that the gradient effect could
be utilized.
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In order to confirm this claim, we now attempt to theoretically describe the experiments
in the pure longitudinal Kerr effect geometry conducted in Fig. (5.1). Firstly, we set the in-
cident light propagation along the x,-axis ky = (0, £k, —k3) (angle of incidence ~ 35°),
p-polarization along x5 - E = (0, Ey, £F3), and analyzer nearly crossed - sensitive just to D;.
Given the argument that dielectric displacement is proportional to the detected intensity in the
image, we may take the first image as [; ~ DI(E, E+) and the second image /5 ~ Dl(E, E_),
where the + sign symbolizes the change of the incident light angle. Under these conditions,
we assume the total dielectric displacement as a sum of the Kerr effect (3.7) and the gradient
effect (3.14) contributions. We can write the total dielectric displacement following the angle
of incidence inversion as
Dot £ _ pK ek _ ;
=D 4+ DY = e0(—iQyma By £iQymaEs)+ (5.1)

P{[£S32ky — (S11 — Sao)ks] By + [(S33 — S11) + Ssoks| Es}.
Since the Kerr effect does not explicitly depend on k, subtracting the two removes the Kerr
effect and leaves us with proportionality

D;Ot’_ — DtIOt’+ = —inngg — 2P(532]<32E2 + Sggk‘gEg), (5.2)

i.e., the longitudinal Kerr contrast proportional ms and a sum of the S3; gradient tensor com-
ponents, all manifesting as the as single contrasts along the x» dimension of the DW. Even
though the experimental data seem to fit the predicted relation based on the geometry, we
cannot distinguish the Kerr and gradient effect contributions from the presented theory per-
spective.

Besides changing the angle of incidence, another way of exploiting the symmetries of the
effects is to change the light polarization state. In a typical magneto-optical microscope mea-
surement, it is not necessary to separate the magneto-optical effects, and even when it is, the
angle of incidence inversion is the most convenient way. However, comparing images taken
at changed polarization states and thus separating individual components of the gradient ef-
fect tensor has not been done in the literature so far. Further, we show different experimental
geometries that enable us to systematically explore the magneto-optical response at domain
boundaries.

5.4. Gradient effect experiments

In this section, we assemble experimental findings acquired in various optical settings that
enable us to probe the gradient effect’s symmetries and phenomenology. We discuss the im-
portance of using the compensator, elaborate more on the focusing dependent contrast change
and finally show how the boundary contrast changes upon systematic change of the probing
polarized light.

5.4.1. Phenomenology of the gradient effect

First, let us start with a nomenclature regarding the polarization-optics components for all
measurements. In our measurements, we define the polarization axis angle ¢, of the polarizer
as deviation from the z,-axis, and the analyzer polarization axis 0,, and compensator slow
axis f.omp angles as deviations from the x;-axis; see Fig. (5.8). Hence, in this notation, the
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Figure 5.8.: Definition of polarizer, compensator and analyzer rotation angles with respect to
our coordinate system.

maximum extinction position is when 0 = 04y = Ocomp = 0°. In our experiments, we only use
the incident light polarization near the vertical axis up to ~ 12°.

The Kerr microscope images presented further are acquired using a standard differential
imaging method commonly used in magneto-optical microscopy. This method serves as a way
to enhance magneto-optical effects, which are much weaker than the regular non-magnetization
effects. In the first step, we take a digital image of a saturated magnetization state (background
image), then apply an external magnetic field and thus nucleate particular domains, of which
we take a second digital image. The two images are then subtracted; this way, the signal of
non-magnetic origin is subtracted while the magnetic signal is amplified.

We mentioned earlier that due to the phase shift of the gradient with respect to the Kerr
effect, using a compensator is highly recommended to increase the gradient effect signal. The
demonstration is relatively straightforward. As an example, the [Co/Pt] sample was used.
The maximum extinction position was found by adjusting the compensator and analyzer in
a fixed 0, = 0° position and under oblique illumination along the x,-axis. Afterwards, the
polarizer was set to 6, = +2°, and an out-of-plane field was applied to nucleate a +/, bubble
domain; see the resulting image in Fig. (5.9a). Next, we erased the +M/, bubble, opened
the analyzer by 10°, nucleated and imaged the +)/, bubble domain again. See the double
contrast homogeneously distributed along the whole bubble circumference in Fig. (5.9b). By
comparing the two images, it is clear that the boundary contrast was massively enhanced while
the domain signal remained qualitatively the same. We conducted the two measurements
again; however, the polarizer was inverted, ie., 0, = —2° the images are plotted in Fig.
(5.9¢,d). The first and the second pair of images have opposite domain contrasts; nevertheless,
the boundary contrast remained unchanged, as seen in the plotted line scans. Even though
we did not exactly rotate the compensator to enhance the boundary contrast, it is the relative
analyzer-compensator position that effectively does the enhancement.

Now that we have shown that inverting polarizer does not change the boundary contrast but
rather the domain’s polarity, the next series of experiments reveal how the other components’
inversion changes the contrast conditions. We took a set of four images of +)/, domains
under oblique z;-illumination with the same incident polarization 6,,; = —4° and varied the
compensator first to f.,m, = +10° and then the analyzer to 0,, = +10°. The result was that the
compensator inversion switched both the domain and boundary contrast polarity, whereas the
analyzer inversion switched only the boundary contrast polarity; see Fig. (5.10). We repeated
this series of experiments even for the Co/Gd sample. What we found was that this sample has
the very same boundary contrast polarity in every configuration as the [Co/Pt] sample, while
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Figure 5.9.: Bubble domain images of [Co/Pt] taken in labeled experimental conditions. Images
a) and b) are taken without a relative analyzer-compensator rotation, implement-
ing this relative rotation c) and d) enhances the boundary contrast, as can be seen
from the corresponding intensity profiles. The scale bars are 50 pm.

the domain contrast behaved oppositely. The domain contrast kept polarity upon compensator
inversion and switched upon analyzer inversion. See the corresponding images in Fig. (5.11).

To conclude these observations, not surprisingly, the polar Kerr contrast is strongly de-
pendent on a material’s optical properties. In comparison, it might seem that the gradient
effect signal remained the same regardless of the material used. This feature shall be discussed
further in the thesis.

Another vital aspect influencing the boundary contrast behavior is the already briefly men-
tioned dependence on the objective focusing. The single contrast switched polarity upon
changing the focusing in Fig. (5.1). This contrast switch might be well exposed if the sam-
ple is slightly tilted; therefore, the focusing height over the field of view is not uniform. See
an image taken at this condition in Fig. (5.12) in the incident angle inversion geometry along
the x,-axis with constant polarizer position. The sample inclination is along the bottom-left
to top-right diagonal. Looking specifically at the boundaries near these corners, we may see
that the x;-single contrast switched here from white to black (on the left side of the domains).

Moreover, we may notice, roughly around the first third of the diagonal, that as the single
contrast smoothly transitions also, a double contrast appears. We may learn two main things
from this measurement; first, the sample tilt must be very precisely adjusted in order to be
as flat as possible and connected with that is a proper focus height adjustment; second, it is
reasonable to presume that the double contrast, visible only in part of the image, was present
over the whole field of view, however, was hidden under the dominant single contrast. Fur-
thermore, if we manage to remove the single contrast contribution, we might be able to analyze
the comparatively narrower double contrast.

In the following experiment, we examine the double contrast in the following geometry:
we set the analyzer to 6,, = —10° (to increase the boundary contrast) and adjust the other
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Gpol = —4° gpol = —4°
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Opol = —4° Opol = —4°
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Oan = 0° Bn = —10°

Figure 5.10.: [Co/Pt] domain images taken at labeled experimental conditions, indicating do-
main contrast switching upon compensator inversion - a) and b), and keeping the
domain contrast upon analyzer inversion - c¢) and d). The scale bars are 50 pm.

6]301 = —4° 9p01 = —4°

gcomp =10° gcomp =0°

Oan = 0° O.n = 10°
gpol = —4° Opo1 = —4°
gcomp =-10° Bcomp =0°
On = 0° O.n = —10°

Figure 5.11.: Co/Gd domain images taken at labeled experimental conditions, domain contrast
stays unchanged upon compensator inversion - a) and b), while it inverts upon
analyzer inversion - ¢) and d). The scale bars are 50 pm.

50



Figure 5.12.: Domain image of a significantly tilted Co/Gd sample eventually leading to single
contrast inversion upon going from the under-focused to the over-focused area,
whereas the area in-focus shows signs of double contrast. The scale bar is 50 pum.

Opol - MaX ext.
Ocomp - MAax. ext.
6., = —10°
Focus below

Opol - AX EXL.
Ocomp - MAax. ext.
6., = —10°
Focus above

Figure 5.13.: Imaging of double contrast given an analyzer position and with the polarizer-
compensator configuration adjusted to obtain maximum extinction of the domain
signal. a) Slightly under-focused and b) over-focused images, where the inversion
of the double contrast at the domain boundary is observed. Scale bars, 50 pm.

optical elements to annihilate the polar Kerr signal arising from the domains. Nucleating
a bubble domain and taking the image under oblique illumination and a small defocus above
the sample surface, we get the isolated double contrast; see Fig. (5.13a). If we change the focus
height and focus slightly below the sample surface, we also get a double contrast; however, the
contrast polarity is switched; the resultant image is plotted in Fig. (5.13b). Note that in order to
demonstrate the contrast switching, it was necessary to defocus the objective slightly because
focusing ideally on the surface is an exceptionally complex task. Moreover, even if we manage
to do so well, the interpretation is a challenge. Mainly because as the double contrast polarity
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transitions, we may even get something like a triple contrast, i.e., an ambiguous contrast that
may hardly be explained within the scope of the tensor modeling approach we are utilizing.

5.4.2. Separation of the gradient effect components

In this section, we introduce the methodology allowing us to isolate the individual gradient ef-
fect components partially. We also suggest an explanation of the particular boundary contrasts
through the gradient effect dielectric displacement approach. However, firstly, we comment
on the procedure by which the experiments were conducted.

The procedure we use essentially consists of two consecutive differential images. The first
differential image (image /) is taken in some particular illumination, polarizer, compensator,
and analyzer settings. Next, we change the position of the mentioned optical components or
even the incident illumination angle and perform a backward differential imaging procedure.
Meaning that we save the image with a nucleated domain as a background image; by applying
the magnetic field, we erase the domain, take the second image and subtract the two (image

I5). The procedure is schematically illustrated in Fig. (5.14).
Optics setting change ‘

Hext %
Subtract ©
background -
® M ® \

Hext g /
®
Subtract ‘ .
Save image - |
background ve imag 2

Figure 5.14.: Schematic depiction of a double differential imaging method which takes two
images (/7 and 1) of the same magnetization state acquired in different optical
configurations. Their subtraction or addition is then used to separate gradient
effect contributions.

Save image - [;

L+

Earlier, we exposed the dielectric law for gradient effect in the pure longitudinal Kerr effect
geometry, where we applied only the change of the angle of incidence. In further experi-
ments, we keep the angle of incidence unchanged and work only with the polarization optics
components. This means that the first image is, again, [; ~ E(E , E) and the second image
Iy ~ 5(5 ’, E) where the E’ corresponds to the changed incident polarization due to polar-
izer change and D’ to the changed compensator or analyzer. Further, if we add or subtract
the two images, /; and I, we can separate the individual gradient effect components of the
dielectric law (3.14). Compared to the angle of incidence inversion, varying the polarization
optics elements gives us many more possible geometries for the gradient effect component
separation.

The first geometry we will describe is one in which we change only the polarizer. The in-
cident p-polarized light parameters are k= (k1,0, —k3) and E. = (Ey, £0FE5,0Es), whereas
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here we detect only D,. The corresponding optical elements angles are 0,,; = 90° & 60,
Ocomp = 90°, and 6, = 90°. We write the first differential image as

ng = P{[—S551k1 + (S22 — S11)ks| Ey
+2[—523]€1 — Sglk}g](SEg (53)

and the second differential image as

D§"? = P{[—Ss1k1 + (S22 — S1)ks]
—2[—Sa3k1 — Sa1ks]0Ey (5.4)

See the corresponding images in Fig. (5.15a,b). Note that the second image is a negative image;
therefore, we have to write [ ~ —Dgr’2(E ’, E) The data were measured in the Co/Gd sample
with 0,5 = £1°. In order to remove the disturbing domain signal, we have to subtract the two
images, which leaves us with

I-I, ~ ng — DS’"’l = 2P[—S51k1 + (Sa2 — S11)ks| By + [(S22 — Ss3)k1-Ss1ks] Es,  (5.5)

and the image corresponding to the subtraction is plotted in Fig. (5.15c¢).

I I L=

Figure 5.15.: Double differential imaging method used for domains in Co/Gd. a) corresponds
to an image taken at 6,,; = +1°, while b) to 0,,; = —1°, The image in c) is the
result of their subtraction. The scale bar is 50 pm.

In the subtraction image, we may notice two main features. First, there is a significant single
contrast along the z-axis; second, there is also a significant x,-double contrast. In the sub-
traction equation (above), the two features are represented by the Ss; and Sy; components,
respectively. While the S, component is even amplified as it occurs in both terms with £}
and Fjs, the 511 and S33 components were not detected. The presence of S33 was not simply
detected because the polar component of magnetization does not change within the penetra-
tion depth of the light. Even if it was, it is questionable if we were able to measure that; hence,
the S33 component will be omitted hereafter. Furthermore, the S;; component (i.e., z1-double
contrast) was not likely detected because it was overwhelmed by the z;-single contrast.

The second of the more basic geometries uses a constant polarizer position; what we change
is the detected dielectric displacement and thus work with the analyzer (6,, = £10°). The
first differential image thus will be proportional to I; ~ (D{",6D3",0), while the second
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(negative) image will be I, ~ —(D{", —0Dj",0). In the following experiment, we use oblique
incidence along xs k = (0, ko, —k3) this time and again the p-polarization £ = (0, Es, 0 E3).
By subtracting the two dependencies, we obtain

]2—]1 ~ —2D£17T = 2{[532]62(522 — Sll)kg]Eg + [—Sllkfg + Sggkg](SEg}, (56)
while by summing, we get
[2 + Il ~ 2(5Dgr == 4{—Sglk3E2 + [—Sglk’g - Sglkg](SEg}. (57)

Now, in Fig. (5.10), we showed that in the [Co/Pt] sample, inverting the analyzer does not
switch the domain signal contrast. Therefore, to remove the domain signal, we must sum the
two corresponding images (since the second one is negative); see the sum image in Fig. (5.16a).
The theory suggests that in the present case of a Néel wall, we should detect an z;-single
contrast and the diagonal double contrasts (from .S5;). However, we detected neither of those;
moreover, we detected the homogeneous double contrast. The double contrast explanation
in this particular case still needs to be investigated more in detail, with more measurements
using this sample.

Next, we examine the [Co/Ni] sample using the same analyzer-inversion geometry. Oppo-
site to [Co/Pt], [Co/Ni] switches domain contrast upon analyzer inversion, meaning that the
I and I, must be subtracted to eliminate the polar Kerr signal. In this case, the corresponding
proportionality is (5.7), and the image is plotted in Fig. (5.16b). Despite the theory suggestion,
which says that we should see an x5- and two times as intense z;-double contrast (F; and Fj
contribution), here, the subtraction image appears as if there was solely an x,-single contrast.
Upon closer examination, the double contrast on the left and right sides of the bubble, where
the x,-single contrast transitions, vanishes; however, a weak z5-double contrast can indeed
be spotted.

Comparing the results discussed so far, we may notice a disparity between the individual
gradient tensor components depending on the measured sample. The disagreement between
the experiments and the predicted boundary contrasts may be massively influenced by the
simplicity of the dielectric law (3.14) we use. Since we use only one material parameter, P,
all gradient effect permittivity tensor components have the same weights. This limitation was
aforementioned by Thiaville et al. in Ref. 81. The earlier derivation of €& (3.13) employed
two material parameters: the P’ parameter was present in components including Ss;, while
the P parameter was in the rest. Therefore, assuming two material parameters, it might be
the case for the result in (5.16) that |P’| > |P| in [Co/Ni]. Additionally, since P’ and P are
generally complex quantities, there might even be some phase difference imposed by the two
parameters depending on the incidence of light.

Another experimental geometry combines the two previous ones, i.e., simultaneous po-
larizer and analyzer inversion (0pq = £2°, 6,, = £10°). This time, we illuminated the

[Co/Pt] (on glass) sample under normal incidence, hence k= (0,0, —k3) and used the po-
larization £ = (£0E1, E5,0). We can write the intensity proportionality in short form as
I, ~ (DY (+0Ey), 0DY (+0E1),0) and Iy ~ (—D{" (=0E;),0D3 (—IFE1),0), where we do
not write the F, dependence explicitly since it remains unchanged during the measurement.
In this scenario, the subtraction operation suffices, and it gives us

IQ—Il ~ (SQQ - S11>l€3(5E1 + (SQQ - Sll)l{igEQ. (58)

54



9p01 =0°
ecomp =0°
6., = £10°

Figure 5.16.: Differential images taken in labeled experimental conditions. While in a) [Co/Pt],
the domain contrast is not changed upon analyzer inversion, it has to be removed
by summation, for b) [Co/Ni], the domain signal switches with analyzer inversion.
Hence, the domain signal is removed upon subtraction. The scale bars are 50pm.

Figure 5.17.: Differential image of [Co/Pt] in 0, = £2° and 0,, = £10°, resulting in homo-
geneous double contrast along the whole bubble circumference. The scale bar is
50 pum.

According to this dependence, the subtraction image should result in nothing more than a
double contrast with opposite polarities along the x; and x,-axes. However, instead, we see
a highly homogeneous double contrast; the image is depicted in Fig. (5.17), and this double
contrast behavior explanation is yet to be found.

Alternatively, we can measure in geometry with the analyzer starting position as negative,
meaning 0, = +2° and 0,, = F10°. In this modification, the images correspond to I; ~
(DY (+0E4),—0Dy (+0F1),0) and Iy ~ (=D (=dFE1), —D3 (—dE1),0). The subtraction

dependence is as follows

Ih—11 ~ — (S92 — S11)ksO Ey + (Sag — S11) ks Es. (5.9)
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In contrast to the previous equation (5.8), here, the two double contrast contributions oppose
each other. Despite the sign difference, the double contrast should at least partially remain
since )y >> E. Nevertheless, the subtraction image in this geometry apparently deletes the
double contrast entirely and leaves us with only an zs-single contrast; see Fig. (5.18). The
proposed dependence (5.9) could not explain this utterly unexpected single contrast.

Figure 5.18.: Differential image of [Co/Pt] in 0, = £2° and 0,, = F10°, resulting in ambigu-
ous xy-single contrast. The scale bar is 50 pm.

In order to determine whether the single contrast appearance in such geometry is a sample
specification or a general rule, we repeated the experiment for the [Co/Ni] sample. Addi-
tionally, we increased the £,/ F; ratio by opening the polarizer more (6, = £10°), hoping to
influence the degree to which the two opposing double contrast contributions subtract. See the
resulting subtraction image in Fig. (5.19a) taken under normal incidence. The single contrast
remains here as well, supporting the independence of the structure of the examined specimen.

Furthermore, we examined this geometry using oblique illumination. A general dependence
of the gradient effect in this geometry takes a rather complicated form

-1 ~ —[S31k1 4 Ssoka + (S22 — S11)ks]dEy
[—S51k1 + Saaka + (S2e — Si1)ks| Es (5.10)
[So1k1 — S11ks + Ssoks]0Es

Overall, we have done this experiment in five incident illumination configurations: normal
and one oblique from all four directions, i.e., I;I = (0,0, —ks), /22,3 = (%k1,0,—k3), and
l;4,5 = (0, £kg, —k3). All the corresponding subtraction images are shown in Fig. (5.19). In
conclusion, we may state that this z,-single contrast remains unchanged regardless of the
incident light illumination; therefore, it has to be sensitive only to the k3 component since it
is what all five configurations have in common. As this contrast does not adhere to the one
determined by (5.10), we may have to find other ways of describing the measured boundary
contrasts.

Last, we examined the [Fe/Gd] sample - the only multi-layered system with Bloch walls. By
comparing this sample’s measurements in the discussed geometries with the previous ones
having Néel wall, we wanted to find whether or not the gradient tensor components manifest
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I_{) = (0, 0, —k3) ]_() = (+k1, 0, —k3) E = (_kli 0, —k3)

k = (0, +k,, —k3) k = (0,—k,, —k3)
Opor = £10°
gcomp =0°
0,, = F10°

Figure 5.19.: Differential images of domains in [Co/Ni] sample in ,,; = £10° and 0,, = F10°
geometry under different incident illumination angles, all resulting in qualita-
tively same boundary contrast. The scale bars are 50 pm.

differently as predicted theoretically in Fig. (5.7). As shown earlier, this sample has very low
coercivity; hence, the magnetic domains form a maze-like structure. In an effort to see the
homogeneous double contrast observed in Fig. (5.17), we conducted an experiment at the
corresponding geometry ¢,, = £10° and 0,, = £10°, and the resulting image is captured
in Fig. (5.20a). The low coercivity of the system caused the domains to move in order of
micrometers throughout the measurement procedure. Eventually, the displacement resulted in
a blurry and divisive boundary contrast, leading to a challenging interpretation of the results.
Furthermore, we attempted imaging in the geometry characterized by the x,-single contrast
using 0, = +10° and 0,, = F10°. We obtained a similar not-so-straightforward boundary
contrast to clarify; see Fig. (5.20b).

The methodology we use is primarily qualitative rather than an exact description of the
optical response of a system, just as for the Lorentz concept of the Kerr effect. Within this
approach, we argue that the product —m x Eis ultimately proportional to the domain signal.
Nevertheless, this direct use of the dielectric law to describe the detected intensity does not
consider the system’s intrinsic properties or the phase shift aspects. A more complex and
suitable approach is to obtain a Fresnel reflectivity matrix of the system and then use the Jones
calculus to determine how the reflection affects the incident light polarization. The following
section describes this more complex approach utilizing the transfer matrix method and Jones
formalism.

57



epol = +10°
ecomp =0°
O,n = F10°

9p01 = +10°
ecomp =0°
0.y, = £10°

Figure 5.20.: [Fe/Gd] stripe domains images taken by differential imaging. Images a) and b) are
addition and subtraction images taken in 0,, = +10° and 0,, = F10° geometry,
while c) an d) are taken in 0, = £10° and 6,, = +10° geometry. The scale bars
are 50 pm.

5.5. Differential imaging simulations

The transfer matrix method is used to calculate light propagation in layered anisotropic media
with a linear optical response. Based on the 4 x 4 differential matrix algorithm by Berreman
and Yeh [90, 91], it utilizes such a transfer matrix to connect the incident polarization ampli-
tudes with the reflected and transmitted ones. Since this transfer matrix describes the optical
properties of the system, it is possible to find general solutions connecting the transfer matrix
elements with Fresnel reflection coeflicients.

We will not explain the calculus in this formalism itself in detail; we refer to Refs. 92-94.
Ultimately, this method allows us to go from the arbitrary dielectric tensor of the system to
its reflection matrix. We used the transfer matrix method and Jones formalism to simulate
magneto-optical signals originating from the gradient effect. The principle is outlined in Ap-
pendix A.
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We showed earlier that the dielectric law (3.14) and the Lorentz concept methodology could
partially explain the observed gradient effect signal. Nevertheless, it only considered the dis-
tribution of magnetization, the properties of the incident light, and the detected dielectric
displacement components. However, the description of the phenomenon not only depends
on the system’s magnetization but also on its intrinsic optical properties. Moreover, this ap-
proach does not account for the phase aspect of the reflected light; hence, the presence of the
compensator was not properly represented. These shortcomings can partially be surpassed by
using the aforementioned transfer matrix methodology:.

Let us take the experiment geometry described by the equation (5.8) with the result plotted
in Fig. (5.17a). Further, we expand our analysis by performing a series of experiments in
this geometry with the sample [Co/Pt] sample, where we increase the opening angle of the
polarizer. So the set of experiments is ,,; = £2°, £4°, £6°, with 0,, = £10° in all of them.
The three cases are plotted in Fig. (5.21a,b,c).

We can immediately spot that the magneto-optical signal in all three cases differs signifi-
cantly. Most notably, the image (5.21b) was the only one in which the domain contrast could
not be removed by subtraction. The explanation is that roughly around this ¢, = +4° config-
uration, the opposite domains’ Kerr rotations are almost equalized, and turning the analyzer to
+10° does not switch the nearly-compensated domain contrast. Therefore, subtracting the two
enhances the Kerr domain contrast since the second differential image is negative. Neverthe-
less, the domain contrast is not too overwhelming, and the boundary contrast is still apparent.
Another changing feature is that whereas the 0,,; = +2° image shows a homogeneous double
contrast, the ¢, = £6° only shows a visible double contrast along the left bottom-right top
diagonal with the double contrast along the perpendicular diagonal vanishing. Furthermore,
the 6, = 1-2° image double contrast has a black stripe on the inside of the bubble, whereas,
in 0,01 = +4° and 0, = £6° images, the inner bubble-side stripe is white.

Next, we show this experimental geometry simulation in the corresponding optics config-
uration. See the normalized simulated intensities plotted images in Fig. (5.21d,e,f). First, we
must say that the presented simulations do not entirely agree with the experimental data.
However, some elements characterize the experiments well. Most notably, we notice that
boundary contrast has indeed switched between 0,,,; = £4° and 0,,,; = 36° polarizer open-
ing. Even though the boundary contrast polarity switches between 0, = £2° and 6,,; = £4°
in the experiments, the switching does occur. This slight disagreement may be attributed to
errors in the nominal thicknesses of the individual layers of the system, their intermixing or
even to differences in the optical properties of the layers compared to the ones found in the
literature. Another common aspect of the simulations is that they resemble a single contrast
with accompanying ;- and z,-double contrasts along one diagonal and a vanishing signal
along the other. Moreover, looking closer at the ,,; = £6° experimental data, the simulations
correspond rather well. Despite using the more physically correct approach, compared to the
Lorentz concept, we still could not replicate the homogeneous double contrast appearance and
ended up with the alternating double contrast instead.

Now we focus on the other experimental geometry with the simultaneous polarizer and
analyzer inversion, as in Fig. (5.18), where the optics setting was 0, = £2° and 0,, = F10°.
Similarly, as previously, we conduct a set of experiments with increasing polarizer angle f,,, =
+2°, £4°, +6°, and with 6,, = F10° in all cases. The series is plotted in Fig. (5.22a,b,c). In
contrast to the series in Fig. (5.21), we may notice no change in the boundary contrast, and
the diagonal single contrast prevails.
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Figure 5.21.: Subtraction differential domain images in [Co/Pt] in experimental geometry with
increasing polarizer opening angle a) 0, = +2°, b) +4°, ¢) £6° and 0,, = £10°.
Simulations of corresponding experiment geometries are plotted in d), e) and f).
The scale bars are 50 pm.

Fig. (5.22d,e,f) shows the corresponding simulations in this geometry. Even though the
simulations show double contrast along the x; - and z5-axes, the diagonal single contrast keeps
its polarity across the series as it does in the experiments.

Since even in the transfer matrix method simulations, we use a single material parameter
in the gradient effect permittivity tensor, all the gradient components bear the same weight.
This simplification is eventually projected into a possible inaccuracy for all simulations; despite
that, the simulations at least allow us to get a glimpse of the gradient effect symmetries.
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Figure 5.22.: Differential domain images in [Co/Pt] in experimental geometry upon subtraction
with increasing polarizer opening angle a) 0, = £2°, b) £4°, ¢) £6° and 0,, =
F10°. Simulations of corresponding experiment geometries are plotted in d), e)
and f). The scale bars are 50 pm.
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6. PROPOSAL FOR OPTICAL IMAGING OF
DOMAIN WALL TYPE AND CHIRALITY

The pioneering studies on the gradient effect [20, 79, 81], focusing only on a single contrast,
state that no information on the internal structure of the DW can be obtained from its features.
However, the work studying a double contrast [80] inherently supposed a specific internal
wall structure and proved that the structure does contribute to the boundary contrast. To put
the utility of our simulations into perspective, the main reason for their implementation was
to find to what extent the dielectric law theory correctly describes the observed boundary
contrast. Further, after having the knowledge of the theory and experiment correspondence,
we aimed to find whether it is possible to use the gradient effect to probe the internal DW
structure. Here, we propose simulating other wall structures apart from those present in our
samples and searching under what experimental conditions the DWs can be recognized.

In this chapter, we take what we have learned from the experiment-simulation correspon-
dence in the case of Néel walls and translate the system’s response if the DW was instead
Bloch-type or of opposite chirality. More specifically, we focus on the two geometries with
simultaneous polarizer-analyzer inversion. We will use the [Co/Pt] system in the following
simulations.

First, we simulate a Néel wall in 0,,; = +2° and 6,, = £10° geometry under perpendicular
incidence and both wall chiralities. In one case, the in-plane magnetization components of the
wall point inside the bubble domain (—1 chirality), and in the other, they point outside (+1
chirality). The results, including subtraction and addition, are plotted in Fig. (6.1). Comparing
the subtraction images to results with opposite chirality, we can see that the only difference is
an overall switch of contrast polarity. The addition images give an alternating diagonal double
contrast; however, in the case of [Co/Pt], the addition enhances the polar Kerr domain contrast
and hence is not advantageous for experimental verification.

In the next set of simulations, we modelled a Bloch wall with counter-clock-wise chirality
(+1 chirality) using the geometry with 6,, = £2° and 0,, = F10°. Here, the alternating
diagonal double contrast appears in subtraction, and the stronger diagonal single contrast in
the addition, see Fig. ((6.2) a,b). Simultaneously, we simulated the Néel wall with —1 chirality
in the same geometry, and we saw that the subtraction gives the diagonal single contrast,
while the addition alternating diagonal double contrast; see Fig. (6.2 ¢,d). When we compare
the results with the Bloch and the Néel walls, Fig. (6.2), we can notice that it appears as if the
subtraction and addition dependencies were swapped. Reversing the Bloch wall chirality (—1
chirality) results solely in a contrast polarity inversion.

Put together, we have demonstrated the swapping of subtraction and addition dependencies
upon changing the DW from Néel to Bloch type using simulations. Therefore, we suggest that
it could be possible to differentiate between the two DW types by measuring and comparing
both geometries. Nevertheless, since the experiments and simulations are not in complete
agreement and several open questions remain, the reliability of this suggestion for the DW
differentiation needs to be further investigated. Moreover, additional experiments in systems
with Bloch walls need to be conducted to support our proposal.
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Figure 6.1.: Simulations of gradient effect signal in [Co/Pt] with Néel wall and 6, = +2°,
Oam = £10° geometry. a) and b) depict subtraction and addition images for —1
wall chirality (magnetic moments pointing inside the bubble), respectively. c¢) and
d) show results for +1 wall chirality.

Earlier, we showed simpler experiment geometries requiring a rotation of one element,
which could also be used for DW recognition. However, measuring a series of these experi-
ments is advisable since, as shown in Fig. (5.21), the boundary contrast can vary dramatically.

On the experiment front, another practical aspect is that we worked exclusively with the
polarizer and analyzer in the presented experiments. However, it appears that manipulating
the compensator instead of the analyzer gives almost exactly the same experimental results,
which was even supported by simulations. Hence it might be beneficial to choose the compen-
sator as a non-static element in cases where domain contrast cannot be switched by analyzer
inversion but by compensator instead.
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+1 chirality Bloch DW -1 chirality Néel DW
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Figure 6.2.: Simulations of gradient effect signal in [Co/Pt] with Bloch wall in 6,,; = £2° and
Oa = F10° geometry. The modeled Bloch wall with +1 chirality (counter clock-
wise magnetization circulation) a) subtraction, b) addition results. Images c) and
d) correspond to -1 chirality Néel wall in the same geometry.
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CONCLUSION

In the presented thesis, we studied the magneto-optical gradient effect phenomenology
and its possible utilization in domain wall imaging in systems with perpendicular magnetic
anisotropy. The first chapter was devoted to providing a theoretical basis for nanoscale mag-
netism. We introduced magnetic free energy terms that lead to the formation of non-uniform
magnetization configurations called magnetic domains. Then we discussed the most com-
mon in-plane and out-of-plane domain types and their accompanying domain walls. We even
briefly commented on the magnetic textures reaching the nanometer scale and their promising
features for utilization in future devices.

In conjuction with this, we reviewed the most common microscopy techniques used for
magnetic imaging. The fundamentals of microscopy methods such as scanning probe mi-
croscopy, electron microscopy and finally, magneto-optics were briefly laid. Their drawbacks
and advantages were described to provide a comparison between them. Finishing with magneto-
optical microscopy, we gradually transitioned to the chapter focusing on the magneto-optical
effects.

The third chapter was designed to provide an introduction to magneto-optical effects. Start-
ing from a derivation of magnetization-dependent dielectric permittivity tensors describing
Kerr and Voigt effects, their manifestation in experiments and the discovery of the gradient ef-
fect were presented. Last, we summarized the literature on the gradient effect, centering on the
pioneering studies. We made the case that those studies predominantly focus on in-plane mag-
netized systems, whereas the perpendicularly magnetized systems were mostly overlooked.

In chapter four, we describe the fabrication of magnetic multilayer systems with perpen-
dicular magnetic anisotropy, with systems based on Co/Pt, Co/Ni, Co/Gd and Fe/Gd multilay-
ers. We also describe their magnetic properties using Kerr microscopy and their subsequent
domain wall type determination, ultimately provided by Lorentz transmission electron mi-
Croscopy.

The core of the thesis is in chapter 5, where the possibility to learn about the internal struc-
ture of magnetic domain walls via the magneto-optical gradient effect is discussed. It is firstly
concluded that longitudinal Kerr effect microscopy is not reliable for magnetometry of mag-
netic domain walls in out-of-plane magnetized bubbles, as the arising contrast is largely focus
dependent. Therefore bringing forth the hypothesis that the contrast at domain boundaries
originates from the gradient effect. Further, we investigated how the individual magnetization
gradients look in bubble domains with specific domain wall types. Then we used the magne-
tization gradients occurring in the dielectric law of gradient effect and suggested multiple
experimental geometries in which the magnetization gradient components can be separated.
We consequently measured the gradient effect separation in the corresponding proposed ge-
ometries and compared it with the analytical dependencies. We found multiple common fea-
tures; however, there was no no one-to-one correspondence between the phenomenological
dielectric tensor and the experimentally measured features. Aiming for a more accurate mod-
eling of the optical experiment, we performed numerical simulations using the transfer matrix
method. We then used these simulations to explain more complex experimental geometries,
yet still without full correspondence.

Finally, we gathered the features in experiments and simulations that agreed and used them
in chapter six to propose experimental geometries to differentiate between Néel and Bloch
domain walls in bubble domains. Unfortunately, experimental confirmation was not possible
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due to the lack of a perpendicularly magnetized multilayer system with stable bubble domains
featuring Bloch walls.

We envision that further work on the exploration of the magneto-optical gradient has the
potential to establish an approach based solely on optics to investigate sub-resolution magnetic
textures (such as domain walls). Such a method would offer a fast, advantageous and inex-
pensive pathway for characterizing a large set of nanomagnetic systems that are currently of
large interest in domains of scientific research and technical applications.
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CMOS
DMI
DW
HDD
LCP
LEEM
L-TEM
MFM
ML

MO
MRAM
NV
PMA
RCP
SEM
SEM-PA
SP-LEEM
SP-STM
SOT
STT
TEM
XMCD

XMLD

complemetary metal-oxide-semiconductor
Dzyaloshinskii-Moriya interaction

domain wall

hard disk drive

left circular polarization

low energy electron microscopy

Lorentz transmission electron microscopy
magnetic force microscopy

monolayer

magneto-optical / magneto-optics

magnetic random access memory

nitrogen vacancy

perpendicular magnetic anisotropy

right circular polarization

scanning electron microscopy

scanning electron microscopy with polarization analysis
spin-polarized low energy electron microscopy
spin-polarized scanning tunneling microscopy
spin-orbit torque

spin-transfer torque

transmission electron microscopy

X-ray magnetic circular dichroism

X-ray magnetic linear dichroism



A. TRANSFER MATRIX METHOD

Transfer matrix connects the incident light polarization amplitudes with the reflected and
transmitted ones. Since this transfer matrix describes the optical properties of the system,
it is possible to find general solutions connecting the transfer matrix elements with Fresnel
reflection coefficients.

However, most importantly, the transfer matrix of the whole system is at first divided into
partial transfer matrices describing individual layers of the system. The dielectric permittivity
tensors of the individual layers then enter the partial matrices, and then the calculus is applied
to obtain the Fresnel reflection matrix.

Because the presence of magnetization in magnetic media presents an anisotropy in optical
properties, and the optical response is also linear, it is possible to use the transfer matrix
method in conventional magneto-optics. Moreover, it is highly beneficial for our gradient
effect observations since we already know its permittivity tensor. Due to the high complexity
of the transfer matrix method calculus, the polarization dependent reflectivity can only be
computed numerically.

Another useful methodology for our purposes is the Jones formalism [95]. Jones formalism
is a method used in polarization optics utilizing a matrix notation to represent the polarization
state of the light and its change upon interaction with other optical elements. Typically, the
incident light E is represented by a column vector of its x— and y— polarization components

B Eomei%
J - <E0yei¢y) ) (Al)

where ¢, and ¢, denote the corresponding phases of their polarization components. As the
light passes through the optical setup M, its polarization state is modified as

J=M-J=M M-..-M,-J (A.2)

where we can split the matrix describing the whole system )M into separate matrices M, Ms,
..., M, each representing individual optical elements of the system.

The description of the experiments we deal with in the Kerr microscope setup only need
four matrices to describe. The four matrices are the polarizer P, the reflection matrix R of the
sample, the compensator C' (\/4-wave plate), and the analyzer A. In practice, the unpolarized
light J; is polarized by the polarizer, it is reflected off the sample, passes through the com-
pensator and analyzer, and finally, J,, is detected by the camera; in Jones formalism, we can
write it as follows

J=A-C-R-P-Jp (A.3)

Matrices P, C' and A can be easily obtained analytically and are formally written in Ap-
pendix B. Since we get the reflection matrix R from the transfer matrix method, we now know
all the quantities on the right-hand side of the equation (above). Using this approach, we can
just define the rotation angles of the polarization optics elements and find the final Jones vec-
tor that makes it to the detector. Taking Jou - JJ, = lgetect gives us the detected intensity.
Therefore, we can eventually simulate the gradient effect signal in particular setting of choice
of the optical elements.

For the numerical simulations, we scripted a MatLab code. Our script is based on a code
developed by Jon Arregi, PhD., which was primarily accustomed to magneto-optical Kerr el-

lipsometry and based on the work by Schubert et al. [94]. In the original code, the examined
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layered system is defined by the layers’ thicknesses, corresponding optical parameters (refrac-
tive index and Voigt constants, see Tab. (A.1)), and the uniform magnetization orientation if
the layer is magnetic. This script used the Kerr effect permittivity tensor to get the reflection
matrix via the transfer matrix method and, ultimately, was able to simulate the Kerr rotation
and ellipticity upon reflection.

The modification implemented in this thesis to this code was the possibility of defining a
non-uniform magnetization state. Since the domain state we observe in experiments is an
out-of-plane bubble domain, we also modelled the magnetization state in a discrete zy grid
according to a radial one-dimensional DW model following Eqgs. (1.5) and (1.6) . Every matrix
element then contained a full magnetization vector. Further, individual gradient components
were calculated and inserted into the permittivity tensor. Other modifications allowed us to
apply the transfer matrix method to every element of the xy grid and thus obtain the whole
reflectivity matrix at each site of the modeled bubble domain. In the next step, the Jones
formalism was used to calculate detected intensity point in each element of the matrix.

Table A.1.: Optical parameters used for transfer matrix method simulations, extracted from
Refs. 96-98. While the experiments encompass a broad spectrum in the visible
light region, simulations were performed at A = 532 nm (green) for the sake of

simplicity.
material ‘ n [-] ‘ Qv [-]
Pt 0.4809 + 4.8707i -
Co 2.0014+ 3.7351 0.0262 + 0.0072i1
Gd 1.775 + 2.615i1 -
Ta 1.1412 + 4.7151i -

Ni 1.8775 + 3.49461 | 0.0059 - 0.00571
Si 4.152 + 0.0517871 -
SiO, 1.4607 -
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B. LIGHT POLARIZATION AND OPTICAL
COMPONENTS IN THE JONES
FORMALISM

We recover the general definition of the Jones vector to represent polarized light as

_ Ex _ EOm ei%
7= ()= (@) e

In the following, we may indicate the Jones representations of a set of most common polar-
ization states using this notation. For instance, linearly polarized light with a slope a can be

represented as [10]
Jo = (Cf)so‘) , (B.2)
sin «

while both types of circular polarization are expressed as

Jrop = % (EZ) ,Jrop = % C) : (B.3)

On the other hand, the Jones vector for the most general elliptical polarization state is

Q0
T = < cos ZM) : (B.4)

sin Qe

where () = arctan (Ey,/Ey,). Furthermore, the individual components of the E-vector may
be written in the Jones formalism as follows,

1 0
e (- (9) o

Because the two components are orthogonal, J, - J;‘ = 0, the two vector form a basis and
they are therefore suitable for defining all other polarization states, for example, both circular
polarizations:

1 , 1 .
Jrop = E (Jx — ZJy> , Jrep = E (Jx + ZJy> . (B.6)

We might notice that even Jrcop - Jj ~p = 0 fulfills, which also means that the RCP and LCP
polarization states are orthogonal (and orthornomal), and hence can be used to describe all
possible polarization states; for instance, linearly polarized light can be expressed as

1 7
Jp = 7 (Jrep + Jrep) . Jy = 7 (Jrer — Jrep) - (B.7)
In addition, we describe here the 2 x 2 Jonex matrix representation of exemplary optical

components acting on the polarization state of light. One of the simplest optical elements
is a polarizer. The key role of the polarizer is to change the initial polarization state to a
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specific pre-defined state. There are different types of polarizers based on different physical
principles, such as absorptive, reflective polarizers, etc. In the following, we will focus on
absorptive polarizers.

Absorptive polarizers are made of specific materials whose crystal structure shows optical
anisotropy [10]. Linear polarization passing through certain axes remains unchanged, while
perpendicular polarization is absorbed; such material is called dichroic. The Jones matrix de-
scribing a polarizer polarizing (i.e., letting pass) the incident light along the x—axis is given

by
10
= (1) -

If we want to polarize the incoming light along a specified angle o, we need to apply a
rotational matrix and inverse rotational matrix, leading to

A _ (cosa —sina) (1 O) ( COS (v sina) _ ( cos o’ cosasina) (B.9)
pol,c sina cosa 0 0) \—sina cosa cosasina  sina? T

Another optical element of interest in polarization microscopy is a compensator or phase
retarder. The compensator is made of a material that is said to be birefringent. Generally,
birefringent materials are the ones that have two different indices of refraction. The incoming
light is split into two rays in uniaxial materials, called ordinary and extraordinary, which are
perpendicularly polarized. Each ray (or polarization state) experiences a different index of
refraction as it passes through the material.

The optical axis with alower index of refraction is called the fast axis, and the other is termed
as the slow axis. This principle is used to modify the incoming polarization state. Using
a suitable birefringent plate of a certain thickness, we may compensate the path difference
between the two perpendicular polarizations, introducing an effective phase shift between the
two. We call such a device a compensator.

In wide-field microscopy, the most used compensators are Brace-Kohler compensators be-
cause they cause a homogeneous wavelength-dependent phase shift [9]. Depending on the
path difference, there are quarter-wave (i.e. A\/4) and half-wave (i.e. A\/2) plates. For instance,

1
o |> passes through a quarter-wave plate
with the fast axis rotated by 45°, represented by Jones matrix:

AW:%(2?) (B.10)

The emerging polarization will be

incoming light polarized along the z-axis, J;,, =

1 1
Jout — Aqu : Jz - E (—Z) ) (Bll)

which is a right-circular polarization, or RCP. Of course, the quarter-wave plate can be used
vice versa, to change the elliptical or circular polarization to (nearly) linearly polarized light.
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