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Abstract

In this work, different ferrimagnetic rare-earth-transition-metal heterostructures are
investigated. The findings provide implications for future data storage, sensor, and
unconventional computing devices.

In the first part, ferri- and ferromagnetic films are exchange-coupled and studied
as potential composite media for magnetic recording technologies. For this, the
underlying individual layers are examined, too. Within this study, the influence of
Pd and Pt insertion layers in ferromagnetic Co/Ni multilayers is investigated. In
these systems, the maximum effective magnetic anisotropy is more than doubled by
the introduced insertion layers, while the initial saturation magnetization and Curie
temperature are reduced. Further, amorphous Tb-FeCo alloys and multilayers are
studied as the second building block of the desired composite medium. In particular, the
structural and magnetic properties are analyzed upon post-annealing. At temperatures
above 400K, irreversible effects on the structural properties are found, which also
influence the magnetic properties. It is shown that these changes in properties cannot
be prevented by tuning the composition or by a multilayer structure of the film.
However, key insights on the structural and magnetic properties upon annealing
are provided for future high-temperature devices. Afterward, the exchange-coupled
ferrimagnetic/ferromagnetic bilayer is studied. Measurements on the dependency on
temperature, the ferrimagnetic composition, and the thickness of the ferromagnet are
carried out. Two distinct magnetic reversal mechanisms are revealed. The reversal
characteristics depend critically on the thickness of the ferromagnetic layer. The
underlying microscopic origin is revealed by high-resolution magnetic force microscopy.
Above a certain thickness of the ferromagnet, the switching process is driven by
in-plane domain wall propagation. In contrast, thinner ferromagnetic layers exhibit a



iv

nucleation-dominated reversal due to grain-to-grain variations in magnetic anisotropy.
Although the realization of an exchange-coupled composite medium for magnetic
recording can not be achieved, insights for the future realization of sub-micron high
energy density permanent magnets and spintronic devices are gained.

In the second part of this work, topologically protected spin structures, including
skyrmions and antiskyrmions, are investigated in Fe/Gd-based multilayers. Particularly
in coexisting phases, different topologically protected magnetic quasi-particles may show
fascinating physics and potential for spintronic devices. While skyrmions are observed in
a wide range of materials, until now, antiskyrmions have been exclusive to materials with
D,g4 or S4 symmetry. In this work, first and second-order antiskyrmions are stabilized
for the first time by magnetic dipole-dipole interaction. Using Lorentz transmission
electron microscopy imaging, coexisting first- and second-order antiskyrmions, Bloch
skyrmions, and type-2 bubbles are observed, and the range of material properties and
magnetic fields where the different spin objects form and dissipate is determined. The
discovered phase pocket of metastable antiskyrmions for low saturation magnetization
and uniaxial magnetic anisotropy values is confirmed by micromagnetic simulations
and represents a recipe, which has to be satisfied for the stabilization of antiskyrmions
by dipole-dipole interaction in other material systems. Furthermore, the nucleation
process of the spin objects and the influence of an in-plane magnetic field are studied.
Additionally, post-deposition techniques are employed to locally change the anisotropy
of the samples and influence the nucleation and stability range of the spin objects.
The gained knowledge significantly simplifies future investigations of antiskyrmions.
Moreover, the coexisting phases of different topologically protected spin objects and
their controlled nucleation provide great potential for further studies on magnetic
quasi-particle interactions, spin dynamics, as well as for possible future applications in
spintronics, namely the racetrack memory, skyrmionic interconnections, skyrmion-based

unconventional computing, and sensor devices.
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Chapter 1

Introduction - The Future of Data
Storage

In the year 2020, 64 zettabytes of data were created or replicated [1]. This corresponds
to 64 - 102! bytes or 64 billion terabytes (TB). Due to the COVID-19 pandemic, the year
2020 exhibited a an exceptionally high growth rate in data. Nevertheless, even without
the unprecedented effects of this pandemic, the long-term trend of global data creation
shows an annual growth rate of over 20% [1, 2]. The reasons for this are manifold.
Not only the world population but with it also the number of unique mobile users, the
adoption rate of internet services such as social media, and the number of data-creating
devices are growing. Nowadays, more and more everyday objects have the ability to
connect to the internet and thus collect data for their targeted control and analysis, which
coined the term Internet of Things. While 0.08 internet-connected devices per person were
active in the year 2003, in 2020, every human owns on average three connected devices
[3]. Furthermore, the field of Machine Learning has rapidly increased its application
spectrum over the last years. This term describes special computer algorithms that are
designed to base their decision-making on previously seen training data [4]. This means
that the practicality of these algorithms depends mainly on the availability and quality
of the training data. Therefore, different actors, including major tech companies, started
to collect as much utilizable data as possible to train their machine learning models. The
following shift to a centralization of data is also often mentioned in connection with the
buzzword Big Data. It is associated with the change that a growing ratio of data is no
longer managed by individual persons and devices but by large technology companies
and data centers [1]. As a result, users increasingly only access their data via the internet,
which in turn has coined the term Cloud storage.

On another note, an artificial factor that spiked the demand for data storage recently
is Cryptocurrency. While most of these decentralized digital assets are designed to be
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created /mined by solving complex computational math problems, new, less compute,
and energy-intensive currencies are of great interest. One of these currencies is Chiacoin,
which uses available data storage space as the limiting factor. Dependent on how much
data space is available, the value that can be mined per time is set. In early 2021, the
rise in popularity of these cryptocurrencies led to a temporary increase in the price of
storage media of more than 60% [5].

Another shift that becomes more and more obvious is that the classic Von-Neumann
Computer Architecture starts to fail the demands of modern computing challenges. The
architecture used by most computers today is fundamentally bottlenecked by the
so-called Memory Wall and is not suited, for example, for the high concurrency of
artificial neural networks [6]. Due to the physical separation of the processing and
memory unit, the bandwidth between these two constrains the possible performance
and energy efficiency [7]. New unconventional computer architectures are needed, as
well as memory solutions directly implemented in the processing units. One example
of a possible computer architecture suited for the high concurrency of artificial neural
networks is the brain-inspired Neuromorphic Architecture. It includes not only many
parallel connected processing units but also directly connects memory elements, which
can be manipulated individually and parallel to each other [8].

All the described trends above lead to an ever-increasing demand for more available
data storage at the lowest possible price, as well as a need for new forms of memory
devices. Over the last decades, the relation between price and data storage can be
best described by the self-fulfilling prophecy of Moore’s Law. He first predicted the
exponential growth of the number of transistors in an integrated circuit and the
exponentially decrease in cost [9]. The law was later refined by specifying that the
number would double on a two-year basis with no increase in cost [10]. While the
original law was only stated for transistors, it was soon also applied to data storage
solutions. Here, a similar doubling of bit density at a constant price was expected and
observed [11]. It is important to note that cost per bit data is not the only metric to keep
in mind for data storage solutions. Other vital aspects are read and write speed, energy
efficiency, volatility, longevity, and concurrency.

In the past decade, three non-volatile (NV) storage solutions in particular dominated
the market, each with its own benefits: Linear Tape-Open (LTO) tape cartridges, Hard
Disk Drives (HDD), and NAND Flash based storage devices including Solid-State Drives
(SSD). While LTO tape is not popular for consumer devices, it is still in high demand

for business solutions. The main advantage over its competitors is its low bit error rate,
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longevity, which can last over 30 years, scalability, and low cost over time, but the high
upfront costs and necessity of a special driver keeps it in its niche existence [12]. In
modern consumer devices, SSDs mostly replaced HDDs due to their faster read and
write speeds [13]. In contrast, HDDs are still the primarily used storage solution for
large-scale cloud storage because of the lower cost per data bit [12]. While all three
have fulfilled the expectations of Moore’s law partially for more than 40 years, they
could no longer achieve this goal in their recent past and are in desperate need of new
technologies [14].

There are also other specialized forms of computer memory, like random-access
memory (RAM). In these semiconductor-based devices, the NV is sacrificed for fast
read and write operations. They are usually used in syntheses with NV memories to
store working data and machine code and to bridge the gap between the memory and

computing unit [15].

In this work, the outlined challenges of modern and future data storage solutions are
tackled by investigating ferrimagnetic systems as potential building blocks. Chapter 2
and 3 lay the necessary fundamentals of the occurring magnetic phenomena and the
used experimental techniques.

In chapter 4 ferrimagnetic and ferromagnetic films are exchange-coupled and studied
as potential composite media for magnetic recording technologies. Section 4.1 describes
the recent development of HDDs and introduces the concept of Heat-Assisted Magnetic
Recording (HAMR). Here, the recording medium is heated during the data writing
process to enable materials with larger bit densities. The investigated bilayers are
presented as a potential candidate for this new technology (Sec.4.1.3). The potential
application of Magneto-Resistive Random Access Memories (MRAM) is also established,
which could replace modern RAM solutions with comparable speeds and the additional
benefit of non-volatility. First, the individual layers are systematically analyzed in
regard to their magnetic and structural properties, starting with the ferromagnetic
Co/Ni-based multilayers (MLs) (Sec.4.2) and followed by amorphous ferrimagnetic
Tb-FeCo alloys and MLs (Sec.4.3). Afterward, the two systems are investigated as a
bilayer system coupled by direct exchange interaction (Sec. 4.4). The summarized results
and implications for future data storage technologies are elaborated in Sec. 4.5.

Chapter5 focuses on the nucleation, stability, and behavior of different dipolar-
stabilized spin textures in Fe/Gd-based MLs. Different kinds of topologically protected
magnetic whirls called Skyrmions and Antiskyrmions, are created and analyzed. The
observed coexisting spin objects have implications for the proposed Racetrack Memory,
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which potentially can compete with the current NV SSD and HDD data storage
solutions. Here, the information is stored in moving skyrmions present on a magnetic
film (Sec.5.1.1). The coexisting spin objects also show huge potential as the smallest
information carriers for unconventional computing solutions. One possibility is the
use of skyrmions in memory elements in future neuromorphic computers, where they
act as artificial synapses, which is further described in Sec.5.1.2. Additionally to data
storage and unconventional computer solutions, skyrmions also exhibit promising
properties for new sensor types elaborated in Sec. 5.1.3. Skyrmion-hosting Fe/Gd MLs
are investigated in Sec. 5.2, before the layer stack is expanded by the insertion of Ir and
other metals to host even more sophisticated spin objects, like antiskyrmions (Sec. 5.3).
Different imaging techniques for spin objects are compared in Sec. 5.4. The influence of
a magnetic in-plane field (Sec. 5.5) and post-deposition anisotropy engineering by ion
irradiation (Sec. 5.6) is also shown. Finally, a summary is given for dipolar-stabilized
spin objects, and the next necessary research steps are outlined. Further, the results
are put into perspective in the context of applications in data storage, unconventional
computing, and sensor solutions in Sec.5.7.

In the last chapter, the presented results of this work are evaluated in terms of their

impact on future research.



Chapter 2

Fundamentals

The most important theoretical fundamentals as well as the most prominent magnetic
phenomena present in this work are described in this chapter. First, the different
magnetic interactions and energy terms are outlined. Afterward, prominent resulting
phenomena are described: Ferrimagnetism (Sec.2.2), Interfacial Exchange Coupling
including the Exchange Bias (EB) effect (Sec.2.3), and different kinds of spin textures
(Sec.2.4). The latter section includes different domain and domain wall (DW) types as
well as the characterization of nanometer-large topologically protected magnetic whirls
called Skyrmions.

2.1 Magnetic Energies

Systems strive to minimize their total energy. To apply this fundamental rule of physics
to magnetism, four major magnetic energy terms are briefly introduced in the following
sections: Exchange Energy (Sec.2.1.1), Zeeman Energy (Sec. 2.1.2), Dipolar Energy (Sec.2.1.3),
and Anisotropy Energy (Sec.2.1.4). Global and local minima of the sum of theses energies
represent the observable stable and meta-stable states in the presented results in chapter 4
and 5. A more detailed description of the theoretical background can be found in
Ref. [16-20].

2.1.1 Exchange Energy

The arguably most important magnetic energy term has its origin in the short-range
exchange interaction between magnetic moments. The quantum mechanical phenomena
responsible for this interaction can be distinguished between the direct and indirect
exchange interaction. Please note that the literature sometimes uses a finer classification
of the different interactions due to diffuse boundaries of the different possible exchange

types [21].
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Direct Exchange Interaction

The direct exchange interaction stems from the overlapping wave functions of the
electrons of the same atom or nearest neighbor atoms. The consequent influence on their
spin orientation in respect to each other enables long-range magnetic ordering, namely

ferromagnetism, antiferromagnetism, and ferrimagnetism. The exchange energy

Eex = —2)_JijSiS; (2.1)
i<j

depends on the quantum mechanical exchange integral J;; and the direction of the
interacting spins §; and S;. Therefore, a predominately positive or negative J;; favors
potentially a parallel (ferromagnet) or antiparallel (antiferromagnet, ferrimagnet)
alignment of the spins, respectively. Equation 2.1 can be also expressed as the integral

over the sample volume
Eex = A / (VM)2dV 2.2)

v

with M being the local magnetization and A being the material-specific Exchange
Stiffness Constant. The here described interactions are, as stated, very short-ranged
and only significant for neighboring atoms. Longer-ranged interactions usually occur

via intermediary atoms, which is described in the following.

Indirect Exchange Interaction

The two most prominent examples of indirect magnetic exchange interactions are
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and the Dzyaloshinskii-Moriya
Interaction (DMI).

The RKKY interaction describes the exchange coupling of nuclear [22] and inner
electron [23] spins through the spins of conduction electrons [24, 25]. It has been
observed that two magnetic layers couple ferromagnetically or antiferromagnetically,
dependent on the thickness of a non-magnetic metal layer between them [26, 27]. This
behavior plays a significant role in the Giant Magnetoresistance (GMR) effect, whose
discovery was awarded the Nobel Prize 2007 [28]. The effect describes a significant
change in electrical resistance dependent on the alignment of two ferromagnetic layers

connected by a non-magnetic layer [29, 30].
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Atom with
- \Iarge SOC

’ ~,

Figure 2.1: Schematic explanation of interfacial DMI. Two spins §; and §; are canted to
each other due to the superposition of the ferromagnetic direct exchange and the
super-exchange interaction with a neighboring atom with large spin-orbit coupling
(SOC).

DMI or antisymmetric exchange interaction is an additional contribution that can lead
to spin canting of otherwise (anti)parallel aligned spins [31]. The energy contribution
can be written as

Epmi = Djj - (S; x Sj) (2.3)

with D;; being the DMI vector. Dependent on the origin, the inversion symmetry of
the two interacting neighboring magnetic spins S; and §; is tilted in different directions
leading to different DMI vectors. One possibility is the so-called bulk DMI induced by
atomic structures without inversion symmetry. This effect induced the first observed
skyrmions in manganese silicide (MnSi) in 2009 [32]. These topologically protected spin
objects have been the subject of intense research since then and are described in more
detail in Sec. 2.4.2. Dependent on the crystal symmetry, two distinct types of skyrmions
are possible, namely, Bloch [32-36] and Néel [37, 38] skyrmions.

The other possible mechanism is the interface DMI, illustrated in Fig.2.1. Here,
two atomic spins §; and S; are canted to each other, due to the superposition of the
ferromagnetic direct exchange and the super-exchange interaction with a neighboring
atom with large spin-orbit coupling (SOC) at the interface of the magnetic layer [39].
This mechanism is used in multilayers (MLs) consisting of ferromagnetic layers and
non-magnetic heavy metal layers with large SOC to stabilize Néel skyrmions [40, 41]. To
achieve constructive DM, it is crucial to use two different non-magnetic layers enclosing
the ferromagnetic layers. Otherwise, the DMI of the top and bottom interface cancel
each other out. It is important to note that the sign of the DMI value depends on not
only the non-magnetic but also the magnetic material. A detailed description of the
microscopic origin of interface DMI is given by Jadaun et al. in Ref. [42]. Two prominent
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combinations of materials with large SOC and opposed DMI values with Fe or Co are
Ir-Pt [41, 43] and Pt-Ta [44, 45].

Special symmetries of magnetic crystals and their resulting DMI allow the stabilization
of even more complex spin objects. One example is the observation of antiskyrmions,

due to the D,; symmetry in acentric tetragonal Heusler compounds [46—49].

2.1.2 Zeeman Energy

Magnetic moments tend to align with along magnetic fields. The total energy of magnetic
moments unaligned with an external magnetic field Hey is given by the Zeeman Energy
E,ce calculated by

@%:—%/Mmmw. 2.4)
14

For simplicity, external magnetic fields are often only referred to as H in this work.

2.1.3 Dipolar Energy

In a ferromagnet (FM), the magnetic centers, acting as magnetic dipoles, not only interact
through overlapping wave functions but also perceive each other’s magnetic fields. The
sum of all these dipolar fields is called demagnetization field Hy, and its name reflects
the tendency to reduce the total magnetization. Hy components outside of the magnetic
material itself are called stray fields. The energy of the demagnetization field is given by

%:—@/Mﬂmv, (2.5)

where 1 is the magnetic permeability of vacuum and V the volume of the magnet.
To minimize the Dipolar Energy E4, a system favors a breakup into many smaller
regions of different orientated M to provide the best possible flux closure of Hy. These
regions are called Magnetic Domains. Magnetic domains are contained by domain walls
(DWs), which increase the exchange energy due to the non-parallel alignment of its
magnetic moments. If the needed exchange energy of the DWs is smaller than the
decrease in dipolar energy, a splitting into magnetic domains of a certain size represents
an energetically more favorable state. A more detailed description of the magnetic
parameters influencing the domain size, as well as a description of different domain and
DW types, is given in Sec.2.4.1.

If the shape of the magnetic material is not a sphere, the magnetic moments tend to
align along the axis of the material’s largest expansiveness. This effect is often described
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as the Magnetic Shape Anisotropy Kgnape. In this work, magnetic films with thicknesses
multiple magnitudes smaller (nanometers) than their extension in the plane (millimeters)
are investigated. In this case, the extension of the film can be assumed as infinite.
Therefore, Hy inside the magnet has the same amplitude as the total magnetization of
the film. The Saturation Magnetization M represents the maximum magnetization per
volume and together with Eq. 2.5 describes the energy density

Kshape = _%Mg (2.6)

favoring an orientation of the magnetization in the in-plane (ip) direction over the
out-of-plane (oop) direction. Hence, the magnetic shape anisotropy Kghape describes the
work per volume required to switch the magnetization of a thin magnetic film from the

ip to the oop direction purely because of its dipolar energy.

2.1.4 Anisotropy Energy

In addition to the described magnetic shape anisotropy, there are other possibilities
why magnetic films prefer certain directions for their magnetization. They are usually
quantified by energy densities called magnetic anisotropies. The most important ones are
listed in this section. A magnet can exhibit multiple magnetic anisotropies with their sum
determining the energetically preferred direction of the magnetization. This direction
is called the magnetic Easy-Axis and the energetically most unfavorable direction is
called the Hard-Axis. The energy difference between these states is usually quantified
by the Effective Magnetic Anisotropy Keg. It represents the energy per volume needed
to change the magnetization from its easy-axis to its hard-axis. In this work, mainly
amorphous and polycrystalline magnetic films are discussed. Hence, there is usually
no macroscopic magnetic anisotropy in the plane of the films. Consequently;, it has to
be only distinguished between anisotropies favoring an oop or ip orientation of the
magnetic moments.

If the magnetization M is measured as a function of an applied field H in both the
easy- and hard-axis direction, the resulting M-H hysteresis loops can be used to calculate
the effective anisotropy K. Figure 2.2 a shows an exemplary easy- and hard-axis pair.
The Coercive Field or Coercivity H. and the Anisotropy Field H, represent the magnetic
field needed to rotate half the saturation magnetization M and the field needed to
saturate the total magnetization in the direction of the hard-axis, respectively. The
magnetic Remanence or Remanent Magnetization M, denotes the magnetization value
left after saturation at zero magnetic field. In Fig.2.2a M, = M, due to a collective
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Figure 2.2: Graphical determination of the effective magnetic anisotropy. Magnetization M as
a function of an applied field H in the direction of the easy (blue) and hard-axis (red).
The effective magnetic anisotropy K is given by the enclosed area marked in purple
(a). The effective anisotropy of samples whose switching process is driven by domain
processes cannot be calculated in this way (b). The coercivity H,, the anisotropy
field H,, the saturation magnetization M;, and the remanent magnetization M, are
marked in both images.

switching process at Hc. If the switching is a continuous process, M; differs from M;
(Fig.2.2b). The value of K¢ is given by one side of the enclosed area between the
averaged magnetization values of the two hysteresis loops:

Keff = Ho / Msoft stoft — Ho / Mhard dHhard . (2'7)
0 0

If, like in Fig. 2.2 a, the easy- and hard-axis loops resemble a rectangular and linear shape,
respectively, the approximation

Kest = i%Ha - Ms (2.8)

can be used to calculate K. In this work, it is specified that positive K¢ values
translate to an easy-axis in the oop direction and negative K¢ values to an easy-axis
in the ip direction. It is important to note that hysteresis loops can only be used to
calculate K, if the exchange and dipolar energies of multidomain states during the
switching process are ignored. Figure 2.2 b illustrates exemplary loops where the energy
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contributions of multidomain states have to be included. Here, the magnetization
switches continuously with an increasing field H, in contrast to the collective switching
in Fig.2.2a. Consequently, K¢ cannot be calculated accurately with the presented
approach.

While the shape anisotropy prefers a magnetic orientation ip of thin magnetic films,
anisotropies that push the easy-axis in the oop direction are summarized in the Uniaxial
Magnetic Anisotropy Ky or the Perpendicular Magnetic Anisotropy (PMA). Therefore, the
effective anisotropy can also be expressed by

Kest = Ky + Kshape = fu — %Mg . (2.9)

Further, the energy cost of rotating the magnetization from its preferred easy-axis by an
angle « is given by the Anisotropy Energy Eani and can be calculated by

Eoni = / |Kege| sin® xdV . (2.10)
1%

In the following, the most important origins and categories of anisotropies are listed and
described.

Magnetocrystalline Anisotropy

The crystal structure of a magnetic film largely influences its electron orbits and,
due to SOC, its spins, too. Consequently, the magnetic anisotropy is affected by the
orientation of the crystal axes. Due to the amorphous or polycrystalline nature of the
magnetic films discussed in this work, crystalline anisotropies do not exist or cancel
each other out. Therefore, it will not be discussed further. A more detailed description
of Magnetocrystalline Anisotropies can be found in Ref. [16, 50].

Magnetoelastic Anisotropy

Because of SOC and the influence of the material structure on the magnetic anisotropies,
also strain-caused anisotropy contributions have to be considered and are often dealt
with separately. These effects are cumulated under the name Magnetoelastic Anisotropy
Kistrain and can be quantified with the material-dependent saturation magnetostriction

constant A; and the mechanical strain ¢’ as

3
Kstrain = _EASOJ . (211)
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Here, tensile strain is represented by positive and compressive strain by negative values.
The saturation magnetostriction constant can be both negative and positive, dependent
on the material, structure, and temperature [51]. Other than physical deformation, strain
can stem from crystal defects, lattice mismatch [52], and be inherent to amorphous
magnetic thin films [53]. In these cases, it can be strongly influenced by the chosen
deposition conditions and can be the dominating anisotropy contribution [54].

Interfacial and Volume Anisotropy

It is quite common not to classify magnetic anisotropies by their physical cause but their
scaling properties. Thus, anisotropy contributions can be separated into the Interfacial
Anisotropy Ks and the Volume Anisotropy Ky . The effective anisotropy of a magnetic thin

film with two interfaces can now be expressed depending on the thickness t as

2K,
T
Interfacial anisotropies are not exclusively based on magnetoelastic effects. For
example, the hybridization of the cobalt (Co) 3d and palladium (Pd) or platin (Pt) 5d
orbitals are responsible for the strong PMA seen at Co/Pd(/Pt) interfaces [55, 56]. To
further benefit from the effects of interfaces, usually, MLs are used. Here, a certain layer

Kett = Kshape + Ky + (2.12)

stack is repeated N times to multiply the effects of the interfaces. This procedure is also
exploited in Sec. 4.2 to achieve Co/Ni-based MLs with strong PMA.

2.2 Ferrimagnetism

Both, ferrimagnets (FIs) and antiferromagnets (AFs) exhibit a negative quantum
mechanical exchange integral J;; in Eq.2.1. In contrast to an AF, the magnetizations of
the different sublattices in a FI do not cancel each other out, and thus the magnetization
of a FI typically does not equal zero [19, 20]. The most prominent group of Fls is a
combination of ferromagnetic 3d transition metals (TMs) and heavy rare earths (REs).
The ferromagnetic TMs consist of Co, iron (Fe), and nickel (Ni) and represent the only
elements that are ferromagnetic at room temperature (RT). The heavy REs that this work
focuses on are gadolinium (Gd) and terbium (Tb). Both need to be cooled below RT to
exhibit ferromagnetic properties. Their magnetic moment stems from the localized 4f
electrons.
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2.21 Sublattice Coupling in a Ferrimagnet

If the named TMs and REs interact in the form of an alloy or at an interface, an interatomic
hybridization occurs between the 3d electrons of the TM and the 5d orbital of the RE
[57]. This hybridization process and its consequences for the density of states dependent
on the energy are illustrated in Fig.2.3. The basic ionic state is shown in Fig.2.3 a.

a) ™ RE b) ™ RE
/

A Q/\D A q D
y Q l )

E E E E

Figure 2.3: Illustration of the 3d-transition-metal-heavy-rare-earth coupling, due to the 3d-5d
hybridization. Basic ionic (a) and hybridized (b) density of states of the TM and RE
dependent on the energy. Adapted from Ref. [57].

The 3d electrons of the TM exhibit an energy splitting of the available states
depending on their spin due to the Stoner criterion [58]. The fully occupied majority
band is closer to the nucleus and thus energetically more favorable than the minority
band, which is partially above the Fermi energy Efc,mi. For the RE, only the 4f and not
the 5d band show a spin-dependent energy splitting. In Fig.2.3b the two different
element types hybridize. Due to the smaller energy difference between the TM’s 3d
minority band and the RE’s 5d bands, they hybridize more strongly with each other, and
the spin moments of the 5d band get polarized. Thus, the spin moments of the RE’s 5d
band are predominantly parallel to those of the TM’s 3d minority band. The resulting
total moment of the TM is represented by the 3d majority band. This means that the
spin moments of the RE’s 5d band are antiparallel aligned to the total spin moment of
the TM’s 3d band. Via the intraatomic coupling in the RE metal, the 5d and 4f total spin
moments are always aligned parallel to each other. For a heavy RE, the valence shell is
more than half-filled and, according to Hund’s third rule, this means that the 4f orbital
moment is aligned parallel to its spin moments. The result is that the total spin moment
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of the 3d metal is antiparallel to the total moment (spin + orbital moment) of the RE

element.

2.2.2 Temperature Dependence of the Ferrimagnetic Sublattices

Due to the involvement of different elements in Fls, the exchange interactions of Sec.2.1.1
have to be extended to multiple different partners with different exchange integrals.
The coupling between RE atoms is weaker than the coupling between TM atoms [59,
60]. Additionally, different local magnetic anisotropy contributions affect the sublattices.
Therefore, the ferrimagnetic nature of these materials can be specified as a Sperimagnet
[61]. Here, the stronger coupled TM moments exhibit a collinear alignment, while
the weaker coupled RE moments show a fan-shaped distribution. X-ray magnetic
circular dichroism (XMCD) and MofSbauer-Spectroscopy measurements have been used
to measure the opening angle of the different sublattices [62-64].

Another consequence of the differing properties of the sublattices is the individual
magnetization dependence on the temperature. The resulting total magnetization is
then made up by the sum of the sublattice contributions. An example of the individual
magnetization of the TM Mry and the RE Mgg together with the resulting total
magnetization My, dependent on the temperature T is given in Fig. 2.4. Depending on
which sublattice shows the larger effective magnetization, the sample is called RE or
TM dominant. Generally, both magnetization contributions decrease with temperature
due to increasing spin fluctuations and eventually reach zero at the Curie Temperature
Tc. Nevertheless, the magnetization of REs exhibits a stronger dependency on T than
the magnetization of the TMs, because of their weaker exchange coupling. Thus, a RE
dominant sample, as displayed in Fig. 2.4, has a decreasing M., with the temperature
T. At a certain temperature, the magnetization of the RE and the TM sublattice are equal,
and the resulting M, is zero. This temperature is called the Compensation Temperature
Teomp- In this state, a FI can be directly compared to an AF and is interesting for a variety
of applications. If the temperature is increased further, My, increases, and the sample
is TM dominant till T, is reached, and the effective magnetization vanishes.

It is important to note that only certain compositions of FIs exhibit a compensation
temperature. If the ratio is too much in favor of the TM material, the sample is TM
dominant over the whole temperature range. If the ratio is more in favor of the RE
material, Teomp can be at larger temperatures than T. and therefore does not exist.
Another interesting aspect of Tcomp is the divergent behavior of the coercive field close
to it. Different values for Tcomp dependent on the composition are given for GdFe, TbFe,
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N My < Mge Moy > Mge

RE dominant

TM dominant

Figure 2.4: Schematic illustration of the individual and total magnetization of the two
sublattices dependent on the temperature. The magnetization of the transition
metal Mty and the rare earth Mg make up the total magnetization Mo, of
the ferrimagnet. Mgg is the dominant contribution for temperatures T below the
compensation temperature Tcomp, while Mty dominates at temperatures higher than
Tcomp and lower than the Curie temperature Tt.

TbCo, and TbFeCo in Ref. [65], [66], [67], and [68], respectively. Please note that Teomp
does not only depend on the composition but also on the thickness [69], the seed layer
[70], and the sputter conditions [71].

2.2.3 Uniaxial Magnetic Anisotropy in Ferrimagnetic Systems

In the year 1973, GdFe and GdCo alloys were the first observed amorphous FIs with an
oop easy-axis [72]. TbFe, TbCo, and TbFeCo are just some of the amorphous FIs that
followed and showed strong PMAs in certain compositions, too [61]. The reason for this
is the so-called Short Range Order (SRO). It was shown that although amorphous materials
do not exhibit a structural long-range order, specific materials show a certain distribution
function for the distance between their different elements [61, 73-76]. As stated in
Sec.2.1.3, due to dipolar magnetic interaction, the magnetization of ferromagnetic thin
tilms prefers an ip orientation. Oppositely, a ferrimagnetic system with a SRO can exhibit
a PMA purely because of dipolar interaction [77]. However, it was also pointed out that
this contribution alone cannot explain the K, values observed in TbFe ferrimagnets. The
other origin is the so-called single ion magnetic anisotropy [78]. Here, the interaction
between the 4f electrons of the RE and the surrounding ions leads to an oop orientation
of the magnetic moments. This also explains the major differences between GdFe- and
TbFe-based alloys. While TbFe, TbCo, and TbFeCo are known for being hard magnets
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with large coercivities [61], GdFe is a soft magnet without any significant coercive fields
[72]. This can be attributed to the differences in the 4f electron charge distributions. While
TbFe-based systems exhibit an oblate ellipsoid [79], which gives rise to an additional
PMA contribution, GdFe-based systems show no significant 4f deformation [80]. This
property is quantified for different REs by the Stevens Factor [81].

2.3 Interfacial Exchange Coupling

If two magnetic materials are in direct contact with each other, direct interfacial exchange
coupling occurs, and the magnetic properties of both systems can change drastically.
The most prominent example is the so-called exchange bias effect. Here, a magnetically
coupled system consisting of a ferromagnetic and an antiferromagnetic layer exhibits a
shift of the M-H hysteresis loop along the field axis H. This unidirectional shift occurs
after the AF is cooled below its Néel temperature T;,. Here, a preferred direction exists
for the FM due to the coupling to the now ordered AF. A schematic illustration of
the AF/FM bilayer and its corresponding M-H hysteresis loop above and below T, is
shown in Fig. 2.5 a and b, respectively. The achieved shift of the switching process of the
ferromagnetic layer is quantified by the exchange bias field H,,, which is defined by

HC,Z + Hc,l

Heb = )

(2.13)

a) M b)
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Figure 2.5: Schematic illustration of the exchange bias effect. An exchange-coupled
ferromagnet (FM)/antiferromagnet (AF) bilayer above the Néel temperature T,
of the AF (a). The AF is not magnetically ordered, and the magnetization reversal of
the FM remains unaffected, which is also apparent by its displayed symmetric M-H
hysteresis loop. If the bilayer is cooled below T, the interfacial exchange coupling
leads to a favorable remanent state of the FM (b). The resulting loop shift can be
quantified by the exchange bias field Hg,, which lies between the two coercive fields
H.; and Hp.
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At Hgp,, the Zeeman energy of the ferromagnetic layer equals the exchange coupling
energy. The coercivity of the ferromagnetic layer is calculated by the two switching
fields H.; and H.» with
H.», — H,
H. = % . (2.14)
Since 1956, the exchange bias effect has been studied intensely in many different systems

and is used for example in GMR sensors [82-84].

If two ferrimagnetic RE-TM or ferromagnetic TM layers are coupled by direct
interfacial exchange, the exchange interaction usually manifests itself in the preferred
parallel alignment of the magnetic moments of the TMs. The bilayer can exhibit a
simultaneous single switching process or separated individual switching processes
dependent on the properties of the individual layers (e.g. effective magnetic anisotropy
K., exchange stiffness A, thickness ¢, ...) [85-87]. If the bilayer exhibits a single switching
process and the two individual layers have a large PMA, the nucleation field H;, of the
bilayer can be estimated by

H — 2(t1Kegr1 + t2Kefi2)
" tMs1 + oMo

(2.15)

with the thicknesses t; and f,, the effective anisotropies K¢ 1 and Kegf 2, and the saturation
magnetizations M1 and M, of the two individual layers 1 and 2 [86]. Two-stage
switching can only occur, if the thickness of the magnetically softer layer is roughly ten
times larger than the domain wall width J4,, of the magnetically harder layer [85-87].
Above this thickness, the magnetically softer layer can switch individually without
the magnetically harder layer. To investigate the switching process of the magnetically
softer layer, a so-called minor M-H hysteresis loop can be measured. Here, the applied
magnetic field is cycled with its maximum strength being smaller than the switching
tield of the magnetically harder layer. The resulting hysteresis loop can exhibit a shift
similar to the exchange bias effect in AF/FM systems. The achieved shift of the switching
process of the magnetically softer layer can be quantified by the exchange bias field Hp
according to Eq.2.13. Particularly in FI/FM [88, 89] and FI/FI [90, 91] bilayers, large
exchange bias fields were achieved. The advantage of these systems in comparison to
AF/FM systems is that the magnetic properties of all involved layers can be modified.
Further, the shift of the switching process of the softer layer occurs in both directions
depending on the magnetic field history and does not need to be set by temperature
changes.
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Figure 2.6: Exemplary M-H hysteresis loops and magnetic configuration of interfacial
exchange-coupled bilayers. M-H hysteresis loops of a soft and hard ferromagnet
coupled ferromagnetically exhibiting reversible (a) and irreversible (b,c) switching
and the corresponding magnetic configurations (d). Which reversal type occurs
depends on the thicknesses of the soft ., and hard layer t,.4, as well as their
saturation magnetizations M; got and M parq- The exchange bias field Hg, and the
two coercive fields H. 1 and H.» can be extracted from the minor loop analogous
to Fig.2.5. Exemplary loops and magnetic configurations of antiferromagnetically
coupled ferro-/ferrimagnetic bilayers with two-step switching (e,f) and three-step
switching (g,h).

If the bilayer shows a two-stage switching process and the magnetically softer layer is
below a particular thickness, the bilayer exhibits the so-called Exchange Spring behavior
[85, 87,92, 93]. Here, the magnetic moments of the softer layer continuously rotate in
the direction of the applied field H, while the moments localized at the interface remain
unaffected due to strong interface exchange coupling. The interface domain wall (IDW),
which is formed in this case, exhibits a helical twist of the magnetic moments and the
rotation angles increase with the distance from the interface. If one removes the external
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field, the initial state of parallel orientation of the TM moments is reversibly reached.
The reversible alignment of the magnetic moments corresponds to the elastic movement
of a spring, from which the name for this process originated. Figure2.6a shows an
exemplary M-H hysteresis loop with fully reversible switching of the softer layer. The
schematic magnetic configuration at different magnetic fields is shown in Fig.2.6d.
Generally, the magnetic moments of two ferromagnetically exchange-coupled layers
prefer a parallel alignment (Fig.2.6 dI). If a strong enough external magnetic field is
applied antiparallel to the current magnetization direction, the Zeeman energy surpasses
the exchange energy, the magnetic coupling is broken, and the softer layer reorientates.
The result is an IDW, which costs energy according to Eq.2.1 (Fig. 2.6 d II) [94-97]. If the
field is further increased, the magnetically harder layer switches, too. Thus, the whole
bilayer is switched (Fig. 2.6 d II) in comparison to its original state (Fig.2.6 d I). If the
thickness of the softer layer is increased [93, 98] or the coupling strength between the
layers weakened [99], an irreversible switching process can be observed. Two exemplary
loops with a relatively larger and smaller saturation magnetization of the softer layer
M soft are shown in Fig. 2.6 b and ¢, respectively. The switching process illustrated in
Fig.2.6d also applies here.

If a RE-TM ferrimagnetic layer is involved, the preferred alignment of the overall
moments of the individual layers depends on the composition of the FI. The exchange
interaction manifests itself in the preferred parallel alignment of the TM moments.
Thus, a RE dominant FI couples antiparallel to an adjacent FM. Figure 2.6 e-h show
two exemplary M-H hysteresis loops of antiferromagnetically coupled bilayers (e,g)
and their schematic magnetic configuration (f,h). The two layers prefer an antiparallel
alignment at zero field (Fig.2.6fhii). If a strong enough external magnetic field H is
applied, the antiparallel layer reorientates with the field, and an IDW is formed in the
case of Fig. 2.6 fi and iii. Additional to the two-step switching (Fig.2.6 ef), a three-step
switching process can occur (Fig. 2.6 g,h). Here, the whole bilayer switches at low fields

(Fig.2.6hi,iv).

In this work, the interfacial exchange coupling between ferrimagnetic TbFeCo
layers and ferromagnetic Co/Ni-based multilayers is investigated. The preferred
parallel alignment of the TM moments in the FI (FeCo) and FM (Co/Ni) leads to an
antiferromagnetically coupled system for the Tb dominant ferrimagnetic layers. In
Sec. 4.4.3 and in Heigl, M. et al. ACS Appl. Nano. Mater. 3, 9218 (2020) [100] the microscopic
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origin of reversible and irreversible switching is closer investigated for a ferrimagnetic

TbFeCo layer coupled antiferromagnetically to a ferromagnetic Co/Ni-based multilayer.

2.4 Magnetic Domain Theory and Spin Objects

Magnetic domains and other magnetic textures form due to the minimization process of
the total free energy of the magnetic system. Thus, the energy terms discussed in Sec. 2.1

Etot - Eex + Ezee + Ed + Eani (2-16)

have to exhibit either a local or a global energy minimum. While the exchange E.x and
the dipolar energy E4 play an important role in every magnetic system, the anisotropy
Eani and Zeeman energy E,.. have not to be present necessarily. In Sec.2.1.3, it was
already discussed how magnetic domains reduce the dipolar energy at the expense
of the exchange energy. In this section, the concept is expanded, and further types
of magnetic textures and their causes are presented. A more detailed description of
different magnetic domain phenomena can be found, among others, in Ref. [101].

24.1 Domain Types and Sizes

Magnetic domains are areas of parallel aligned magnetic moments. Domains with
different orientations are separated by magnetic domain walls (DWs), which exhibit a
gradual reorientation of the individual moments across a finite distance d4,,. There are
two different types of magnetic DWs, which are both displayed in Fig. 2.7. Bloch Walls are
named after Felix Bloch and their magnetic moments rotate about the normal of the DW,
which can also be called the axis of rotation (Fig.2.7 a). They exhibit no divergence in
the plane of the magnetization and thus do not contribute to stray fields out of the plane.
This property makes them energetically favorable for most magnetic films, especially if
the thickness of the material is larger than the DW width dg,, [102]. Néel Walls are named
after the Nobel Prize winner Louis Néel. Here, the magnetic moments rotate about a line
that is orthogonal to the axis of rotation (Fig.2.7b). Néel walls are usually only stable in
magnetic films with thicknesses thinner than their wall width [102].

The formation of magnetic domains decreases the expanse of stray fields and the
dipolar energy E4 of a magnetic film (Sec.2.1.3). At the same time, the resulting DWs cost
exchange energy E., because of the misalignment of neighboring magnetic moments
inside of them (Sec.2.1.1). Additionally, the magnetic moments of the DW have an angle

to the magnetic easy-axis, which also increases the anisotropy energy E.n; (Sec.2.1.4).
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Figure 2.7: Schematic illustration of the magnetic moment configuration across a Bloch and
a Néel domain wall. A Bloch wall with the magnetic moments rotating about the
axis of rotation (a). A Néel domain wall with the magnetic moments rotating about a
line that is orthogonal to the normal of the axis of rotation (b). d4,, is the domain wall
width. Please note that the ip components could also be aligned antiparallel to the
displayed configuration.

The thickness of the DW é4,, depends on the ratio between the exchange and anisotropy
constants. If the dipolar energy of the DW is not taken into account, which can be easily
assumed for Bloch walls due to their previous discussed lack of an ip divergence, the
DW width d4,, can be estimated by

A 1/2
Sqw = 1T (Ku> (2.17)

with the exchange stiffness constant A and the uniaxial anisotropy K. Further, the
energy cost of a DW per area <4y, can be calculated by

Yaw =4+ (AK)'/%. (2.18)

This indicates that large K,, and small A values lead to narrow DWs [103]. Typical
values for DW widths range from 5 nm for Nd,Fe;4B [104] to 2000 nm for NiggFeyo [105].
In order to calculate the energetically most favorable size of magnetic domains in a
film with certain parameters, the energy cost of DWs ¢g4,, per area of the film can be

calculated by
t

Cdw = Vdw " T - (2.19)
with ¢t and D being the film thickness and the domain length/size, respectively. The
calculation of the dipolar energy per area eq is more complicated and strongly dependent
on the film thickness, but it can be found for all thicknesses by the equation [106]

_ApoMID &1 _2nmt
eq — T ng:l m (1 eXp( D )) . (2.20)
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Figure 2.8: Domain size as a function of the film thickness. The numerically calculated curve
displays the optimal domain size D dependent on the film thickness ¢, which is given
by the minimization of the total free energy.

The sum of the energies of Eq.2.19 and 2.20 has to be minimized to obtain the optimal
domain size D. The solution for this can only be found numerically [107]. The result is
plotted in logarithmic scale in Fig.2.8. The axis is normalized by 8 4.,/ yoMz, which is
equal to the minimum domain size.

As a result, the law of Kittel [103] D ~ #!/2 is confirmed for t >> D. Here, the stray
fields created by the surface charges do not interact with the other surface. Therefore,
the dipolar energy equals two times the energy of a single surface. For t << D, the
surface charges of both sides interact and D increases with D ~ t - exp %

An analytical solution can be found under the assumption t << D. Hence, the
Taylor expansion of £/ D up to the second order can be used to give

eq = %,qugt(l — 0.67% + % In %) (2.21)
as an expression for the dipolar energy [108]. In this case, the sum of Eq.2.19 and 2.21 is

minimized resulting in

47t/ AKy

D(t) = 0.95¢ - exp HioME
S

(2.22)
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Figure 2.9: Different domain types depending on the magnetic properties. Magnetic stripe,
out-of-plane, and in-plane domains depending on the ratio between uniaxial and
shape anisotropy on the x-axis and depending on the ratio between the thickness
of the film and the DW on the y-axis (a). The transformation of stripe domains to
out-of-plane domains with an increasing K, value (b). Adapted from Ref. [50].

As discussed in Sec. 2.1.4, the easy-axis of the magnetization usually lies in the plane
of a thin film, as long as no strong uniaxial anisotropy contribution exists. This changes,
if the thickness of the magnetic film is increased and smaller and smaller domains
become the preferred state. In order to decrease the dipolar energy of the system even
further, equal amounts of ip and oop domains form. These kinds of magnetic domains
are called Stripe Domains. The predicted thickness values ¢, which are needed for this to

happen, were calculated to be [103]

1 [ M\?
b2 eaw " 5o <KS> : (2.23)
u

Theoretical estimates simplify this equation and determine the critical thickness for the
onset of stripe domains to [109, 110]

2
t=14-VA P;;\//I; ) (2.24)
u

with the exchange stiffness constant A. Figure2.9a illustrates the different possible
domain types depending on the ratio between uniaxial Ky and shape anisotropy Kghape
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on the x-axis and depending on the ratio between the thickness t of the film and the
DW é4w on the y-axis. Domains with magnetizations in the oop direction are always
preferred if Ky > Kghape- If Ku < Kshape, ip Or stripe domains are the energetically most
favorable state, depending on the thickness of the film. The transformation of stripe
domains to oop domains with an increasing Ky, value is displayed in Fig.2.9b.

Domain Wall Chirality

In addition to the size and the rotation type of magnetic DWs, a key aspect is their
so-called Chirality. In magnetism, this property describes a preferred sense of rotation of
the magnetic moments inside a DW. In this context, two different rotation directions of
the same Bloch or Néel type are often described as right-handed and left-handed. In
most magnetic materials the domain morphology is governed by the interplay of the
previous described energy terms: direct exchange (Sec.2.1.1), Zeeman (Sec.2.1.2), dipolar
(Sec.2.1.3), and uniaxial anisotropy energy (Sec.2.1.4). All of them exhibit no chiral
interactions and are usually energetically degenerated for left- or right-handed DW
textures. Thus, this property can be manipulated by different techniques, like the control
of the magnetic domain textures by electric signals [111, 112], using different magnetic
field sequences [113], and laser excitation [114]. One way to lift this degeneracy is the
presence of an indirect exchange such as DMI and its asymmetric nature [31]. Therefore,
systems with strong DMI are homochiral [115]. Another example is a frustrated magnet
with multiple next-nearest neighbor interactions, which prefer different alignments to
each other [116].

Under certain circumstances, magnetic domains can shrink down to self-contained
circular objects. The previously discussed properties of the original domain then have
a significant influence on the resulting spin objects. These objects can be described as

magnetic quasi-particles, and their manifoldness is presented in the next section.

2.4.2 Spin Objects - Topology and Characterization

Over the last years, topological non-trivial magnetic quasi-particles have attracted a lot
of attention. The trend was further underpinned by the Nobel Prize in Physics in 2016
for the use of topological concepts in theoretical condensed matter physics [117]. These
concepts are also applied in the description of the noncollinear spin textures presented

in this section.
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The most prominent topologically protected magnetic spin objects are magnetic
Skyrmions, which were experimentally first observed in 2009 [32]. These nanometer-large
cylindrical-like magnetic domains are the subject of intensive research due to their
enormous stability and small size. The term skyrmion was introduced due to the relation
to Skyrme’s work in nuclear physics, where he investigated topological non-trivial field
solutions to describe elementary particles [118]. In the magnetic community, a clear
definition of what constitutes a skyrmion is still missing [119]. It can be agreed that a
skyrmion is defined as being a topologically protected spin object in which the center
magnetization is aligned antiparallel to the magnetization of its boundary and which can
be mapped once to a sphere. An additional requirement mentioned in some publications
is the responsible twisting mechanism. Here, Dzyaloshinskii-Moriya-skyrmions
stabilized by DMI and skyrmionic bubbles or type-1 bubbles stabilized by dipolar
interaction are distinguished, although they can share the same topological properties
[120].

In the following, a variety of different spin objects are discussed and characterized
by their topological properties. The description is reduced to two dimensions due
to the primarily homogeneous nature of the presented spin objects along the film
normal. Examples of three-dimensional spin objects follow at the end of the section.
The first notable property of topologically non-trivial magnetic objects is that the
magnetization density m(r) cannot be continuously transformed to a ferromagnetic
state. This topological property is quantified by the Topological Charge

Ne = / dzriﬂm(r)- P”a’i’) x arg;”] . (2.25)

While it is mathematically impossible to change the topological charge of a structure with
continuous transformations, real physical systems exhibit discrete moments and defects.
Thus, real topologically non-conservative transformations have only a finite non-zero
energy barrier to overcome. For spherical spin objects, an expression in spherical
coordinates with the polar angle ¢ and the azimuthal angle 0 is natural. The position
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vector is then given by r = r(cos ¢, sin ¢). The radial symmetry of the oop magnetization
density 6 = 0(r) can be exploited and the topologically charge Ng; simplified to [121]

00 27
1 0 00 .
Ngi = 4ﬂo/dro/d(,bq;gp) a(:> sin6(r)

1 o 1 m
=5 cosO(r) |72, - %fl’(ﬁb)@:o

(2.26)

with ¢ being the ip magnetization density. The first part of the equation describes the
oop orientation of the magnetization. As already stated, one of the requirements of
a skyrmion is that the oop magnetization in the center is aligned antiparallel to the
surrounding magnetization. Thus, the first part of Eq.2.26 for skyrmion-like objects
depends purely on the oop magnetization orientation of the host. Accordingly, this part
can be quantified by the so-called Polarity

p= —%cosG(r)|;’°:0 =+1. (2.27)

The second part of the Eq.2.26 describes the so-called Vorticity v and determines how
often the polar angle wraps around in multiples of 27 [122]:

1
0= ggb((p)@go =0, £1, £2, ... (2.28)

With Eq.2.27 and 2.28, Eq. 2.26 allows only integer topological charges resulting from
the product of the polarity p and the vorticity v:

Nec=p-0=0, +1, £2, .... (2.29)

One other quantity, which is used to differentiate skyrmions, is the Helicity . It
describes the offset of the linear relation between the polar angles of the position vector
¢ and the magnetization density

¢=mp+y. (2.30)
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The magnetization profile of a skyrmion can be generally described by the three

introduced quantities as

(% cosy — v¥siny) sin(

Ll
1o
mg (r) = (3 siny 4 0¥ cos ) sin( %) (2.31)

pcos(7r))

with rg being the radius of the skyrmion. To compare different spin objects, the polarity
p is usually seen as a constant and only changes for a different global oop orientation.
The three remaining quantities topological charge, vorticity, and helicity can be written
as (Ngk, v, ¥)-

In Fig. 2.10 an exemplary overview of spin objects is given. All displayed spin objects
have a positive polarity p = +1 and thus N = v. The panels in Fig. 2.10 a-d illustrate
four different skyrmion types that can be fully described by the Eq.2.31. They all share
the same vorticity and topological charge with Ny = v = +1 and are only differed by
their helicity . In Fig.2.10 a, the ip component of the magnetization is always aligned
parallel to the radial vector. Thus, the helicity is zero. Fig.2.10b exhibits ip components
oriented antiparallel to their » and with it a helicity of . These two spin objects are
called Néel skyrmions and only differ in the out (a) or in (b) orientation of their ip
components. They are typically observed in systems with interface DMI [123-125]. If the
ip components of the magnetization are oriented perpendicular to the radial vector, the
spin object is called Bloch skyrmion (Fig.2.10 ¢, d). These skyrmions with a helicity of
£7t/2 were the first magnetic skyrmions ever to be observed [32]. Their ip components
can be either aligned in a counterclockwise (ccw) (c) or clockwise (cw) (d) direction.
They are usually stabilized by bulk DMI [33-36, 126, 127]. Alternatively, they also
present a metastable state in systems without DMI due to the competition between
long-range dipolar interaction, direct exchange, and magnetic anisotropy. In this case,
magnetic domains shrink continuously or collapse with an applied oop magnetic field
until they reach the skyrmionic state. Due to the topological protection, the system stays
in this state over a certain field range before it saturates. In order to achieve this state,
it was shown that very similar properties for stripe domains (Eq.2.23) are necessary
[128]. Systems hosting dipolar-stabilized Bloch skyrmions are the focus in chapter 5 and
typically exhibit coexisting skyrmions with both helicities in equal quantities. Although
they share the same topological properties, the magnetic community sometimes refers to
these objects as skyrmionic bubbles or type-1 bubbles instead of skyrmions [120]. They
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Figure 2.10: Overview of different spin objects. The three topological quantities, topological
charge, vorticity, and helicity, are written as (Ng, v, 7). The arrows and their
color depict the directions of the ip components, with their sizes displaying the
strengths. a-d) display Néel and Bloch skyrmions fully described by their topological
quantities. e-h) show antiskyrmions with arbitrary helicities representing their
initial skyrmionic state. i) and j) illustrate topologically trivial bubbles. More exotic
spin objects are presented in k) and 1) with a second-order antiskyrmion and a
skyrmionium or target skyrmion, respectively.

can also be distinguished by size. While DMI-stabilized skyrmions are usually between
10 and 100 nm, dipolar-stabilized skyrmions are larger than 100 nm [129].

Another novel magnetic quasi-particle that gained a lot of interest over the last
few years is displayed in Fig.2.10e-h. Here, First-Order Antiskyrmions in different
orientations are shown. They cannot be described with Eq.2.31, due to the non-linear
relation between the polar angles of the position vector and the magnetization density.
Thus, the helicity is only arbitrary and represents the initial skyrmionic state before
the antiskyrmion was created via a reflection with respect to a plane perpendicular to
the plane of the skyrmion [130-132]. Antiskyrmions exhibit a negative vorticity and
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topological charge, have a two-fold symmetry, and consist of alternating Néel- and
Bloch-type DWs that confine the inner oop magnetic moments from the surrounding
antiparallel moments. While there have been many predictions of antiskyrmions
stabilized by magnetic dipolar interaction [133, 134], interface DMI [135, 136], and
non-centrosymmetric Dygq or S4 symmetry [133, 137, 138], until now only the latter could
experimentally be realized in Heusler compounds with D,4 symmetry [46-49] and in
schreibersite with S, symmetry [139]. Very recently, the coexistence of antiskyrmions
and skyrmions was observed as well in D,y Heusler compounds [140, 141]. In these
crystalline bulk systems, the spin objects exist only in a geometrically deformed state
and in specific planes of the crystal. In dipolar dominated systems, only local artificial
antiskyrmions could be created and observed outside of this work [142]. In Sec.5.3, a
recipe is describe to stabilize antiskyrmions purely by dipolar interaction.

Figure2.10i and j illustrate topologically trivial spin objects consisting primarily
of Néel (i) and Bloch (j) DWs. They do not possess a helicity and have a topological
charge and vorticity of zero. They are called magnetic bubbles or type-2 bubbles to
be distinguished from skyrmionic type-1 bubbles. They are well-known spin objects
already observed in the 70s [143], which are stabilized by dipolar interaction and occur in
materials with effective anisotropies close to zero [128, 144-150]. In order to simplify the
distinction in this work, skyrmionic type-1 bubbles are called Skyrmions and topological
trivial type-2 bubbles Bubbles.

Figure2.10k shows an example of a higher-order skyrmion with |v| > 1. This
Second-Order Antiskyrmion with an additional iteration of a Néel- and a Bloch-type wall
has the vorticity v = —2, no definable helicity, and shows a three-fold symmetry. While
they have been theoretically predicted [151], they have thus far only been observed
experimentally in the framework of the presented studies in Sec. 5.3.

The last exemplary spin object is a so-called Skyrmionium or Target Skyrmion
(Fig.2.101). It can be viewed as a coalition of two Néel skyrmions with opposite
topological charges. Thus, the topological charges of the inner and outer ip magnetization
densities cancel each other out, resulting in a total topological charge and vorticity of
zero. This characteristic makes them a promising candidate for current-driven devices,
due to their lack of a Skyrmion Hall Effect (SKHE) [152, 153], which is further discussed in
Sec.2.4.3. Very recently, intrinsic skyrmioniums have been reported for the first time in
2D materials [154]. Otherwise, they are primarily stabilized in nanodiscs [155]. They can
also be used as a stepping stone to create 3D spin objects like Hopfions [156].

Other 2D topological non-trivial spin objects to be named here, that are not included
in Fig.2.10, are: Intermediate Skyrmions with a helicity of v = n/4 [157, 158], Higher-Order
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Skyrmions [159], Bimerons [160, 161] consisting of two Merons [162], and Biskyrmions
consisting of two overlapping skyrmions [163]. Besides hopfions, another 3D spin objects
worth mentioning is the Chiral Bobber [164, 165]. Here the skyrmion tube, a continuation
of the 2D skyrmion in the normal of the film plane, only exists at the surface of a sample
and ends inside the film in a so-called Bloch Point. Bloch points are singularities in the
local magnetization in which the topological charge and magnetization cannot change
continuously [166].
An extensive overview of all the mentioned spin objects is given in Ref. [167].

24.3 Current-Induced Spin Object Dynamics

The dynamics of the described self-contained magnetic objects are crucial for possible
applications, which are further discussed in Sec.5.1. It has been demonstrated that
spin objects can be moved by an applied current and that their topological properties
are reflected in their current-induced dynamics. The movement is the result of the
Spin Transfer Torque (STT) induced by a spin-polarized current passing through the
spin-object-hosting layer [168]. An additional transverse movement of skyrmions, when
driven by a current, was predicted and called the Skyrmion Hall Effect (SKHE) [169]. The
extent to which a skyrmion is deflected by the SKHE is measured by the Skyrmion Hall
Angle. The first experimental demonstration of the current-induced motion of skyrmions
was done by Woo et al. in 2016 [124]. The direct experimental observation of the SKHE
followed in 2017 [170]. It was shown that the skyrmion Hall angle significantly depends
on the helicity of the spin object, and thus, the trajectories of Bloch and Néel skyrmions
differentiate [171]. A special case is the movement properties of antiskyrmions. Due to
their missing rotation symmetry, their skyrmion Hall angle depends on the orientation
of the antiskyrmion to the current flow [172]. It was even shown that a SKHE can be
avoided for antiskyrmions under certain orientations.

In the last few years, many different approaches were tested to reduce the spin
Hall angle to zero to increase the speed of current-driven skyrmions and improve the
energy efficiency of possible skyrmion dynamic devices [173]. The most promising
candidates in this area were ferrimagnetic [174] and antiferromagnetic [175] systems due
to their antiparallel orientated sublattices, which also counteract each other’s induced
SkHE. Other options are the use of more exotic spin objects, including the previously
mentioned skyrmioniums [152, 153] and antiskyrmions [172]. It is also possible to
suppress or cancel the SKHE by an additional induced spin current [176] or by the
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antiferromagnetic exchange coupling of two skyrmion-hosting ferromagnetic layers,
forming a so-called Synthetic Antiferromagnet (SAF) [177].
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Chapter 3

Experimental Techniques

In the following, the most relevant experimental techniques for this thesis are described
briefly. First, the preparation of the samples is presented (Sec.3.1). Afterward,
Sec.3.2 and 3.3 outline the used structural and magnetic characterization techniques,
respectively.

3.1 Sample Preparation

The investigated magnetic films in this work are deposited by magnetron sputtering,
which is described in the next section (Sec. 3.1.1). Additionally, some films are modified
by the ex-situ technique of ion irradiation to locally change the magnetic properties
(Sec.3.1.2).

3.1.1 Film Deposition Using Magnetron Sputtering

In this work, all samples are fabricated by magnetron sputtering. Sputtering is a method
of thin-film deposition by bombarding the to-deposit target with ions from a plasma
[178]. The collisions of high kinetic plasma ions and the surface of the target lead to
the evaporation of the target material. The liberated target particles propagate away
from their source and coat everything in their path. This allows depositions of layer
thicknesses in the range of less than a nanometer to hundreds of micrometers. In order
to confine most of the charged plasma particles close to the surface of the target and
improve efficiency, magnetrons are deployed [179, 180]. They utilize strong overlying
magnetic fields that force the electrons on a cycloidal path. Schematic illustrations of a
magnetron sputter gun and a magnetron sputter chamber are displayed in Fig.3.1a and
b, respectively.

Typically, sputter processes are carried out in an ultra-high vacuum (UHV) chamber
to ensure a sufficient mean free path for the target particles and the plasma ions and
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Figure 3.1: Schematic drawings of a magnetron sputtering system. Close-up of an active
magnetron (a). Electric and magnetic field lines are shown confining the plasma
torus. Ultra-high vacuum (UHV) chamber filled with Ar as working gas (b). One
magnetron gun with an ignited plasma and an open shutter is displayed (right), as
well as an inactive magnetron with a closed shutter (left).

electrons, as well as to avoid contamination of the sputtered layers. After a sufficiently
low base pressure, usually < 108 mbar, is achieved, a highly pure working gas is injected.
Non-reactive noble gases are preferably used, in the case of this work argon (Ar). To
establish a plasma, an electric field E from a direct current (DC) source is applied
between the target holder (cathode) and the cylinder (anode) around it (Fig.3.1a).
Generally, some of the working gas atoms are always ionized. Thus, the free electrons
accelerate to the cylinder/anode and the ions to the target/cathode. On their way,
collisions lead to further ionization. The overlying magnetic field B contains the free
electrons and leads to the formation of a plasma torus directly above the target. The
ions, which are less affected by the magnetic field and still accelerated by the electric
tield, collide with the target and transfer energy to the target. The shape of the plasma
torus leads to an increased probability of impacts directly beneath it, which creates the
typical circular erosion profile at the target surface. The stream of particles is controlled
by individual shutters above the magnetron. The excited charge-less target clusters,
molecules, and atoms leave the sputter gun and coat the inside of the chamber and the
designated substrate. The distribution of the target particle stream shows a club-like
shape. Therefore, a homogeneous thin film is achieved by rotating the stage and by
centering the designated substrate slightly off the focus of the particle club (Fig.3.1b).
On the path of the target particles, they can collide with Ar atoms, get deflected, and
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lose kinetic energy. The probability of this depends on the Ar pressure as well as the
distance between the target and the substrate. The kinetic energy of the target atoms
has a large impact on the film morphology. The rate of deposition is controlled by the
applied power for the plasma, the position of the particle club, and with it, the size of
the homogeneous deposition area, the Ar pressure, and the distance and angle between
target and substrate. A quartz crystal balance can be used to measure the deposition
rates.

In this work, all samples are deposited in a custom-built Bestec system (project
number 450) stationed at the University of Augsburg. Ar with a typical pressure of a few
pbar is used as working gas. The distance between the target and the substrate is 56 mm.
The tilt angle of the magnetron is 17.5° for all depositions. The substrate stage rotates
with 60 rpm. All used targets must be pre-sputtered to prevent possible contamination
of the deposited films. This is especially important for highly reactive RE targets, which
oxidize quickly on the surface. Otherwise, the oxygen in the target is incorporated into
the layers, and the properties of the deposited film are influenced. The targets used for
deposition have a minimum purity of 99.9%. Please note that for ferromagnetic targets,
the magnets of the magnetrons need to be modified to guarantee a plasma torus above
the target.

The deposition rates are preliminarily measured by a quartz balance at the exact
position of the substrates. Therefore, no corrections with tooling factors are necessary. To
sputter binary and trinary alloys containing the elements X and Y with the compositions
x and y in at.%, the right ratios between the different sputter rates R need to be obtained.
The ratio of the rates for the binary alloy X, Yj00—x are calculated by

= ). . (3.1)

The density p of the materials is given. The mass ratio m’(X)/m’(Y) is equivalent to
(x/(100 — x)) - (u(X)/u(Y)) with u being the atomic mass. Therefore, Eq.3.1 can be
expressed as

RX) _ x u(X) p(Y)

R(Y)  100—x u(Y) p(X)" (3.2)

For a binary alloy, one of the two rates is fixed, and the other one is calculated for a certain
composition x according to Eq.3.2. For a trinary alloy, also one rate is fixed, and the
second and third rates are calculated first collectively and afterward individually by the
binary equations Eq. 3.2. The sputtering time is calculated by the division of the desired
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thickness by the sum of all co-sputter rates. Please note that these calculations ignore
potential changes in composition due to resputter effects. These effects have especially
to be considered for high-energy depositions and co-sputter processes whose target
materials have a large difference in atomic mass [181]. Here, additional post-deposition
composition measurements are necessary, which are presented in Sec. 3.2.

An overview of all fabricated samples, which have been used for the presented data,

as well as their deposition parameters, is given in Sec. A 4.

3.1.2 Nanosphere Lithography and Ion Irradiation

Ion irradiation is a method to change the properties of a film after its deposition. The
high-energy ions induce intermixing and amorphization by traveling through the film
[182]. In Sec.5.6, He™ ions are accelerated by an Eaton NV-3204 system with energies
of 200keV in UHV [183]. A heated filament is used as the ion source. The ions are
pre-accelerated by an electric field of 20kV and filtered by traveling through a magnetic
tield. Depending on their charge and mass, the ions exhibit different trajectories due
to the Lorentz force. Afterward, the ions are accelerated to their final velocity by the
accelerator tube. The resulting ion beam is focused by triplet-quadrupole electrostatic
lenses. The focused beam is then scanned over the sample. The dose with which the
film is irradiated can be measured by the beam current divided by the scanned area. A
more detailed description of this technique can be found in Ref. [184].

Nanosphere Deposition

In order to achieve a hexagonal pattern of irradiated and non-irradiated areas, self-
assembled nanosphere lithography is used in Sec.5.6.1. The method is illustrated in
Fig.3.2. A magnetic film (red) on top of a substrate (green) is the starting point (Fig. 3.2 a).
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Figure 3.2: Patterned ion radiation via self-assembled nanosphere lithography. Magnetic film
on a substrate (a). Mono-disperse aqueous polystyrene nanosphere suspension with
average diameters of 782 nm, 425 nm, or 196 nm are deposited on the film (b). After
drying, a highly ordered hexagonal close-packed monolayer of the spheres is created
by self-assembly (c). The sample is irradiated by He™ ions (d). A magnetically
hexagonal modulated film is the result (e).
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Figure 3.3: Scanning electron microscopy images of nanospheres with different periodicity.
SEM images of nanospheres with a diameter of 782 nm (a), 424 nm (b), and 196 nm (c)
confirming the hexagonal long-range order.

A mono-disperse aqueous non-functionalized polystyrene nanosphere suspension is
deposited on the magnetic film (Fig.3.2b). The used nanospheres have diameters of 782,
425, or 196 nm. During the drying process, the nanospheres self-assemble in a highly
ordered hexagonal close-packed monolayer (Fig. 3.2 c). The ordered nanospheres with
different diameters are imaged by scanning electron microscopy (SEM) and displayed in
Fig.3.3.

In Fig. 3.2d, the film with a monolayer of nanospheres on top is irradiated by He ™
ions, resulting in a change in the properties of the film in the uncovered areas. The
spheres are removed by a supersonic assisted lift-off process.

Focused Ion Beam

Alternatively, a Focused Ion Beam (FIB) setup is used in Sec.5.6.2. Here, Ga™ ions are
accelerated to an energy of 1-50keV and focused by electrostatic lenses. This way,
irradiation with 5nm spatial resolution can be achieved [185]. Custom patterns of
changed material properties can be written, which are not limited to the hexagonal
lattice symmetry presented in Fig. 3.3.

At the same time, the system can be used for imaging and targeted sputtering [186].

3.2 Structural Characterization Techniques

In this work, the magnetic properties of the presented systems are in the foreground.
However, to describe them precisely, knowledge about the structural properties is
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required, too. Therefore, different structural characterization techniques are utilized and

presented in this section.

3.2.1 Composition Measurements by Rutherford Backscattering

Rutherford Backscattering (RBS) utilizes the electrostatic interaction of the Coulomb
potentials of high kinetic ions with the atomic nuclei of a bulk material to determine the
chemical composition and thickness of the irradiated layer. If the elastically scattered
ions have enough energy to leave the material, their energy loss and large scatter angle
yield the necessary information [187]. Figure3.4a illustrates the schematic of a RBS
setup. A Van-de-Graaf tandem-ion-accelerator provides high-kinetic ions [188].
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Figure 3.4: Schematic illustration of a Rutherford backscattering setup and an exemplary
Rutherford backscattering spectrum. Beam geometry of a Rutherford backscattering
setup with a Van-de-Graaf accelerator providing high-kinetic ions (a). The detector
analyses the scattered ions at an angle ©. Exemplary Rutherford backscattering
spectrum of Tbyg(FegsCoy5)72 (20nm) (b). The analysis of this spectrum and its
corresponding simulated spectra, confirming the composition, are shown in Sec.4.3.1.

The ion backscattering can be approximated by a classical elastic scattering process.
Therefore, the kinetic energy of the backscattered ion Ejo, can be calculated by

7,’/l{on -cos ¥ + \/(m;ucleus)2 - (m;on)z sin2 ®

/ ! ’
mion + mnucleus

(3.3)

Eion = EO,ion

/

ion the mass of the scattering nuclei

with the incident ion energy Eg ion, the ion mass m

/
nucleus’

The detector is typically mounted at a fixed angle ¢. The resulting spectrum is given

m and the scattering angle ¢.

by the number of arriving ions against their energy. An exemplary RBS spectrum of
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Tbg(Fes5Co15)72 (20nm) is shown in Fig.3.4b. The analysis of this spectrum and its
corresponding simulated spectra, confirming the composition, are shown and discussed
in Fig.4.11 and Sec.4.3.1, respectively. The plateau at low energies is caused by the
substrate. The peaks provide information about the thin film on top of the substrate. For
layer stacks or alloys, multiple superimposed peaks are observed. By the use of a RBS
simulation software like SIMNRA, the composition of a sample can be calculated with
an accuracy within 1at.% [189].

Although RBS is considered a non-destructive method of analysis, the input energy
of the method can lead to local changes in the system.

In this work, He™ and He?" ions with an energy of 1.7 and 4.0 MeV and a scattering
angle of ¢ = 170° are used to confirm the composition of the TbFeCo alloys in Sec. 4.3.2
after the deposition. The ions are accelerated by a Van-de-Graaf tandem-ion-accelerator
system from High Voltage Engineering Europa B.V..

3.2.2 Determining Crystal Structures by X-Ray Diffraction

In order to determine the existence, kind, and orientation of crystal structures X-Ray
Diffraction (XRD) is used in this work. X-rays provided by a copper (Cu) K,; source
scatter at atoms. If the atoms are part of a crystal structure, constructive interference can

occur. The Laue equation
e/l =k)R] — 1 (3.4)

with the incident wave vector k, the scatter wave vector k’, and the reciprocal lattice
vector R gives the condition for constructive interference in reciprocal space [190]. In

real space, it can be reduced to Bragg’s law
NA = 2apsinf = As, (3.5)

with the integer number N, the wavelength of the incident X-rays A, the distance of the
lattice planes ayy, the glancing angle 6, and the path difference As [191]. Figure 3.5a and
b illustrate the Laue equation and Bragg’s law, respectively. Constructive interference
occurs if the path difference As of the X-rays, which are scattered at different lattice
planes, is an integer multiple N of their wavelength A.

In this work, XRD is measured in the ® — 20 configuration by a XRD 3003 PTS
system from Seifert with a parallel X-ray beam. The X-rays are provided by a Cu K,;



40 Chapter 3. Experimental Techniques

a) b) Incident plane Scattered plane
wave

Lattice planes  4s Atoms

Figure 3.5: Schematic illustration of the Laue condition and Bragg'’s law. Laue condition in
reciprocal space with the incident wave vector k, the scatter wave vector k/, and the
reciprocal lattice vector R (a). Bragg’s law in real space with the distance of the lattice
planes ayy;, the glancing angle 6, and the path difference As (b).

source with a wavelength of 0.15418 nm. The angle of incidence 6 of the X-rays is set via
the tilt angle of the sample to the detector since the sample can be rotated around its own
axis. The detector can also be moved in its position on a circular path with the sample
in the center [192]. The resulting diffractogram shows the intensity of the diffracted
X-ray radiation as a function of the angle of incidence. If a diffraction reflex (intensity
peak) occurs under a certain angle, the distance of the lattice plane can be calculated and
matched to a certain crystal structure.

3.2.3 Creation of Height Profiles by Laser Scanning Microscopy

A Laser Scanning Microscope (LSM) is a type of confocal microscope. Laser light is focused
on the surface of the sample, and the reflected beam is captured. If the surface moves
out of the focal point during scanning, less reflected laser light is detected. The necessary
movement of the surface to be back in focus is recorded. While the scanning area of
this technique is quite large with 50 mm x50 mm, the height and spatial resolution are
limited by the diffraction of light and therefore larger than 100 nm [193].

In this work, the surfaces of membranes are measured with a Keyence VK-X1000 LSM
at 20x and 50x magnification and evaluated using the corresponding VK Analyzer
software (Sec.5.5.3).

3.2.4 Surface Imaging by Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) uses a focused electron beam to scan the sample
surface and detect the secondary electrons emitted by the excited atoms. While
conventional light microscopy is limited by the wavelength of the incident light, electron
microscopes use the wave-particle duality of electrons and the resulting De Broglie
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wavelength to achieve much higher resolutions [194]. The wavelengths of electrons A,

can be calculated relativistically by

B h
e =
\/2771/eEkir1<1 + 3,222

A (3.6)

”

where h is Planck’s constant, m/ the electron rest mass, Ey;, the kinetic energy, and ¢
the speed of light. Please note that a relativistic calculation is not necessary for low
energy electrons. However, the later introduced electron imaging techniques require it
(Sec.3.2.7). Typical electron energies of a SEM range from 0.2 to 40 keV, which result in
wavelengths of 123 to 8 pm according to Eq. 3.6, respectively. However, the resolution
is mainly limited by the interaction volumes of the electron beam, which depend on
the imaged material, sample geometry, electron spot size, and beam current. Typical
resolutions are between 1 and 20 nm [195].

3.2.5 Measuring the Surface Roughness by Atomic Force Microscopy

In order to measure the height profile and roughness of a sample, Atomic Force Microscopy
(AFM) is also an option. It offers a superior resolution in comparison to LSM at the
cost of smaller scan areas. Recording the interacting atomic forces of the sample surface
with a probe tip provides information about the surface morphology. For measuring the
height profile, the attractive short-range Van der Waals and capillary forces counteract
the repulsive force due to the Pauli principle and the Coulomb interaction. The resulting
forces depending on the distance between the tip and the surface can be described by
the Lennard-Jones potential [196]. Figure 3.6 displays a simplified schematic measuring
setup consisting of a cantilever, which has a small tip at the end of the lower side. The
tip has a typical curvature radius of 5 to 10 nm, allowing atomic resolution [197]. While
the tip scans the surface, the deflection of a laser beam, which is reflected from the top
surface of the cantilever, is recorded with a quadrant photodiode detector. During the
scan procedure, the sample is moved by piezo actuators. Three different measurement
modes exist: contact, tapping, and non-contact.

The investigations of the samples presented in this work are carried out exclusively in
the tapping mode. This mode prevents the tip from sticking to the surface, which is quite
common in ambient conditions [198]. During the measurement, the cantilever oscillates
at approximately its resonant frequency. The excitation of the natural frequency of the
cantilever is performed by piezo elements. A change in frequency provides information
about the interacting material surface while the amplitude is kept constant. To keep the
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Figure 3.6: Schematic illustration of an atomic force microscope. The sample surface is
scanned with a small tip. The deflection of the laser beam reflected from the top
surface of the cantilever is recorded with a photodiode detector and analyzed to gain
a height profile of the sample.

amplitude of the tip constant, feedback electronics continuously correct the height during
the scanning. The resolution of this technique is mainly limited by the tip. Subatomic
resolutions down to 0.2 nm have been demonstrated [199]. While AFM measurements
are performed at heights of a few nanometers, where the Van der Waals and capillary
forces are dominant, information about the magnetic stray fields of a sample surface
can be gathered at higher heights and with magnetic tips. This is further elaborated in
Sec.3.3.2.

3.2.6 Resistivity Measurements via the Van der Pauw Method

The Van Der Pauw Method describes the technique to measure the average resistance of a
sample with an arbitrary shape via the placement of four electrodes around the perimeter
of the sample [200]. It requires a homogeneous and approximately two-dimensional
sample without holes and the area of contact has to be at least an order of magnitude
smaller than the area of the sample.

Scattering events of the conduction electrons and various types of defects control
the electrical resistivity in metals. The Drude-Sommerfeld Theory estimates the resulting

resistivity ¢ by
e
= 3.7
¢= 2 (3.7)
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with the effective electron mass m}, the electron charge e, the density of electrons #, and
the average free time between scattering events 7 [201]. Scattering events occur especially
at grain boundaries, dislocations, impurity atoms, vacancies, and inhomogenities in
general.

In Sec. 4.3, the sheet resistance o = ¢/thickness is measured as a function of the
annealing temperature in nitrogen atmosphere. Here, increasing temperatures do not
only change the resistance due to more phonon electron scattering events but also due to
irreversible changes in the structure of the material. Therefore, resistivity measurements
can be used to reveal structural changes, which occur at certain temperatures in a given
material. Generally, an amorphous material like TbFeCo increases its resistivity at
certain elevated temperatures due to its loss of chemical short-range-order. At further
increased temperatures, crystallization processes can lead to an additional increase in
inhomogeneity. However, a fully crystallized film typically exhibits a smaller ¢ than
amorphous ones [202-206]. Another possible effect due to annealing is the dewetting of
the film. Caused by structural changes, the interplay between the substrate and the film
changes and surface tensions can give rise to island formation. Hence, the continuity of

the film is broken, and a rise in resistivity is measured [207].

3.2.7 Film Structure Investigations by Cross-Section Transmission Electron
Microscopy

To gather further information about the structural properties of a sample, nanometer-thin
films can be directly imaged by Transmission Electron Microscopy (TEM). Here, electrons
are transmitted through a thin sample and scattered or absorbed by it. The typical
electron energies range from 100 to 300 keV, which result in wavelengths of 3.3 to 1.5 pm
according to Eq. 3.6. The smallest visible distance d between two objects, which can be
distinguished, is given by the so-called Abbe diffraction limit [208]:

A A
n'sine NA

(3.8)

Here, 1’ is the refractive index of the medium between the objects and the objective and
« the opening angle of the objective. In optics, NA is the numerical aperture, which
quantifies the light gathering ability of a microscope. For a wavelength of 1.5pm, a
maximum resolution of 50 pm is possible according to Eq. 3.8 and a reasonable NA value
of 0.03 [209]. In order to transmit sufficiently enough electrons through the sample, the
thickness of the sample has to be less than 200 nm.
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Figure 3.7: Schematic illustration of a transmission electron microscope. The blue electron
beam travels through the grey optical components and the purple sample. The
resulting signal is recorded by a CCD camera. Green parts are optional and used for
certain operating modes. The whole setup is under a high vacuum.

The working principle of a TEM is schematically illustrated in Fig.3.7. The electron
source (gun) is made up of a cold field emitter. The emitted electrons are then accelerated
through the high voltage anode and focused by an arrangement of electromagnetic
condenser lenses and the condenser aperture on the sample. The scatter contrast of
the electrons is then transmitted through the objective lens and magnified by it and
the projection lens. The diffraction pattern or real space image is finally projected on a
fluorescent screen attached to a charge-coupled device (CCD) camera.

Depending on the desired information, TEMs can be operated in different ways.
The optional parts necessary for certain modes are displayed in green in Fig.3.7. In
the following, the TEM techniques used for the structural characterization are listed.
Descriptions of the available modes to image magnetic morphologies are given in
Sec.3.3.3. An overview of all established TEM methods is, for example, given in
Ref. [210].
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High Resolution Transmission Electron Microscopy

In the most commonly used (high resolution) transmission electron microscopy mode,
diffraction patterns of the scattered electrons are used. A magnification of x500k and
more is possible. Depending on the incident angle of the electron beam, the microscope
can be operated in the Bright-Field (BF) and Dark-Field (DF) submodes. In the BF, areas
where electrons transmit unscattered appear brighter. Accordingly, these areas appear
darker in DF.

Scanning Transmission Electron Microscopy

In the Scanning Transmission Electron Microscopy (STEM) mode, the electron beam is
focused on a fine spot (0.05-0.20 nm [211]). The beam is then rastered over the sample
by the STEM scan coils. BF and DF can be utilized here by changing the position of the
objective aperture. The BF mode places the objective aperture in the center of the back
focal plane and therefore filters out scattered electrons.

In the Annular Dark-Field (ADF) mode, only electrons scattered under a certain angle
are captured and appear bright in the resulting image. To emphasize the impact of the
atomic number of the scattering atoms, only electrons scattered at very large angles can
be captured [212]. This specific version of the ADF method is called High Angle Annular
Dark-Field (HAADF) mode. Both the ADF as well as the HAADF mode require special
(HA)ADF detectors.

One of the main advantages of STEM is the possibility to simultaneously measure
in BF and DF, while capturing the chemical composition with Energy-Dispersive X-Ray
Spectroscopy (EDS/EDX), which is described next. The gained images and information
can then be directly correlated. The drawbacks of STEM are the longer scan times and

the high intensity of a focused electron beam, which can locally damage the sample.

Energy-Dispersive X-Ray Spectroscopy

In order to chemically characterize a sample, the EDS capabilities of a TEM can be
used. The focused electron beam in STEM mode locally stimulates the emission of
characteristic X-rays, which can be analyzed by an energy-dispersive x-ray spectrometer.
The characteristics of the gained spectrum can then be accurately associated to certain
elements and its unique discrete energy level transitions by Moseley’s law [213].
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In this work, both a FEI Titan and a JEOL NEOARM-200F system are used, which are
located at the Central European Institute of Technology (CEITEC) in Brno, Czech Republic,
and at the University of Augsburg, respectively. Cross-sectional TEM samples are
prepared by mechanical dimpling followed by ion polishing. HAADF-STEM imaging
and EDS are performed at an accelerating voltage of 200kV to obtain the element
composition, confirm the structural properties, and to analyze interface intermixing.
Additionally, high-resolution TEM images are taken to judge the crystallinity of
individual layers. The used techniques for imaging the magnetic structures are described
in Sec. 3.3.3.

3.3 Investigations of the Magnetic Properties

The experimental methods required for the characterization of the magnetic properties
are presented in this section. First, a method to investigate the integral magnetic
parameters is described, followed by two techniques to image different components of

the magnetic spin structure.

3.3.1 Integral Magnetic Measurements Using a Superconducting Quantum
Interference Device

For the precise measurement of the magnetic moment of a sample, the Vibrating Sample
Magnetometer (VSM) with an included Superconducting Quantum Interference Device
(SQUID) is used. If the volume of the sample is known, the underlying magnetization
can be calculated from the measurement.

The typical design of a DC-SQUID-VSM is illustrated in Fig. 3.8 and described in the
following, while a more detailed discussion of the mechanisms and setup can be found
in Ref. [214] and [215], respectively.

First, the sample is mounted on a sample holder. Depending on the geometry of
the magnetic film on the holder, the oop or ip magnetic components are measured.
During the measurement, the sample holder vibrates sinusoidally inside four symmetric
detection coils perpendicular to the areas of the coils. The inner two coils have an
opposite winding direction to the outer two coils. This second-order gradiometer
setup suppresses the first-order magnetic field gradients, for example, from the applied
magnetic field, and is only susceptible to the second-order ones (d?B,/dz?) [216].
Depending on the amplitude of the vibration, the sample induces more or less current
in the detection coils. The current /I and with it the external magnetic flux ®¢y is
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Figure 3.8: Schematic illustration of a DC superconducting quantum interference device -
vibrating sample magnetometer. The sample holder and sample vibrate inside the
detection coils, while an optional magnetic field is applied. The induced current 61
and with it the external magnetic flux ®ey; is forwarded by the flux transformer to
the superconducting quantum interference device (SQUID). The SQUID ring has two
Josephson junctions and an applied bias current I,. The resulting feedback signal
provides information about the moment of the measured sample. The illustration is
based on Ref. [215].

forwarded by the flux transformer via induction coupling to the SQUID sensor. This
superconducting ring has two non-superconducting Josephson Junctions [217]. The whole
ring is superconducting as long as the flowing current is below the critical current I..
In this state, the conduction particles consisting of two electrons (Cooper Pair [218]) are
able to tunnel through the junctions without a voltage drop. The magnetic flux of the
SQUID ring is quantized by ®¢ = h/2e, with h and e being the Planck constant and the
electron charge, respectively [219]. Additionally to the induced current 61, a bias current
I, is applied, which is slightly larger than twice I., due to the two used Josephson
junctions. Therefore, the ring is in a non-superconducting transition state. Hence, a
small amount of the induced current I in the opposite direction translates to a phase
transition and a large change in the voltage dU. Using the feedback signal, I, can be
changed accordingly to 61 and thus, a constant transition state between superconducting
and non-superconducting is established. This technique enables the determination of
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the external magnetic flux ®¢y: and, therefore, the magnetic moment of the sample as an
integer multiple of Py.

In this work, the Magnetic Property Measurement System 3 (MPMS3) from Quantum
Design is used [215]. Measurements can be conducted at sample temperatures between
1.8 and 1000K while magnetic fields up to +7T are applied. To measure samples
in varying geometries and at these elevated temperatures, different sample holders
are available. While the sample is glued on a flat glass holder for ip measurements,
the sample is pinched in a plastic straw for oop measurements. To reach sample
temperatures above 400K, a self-heating sample holder and thermally conductive

cement is required.

It should be noted that this technique has limits and several potential obstacles to
overcome to guarantee precise results. A small summary of the most important ones for
this work is given in the following. A more detailed overview of them can be found in
Ref. [220].

1) The system fully automatically fits the measured induction under the assumption
that the sample is a perfectly positioned ideal magnetic dipole between the
detection coils. Thus, larger sample sizes and incorrect positioning on the sample
holder lead to errors. These errors can be minimized by certain correction factors
for different sample geometries and sizes [216, 221, 222]. For example, the
correction factor of a typical 5 x 5 x 0.5 mm? sample in ip measurement geometry
is 0.9833 [221].

2) The area and thickness of the magnetic film must be precisely known to calculate
the magnetization. While the area can be measured by an optical microscope, the
precise determination of the thickness is more complex and RBS or TEM (Sec. 3.2)

is usually necessary. The results of these techniques introduce errors on their own.

3) The magnetometer measures every deviation from the homogeneous sample
holder. Hence, in addition to the magnetic film, the signal of the substrate,
inhomogeneities of the sample holder, glue, and contaminations are measured.
In order to remove most of these para- or diamagnetic contributions, the linear
background of a M-H measurement is removed. However, this can be challenging
if the magnetic saturation is not reached within the available +7T.
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4)

5)

The magnet of the device exhibits a residual offset field due to pinned fluxes in
the superconducting magnet. After the magnet creates a strong positive field, it
exhibits negative magnetic fields up to -3 mT, while being nominal at zero. To
achieve an effective magnet field closer to zero, the so-called Magnet Reset or
an oscillating reduction of the field can be used. Within a magnet reset process,
the magnet is heated up above its critical temperature and cooled back down to
remove the pinned fluxes. However, afterward a shift of 0.2mT is still observable.
Another option to correct the offset field is the use of a calibration measurement. A
calibration sample consisting of an ideal para- or diamagnet is measured by the
to-calibrate M-H sequence. The resulting M-H curve should be linear with zero
magnetization at zero field. Deviations from this behavior can be attributed to the

offset of the magnetic field and used to correct the following measurements.

Another artifact is the so-called magnetic soft-phase. Here, the M-H curves exhibit
an additional FM contribution with a small coercivity. In the framework of this
work, this artifact was investigated in close collaboration with H. Hug’s group
at the Swiss Federal Laboratories for Materials Science and Technology (EMPA). The
results are published in Mandru, A.-O., Yilidrim, O., Marioni, M.A., Rohrmann, H.,
Heigl, M., et al. |. Vac. Sci. 38, 023409 (2020) [223]. In most cases, the coated sides of
the measured samples could be identified as the source of the soft phase. Thus, the
appearance of the artifact can be prevented by cutting the edge of the sample or
using masks during the deposition. However, magnetic contamination from the
cutting and handling tools can also introduce these kinds of artifacts. To clearly
differentiate between soft-phase artifacts and actually soft magnetic contributions
from the magnetic film, other techniques to measure the magnetization can be used.
Magneto-Optic Kerr Effect (MOKE) [224] and X-Ray Magnetic Circular Dichroism

(XMCD) measurements [225] are two examples.

3.3.2 Mapping of the Stray Fields by Magnetic Force Microscopy

Magnetic Force Microscopy (MFM) uses the AFM setup illustrated in Sec. 3.2.5 with only
a small addition: a magnetic tip, which has its magnetic easy-axis perpendicular to

the sample surface. Therefore, the tip is now also sensitive to the oop components of

the magnetic stray fields. To image only the magnetic information without a strong

superposition of the topography, the sample is typically first scanned in tapping mode at

alow height. Afterward, the actual MFM scan is carried out several tenths of nanometers
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Figure 3.9: Schematic illustration of the magnetic stray fields measured by a magnetic force
microscope. Stray fields B of a magnetically out-of-plane (a) and in-plane (b) sample
surface are measured by a magnetic tip. A contrast between the differently aligned
domains can be observed for a), while a contrast between the domain walls and the
domains can be observed for b) under the assumption that the domain walls are of
the Néel type.

above the beforehand measured surface. This way, the magnetic contrast is enhanced
relative to the other forces, which exhibit a stronger dependence on the distance.

The magnetic contrast is given by the gradient of the oop components of the stray
fields at a certain height above the sample surface. Hence, magnetic oop domains with
different orientations exhibit a contrast between each other with this technique (Fig. 3.9 a).
For a magnetic ip sample surface, only ip divergences, like Néel domain walls, are
depictable (Fig. 3.9b). It is important that the tip is chosen accordingly to the specimen.
Samples with weak stray fields require tips with large moments to achieve a reasonable
signal. On the other hand, samples with strong stray fields should be measured
with tips resilient to strong fields and, therefore, with large coercivities. Otherwise,
the magnetization of the tip switches in the measured stray fields. Furthermore, for
magnetically soft samples, tips with large magnetizations should not be used. Otherwise,
the domain morphology is significantly affected by the tip [226].

Additionally to the MFM measurements at ambient conditions by a Bruker Dimension
FastScan microscope, low-temperature ultrahigh vacuum MFM measurements at fields
up to 7 T are carried out with another MFM system in Sec. 4.4.3. Details on this system
in particular and the necessary data processing can be found in Ref. [227, 228]. Here,
quantifiable results are extracted from the MFM measurements due to the detailed
knowledge about the properties of the used tip. Another high-resolution MFM system
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operating in vacuum is used in Sec. 5.4 to differentiate the different spin objects by their
stray fields.

While the mainly used Bruker system does not have the built-in option to apply
magnetic fields, it is possible to use different permanent magnets and spacers to achieve
certain oop magnetic fields during the measurement. Please note that with this method,
it is not possible to change the applied magnetic field in a continuous way. Also, the
magnetic field can only be increased until the magnetization of the tip and/or the
resonance of the cantilever are significantly affected.

3.3.3 Imaging of the Magnetic Domain Morphology by Lorentz Trans-
mission Electron Microscopy

The TEM described in Sec. 3.2.7 is not limited to the structural characterization of samples.
Information about magnetic fields in the specimen can also be imaged based on the
deflection of the electron beam. Here, the cause of deflection is the Lorentz force F. It
acts on the transmitting electron charge —e, which moves with the velocity v inside an
electric E and magnetic field B:

F = —¢[E+ (v x B)]. (3.9)

In the following, it is assumed that the electric field E is zero inside the specimen. If an
electron moves through a specimen with a constant ip component of the magnetic
induction Bj, and the thickness ¢, the angle of deflection B for a certain electron

wavelength A, is given by [229]
e)\eBipt
pr=—" (3.10)

with h being the Planck’s constant. This means, sufficient ip magnetization and

thicknesses are necessary to achieve measurable deflection in this mode. Typical
thicknesses and magnetizations lead to Lorentz deflection angles multiple orders of
magnitude smaller than Bragg diffraction, which is imaged by classic TEM. Therefore,
multiple different techniques were developed to image magnetic contrasts, which
are listed and explained later in this section. TEM modes using this mechanism
are summarized under the term Lorentz Transmission Electron Microscopy (LTEM). An
overview of modern TEM techniques to image magnetic nanostructures, on which this
section is partially based, is given in Ref. [230].

The Eq.3.9 and 3.10 consider only classical mechanics. To describe the contrast
and image building of TEM in more detail, quantum mechanics, and with it, the wave
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properties of the electron beam, have to be considered. Here, the relation between the
phase shift of the electrons and the magnetization is described by the Aharanov-Bohm
effect [231]. A detailed description of this can also be found in Ref. [230].

One challenge of LTEM magnetic imaging is the strong magnetic fields created
by the different used electron lenses. To achieve a perfectly field-free space for the
specimen, ideally, with the option to apply a controlled magnetic field, modifications to
the previous TEM designs have been made and an additional objective lens had to be
introduced [229, 232].

In the following, different imaging modes of LTEM are described.

Fresnel Mode

The Fresnel LTEM mode is the most commonly used. Here, a parallel electron beam is
used in a defocused lens setup. The deflection of the electrons by the ip components
of the magnetization leads to areas with more or fewer electrons hitting the detector
and, therefore, a contrast. Due to the small deflection angles caused by magnetic fields
(Eq. 3.10), magnetic contrast is only visible in a strong over- or underfocus of multiple
micrometers in this mode. A change between dark and bright can be achieved by

a) In focus b) Overfocus ¢) Underfocus

S P S

Objective lens

Aperture
Focal plane ' [ — ]
___ %.---------- ——————— - ——————— S

Figure 3.10: Schematic illustration of the electron beam path in focus, overfocus, and
underfocus. A parallel electron beam deflects at a magnetic sample with ip domains
resulting in no contrast, a black line, and a white line in focus (a), overfocus (b), and
underfocus (c), respectively.
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Figure 3.11: Schematic illustration of the electron beam deflecting in magnetic materials and
the resulting LTEM contrast. A parallel electron beam deflects at a sample with
different magnetic stripe domains resulting in bright and dark stripes with different
periodicities (a). A counterclockwise Bloch skyrmion focuses the electron beam
resulting in a bright spot (b).

a change from over- to underfocus. The principle is illustrated by two ip magnetic
domains in Fig. 3.10.

An improvement of the magnetic contrast by increasing the defocus Af is always
accompanied by a deterioration of the local resolution. The proportionality of the
resolution limit d to a certain defocus Af and the electron wavelength A. is given
according to [233, 234] by

doc Afe . (3.11)

The resolution limit for a typical defocus value of 2mm and a 1.5 pm wavelength is
around 30 nm [234].

Figure 3.11 displays a magnetic film with stripe domains with different chiralities (a)
and a Bloch skyrmion (b), as well as the resulting contrast measured in the Fresnel LTEM
mode. It is evident that the thickness of the resulting dark and bright stripes contains
information about the underlying chirality of the stripes. The larger brighter stripe
on the left side of Fig.3.11 a is caused by the two antiparallel ip domains surrounding
the oop domain. The thinner stripes on the right side are the result of ip domains
pointing in the same direction (stripes without a chirality). It is important to note that
the shown domain walls/ip stripes are of the Bloch-type. Continuous Néel-type domain
walls exhibit no contrast in Fresnel LTEM due to their deflection resulting in an even
electron contribution. Also, no contrast occurs from pure oop magnetization due to their
parallelism to the incident electron beam. To still image Néel-type and oop magnetic
objects, it is possible to tilt the sample holder of the TEM and consequently artificially
create a magnetization component perpendicular to the electron beam [158, 235].
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Figure 3.11b illustrates the deflection resulting from a counterclockwise (ccw) Bloch
skyrmion. Here, the electron beam is focused, which is analogous to a focus lens. Hence,
a bright round spot with a dark surrounding emerges. Analogously, a clockwise (cw)
Bloch skyrmion creates a dark spot with a bright surrounding.

Creation of Magnetic Induction Maps by the Transport of Intensity Equation

If a Fresnel LTEM image series at different focus lengths is recorded, it is possible to
calculate magnetic induction maps by the Transport of Intensity Equation (TIE) from them.
This equation was originally developed for light microscopes and describes the intensity
change depending on the defocus [236]. Under the assumption that all phase changes
occur due to magnetic fields and with a linear approximation of over- and underfocused
images, a solution for the underlying magnetic induction can be found. To improve the
results, multiple images at different over- and underfocus levels are helpful, as well as
an image in focus to filter contrast caused by structural properties. A precise description
of the underlying equations and necessary solving algorithms can be found, for example,
in Ref. [237]. Recently, it was also demonstrated that a single Fresnel LTEM image is
enough to map the magnetic phase of uniform thin film samples using a simplified TIE
approach [238].

Foucault Mode

An alternative LTEM imaging mode is the Foucault mode. Here, the objective lens is kept
in focus, and a single crystalline specimen is necessary. The resulting diffraction pattern
is partly covered by displacing the object aperture in the focal plane. Electrons that are
deflected by the magnetization are either deflected through the aperture or not, resulting
in a dark or bright contrast between ip domains with antiparallel orientations. This
means that multiple calibration measurements are needed to find the precise aperture
placement for every sample and ip component orientation. One advantage of this mode
is that no tilting of the sample is needed to observe Néel-type domain walls. While
this technique is extremely challenging, due to the necessary precise placement of the
aperture, resolutions of 5-6nm have been demonstrated, which are superior to the
Fresnel mode [239]. However, due to the amorphous and polycrystalline nature of the

studied samples in this work, this technique can not be utilized.
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Differential Phase Contrast

The Differential Phase Contrast (DPC) mode leads to the best possible resolutions of
LTEM imaging. Here, the TEM is operated similarly to the STEM mode using a focused
electron beam. The beam is scanned over the sample by the STEM scan coils. The
deflection of the beam caused by the Lorentz force then provides information about the
ip magnetic components. The technique was introduced in 1978 [240] and constantly
improved over the years. It can not only be used to image magnetic domains but also to
image nanoscopic electric fields [241]. Typically, the deflection of the focused ion beam is
captured by a quadrant detector. Here, the difference in electron signal of each segment
and, with it, the shift from the central position describes the information about the
magnetic and electric induction. Alternatively, a fast-readout CCD camera or pixelated
detector can be used. DPC allows the depiction of all ip components independent of their
Bloch- or Néel-type. The best possible resolution reported for DPC LTEM is 0.9 nm [242].
This excellent resolution can only be achieved at the cost of long measuring times and
large amounts of created data, especially in comparison to Fresnel and Foucault imaging.

In this work, the magnetic domain morphology is mostly imaged by Lorentz TEM
using a FEI Titan and a JEOL NEOARM-200F system with a defocus of around -2 mm
in Fresnel mode. The measurement temperature is controlled from RT down to 100K
by the Gatan Double Tilt Liquid Nitrogen Cooling Holder and by the JEOL Single Tilt Liquid
Nitrogen Cooling Holder for the low-temperature measurements at the FEI and JEOL
system, respectively. Additionally, the first magnetic induction maps are created by
LTEM images with multiple defoci and exemplary DPC images are shown in Sec. 5.4.
The DPC information is captured by a fast-readout CCD camera at the JEOL system.

To investigate the influence of ip magnetic fields in Sec. 5.5, the Gatan High Tilt Holder
is used at the JEOL system. The maximum tilt angle 8 of this holder is 45°. The ip field
component is created by tilting the sample holder while a magnetic field is applied. The
oop Hoop and ip field components Hj, can be calculated from the applied field H,pp by

Hoop = c0s(B) Happl (3.12)

and
Hip = sin(ﬁ)Happl . (3.13)

To measure increasing ip fields at constant oop fields, the measurement script has the
option to increase the applied field accordingly after every step of 2.5° or less in the tilt
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angle. It is important to note that the tilt measurements are done at the eucentric height
to prevent changes in the imaged area, focus, and magnification by tilting.

In order to match the different contrast patterns to their underlying spin structures,
the theoretical contrast is simulated by a Python script. The script was originally
programmed by J. Hintermayr [243] and continuously modified for this work. Parallel
incoming electrons are modeled as vectors to impinge on the spin structure on a discrete
2D grid at an angle of 90°. Analytical functions of the ip component of the 2D spin
objects are used to model the internal magnetic field as vectors. In the magnetic field of
the structure, electrons are deflected by the Lorentz force into a direction perpendicular
to their own velocity and the local magnetization direction of the spin structure. In the
code, the cross-product of the magnetic field vectors and the incoming electron vectors
are multiplied by a scaling factor to adjust for weaker or stronger deflection. After
iterating over all electrons/vectors in the image and calculating their impact points on
the virtual detector, the collected data is converted to a continuous probability density
using the kdeplot function from the seaborn Python library, implementing a kernel density
estimation. The result is a continuous grayscale image, where bright areas indicate
areas toward which many electrons/vectors are deflected, whereas dark regions indicate
regions with a below-average electron/vector incident count. The program additionally
plots a representation of the spin structure as a discrete grid of arrows, whose length
and direction indicate the local orientation and magnitude of the spin structure. The
arrows’ colors are mapped to their direction on a Hue Saturation Value (HSV) spectrum
using the arctan2 function from the Python library numpy.

3.3.4 Additional Techniques

In the context of this thesis, additional techniques have been used, which do not have
their own subsection in this chapter and whose results are not explicitly shown. These
include measurements utilizing the Magneto-Optic Kerr Effect (MOKE) [224], X-Ray
Magnetic Circular Dichroism (XMCD) [225], different Hall effects [244] including the Spin
Hall Effect (SHE) [245], Anomalous Hall Effect (AHE) [246], Topological Hall Effect (THE)
[247], First-Order-Reversal-Curve (FORC) [248], Ferromagnetic Resonance (FMR) [249], and
Brillouin Light Scattering (BLS) [250, 251].

Magneto-Optic Kerr Effect

The MOKE, on the one hand, is measured by a 635nm laser diode in an oop geometry
while an £1.2T field can be applied (polar MOKE), and on the other hand, by a Kerr
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microscope with polarized white light, which images magnetic domains while fields up
to 0.6 T are applied. Although the resulting M-H hysteresis loops of the polar MOKE
only display the moment of the 3d TM components, no additional information is gained
for the presented systems in comparison to the SQUID-VSM described in Sec.3.3.1.
Therefore, this technique is mostly used as a confirmation tool and not closer elaborated
on in this work. Kerr microscopy is optically limited by a resolution of around 200 nm.
While, in theory, it is possible to image the presented spin objects of chapter 5 [252], it is
technically extremely challenging and not possible to differentiate between the different
types of spin objects. Therefore, it was only used to perform some preliminary tests of
the switching processes of the larger domains of the systems presented in chapter 4.

X-Ray Magnetic Circular Dichroism

XMCD measurements were carried out at the synchrotron radiation source BESSY 1L
The element-specific loops confirmed the switching processes described in Sec. 4.4. Due
to the previously published work on XMCD studies on similar systems [253], these
results are not shown and only served as a confirmation for the presented switching
mechanisms.

Hall Effects

Hall resistivity measurements are carried out to extract the superposition of the ordinary,
anomalous, and topological Hall effect (THE). Attempts were made to extract the THE
resistivity by subtracting the linear ordinary Hall contribution and the anomalous Hall
contribution with SQUID-VSM M-H curves from the Hall measurement curves. An
existing THE resistivity allows an identification of topologically protected spin objects
in the given field range [254]. Most likely, due to the low density of skyrmions in the
measured sample, it was not possible to measure the THE.

First-Order-Reversal-Curve

The first-order-reversal-curve (FORC) is used to identify irreversible changes in the
magnetization upon field reversal. These insights can be used to predict and characterize
stabilization windows of different magnetic textures like skyrmions [43]. FORC
measurements consist of a series of M-H hysteresis loops and thus can be created by
SQUID-VSM, polar MOKE, or Hall measurements. Due to the large number of necessary
hysteresis loops, fast techniques are preferred for FORC measurements. At the point
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of writing, the FORC results are not conclusive and, therefore, will not be further

elaborated on in here.

Ferromagnetic Resonance

In this work, FMR measurements are used to extract the uniaxial magnetic anisotropy
constant Ky, [249]. This is particularly important if the dipolar energies in a system can
not be ignored, and, therefore, the calculation of K, via the enclosed area of the hysteresis
loops is no option. Thus, FMR has to be used in Sec.5.3. The FMR measurements
were carried out by A. Semisalova from the University of Duisburg-Essen with a
Bruker spectrometer and a X-band resonator at a microwave frequency f = 9.45GHz.
FMR spectra are recorded at different temperatures for different orientations of the
static magnetic field with respect to the sample plane (polar angular dependence).
The g-factor is extracted from frequency-dependent FMR measurements at RT with a
co-planar wave-guide and microwave generator. The angular-dependent resonance field
is analyzed within the Smit-Beljers approach, which yields the value of the effective
magnetization [255]. The K, value is extracted using the known value of the saturation

magnetization.

Brillouin Light Scattering

In Sec. 5.3, the interface Dzyaloshinskii-Moriya interaction (DMI) is extracted from non-
reciprocal spin-wave dispersion using BLS measurements. The BLS measurements
were performed by C. Ping from the Ecole Polytechnique Fédérale de Lausanne (EPFL) in
Switzerland. The wave-vector-resolved BLS in backscattering geometry is conducted
at RT using a monochromatic continuous-wave solid-state laser with a wavelength of
473 nm [256]. Backscattered light is collected and processed with a six-pass Fabry—Perot
interferometer TFP-2 (JRS Scientific Instruments). In this configuration, magnetostatic
surface spin waves (MSSWs) are excited in the sample [251]. By varying the incident
angle, the wave vectors are tuned. MSSWs propagating along opposite directions lead to
resonance peaks of Stokes and anti-Stokes signals in the BLS spectra. The two peaks are
asymmetric in both peak intensity and frequency. The intensity difference is attributed to
the non-reciprocity of MSSWs. The frequency difference originates from the asymmetry
of the dispersion relations resulting from the interface DMI. The frequency difference is
used to determine the interface DMI constant D according to Ref. [250].
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Chapter 4

Exchange-Coupled
Ferri-/Ferromagnetic Bilayers

In this chapter, amorphous ferrimagnetic TbFeCo films and ferromagnetic Co/Ni-based
multilayers (MLs) are investigated individually and exchange-coupled. The work is
motivated by the potential use as a storage medium for heat-assisted magnetic recording
(HAMR) devices and was part of the DACH project 277153257: Solving the Recording
Quadrilemma by Curie Temperature Modulated Structures. The project has been carried out
in close collaboration with D. Suess” group from the University of Vienna in Austria
and H. J. Hug’s group from the Swiss Federal Laboratories for Materials Science and
Technology (EMPA) in Diibendorf, Switzerland.

After a short explanation of different potential applications and the underlying
magnetic mechanisms used in HAMR, the challenges and requirements for a competitive
ferrimagnet(FI) / ferromagnet(FM) bilayer storage system are outlined. Co/Ni MLs are
identified as one of the prime candidates for ferromagnetic thin films with a strong
perpendicular magnetic anisotropy (PMA) and a large remanent magnetization. In
contrast to Co/Pd and Co/Pt, the potential of Co/Ni MLs has been limited by its
sensibility to seed layers and post-deposition treatments to achieve large PMA for high
repetition numbers. In Sec. 4.2, these systems are combined by adding Pt or Pd insertion
layers to Co/Ni MLs to partially solve this problem. The influence of the insertion
layers on the magnetic properties, e.g., magnetic anisotropy, saturation magnetization,
coercivity, magnetic domain size, and Curie temperature, is systematically investigated.
These highly tunable trilayer-based systems are discussed and compared with Co/Ni
reference samples without insertion layers. The experimental data of this section was
partially acquired as part of the Master and Bachelor theses of R. Wendler and S. Haugg,
respectively, and the results are summarized in Heigl, M., Wendler, R., Haugg, S. &
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Albrecht, M. ]. Appl. Phys. 127, 233902 (2020) [257]. Section4.3 lays out a study on
individual amorphous ferrimagnetic TbFeCo films. The focus is in particular on Tb
dominant compositions with Fe:Co ratios between 15:85 and 40:60 and a compensation
temperature. Due to the presented low thermal stability of TbFeCo alloys, Tb/FeCo
MLs are studied and compared as a potential solution in the Sec. 4.3.3. This comparison
has been partially carried out by C. Mangkornkarn as part of his Master thesis. The
enhanced annealing stability of the ML structure is also described and published in a
more compact form in Heigl, M., Mangkornkarn C., Ullrich, A., Krupinski, M. & Albrecht, M.
ACS Advances 11, 085112 (2021) [206]. The TEM cross-section and the XRR measurements
in this section were carried out together with A. Ullrich and M. Krupinski, respectively.

Further, selected films of Sec. 4.2 and 4.3 are antiferromagnetically exchange-coupled
in a bilayer system in Sec. 4.4. The magnetic reversal process of these heterostructure
systems is investigated, in particular, minor loop measurements, probing solely on the
reversal characteristics of the softer ferromagnetic layer. Different thicknesses of the
FM reveal two distinct reversal mechanisms. Macroscopic measurements suggest that
a rather unusual in-plane (ip) domain wall is involved. In Sec.4.4.3, the microscopic
origin of the magnetization reversal is presented, showing that the reversal is triggered
by ip domain walls propagating through the ferromagnetic layer. In contrast, thin
ferromagnetic layers show a hysteresis-free reversal, which is nucleation-dominated
due to grain-to-grain variations. The high-resolution magnetic force microscopy
(MFM) measurements in this section were carried out by A.-O. Mandru and X. Zhao.
Furthermore, the experimental results are supported by the theoretical work of C. Vogler.
This work is also published in Heigl, M., Vogler, C. et al. ACS Appl. Nano Mater. 3, 9218
(2020) [100]. On the basis of this work, the publication Vogler, C., Heigl, M. et al. Phys.
Rev. B 102, 014429 (2020) [258] shows a purely analytical derivation for the condition
of full reversibility switching of the FM layer. Last, the results of all three sections are
analyzed concerning their potential for possible applications and are compared to other

competitive systems in Sec. 4.5.

4.1 Perspective for Future Data Storage Applications

While the key motivation of this chapter is the evaluation of FI/FM bilayers for HAMR,
the presented films and results also have potential implications for a wide range of other
applications.

Due to the strong PMA of the individual layers and the coupled heterostructures, they

are all potential candidates for different kinds of magnetic memory devices. Additionally



4.1. Perspective for Future Data Storage Applications 61

to the established perpendicular magnetic recording (PMR) in modern magnetic hard
disk drives (HDD) and its successors HAMR and Microwave-Assisted Magnetic Recording
(MAMR) described in Sec.4.1.1, new concepts of magnetic memory devices emerged
over the last decade, namely magneto-resistive random access memories (MRAM),
racetrack memories, and the prospect of writing data by All-Optical Switching (AOS). In
contrast to the field-driven writing in classic HDD, AOS uses individual or multiple
laser pulses to write data [259]. Two distinct types of AOS mechanisms exist: a single
pulse helicity-independent switching, discovered in 2007 in GdFeCo films [260] and
a two regime helicity-dependent switching observable in a range of different FM and
FI films. The latter type was also demonstrated in the FM systems Co/Ni, Co/Pt, and
Co/Pd MLs [261], which are comparable to the discussed films in Sec. 4.2. Analogously
to the films in Sec. 4.3, helicity-dependent AOS have been demonstrated for TbFe [262],
TbCo [263, 264], and TbFeCo [60, 265].

While HAMR tackles the increasing demand for long-term data storage, MRAM is
a non-volatile memory (NVM) designed for high-speed data writing and reading. It
presents a potential replacement for Static Random-Access Memory (SRAM) and Dynamic
Random-Access Memory (DRAM) with competitive memory capacities, endurance cycles,
writing speeds, and the additional benefit of non-volatility [266-268]. An MRAM
memory cell consists of a Magnetic Tunnel Junction (MT]) with a free layer (FL), a tunnel
barrier, and a fixed layer. The direction of the magnetization of the FL relative to the
direction of the fixed layer represents the stored information. Initially, magnetic fields
were used to switch the FL, which is not easily scalable. This first generation of MRAM
writing is called Toggle Mode Switching. Modern MRAMs use the spin-transfer torque
(STT) of a spin-polarized current to switch the FL. The stored information is read out
via the Tunnel Magneto-Resistance Effect (TMR). When the magnetization directions of
the two layers are antiparallel, a higher resistance is measured than in the parallel state.
Current research investigates MRAMs utilizing the spin-orbit torque (SOT), which shows
significantly improved performance [269]. The first commercial toggle MRAM products
were launched in 2006, and STT-MRAM products followed in 2017 [270]. The discussed
FI/FM bilayers are particularly of interest for MRAM devices due to their decreased
coupling frustration in comparison to classical AF-based exchange-coupled systems [90,
271].

The ferrimagnetic TbFeCo layers and the ferromagnetic Co/Ni MLs provide a
large tunability of the magnetic anisotropy, which makes them potential hosts of
dipolar-stabilized skyrmions in low PMA regimes [272, 273] analogous to the Fe/Gd
MLs, which are discussed in chapter 5. The broken symmetry at the Pt or Pd interfaces
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in the presented Co/Ni-based MLs also enables DMI stabilized skyrmions [274]. The

use of skyrmions in the racetrack memory concept is further described in Sec.5.1.1.

Other than applications in memory devices, the described films have displayed
potential as spintronic terahertz emitters [275, 276] and sensor devices in a skyrmion
hosting state, which is elaborated in Sec.5.1.2. The possible applications of each
individual layer or heterostructure are also given in the corresponding sections. In
the following subsections, the limiting factors of further progress in the HDDs storage
capabilities are outlined. Further, HAMR as a solution and the key motivation is
presented. Finally, the concept of FI/FM bilayers as Curie temperature modulated
structures for HAMR is elaborated at the end of this motivation section.

4.1.1 The Recording Trilemma

Storing data in the form of magnetic orientation in magnetic HDDs is the most
predominant way since the 1960s [277]. A series of technologies allowed HDDs to
remain in this position, pushing the boundaries of capacity with little effect on cost. The
most notably are Perpendicular Magnetic Recording (PMR), moving the storage plane from
an in-plane (ip) to an out-of-plane (oop) orientation [278, 279], and Shingled Magnetic
Recording (SMR), overlapping the magnetic tracks [280, 281]. Consequently, the data-bit
density increased year by year up to 1 TB/in? (1600 TB/m?) in 2016 [14, 282]. However,
this increase has been slowing down since then. Ultimately, this continuous increase
following Moore’s Law [9, 10] is limited by fundamental physics. The key restricting
factors are formulated in the Magnetic Recording Trilemma [283, 284]:

1) A magnetic data-bit is made up of multiple interacting magnetic grains and their
number Ngrains is proportional to the achievable Signal-to-Noise Ratio (SNR) during
read-out by /Ngrains [285]. Consequently, the grain size has to be reduced to
increase the data-bit density without sacrificing SNR.

2) The two stable antiparallel magnetic orientations in the grains represent two energy
minima. They are separated by the energy barrier

AEy = KotV (4.1)

with V and K. being the volume and the effective magnetic anisotropy of
the grains, respectively. At a given temperature T, the finite probability of the
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3)

magnetization to flip is proportional to exp(AEy/kgT) with kg being the Boltzmann
constant. The Néel-Arrhenius Equation

KotV )
kgT

™ = Toexp( 4.2)
provides the Néel relaxation time 7y that represents the mean time between two
flips [286]. 19 is the Attempt Period, that is characteristic for the material and has a
typical value of the order of 10~ seconds [287]. The typical stability criterion for

recording systems is
KotV

kT

which corresponds to a recording media stability of around 10 years [285]. In order

> 60, (4.3)

to reduce the grain volume without sacrificing the long term stability of the data,
Kt needs to be increased according to Eq. 4.2.

Based on the Stoner-Wohlfarth model (Sec.2.1.4), K¢ can be calculated by

Kegs = %Ms -H,, (2.8 revisited)

with uo, Ms, and H, being the vacuum permeability, the saturation magnetization,
and the anisotropy field, respectively. Due to the natural limit of M; at around
1600 kA /m [288], H, has to be increased to further soar large K¢ values. The
coercive field H., and with it the minimum necessary fields to switch the magnetic
bit, scales with H,. Typical write poles of HDDs exhibit maximum effective
magnetic field outputs of 1.5T [289] and limit the further increase in H. and
therefore in K¢ of the storage medium.

In order to solve this trilemma, multiple concepts have been proposed [290]. The

most prominent ones are Bit Patterned Media (BPM), which uses a different medium

structure with large individual grains [291, 292], Exchange-Coupled Composite (ECC)

media, which couples magnetically soft and hard materials to satisfy both writability

and thermal stability [293-296], and changing the material properties during the writing

process. The latest example features MAMR, that utilizes localized AC fields at adequate

frequencies to reduce the medium coercivity [297, 298] and HAMR, which is discussed

in more detail in the following.



64 Chapter 4. Exchange-Coupled Ferri-/Ferromagnetic Bilayers

4.1.2 Heat-Assisted Magnetic Recording

HAMR utilizes laser radiation to heat the recording area momentarily near the Curie
temperature T, and thus reduces the coercivity locally below the magnetic field provided
by the recording head. Therefore, materials with larger K¢ values become switchable,
which consequently enables smaller grain sizes and larger data densities. To achieve
this, the limitation of the minimum diameter of a laser beam spot had to be bypassed. It
is given by the diffraction limit, corresponding to half their wavelength. Hence, with
modern bit sizes being smaller than 20 nm, a Near-Field Transducer (NFT) must be used.
The NFT excites collective oscillations of electrons that are called surface plasmons. They
are coupled to the light and propagate between the interface of the magnetic film and

the dielectric [299].
' Laser source
Scanning head

relative motion X e, /

. Write

Write coils

Figure 4.1: Schematic of the heat-assisted magnetic recording process. Writing of magnetic
data bits by a HAMR head, due to the local heating of the storage medium by a laser
source and a plasmonic near-field transducer (NFT) and the simultaneously applied
magnetic field.

In Fig. 4.1 an illustration of the HAMR process is shown. The displayed recording
head consists of a write and a return pole, as well as a laser source and an NFT as a
heating device. Coils generate the magnetic field, which is focused by the narrow write
pole. The broad return pole closes the magnetic field lines while reducing the magnetic
field for the areas that should not be switched. Modern magnetic recording heads hover
5 to 10nm above the surface of the disk, which typically rotates with 7200 rpm [300]. To
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guarantee reasonable fast writing times and no heat accumulations, excellent heat sinks
are necessary for rapid cooling. Unfortunately, additionally to the advantages HAMR
offers, it also extends the recording trilemma to a Magnetic Recording Quadrilemma [301]:

4) Negligible at room temperature (RT), thermo-dynamical processes during the
HAMR induce recording errors [302]. These write errors limit the data bit density
due to a larger number of necessary grains for the same SNR.

However, the first generation HAMR HDD products were shipped to selected

customers by Seagate [303] in the year 2021. In 2022, the first high-volume products
are planned to release with demonstrated bit densities of 2.5 TB/in? [303-305]. The
estimated density limit of HAMR HDDs is 4 to 5 TB/in? according to academic and
industrial research [306-309]. This limit can be further extended to 50-100 TB/in? by
the combination with BPM and ECC [310, 311]. Today, the predominately used storage
medium for HAMR research and future devices is chemically L1y ordered FePt [312-315].
This granular thin film offers high magnetocrystalline anisotropy arising from the
alternating monolayers of Fe and Pt atoms [316].
In this chapter, FI/FM bilayers are investigated in regard to their ECC HAMR feasibility.
Namely, an amorphous ferrimagnetic TbFeCo thin film, acting as a storage layer, coupled
to a soft Co/Ni-based ML, acting as a write and read-out layer, is investigated. The main
advantages of this system and a detailed description of operation principles are given in
the following section.

4.1.3 Ferri-/Ferromagnetic Bilayer as Exchange-Coupled Composite Medium
for Heat-Assisted Magnetic Recording

In this chapter, amorphous ferrimagnetic TbFeCo thin films are investigated as a
potential storage layer in a FI/FM ECC media for HAMR. They are known to exhibit
strong PMA [202, 317] and are prepared by sputter deposition at RT. This is a key
advantage over the competing medium L1g-FePt, which requires high-temperature
epitaxial growth or annealing and thus a more complex fabrication procedure. TbFeCo
also exhibits a smaller T, between 400 and 600 K dependent on the Co content [202]
compared to FePt with about 750K [318]. This would significantly increase the lifetime
of the NFT and decrease the thermally written errors in a potential HAMR device.
Additionally, it has been shown that large Gilbert damping reduces the writing errors
[310]. In this regard TbFeCo with a damping of 0.5 [68, 319] notably beats the low
damping of FePt, which is between 0.02 and 0.1 [320, 321]. Co/Ni-based MLs are
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FM Co/Ni-
based ML

FI TbFeCo

Figure 4.2: Illustration of the switching process concept of a ferri-/ferromagnetic (FI/FM)
bilayer for heat-assisted magnetic recording (HAMR). The structure of the bilayer
(a). The magnetic state of the bilayer and the arriving HAMR write-head (b). The
total moments of the FI and FM are coupled antiparallel. The head is starting to
heat up the sample, and the effective Tb moment is decreasing (c). FM and FI are
now parallel-coupled. The FI is heated up to its Curie temperature (d). The head
is applying a magnetic field to switch the FM. The head is switched off and moves
on (e). The FI cools down and aligns with the FM. The bilayer is back to its ambient
temperature and now switched relative to b) (f).

analyzed as potential writing and read-out layer. They provide PMA and have been
shown to exhibit large M and high T. [56, 322-329]. Their large M; is necessary to
compensate for the relatively low M; of the FI layer and improve the readability of the
stored data.

The system takes advantage of the ferrimagnetic nature of the TbFeCo film as well
as the exchange-coupled effect of its heterostructure. To demonstrate this, Fig.4.2
illustrates the different steps of the switching process concept. Figure 4.2 a displays the
overall structure of the magnetic medium. The black layers represent the necessary
seed and cover layer to improve the properties of the film and prevent oxidation. The
ferrimagnetic layer is around 20nm thick with the option of further thickening to
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increase the thermal stability according to Eq.4.2. The ferromagnetic ML is aimed to
have a thickness of 5-10nm. Together with an expected M; of 500 to 1000 kA /m, it
should have a large enough stray field for the read-out process by state-of-the-art giant
magneto-resistive (GMR) or TMR sensors [330, 331]. The arriving write pole and NFT
are displayed in Fig.4.2b. The system is still at its default temperature, which is roughly
RT. The magnetic moments of the ferromagnetic layer and of the antiparallel Tb and
FeCo sublattices are marked as arrows. At low temperatures, the effective moment
of the Tb sublattice is larger than the Co and Fe moments (see Sec.2.2). Because of
this, the TbFeCo film is overall magnetically Tb dominant. The FeCo in the FI couples
parallel to the FM ML. Consequently, the effective moment of the Tb dominant TbFeCo
film couples antiparallel to the ML at RT. The advantage of this coupling regime is the
decreased total magnetization of the bilayer, which reduces the magnetic stray field
interaction of neighboring domains. Thus, the dipolar energy and demagnetization
effects are reduced, and the thermal stability in the system is increased. In Fig. 4.2 c, the
NEFT is driven by the laser and heats up the magnetic film. As shown in Sec.2.2, the
effective Tb moment decreases with temperatures significantly stronger than its TM
counterparts. If the composition of the FI is chosen in the right ratio, the temperature
of the medium passes the FI's Tcomp. The FI is now magnetically FeCo dominant and
couples parallel to the FM. In Fig. 4.2 d the bilayer is heated up further, close or above
the FI's T.. The ferromagnetic layer should show a higher T. and its intrinsic properties
are preferably unaffected by the increased temperature. Due to the reduced coercivity
of the FI at these elevated temperatures, the FM is no longer fixated by the FI and can
be switched by the magnetic field of the writing pole. After the switching process, the
field and the laser are switched off, and the recording head moves to its next write order
(Fig.4.2 e). The medium is now cooling back down. The TM moments of the FI align
parallel to the moments of the ML. The overall parallel alignment of the FI and FM in
this state of elevated temperature reduces thermal writing errors [310]. In Fig. 4.2 f the
system is back to its initial temperature, but in an opposite alignment in comparison to
Fig.4.2b. Hence, Fig.4.2b and f represent the local "0" and "1" states of this proposed
system.

The research goal of this chapter is the fabrication of a bilayer that achieves the
described switching process. Therefore, the individual layers that make up the bilayer
are deposited and investigated first. Co/Ni-based MLs are investigated in Sec. 4.2 as
the soft ferromagnetic write and read-out layer. They should meet the requirements
of exhibiting PMA, a large M;, and a large T.. TbFeCo alloys and MLs are studied in
Sec. 4.3 as the hard ferrimagnetic storage layer. They are tuned to be Tb dominant at RT
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and to exhibit a Teomp between RT and their T.. Finally, the most promising individual
tilms are fabricated on top of each other to investigate the exchange-coupled behavior in
Sec.4.4.

4.2 Ferromagnetic Co/Ni-Based Multilayers with Pd and Pt

Insertion Layers

Magnetic thin film systems with PMA have been and are still intensively investigated.
PMA is displayed in several Co-based multilayered structures [56, 322-329] and has been
shown to be useful for a variety of applications, including perpendicular AOS [332, 333],
STT-MRAM [334-338], domain-wall-motion-based devices [339, 340], BPM [341-344],
magnetoionics [345], magnetic skyrmions [346, 347], and biomedical applications
[348-350]. In this regard, Co/Ni MLs are of particular interest because of their additional
high spin polarization [351, 352] and low intrinsic Gilbert damping [324, 334, 353-356].
PMA in these MLs is mainly contributed to interface magnetic anisotropy [325-327, 357]
and magnetoelastic anisotropy [358-360] (Sec.2.1.4). Theoretical calculations predict
a maximum PMA for Co/Ni MLs in the fcc(111) structure at a Co thickness of one
monolayer and a Ni thickness of two monolayers [326, 361] (= Co(0.2nm)/Ni(0.4 nm)),
which has been experimentally confirmed by multiple groups [322, 323, 362-366].
Previous studies have shown that PMA of Co/Ni MLs is strongly affected by the
deposition process [367, 368], choice of seed layers [369], and post-treatment processing,
e.g. annealing [370, 371], or ion radiation [359, 372]. This limits the feasibility for many
applications where the seed layer is not freely selectable, or post-deposition treatments
are not an option. One of these potential applications is the use as ECC media for HAMR
(Sec.4.1.3). Here, the ML has to be deposited directly on top of an amorphous FI layer,
and post-deposition treatments that could also influence the properties of the FI are no
option. On the other hand, Co/Pt and Co/Pd MLs also exhibit large PMA and are less
sensitive to seed layers or sputter-deposition conditions [56, 364, 373-376].

In this section, these systems are combined in order to enhance PMA by adding Pt or
Pd insertion layers to Co/Ni MLs. These trilayer-based films provide a highly tunable
system for a wide range of applications. A previous study of Ni/Co/Pt and Co/Ni/Pt
MLs has already demonstrated enhanced PMA and annealing stability compared to
Co/Ni MLs [377]. It has also been shown that the stacking order of the trilayer, as
well as the Pt thickness, is important. Here, the focus is on Pd insertion layers and
their impact on the magnetic properties as a function of ML repetition number and Co
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layer thicknesses are investigated to provide a comparison to Co/Ni and Co/Ni/Pt MLs.

The results of this section are published and summarized in Heigl, M. et al. |. Appl.
Phys. 127, 233902 (2020) [257].

4.2.1 Experimental Details on the Deposition and Investigation of Co/Ni-
Based Multilayers

A series of [Co(tc,)/Ni(0.4)/X(0.6)]y MLs (X € {Pd, Pt, no insertion layer}, thicknesses
are given in nm) with various repetition numbers N and different individual Co layer
thicknesses fc, are investigated. The films are deposited at RT by DC magnetron
sputtering (base pressure < 10~® mbar) from elemental targets. The Ar pressure was
kept constant at 5 x 1073 mbar during the deposition process. The individual layer
thicknesses are determined using a calibrated deposition rate. The films are prepared on
silicon (Si) (001) substrates with a 100-nm-thick thermally oxidized silicon oxide (SiOy)
layer. 5nm of Pt are used as seed and capping layer for the Co/Ni and Co/Ni/Pt MLs.
Accordingly, 5nm of Pd are used as seed and capping layer for the Co/Ni/Pd MLs. A
list of all deposited samples, whose results are shown in this work, together with their
deposition parameters and sample numbers is given in Sec. A.4. The Ni layer thickness
is fixed to 0.4 nm. The Co layer thickness is varied between 0.1 and 0.5nm. Chen et al.
[377] showed that K. increases with Pt thickness between 0 and 1 nm for Co/Ni/Pt
MLs. This is confirmed in the shown studies, especially for higher repetition numbers
(Sec. 4.2.4). Due to the diminishing increase in K¢ with Pt layers thicker than 0.6 nm and
the decreasing saturation magnetization M, as well as the largest thermal stability of
multilayers with 0.6 nm of Pt [377], a fixed Pd and Pt layer thickness of 0.6 nm is chosen
for most of the following studies. The bi- and trilayers are repeated to form MLs with
repetition numbers N between 1 and 15. A schematic of the layer stack is depicted in
Fig.4.3 a along with an exemplary transmission electron microscopy (TEM) cross-section
image of a [Co(0.2)/Ni(0.4)/Pt(0.6)]2 film sample (Fig.4.3b) confirming the overall
layer structure. Note that it is not possible to differentiate between Co and Ni layers
because of their similar atomic number (Z contrast). Thus, only the contrast between
two equally thick layers of Co/Ni and Pt is visible.

The integral magnetic properties of the samples are investigated by SQUID-VSM.
M-H hysteresis loops are measured in oop and ip geometry at RT. It has been shown that
edge effects can lead to artifacts in the measured M-H hysteresis loops (Sec. 3.3.1) [223].
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a) b)
Pd or Pt (5)
Pd or Pt (tpgpy)
~ N
Pd or Pt (tpgpy)

Pd or Pt (5)
Si/SiO, substrate

Figure 4.3: Schematic layer stack of the Co/Ni/Pd(/Pt) multilayers and a cross-section TEM
image. Schematic image illustrating the layer stacking of Co/Ni/Pd(Pt) MLs
(a). Exemplary cross-section TEM image of a Pt(5nm)/[Co(0.2nm)/Ni(0.4nm)/
Pt(0.6 nm)]po /Pt(5 nm) film sample (b). The figure is also published in Ref. [257].

Thus, their occurrence is prevented by cutting all edges of the measured samples. K is
determined from the integrated area difference between the oop and ip M-H hysteresis
loops. Please note that for calculating M;, the total film volume (including the insertion
layers) is taken into account. In order to obtain T, the oop or ip remanent magnetization
is measured in the temperature range between 300 and 800 K with a magnetic guiding
field of 10 mT. MFM is used to receive information about the magnetic domain structure
after sample demagnetization at RT. In order to access the equilibrium domain size, the
samples are demagnetized by decaying alternating magnetic fields.

4.2.2 Co Layer Thickness Dependence

First, the individual Co layer thickness tc, is varied between 0.1 and 0.5nm for three
sample series, [Co(tc,)/Nils, [Co(tco)/Ni/Pd]e, and [Co(tc,)/Ni/Pt]s. The Ni and
Pd /Pt thicknesses are set to 0.4 and 0.6 nm, respectively. The repetition numbers are
chosen to ensure an oop easy-axis at thinner Co thicknesses. In Fig. 4.4, exemplary oop
and ip M-H hysteresis loops for four different Co layer thicknesses are displayed. Based
on the M-H data, the magnetic properties of the three sample series as a function of Co
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layer thickness are extracted and summarized in Fig. 4.5.
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M-H hysteresis loops
obtained in oop and ip geometry of [Co(fc,)/Ni(0.4)]3 (a, b), [Co(tco)/Ni(0.4)/
Pd(0.6)]s (c, d), and [Co(fc,)/Ni(0.4)/Pt(0.6)14 (e, f) with varying Co layer thickness.
The figure is also published in Ref. [257].

The saturation magnetization Ms of all systems displayed in Fig.4.5a increases

with Co layer thickness. The error bars mainly account for uncorrected geometry

effects of the samples during SQUID measurements (around +10%). The behavior
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Figure 4.5: Co layer thickness dependent magnetic properties. Saturation magnetization Ms
(a), coercive field H, (b), effective magnetic anisotropy K¢ (c), and uniaxial magnetic
anisotropy Ky, (d) as function of Co layer thickness tc,. The figure is also published
in Ref. [257].

of [Co(tc,)/Ni(0.4)]3 can be modeled by a linear combination of two individual
magnetization contributions:

tCo Ms,Co + 0~4MS,Ni

M. =
s tco + 0.4

(4.4)

The magnetizations of the Co layer M; ¢, and Ni layer M; nj; are chosen as fit parameters.
The measured data and fit can be seen in Fig. 4.5a. M; ¢, has the fit value 1892 kA /m.
It exceeds the bulk value of 1440kA/m [50], which can be partially explained by
the increasing polarization of the Pt seed layer with Co layer thickness. Also,
superparamagnetic effects play a role for low fc, and lead to a larger slope of the
measured values. This effect is neglected by the fit, which leads to an overestimation of
M; co. Weller et al. showed that there is no additional magnetic moment enhancement
for Co/Ni interfaces [378]. The fit value of Msn; = 480 kA /m agrees well with the bulk
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value of 488 kA /m [50]. The magnetization of the MLs with insertion layers X can be

fitted in a similar way:

_ tcoMs corx + (0.4 + 0-6)M5,Ni+x

M
® tco +0.4+0.6

(4.5)

For this fit, the induced polarization of the insertion layer is included both in the
tco-dependent (Mg co4x), as well as the tco-independent term (Msnit+x). The fit
parameter M co+x for Co(tc,)/Ni(0.4)/Pd(0.6) converges at 2231 kA /m. This increase
in magnetization compared to bulk Co can mainly be explained by the polarization of Pd,
which is dependent on t¢, in the analyzed thickness range [358]. The tc,-independent
fit parameter M;ni1x for Co/Ni/Pd equals 272 kA /m. Besides the magnetization of
the Ni layer, the Pd layer polarized by Co [358] and Ni [379] contributes. The measured
values of [Co(tc,)/Ni(0.4)/Pt(0.6)]4 lead to the fit parameters Mg corx = 2413kA/m
and M ni+x = 40kA/m. The high value of M c,x is again due to the polarization of
Pt by Co. The interface between Ni and Pt is known to form a non-magnetic NiPt alloy
[380], which leads to an effectively lower magnetization for the Ni and Pt layers. If the
magnetizations of the two insertion layers are compared, it is important to note that the
repetition number of [Co(tc,)/Ni(0.4)/Pt(0.6)]4 is lower than that of [Co(tc,)/Ni(0.4)/
Pd(0.6)]o. Despite that, Pd generally shows a slightly larger induced magnetization,
which is less dependent on the Co layer thickness. The same observation was made in
Ref.[378], where Co/Pd and Co/Pt MLs were compared. It was reported that Co/Pd
MLs exhibit a magnetization value 15% larger than that of Co/Pt MLs, due to enhanced
orbital moment of Co and larger polarization of Pd.

Figure 4.5b shows the coercive field H. of the oop hysteresis loops for the three sample
series. The increase up to tc, =0.2nm can be explained by the roughness of the sample
and non-continuous growth of the Co layer. H. roughly scales with K (Fig.4.5c¢). All
sample series have their maximum at around 0.2 nm, with the highest value obtained
for the [Co/Ni/Pt]y ML. The large H.. of Co/Ni/Pt in comparison to Co/Ni(/Pd) can be
explained by the formation of a non-magnetic NiPt alloy [380] at the Ni/Pt interface in
Co/Ni/Pt MLs. This leads to a Pt/Co dominated reversal process which exhibits H,
values closer to Co/Pt MLs. In Co/Ni/Pd MLs this does not occur. Further, Ni/Pd MLs
are known for a small PMA [381].

The effective magnetic anisotropy K consists of the uniaxial magnetic anisotropy Ky

and the magnetic shape anisotropy Kehape = 5 M3 (Sec. 2.1.4):

Kegg = Ky — %Mg. (2.9 revisited)
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The measured K¢ values are displayed in Fig.4.5c. Positive values of K¢ imply an
00p easy-axis, negative values an ip easy-axis. If the shape anisotropy is larger than the
uniaxial one, a transition from an oop to an ip easy-axis occurs. The [Co(tc,)/Ni(0.4)]3
series shows a maximum K of 70 & 7kJ/m? for 0.15nm < fc, < 0.20 nm. For thicker
Co layers, Kegf decreases and the easy-axis direction changes from oop to ip for 0.30 nm
< tco < 0.40nm. These results confirm previous studies on thickness dependencies
in Co/Ni MLs, revealing an optimal thickness ratio between Co and Ni of about one
to two in order to get high PMA values [322, 323, 362-365]. The sample series with
insertion layers behave qualitatively similarly. All systems have their maximum K¢
for a Co layer thickness between 0.15 and 0.25nm and their easy-axis changes to the ip
orientation at around 0.40 nm. However, in comparison to Co/Ni, the maximum K
is more than doubled with insertion layers, where [Co(0.15)/Ni(0.4)/Pd(0.6)]s has a
Koge of 173 + 17 k] /m3 and [Co(0.25)/Ni(0.4) /Pt(0.6)]4 of 201 & 20k]/m3. This increase
in anisotropy can be mainly attributed to the lower magnetization M;s (see Fig.4.5a)
and thus a smaller Kgpape (Eq.2.9). Additionally, the insertion layer tend to prevent
intermixing at the Ni and Co interface, which might give rise to an increased interface
magnetic anisotropy [340, 369, 382].

Generally, K, mainly arises from interface effects in these systems [325-327, 357]. Thus,
Ky should not be thickness-dependent. This is only observable in Fig.4.5d for fc,
> 0.2nm, where K, saturates for all systems. Below this thickness, the Co layer is
particularly influenced by roughness and non-continuous growth. Co/Ni MLs show
larger K, values despite the lower interface anisotropy terms of Co/Ni (0.31 mJ/m?)
[326] in comparison to Co/Pt (0.50 mJ /m?) [325] and Co/Pd (0.40 m] /m?) [325]. This can
be explained by the higher number of interfaces per thickness. If the seed and capping
layers are excluded, a Co(0.2)/Ni(0.4)/Co(0.2) /Ni(0.4) stack has three interfaces and
a thickness of 1.2 nm, while a Co(0.2) /Ni(0.4) /X(0.6) ML contains only two interfaces
per 1.2nm. Additionally, the smaller amount of repetitions increases the impact of the

interfaces to the Pt and Pd seed and capping layer.

4.2.3 Multilayer Repetition Dependence

In a further study, the dependence of the magnetic properties on the repetition number
N of the following three sample series is investigated: [Co(0.2)/Ni(0.4)]n, [Co(0.2)/
Ni(0.4)/Pd(0.6)]n, and [Co(0.2) /Ni(0.4)/Pt(0.6)]n. Based on the results of the Co layer
thickness study in Sec.4.2.2, tc, = 0.2nm is selected for all films. The thicknesses of
Ni and Pd/Pt stay fixed at 0.4 and 0.6 nm, respectively. Figure 4.6 shows exemplary
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Figure 4.6: Multilayer repetition dependent M-H hysteresis loops. M-H hysteresis loops
obtained in oop and ip geometry of [Co(0.2)/Ni(0.4)]x (a, b), [Co(0.2)/Ni(0.4)/
Pd(0.6)]n (c, d), and [Co(0.2)/Ni(0.4) /Pt(0.6)]x (e, f) with varying repetition numbers
N. The figure is also published in Ref. [257].

oop and ip M-H hysteresis loops of the three sample series. Based on the M-H data, the

magnetic properties of the three sample series as a function of repetition number are

extracted and summarized in Fig. 4.7.

The ratio of the M; values between the three-sample series shown in Fig. 4.7 a stays

more or less the same, as already described in Sec.4.2.2. The lower M; in all series for
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Figure 4.7: Multilayer repetition dependent magnetic values. Saturation magnetization M;

(a), coercive field H, (b), effective anisotropy K (c), and uniaxial anisotropy Ky (d)
as function of the repetition number N. The figure is also published in Ref. [257].

N < 3is again due to superparamagnetism. The Co/Ni multilayers exhibit an increase
up to N = 7, in part due to the lower thickness per repetition N, as well as the decreasing
relative effect of the non-magnetic Ni/Pt interface at the capping layer.

The vanishing H. (Fig.4.7b) and K¢ values (Fig.4.7 c¢) for N < 2 can be explained
by the onset of superparamagnetism in ultra-thin films [383]. Otherwise, H. scales with
Kot (Fig.4.7b, c).

In Fig. 4.7 ¢, the values of K¢ in Co/Ni MLs change sign between N =5and N = 6
and with it their easy-axes transition from oop to ip direction, which is mainly the
result of increasing Ms (Fig. 4.7 a) and later of decreasing K, (Fig.4.7 d). There are two
widely investigated approaches to delay this transition up to 10 repetitions: (i) increasing
Ky by annealing [327] and seed layer optimization [327], or (ii) decreasing Ms (Kshape)
by changing the ratio of Ni to Co [327]. Introducing a paramagnetic insertion layer
does both. Considering the total film volume the magnetization is reduced and the
intermixing and roughness decreases [340, 369, 382]. This leads to a contrary behavior
of Kegf in Co/Ni/X MLs: their Kqg values stay mostly constant within the studied
repetition numbers. The maximum effective magnetic anisotropy is also increased more



4.2. Ferromagnetic Co/Ni-Based Multilayers with Pd and Pt Insertion Layers 77

than twofold from 105 + 10k]J/m® for [Co/Nil3 to 186 % 19k]/m® for [Co/Ni/Pd]; and
275 4+ 28 k] /m? for [Co/Ni/Pt]e.

The K, values shown in Fig. 4.7 d increase for the Co/Ni MLs up to 4 repetitions to
a maximum value of about 780+162k]/m? and after 7 repetitions it starts to decrease.
The large error bars arise from the quadratic error propagation of M. The behavior and
values are in good agreement with the recent work of Arora et al. [327]. They showed
that the moderate decrease of K, for N > 10 can be explained by increasing roughness
and intermixing with larger N. The decrease for repetition numbers below 3 can be
again explained by the onset of superparamagnetism. A similar behavior for the sample
series with insertion layers can be observed. The maximum K, value of [Co/Ni/Pd];5
and [Co/Ni/Pt]s amounts to 445+78 k] /m? and 507+51 k] /m?, respectively, which is
relatively small compared to 7804162 k] /m? of [Co/Nily.

In addition, the equilibrium domain size is investigated by MFM after demagnetizing
the samples. Figure 4.8 shows MFM images of the three sample series with different
repetition numbers. It was not possible to measure images of [Co(0.2) /Ni(0.4)]y for N=9
and 15 due to the ip orientation of the easy-axis. The magnetic domain size depends on
the ratio of the domain wall energy cost and the decreased dipolar energy (Sec.2.4.1)
[108]. Hence, the magnetic domain size D can be estimated depending on the total film
thickness t by

47/ AKy

D(t) = 0.95¢ - exp HioME
S

(2.22 revisited)

whereas A and j are the magnetic exchange stiffness and the magnetic vacuum
permeability, respectively. For t << D, D decreases exponentially with increasing ¢
(Fig.2.8). Thus, for all sample series, the domain sizes decrease with higher repetition
number (total thicknesses t). Please note that a direct comparison of the measured
domain sizes with its theoretical estimation is hardly possible due to the exponential
dependency of Eq.2.22 and the error range of the measured magnetic properties.
Therefore, in the following, the evolution of the domain sizes for the sample series is
discussed only qualitatively. In the first row of Fig. 4.8 a-c the domain sizes of MLs with
N = 3 are quite similar despite of the differences in measured magnetic properties
between Co/Ni and Co/Ni/X (see Fig.4.7). The larger K, and smaller t values of
[Co/Ni]s are offset by the larger M in Eq. 2.22. For larger repetition numbers N, only
the films with insertion layers can be compared. As already mentioned, the domain
size is expected to decrease with increasing film thickness (for t << D), which is also
observed in Fig.4.8b, d, f for Co/Ni/Pd and ¢, e, g for Co/Ni/Pt. A similar behavior
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[Co(0.2)Ni(0.4) || [Co(0.2)Ni(0.4)

[Co(0.2)/Ni(0.4)], Pd(0.6)] Pt(0.6)]y
a)
N=3 10 pm
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Figure 4.8: Multilayer repetition dependent magnetic domain structure. MFM images of
[Co(0.2)/Ni(0.4)]n (a), [Co(0.2)/Ni(0.4)/Pd(0.6)]n (b, d, £), and [Co(0.2)/Ni(0.4)/
Pt(0.6)]In (c, e, g) after sample demagnetization. The figure is also published in
Ref. [257].

was already reported for Co/Ni [384, 385] and for Co/Pt [386] MLs. Despite a smaller Ky
and larger M, [Co/Ni/Pd]y exhibits more sizeable domains, which could be a sign of a
larger exchange stiffness A in Co/Ni/Pd MLs. For 15 repetitions, [Co/Ni/Pt];5 shows
slightly larger domains, which can be explained by the smaller M, value compared to
[Co/Ni/Pd]s.

4.2.4 Insertion Layer Thickness Dependence

In order to examine the influence of the insertion layer thickness, two exemplary
thicknesses are picked (tx= 0.2 and 0.6) and investigated dependent on their repetition
number N. Figure4.9 illustrates the dependencies, while the data points of [Co(0.2)/
Ni(0.4)]n, [Co(0.2)/Ni(0.4) /Pd(0.6)]n, and [Co(0.2) /Ni(0.4) /Pt(0.6) ] are equivalent to
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Figure 4.9: Insertion layer thickness and multilayer repetition dependent magnetic values.
Saturation magnetization M;s (a), coercive field Hc (b), effective anisotropy K (c),
and uniaxial anisotropy Ky, (d) as function of the repetition number N. In this figure,
error bars are not displayed, due to clarity reasons.

the data displayed in Fig. 4.7. To improve clarity of the illustration, the error bars are not
displayed. The errors behave in a similar manner as shown in Fig.4.7.

The general response of the Ms values with increasing N was already described
in the last section. Additionally, Fig.4.9a shows a positive offset of approximately
200 kA /m for the trilayer-based MLs with thinner insertion layers due to the larger ratio
of ferromagnetic materials. The thinner insertion layers also introduce a negative offset
of the H. values of around 20 mT for both Pd and Pt (Fig.4.9b). The larger M; of the
thinner layers leads to a slightly worse K¢ in Fig. 4.9 ¢, due to a unchanged K, (Fig. 4.9 d)
but an increased Kgpape- The reason for the relatively unchanged Ky of the thicker and
thinner insertion layer samples is the constant number of interfaces. Especially for Pd
insertion layers, a sufficient thickness is important, as the transition to an ip easy-axis
with 5 or more repetitions in Fig. 4.9 c shows. Generally, the trilayer-based MLs with
thinner insertion layers resemble the Co/Ni MLs more. The observed behavior confirms
the increasing K¢ with the Pt thickness of Co/Ni/Pt MLs reported by Chen et al. [377].
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4.2.5 Curie Temperatures of Co-Based Multilayers

Furthermore, the Curie temperature T. for selected Co/Ni/X MLs is investigated. In
order to extract T., the magnetization M of [Co/Ni]s, [Co/Nily, [Co/Ni/Pd]y, and
[Co/Ni/Pt]g are measured dependent on the temperature T (Fig. 4.10). All systems are
saturated at 300 K and afterward measured with increasing T and an effective guiding
tield of 10mT. The measurement geometry of all samples is in oop direction, except
[Co/Ni]o, which is measured in ip geometry, because of its ip easy-axis. T, is estimated
by the intersecting tangents method.
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Figure 4.10: Curie temperatures of Co-based multilayers. Magnetization M against
temperature T curve with a guiding field of 10mT. The Curie temperatures are
estimated by linear fits around the turning point. The figure is also published in
Ref. [257].

All M-T curves, except for [Co/Ni/Pt]y, do not drop fully to zero at their Curie
temperature. Films measured oop might also lose magnetization due to decreasing Ky,
which is induced by interfacial intermixing at these elevated measurement temperatures
[377]. The Curie temperatures of [Co(0.2)/Ni(0.4)/Pd(0.6)]y and [Co(0.2)/Ni(0.4)/
Pt(0.6)]o determined to 530K and 560K, respectively, are significantly lower than the
T. = 720K of the [Co(0.2)/Ni(0.4)]y ML without insertion layers. The reduction in
exchange energy caused by the insertion layers is mostly responsible for that. If
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[Co(0.2)/Ni(0.4)]3 is compared to the other samples, a T, of 520K is found, which
is much lower than for the Co/Ni ML with 9 repetitions due to its smaller thickness.
These values are in agreement with literature values. It was reported that the T¢ of
Co/Pt and Co/Pd MLs lies between 520 and 570K [387, 388] depending on the ML
composition, while the T, of Co/Ni MLs can be as high as 950K, similar to Cos3Nigy
alloys [389].

4.2.6 Summary and Comparison to Other Ferromagnetic Multilayers

In this study, the influence of Pd and Pt insertion layers on the magnetic properties
of Co/Ni MLs is investigated. It is shown that systems with and without insertion
layers have a rather similar Co thickness dependence. An optimal Co layer thickness
of tco, = 0.2nm is validated for all systems in order to achieve strong PMA. While
Keg is more than doubled, M and K, decrease drastically with the insertion of Pd
and Pt. The repetition number study reveals that K¢ can be increased over the whole
measured range of repetition numbers (up to N = 15). This allows the extension
of the transition from an oop to an ip easy-axis for larger repetition numbers for
samples with insertion layers. MLs with Pt as insertion layer show the largest K¢ and
H.. The variation of the magnetic domain sizes is consistent with the corresponding
magnetic properties of the three sample series. Furthermore, insertion of Pd and Pt
decreases the Curie temperature for [Co/Ni]o from 720K to 530 K and 560 K, respectively.

Concluding, Co/Ni MLs without insertion layers are not feasible for the proposed
ECC medium (Sec. 4.1.3), due to their loss of PMA with large repetition numbers without
seed layer optimization. Other than PMA, a large temperature independence is needed,
at least up to the proposed writing temperature of 400-600 K. Therefore, the decrease
in Curie temperature of the MLs with insertion layers is problematic. Nevertheless,
[Co(0.2)/Ni(0.4)/Pt(0.6)]o exhibits the best compromise of the investigated MLs with
a large PMA of 435k]/m? and an acceptable Curie temperature of 560 K. Thus, it is
picked as the most promising ferromagnetic layer for the investigations of the envisioned
exchange-coupled bilayer in Sec. 4.4.

4.3 Ferrimagnetic TbFeCo Alloys and Tb/FeCo Multilayers

Amorphous ferrimagnetic RE - 3d TM alloys provide high tunability of magnetic
properties such as saturation magnetization and PMA [202, 390-395], and can exhibit
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zero magnetic moment at the compensation temperature Teomp depending on the alloy
composition (Sec.2.2.2). PMA is mainly associated to a chemical short-range order [396,
397], where RE-TM atom pairs prefer an oop direction (Sec. 2.2.3). These properties make
them a compelling material candidate for a variety of applications. For instance, the use
of ferrimagnetic RE-TM systems as pinning layers for soft ferromagnetic films is of high
interest [100, 258, 398—404]. In this regard, the switching behavior of exchange-coupled
soft and hard layers has been intensely studied and led to the term Exchange-Spring
Magnets [398], which has further implications for spintronic devices such as spin valves
[405—410] and magnetic tunnel junction devices [411], which is discussed in Sec.4.4.
Furthermore, AOS of magnetic domains in GdFeCo thin films induced by fs-laser pulses
was discovered [260], and many intriguing works on the ultrafast magnetization reversal
in TbFe(Co) followed [69, 262, 412, 413]. In addition, ferrimagnetic RE-TM materials
have been utilized in THz technologies [275, 276, 414, 415], allowing thermomagnetic
control of spintronic THz emitters [416].

Moreover, many studies have also been devoted to ferrimagnetic MLs because of
their additional tunability of magnetic anisotropy depending on their individual layer
thicknesses [397, 417-423]. Recently, also optical switching of the magnetization in a
ferrimagnetic Tb/Co multilayer was investigated with an explicit focus on the annealing
stability of the device [424, 425]. In addition, by tailoring the magnetic properties of
Fe/Gd MLs, it was demonstrated that it is possible to stabilize various topologically
protected spin objects such as skyrmions [128] and antiskyrmions [426] solely by dipolar
interactions, which is further discussed in chapter 5. However, the proposed use as ECC
medium for HAMR (Sec. 4.1.2) and the presented multitude of possible applications
benefit or even require thermal stability. Despite the fact that RE-TM systems provide
intriguing magnetic properties, they also exhibit irreversible changes upon annealing
already occurring at temperatures as low as 450 K in amorphous TbFeCo [60, 203], which
is much lower than the crystallization temperature [202, 427, 428]. On the other hand, it
was also reported that annealing procedures at temperatures up to 500 K can be used to
increase the PMA in TbFeCo films [429, 430].

In this section, the magnetic and structural properties of amorphous TbFeCo
alloys and Tb/FeCo MLs are investigated. Motivated by the potential application for
HAMR, the properties of selected films are also analyzed depending on the annealing
temperatures. Having a detailed understanding of the underlying processes upon
annealing is crucial for future storage and spintronic devices operating at elevated

temperatures.
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4.3.1 Deposition Technicalities and Experimental Details on the Magnetic
and Structural Characterization of Tb-Based Ferrimagnets

The Tb-FeCo alloy and ML films are deposited at RT by magnetron (co-)sputtering (base
pressure < 10~8 mbar) from elemental targets. The sample holder rotates during the
deposition to achieve a uniform film composition. The Ar pressure is kept constant at
5 x 1073 mbar during the deposition process. The Tb, Fe, and Co deposition rates are
0.079, 0.060, and 0.014nm/s, respectively. The films are prepared on Si(001) substrates
with a 100-nm-thick thermally oxidized SiO, layer. 2 nm of tantalum (Ta) and 5nm of Pt
are used as seed layer to enhance the adhesion and PMA of the ferrimagnet film [431,
432]. The system is capped by 5 nm Ta or Pt to prevent oxidation. The individual layer
thicknesses are controlled using calibrated deposition rates.
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Figure 411: TbFeCo Rutherford backscattering spectrum. Exemplary Rutherford
backscattering spectrum of Tbyg(FegsCo15)72 (20nm) analyzed by the software
SIMNRA. The experimental and corresponding simulated spectra, confirming the
composition, are shown.

The compositions and thicknesses of the alloys are confirmed by Rutherford
backscattering spectrometry (RBS) using 1.7 MeV He™ ions at a scatter angle of 170°.
An exemplary RBS spectrum is shown in Fig.4.11. The measured spectra are fitted by
simulations of the film by the software SIMNRA. Although the overlapping Tb, Pt, and
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Ta peaks hinder the analysis of the composition and thickness, the resulting values can
be used to confirm the deposited film structure. Still, a deviation of the composition of
+1at.% and 10% of the film thickness is observed.

It is important to note that TbFeCo compounds are very sensitive to the smallest
changes in their composition and deposition conditions [202, 396, 433—435]. This leads
to deviations between different studies and even deposition runs. To investigate the
thermal stability of the samples, the as-deposited samples are post-annealed in nitrogen
atmosphere at a heating rate of 2 K/min up to 430, 570, 640, and 720 K.

The integral magnetic properties of the samples are investigated by SQUID-VSM.

M-H hysteresis loops are captured in oop and ip geometry. It has been shown that edge
effects can lead to artifacts in the measured M-H hysteresis loops [223] (Sec. 3.3.1). Thus,
their occurrence is reduced by cutting all edges of the measured samples. In order to
reveal the dominant sublattice of the investigated films, their remanent magnetization
versus temperature (M-T) is measured. The samples are saturated at RT in an oop field
of +7T, cooled down while the field was still applied, and measured with a guiding
field of +10 mT with increasing temperatures from 40 to 340 K. The effective magnetic
anisotropy K is determined from the integrated area difference between the oop and ip
M-H hysteresis loops. MFM is used to receive information about the magnetic domain
morphology at RT. To access the equilibrium domain size, the samples are demagnetized
by decaying alternating magnetic fields.
In addition to the magnetic measurements, structural changes are investigated by
four-point resistivity measurements. During these measurements, the samples are
annealed in nitrogen atmosphere at a rate of 2 K/min up to 720K. In Sec.4.3.2 and 4.3.3
cross-section scanning transmission electron microscopy (STEM) and energy-dispersive
X-ray spectroscopy (EDS) measurements are presented. A Jeol NeoArm system operating
at 200keV is used. The samples are mechanically thinned before measuring. The crystal
structures of the films are characterized by X-ray diffractometry (XRD) using Cu-K,
radiation. The XRD patterns are measured in © — 2@ configuration with a 2 degree offset
of the incident angle to avoid a too strong signal of the mono-crystalline Si substrate.

4.3.2 Composition Dependent Study on TbFeCo Alloys

As discussed in Sec. 4.1.3, the desired TbFeCo layer for a potential application in HAMR
is Tb dominant with an observable compensation temperature above RT and a Curie
temperature below 600 K. Previous studies about different TbFeCo compositions [202,
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Figure 4.12: Layer stack of the investigated TbFeCo alloys. Schematic image illustrating the
layer stack of Tb x(Fe100—yCoy)100—x (20nm) (a). Exemplary cross-section TEM image
of a Tb26(F930C020)74 (20 nm) film (b)

436] are used, to make a preselection of possible compositions. However, due to the
sensitivity of TbFeCo compounds to their deposition parameters [202, 396, 433], an
independent evaluation has to be conducted to select the best possible composition.
Therefore, Tby(Fe1p0—,Coy)100—x (20nm) layers are investigated with Tb contents ranging
from 18 to 30 at.% and Fe:Co ratios between 85:15 and 60:40. A schematic layer stack
and an exemplary cross-section TEM image of Tbys(FegoCo20)74 (20 nm) are shown in
Fig.4.12. The TEM measurement confirms the amorphous nature of the TbFeCo sample
as well as the thickness. In the following series, a change in Tb content is mainly used to
influence the dominance of the different sublattices, while a larger Co ratio significantly
increases the Curie temperature. A study of TbFeCo and the dependence of the Curie,
crystallization, and compensation temperature on Tb, Co, and Fe content can be found
in Ref. [202].

Figure 4.13 displays some selected oop and ip M-H hysteresis loops of 20-nm-thick
TbFeCo alloys. Four samples with different Tb content are shown in oop (Fig.4.13 a) and
ip geometry (Fig.4.13b). All oop loops exhibit a rectangular shape and, therefore, a large
PMA. The maximum saturation magnetization M is observed for Tbig(Fe70Coz0)s2. Due
to the non-strictly monotonous decrease in M, it can be assumed that the dominant
sublattice is changing between the displayed compositions. Therefore, a compensation
temperature at RT is expected for compositions between 24 and 26 at.% Tb, which is also
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Selected TbFeCo M-H hysteresis loops. TbFeCo oop and ip M-H hysteresis loops
dependent on the Tb content x in at.% (a, b), the Co to Fe ratio y in at.% (c, d), and
the measurement temperature T (e, f).

confirmed by Fig.4.14 a. It is also evident that the coercivity increases the closer the Tb

content is to its compensation composition.

Figure 4.13 c and d focus on the dependency of the magnetic properties on the Co

to Fe ratio y in at.%. Similar to the dependency on the Tb content in Fig.4.13 a and

b, an increase in Co decreases M; up to a compensation composition around y = 30.
In Fig. 4.14, it is shown that samples with 26 at.% are Tb dominant at RT. Therefore,

the magnetization of the FeCo sublattice increases with Co content up to y = 30. This
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behavior is typical for FeCo alloys, which have a maximum M; at a Co content of about
30 at.% [437]. Aty = 30, the coercivity is too large to be measured with the maximum
available magnetic field strength of +7 T, which is, together with the low M;, a clear
sign for two nearly compensated sublattices. Tbos(Feg5Co15)74 shows the only loop with
a significant difference between its remanent and saturation magnetization. It has been
shown that Co improves the squareness of TbFe alloys for certain compositions [436,
438]. For the rest of this work, the focus is on compositions with a Co ratio y of 30 and
below. This is due to the massive increase of the Curie temperature for larger y [202],
which is not desired for a potential HAMR application. A study of Co-rich TbFeCo thin
films can be found in Ref. [439].

In Fig. 4.13 e and {, the temperature dependency of Tbys(FegoCo20)74 (20 nm) is shown.
This composition is Tb dominant over the whole measured temperature range, which
is apparent by the strictly monotonous decreasing Ms with T as shown by the M-T
curve of Fig.4.14b. In contrast to the previous loops, the coercivity is not increasing the
closer the system comes to a compensated state of the sublattices. Hence, the effect of
decreasing coercivity with increasing temperatures is dominant in the shown parameter
range. The ip loop at 40K is also the only ip loop that exhibits a hysteresis. Overall, all
loops shown in Fig. 4.13 display strong PMA, evident by the rectangular oop loops and
hysteresis-free ip loops with large anisotropy fields. The results agree with previous
composition studies on thin amorphous TbFeCo films [202, 436]. For the following
investigations, the focus is on TbFeCo samples with a Fe:Co at.% ratio of 20:80 and
30:70. These compositions show an increased squareness with an acceptable low Curie
temperature below 600 K [202].

In order to get a better understanding of which sublattice is dominant at what
composition and temperature, M-T measurements are necessary. Figure4.14a and b
display these measurements at a guiding field of 10 mT in oop configuration of TbFeCo
samples with a Fe:Co ratio of 70:30 and 80:20, respectively. The Tb content x is varied
between 18 and 30 at.% for both Fe:Co ratios. Additionally, the oop remanence M, of
the hysteresis loops of the corresponding samples and temperatures is extracted and
plotted. Both the hysteresis loops and M-T measurements are conducted with the same
sample and within the same measurement sequence. Therefore, typical errors in the
magnetization values are equal. However, the two types of measurements display an
offset, which can be explained by a measurement artifact [223]. In the hysteresis loops,
this soft phase contribution is subtracted, which is not possible for M-T measurements.

In this and all following M-T measurements, positive magnetization values correspond
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Figure 4.14: Temperature dependency of the magnetization of different TbFeCo

compositions. M-T measurements at a guiding field of 10 mT in oop configuration
of TbFeCo (20nm) samples with a Fe:Co ratio of 70:30 (a) and 80:20 (b), and a
varying Tb ratio between 18 and 30 at.%. Additionally, the oop remanence M; of the
hysteresis loops of the corresponding samples and temperatures is plotted.

to a Tb dominant state and negative ones to a FeCo dominant one. The graphs show
the typical behavior of ferrimagnetic layers dependent on temperature, described in
Sec.2.2.2. A lower Tb content leads to a negative offset of the magnetization in both
Fig.4.14a and b. In Fig. 4.14 a, this offset is systematic and constant with increasing Tb
content, while Fig. 4.14b shows an overlap of x = 28 and x = 26. Please note that the
samples with a Tb content of 28, 26, and 24 at.% in Fig.4.14b were deposited within a
different sputter run than the others and therefore their deposition parameters are not
directly comparable. Hence, the samples with x = 26 and x = 24 show a slightly larger
magnetization than expected within this series.

In Fig.4.14a samples with x > 26 are Tb dominant for the whole measured
temperature range. The composition Tbyy(Fe7yCo30)76 and Tbos(Fez9Coz0)74 exhibit a
compensation temperature at roughly 120 and 320K, respectively. The shown data
in Fig.4.14b behaves similar. Samples with x > 24 are Tb dominant. Generally, the
effective magnetization of the FeCo sublattice should increase with a larger Co ratio up
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Figure 4.15: Temperature dependent magnetic values of different Tb dominant TbFeCo
films. Saturation magnetization M;s (a), coercive field Hc (b), effective magnetic
anisotropy Keg (c), and uniaxial magnetic anisotropy K, (d) as function of the
temperature T. In this figure, error bars are not displayed, due to clarity reasons.

to 30 at.% [437], and thus the magnetization values of Fig.4.14b should show a positive
offset in comparison to Fig.4.14 a. This is only the case for the Tb dominant samples.
Generally, the temperature dependence can be explained by the interatomic coupling |
of the different atom types [59, 60, 79, 440]:

Jco—co > Jco—Fe > Jre—Fe > Jco—Tb > JFe—Tb > JTb—Tb - (4.6)

With more Co, the temperature dependency of both sublattice decreases, and the Curie

temperature increases.

Next, only samples with Tb content above 24 at.% are examined in more detail, due
to the desired property of a compensation temperature below the Curie temperature but
above RT for HAMR (Sec. 4.1.2). The saturation magnetization M, the coercive field
H,, the effective magnetic anisotropy K¢, and the uniaxial magnetic anisotropy Ky are
extracted from the measured oop and ip hysteresis loops and are displayed versus the

measurement temperature T in Fig. 4.15.
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The M; values of all samples decrease with the measurement temperature T linearly
(Fig.4.15a). Due to the squareness of the oop loops (Fig. 4.13), M and the remanence
are almost identical. Thus, the shown trend is very similar to the M-T curves in Fig. 4.14.
Only Tbys(Fe70Coz0)74 exhibits a compensation temperature in the measured temperature
range at approximately 300 K. Generally, samples with more Tb and less Co display
larger M values.

Figure 4.15b shows the coercive field H. of the oop hysteresis loops. H. tends to
decrease with larger temperatures. However, this changes for temperatures close to
the compensation temperature. Here, H. increases. This is in particular the case for
Tbos(Fe70Co30)74 at 300 K, where H. is larger than the available field strength of 7 T (see
also Fig.4.13 ¢). In general, lower Tb and larger Co content increase H., which is the
opposite behavior to Ms in Fig. 4.15a. This behavior is described by the proportion

(4.7)

under the assumption that the magnetic anisotropy energy values are constant (Kshape
negligible for small M values) and that only the Zeeman energy changes with Mg and
H. Hence, H, diverges at the compensation temperature according to Eq. 4.7, which is
illustrated by the fit shown as a dashed line in Fig.4.15b.

The effective magnetic anisotropy K¢ consists of the uniaxial magnetic anisotropy
Ky and the magnetic shape anisotropy Kspape = po/ 2M? (Sec.2.1.4):

Kest = Ku — %Mg (2.9 revisited)

It is calculated by integrating the area in between the oop and ip magnetization curves
and decreases with T. For the presented values in Fig.4.15¢, large Tb:FeCo ratios
increase K¢, while there is no clear trend for the different Co:Fe ratios. According to
Eq.2.9, the relatively small M2, and the large K, values, lead to very similar behavior
for the shown K, data in Fig.4.15d in comparison to the K¢ data in Fig.4.15c.

In order to further investigate TbFeCo as a potential candidate for HAMR, one
composition is picked for annealing studies at temperatures above 340 K. The chosen
composition is Tbog(Fe20Cogp)72 (20 nm). It represents the best compromise between a
Tb dominant sublattice (Fig.4.14b), a relatively high effective anisotropy of 257 k]J/ m3
(Fig.4.15c), a compensation temperature of 520 K (extrapolated from Fig.4.14b), and
a low Curie temperature of about 600K [202]. To measure the magnetization in oop
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Figure 4.16: Sheet resistance, magnetization, and magnetic states of Tb,g(FeyiCogg)7»
dependent on the temperature. The sheet resistance ¢ divided by the sheet
resistance at RT o of Tbg(Fez0Cogp)72 together with the oop magnetization Moop as
a function of the annealing temperature T (a). The three different magnetic states, Tb

dominant (b), FeCo dominant (c), and disordered /paramagnetic (d) are displayed
in the corresponding temperature regions.

geometry above temperatures of 350K, a special sample holder is necessary (Sec.3.3.1).
The high temperature M-T (300-750 K) measurement result is combined with the initial
M-T (40-340K) measurement of Fig.4.14 in Fig.4.16a. The magnetization course
confirms a compensation temperature at 520 K. Further, the Curie temperature is
observable at 580 K. At temperatures above the Curie temperature, the magnetization
stays close to zero until it starts to increase again at 650 K, possibly due to the formation
of new crystalline phases with larger Curie temperatures. Dependent on the temperature,
the different magnetic states of the sample are illustrated as insets in Fig. 4.16 b-d.

Additionally, the sheet resistance ¢ divided by the sheet resistance at RT oy is
measured while annealing and shown in Fig.4.16a. This measurement provides
information about any structural changes within the film at these elevated temperatures.
At 350K, the resistance starts to increase with a maximum at around 570K, which is
associated with a structural relaxation of the film while still being amorphous [202-205].
The drop of resistivity at temperatures larger than 570K is associated with the beginning
of crystallization processes. At about 700K, a sharp rise in resistivity is observed, which
can be explained by the crystallization of additional phases, oxidation, formation of
grains and grain boundaries, and the subsequent dewetting of the film. To confirm these
described structural processes, cross-section TEM measurements are later shown in
Sec.4.3.3.
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Figure 4.17: Hysteresis loops after annealing at different temperatures. M-H oop and ip
hysteresis loops of Tbyg(Fey9Cogp)7» measured at RT in the as-deposited state (a),
after annealing at 570K (b), and after annealing at 720K (c).

While the magnetic properties fulfill the necessities for an application in an ECC
media for HAMR, the structural changes at elevated temperatures need to be further
examined. Irreversible changes in the recording medium at the writing temperature
(= 550K) are not desired.

Therefore, the impact of the observed signs of severe structural changes at elevated
temperatures in Fig.4.16 is examined with regard to their magnetic properties. M-H
hysteresis loops are captured of the as-deposited specimen, and after annealing the
specimen at 570 and 720 K. The measurement temperature is 300K for all three samples.
In the as-deposited state, the sample shows a square loop with a strong PMA (Fig.4.17 a).
After annealing the sample, the coercivity in the oop direction drops close to zero
(Fig.4.17b). While the much smaller area between the oop and ip loop points to a
massive decrease in anisotropy, the saturation magnetization stays relatively constant.
Figure4.17 ¢ displays a full loss in effective anisotropy at 720K and a massive loss in
saturation magnetization. These results denote irreversible magnetic changes due to
the structural transformation indicated in Fig.4.16. While the changes at 720K are
expected due to crystallization, which was reported in various works before [202, 205],
the decreased effective anisotropy at temperatures below 600K was only reported
recently [203, 204].

In order to get a better understanding of the structural processes and the influence
of the composition of the samples, various additional resistivity measurements are
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Figure 4.18: Sheet resistance studies on TbFeCo dependent on the temperature. Continuous
and back and forth measurements of the normalized sheet resistance ¢/ oy against
temperature T (a). Comparison of the sheet resistance of TbFeCo with different Tb
contents (b). Comparison of the sheet resistance of TbFeCo with different Co:Fe
ratios (c).

conducted. Figure4.18a conveys the reversibility of the structural processes. The
continuous heating process from 300 to 720K at a heating speed of 2 K/min is compared
to a "back and forth" measurement. Here, the sample is repeatedly cooled down after an
increasing target temperature is reached. The target temperatures increase from 350 K
in 50 K steps up to 650 K. The heating and cooling speed is 2 K/min. It is evident that
the increased resistivity persists after the sample is cooled down. The resistivity even
increases further for the "back and forth" measurement above a target temperature of
450K, due to the longer time period at elevated temperatures. Despite the decreasing
resistivity at temperatures above 600 K, the resistivity increases massively while cooling
back down. This is probably caused by the inhomogeneity of a partially amorphous and
partially crystalline film.

Figure 4.18 b and ¢ compare TbFeCo films with different Tb, Co, and Fe content. There
is no observable difference in the onset of the structural relaxation visible for different
Tb content. The literature describes a slightly smaller crystallization temperature for
larger amounts of Tb [202], which is partially visible in the starting temperature of the
dewetting of the film. The influence of different Fe:Co ratios in Fig. 4.18 ¢ is more severe.
An increase of the crystallization temperature from 450 to 600 K is measured between
y = 15 and y = 30 for Tbag(Fe1g0—,Coy)72 in [202]. In the displayed graph, the drop of
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resistivity is delayed from 550 to 700 K by decreasing the Co content.

To summarize, it is evident that the annealing of TbFeCo films above 400K has
irreversible effects on the structural and magnetic properties. This primarily stems from
structural relaxation processes, which were reported before in [203, 204]. Figure 4.18
also shows that this cannot be easily tuned or prevented by a change in composition.
Therefore, the next section investigates the possibility of an artificial multilayer structure
to improve the annealing stability of Tb-FeCo thin films.

4.3.3 Comparison between TbFeCo Alloys and Corresponding Tb/FeCo
Multilayers

Three different [Tb(t1p)/FegoCooo(freco)]ln MLs are investigated with tp, = 0.40, 0.79,
1.27nm, tpeco = 0.37,0.74, 1.23nm, and N = 26, 13, 8, respectively. The thicknesses and
repetition numbers are chosen to replicate the corresponding composition and thickness
of the 20-nm-thick Tbog(FegoCoy0)72 alloy thin film of Fig. 4.16. Note that the provided
thicknesses are nominal thicknesses. A schematic of the ML stack and an exemplary
STEM cross-section image of [Tb(1.27 nm)/FegyCoz0(1.23 nm)]g is displayed in Fig. 4.19.

a)

Pt (5 nm)

Pt or Ta (5 nm)

FegyCoyg (1.3 Nm)
Tb (1.2 nm)

Pt (5 nm)

(Ta(2 nm))
Si/SiO, substrate

Figure 4.19: Layer stack of the investigated Tb/FeCo multilayers. Schematic image illustrating
the layer stacking of [Tb(try,)/FegoCo20(treco)In (a). Exemplary cross-section STEM
image of [Tb(1.27 nm)/FegyCop0(1.23 nm)]g (b).

The results of this subsection are published and summarized in Heigl, M. et al. AIP
Adv. 11, 085112 (2021) [206].
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Magnetic Properties

First, the magnetic properties of the prepared MLs and the alloy thin film are compared.
All M-H hysteresis loops show strong PMA with an easy-axis of magnetization pointing
oop, as is discussed later. The obtained M-T curves are plotted in Fig. 4.20. The TbFeCo
alloy exhibits a declining absolute value of the magnetization M with temperature T,
which indicates a Tb dominant system. There is no Tcomp in the displayed temperature
range. However, Fig.4.16 shows a Tcomp of 520K for this alloy composition. The curves
of the two MLs with thinner individual layers (N = 26, 13) match the curve of the alloy
very well. The results of the alloy and the two thinner MLs are consistent with studies
reported in the literature for similar systems [202].
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Figure 4.20: Magnetization versus temperature curves of different Tb-FeCo MLs and the
corresponding alloy. Oop magnetization Moop versus temperature T curves
recorded with a guiding field of +10mT. The curves of the two MLs with thinner
individual layers (N = 26,13) match the curve of the alloy very well and are Tb
dominant over the whole measured T range. The ML with the thickest individual
layers (> 1nm) reveals a magnetic compensation point Teomp at 190 K. The figure is
also published in Ref. [206].

The ML with the thickest individual layers shows a curve similar in shape but with
a negative offset of roughly 400 kA /m. Due to the smaller effective Tb moment, this
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sample is only Tb dominant up to 190 K at which the two sublattices compensate each
other (Teomp)- At T > 190K, the sample’s FeCo sublattice is magnetically dominant.

It has been shown that interlayer intermixing plays an important role in Tb/Fe
multilayers [441, 442]. If the individual layer thicknesses surpass the intermixing
thicknesses, the RE-TM ratio is significantly modulated along the film normal. The
threshold has been reported to be around 1 nm [418, 441]. This explains the discrepancy
between [Tb(1.27)/FegyCo20(1.23)]g and the remaining samples. The effective Tb moment
decreases, due to the formation of a Tb-rich alloy contribution (Tb>30 at.%) in the ML
[275, 393]. This leads to a FeCo dominant sample at RT and the observed offset in the

magnetization.

Figure 4.21 shows MFM images and corresponding M-H loops of the investigated
samples depending on the annealing temperature. The MFM images in panell are
measured at RT in the as-deposited state after demagnetization. The images, which are
shown in panel Il and III, are obtained after annealing at 570 and 720 K, respectively,
followed by demagnetization at RT. The corresponding M-H loops are shown underneath
(panel IV-VI). The domain morphology in the equilibrium state can be used to make an
assessment of changes in the magnetic properties, as the domain size depends on the
uniaxial magnetic anisotropy Ky, saturation magnetization Mg, as well as the magnetic
exchange stiffness A [108]. The magnetic domain size D can be estimated depending on
the total film thickness t by (Sec.2.4.1) [108]

47t/ AKy

D(t) = 0.95¢ - exp i M2
S

(2.22 revisited)
whereas g is the magnetic vacuum permeability. All samples in the as-deposited state
reveal square loops with an easy-axis of magnetization pointing in the oop direction
(panelsIV). In addition, only the sample with the thickest individual layers (Fig. 4.21 d IV)
exhibits a pronounced hysteresis in the ip loop, indicating a more Tb-rich (Tb>30 at.%)
part of the ML with an ip magnetic anisotropy. The M; values of the loops are also
comparable in all four samples before annealing with values between 180 and 290 kAm.
It is important to note that the net magnetic moment in Fig. 4.21 d is FeCo dominant in
contrast to the Tb dominant moments in Fig.4.21 a-c, as revealed in Fig. 4.20. With the
extracted K, and M; values (Fig.4.22 a, d) from the M-H loops and using an A value
of 107 2J/m from literature [443], the relation between the magnetic properties and
the observed domain sizes can be confirmed via Eq.2.22. The estimated domain sizes
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Figure 4.21: MFM images and the corresponding hysteresis loops of different Tb-FeCo
multilayers and the corresponding alloy at different annealing temperatures.
In the first row of a-d) MFM images are shown for three different annealing
temperatures (panels I-III). The corresponding oop and ip M-H loops are shown in
the panelsIV-VI. The PMA of all samples decreases with annealing temperature.
This is evident from both the size of the magnetic domains (panels I-III) and the
M-H loops (panels IV-VI). The figure is also published in Ref. [206].

are between 3 and 7 pm which agrees well with the experimentally observed domain

structure.

Next, the samples are annealed at 570 K. While the alloy sample shows a strong
loss in PMA (Fig.4.21aV), the MLs with the lowest layer thicknesses still reveal an oop

easy-axis magnetization (Fig.4.21b,c V). This behavior is also reflected in the magnetic

domain morphology presented in the Fig. 4.21 a-c panel II. The domain size of the alloy

sample decreases significantly more than observed for the MLs. By inspecting the M-H

loops, it is clear that the pronounced loss in K}, is the main cause of the smaller domains
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Figure 4.22: Annealing temperature dependent magnetic properties of the TbFeCo alloy
and the multilayers. Saturation magnetization M;s (a), coercivity H. (b), effective
magnetic anisotropy Ke¢ (c), and uniaxial magnetic anisotropy Ky, (d) as a function
of annealing temperature T, ., Mmeasured at RT. The ML structure delays the
transition from an oop magnetic anisotropy direction to an ip direction (dashed
line in ¢) from 640K (alloy) to 720K ([Tb/FeCol;3). The magnetic properties of
[Tb/FeColg differ greatly due to the individual layer thicknesses surpassing the
critical intermixing thicknesses. The figure is also published in Ref. [206].

observed in the alloy sample. The decrease in domain size is less significant for the MLs
and especially for [Tb/Fe];3, due to a more resistant PMA. In contrast, the ML with the
largest layer thicknesses, reveal a clear ip magnetic anisotropy (Fig.4.21d V) with an
almost tripled M value. This drastic rise cannot be explained by selective oxidation
of the RE or TM layer or by an increased moment from crystalline phases. In this state,
the Tb and FeCo moments appear to be strongly decoupled and align parallel with the
applied field. Due to the ip magnetization of the sample, no contrast can be detected by
MFM imaging, which is only sensitive to oop magnetic stray field gradients.
Annealing at 720K results for all samples in a complete loss in PMA as well as a
substantial decrease in Ms. These effects are explained in more detail later.
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In Fig. 4.22 the magnetic properties depending on the annealing temperature T,nneal
are summarized. The saturation magnetization M; (Fig.4.22 a), the magnetic coercive
field H. (Fig.4.22b), and the effective magnetic anisotropy Keg (Fig.4.22 c) are extracted
from the M-H loops. Positive K¢ values imply an oop magnetic easy-axis, negative ones
an ip easy-axis. The uniaxial magnetic anisotropy Ky, is calculated by

Ky = Kegf + %M? , (2.9 revisited)
with £ M2 being the magnetic shape anisotropy (Sec.2.1.4). As mentioned before, all
specimens have a similar M before annealing. With increasing Tynnea, Ms of the alloy
and the two MLs with thinner individual layers decreases. Only at 640K, the alloy
exhibits a peak to nearly double its initial M value. A similar peak can be found for
the ML with the thickest individual layers at 570 K. These peaks correspond to the only
negative values of K. in Fig.4.22 c. As described previously for [Tb/FeCo]s annealed
at 570K, the Tb and FeCo sublattices are assumed to be decoupled in this state, which
is discussed in more detail later. The coercivity in Fig. 4.22b generally decreases with
Tanneal, While the coercive fields of [Tb/FeCo],¢ and [Tb/FeCo]13 are more resilient to
temperature.

The effective magnetic anisotropies of the as-deposited samples displayed in
Fig.4.22 c reveal a difference between the MLs and the alloy. Different studies on similar
systems have reported an increase in M and K¢ for Tb(t1,<1nm)/Fe(tpe<1 nm) ML
structures in comparison to their alloy counterpart before annealing [397, 444]. The
behavior of K¢ in Fig. 4.22 ¢ partially resembles the coercivity in Fig.4.22b. It decreases
for all specimens, while the slopes of [Tb/FeCo]y and [Tb/FeCol3 are smaller than
the rest. The alloy and [Tb/FeCo]g exhibit an effective ip anisotropy at 570 and 640K,
respectively, which is primarily a result of their large Ms value and resulting shape
anisotropy. At larger Tynneal their Keg values eventually also drop to zero. [Tb/FeCols
has a much smaller K¢ value than the other samples because of the previous discussed
modulated Tb:FeCo ratio with Tb-rich layer parts. Figure 4.22 d displays the K, values in
dependence of the annealing temperature. With increasing individual layer thicknesses,
the loss in PMA is delayed from 640K of the alloy to 720K of [Tb/FeCo];3. The
individual layer thicknesses of [Tb/FeColg are above the intermixing limit, resulting in
a loss in PMA at already 420 K.
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Structural Properties

Temperature-dependent resistivity measurements are performed to investigate the
structural changes in the alloy and MLs. Figure4.23 shows the evolution of the
electric sheet resistance ¢ divided by the as-deposited sheet resistance o tppeco Of the
as-deposited Tbog(Fex0Cogp)72 alloy sample upon annealing at a rate of 2K/min. To
give a better overview of the magnetic changes, exemplary M-H loops of [Tb/FeColas
are displayed above the resistivity curves. The loops are analogous to Fig.4.21bIV-VIL.
They are measured at RT, and the annealing temperature of the samples correspond to
the temperature marked with dashed lines in the diagram. The two MLs with smaller
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Figure 4.23: Comparison of the sheet resistance curves of Tb-FeCo multilayers and the
alloy. The sheet resistance ¢ divided by the sheet resistance ¢jtpreco, Of the
Tbog(FeapCogp)72 alloy as a function of annealing temperature T for all four sample
types. Exemplary, the M-H loops of the [Tb/FeCo]s ML are shown above their
annealing temperatures marked by vertical dashed lines. The two MLs with thinner
individual layers behave very similar to the alloy showing a bump at around 570K,
a decrease afterward, and a sharp rise above 700K due to structural relaxation,
crystallization, and dewetting. [Tb/FeCo]g exhibits an overall smaller resistivity
and no sharp increase at 700 K. The figure is also published in Ref. [206].
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repetition numbers behave very similarly to the alloy, exhibiting a relatively constant
resistance up to 420 K. At higher temperatures, all samples show an increase in resistance
with a maximum at around 570 K, which is often associated with structural relaxation
of the film while still being amorphous [202-205]. This loss in chemical short-range
order before crystallization is connected to the decrease of PMA discussed before. The
drop of resistivity at temperatures larger than 570K is associated with the beginning
of diffusion and crystallization processes. All samples lose during these processes
most of their remaining PMA. At about 700K a sharp rise in resistivity is observed,
which can be explained by the crystallization of additional phases, oxidation, and
formation of voids and discontinuities, due to dewetting of the film. The magnetic
properties drastically change at this point, revealing, besides a loss in PMA, a reduced
magnetization (Fig. 4.22 a).

[Tb/FeCols exhibits an overall smaller electrical resistivity due to its very FeCo
dominated layers with lower electrical resistivities. The structural relaxation seems
delayed in comparison to the other films’ resistivity curves. This is typical for TbFeCo
films with a larger FeCo ratio [203]. The curve is most likely a superposition of the more
Tb-rich regions, which might exhibit a structural relaxation at similar temperatures as
the other samples and the relaxation of FeCo-rich regions responsible for the larger
bump at higher temperatures. Still, [Tb/FeCols loses all its PMA already at 420K, also
because of the smaller initial PMA (Fig. 4.22 d). Further, the dewetting of the film is not
observable in the resistivity curve and shifted to higher temperatures, possibly due to
the FeCo-rich regions of the film.

In order to achieve a better understanding of the structure of the MLs and the
structural modifications upon annealing, exemplarily, the [Tb/FeCo]g ML is investigated
by TEM in the as-deposited state and after annealing at 640 K. Figure 4.24 a shows a
STEM cross-section image of the [Tb/FeCol]s sample with the surface of the sample
being on the left side. The two most bright layers on the left and right side represent
the roughly 5-nm-thick Pt cover and seed layer. The contrast in-between confirms
the underlying Tb/FeCo ML structure. The purple arrow indicates the EDS linescan
used to generate the composition map presented in Fig.4.24b, and the x-axis of which
is aligned to the STEM image in Fig.4.24a. Overall, the observed stack thickness of
approximately 35 nm is slightly thicker than the intended 30 nm. The sputtered nominal
[Tb(1.27)/FegyCo0r0(1.23)]g film reveals a modulation of the Tb and Fe ratio with a
periodicity of 2.7 nm and relatively constant Co composition in the film. This means the
periodicity is 0.2 nm larger as intended by the nominal thickness. The modulation of the
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Figure 4.24: STEM study on a Tb/FeCo multilayer in the as-deposited state STEM
cross-section image (a) and EDS scan along the line marked in a) (b) of
[Tb(1.27)/FegyCoz0(1.23)]g in the as-deposited state confirming the ML structure.
The figure is also published in Ref. [206].

Tb and Fe content also supports the previously reported intermixing lengths of around
1nm in these kinds of films [418, 441]. The ML exhibits no sign of crystalline phases
and appears to be amorphous in high-resolution TEM measurements (not shown). The
modulation of the Tb and Fe content results in different compositions with TbygFe4;Coq4
and TbyeFesrCo1n being the two extremes. This superposition of different compositions
leads to an overall reduced Tb moment due to the reduced magnetization observed in
Tb-rich alloy layers (Tb>30 at.%) [275, 393] agreeing with the experimental results. Also
visible in the diagram is an oxygen contribution in the magnetic film, which probably
enters during the preparation of the TEM sample. The sharp rise of oxygen on the right
side arises from the SiO, substrate. Please note that the Si contribution is not displayed.

Figure4.25 shows a STEM cross-section image (a), an EDS linescan (b), and an
additional high-resolution TEM image (c) of the [Tb/FeCo]s ML after annealing
at 640K. The ML structure of the film has fully vanished (Fig.4.25a, b) due to
intermixing processes. Surprisingly, a nearly 20-nm-thick layer appears on top of
the film. Figure4.25b reveals that this new layer is primarily a mixture of Fe-Co-O.
Consequently, Fe and Co have diffused through the Pt capping layer during annealing
and oxidized. The remaining alloy film in-between the Pt layers becomes Tb-rich,
including a considerable amount of oxygen. While an annealing-induced phase
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Figure 4.25: STEM and TEM studies of a Tb/FeCo multilayer after annealing at 640 K. STEM
cross-section image (a), EDS scan along the line marked in a) (b), and high-resolution
TEM image (c) of [Tb(1.27)/FegyCo20(1.23)]s after annealing at 640K revealing
nano-crystalline phases in the oxidized FeCo layer. The figure is also published in
Ref. [206].

separation has been observed before in these types of films [427, 445], this type of
segregation is not expected.

To investigate the crystallinity of the layers, high-resolution TEM measurements are
performed, and one of the resulting images of the upper region of the film is displayed
in Fig.4.25 c. Both the Pt and the Fe-Co-O layers show a variety of crystalline grains
with different orientations. The lattice plane distance of some of the larger grains in the
Fe-Co-O layer of 0.27 nm corresponds most likely to hematite (x-Fe,O3(100)-0.273 nm)
[446]. This observed layer structure after annealing allows a clearer interpretation of
the corresponding magnetic properties. As a result of strong diffusion, an Fe-Co-O
layer has formed, which is well separated from the remaining Tb-rich alloy layer.
This process results in a full loss in PMA (Fig.4.22d). The resulting Fe-Co-O layer is
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Figure 4.26: XRD scans of the as-deposited and annealed Tb-FeCo samples. XRD
(@ - 2@) scans of szgFe58C014(20), [Tb(0.40)/F880C020(0.37)]26, and
[Tb(0.79)/FegyCo20(0.74)]13 in the as-deposited state and after annealing at
570 and 720 K. There is no qualitative difference between the patterns of the pristine
and the annealed samples. The figure is also published in Ref. [206].

expected to be mostly weakly ferromagnetic or even antiferromagnetic [447], while
the ferrimagnetic Tb-rich alloy located in-between the Pt layers exhibits reduced
magnetization. Both effects eventually result in a drastic reduction in net magnetization,
as observed experimentally (Fig.4.22 a). Due to the continuous nature of this process,
it is possible that a state is obtained after annealing where the FeCo is already greatly
separated and decoupled from the Tb but not yet fully oxidized. Additionally, the
remaining TbFeCo alloy can still contribute a substantial magnetic moment. This causes
a pronounced increase in saturation magnetization, as observed in Fig. 4.22 a at 570K for
the [Tb/FeCo]s ML and at 640K for the alloy sample, respectively. Please note that this
effect is also expected for the other two samples but was not observed, presumably due
to the limited annealing steps.

In Fig.4.26 XRD (© — 20) patterns of TbygFessC014(20), [Tb(0.40)/FegyCo020(0.37)]26,
and [Tb(0.79)/FegyCo20(0.74)]13 in the as-deposited state and after annealing at 570 and
720K are shown. Except for the peaks of the substrate, capping, and seed layers, no
peaks of the film can be observed. This contradicts observations of a-FeCo (110) peaks
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found at annealing temperatures higher than 650 K in other reported studies [202, 203,
205, 448]. Also due to oxidation, Tb,O3 can be formed [203]. It can be concluded that the
films are in all states amorphous or nano-crystalline, as confirmed by TEM studies.

4.3.4 Conclusion on the Feasibility of Amorphous Tb-FeCo Systems as
Heat-Assisted-Magnetic-Recording Medium

20-nm-thick TbFeCo alloys with different compositions are studied, and a composition
with large K¢, a compensation temperature above RT, and a low Curie temperature is
found as a potential candidate for ECC HAMR media. It is evident that the annealing of
the investigated films above 400K has irreversible effects on the structural properties.
The magnetic characterization also reveals a decrease in PMA and coercivity with
increasing annealing temperature. With four-point resistivity measurements, the
annealing temperature is linked to the structural changes consisting of structural
relaxation (loss in chemical short-range order), crystallization, and dewetting. It is shown
that this cannot be tuned or prevented by a change in composition. Therefore, Tb/FeCo
MLs are investigated next. Tbag(Fez0Cogp)72(20), [Tb(0.40)/FegoC020(0.37)]26, and
[Tb(0.79)/FegyCo20(0.74)]13 show rather similar temperature dependent magnetization
curves and their magnetically Tb dominant nature is confirmed. The thickest ML
[Tb(1.27)/FegypCo20(1.23)]s exhibits a very different behavior due to the composition
modulation of the ML. It is demonstrated that the annealing stability of TbFeCo alloys
can be enhanced by the introduction of an artificial ML structure. The loss in PMA
can be delayed from 640K for the TbFeCo alloy to 720K for the [Tb/FeCo]i3 ML. Still,
these improvements are not severe enough to argue for amorphous TbFeCo as a feasible
HAMR medium because of the structural thermal instability. However, the insights
provide a better understanding of the changes in the magnetic properties of Tb-FeCo
alloys and MLs upon annealing and sets limits for their thermal stability, which will be
important for future high-temperature spintronic devices based on amorphous RE-TM
materials.

4.4 Exchange-Coupled Ferri-/Ferromagnetic Bilayers

Although the ferromagnetic Co/Ni/Pt MLs (Sec. 4.2) and the amorphous ferrimagnetic
Tb-FeCo layers (Sec. 4.3) prove insufficient as HAMR medium, the concept of engineering
exchange-coupled composites is still the most promising approach to meet current
challenges in fabricating high energy density permanent magnets [449-451]. Furthermore,
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the investigation of exchange-coupled composites’ reversal mechanism is important for
future HAMR applications with more optimized individual layers. Already in 1991,
Kneller and Hawig proposed to manufacture magnets with a magnetically hard and soft
phase exchange-coupled at a mutual interface [85]. While the high magnetocrystalline
anisotropy of the hard phase provides a high coercive field, the coupled soft phase
should contribute to the energy density product by a high saturation magnetization.
Due to the soft phase, the demagnetization curve shows a completely reversible part,
which led to the term exchange-spring magnets.

Furthermore, exchange-coupled systems employing ferrimagnetic RE-3d TM alloys
provide high tunability, interfacial exchange interaction, and zero magnetic moment at
the compensation temperature Teomp [399-403, 436, 452-458], which is highly beneficial
for many applications such as spin valves [405-410] and magnetic tunnel junction devices
[411]. Below Tcomp, the magnetic moment of the RE atoms dominates, which leads to
an antiparallel alignment of the net magnetic moments of the ferrimagnetic layer when
coupled to a ferromagnetic layer (Sec.2.1.1). As a consequence, a positive horizontal
shift of the hysteresis loop of the magnetically softer layer is typically observed after
saturation in the positive field direction. In this configuration, a giant exchange bias shift
of several Tesla has been reported for various nanoscale FI/FM bilayer systems, which
can differ in the reversal behavior of the soft layer exhibiting either fully reversible or
irreversible switching [97, 402, 459-462].

The micromagnetic simulations in Vogler, C., Heigl, M. et al. Phys. Rev. B 102, 011429
(2020) [258] based on the results in this section showed that a partial domain wall is
formed at the FI/FM interface layer during the reversal of the FM. The minor loop
becomes fully reversible if this domain wall generates a hard-axis field that overcomes
the anisotropy field of the FM. It was further reported that the anisotropy and the bulk
exchange of both layers, as well as the exchange coupling strength and the thickness of
the FM play an important role in the reversibility of the FM.

This section experimentally explores the exchange interaction of TbFeCo/[Co/Ni/
Pt]y heterostructures for different measurement temperatures, Tb content, and ML
repetition numbers N.

The film deposition is performed according to the already described processes
of the individual layers. The heterostructures consist of a 20-nm-thick amorphous
ferrimagnetic Tb, (FegyCo20)100—x layer and a ferromagnetic [Co(0.2 nm)/Ni(0.4 nm)/
Pt(0.6nm)]x ML on top (Fig.4.27). In addition, 5-nm-thick Pt seed and cover layers are
used. Furthermore, reference samples of the individual layers are prepared.
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Ferrimagnetic layer
Tb,(FegyC0,0)100-x (20 NM)

Si/SiO, substrate

Figure 4.27: Layer stack of the investigated TbFeCo/[Co/Ni/Ptly bilayers. The arrows inside
the layers represent the parallel coupled moments of the multilayer to the FeCo
sublattice inside the ferrimagnet.

The integral magnetic properties of the FI/FM heterostructures are investigated by
SQUID-VSM magnetometry. Complementary, the complex reversal behavior is locally
imaged by an ultra-high vacuum MFM operating in magnetic fields of up to 7 T at 40K
[463]. Details on the MFM data acquisition and data processing can be found in Ref. [227,
228].

4.41 Exchange-Coupled Systems Dependent on Temperature and Ferro-
[Ferrimagnet Composition

First, the exemplary switching mechanism of the exchange-coupled Tbog(FegoCo20)72(20)/
[Co(0.2)/Ni(0.4)/Pt(0.6)]o heterostructure is shown in Fig. 4.28. Figure 4.28 a displays the
M-H loops of the two individual reference layers as well as the coupled heterostructure
at 300K. Both reference samples show strong PMA with coercive fields of about
15T for the ferrimagnetic layer and 100mT for the Co/Ni/Pt ML. As shown in
Fig.4.16, Tbog(FegyCo20)72 is Tb dominant up to 520 K. Thus, the two layers of the
heterostructure are coupled antiparallel at zero field (Fig.4.28 b[, III). Starting from a
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Figure 4.28: Hysteresis loops of the FI/FM bilayer and individual layers with the
corresponding schematic magnetic states. Oop hysteresis loop of the FI/FM
bilayer obtained at 300K (a). The individual layers forming the heterostructures are
displayed as well. Schematic images of the switching process (b). In the saturated
state, the ferro- and ferrimagnetic layers align antiparallel under the formation of
an interface domain wall (IDW).

positive magnetization M at zero field (I), by increasing the magnetic field H, the FI
layer eventually switches at 2T, due to the increasing Zeeman energy. An interface
domain wall (IDW) is formed between the two layers, and the sample saturates
with two magnetic parallel aligned layers (II). The continuous reversible increase of
the magnetization at larger fields after the sharp switching can be attributed to the
compression of the IDW [85, 94, 97]. For a decreasing external field H, the ferromagnetic
layer switches eventually at 1.5 T in its relaxed antiparallel state (III). At a large opposite
tield of about -2 T, the magnetically hard FI switches again under the formation of an
IDW. The switching mechanism of these kinds of FI/FM bilayers has been intensely
studied and confirmed for very similar systems such as TbFe/[Co/Pt] [91, 97]. The exact
switching of the individual layers has been observed by element-specific XMCD. Details

about the microscopic reversal process are described later in Sec. 4.4.3.

Next, the temperature dependence of the heterostructure is explored. Figure4.29
shows the same two-step switching mechanism for all the three measurement tempera-
tures 40K (a), 200K (b), and 300K (c). While the ferromagnetic layer stays mostly
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Figure 4.29: Hysteresis loops of the FI/FM bilayer and individual layers dependent on
temperature. Oop hysteresis loop of the FI/FM bilayer obtained at 40K (a), 200 K
(b), and 300K (c). The individual layers forming the heterostructures are displayed
as well.

constant in its magnetic properties and only exhibits a slight decrease in Mg and H. with
temperature, the ferrimagnetic layer changes considerably. Both the Ms and H. values
of the FI lose more than half of their value from 40 to 300 K. For the heterostructure,
the exchange bias field of the soft FM decreases with temperature. The saturation
magnetization of the heterostructure lies within the values of the individual layers.
Depending on which remanent moment per area is larger, the magnetization is positive
or negative at zero field after positive/negative saturation. At 300K, the Co/Ni/Pt ML
moment is larger and a negative magnetization is measurable after saturation with a
positive field (Fig.4.29 c). At 200 and 40 K, the FI moment is larger (Fig.4.29b, a).

Figure4.30 displays the M-T measurements of the individual layers and the
heterostructure in oop geometry with a guiding field of +10 mT. Both the ferromagnetic
and the ferrimagnetic layer magnetization amount decreases with temperature.
However, the FI is more temperature-dependent and loses half its remanence between 40
and 340 K. The curve of the heterostructure can be seen as a sum of the individual layers,
taking into account the thickness ratios of the two individual layers. The bilayer exhibits
a compensation temperature at 270 K, where the moments of the two layers cancel each
other out. Below this temperature, the ferrimagnetic alloy has a larger magnetic moment
per area (Fig.4.29 a, b). Above it, the ferromagnetic ML is the magnetically dominant
one of the two layers (Fig.4.29 c).
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Figure 4.30: Magnetization versus temperature curves of a FI/FM bilayer and the individual
reference layers. The magnetization M versus temperature T is recorded with a
guiding field of +10 mT in oop geometry. The curve of the heterostructure can be

seen as a sum of the individual layers, taking into account the thickness ratios of the
two.

Further, the dependency of the exchange-coupling of the FI/FM bilayer is investigated
dependent on the Tb content of the ferrimagnetic layer, while the ferromagnetic layer
[Co(0.2)/Ni(0.4) /Pt(0.6)]o is not changed. Figure 4.31 displays oop M-H hysteresis loops
of the heterostructures with a Tb content x of 24 at.% (a), 28 at.% (b), and 32 at.% (c) at RT.
Additionally, the loops of the underlying individual layers are shown. All displayed FI
compositions are Tb dominant at RT (Fig. 4.14). While the effective anisotropy increases
with the Tb content, the coupling between the FM and the FI decreases [464]. This leads
to a decrease in the exchange field, visible in the loops of the heterostructure. The effect
of a stronger coupling for smaller x is also apparent in the shape of the loops. The
FM rotates in a more continuous way with decreasing external fields if the coupling
in-between the two layers is strong and the energy stored in the IDW is large (Fig. 4.14 a).
A more sharp switching process can be observed for the sample with x = 32 exhibiting
a weaker coupling (Fig. 4.14 c).

It is important to note that a three-stage switching process is also possible for FI/FM
heterostructures, which is not shown but can be found, for example, in Ref. [436]. Coming
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Figure 4.31: Hysteresis loops of the FI/FM bilayer and the individual layers dependent on
the FI composition. Oop M-H hysteresis loops of the heterostructure and the
individual layers with x = 24 (a), x = 28 (b), and x = 32 (c) at RT. All ferrimagnetic
layers are Tb dominant. The hysteresis loops of the individual layers, which form
the heterostructures, are displayed as well.

from saturation, the FI switches here first. If the external field further decreases, the
whole system reverses its individual moments. If an increasing field is now applied in
the opposite direction, the ferromagnetic layer switches in the new direction of the field,
forming an IDW until the system saturates.

4.4.2 Magnetization Reversal Process Dependent on the Thickness of the
Ferromagnet

Here, the dependency of the reversal process of the ferromagnetic layer on the thickness
of the FM is investigated. Full M-H hysteresis loops, as well as minor loops of the
exchange-coupled FI/FM systems, are shown in Fig.4.32. Additionally, hysteresis
loops of the reference samples consisting only of the FI or the FM are displayed. All
measurements are recorded in oop geometry and at 40K. Before the minor loops
are captured, the bilayer is saturated in a +7T field. Then, the magnetization of
the ferromagnetic MLs is plotted as a function of the applied positive field, while
the magnetization of the ferrimagnetic TbFeCo layer is saturated and still aligned
with the positive field direction. Lowering the field reverses the magnetization of the
ferromagnetic layer, which is driven by the strong antiferromagnetic coupling to the
FI, as already mentioned. After the field reaches a value of zero, it is increased again.

During this process, the magnetization of the so-called minor loop is recorded.
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Figure 4.32: Hysteresis loops of the FI/FM bilayer and individual layers dependent on the
repetition number of the ferromagnet. Oop hysteresis loops of N =5 (a), N =9
(b), and N = 15 (c). The individual layers forming the heterostructures and the
minor loops are displayed as well.

All four reference samples show strong PMA with coercive fields of about 3T
and 200 mT for the ferrimagnetic layer and the Co/Ni/Pt MLs, respectively. For the
exchanged-coupled FI/FM heterostructures, starting from saturation, by lowering the
magnetic field, the ferromagnetic layer reverses due to the strong antiferromagnetic
coupling. At a high opposite field of about -3 T, the magnetically hard FI layer eventually
switches. It is observed that the field required for reversing the FM becomes larger with
decreasing ML repetition number N (thickness), which is expected under the assumption
that the interfacial exchange-coupling remains constant [258, 296]. The minor loops
are captured to analyze the switching process of the softer FM layer and show two
distinct switching mechanisms. While the FI/FM heterostructures with N = 9 and
N = 15 exhibit a hysteretic reversal process (Fig.4.32b, c), the thinnest ferromagnetic
layer reveals fully reversible and hysteresis free switching (Fig. 4.32 a).

To investigate this phenomenon further, additional heterostructures with a ML
repetition number of N = 3 and N = 7 are fabricated. Figure4.33 displays all
heterostructures with varying repetition numbers N. The right half of the oop M-H
hysteresis loops is compared in Fig. 4.33 a. The minor loops of the bilayers are normalized
to the magnetization of the system with N = 15, and the value of the remanence is
set arbitrarily to zero for better clarity in Fig.4.33b. The applied field required for the
switching process becomes larger with decreasing N, which is expected for bilayers with
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Figure 4.33: Hysteresis loops of the FI/FM bilayer and their minor loops dependent on the
repetition number of the ferromagnet. Right half of the oop M-H hysteresis loops
of the FI/FM bilayer dependent on the repetition number of the ferromagnet (a).
Minor loops of the bilayers normalized to the magnetization of the system with
N = 15. The value of the remanence is set arbitrarily to zero for better clarity (b).

a constant FM/FI interfacial exchange-coupling [97]. The critical FM thickness for the
transition from hysteresis free to irreversible switching of [Co/Ni/Pt] MLs can now be
determined more precisely. The transition happens between 5 and 7 ML repetitions.

These results were used as the experimental confirmation for the analytical model of
the reversal process reported in Vogler, C., Heigl, M. et al. Phys. Rev. B 102, 014429 (2020)
[258].

4.4.3 Microscopic Origin of the Magnetization Reversal Process

In this section, two specific FI/FM samples out of the previous sample series are studied,
which exhibit two distinct cases of reversible and irreversible switching. The different
underlying microscopic reversal processes are investigated using high-resolution MFM,
which was provided by H. J. Hug’s group from the EMPA and operated by A.-O. Mandru.
Having a detailed understanding of such complex magnetization reversals is crucial for
future spintronic and high-energy-density permanent magnet devices. The results of
this section are published in Heigl, M. et al. ACS Appl. Nano. Mater. 3, 9218 (2020) [100].
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Figure 4.34: Microscopic origin of the irreversible magnetization switching for thick
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Figure 4.35: Schematic of fully reversible magnetization switching for thin ferromagnetic
layers. Fully reversible switching via granular nucleation [228]. Both figures are
also published in Ref. [100].
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The underlying reversal mechanism for reversible switching was studied before
in detail in a [Co(0.4) /Pt(0.7)]s ML exchange-coupled to ferrimagnetic Tbys 5Fe735(20),
which acts as a magnetically hard pinning layer. There, a nucleation-dominated
magnetization reversal process was revealed, which is caused by grain-to-grain
variations in magnetic anisotropy of the Co/Pt ML and an inhomogeneous exchange
coupling to the magnetically harder TbFe layer [228]. Here, the focus is on studying the
thicker ferromagnetic layer (N = 9) to extract the microscopic mechanisms leading to the
transition from a non-hysteretic to hysteretic minor loop magnetization process when
increasing the ferromagnet ML repetition number from N = 5 to N = 9. For this, the
sample is demagnetized to acquire the virgin Moop-Hoop-dependence at 40K for fields
raised from 0 to 4 T (Fig. 4.34 a). A different piece of the same sample in its as-grown state
is used to acquire a series of MFM images at 40 K in fields from 0 to 2.8 T (Fig.4.34 b-i).
The magnetic domain structure in the as-grown state is presented in Fig.4.34b. In this
state, the net magnetic moment of the ferrimagnetic layer and the magnetic moment
of the ferromagnetic layer is aligned antiparallel, which is the ground state of this
exchange-coupled FI/FM system. Because the tip magnetization is along the positive
field direction (up), the domains appearing with a negative frequency shift contrast (blue
domains) have a net up magnetization (parallel to that of the tip), while the red domains
have a net down magnetization. The domains are separated by vertical domain walls
going through both layers, as schematically displayed in Fig. 4.34j,I. The magnetization
loops acquired for the FI/FM heterostructure sample (black loop in Fig. 4.32b and virgin
loop displayed in Fig.4.34 a) reveal that the Tb magnetic moment dominates the Co
and Fe moments of the ferrimagnetic layer and also those of the ferromagnetic layer.
Hence, the blue domains are locations characterized by an up magnetization of the FI
and a down magnetization of the FM. When the field is increased to 0.6 T (Fig.4.34c)
a slight increase in the MFM contrast is observed, which is compatible with a small
rotation of the magnetic moments at the top of the FM away from the initial down
direction toward the up direction schematically shown in Fig. 4.34j, II. A more noticeable
change becomes apparent at 0.8 T (Fig.4.34d): here, some dark blue spots occur at the
domain walls, and the overall contrast is further increased. The latter is compatible
with an increase in the rotation of the magnetic moments at the top of the ferromagnetic
layer. The dark blue spots near the domain walls indicate the beginning of a lateral
domain wall motion (Fig. 4.34j, III) that becomes clearly visible in Figs. 4.34 e and 4.34 f
for a field of 0.95 and 1T, respectively. At about 1.05T (Fig.4.34 g), the ferromagnetic
layer is almost fully reversed. The remaining MFM contrast then predominantly arises
from the domains of the FI. For fields between 1.05 and 2 T, the MFM contrast increases
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Figure 4.36: Cause of the stop of the domain wall propagation. Schematic showing the
additional local field Hoop pr arising from the ferrimagnetic layer, which ends the
lateral domain wall propagation in the ferromagnet (Fig. 4.34 d-g)). The figure is
also published in Ref. [100].

only very slightly, which is compatible with a vertical compression of the horizontal
domain wall that has formed at the locations of the blue domains at the FI/FM interface
(Fig.4.34j,1V). Note, however, that no further lateral domain wall motion occurs. This
reflects the high coercivity of the FI. The last MFM image (Fig. 4.341i) shows a state where
all down domains in the FM have been reversed and an ip interfacial domain wall has
formed (Fig.4.34j,V) [97]. The weak granular contrast is caused by variations of the
z-component of the magnetic moment density arising for example from spatial film
inhomogeneities (e.g., in the TbFeCo composition [69, 465]).

The details of the underlying reversal mechanism of the fully reversible switching
case were already reported for a similar TbFe/[Co/Pt]s heterostructure [228]. There, a
nucleation-dominated three-stage magnetization reversal process was revealed, which
is caused by grain-to-grain variations in magnetic anisotropy of the Co/Pt ML and an
inhomogeneous exchange-coupling to the magnetically hard TbFe layer. The reversal
steps are schematically illustrated in Fig. 4.35. They consist of a rotation-dominated part
of the ferromagnetic layer starting at the top surface of individual grains (ii) followed by
the full reversal (iii) till saturation (iv). The last reversal step is again characterized by a
rotation part of the ferrimagnetic domains till saturation (v).

The two reversal mechanisms could also be obtained by finite element simulations,
which are shown in Sec. A.3.1. The simulations show the same microscopic origin and
are in good agreement with the experimental results. The only difference is that the
simulation exhibits no continuous lateral domain wall propagation with increasing
tields. Due to limitations of the simulation and to keep the computational effort at an
acceptable level, the simulation considers only a small area within an initially down FM
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magnetization. Thus, the magnetostatic energy arising from the up/down ferromagnetic
and down/up ferrimagnetic domain pattern and the existence of an initial vertical
domain wall inside the FI and FM is not considered. For this reason, the simulation
reveals the switching of a low anisotropy grain followed by a rapid expansion of the
reversed domain. In contrast, the MFM data recorded in fields from 0.8 to 1.05T
(Fig.4.34 d-g) show steady states of the domain wall propagation, which cannot be
observed in the simulation. The MFM images reveal that no domain reversal occurs
inside the ferromagnetic down domain but that the reversal starts by the propagation of
an already existing wall and that the propagating wall again becomes pinned for fields
from 0.8 to 1.05T. This can be explained by the up field arising from the ferrimagnetic
up domains, which is strongest in the inside of the ferromagnetic down domain near
its wall (Fig. 4.36). This stray field from the FI adds to the applied up external field and
thus drives the propagation of the existing wall to a location inside the ferrimagnetic
up domain, where the up stray field from the ferrimagnetic domain pattern is weaker.
Because the simulation considers a ferromagnetic down domain only, this behavior
cannot be modeled. The simulation, however, reveals that once a reversed domain exists,
a rapid wall propagation follows. This explains why the field-interval, where a domain
wall propagation is observed, remains small, i.e., about 0.2 T, which is compatible with
the field on the surface of the ferrimagnetic layer near a domain wall.

4.5 Summary and Implications for Applications

The work of this chapter was initially motivated by the concept of a FI/FM bilayer as
ECC media for HAMR (Sec. 4.1.2). Although the concept could have partially solved the
magnetic recording quadrillema and improves many aspects of the latest FePt-based
HAMR media, Sec. 4.2 and 4.3 describes the prevailing magnetic and structural issues of
the proposed system at elevated temperatures.

Pd and Pt insertion layers in Co/Ni MLs were studied and improved the effective
anisotropy of the systems (Sec. 4.2). This allowed Co/Ni-based MLs with large PMA,
which are less dependent on the repetition number and the substrate. However, the
insertion layers also decreased the Curie temperature, which made them less suited for
applications in HAMR. Still, Co/Ni/Pd and Co/Ni/Pt MLs present a very intriguing
system due to the described properties and large tunability for a variety of applications.

In Sec. 4.3 a magnetically suited TbFeCo composition for the ECC media concept was
found for moderate temperatures. At temperatures above 400 K irreversible effects on

the structural properties were found, which also influenced the magnetic properties. It
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was shown that this cannot be prevented by tuning the composition or by an artificial ML
structure of the film. However, key insights on the structural and magnetic properties
upon annealing were provided.

Even though the individual layers turned out to be unsuited for HAMR, the
exchange-coupled bilayer made up of them was further investigated in Sec. 4.4. Other
than measurements on the dependency on temperature and the FI composition, the focus
was put on the FM thickness dependence. Two distinct magnetic reversal mechanisms
were revealed. The reversal characteristics depend critically on the thickness of the
ferromagnetic layer. By minor loop M-H measurements, an irreversible hysteretic
switching process of the bilayer with N > 6 and a reversible switching for N < 6
was observed. The underlying microscopic origin is revealed by high-resolution MFM.
For N = 9, the FM switches by ip domain wall propagation. In contrast, thinner
ferromagnetic layers exhibit a nucleation-dominated reversal due to grain-to-grain
variations in magnetic anisotropy of the Co/Ni/Pt ML and an inhomogeneous
exchange-coupling with the magnetically hard TbFeCo layer. The coupled ferromagnetic
layers of both systems were modeled by finite-element simulations with individual
grains varying in K,. The simulated macroscopic minor loops agreed very well with
the experiments. The simulated MFM contrast of the thicker ferromagnetic layer
revealed a dynamic process of the domain wall motion during switching in contrast
to the experimentally observed magnetic relaxed states. This difference could be
explained by the additional local field arising from the ferrimagnetic layer, which is
absent in the model. With this exception, the simulations replicated the two switching
mechanisms of both systems. High-resolution MFM, together with micromagnetic
modeling, gave detailed insights into which magnetic system parameters are responsible
for the complex magnetization reversal process of these exchange-coupled FI/FM
bilayers. These insights are crucial for the realization of exchange-coupled high
energy density permanent magnets and spintronic devices. The implications are not
restricted to antiferromagnetically coupled FI/FM bilayers but are also valid for further
exchange-coupled composite media [294, 466].
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Chapter 5

Spin Textures in Ferrimagnetic
Fe/Gd-Based Multilayers

Over the last decades, magnetic skyrmions have been one of the most actively
investigated topics in the field of magnetism. A subgroup of these consists of
dipolar-stabilized skyrmions, which are studied in this chapter. The stabilization
via dipolar interaction exhibits a degree of freedom for its spin textures, which can
enable the coexistence of a variety of different topologically protected spin objects,
ranging from Bloch skyrmions with both chiralities to second-order antiskyrmions.
Topologically protected spin objects are relevant for several applications, including
information storage, unconventional computing, and sensor devices. The shown work
in this chapter is part of the Transregional Collaborative Research Center (TRR 80): From
Electronic Correlations to Functionality, funded by the DFG. Many of the shown LTEM
images were captured at the CEITEC in the Czech Republic and are the result of a
cooperation with M. Urbdnek within the Bavarian-Czech Academic Agency Project (project
no. 8E18B051). They were only possible thanks to the TEM operator M. Vanatka. Further
TEM measurements were conducted with the help of A. Ullrich at the University of
Augsburg. The micromagnetic simulations supporting the experimental results in this
chapter were carried out by S. Koraltan, R. Kraft, C. Abert, and C. Vogler, which are all
part of D. Suess’ group from the University of Vienna.

First, some of the numerous potential applications of skyrmions are outlined in
Sec.5.1. Afterward, Bloch skyrmions and topological trivial bubbles are presented,
together with their dependency on the magnetic properties in Fe/Gd MLs (Sec.5.2).
These results are compared to previous work on this system. Section 5.3 describes the
tirst observation of dipolar-stabilized first- and second-order antiskyrmions, which were
prior exclusive to materials with D,4 or S4 symmetry. These spin objects are stabilized
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together with Bloch skyrmions and bubbles in Fe/Gd-based MLs. More insights and a
recipe for these novel magnetic quasi-particles are given thanks to the micromagnetic
simulations from D. Suess’ group. Brillouin light scattering (BLS) measurements were
carried out by P. Che from D. Grundler’s group from the EPFL in Switzerland. They
were used to rule out DMI as the stabilization mechanism for the observed magnetic
objects. To gain exact magnetic anisotropy values for the simulations, ferromagnetic
resonance (FMR) measurements were carried out by A. Semisalaova from M. Farle’s
group from the University of Duisburg-Essen. The Master students T. Schmidt and ]J.
Hintermayr helped with the evaluation of the data. This far-reaching cooperation led
to the presented results in this section and the publication Heigl, M. et al. Nat. Commun.
12, 2611 (2021) [426]. In Sec.5.4 an overview and comparison of different imaging
techniques for the observed magnetic spin textures are given. The different appearances
and deviations of techniques, including MFM, direct LTEM contrast, induction maps
by LTEM, and DPC, are presented. This comparison was partially also described in
the Master thesis of T. Schmidt. The high-resolution MFM images stem from Y. Feng
of H. J. Hug’s group from the EMPA in Switzerland. The results of the Master thesis
of M. Seidler are summarized in Sec.5.5. Here, the influence of ip magnetic fields
and the substrate morphology on the magnetic textures is described. Post-deposition
anisotropy engineering is used in Sec. 5.6 to imprint certain patterns of skyrmions. The
work on ion radiation assisted by self-assembled nanospheres was carried out in close
collaboration with M. Krupiriski. Additionally, focused ion beam (FIB) was used to
create an artificial domain pattern. The irradiation and TEM imaging of this section was
carried out by J. Gaida of C. Ropers’ group from the University of Gottingen. At last, a
resume and outlook are given over the implications of the presented results in terms of

future research and potential applications.

5.1 Challenges and Prospects of Skyrmion-Based Devices

For the longest time, magnetic objects have been used as information bits in tape
storage or HDDs, accompanied by an ever-continuing drive for smaller stable spin
textures. Hence, nanometric-sized structures that have an additional cause of stability
are of immense interest for future data storage devices. Topologically protected
skyrmions present such a structure, and their enormous potential created the field of
Skyrmion-Electronics [173]. In this section, some skyrmionic devices are highlighted,
particularly regarding the use of different coexisting skyrmion types. Other publications
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that review the potential of skyrmion-electronics and present multiple different
application concepts are Ref. [173, 467-469].

5.1.1 The Racetrack Memory Concept

The concept of a domain wall (DW) racetrack memory was first proposed by S. S. P.
Parkin in 2008 [470]. Here, similar to the HDDs discussed in Sec.4.1.1, information
is stored in DWs. However, to circumvent the use of moving parts and improve
performance, the magnetic domains and their walls are moved while the read and
write head is fixed. This is made possible by the use of short pulses of spin-polarized
currents, which drive the DWs through a magnetic nanowire. A potential racetrack
memory device is made up of many stacks of these quasi-one-dimensional nanowires,
which enables drastically increased bit densities by the expansion in the third dimension.
Unfortunately, this concept only showed limited practicality due to the flexibility of
the DWs. They expand under torques provided by the applied currents and exhibit
uncontrollable pinning at defects [471]. These limitations have been partially overcome
by the use of DMI and STT in materials with strong PMA [472, 473], but could not be
completely solved to compete with state-of-the-art data storage technologies [474].

Therefore, soon after their discovery in 2008, skyrmions were proposed as information
carriers for the racetrack memory [475]. Their topological protection leads to a certain
confined size and increased stability, which also helps to circumvent pinning to a certain
extent [476]. However, skyrmions come with their own set of challenges, which still
prevent an experimental demonstration of a fully functional electrically operating
skyrmion racetrack memory device (Fig.5.1). The topological properties also introduce
the SKHE (Sec.2.4.3). When skyrmions are driven by an applied current, they get
deflected due to this effect. This reduces possible maximum propagation speeds or even
leads to the erasure of skyrmions at the edge of the racetrack [477]. Many different
approaches have been tested to circumvent this effect: B. Gobel et al. showed that an
additional induced spin current by the spin Hall effect can suppress the SKHE [176];
the two sub-lattices in FIs [174] and AFs [175] (partially) cancel each others SKHE out;
different skyrmion and spin object types show different or no SKHE at all (Sec.2.4.3)
[167]; and skyrmion-pairs cancel each others SKHE out in an antiferromagnetically
exchange-coupled bilayer [177].

Furthermore, for writing and deleting skyrmions, many different options have been
found over the years, ranging from magnetic fields and temperature stimuli [479-481]
to electric currents [482—484], electric fields [485, 486], strain and heat induced by a
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Figure 5.1: Illustration of a skyrmionic race track memory. Skyrmions are displayed as their
LTEM contrast to improve the clarity of the illustration. The figure is also published
in Ref. [478].

Surface Acoustic Wave (SAW) [487, 488], and optical excitation [145, 489]. There are also
multiple options for a possible read operation, for example topological Hall resistivity
measurements [490], MT] setups [491, 492], or optical methods [493, 494]. An overview
over all these methods can be found in Ref. [173].

Moreover, in the original skyrmion racetrack memory concept, information is stored
by the distance between skyrmions. Due to defects and thermal fluctuation, there is a
significant source of error, making it challenging to use [495]. To overcome this issue,
binary information given by two different topologically protected spin objects was
proposed [496-498].

The presented system in this chapter exhibits multiple coexisting topologically
protected spin objects (Sec.5.3). Therefore, it has the potential to store information
as binary, ternary, or even quaternary information (counterclockwise Bloch skyrmion,
clockwise Bloch skyrmion, first-order antiskyrmion, second-order antiskyrmion). While
this multitude of different coexisting topologically protected spin objects increases the
potential storage density, the presented system also has drawbacks for the potential
application. Dipolar-stabilized skyrmions are usually around an order of magnitude
larger (>100 nm) than DMI-stabilized ones (10-100 nm) [129]. Consequently, the storage
density would be smaller for a system utilizing dipolar skyrmions instead of DMI
skyrmions. Another problem is the relatively large thickness of the presented magnetic
films. Thicker films mean more potential pinning sights, inhomogeneities, and larger

necessary currents to drive the objects.
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To summarize, the investigated systems in this chapter are great to study the different
spin objects and to gain essential insights for future applications. However, ultimately
other material systems with smaller coexisting spin objects have to be found for a

potential commercially used racetrack memory device.

5.1.2 Skyrmions for Unconventional Computing

The physics of magnetic skyrmions can not only be exploited for the concept of the
racetrack memory but also endow skyrmions with a huge potential as the smallest
information carriers for unconventional computing. Over the last years, different
concepts of skyrmion-based unconventional computing solutions have seen the light
of day and could eventually surpass the racetrack memory concept as the primary
motivation for the magnetic skyrmion research [7]. This trend has been driven by the
gradually failing of the classic Von-Neumann computer architecture not meeting the
demands of modern computing challenges. This architecture, used by most computers
today, is fundamentally bottlenecked by the so-called Memory Wall. Due to the physical
separation of the processing and memory unit (Fig. 5.2 a), the bandwidth between these
two constraints the possible performance [6].

Further, the ever-growing interest in machine learning algorithms and artificial
neural networks (ANNSs) calls for computer architectures specifically designed for this
purpose alone. One example of this is neuromorphic computing. It promises better
power efficiency and faster operation speeds for neural network algorithms due to
increased parallelization [499]. While the classic Von-Neumann computer architecture
works mostly sequential with a relatively small number of large memory and complex
processing units (Fig. 5.2 a), the brain-inspired neuromorphic design consists of a large
number of highly interconnected simple computing (artificial neurons) and memory
(artificial synapses) elements (Fig. 5.2b) [500]. The neuromorphic architecture is designed
to be as similar as possible to a to-compute ANN for optimal performance and energy
efficiency. General for ANNSs, each synapse transmits a signal from one neuron to
another and has a Weight devoted to it. The weight represents the strength or importance
of that connection and adjusts during the training process of the neural network. This
training or learning process is usually done by feeding the network with data and its
labels, similar to the data sets which should be analyzed in the future. The displayed
network in Fig.5.2b consists of three neural layers: the input (top), output (bottom),
and hidden (middle) layer. Depending on the complexity of the network, a multitude
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a) Von-Neumann architecture b) Neuromorphic architecture ¢) Skyrmion-based synapse

Input Input Neuron

data data

Skyrmions
Memory i Synapse
. CPU vee
unit
Synapses
Neurons
Output Output
) Neuron
data Categories

Figure 5.2: Illustration of different computer architectures and an artificial skyrmion-based
synapse. a) Very simplified illustration of the classic Von-Neumann computer
architecture. Algorithms are executed sequentially. b) Neuromorphic architecture
with one input and one output neuron (computing element) layer at the top and
bottom, respectively, and one hidden neuron layer in the middle. The neurons are
connected by synapses (memory elements). c) Skyrmion-based artificial synapse.
The number of skyrmions defines the resistivity and, with it, the weight of the
connection. Skyrmions are displayed as their LTEM contrast to improve the clarity of
the illustration.

of hidden neuron layers with different sizes are possible, as well as the possibility of
traversing the layers multiple times.

Recently, magnetic skyrmions have been proposed as artificial synapse for neuro-
morphic computers [501-506]. Here, the number of skyrmions and the resulting Hall
resistivity is used as the synaptic weights. Proof of concept devices have been presented
that showed the electrical creation, detection, and deletion of skyrmions in a single device
emulating the functions of an artificial synapse [504, 505]. A simulated skyrmion-based
ANN device has been shown to reach a learning accuracy of ~ 89% for a supervised
pattern recognition task [504]. The key advantages of skyrmion-based synaptic devices
over the more established technologies, for example, resistive random-access memory
(RRAM) [507], are the good linear weight distribution, longer endurance and retention,
and less interference of the read and write operations. Although current RT skyrmions
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and consequently the devices using them are relatively large, skyrmion-based artificial
synapses show huge potential.

Furthermore, skyrmionic neuron devices have been demonstrated. A neuron
accumulates signals from all connected synapses and emits a pulse if a certain signal
threshold is met [508]. This behavior was replicated by skyrmion dynamics on
nanotracks [501, 509] and led to the first all-spin design proposed in Ref. [510] consisting

of both skyrmionic neurons and synapses.

Beyond skyrmions in neuron-like computing devices, simple logic operations [511,
512] and transistor-like devices [513] have been demonstrated using skyrmions.

Alternatively to neuromorphic computing, reservoir and stochastic computing have
to be mentioned as other unconventional computer architectures, which could potentially
use skyrmions. In a reservoir computer, a medium with certain non-linear random
properties, called reservoir, acts as a converter of an input signal into higher dimensional
computational spaces [514]. The benefit of this architecture is the missing necessity of
a training stage. The reservoir is not permanently changed in this approach, and only
the read-out of the reservoir needs to be mapped to the desired output. Skyrmions and
especially mixed states of coexisting spin objects and magnetic stripes are a good fit as
reservoir media due to their complex interactions and internal degrees of freedom [515,
516].

Stochastic computing utilizes continuous streams of random bits for computations
using probability instead of arithmetic [517]. Skyrmionic stochastic computing devices
apply the thermally induced random motion of skyrmions to circumvent the prominent
problem of correlated bit streams in stochastic computing [518, 519]. In current circuits,
complex and hardware hungry operations are needed to reshuffle the signals of the bit
streams in a pseudo-random way [520].

Skyrmionic Interconnections

One main concern that all the mentioned computer architectures share is the transferring
of data among its integrated components. It was already mentioned that it is one of the
bottlenecks of the Von-Neumann architecture [521] and also represents a challenge in the
highly interconnected neuromorphic architectures [522]. R. Chen et al. [523] explored the
concept of all-magnetic skyrmionic interconnects and illustrated this missing element
of skyrmionic electronics. Here, the information is transferred similar to the racetrack

memory via patterns of moving spin objects. In contrast to the racetrack memory
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Figure 5.3: Illustration of a skyrmionic interconnection. Demonstration of topological
multiplexing for three types of information carriers: counterclockwise (ccw)
skyrmions, antiskyrmions, and clockwise (cw) skyrmions. All types of skyrmions are
displayed as their LTEM contrast to improve the clarity of the illustration. Due to the
skyrmion Hall effect, the different type of spin objects inherently chose the right path
and output. The concept and illustration is inspired by Ref. [523].

concept, the SKHE of the spin objects is welcomed and used to achieve multiple parallel
propagating spin object lanes. Depending on the type of spin objects, the SKHE inherently
drives the object to one side of the nanotrack under an applied current (Fig.5.3). These
multiple lanes for different spin object types represent the topological multiplexing of
signals. It conceptually resembles the wavelength and wave pipelining multiplexing in
photonics [524] and silicon-based [525] interconnects.

In contrast to Ref. [523], Fig.5.3 uses spin objects observed in this work. While
all the previously mentioned concepts in this subsection do not necessarily benefit
from different coexisting spin objects and are more concerned with the size of the used
skyrmions, the multiplexing in skyrmion interconnects is not possible without coexisting
spin objects with different topological charges. It has been shown that the so-called spin
Hall angle of the SKHE in which a spin object is moving relative to an applied current
is dependent on the helicity of the object [171]. Hence, counterclockwise (ccw) and
clockwise (cw) Bloch skyrmions are driven to opposite sides of the nanotrack in Fig. 5.3.
Interestingly, the helicity of antiskyrmions depends on their orientation. Consequently,
their spin Hall angle varies with different orientations between the antiskyrmion and
the applied current [172]. Under the assumption that the antiskyrmions do not rotate
while being driven with a current, they can be moved without being deflected to the
opposite sides of the nanotrack. Alternatively, skyrmioniums have been proposed as
spin objects with zero total topological charge [154, 523]. The SKHE is also exploited to
filter and output the different signals, as shown in Fig.5.3.
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5.1.3 Sensors Based on Skyrmions

Magnetic field sensors are essential for a variety of modern devices, ranging from
the magnetic read heads needed for the data storage solutions discussed in Sec. 4.1.1
and 5.1.1 to acceleration sensors in cars and mobile phones [526]. Depending on
the requirements of the magnetic sensor, different technologies are currently used.
For example, Hall sensors do not necessarily exhibit a field range limit but show
a relatively small sensitivity in comparison to XMR (magnetoresistance) sensors,
including giant magnetoresistance (GMR), tunnel magnetoresistance (TMR), and
anisotropic magnetoresistance (AMR) sensors [527]. To achieve a measurable XMR
effect, magnetically soft thin films are used as free layers. Usually, their sensitivity is
limited to ip magnetic fields of certain smaller field ranges [528]. Recently, magnetic
vortices were proposed for magnetic field sensors with larger field ranges than classic
XMR sensors [529]. To increase the measurable field ranges even further without
sacrificing sensitivity, different PMA sensor concepts have been investigated for the last
decades. Here, the TMR or GMR effects are also used, but with the hard-axis of the soft
free layer acting as the sensing axis. Therefore, the sensor requires larger magnetic fields
to be saturated [530, 531]. In this case, a pinning and pinned layer with PMA are needed.
Synthetic AFs consisting of Co/Pt MLs have been proposed for this purpose [532].

Similar to vortex-based sensors, the topologically protected skyrmions can also be
used for magnetoresistance sensors. In contrast to vortex-based or common XMR sensors,
the proposed skyrmion-based sensor is sensitive to magnetic fields perpendicular to
the sensing plane. One advantage of skyrmions is the absence of domain wall pinning,
which decreases possible noise. It was already shown for vortices that their topologically
protected textures lead to a significant reduction of signal noise [529]. Further, in
comparison to vortex sensors, no elaborate nano-fabrication of magnetic discs is needed.
However, nano-fabrication could be used to enlarge the window of stable skyrmions
and, with it, the available measurable field range. The aspect of nano-fabrication on
skyrmion-hosting layers is further explored in Sec. 5.6.1.

To realize such a skyrmion-based magnetic sensor, the oop components of the
skyrmions are read out by a magnetoresistance stack. An example of such a stack is
displayed in Fig.5.4. Here, the skyrmion layer acts as the free layer, and a pinning
and pinned layer with PMA, similar to other PMA sensors, is additionally needed. If
an oop magnetic field is applied, the parallel aligned skyrmion centers grow, and the
GMR increases. Skyrmion-based TMR sensors could also be realized accordingly. It is
notable that the investigated dipolar-stabilized skyrmions of this work exhibit significant
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Skyrmions

Figure 5.4: Illustration of a skyrmion-based GMR sensor concept. Skyrmions are displayed
as their LTEM contrast to improve the clarity of the illustration. Thick arrows indicate
the direction of the magnetic moments.

changes in size depending on the applied oop magnetic field [128]. This property makes
them especially interesting for the proposed sensor in comparison to DMI skyrmions
with relative finite sizes [533], which is also reflected in their possible length and linearity
of the transfer curve. While skyrmions stabilized by DMI exhibit a small sensitivity to
applied ip magnetic fields, the spin texture of dipolar skyrmions is significantly affected
by them, which is investigated in Sec.5.5. Here, the areas of ip magnetic components
parallel to the applied field grow with the topological properties still being intact. Their
behavior is very comparable to vortex-based sensors and could while being problematic
for pure PMA sensors, also enable three-dimensional skyrmion-based magnetic sensors.

Furthermore, skyrmions have also been proposed for sensing low-current and
low-voltage signals [534]. Here, the movement of a skyrmion on a nanotrack caused by
a low current is read out by a MT]. Thus, expensive voltage converters can potentially
be avoided.

5.2 Skyrmion-Hosting Fe/Gd Multilayers

Many concepts to stabilize skyrmions exist, while the use of DMI being the most
common [32-36, 124, 127]. An alternative approach is the use of the competition between
long-range dipolar interaction, ferromagnetic exchange, and magnetic anisotropy. In
this case, materials can not only host topological trivial bubbles (called type-2 bubbles)
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SiN membrane

Figure 5.5: Schematic layer stack of Fe/Gd multilayers. Schematic image illustrating the layer
stack of the Fe/Gd multilayers with different Gd thickness ¢4 and bilayer repetition
numbers N.

but also topologically protected chiral magnetic bubbles (type-1), resembling magnetic
Bloch skyrmions [128, 144—-148]. These chiral bubbles or dipolar-stabilized skyrmions
were intensively investigated in Fe/Gd multilayers by Montoya et al. [128, 149, 150]. In
order to simplify the distinction in this chapter, type-1 bubbles are called Skyrmions and
type-2 bubbles Bubbles.

In this section, the highly tunable system of amorphous ferrimagnetic Fe/Gd MLs is
further investigated at different temperatures and magnetic fields. Spin textures are
imaged by LTEM and the stability ranges of skyrmions, and bubbles are connected to the
magnetic properties of the system. This lays the groundwork for further modifications
of the ML in the following sections.

5.2.1 Method Details on the Deposition and Characterization of Fe/Gd
Multilayers

The ML samples are prepared at room temperature by DC magnetron sputtering
from elemental targets on 30-nm-thick SiN membranes for LTEM imaging and
Si(001) substrates with a 100-nm-thick thermally oxidized SiO, layer for magnetic
characterization. The sputtering process is carried out using an Ar working pressure of
5x 1073 mbar in an ultra-high vacuum chamber (base pressure < 10~8 mbar). A series
of [Fe(0.35)/Gd(tgq)lso (all thicknesses in nm) is prepared with the Gd thickness fgq
ranging from 0.35nm to 0.50nm. A schematic illustration of the layer stack is given
in Fig.5.5. The layer stack is chosen accordingly to Montoya et al. who reported the
existence of a skyrmion phase for [Fe(0.34)/Gd(0.40)]so at RT [128]. For all samples,
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5-nm-thick Pt seed and cover layers are used to protect the films from corrosion. The
thicknesses of the layers are estimated from the areal densities measured by a quartz
balance before deposition. It is important to note that the deposition of layers in the
sub-0.1-nm range is not precisely possible with this technique. Reproducibility can
only be accomplished within one sputter run. It has been previously reported that the
structure of these kinds of MLs exhibit strong intermixing [128].

The MLs are investigated by a variety of techniques at temperatures between 50
and 350 K. The integral magnetic properties of the MLs are probed by SQUID-VSM.
M-H hysteresis loops are measured in oop and ip configuration for all samples at 50,
100, 150, 200, 250, 300, and 350 K. The M and H, values are extracted. The magnetic
domain morphology is imaged by LTEM using a FEI Titan and a JEOL NEOARM-200F
system with a defocus of -2.5 mm in Fresnel mode. The temperature is controlled by the
Gatan Double Tilt Liquid Nitrogen Cooling Holder Model 636 for the low-temperature
measurements. The theoretical contrast of the spin textures is simulated by the Python
program described in Sec. 3.3.3.

5.2.2 Magnetic Properties of Fe/Gd Multilayers

All measured M-H hysteresis loops of the [Fe(0.35)/Gd(tgq)lso MLs in oop and ip
geometry for temperatures between 50 and 350K are displayed in Fig.5.6. Due to the
decrease in saturation magnetization M with temperature T, it can be concluded that all
Fe/Gd-based MLs are Gd dominant over all measured temperatures. This is also evident
by the increase in magnetization M with thicker Gd layers. All films exhibit an increase
of their ip anisotropy field H, with increasing T. Thus, the effective anisotropy is also
increasing with increasing temperatures T. This can be explained by the decreasing
M; and the therefore decreasing shape anisotropy Kgpape = po/ 2M? (Sec.2.1.4). The
irreversible formation processes of cylindrical spin objects are indicated by the presence
of an opening in the oop loop close to saturation [535]. This signature can be found
in Fig.5.6a (tgq = 0.35) at 150-250K, in Fig.5.6 ¢ (tgq4 = 0.40) at 300-350K, in Fig.5.6 e
(tga = 0.45) at 350 K.

Figure 5.7 shows the dependence of M;s (a) and H, (b) on T. The values are extracted
from the shown M-H hysteresis loops in Fig. 5.6 and the error bars mainly account for
uncorrected geometry effects of the samples during SQUID measurements (around
£10%). In Fig.5.7 a a linear decrease in M with T is observed. Linear extrapolation
determines expected compensation temperatures between 450 and 600K for all four
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Figure 5.6: Hysteresis loops of Fe/Gd multilayers with different Gd layer thicknesses. M-H
hysteresis loops of [Fe(0.35)/Gd(tcq4)]so MLs in oop and ip geometry at 50, 100, 150,
200, 250, 300, and 350K. tgq = 0.35nm (a, b), 0.40nm (c, d), 0.45nm (e, f), 0.50nm (g,
h).

samples. However, it has to be noted that irreversible structural changes, like the loss of
the short-range order [536], as well as the onset of the Curie temperature [60] happen at
lower temperatures or in this temperature region for Fe/Gd MLs. The sensitivity of RE
TM alloys and MLs to temperature and the irreversible repercussion of their magnetic
properties are conveyed for Tb-FeCo in Sec. 4.3. The difference in Gd thicknesses of the
samples is evident by the offset between the four linear fits.

It is important to note that for the presented samples, it is not recommended to
calculate magnetic anisotropy values from the M-H hysteresis loops. Their switching
process is dominated by the exchange and dipolar energies due to their multidomain
and stripe domain states, which is evident by the mostly small remanences in Fig. 5.6.
Another technique to determine the magnetic anisotropies of a system is FMR. It
is utilized in Sec.5.3 but is skipped here in favor of the less laborious qualitatively
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Figure 5.7: Magnetic values of Fe/Gd multilayers with different Gd layer thicknesses.
Saturation magnetizations M; fitted linearly (a) and in-plane anisotropy fields H,
against temperature T (b).

comparison of the change in the ip anisotropy fields H, in Fig.5.7b. Larger H, values
indicate a more favorable oop magnetic orientation and therefore a larger uniaxial
anisotropy or smaller shape anisotropy. In this regard, the decreasing M; values lead
to a decreasing shape anisotropy and increasing H, values with temperature. This
effect is especially elaborated for the low M values of [Fe(0.35)/Gd(0.35)]so at higher
temperatures.

5.2.3 Observed Spin Objects and their Stability in Fe/Gd Multilayers

Using LTEM imaging, the spin texture of [Fe(0.35)/Gd(0.40)]so are imaged in this section.
The images are acquired in 2.5 mm underfocus in Fresnel mode. In Fig. 5.8 a different
types of magnetic stripe domains are shown at RT and zero magnetic field. The film
exhibits three different kinds of stripe domains: broader dark stripes, broader bright
stripes, and narrower stripes with less contrast and half the periodicity of the broader
ones. This observation is similar to the stripe domains seen in previous works [128,
148]. A more detailed description of these kinds of domains is given in Ref.[537].
The mechanism to form this contrast is described in Sec. 3.3.3. Figure 5.8 b-d display
the different stripes in more detail. The theoretical contrast of the spin textures in
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Figure 5.8: Different stripe domain types in Fe/Gd multilayers. Spin texture consisting of
three different stripe types in [Fe(0.35)/Gd(0.40)]gp at RT and zero magnetic field (a).
The images b-d, I) show the measured zoomed-in stripe domains and b-d, II) display
the simulated LTEM contrast caused by the theoretical spin textures shown in b-d, III).
In b-d, III) the arrows and their color depict the directions of the ip components, with
their sizes displaying the strengths. b) Stripes with chirality and a counterclockwise
rotation. c) Stripes with chirality and clockwise rotation. d) Stripes without a chirality.

Fig.5.8b-d II is simulated by calculating the cross product of the two-dimensional ip
components of the theoretical spin objects (Fig.5.8b-dIII) and the incident electron
beam multiplied by a deflection factor. The resulting smoothed histograms are plotted
in Fig. 5.8 b-d II. Comparing the experimental results with the ideal theoretical contrasts,
it can be confirmed that the bordering ip components are aligned mostly parallel
to the stripes. Antiparallel ip moments on the opposite sides of the stripe result in
larger high-contrast stripes (Fig.5.8 b, c), while parallel aligned Bloch walls result in a
narrower stripe pattern (Fig. 5.8 d). In other words, the broader stripes exhibit domain
walls with a chirality, while the narrower ones exhibit no chirality. However, the
underlying periodicity of the magnetic stripes is about 200 nm and the same for both
types. The existence of only one underlying periodicity is also confirmed by the MFM

measurements shown in Sec. 5.4.

Next, an oop magnetic field Hoop is applied to the sample. With an increasing field
the stripe domains shrink in size and eventually only round spin objects are left at 90 mT.
This state is shown in Fig 5.9 a. Three different coexisting spin objects exist. PanelsI
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Figure 5.9: Spin object overview in Fe/Gd multilayers. a) Three different coexisting spin
objects are visible in [Fe(0.35)/Gd(0.40)]gp at RT and 90 mT. The images b-d, I) show
the measured zoomed-in spin objects and b-d, II) display the simulated LTEM contrast
caused by the theoretical spin textures shown in b-d, III). b) Bloch skyrmion with
counter- and c) with clockwise rotation, and d) type-2 bubble.

of Fig.5.9b-d show the measured zoomed-in spin objects and panelsII display the
simulated LTEM contrast caused by the theoretical spin textures shown in panelsIIIL
The three different objects are ccw Bloch skyrmions (Fig.5.9b), cw Bloch skyrmions
(Fig.5.9 ¢), and topologically trivial type-2 bubbles (Fig.5.9d). They are well-known
spin structures, which have been previously observed in similar Fe/Gd ML systems and
other dipolar-stabilized systems [128, 144-148]. Type-2 bubbles differentiate themselves
from skyrmions by domain walls consisting of both Néel- and Bloch-type pointing
roughly in one ip direction. Because of this, they also exhibit no rotational symmetry.
The elliptical shape in Fig. 5.9 d I and II arises from the one-fold symmetry of the spin
configuration displayed in Fig.5.9 dIII. The size of the spin objects is similar to the
periodicity of their underlying stripes with around 200nm. Over the whole sample,
the number of ccw and cw Bloch skyrmions seems to be equal due to the energetic
degeneration of these two states. This was also observed in Ref.[128]. The number
of bubbles at this specific field is larger, while there is no preferred orientation of the
bubbles at first glance. Possible causes for a predominant orientation of stripes and
bubbles in certain regions are explored in Sec.5.5.3. The number of the different spin
objects replicates the ratio of the different stripe types in Fig.5.8. The transition from
stripes to cylindrical spin objects as well as their stability ranges are investigated in the
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Figure 5.10: Stability ranges of the spin objects in Fe/Gd multilayers. a) Oop and ip M-H
hysteresis loops of [Fe(0.35)/Gd(0.40)]gg at RT. The colored regions mark the stability
ranges of the spin objects coming from zero field. b) LTEM images of the sample at
different oop magnetic fields, which are also marked in the oop loop in a). Panel I
shows stripe domains with chirality (broader bright and dark stripes) and without
(thinner stripes). At 45mT disordered stripes coexist with Bloch skyrmions (II).
Between 70 and 90 mT type-2 bubbles start to appear (III-V). In panel 1V, all stripes
disappeared, and skyrmions and bubbles coexist. At 105mT only skyrmions are
stable and observable (VI).

following Fig.5.10. It explores the dependence of an applied oop magnetic field Hoop
on the formation and stabilization of different spin objects using LTEM imaging and
SQUID-VSM measurements. Figure 5.10 a shows the oop and ip M-H hysteresis loops of
[Fe(0.35)/Gd(0.40)]go at RT. Moreover, corresponding LTEM images at different applied
oop fields are presented in Fig. 5.10b, which were captured at the same location while
sweeping the field from zero toward magnetic saturation. The domain morphology
and position of the different spin objects seem to be randomly distributed for every
new field sweep starting from zero field after saturation. At the same time, the range of
stability of the different spin objects stayed the same for every field sweep. Both the oop
and ip hysteresis loops saturate at similar fields and have a saturation magnetization of
around 220 kA /m, although their slopes differ greatly. The oop loop exhibits a linear
parallel slope up to 45 mT. This can be connected to the reversible continuous growth of
stripes parallel to the field. At45mT, the loop opens slightly more because of irreversible
processes, like the formation and annihilation of cylindrical spin textures [535], which
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are, in this case, skyrmions. This opening stays relatively constant until the saturation of
the film.

In the LTEM images, the different ranges of stability of the skyrmions and bubbles
are identified. Starting from zero field, the film exhibits the three different kinds of
stripe domains up to 45 mT. The different chiralities of the stripes determine the type
of spin objects that can form under the oop magnetic field. When an oop field is
applied, domains with magnetization parallel to the field grow at the expense of stripes
antiparallel to the field. At 45mT the first Bloch skyrmions start to form (Fig. 5.10b1I).
They preferably arise from collapsed stripe domains with the same chirality. When
the magnetic field is further increased to 70 mT, bubbles start to form out of the stripes
without chirality (Fig.5.10b1II). At 90mT, the majority of stripes have vanished or
shrank down to circular spin objects. The number of skyrmions stays constant from
70mT while the number of bubbles further increases (Fig.5.10b, V). The number of
topologically unprotected bubbles strongly decreases at larger fields than 90 mT. The
final LTEM image is captured at 105 mT (Fig.5.10b VI). Only randomly distributed
Bloch skyrmions are left. Their size decreased with increasing field down to around
100nm, and they dissipate at fields slightly above 105 mT. It can be concluded that Bloch
skyrmions are stable over a larger field range than bubbles due to their topological
protection.

The field-dependent LTEM measurements are repeated for all samples of the series
between 100 and 300 K. The resulting phase maps of the previously discussed sample
[Fe(0.35)/Gd(0.40)]sp and of [Fe(0.35)/Gd(0.35)]sp dependent on the oop magnetic field
Hoop and the temperature T are displayed in Fig.5.11 a and b, respectively. The samples
with the thicker Gd layers of 0.45 and 0.50nm show only ip domains, due to their
large magnetization and shape anisotropy (Fig. 5.7 a). Hence, their phase maps are not
shown. The diagrams are constructed using the data from the LTEM measurements
marked by the black dots. Selected images of the underlying LTEM measurements
of [Fe(0.35)/Gd(0.35)]sp and [Fe(0.35)/Gd(0.40)]sp are displayed in Fig. A.2 and A.3,
respectively. The area between the experimental data is filled under the assumption
that stability transitions happen in the middle of the measured data points. As already
mentioned, the domain morphology and position of the different spin objects seem
to be randomly distributed for every new field sweep starting from zero field after
saturation. At the same time, the range of stability of the different spin objects stayed the
same for every field sweep. The phase map region of interest of [Fe(0.35)/Gd(0.40)]so at
300K was discussed previously (Fig.5.10). At lower temperatures, the magnetization
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Figure 5.11: Phase maps of the spin objects in Fe/Gd multilayers. Magnetic field Hyop and
temperature T dependence of the stability ranges of the different spin objects for
[Fe(0.35)/Gd(0.40)]so (a) and [Fe(0.35)/Gd(0.35)]so (b). The diagram is constructed
using the data from the LTEM measurements (black points).

and shape anisotropy increased, resulting in ip domains, similar to the samples with
thicker Gd layers. The sample with the thinnest Gd layers with a thickness of 0.35nm
displays oop domains at 250 and 300 K. At 200K, stripe domains and skyrmions can be
observed. If the temperature is further decreased to 150 and 100K, the stability window
of skyrmions shifts to larger fields, and coexisting bubbles appear. It is evident that the
stability range of bubbles is smaller than the one of skyrmions for both temperature
and field. Generally, a skyrmion/stripe domain phase window between oop and ip
domains can be observed when both Fig.5.11a and b are analyzed. In Sec.2.4.1, Fig.2.7
shows the different domain types dependent on the ratio of the magnetic uniaxial
and shape anisotropy for a given sample thickness. While the uniaxial anisotropy Ky
is not directly measured, it stems largely from the interfaces of the Fe and Gd layers
and is therefore not strongly affected by changes in the Gd thickness. It can also be
assumed that it stays relatively constant with temperature, which is later shown for a
very similar system (see Fig.5.16 d). The modest increase of K, with temperature shown
there is also confirmed by previous studies on Gd-rich Fe/Gd films [128, 538, 539]. The
shape anisotropy is proportional to the second power of the saturation magnetization
M (Sec.2.1.4). Therefore, M is the primary parameter that influences the changes in
domain types in the shown phase maps. If the phase window of stripe domains is
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compared to the M; values presented in Fig. 5.7, M, values between 210 and 270 kA /m
are necessary to exhibit stripe domains and skyrmions in this system. While it was not
possible to measure LTEM at elevated temperatures, a stripe domain and skyrmion
phase for [Fe(0.35)/Gd(0.45)]so at 350K can be predicted according to its M values,
which is in agreement to the observed opening near saturation of the oop hysteresis loop
shown in Fig. 5.6 e.

It is concluded that the effective magnetic anisotropy of Fe/Gd MLs needs to be
carefully balanced by the thicknesses of the individual layers to achieve a magnetic
stripe domain phase. The necessary ratios between the magnetic parameters and the
film thickness t are elaborated in the magnetic domain theory section (Sec.2.4.1) and the

critical thickness for the onset of stripe domains is given by

2
t=14-VA P;<°3M/; . (2.24 revisited)

u
The vast thickness of the films enlarges the window of slightly negative effective
anisotropies where stripe domains are energetically favorable (Fig.2.4.1). Under the
assumption that K, and A are constant, the following can be concluded: (i) if M; is too
large at low temperatures or for thick Gd layers, ip domains are favored. (ii) if M; is too
low, oop domains are favored.

In conclusion, the stripe domains can be shrunk down to Bloch skyrmions and
topological trivial type-2 bubbles by applying an oop magnetic field. The stability range
of skyrmions is larger than the one of bubbles for both temperature and field. The spin
objects tend to nucleate from stripe domains with the same chirality and need a larger
applied field for larger M values. It is important to note that Montoya et al. observed
that the nucleation mechanism of skyrmions from stripe domains differs depending on
the ratio between K,, and M; [128]. For large M values, stripes collapse into skyrmions,
while for low M;s values, the stripes shrink down to skyrmions with an applied oop
magnetic field. Conservation of the chirality during a transition from stripes to round

spin objects is only given for the latter.

5.2.4 Achieving a Skyrmion Lattice

The previously studied film series succeeded in the stabilization of isolated skyrmions
but did not show a dense skyrmion lattice. In this section, samples are displayed whose
skyrmions are ordered in a dense hexagonal lattice at a certain applied oop magnetic
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Figure 5.12: Hysteresis loops and LTEM images of a Fe/Gd multilayer with increased
repetition number and a skyrmion lattice. a) Oop and ip M-H hysteresis loops of
[Fe(0.35)/Gd(0.40)]129 at RT. The colored regions mark the stability ranges of the
spin objects coming from zero field. b) LTEM images of the sample at different oop
magnetic fields, which are also marked in the oop loop in a). Panel I shows stripe
domains. At 80 mT, the first Bloch skyrmions nucleate (II). Between 80 and 260 mT
stripes collapse to skyrmions and a few bubbles (III). In panel 1V, all stripes have
disappeared, and a skyrmion-bubble-lattice has formed.

field. To accomplish this, skyrmions need to be the energetically most favorable state and
not only a meta-stable phase between the transition from stripe domains to saturation,
which was the case in Sec.5.2.3. It has been shown experimentally that for Fe/Gd
MLs, certain ratios of M?/K2/? have to be met to achieve a skyrmion lattice for a given
exchange constant A [128]. The requirements of the magnetic parameters are similar to
the formation of stripe domains (Eq. 2.24), but the phase window is even smaller. It has
also been shown that the phase window of skyrmion lattices grows with thicker films
(higher repetition numbers) and larger M; and K, values.

Thus, samples with larger repetition numbers are fabricated. The exemplary
measurement results of [Fe(0.35)/Gd(0.40)]120 at RT are shown in Fig.5.12. Overall,
the behavior is similar to the sample discussed in Sec.5.2.3, although the density and
number of spin objects differ greatly between the samples. PanelI shows stripe domains.
At 80 mT, the first Bloch skyrmions nucleate (II). Between 80 and 260 mT, the stripes
collapse into skyrmions and bubbles (III). In panellV, all stripes have disappeared,
and a skyrmion-bubble-lattice has formed. If the loops of Fig.5.10a and Fig.5.12a
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Figure 5.13: Hysteresis loops and LTEM images of a Fe/Gd multilayer with room
temperature zero field skyrmions and a skyrmion lattice. a) Oop and ip M-H
hysteresis loops of [Fe(0.35)/Gd(0.50)]gg at RT. The colored regions mark the stability
ranges of the spin objects coming from zero field. b) LTEM images of the sample at
different oop magnetic fields, which are also marked in the oop loop in a). Panel
I shows zero field skyrmions coexisting with stripe domains. At 226 mT, bubbles
nucleate, and a skyrmion lattice starts to form, interrupted by remaining stripes (II).
At 254 mT, a skyrmion and bubble lattice coexist (III). In panel 1V, all bubbles have
disappeared, and a skyrmion lattice has formed.

are compared, the larger M and H, values are evident for the later. Additionally, a
smaller remanence for both the oop and ip loops can be observed. Altogether, the larger
thickness and the correct intrinsic magnetic properties give rise to the larger skyrmion
window at larger oop magnetic fields and the existence of a hexagonal skyrmion lattice.

Another example for a skyrmion lattice is given in Fig.5.13. Here, skyrmions are
already stable at zero magnetic field, although no greater repetition number is used. The
measured sample has the structure [Fe(0.35)/Gd(0.50)]sp. However, it has to be noted
that this sample stems from a different series than the samples analyzed in Sec.5.2.3
and therefore can not be directly compared. In comparison to Fig.5.10a and Fig.5.12a,
Fig.5.13 a exhibits even larger Ms and H, values, while the remanences of the loops
are small. It can be assumed that the large M; and K, values of this sample have the
required ratio and an effective magnetic anisotropy close to zero is achieved. Further, the
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oop hysteresis loops lack an opening close to saturation and therefore the typical feature
of the existence of cylindrical spin objects is missing [535]. Due to the fact that skyrmions
exist at zero field coming directly from saturation (Fig. 5.13 b ), the skyrmions not only
nucleated from collapsing stripe domains but also directly from the saturated state.
Thus, the difference between the ascending and descending M-H curves is comparably
small. If the field is increased from zero to 226 mT, the skyrmions start to shrink and
more nucleate from stripe domains (II). At 254 mT, all stripes collapsed, and only a dense
lattice of bubbles and skyrmions exists (III). It is clear that the skyrmions arrange in a
hexagonal lattice. At 350 mT, all bubbles have vanished, and only skyrmions are left.
From zero field to 350 mT a massive reduction in skyrmion size from roughly 200 to
70nm is observed (Fig.5.13b).

In the presented study, the skyrmion lattice seems to be a stable state. In contrast,
M.H. Seaberg et al. showed very recently spontaneous fluctuations of a skyrmion
lattice in an almost identical system of [Fe(0.34)/Gd(0.40)]100 [540]. Short-pulsed X-rays
revealed that the skyrmion lattice oscillates with a relaxation time of a couple of
nanoseconds and never entirely freezes into a static lattice at RT.

5.2.5 Conclusion about Spin Textures in Fe/Gd in Comparison to Previous
Works

Stripes with and without chirality were observed in Fe/Gd MLs. Depending on the
chirality of the stripes, bubbles and Bloch skyrmions nucleated and coexisted if an oop
magnetic field is applied. Skyrmions proved to be more resilient toward temperature
and oop magnetic fields due to their topological protection. A phase map for different
Gd layer thicknesses, temperatures, and oop magnetic fields was created. This led
to the confirmation that the ratio between the saturation magnetization and magnetic
anisotropy values is crucial. Therefore, the results reported by Montoya et al. [128]
could be validated. A skyrmion lattice was achieved for certain samples. In contrast to
previous reports on Fe/Gd MLs, skyrmions were stabilized without an applied magnetic
tield at RT. Signs of spontaneous lattice fluctuations, which were reported in Ref. [540],
were not observed.

These results establish the base for the further exploration of dipolar-stabilized spin
textures and modifications of the Fe/Gd MLs.
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5.3 First- and Second-Order Antiskyrmions in Fe/Gd-Based
Multilayers

Next, the Fe/Gd MLs are modified by iridium (Ir) insertion layers to reduce the
magnetic moment and anisotropy. This way, coexisting phases of first- and second-order
antiskyrmions, Bloch skyrmions, and topological trivial bubbles are achieved. The
stability of the different spin objects is studied in dependence on the oop magnetic
field and temperature. From the experimental results, additionally supported by
micromagnetic simulations, it can be concluded that the reduced magnetic moment and
anisotropy support the formation of antiskyrmions via dipolar interaction. Moreover,
the nucleation process of the antiskyrmions is analyzed experimentally and theoretically.

The findings show that antiskyrmions can be stabilized outside of bulk D,q or S4
crystals solely by dipolar interaction. Further, the shown measurements are the first
experimental observation of second-order antiskyrmions. This easy-to-access range of
different coexisting magnetic quasi-particles in thin films opens many possibilities for
future studies on magnetic quasi-particle interaction and spin dynamics.

The results of this section are published in Heigl, M. et al. Nat. Commun. 12, 2611
(2021) [426].

5.3.1 Method Details on the Modification and Characterization of Fe/Gd-
Based Multilayers with Insertion Layers

The ML samples are prepared at RT by DC magnetron sputtering from elemental
targets on 30-nm-thick SiN membranes for LTEM imaging and Si(001) substrates
with a 100-nm-thick thermally oxidized SiO, layer for magnetic characterization.
The sputtering process is carried out using an Ar working pressure of 5x 1073 mbar
in an ultra-high vacuum chamber (base pressure < 10~® mbar). The composition
[Fe(0.35)/Gd(0.40)]go from the series investigated in Sec. 5.2, which exhibits skyrmions
at RT, is further modified by inserting 0.20-nm-thick Ir layers from the top and bottom.
For all samples, 5-nm-thick Pt seed and cover layers are used to protect the films from
corrosion. The thicknesses of the layers are estimated from the areal densities measured
by a calibrated quartz balance before deposition. It is important to note that the
deposition of layers in the sub-0.1-nm range is not precisely possible with this technique.
A series of [Fe(0.35)/1Ir(0.20) /Gd(0.40)]n,, / [Fe(0.35) / Gd(0.40)]so—2n, / [Fe(0.35) /1r(0.20) /
Gd(0.40)]n;, MLs with different repetition numbers Ny, of the Ir-containing layer stacks
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Figure 5.14: Schematic layer stack of Fe/Gd-based multilayers with Ir insertion layers.
0.20-nm-thick Ir layers are inserted from the top and bottom. The number of inserted
Ir layers is changed, while the overall repetition number/number of Fe and Gd
layers stayed constant. The figure is also published in Ref. [426].

(N =0,2,5,10, 20, 40) is prepared. Here, Ny, =0 is equivalent to [Fe(0.35)/Gd(0.40]so
and Ny =40 to [Fe(0.35)/1r(0.20) /Gd(0.40)]gp. A schematic of the [Fe(0.35)/1r(0.20)/
Gd(0.40)];, / [Fe(0.35)/Gd(0.40]so—2ny, / [Fe(0.35) /1Ir(0.20) / Gd(0.40)] v, layer stack is
displayed in Fig.5.14.

Furthermore, samples with a modified position of the Ir insertion layer as well
as different Ir thicknesses and insertion layer materials are fabricated and discussed
in Sec.5.3.9. [Fe/Gd],/[[Fe/Gd]s/Fe/Ir/Gd]io/[Fe/Gd]s has an equivalent number
of Ir layers as Ni; = 5 with a more even distribution of Ir throughout the ML stack.
[Ir/Fe/Gd]s/[Fe/Gd]zs/[Ir/Fe/Gd]s changes the stacking order of the trilayer and
[Fe/Ir(0.6)/Gd]s/[Fe/Gd]ys/[Fe/Ir(0.6) /Gd]s has an increased Ir thickness. The other
used materials for the insertion layers are Pt, Cu, and Al.

The MLs are investigated by a variety of techniques at temperatures between 50 and
350 K. The integral magnetic properties of the MLs are probed by SQUID-VSM. M-H
hysteresis loops are measured in oop and ip configuration for all samples at 50, 100, 150,
200, 250, 300, and 350 K and the M; values are extracted.
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The uniaxial magnetic anisotropy constant Ky, is evaluated using FMR measurements
performed with a Bruker spectrometer and a X-band resonator at a microwave frequency
f = 9.45GHz. FMR spectra are recorded in the temperature range 100-300K for
different orientations of the static magnetic field with respect to the Fe/Gd ML plane
(polar angular dependence).

The interface Dzyaloshinskii-Moriya interaction (DMI) is extracted from non-
reciprocal spin-wave dispersion using Brillouin light scattering (BLS) measurements.
The wave-vector-resolved BLS in backscattering geometry is conducted at RT using a
monochromatic continuous-wave solid-state laser with a wavelength of 473 nm [256].
Backscattered light is collected and processed with a six-pass Fabry—-Perot interferometer
TFP-2 (JRS Scientific Instruments). In this configuration, magnetostatic surface spin
waves (MSSWs) are excited in the MLs [251]. By varying the incident angle, the wave
vectors are tuned. MSSWs propagating along opposite directions lead to resonance peaks
of Stokes and anti-Stokes signals in the BLS spectra. The two peaks are asymmetric
in both peak intensity and frequency. The intensity difference is attributed to the
non-reciprocity of MSSWs. The frequency difference originates from the asymmetry of
the dispersion relations resulting from the interface DMI. The frequency difference is
used to determine the interface DMI constant D according to Ref. [250].

The magnetic domain morphology is imaged by Lorentz TEM using a FEI Titan
and a JEOL NEOARM-200F system with a defocus of -2.5 mm in Fresnel mode. The
temperature is controlled by a Gatan Double Tilt Liquid Nitrogen Cooling Holder Model
636 for the low-temperature measurements. The theoretical contrast of the spin textures
is simulated by the Python program described in Sec. 3.3.3.

Micromagnetic Simulations

The micromagnetic simulations are performed by using simulation codes based on both
finite differences method, magnum.af [541] and hybrid finite- and boundary elements
method, magnum.fe [542]. While the former is used to reproduce the experimental results
and investigate the formation process of experimentally observed spin structures, the
latter is employed to investigate the stability of isolated skyrmions and antiskyrmions by
varying the material parameters of the system. In both cases the magnetization dynamics
is investigated by means of numerical integration of the Landau-Lifshitz-Gilbert (LLG)
equation [543-545]

0 &
a—n/l = _’)’giyzrom X Heff — daL;)’gyrom X (m X Heff) , (51)
t 1+ adamp I+ [Xdamp
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where aqamp is the Gilbert damping constant, gy, the reduced gyromagnetic ratio,
m the magnetization unit vector, ' the time, and Heg the effective field term, which
includes the considered energy contributions.

To reproduce the field driven magnetization dynamics in a Fe/Gd ML, a continuous
film with a length [ = 5um, width w = 5 pm and a thickness t = 62 nm is discretized in
magnum. af. The cell volume is chosen according to the exchange length /ox = 13nm as
Ly x I, x I, = 10 x 10 x 8.85 nm?3. First, each cell is randomly magnetized. Then, the
structure is relaxed to its ground state at vanishing external fields, where the effective
field term H,¢ is modeled in such a fashion that it includes only the micromagnetic
exchange, uniaxial magnetic anisotropy, and demagnetization fields. To investigate the
dynamics of the system, the sample is subject to the time-dependent Zeeman field, where
Hyee = H(t)eoop, With eoop being the unit vector in the oop direction. poHoop (t) is chosen
to increase linearly from 0 mT to 200 mT over 40 ns. The role of DMI is investigated by
repeating the simulations, where the DMI energy term is added into the effective field.
In order to investigate the stability of an isolated spin object, magnum. fe is used. Here, a
rectangular finite element mesh of dimensions | = 300nm, w = 300nm, and t = 62nm
is utilized. A simple parameterization of the (anti-)skyrmions as initial magnetization
state is chosen and the LLG is solved for 10ns at high damping agamp = 1 in the
presence of Zeeman fields with magnitudes between 0 and 125 mT. To reproduce the
effect of isolation in an infinite film, a very large oop uniaxial magnetic anisotropy
constant K, = 1 M]/m? is set in the outer region of a circle in the xy-plane with radius
r = 150nm, which is well above the (anti-)skyrmion size. M and K; are varied and the
integer topological charge Ny of the final magnetization states is calculated, which is
defined by

1 0 0
Ngy = / d2r4—ﬂm(r). [ rg}(cr) X n;;r)] ) (2.25 revisited)
If Ny of the relaxed magnetization state is N =-1, an antiskyrmion is stable for the
particular pair of My and K, values, while a skyrmion is assumed to be stable for
Ng =+1.

5.3.2 Magnetic Properties of Fe/Gd-Based Multilayers with Ir Insertion
Layers

All measured M-H hysteresis loops of the [Fe(0.35)/1r(0.20) /Gd(0.40)]n, / [Fe(0.35)/
Gd(0.40)]g0—2n;, / [Fe(0.35) /1r(0.20) /Gd(0.40)]n,, MLs in oop and ip geometry for
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Figure 5.15: Hysteresis loops of Fe/Gd multilayers with different numbers of Ir
insertion layers. = M-H hysteresis loops of [Fe(0.35)/Ir(0.20)/Gd(0.40)]n;, /
[Fe(0.35)/Gd(0.40]g0—2n;, / [Fe(0.35)/1r(0.20) /Gd(0.40)]n,, MLs in oop and ip
geometry at 50, 100, 150, 200, 250, 300, and 350K. N = 0 (a, b), 2 (¢, d), 5 (e,
f), 10 (g, h), 20 (i, J), 40 (k, 1). The figure is also published in Ref. [426].

temperatures between 50 and 350K are displayed in Fig.5.15. Due to the decrease in
saturation magnetization M with temperature, it can be concluded that all Fe/Gd-based
MLs are Gd dominant over all measured temperatures. It is also evident that an increase
in the number of insertion layers leads to a decrease in M, while the ip anisotropy fields
H, stay relatively constant. In Fig.5.15k and 1 the whole ML consists of the repeating
trilayer Fe/Ir/Gd. Here, a significant magnetization can only be measured below 150 K.
The formation of spin textures is indicated by the presence of an opening in the oop
loop close to saturation [535]. This signature exists in Fig.5.15a (N, = 0) at 350-250 K,
in ¢ (N; = 2) at 350-200K, in e (N, = 5) at 350-150K, in g (N1, = 10) at 350-200 K, in i
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Figure 5.16: Magnetic values of Fe/Gd multilayers with different numbers of Ir insertion
layers. The saturation magnetization M (a), the ip anisotropy field H, (b), the
effective magnetic anisotropy K¢ (c) and the uniaxial magnetic anisotropy Ky (d) as
a function of the repetition number of Ir insertion layers Ny, at 100, 200, and 300 K.
The figure is also published in Ref. [426].

(N = 20) at 350-300 K. If these temperature ranges are compared to the stability ranges
of skyrmions in the phase diagrams of Fig. 5.20, an excellent agreement can be found. It
seems that the correct number of Ir insertion layers (Ny, ~ 5) increases the temperature
window of stable spin objects. Hence, the underlying [Fe(0.35)/Gd(0.40)]sp ML benefits
from the lower magnetization achieved by the Ir insertion layers in terms of its skyrmion
stability range. As discussed in the previous section, the saturation magnetization and
anisotropy values are the crucial parameters to stabilize spin objects. Therefore, M and
H, are extracted from the shown hysteresis loops. Additionally, K is measured by FMR
and K¢ is calculated by

Kef = Ku + Kshape =Ky — %Mg . (2.9 revisited)

Please note that not all samples could be measured at every temperature with FMR.
Figure 5.16 shows the dependence of the saturation magnetization M; (a), the ip

anisotropy field H, (b), the effective magnetic anisotropy K (c), and the uniaxial

anisotropy K (d) on the repetition number of Ir insertion layers Ny.. The error bars
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account for uncorrected geometry effects of the samples during SQUID measurements
(around +10%). The insertion of Ir layers reduces linearly the saturation magnetization
(Fig.5.16a). If all 80 layers have additional Ir insertion layers, Ms almost vanishes
completely (N;,=40) as stated before. Thus, it can be concluded that Ir insertion layers
reduce the total moment of the adjacent Fe and Gd layers to nearly zero. This can
be explained by the additional induced moment in Ir by the adjacent Fe layer [546,
547], which is rather large in comparison to the typical induced moment of Gd in Ir
[548]. Therefore, the overall magnetization of the Gd dominant system is reduced. It
is also important to note that while the moment decreases with the increasing number
of Ir insertion layers, the shape of the loops stays relatively similar. Larger H, values
indicate a more favorable oop magnetic orientation, which is partially confirmed by
a comparison between Fig.5.16 b and d. However, the small M values dominate
H, for Ny, = 20. K¢ decreases quadratically, due to the linear decrease in M, and its
underlying shape anisotropy (Kshape & M?). Furthermore, all samples reveal rather small
K, values, which decrease with increasing N, as displayed in Fig. 5.16 d. Generally, the
temperature-dependent behavior is similar to the previously discussed Fe/Gd MLs in
Fig.5.7.

5.3.3 Different Spin Objects in Modified Fe/Gd Multilayers

2

T=260K - ' . )i T=260K
poHoop =105 mT v i, = uoHoop =113 mT

Figure 5.17: Variety of coexisting spin objects in a modified Fe/Gd multilayer. Underfocused
LTEM image of [Fe/Ir/Gd],/[Fe/Gd]7s/[Fe/Ir/Gd], taken in two different applied
oop magnetic fields Hoop of 105 mT (a) and 113 mT (b) at the temperature T of 260 K.
The figure is also published in Ref. [426].
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Figure 5.18: Spin object overview in modified Fe/Gd multilayers. Five different coexisting
spin objects are in Fig.5.17. Panels I show the measured zoomed-in spin objects and
panels Il display the simulated LTEM contrast caused by the theoretical spin textures
shown in panelsIIL. In panels III the arrows and their color depict the directions
of the ip components, with their sizes displaying the strengths. Bloch skyrmion
with counter- (a) and with clockwise rotation (b), type-2 bubble (c), first-order
antiskyrmion (d), and second-order antiskyrmion (e). The figure is also published
in Ref. [426].

Figure5.17 displays exemplary LTEM images of the [Fe/Ir/Gd],/[Fe/Gd]7/
[Fe/Ir/Gd], sample taken at 260K in an applied oop magnetic field Hoop of 105mT
(a) and 113mT (b). The images are acquired in 2.5 mm underfocus in Fresnel mode.
Various coexisting spin objects are observed. In Fig.5.18 the various spin objects are
displayed in more detail (panel I), along with theoretical LTEM contrast images (panel
IT), and corresponding spin textures (panel III), showing a ccw Bloch skyrmion (a),
a cw Bloch skyrmion (b), a type-2 bubble (c), a first-order antiskyrmion (d), and a
second-order antiskyrmion (e). Comparing the experimental results with the theoretical
ideal contrasts, it can be concluded that the samples exhibit up to five different spin
objects at a time. While Bloch skyrmions and type-2 bubbles are well-known spin
structures, which have been previously observed in similar Fe/Gd ML systems [128,
144-148] and in the previous section, first-order antiskyrmions have never been observed
experimentally outside of compounds with D,4 or Sy symmetry before. Additionally,
second-order antiskyrmions, which exhibit a threefold symmetry instead of the twofold
symmetry of first-order antiskyrmions, are observed. They have experimentally not
been observed outside of these films. The different spin objects have similar sizes of
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around 200-250 nm in diameter. In addition, the second-order antiskyrmions appear to
have the largest size due to the additional domain wall alteration between Bloch- and
Néel-type.

In Fig.5.17 a the five different spin objects are coexisting. The majority of them are
topologically trivial type-2 bubbles. If the applied oop field is increased to 113 mT, the
bubbles vanish, and only four different topologically protected spin objects remain.
While the number of first-order antiskyrmions, counterclockwise skyrmions, and
clockwise skyrmions seems to be relatively equal, only one second-order antiskyrmion
is visible. This trend continues over the whole sample, with second-order antiskyrmions
being extremely rare. The different spin objects are randomly distributed over the whole
imaged area, revealing no preferred orientation, and appear at different locations after
resetting the magnetic state. Jiang et al. [235] showed that Néel skyrmions exhibit no
LTEM contrast when the film is normal to the electron beam. Considering this, the
sample is tilted by up to 30 degrees revealing no indication of the existence of pure
Néel-type spin objects.

5.3.4 Stability of the Observed Spin Objects in Modified Fe/Gd Multilayers

Using LTEM imaging and SQUID-VSM measurements, the dependence on an applied
oop magnetic field and the temperature, which results in the formation and stabilization
of different spin objects, is explored. Figure 5.19 a shows the oop and ip M-H hysteresis
loops of [Fe/Ir/Gd],/[Fe/Gdl7s/[Fe/Ir/Gd], at 250 K. Moreover, corresponding LTEM
images at different applied oop fields are presented in Fig. 5.19 b, which were captured
at the same location while sweeping the field from zero toward magnetic saturation.
Both the oop and ip hysteresis loops saturate at similar fields and have a saturation
magnetization of around 270 kA /m, although their courses differ greatly. The oop loop
exhibits a linear growth of magnetization with only a small opening up to around 60 mT.
This can be connected to the reversible continuous growth of stripes parallel to the
field. At larger fields, the hysteresis loop opens because of irreversible processes, like
the formation and annihilation of cylindrical spin textures [535]. In the LTEM images,
different ranges of stability of the different spin objects are identified.

Starting from zero field, the film exhibits three different kinds of stripe domains up
to 63 mT: broader dark stripes, broader bright stripes, and narrower stripes with less
contrast and half the periodicity of the broader stripes (Fig.5.19b,I). As described for
Fig.5.8, broader stripes exhibit domain walls with a chirality, while the narrower ones
exhibit no chirality. However, the underlying periodicity of the magnetic stripes is about
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Figure 5.19: Stability ranges of the spin objects in modified Fe/Gd multilayers. Oop and ip
M-H hysteresis loops of [Fe/Ir/Gd],/[Fe/Gd]zs/[Fe/Ir/Gd], at 250K (a). The
colored regions mark the stability ranges of the spin objects coming from zero field.
LTEM images of the sample at different oop magnetic fields (b), which are also
marked in the oop loop in a). Panel I shows stripe domains with chirality (broader
bright and dark stripes) and without (thinner stripes). At 63mT, stripes coexist
with Bloch skyrmions (II). Between 80 and 89 mT, type-2 bubbles start to appear
(II-IV). In panel V, all stripes disappeared, and antiskyrmions nucleated at 102 mT.
Antiskyrmions, skyrmions, and bubbles coexist in this field range. At 115mT, only
skyrmions are stable and observable (VI). The figure is also published in Ref. [426].

250 nm and the same for both types. The existence of only one underlying periodicity
for these kinds of samples is also confirmed by the MFM measurements in Sec. 5.4. The
different chiralities of the stripes can determine the type of spin objects that potentially
form under an applied oop magnetic field. When an oop field is applied, domains with
magnetization parallel to the field grow at the expense of stripes antiparallel to the
field. At 63mT the first Bloch skyrmions start to form (Fig.5.19b, II). They preferably
arise from collapsed stripe domains with the same chirality. Equal numbers of ccw
(white) and cw (black) Bloch skyrmions appear when averaged over the whole sample.
When the magnetic field is further increased to 80 mT, bubbles start to form out of the
stripes without chirality (Fig.5.19b, III). At 89 mT, the majority of stripes has vanished
or shrank down to circular spin objects. The number of skyrmions stayed constant from
80 mT while the number of bubbles further increased (Fig.5.19b, IV). The first isolated
antiskyrmions appear at 102 mT when all remaining stripes have vanished (Fig.5.19b, V).
The number of topologically unprotected bubbles is also strongly reduced at these
higher fields. The last displayed LTEM image is captured at 115mT (Fig. 5.19b, VI). Only
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randomly distributed Bloch skyrmions are left. Their size decreased with increasing field
down to around 100 nm, and they dissipate at around 130 mT. All six panels also show
microstructural defects as black dots, which are slightly smaller than the skyrmions
and unaffected by the magnetic field. In Fig.5.19b,II-V one of the counterclockwise
skyrmion is pinned to one of these defects. It can be concluded that Bloch skyrmions are
stable over the most extensive field range, while bubbles and antiskyrmions only exist

in somewhat limited field ranges.

5.3.5 Phase Diagrams for Different Numbers of Ir Insertion Layers

The procedure of Fig.5.19 is repeated for all samples of the series and different
temperatures between 100 and 300 K. The observed stability ranges of the different
spin objects are displayed in Fig.5.20 dependent on the oop magnetic field Hoop and
temperature T. The diagram is constructed using the data from the LTEM measurements
marked by the black dots. The area between the experimental data is filled under the
assumption that stability transitions happen in the middle of the measured data points.

The underlying LTEM images, which show significant features, are displayed in
Sec. A.2.2. As already mentioned, the domain morphology and position of the different
spin objects seem to be randomly distributed for every new field sweep starting from
zero field after saturation. At the same time, the range of stability of the different spin
objects stays the same for every field sweep. Similar to Fig.5.11, stripe domains are
necessary for the potential nucleation of spin objects. In all phase diagrams of Fig. 5.20,
no pure antiskyrmion phase is observable. Antiskyrmions always coexist with Bloch
skyrmions and sometimes with type-2 bubbles. It is also evident that the stability range
of antiskyrmions is smaller than the one of skyrmions for both temperature and field
for all samples. Bubbles occur at larger temperature ranges, while they seem more
susceptible to magnetic fields. Thus, the parameter range for antiskyrmion nucleation
is smaller than the one of bubbles. However, if antiskyrmions nucleate, they are more
stable than bubbles due to their topological protection. For five of the six samples, it is
possible to stabilize antiskyrmions even at room temperature.
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Figure 5.20: Phase diagrams of the spin objects in modified Fe/Gd multilayers. Magnetic
field Hoop and temperature T dependence of the stability ranges of the spin objects.
The figure is also published in Ref. [426].
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While first-order antiskyrmions exist in every sample of the series besides Ni, =40 at
a wide range of temperatures, second-order antiskyrmions are only observed at 260K in
Ny =2 (Fig.5.20b) and at 300 K in Ni, =20 (Fig.5.20e). In all cases, they are quite rare in
comparison to the other spin objects. Because of that, their existence can not be ruled
out at other temperatures and fields. Interestingly, if second-order antiskyrmions occur,
they are stable at larger fields than first-order antiskyrmions. For Ni, =40 no magnetic
LTEM contrast is observable due to the low magnetization of the sample (see Fig. 5.20f).

5.3.6 Micromagnetic Modeling of the Antiskyrmion-Hosting System

Micromagnetic simulations are performed based on the finite differences method, where
the magnetization dynamics are investigated by means of numerical integration of the
LLG equation to reproduce the experimental findings. Here, only the magnetic exchange,
uniaxial magnetic anisotropy, demagnetization, and Zeeman fields are considered, using
an exchange stiffness constant A = 6 pJ/m, an uniaxial magnetic anisotropy constant
Ky = 22kJ/m3, a saturation magnetization My = 225kA/m, and a film thickness
of 62nm as material parameters, which is in the range of the experimental values
(Fig.5.16). In order to confirm the dipole-dipole interaction as stabilization mechanism
for antiskyrmions, no DMI was included in the simulations. The results are displayed in
Fig.5.21.

The simulations do not show significant differences in their spin configuration
along the film thickness. Figure 5.21 a-d show the domain morphology at a larger scale
with the color illustrating the oop component of the magnetization. Figure5.21e-g
display enlarged images with black vectors showing the x- and y-components of the
magnetization. Figure 5.21 a and e display the relaxed magnetization state at zero field
showing stripes with different chiralities bristled with Bloch lines. In Fig.5.21b an
external oop magnetic field of pgHoop = 50mT is applied and the stripes start to shrink
in size forming skyrmions. An external magnetic field of pgHoop = 88 mT reveals
the coexistence of type-2 bubbles, Bloch skyrmions with both cw and ccw chiralities,
and antiskyrmions (Fig.5.21 ¢, f). In Fig.5.21 d and g only topologically protected spin
structures (skyrmions/antiskyrmions) remain at 95 mT. The micromagnetic simulations
are in excellent agreement with the experimental observations (Fig. 5.19). They exhibit
the same coexistence of bubbles, skyrmions, and antiskyrmions with a decreasing
density of bubbles for larger applied fields.
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Figure 5.21: Micromagnetic simulations of the domain morphology in modified Fe/Gd
multilayers. The domain morphology is simulated using magnetic parameters
close to the sample [Fe/Ir/Gd],/[Fe/Gd]zs/[Fe/Ir/Gd],. The domain morphology
at a larger scale with the color illustrating the z- component of the magnetization
(a-d). Enlarged images with black vectors showing the x- and y- components of
the magnetization (e-g). The relaxed magnetization state at zero field, showing
stripes with different chiralities bristled with Bloch lines (a, €). An external magnetic
field of poHoop = 50 mT is applied, stripes and skyrmions are coexisting (b). An
external magnetic field of jioHoop = 88 mT reveals the coexistence of type-2 bubbles,
Bloch skyrmions with both cw and ccw chiralities, and antiskyrmions (c, f). Only
topologically protected spin structures (skyrmions/antiskyrmions) remain at 95 mT
(d, g). The figure is also published in Ref. [426].

In order to exclude the possibility that the spin textures are stable in the micromagnet-
ic simulations because of numerical errors and simulation artifacts, energy barrier
simulations are performed by applying a full micromagnetic model [545, 549, 550].
The minimum energy paths with and without DMI to annihilate an antiskyrmion are
calculated to obtain a saturated magnetic configuration along the oop direction and to
transform an antiskyrmion into a skyrmion. The former is shown in Fig.5.22 a and the
latter in Fig.5.22b. All simulations show a clear energy barrier, reflecting the metastable
nature of the antiskyrmion state. It is also observed that other energetically more
favorable states need to be overcome in order to transform to skyrmions or the saturated
state, making these transformations very costly from an energetic point-of-view. It has to
be mentioned that, due to the change of the topological number N from —1 to 1, Bloch
like states are formed, and a micromagnetic treatment with a mesh size larger than the
lattice constant underestimates the atomistic barrier [498].
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Figure 5.22: Micromagnetic simulations of the energy barriers between (anti-)skyrmion and
saturation. Minimum energy paths to annihilate an antiskyrmion by saturation (a)
and by transformation to a Bloch skyrmion (b). Both show a clear energy barrier
for a DMI value D of 0.0 and 0.1 mJ/m?, reflecting the metastable nature of the
antiskyrmion state. The figure is also published in Ref. [426].

5.3.7 Nucleation of Antiskyrmions

In order to learn how to achieve an antiskyrmion state, the nucleation process of an
antiskyrmion is investigated in more detail, both with LTEM imaging and micromagnetic
simulations. Figure5.23 a-e show a specific location of the [Fe/Ir/Gd]./[Fe/Gd]7s/
[Fe/Ir/Gd], sample at 200 K where an antiskyrmion eventually forms. The distinct
feature that in all samples at T < 250 K antiskyrmions always nucleate from a crossing
point of three stripes is observed. One of these crossing points is displayed in Fig.5.23 a.
Three stripes without a chirality meet, and due to the resulting ip components, one stable
Bloch line emerges, resulting in contrast very similar to an antiskyrmion. With increasing
field, the stripes shrink down, and one of them disconnects at 86 mT (Fig.5.23b). At
95mT the Bloch line remains only connected to the very end of a single stripe. This
stripe decreases in size until an isolated antiskyrmion is left at 105mT (Fig.5.23 d). The
antiskyrmion shrinks with increasing field at 124 mT (Fig.5.23e). It is important to
note that these crossing points of three stripes also exist in samples that do not exhibit
antiskyrmions. Also, not all triple crossings of stripes with Bloch lines necessarily
nucleate antiskyrmions if antiskyrmions exist. While the starting chirality of the crossing
stripes does not seem to play a role, with increasing fields, the antiskyrmion always
nucleated at the end of a stripe without chirality resembling a Bloch line. Very similar
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d) 105 mT [

Figure 5.23: Nucleation process of antiskyrmions. Nucleation process of an antiskyrmion
starting from a crossing point of three stripes without a chirality imaged by LTEM
(a). The images stem from a skyrmion-hosting sample with Nj, = 2 at 200K. b) and
c) show the crossing point with only two and one stripe connected after the field is
increased to 86 and 95 mT, respectively. The crossing point resembles a Bloch line
and acts as the nucleation point of the antiskyrmion after the final stripe shrinks
down at 105 mT (d). The antiskyrmion shrinks with an increasing field at 124 mT
(e). As a comparison, the nucleation process in the micromagnetic simulations is
displayed in f+). The simulation parameters are the same as in Fig.5.21. A very
similar process is observed here. The figure is also published in Ref. [426].

nucleation processes can be found in the micromagnetic simulation, as displayed in
Fig.5.23 f5j. The process also starts at a crossing point of three stripes (Fig.5.23f) and
ends with an isolated antiskyrmion (Fig.5.231,h). In the simulation, antiskyrmions
exclusively originate from these triple crossing points for saturation magnetization
values between 175kA /m and 325 kA /m using a Ky, value of 22 kJ/m?. This behavior
agrees well with the experimental data.

Additionally, micromagnetic simulations of the nucleation process of a ccw Bloch
skyrmion, a cw Bloch skyrmion, a first-order antiskyrmion, and a second-order
antiskyrmion can be found in Fig. A.14a, b, ¢, and d, respectively. Please note that only
the nucleation processes of the Bloch skyrmions and the first-order antiskyrmion could
be observed experimentally. Due to the rarity of second-order antiskyrmions and no
possibility to predict possible nucleation spots, imaging of the formation process was

not achieved.
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5.3.8 Antiskyrmion Recipe

To get a better understanding of the necessary parameter space to stabilize the different
spin objects, the relevant magnetic properties are measured. M; is extracted from
magnetometry measurements, while FMR measurements are carried out to determine
the K, values. Due to the inclusion of heavy metal materials in the form of Ir in the
MLs, an interface DMI contribution has to be considered. It was also shown that bulk
DMI can even exist in inhomogeneous ferrimagnetic alloys [551]. The DMI constant D
is measured by Brillouin light scattering (BLS) [250]. The Fe/Gd ML without Ir shows
no measurable DMI, while the ML with five Ir layers at the top and bottom (Ny, =5)
exhibits a D value of (0.10 4 0.01) mJ/m?. This value is more than an order of magnitude
smaller than typical values for DMI-stabilized skyrmions [552]. Previous works [128,
149] established that the ratio of K, and M; is crucial for the formation of stripe domains
and skyrmions [109, 553].

In Fig.5.24 the M, and K, values are plotted for temperatures between 100 and
300 K. The corresponding topologically protected spin objects, which are experimentally
observed, are marked. In addition, results reported by Montoya et al. [128] obtained for
similar systems are included exhibiting exclusively Bloch skyrmions at higher M; values
(blue triangles). The purple squares correspond to samples that showed antiskyrmions
under the investigated applied oop magnetic fields. These antiskyrmions always coexist
with skyrmions and sometimes with bubbles. Blue and white squares correspond to the
existence of sole skyrmions and ip domains without further spin objects, respectively.
Figure 5.24 reveals the importance of low M; values satisfying the condition 3poM? >
K, for stabilizing (anti-)skyrmions.

In order to get an understanding of how M; and K, affect the underlying spin texture,
additional micromagnetic simulations are performed. The simulations are carried out
with zero DMI and a constant film thickness of 62 nm. The starting spin configuration
for the simulations is an isolated Bloch skyrmion and an isolated antiskyrmion. Their
stability is probed at different applied oop fields between 0 and 125mT. The regions
where these spin objects are at least stable at one of the fields are marked by color in
Fig.5.24. The purple region marks the parameter range in which the initial antiskyrmion
stays stable. The blue region marks parameters in which the skyrmion is stable. The
underlying diagrams for specific fields are displayed in the appendix (Fig. A.15). It
is important to note that the simulations do not convey the possible formation path
of (anti-)skyrmions. This leads to stable skyrmions and antiskyrmions at very low
K, values, while experimentally, this parameter range leads to pure in-plane domains
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Figure 5.24: Phase diagram of antiskyrmions and skyrmions. The diagram includes
both experimental and simulation results depending on the uniaxial magnetic
anisotropy K, and saturation magnetization M. The squares correspond to LTEM
measurements that show antiskyrmions and skyrmions coexisting (purple), solely
skyrmions (blue), and no visible spin objects (white) and their K, and Ms values at
the measured temperature. The triangles are experimental data points reported by
Montoya et al. [128] obtained for similar Fe/Gd systems, which show exclusively
skyrmions. The colored areas of the diagram correspond to the parameter regions
in which skyrmions (blue) and antiskyrmions (purple) are stable in the simulations.
In the white regions, neither of them is stable. The dashed line shows K, = %yoMg.
The figure is also published in Ref. [426].

instead of stripe domains which are necessary to form the described spin objects (white
squares). The simulations reveal a pocket in the phase diagram at small K,, and Mg where
antiskyrmions are at least metastable. In agreement with the experiments, there is no
exclusive antiskyrmion phase. The simulations also show that various spin objects exist
if the magnetic shape anisotropy (39M?) is larger than Ky, (right side of the dashed line).
The simulation matches the experimental data very well, revealing a delicate balance
of interactions that is achieved for the samples by the insertion of Ir layers moving
the samples” parameters further to a novel phase region of metastable antiskyrmions.
By making use of a different composition of Fe/Gd layers and the introduction of Ir
insertion layers, the experiments show particularly low values for M and Ky, an aspect

of crucial importance.
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Figure 5.25: Micromagnetic simulations of the stability phase maps of an antiskyrmion and
a skyrmion at different magnetic parameters. The colored areas of the diagram
correspond to the parameter regions in which skyrmions (blue) and antiskyrmions
(purple) are stable in the simulations dependent on the DMI value D (a), exchange
stiffness constant A (b), and the thickness ¢ (c) against the saturation magnetization
M;. In the white regions, neither of them is stable. The purple square represents the
experimentally observed coexisting antiskyrmions and skyrmions in the range of
the given parameters.

For different thicknesses, exchange stiffness constants, and DMI values, additional
simulations are conducted (Fig. 5.25), showing only a minor impact on the formation
and stability of the spin objects in the analyzed parameter range. However, for DMI
values greater than 0.2 m]/m? antiskyrmions no longer exist, and skyrmions dominate.
Figure 5.25 shows that the other magnetic values also lie in the right regime where
antiskyrmions can be nucleated and stabilized. The purple square corresponds to the
experimental measurement of [Fe/Ir/Gd]s/[Fe/Gd]70/[Fe/Ir/Gd]s at 100 K, which
showed coexisting skyrmions and antiskyrmions. Figure 5.25 a shows that a DMI value
higher than D = 0.2m]/m? leads to a system where the antiskyrmion is no longer
a stable configuration, and skyrmions dominate. Additionally, exchange interactions
influence the window of stable antiskyrmions, as shown in Fig. 5.25b. Increasing M;
values need also a larger exchange stiffness constants A to stabilize antiskyrmions. These
simulations have been performed without DMI and an uniaxial magnetic anisotropy
constant K, = 22kJ/m3 is used. To show that the total thickness of the investigated
samples does not influence the stability of the antiskyrmions, the thickness of the
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magnetic material is varied together with M (Fig.5.25 c). Further material parameters
are chosen as A = 6pJ/m, D = O0mJ/m?, and K, = 22kJ/m3. It is evident that the
thickness in the simulated and fabricated range does not lead to any deviations from the
described antiskyrmion recipe.

5.3.9 Fe/Gd Multilayers with Different Insertion Layers

In order to further investigate the influence of the Ir insertion layers on the Fe/Gd
MLs, additional layer stacks with modified insertion layer positions, thicknesses, and
materials are studied. Six different layer stacks are fabricated, and the measured M-H
oop and ip hysteresis loops of the MLs are displayed for temperatures between 50 and
350K in Fig.5.26. Please note that these samples are not directly comparable to the
samples investigated before because they are not part of the same deposition run.

The sample displayed in Fig.5.26a and b has the same amount of Ir insertion
layers as [Fe/Ir/Gd]s/[Fe/Gd]zs/[Fe/Ir/Gd]s. However, their Ir layers are distributed
homogeneously over the whole sample thickness. The sample of Fig.5.26 c and d has
a change in the order of the underlying trilayer of the ML. Here, Fe is deposited on
top of the Ir layer and Gd on top of the Fe layer. Figure5.26 e and f display loops of
a sample with three times the thickness of Ir (0.6 nm) in comparison to the thickness
of previous Ir layers (0.2 nm). These three samples with Ir insertion layers behave all
relatively similarly and show openings close to their saturation at different fields and
temperatures. Due to the similar M values and shapes of the loops in Fig.5.26 a and b in
comparison to Fig.5.15 e and f, no direct magnetic difference for a different distribution
of the Ir insertion layers can be found. However, the order of the individual layers plays
a significant role, which is apparent in direct comparison to Fig.5.26 c and d. More
magnetization is induced in Ir grown on top of Fe than beneath it. Therefore, the sample
of Fig.5.26 a and b exhibits a larger M value than the sample of Fig.5.26 c and d. The
influence of the stacking order of Fe/Ir is described in more detail in Ref.[554]. It is
also evident that thicker Ir layers in Fig. 5.26 e and f lead to a larger induced moment by
the adjacent Fe layer and therefore to a smaller M; in the Gd dominant ML. For these
thin individual layers, an increased induced moment with an increase in thickness is
expected due to direct ferromagnetic interaction [554, 555].

Figure 5.26 g-1 shows samples with Pt, Cu, or Al as insertion layers. Please note that
the magnetization scale of the samples with Cu and Al is different from the sample
with Pt insertion layers. While Pt displays similar properties as Ir as an insertion layer,
Cu and Al lead to no reduction in the M values. This can be explained by the strong
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Figure 5.26: Hysteresis loops of Fe/Gd multilayers with different insertion layer positions,
thicknesses, and materials. M-H hysteresis loops of a layer stack with
homogeneously distributed Ir layers (a, b), Ir layers at the bottom of the underlying
trilayer (c, d), Ir layers with three times the thickness (0.6 nm) (e, f), Pt insertion
layers (g, h), Cu insertion layers (i, j), and Al insertion layers (k, I).

spin-orbit coupling of Ir and Pt, which is absent in Cu and Al. However, Cu and Al still
exhibit induced moment due to the proximity effect, although it is typically comparably
small [556, 557].

Exemplary LTEM images of the samples with Pt and Al insertion layers are displayed
in Fig. A.9. The spin texture of the sample with Cu shows a nearly identical behavior
as the Al sample and is therefore not shown. The RT measurements show coexisting
antiskyrmions and skyrmions in the sample with Pt and only skyrmions and bubbles
in the sample with Al insertion layers. This observation confirms the antiskyrmion

recipe of the previous subsection (Fig. 5.24). Under the assumption that the magnetic
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parameters, like exchange stiffness and DMI, are comparable, only samples with Mg
values roughly beneath 300 kA /m can stabilize antiskyrmions (Fig. 5.24), which is not
the case for the sample with Al insertion layers (Fig.5.26k, 1).

5.3.10 Conclusion about Antiskyrmions in Fe/Gd-Based Multilayers

This section demonstrates the possibility of stabilizing antiskyrmions primarily by
dipole-dipole interaction at RT. For the first time, second-order antiskyrmions are
experimentally observed, and first-order antiskyrmions are stabilized outside of Dyg
Heusler or 54 schreibersite compounds. The novel spin objects are imaged by LTEM and
coexist in Fe/Gd-based multilayers together with Bloch skyrmions and topological trivial
type-2 bubbles. Phase diagrams of the spin objects are created in dependence on the oop
magnetic field, temperature, saturation magnetization, and uniaxial magnetic anisotropy.
Micromagnetic simulations confirmed the phase pocket of metastable antiskyrmions for
low saturation magnetization and uniaxial magnetic anisotropy values satisfying the
condition 319M? > K. The phase pocket is confirmed for Fe/Gd MLs and Fe/Gd MLs
modified by Ir and Pt insertion layers. Further, the nucleation process of antiskyrmions
reveals the necessity of a crossing point of three magnetic stripe domains to form
an isolated antiskyrmion with an oop magnetic field. This discovery significantly
simplifies future investigations of antiskyrmions. Additionally, the coexisting phases of
different topologically protected spin objects provide great potential for further studies
on quasi-particle interactions, spin dynamics, as well as for possible future applications

in spintronics.

5.4 Comparison between Different Imaging Techniques

Up until now, the spin textures of this chapter are only imaged by LTEM in the Fresnel
mode. However, there are other imaging options with their own advantages and
disadvantages, which are presented in this section by exemplary measurements of
Fe/Gd-based MLs. The different techniques are already introduced in Sec. 3.3.

5.4.1 Imaging of Spin Textures by Magnetic Force Microscopy

First, magnetic force microscopy (MFM) is presented as an imaging technique for the
previously described spin textures. Figure 5.27 displays a comparison between LTEM
in the Fresnel mode (a-d) and MFM (e-h) of [Fe(0.35)/Gd(0.40)]12¢ at RT. The MFM

measurements are carried out at the University of Augsburg with a Bruker Dimension
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Figure 5.27: Comparison between ambient MFM and LTEM Fresnel imaging. LTEM images
of [Fe(0.35)/Gd(0.40)]129 at RT and at different applied oop magnetic fields (a-d).
MEFM images of the same sample also at RT and at different applied oop magnetic
fields (e-h).

FastScan microscope under ambient conditions. This system has no built-in option to
apply magnetic fields. Therefore, permanent magnets and spacers are used. To change
the applied magnetic field, the measurement is stopped, and the setup is modified with
other magnets or spacers. Hence, the measured areas of the MFM images differ. This
makes it impossible to image continuous transformations of certain spin textures with
changing magnetic fields. Further, MFM visualizes the stray fields at the surface of the
magnetic sample. Therefore, only contrast between different magnetic oop components
or ip divergences of the magnetization is detectable. Hence, a stripe pattern is visible, but
the different chiralities of the stripes are not (Fig.5.27 e-g). In a direct comparison, it is
evident that the periodicity of the MFM stripes agrees very well with the larger black and
white stripes of the LTEM images (Fig. 5.27 a, b). Similarly, the contrast in Fig.5.27 g and h
reveals round magnetic objects without any further ip information. While the stray field
of Bloch skyrmions and bubbles theoretically differs (Fig.5.28 b, c), the resolution of the
shown measurements is not able to resolve these small variations. The direct comparison
to the LTEM images in Fig. 5.27 c and d reveals that Bloch skyrmions and bubbles can
coexist in this sample in the measured state. However, they are not distinguishable by
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the shown MFM measurements, and therefore no statement can be made about which
kinds of spin objects are depicted in Fig.5.27 g and h. Another significant difference
between the MFM and LTEM measurements is the necessary strength of the magnetic
tield to achieve certain spin texture states. While a skyrmion bubble lattice is achieved
at around 260 mT in the LTEM measurement, only 160 mT are necessary during the
MFM measurement. There are multiple possible reasons for this discrepancy. On the
one hand, the measurement temperatures differ. While both measurements are carried
out at ambient temperatures, a difference of up to 10K can occur. The large temperature
influence on the magnetic properties of these samples was already discussed in the
previous sections. On the other hand, the measurements of the magnetic field and
its calibration could be incorrect to a certain degree. Also, while both samples were
deposited during the same sputter run, their substrate, as well as their position inside the
sputter chamber, differ. Therefore, the samples could show slightly different magnetic
properties. Further, the LTEM SiN membrane and its morphology make a difference,
which is further investigated in Sec. 5.5.3.

Overall, ambient MFM can be used as a fast and comparably cheap way to obtain
first information about the domain morphology of a sample and the possible existence
of spin objects. However, it can not replace LTEM due to its lack of information about
the ip magnetization components.

Next, a high-resolution MFM at the EMPA in Switzerland is used to image the
different spin objects in [Fe/Ir/Gd].o/[Fe/Gd]eo/[Fe/Ir/Gd]o. In Fig. 5.28 a the result
of a RT measurement at an applied oop magnetic field of 46 mT is shown. The equivalent
LTEM measurements of this sample with different oop fields at RT are shown in
Fig. A.7 a-d. Figure5.28b-d display three different measured zoomed-in spin objects
(I), the simulated oop stray fields taken at 9nm above the sample surface (II), and the
underlying theoretical spin textures (III). In Fig. 5.28 b-d I1I, the arrows and their color
depict the directions of the ip components, with their sizes displaying the strengths. The
agreement between the simulated oop stray field and the measured contrast confirms
the distinguishability of Bloch skyrmions, type-2 bubbles, and first-order antiskyrmions
with high-resolution MFM. Please note that the rotation direction of Bloch skyrmions
can not be determined by MFM.

In summary, high-resolution MFM is a suitable tool to image and differentiate
dipolar-stabilized spin objects. The imaging of skyrmions with MFM is quite common
[165, 558]. However, the differentiation of different types of skyrmions and spin objects
is difficult and only possible due to the relatively large sizes of the presented spin objects
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Figure 5.28: Spin objects imaged by high-resolution MFM. High-resolution MFM image of
[Fe/Ir/Gd]1o/[Fe/Gd]go/[Fe/Ir/Gd] g with an applied oop magnetic field Hoop of
46mT at T = 300K (a). b-d, I) display the measured zoomed-in spin objects. b-d, II)
show the simulated oop stray fields taken at 9 nm above the sample surface caused
by the theoretical spin textures shown in b-d, III). In b-d, III) the arrows and their
color depict the directions of the ip components, with their sizes displaying the
strengths. Bloch skyrmion (b), type-2 bubble (c), and first-order antiskyrmion (d).

in comparison to DMI skyrmions with radii below 100 nm. While high-resolution MFM
imaging is not necessarily less work-intensive than LTEM imaging, it represents a great
alternative. This applies in particular if the deposition on a membrane is not an option
or in situ contacting during the measurement is required. Additionally, MFM is sensitive
to the moments at the surface of the sample, while LTEM provides information from the
superposition of all moments along its thickness. This is particularly interesting if the
spin texture is inhomogeneous along the thickness. Therefore, a combination of LTEM
and high-resolution MFM provides a possible way to image 3D spin textures to a certain
extent. A similar method of combining surface and transmission imaging tools was used

to confirm the existence of hopfions [156].

5.4.2 Imaging with Different Lorentz Transmission Electron Microscope
Techniques

Additionally to the Fresnel mode, LTEM offers multiple other modes and techniques
to image magnetic textures, as presented in Sec.3.3.3. The most prominently used
technique is the creation of magnetic induction maps with Fresnel images.
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Figure 5.29: Exemplary magnetic induction maps and the underlying LTEM Fresnel images
at different magnetic fields. LTEM Fresnel images of [Fe/Ir/Gd]y/[Fe/Gdls/
[Fe/Ir/Gd]yg in an overfocus of 3 mm (a) and an underfocus of -3mm (b) at an
applied oop magnetic field of 0mT (I), 25 mT (II), and 30 mT (III). Zoomed-in images
of a counterclockwise skyrmion (IV) and antiskyrmion (V). c) shows the resulting
color coded induction maps.
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Here, a series of Fresnel LTEM images at different focal lengths are used to calculate
magnetic induction maps by the transport of intensity equation. Figure 5.29 displays the
magnetic induction map and its underlying LTEM images of [Fe/Ir/Gd]/[Fe/Gd]s/
[Fe/Ir/Gd]y at the two different defocus values of Af = +3 and -3mm at RT and
different applied oop magnetic fields. An additional image in focus is used to filter
contrast caused by structural features (not shown). Please note that images with
additional defocus values can improve the quality of the resulting induction map.
However, all images need to be precisely aligned with one another, which is challenging
due to shifts in the imaged area, rotation, and magnification with different defocus
values. Figure 5.29 a and b are identical besides the inverted contrasts. Panels I-III are all
taken from slightly different areas of the sample. PanelIV and V show the zoomed-in
image of a counterclockwise skyrmion and an antiskyrmion, respectively. The resulting
induction maps in Fig. 5.29 c use a color code to indicate the direction of their ip magnetic
components. The ip direction corresponds to the position of a given color in the color
wheel in the bottom right corner of panell. In panelll, a skyrmion is visible in the
bottom right corner. Additionally, smaller round objects with a similar color gradient
are observed. They are artifacts caused by structural inhomogeneities or contaminations.
The broadening of the stripe in the middle of panel Il originates from a slight movement
of the stripe while the focus was changed. The coexisting skyrmion and antiskyrmion
in panel Il are also imaged and zoomed-in in panelIV and V, respectively. While the
counterclockwise Bloch type of the skyrmion is clearly visible in the induction map, the
imaged ip components of the antiskyrmion are less conclusive. Here, the underlying
resolution limit of the Fresnel mode (Sec. 3.3.3), as well as the small magnetic signal of
the sample, take their toll.

However, the advantage of the depiction of LTEM images as induction maps is
clear: the ip moments are directly visualized, and there is no need to interpret a certain
pattern of contrast. However, more than double the amount of data needs to be captured
and analyzed in comparison to pure Fresnel images. Further, the sample needs to be
magnetically stable and show no domain changes while the focus values are changed.

Another option to directly image the ip magnetic moments with TEM is the
differential phase contrast (DPC) mode (Sec. 3.3.3). Figure 5.30 shows a Fresnel LTEM
image (a) and a image captured in the DPC mode (b) of [Fe(0.35)/Gd(0.40)]g at RT and
zero field in a direct comparison. The colors of the DPC image depict the ip magnetic
components direction and correspond to the color wheel in the top right. All stripes in
the shown images exhibit one chirality, which is evident in both images. While, in theory,
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a) LTEM Fresnel mode b) LTEM DPC mode ,
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Figure 5.30: Magnetic stripe domains visualized by the differential phase contrast mode in
comparison to the LTEM Fresnel mode. Stripe domains of [Fe(0.35/Gd(0.40)]so
imaged by LTEM in the Fresnel mode (a). The same area imaged by the differential
phase contrast mode (DPC) (b). The colors depict the ip magnetic components
direction corresponding to the color wheel.

DPC provides one order of magnitude better resolution than the Fresnel mode [242],
DPC fails to probably image the presented sample due to the structural inhomogeneities.
In general, DPC is better suited for monocrystalline samples [559]. Other disadvantages
of DPC are the long measuring times and large amounts of created data, especially in
comparison to the Fresnel mode.

5.5 Influence of an In-Plane Magnetic Field on Spin Textures

In 2020, J. Jena et al. demonstrated the coexistence of antiskyrmions and skyrmions
in D4 symmetry systems and, with it, the importance of ip fields to nucleate specific
spin objects [140]. In the same year, Peng et al. showed the controlled transformation of
antiskyrmions, skyrmions, and bubbles with ip fields in a similar system [141]. Further,
Je et al. demonstrated the controlled nucleation of bubble or skyrmion lattices by an
applied ip field in Fe/Gd MLs [560].

Hence, an ip magnetic field is a promising instrument to manipulate and transform
coexisting spin objects, which is further investigated for Fe/Gd MLs with Ir insertion
layers in this section. In particular, three samples are used: [Fe/Ir/Gd]y/[Fe/Gdls/
[Fe/Ir/Gd]po, which was previously discussed in Sec. 5.3, and two not-yet-discussed
[Fe/Ir/Gd(tcq)ls/[Fe/Gd(tca)l7o/ [Fe/Ir/Gd(tgq)ls samples with tgq =0.40 and 0.45 nm,
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Figure 5.31: Influence of an in-plane magnetic field on the magnetic textures. LTEM images
of [Fe/Ir/Gd(0.4)]5/[Fe/Gd(0.4)]70/[Fe/Ir/Gd(0.4)]5 at different ip and oop fields
at RT. The oop field component Hoop is decreasing with increasing tilt angle, while
the ip field component Hjp, is increasing (a-c). The corresponding tilt angles are
10° (a), 15° (b) and 20 ° (c). Spin textures without a chirality align with the ip field,
while textures with a chirality shrink down or are relatively unaffected.

which do not exhibit antiskyrmions due to their too large saturation magnetization. The
exact composition and sputter parameters can be found in Sec. A.4. Please note that these
samples stem from a different deposition series and are therefore not directly comparable
to the previous samples with the same or similar compositions. M-H hysteresis loops
and LTEM measurements without an ip field of the new samples can be found in the
appendix in Fig. A.1 and Fig. A.10, respectively.

Figure5.31 shows the influence of an ip magnetic field on the different stripe
domains and spin objects in [Fe/Ir/Gd(0.4)]5/[Fe/Gd(0.4)]70/[Fe/Ir/Gd(0.4)]5. The
measurement is carried out at RT, and the effective oop and ip magnetic fields are
changed between Fig.5.31a, b, and c by tilting the sample holder. Generally, the oop
tield component decreases with an increasing tilt angle, while the ip field component
increases. Figure5.31 a, b, and c correspond to tilting angles of 10, 15, and 20°.

At low ip fields and tilt angles, no change to the initial spin texture state is visible.
Stripe domains with and without chirality, Bloch skyrmions, and bubbles coexist
(Fig.5.31a). If the ip field component is further increased, additional stripe domains
without a chirality nucleate, while stripes with a chirality shrink in size (Fig.5.31b,
). Bubbles orientate with the field or grow to stripes without a chirality. Generally,
stripes without a chirality align with the ip field, while stripes with a chirality do not.
Skyrmions seem to be not affected by the applied ip fields. The different responses of spin
textures with or without chiralities can be explained by their spin configurations. Spin
textures without a chirality have a direction in which the majority of ip magnetization
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components point, while textures with a chirality do not have that. Therefore, the
Zeeman energy is only decreased for correctly aligned spin textures without a chirality
and does not change for differently aligned spin textures with a chirality. It has to be
noted that due to the simultaneous change in the oop and ip magnetic field components,
the changes in the spin textures can not necessarily be attributed to one or the other.
However, changes in the orientation of the different spin textures can solely be attributed
to the ip field. The ip rotation of stripe domains without a chirality depending on the
various energy contributions was previously studied for 65-nm-thick FeGa samples
in Ref. [561]. Generally, the sensitivity of a sample with respect to an ip field can be
identified by the ip M-H hysteresis loop and its slope.

The measurements in the following subsections use a constant oop field while the ip
field is varied. This can be achieved by increasing the applied magnetic field accordingly
to the tilt angle to counterbalance the reduction of the oop field component.

5.5.1 Transformation of Spin Objects by an In-Plane Magnetic Field

Next, the influence of an ip magnetic field on the different spin objects is investigated, in
particular, the stability ranges at a constant oop field and an increasing ip field.

Figure 5.32 a shows coexisting skyrmions and an antiskyrmion in [Fe/Ir/Gd]y/
[Fe/Gd]4o/[Fe/Ir/Gd]y at RT and an applied oop magnetic field of 31 mT. Here, the
antiskyrmion stays stable up to an ip field of 11 mT. At this field it transforms to a bubble
(Fig.5.32b). The observed Bloch skyrmions transform to bubbles at an ip field of 26 mT

“ccw.Bloch
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*. -antiskyrmion bubble

cw Bloch
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HoHip =0 mT 1um | Hottp =11 mT
uOHoop = 31 mT — IJOHOOp = 31 mT

Figure 5.32: Influence of an in-plane magnetic field on different spin objects. LTEM images
of [Fe/Ir/Gdly/[Fe/Gd]ag/[Fe/Ir/Gd]yg at different ip and oop fields at RT.
Antiskyrmions and skyrmions are coexisting (a). At an ip field of 11mT the
antiskyrmion transforms to a bubble (b). At 26 mT all spin objects have transformed
to bubbles, which are aligned with the ip field (c).
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Figure 5.33: Quantity of the different spin objects dependent on the applied in-plane
magnetic field. Quantity of skyrmions, bubbles, and antiskyrmions
Q against the increasing ip field Hj, of two measurement series of
[Fe/Ir/Gdly/[Fe/Gd]ag/[Fe/Ir/Gd]yg at a constant oop field of 31 mT at RT (a).
The sum of the number of antiskyrmions and bubbles of both series is fitted by a
Boltzmann function with a center at 11 mT. The number of skyrmions stays constant
in the shown field range illustrated by the linear fit. The quantity of skyrmions and
bubbles of [Fe/Ir/Gd(0.4)]5/[Fe/Gd(0.4)]70/[Fe/Ir/Gd(0.4)]5 against the increasing
ip field at a constant oop field of 160 mT at RT (b). The transition from skyrmions to
bubbles happens here at 75 mT.

(Fig.5.32¢c). All bubbles are aligned with the ip field in this state.

To quantify these transitions, multiple ip field sweeps are carried out, and the
existence ranges of the different spin objects are tracked. For the sample [Fe/Ir/Gd]/
[Fe/Gd]yo/[Fe/Ir/Gd]y two measurements are carried out with ip fields ranging
from 0 to 13mT and 0 to 20mT at RT. The oop field is fixed at 31 mT. The number of
skyrmions, bubbles, and antiskyrmions is tracked and plotted in Fig. 5.33 a. Analogously,
the number of skyrmions and bubbles is counted in [Fe/Ir/Gd(0.4)]5s/[Fe/Gd(0.4)]70/
[Fe/Ir/Gd(0.4)]5 for three increasing ip field sweeps and a fixed oop field of 160 mT
at RT (Fig.5.33b). The increase or decrease in the number of spin objects is fitted by a
Boltzmann fit. Figure 5.33 a confirms the observation in Fig.5.32. The antiskyrmions
transform to bubbles at approximately 11 mT, while the skyrmions stay stable up to
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fields larger than 20 mT. Figure 5.33 b shows a similar behavior for the transformation of
skyrmions to bubbles. Here, the transition happens at around 75mT. At ip fields above
100mT the film saturates in the ip direction of the field (Fig. A.1b).

Summarizing the stability ranges of the spin objects, topologically trivial bubbles are
the preferred state at large ip fields. Skyrmions are more resilient to an ip magnetic field
than antiskyrmions and therefore transform to bubbles at a larger ip field. Contradicting
to Ref.[141], no transformation to skyrmions or antiskyrmions could be achieved
consistently. The reason for this is that bubbles represent a stable state in the presented
system. In Ref. [141] bubbles are only stable under an applied ip field and can therefore
be exploited as a transitory spin configuration between skyrmions and antiskyrmions.

5.5.2 Rotation and Deformation of Spin Objects by an In-Plane Magnetic
Field

Spin objects are also affected by the ip field before they transform to a different state.
These early deformations and reorientations are studied in this subsection.

Figure 5.34 shows the rotation of existing bubbles with an increasing ip field in
[Fe/Ir/Gd(0.4)]5/[Fe/Gd(0.4)]70/[Fe/Ir/Gd(0.4)]5 at RT and an applied oop magnetic
field of 165 mT. The bubbles continuously rotate from a seemingly random orientation to
the direction of the ip field without any significant changes in their size. The skyrmions
are not affected in this field range. After the ip field is removed, the bubbles stay in their

new orientation. It is, therefore, possible to selectively control the orientation of bubbles

HoHip =0 mT
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Figure 5.34: Influence of an in-plane magnetic field on the type-2 bubble orientation. LTEM
images of [Fe/Ir/Gd(0.4)]5/[Fe/Gd(0.4)]70/[Fe/Ir/Gd(0.4)]5 at different ip fields
and at RT. The oop field is fixed at 165 mT. The bubbles align with the increasing ip
field. Skyrmions seem to be unaffected.
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with ip fields.

Next, the spin objects are investigated in more detail right before they are transformed
by the ip field. Thus, a zoomed-in image in this state is displayed in Fig. 5.35 panel IV.
The underlying spin object is shown as the theoretical in-plane components of the spin
configuration in panelI. The theoretical deformation of the spin object by an ip field is
displayed in panel Il together with the resulting simulated LTEM contrast in panel III.
The experimental and simulated results (panel IV, III) agree very well.

Figure 5.35a and b display the deformation of Bloch skyrmions. The experimental
data stems from [Fe/Ir/Gd(0.4)]s/[Fe/Gd(0.4)]70/[Fe/Ir/Gd(0.4)]5 at an oop and ip field
of 160 and 60 mT, respectively. The area of the skyrmion whose ip components pointing
in the direction of the ip field H;, grows, which pushes the center of the skyrmion to the
side and elongates the skyrmion in the direction of Hj, (Fig.5.35a, b, II). This can also be
seen in the contrast images in panel III and IV. A similar elongation of the skyrmion size
with ip fields was simulated and experimentally observed for Bloch skyrmions [562]
and for Néel skyrmions [563].

Figure 5.35c shows the effect on bubbles compared to the experimental data of
[Fe/Ir/Gd(0.4)]5/[Fe/Gd(0.4)]70/[Fe/Ir/Gd(0.4)]5 at an oop and ip field of 160 and
90 mT, respectively. The orientation of the bubble is chosen to be in the direction of Hip,
due to the reorientation of bubbles with Hj, at much smaller fields (Fig. 5.34). Here, the
ip field also leads to an elongation of the bubble in the field direction, while the basic
magnetic configuration stays the same.

Finally, the influence of an ip field on antiskyrmions is investigated in Fig.5.35d.
A LTEM image of [Fe/Ir/Gd]yo/[Fe/Gd]so/[Fe/Ir/Gd]yg is shown in panel IV at an
oop and ip field of 31 and 13 mT, respectively. Again, the ip field increases the region’s
size with the same orientation (panelIl). Therefore, the contrast of the left side of the
antiskyrmion is washed out and enlarged, while the right side is relatively unaffected.

It is important to note that all the shown deformations in Fig. 5.35 are fully reversible
in contrast to the reorientations of the bubbles in Fig. 5.34. Additionally to the reported
studies on the deformation of skyrmions by ip magnetic fields [562, 563], the deformation
of skyrmions by strain, due to the corresponding change in the anisotropy contributions,
was previously studied [564], as well as the deformations during the current-driven
motion of skyrmions [565-567]. The change of skyrmions from their circular shape is a
characteristic feature used to analyze their stability [565].
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Figure 5.35: Influence of an in-plane magnetic field on the moment configuration of the
different spin objects. A counterclockwise Bloch skyrmion (a), a clockwise Bloch
skyrmion (b), a bubble (c), and an antiskyrmions (d) are shown. The initial
theoretical ip spin configuration (panels ) is influenced by an ip magnetic field Hjp, in
panelIl. The arrows and their color depict the directions of the ip components, with
their sizes displaying the strengths. Panels III display the simulated and panels IV
the experimentally observed contrast of the different spin objects imaged by LTEM
and deformed by an ip field.
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Furthermore, it was shown that the maximum skyrmion velocity is limited by the
skyrmion surface tension and deformation [567]. Therefore, studies on this property are
crucial for future applications like the racetrack memory.

5.5.3 Influence of the Surface Morphology of the Membrane

Now that the effects of an ip magnetic field are better understood, another phenomenon
of the LTEM images can be investigated: the inhomogeneity of the spin textures
throughout the investigated membranes.

Figure5.36a displays such differences in the type of spin textures depending
on the location on the membrane. This LTEM measurement of [Fe/Ir/Gd(0.45)]5/
[Fe/Gd(0.45)]70/[Fe/Ir/Gd(0.45)]5 is carried out at zero field, a tilt angle of -1.4°, and at
RT after it was saturated with an oop field of above 600 mT. While the top area mostly
exhibits maze-like stripes with chiralities, the bottom area shows more parallel stripes
without a chirality. If the membrane is tilted to 0°, saturated, and measured at zero
tield, the areas of the different stripe types shift (Fig.5.36b). Please note that it has been
ensured that the sample is imaged in the eucentric height, and therefore the imaged
areas of Fig. 5.36 a-c are identical, although different tilt angles are used. If the procedure
is repeated for a tilt angle of +1.4°, the stripe types shift even further away from their
initial position (Fig.5.36 c). As discussed at the beginning of this section, stripes without
a chirality are energetically most favorable if their orientation is along potential ip
magnetic field components. Thus, it can be concluded from the observations in Fig. 5.36

that the applied magnetic field exhibits different ip field components for different areas

Figure 5.36: Inhomogeneity of spin textures dependent on the tilt angle. LTEM images
measured at RT without an applied magnetic field. The images are captured after
being saturated at a -1.4° (a), 0° (b), or +1.4° (c) tilt angle.
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Figure 5.37: Images and information of the membrane morphology. Optical microscopy
measurements show the nine membranes of a LTEM sample of [Fe/Ir/Gd(0.45)]5/
[Fe/Gd(0.45)]79/[Fe/Ir/Gd(0.45)]5 (a, b). The height profiles of window A, B, and
C are measured with a laser microscope (c-e). The histogram of the occurring tilt
angles 3 of the membrane surface display a Gaussian distribution with a maximum
around 7°.

of the membrane, which can be manipulated by the tilt angle. Therefore, the membrane
seems to be not flat and shows distortion angles in the range of a few degrees.

In order to further investigate this phenomenon, optical and laser microscopy
is utilized in Fig.5.37. A typical sample is made up of nine membrane windows
with an area of 100um x 100pm. An image of these nine windows of a LTEM
sample of [Fe/Ir/Gd(0.45)]5/[Fe/Gd(0.45)]70/[Fe/Ir/Gd(0.45)]5 is shown in Fig.5.37 a.
The height profiles of windows A, B, and C are closer investigated in the following.
Figure 5.37b shows an enlarged section. Here, the membrane windows clearly exhibit
some morphology. To quantify this, laser microscopy measurements are used. The
results of the three windows A, B, and C are displayed in Fig.5.37 c-e. Please note
that the z-axis is scaled differently from the x- and y-axes. All three membranes show
a maximum height difference of approximately 3 um. The resulting tilt angles § are
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Figure 5.38: Spin textures correlating with the membrane morphology. Stitched large scale
LTEM image of window A (a) and B (b) of [Fe/Ir/Gd(0.45)]5/[Fe/Gd(0.45)]70/
[Fe/Ir/Gd(0.45)]5 at zero field and RT after being saturated at a tilt angle of zero.
The superimposed colors depict the direction of the tilt and their intensity the size
of the tilt angle.

calculated from the gradient of the surface and plotted as a histogram in Fig.5.37f.
While the maximum of the histogram at 0° stems mostly from the area surrounding the
membrane and can be ignored, the Gaussian distribution of the angle g has its maximum

around 7°.

Due to the large magnification of the LTEM, which is for the shown images usually
around x4000, the influence of the membrane morphology at a grander scale is hardly
visible. On the other hand, measurements with much smaller magnifications are
unable to image the spin textures. Therefore, a multitude of LTEM images is stitched
together to create a better overview of the whole membrane’s domain morphology. The
images are captured at zero field and RT after the sample is saturated at a tilt angle
of zero. Figure 5.38 displays a sector of these stitched LTEM images together with the
superimposed information about the tilt angles of the membranes. The colors depict the
direction of the tilt and their intensity, the size of the tilt angle. Figure 5.38 a and b show
window A and B of the [Fe/Ir/Gd(0.45)]5/[Fe/Gd(0.45)]70/[Fe/Ir/Gd(0.45)]5 sample,
respectively. It is clearly visible that the stripes without a chirality align with the local
tilt of the membrane. Due to the nearly perfect agreement of the tilt direction and the
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alignment of the stripes, possible differences in the local anisotropy due to strain can
be ruled out as a cause for the inhomogeneity of the spin textures. Also, stripes with
chiralities exist preferably in areas with no or small tilt angles.

The strong effect of the domain morphology explains retrospectively the large
difference between the MFM and LTEM measurements in Sec. 5.4. The samples measured
with MFM have a rigid Si/SiO, substrate and, therefore, no deformation of the surface.
Further, the cause of the clearly defined areas of skyrmion and bubble lattices in Sec. 5.2.4
is now known. It has to be noted that the shown M-H hysteresis loops in this work are
all measured on Si/SiO, substrate samples and therefore do not show the influence of
the membrane morphology.

The cause of the deformation of the membrane is its thinness of 30nm and
the elastic stress induced by the deposited film, which is in the range of 60-80 nm.
Thicker membranes could solve this problem at the expense of contrast of the LTEM
measurements. Other options include a change in seed layers and/or deposition

parameters.

5.6 Post-Deposition Anisotropy Engineering

In this chapter, a variety of spin objects and their host systems were presented. While
the possible nucleation points could be predicted from their domain morphology at
zero field (Sec.5.3.7), a controlled and reproducible creation of certain skyrmion types at
certain spots is not achieved. Having defined nucleation centers for spin objects on a
sample is crucial for most applications as well as for statistical studies on them. It was
shown that the magnetic anisotropy is one crucial parameter to control the nucleation
and stability of skyrmions. Therefore, this section presents some first results on local
anisotropy engineering to locally control the nucleation of spin objects.

One way to influence the magnetic anisotropy ex-situ is ion radiation (Sec. 3.1.2).
It was shown that this method is suitable to locally control the magnetic properties of
systems [568]. Therefore, [Fe(0.35)/Gd(0.45)]sp samples are irradiated with different
doses of He™ ions. Figure 5.39 shows MFM (a-d) and corresponding oop and ip M-H
hysteresis measurements (e-h) before (a, e) and after irradiation with a dose of 1 -
10 at/cm? (b, f), 3- 10" at/cm? (c, g), and 2 - 10%° at/cm? (d, h). While the effects of
the two lower doses (Fig.5.39b/f, ¢/g) are relatively minor in comparison to the initial
state (Fig.5.39a/e), the largest dose leads to a loss of nearly all PMA. This is evident
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Figure 5.39: Hysteresis loops and MFM measurements depending on ion irradiation doses.
MEFM measurements at zero field and RT before (a) and after irradiation with certain
doses (b-d). Corresponding oop and ip M-H hysteresis loops (e-h).

by the change from a maze stripe domain pattern (Fig. 5.39 a-c) to one dark and bright
line, which is the typical phenotype of an ip domain wall (Fig.5.39d). Accordingly,
the anisotropy field of the oop hysteresis loop increases drastically from Fig.5.39 g to
h, resulting in a magnetic ip easy axis due to the shape anisotropy. During this loss
of the oop magnetic anisotropy, the saturation magnetization of the sample shows no
significant change (Fig. 5.39 g, h). Similar results were reported on Co/Pt MLs [569]. The
ions induce intermixing between the individual layers and, therefore, reduce interface
magnetic anisotropy effects.

In the following, this controlled ex-situ reduction of the oop magnetic anisotropy is
used, together with irradiation masks, to achieve an artificially engineered anisotropy
pattern in the Fe/Gd MLs.

5.6.1 Patterning by Self-Assembled Nanospheres

One possibility to achieve an irradiation mask, which covers the whole sample and has
a hexagonal pattern with a similar scale as the observed skyrmion lattices (Sec.5.2.4), is
the use of self-assembled nanospheres. This method has been used in the past, together
with ion irradiation, to modulate the properties of magnetic films and imprint artificial
hexagonal patterns [570-572]. In 2016, an artificial dense lattice of magnetic bubbles was
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Topography Magnetic signal

Figure 5.40: MFM images after irradiation with different nanosphere masks. Topographic
and magnetic signal of MFM measurements in the as-deposited state (a,b) and after
irradiation and removing of the sphere mask with sphere diameters of 782nm (c, d),
425nm (e, f), and 196 nm (g, h).

created in Co/Pt MLs in this way [573].

Figure 5.40 shows MFM images of [Fe(0.35)/Gd(0.45)]sp samples in the as-deposited
state and after irradiation with a dose of 2 - 10'® at/cm?. While the sample in Fig.5.40a
and b had no nanosphere protection layer, the rest had a monolayer of nanospheres on
top with sphere diameters of 782nm (c, d), 425nm (e, f), and 196 nm (g, h). Both the
topographic (a, ¢, e, g) and the magnetic signal (b, d, f, h) of the MFM measurement of
the same area are displayed for every sample in Fig. 5.40. The as-deposited sample has
no significant topography or roughness (Fig. 5.40 a) and shows the typical stripe maze
domains in Fig. 5.40 b analogously to Fig.5.39 a.

The topographic signal of the samples with masks reveals the nanosphere pattern,
which was present during the irradiation process. Please note that the images are
measured after the nanosphere layer is removed. However, parts of the capping layer
are removed by the lift-off process, too. This is confirmed by the roughly 1-3nm deep
pattern (Fig.5.40¢, e, g).

In Fig. 5.40 d the domain morphology of the sample with 782 nm large nanospheres
shows shorter and more separated stripes in comparison to the initial domain pattern
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Figure 5.41: Irradiation with a nanosphere membrane mask and LTEM measurements of the
resulting patterned film. Illustration of the irradiation process with a nanosphere
membrane as a mask (a). LTEM images of the irradiated magnetic film at an applied
oop magnetic field of 0mT (b), 50mT (c), and 60 mT (d). The bottom right half was
covered by the nanosphere mask. In the top right corner remaining nanospheres are
visible.

of the sample (Fig.5.40b). As expected, stripe domains represent no stable state in the
irradiated areas. Therefore, the stripes are cut off every 782nm. Due to the relatively
large unaltered areas in comparison to the approximately 200 nm periodicity of the
stripes, stripes with a length of around 700 nm seem more favorable than round spin
objects in this state. The use of 425 nm-large nanospheres is the most promising approach
to achieve an artificial hexagonal skyrmion lattice (Fig. 5.40 f). Here, multiple isolated
round spin objects and stripes coexist. Hence, the spheres still seem to be a little bit
too large to achieve a pure artificial spin object pattern. It is important to note that the
existing round spin objects are stable without an applied oop magnetic field at RT. The
domain pattern of the 196 nm-large nanospheres in Fig.5.40 h is similar to Fig.5.40d.
The initial stripe pattern is separated and washed out. Due to the too small nanospheres
in comparison to the initial stripe periodicity, it is more comparable to a continuous
change of the magnetic properties than a local pattern of the film.

Figure 5.40 f proved that it is possible to achieve an artificial spin object pattern by ion
irradiation using a nanosphere-covered sample. However, a determination of the type of
spin object is not possible with the presented MFM measurements. LTEM measurements
would provide the ability to determine the type of the spin objects, as well as the
option to continuously apply magnetic fields for further investigations. However, the
lift-off process of the nanospheres described in Sec. 3.1.2 is not suited for the used TEM
membranes. Therefore, a different technique has to be developed, which still utilizes the

sphere monolayer as an irradiation mask. Instead of applying the nanospheres directly
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onto the magnetic film, a second TEM membrane is used. It is covered with the sphere
monolayer and put on top of the membrane with the magnetic film during irradiation.
The spheres of the mask membrane face the magnetic film to reduce shadow effects.
An illustration of this setup is given in Fig.5.41 a. Furthermore, simulations showed
that the transmission of a 30-nm-thick SiN membrane weakens the irradiation dose
only slightly. After the irradiation process, the mask membrane is removed, and the
membrane with the magnetic film is imaged by LTEM. Three of the resulting images of
[Fe(0.35)/Gd(0.45)]gp with a 425 nm nanosphere mask are shown in Fig5.41b-d. A few
of the nanospheres of the mask membrane are stuck to the magnetic film and are visible
in the top right corner of the three images. The imaged region was chosen because only
half the area was covered by the nanosphere mask. Hence, two very distinct regions
with different magnetic properties are visible. The bottom right corner was covered
with nanosphere, while the top left corner only had the insignificant protection of the
membrane without spheres. In Fig.5.41b the top left corner lost a significant portion
of its PMA anisotropy. It still shows stripe domains with a small periodicity and needs
much larger fields than the bottom part of the image to be saturated (Fig.5.41c, d). In
contrast, the bottom right is very similar to the initial state of the system (Fig.5.40b). At
50 mT skyrmions and bubbles are observable (Fig. 5.40 c¢) and at 80 mT the area saturates.
Besides the border between the two areas, no pattern from the nanospheres is visible.
The reason for this is the shadow effect, which results in a very small and spread-out
dose of irradiation, which affects the full magnetic film.

To prevent these shadow effects and achieve a hexagonal modulated film on TEM
membranes, radio frequency (RF)-plasma etching can be used to reduce the size of the
spheres on the mask membrane. Thereby smaller sphere sizes with the initial positions
and ordering can be achieved [572, 574, 575]. Further, studies on the dependency of the
type of the spin objects on the size of the spheres can be conducted by this technique.

5.6.2 Imprinting a Domain Pattern by a Focused Ion Beam

Another possibility to imprint artificial domain patterns by reducing the PMA is the use
of a focused ion beam (FIB). It was shown that focused gallium ion beam irradiation
can lead to structural and magnetic phase transitions in metastable FeNi thin films and
therefore changes in its magnetic anisotropy [576]. The possibility to create magnetic
patterns with continuous magnetization transition was also demonstrated. Analogously,
FIB was used to locally reduce the uniaxial magnetic anisotropy in Co/Pd MLs and
create artificial stripe domains [577]. Very recently, FIB was also utilized to create a
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Figure 5.42: Imprinted check pattern by focused ion beam irradiation. LTEM images of
[Fe/Ir/Gd]s5/[Fe/Gdlyg/[Fe/Ir/Gd]s in the as-deposited state at RT without a
magnetic field (a) and at 70 mT (b). Corresponding LTEM images of a check pattern
after irradiation of the same sample by a focused Ga* beam at RT, measured at 0 mT
(c) and 70 mT (d).

hexagonal grit of artificial skyrmion nucleation spots [578].

The first results of artificially imprinted magnetic patterns in [Fe/Ir/Gd(0.4)]5/
[Fe/Gd(0.4)]70/[Fe/Ir/Gd(0.4)]5 are shown in Fig. 5.42. Figure 5.42 a and b correspond to
the images in Fig. A.6 and show the sample before irradiation at 0 and 70 mT, respectively.
The images show a typical randomly orientated maze domain morphology without any
applied magnetic field (Fig. 5.42 a). With an applied opp field of 70 mT, (anti-)skyrmions
and stripes are visible (Fig.5.42b). In Fig. 5.42 c and d, a square pattern is irradiated on
the sample by a small dose of Ga™ ions. After irradiation, the domains align with the
pattern at zero field (Fig.5.42 c). In Fig. 5.42 d, the density of spin objects with an applied
tield is greatly increased in comparison to Fig.5.42b. Additionally, bubbles exist now at

the corners of the pattern.

5.7 Summary and Outlook in Context of Future Experiments

and Applications

First, the existence of Bloch skyrmions and bubbles in Fe/Gd MLs was demonstrated
(Sec.5.2). The observation of Montoya et al. [128] could be confirmed: the saturation
magnetization and magnetic anisotropy values are crucial parameters for the stabilization
of dipolar-stabilized Bloch skyrmions, and a delicate balance needs to be adjusted to
stabilize individual skyrmions or skyrmion lattices. The skyrmion lattice state was

demonstrated for two different sample compositions.
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The modification of the Fe/Gd ML with different insertion layers leads to the
stabilization of first- and second-order antiskyrmions primarily by dipole-dipole
interaction (Sec.5.3). This was the first experimental observation of second-order
antiskyrmions and the first observation of first-order antiskyrmions outside of materials
with Dyg or S4 symmetry. These novel spin objects coexist in Fe/Gd-based multilayers
together with Bloch skyrmions and topological trivial type-2 bubbles. Phase diagrams of
the spin objects were created depending on the applied oop magnetic field, temperature,
saturation magnetization, and uniaxial magnetic anisotropy. Micromagnetic simulations
confirmed the phase pocket of metastable antiskyrmions for low saturation magnetization
and uniaxial magnetic anisotropy values satisfying the condition 3uoM? > K.
Furthermore, the nucleation process of antiskyrmions was investigated and revealed
that a crossing point of three magnetic stripe domains is necessary to form an isolated
antiskyrmion with an oop magnetic field at low temperatures.

Different techniques were presented to image the observed spin objects (Sec.5.4).
While the possibility to differentiate between skyrmions, bubbles, and antiskyrmions by
MEFM was demonstrated, the advantages of LTEM predominated. Induction maps and
DPC measurements were presented as additional techniques to improve the clarity and
the resolution of the LTEM measurements.

In Sec.5.5 the influence of ip magnetic fields on the observed magnetic textures
was studied. Here, the stability ranges of the different spin textures depending on the
strength of the ip field were analyzed. It was shown that textures without a chirality
align with the field direction and stay stable for larger ip fields, while textures with
a chirality are relatively unaffected until they vanish. On closer inspection, all spin
objects showed certain deformations before they are annihilated by the increasing ip
tield. Additionally, the effect of the membrane morphology on the magnetic textures
was studied.

At last, post-deposition techniques to locally change the magnetic anisotropy of the
samples were presented (Sec. 5.6). Patterning by ion irradiation with a self-assembled
nanosphere mask or by a FIB system showed great potential to create custom spin object

lattices or domain patterns.

The chapter represents significant advances in the research of dipolar-stabilized
spin objects. In particular, the discovery of antiskyrmions outside of complex crystals
with Dyg or S4 symmetry significantly simplifies future investigations of antiskyrmions.
Additionally, the coexisting phases of different topologically protected spin objects
provide great potential for further studies on quasi-particle interactions, spin dynamics,
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as well as for possible future applications in spintronics. The presented local anisotropy
engineering tools further pave the way for the targeted control of the spin objects’
nucleation and motion.

The next logical step is the investigation of the dynamic properties of the presented
spin objects. The current-induced motion of dipolar-stabilized skyrmions was demon-
strated by Montoya et al. in Fe/Gd MLs [579]. They showed that the magnetic
textures exhibit a motion under a current density of around 108 A/ m?, but failed
to show motion of individual skyrmions due to limitations in their magnetic field
range. Moving antiskyrmions with currents is discussed heavily in theoretical
works [132, 172] but was not realized experimentally until now. Antiskyrmions
are expected to have no Hall angle under the right orientation with respect to the current
[172]. Skyrmions and antiskyrmions in dipolar systems are also predicted to show
fascinating interactions under injected driving charge currents: spontaneous formations
of bi-(anti-)skyrmions, pair annihilation of a skyrmion and an antiskyrmion, and forced
separation of bi-skyrmions [132]. With the coexistence of all the different spin objects,
the here presented system is the ideal candidate to investigate and compare different
current-induced motions and interactions.

Implications for Potential Applications

Section 5.1 described a range of possible applications of skyrmions. In particular, the
coexisting phases of different topologically protected spin objects provide great potential
for the racetrack memory (Sec.5.1.1) and the skyrmionic interconnection (Sec. 5.1.2). With
multiple available coexisting spin objects, the information in such a racetrack device
can be stored in a binary, ternary, or quaternary way. The knowledge gained about
the different nucleation processes can be used to create artificially designed nucleation
spots by local anisotropy engineering. Further, the writing of custom magnetic domain
patterns with FIB (Sec.5.6.2) represents one possibility to fabricate defined tracks for
the spin objects in a continuous film. To further elaborate on these concepts, the
current-induced dynamics of the different spin objects have to be investigated, in
particular in combination with FIB-modified films.

The density of the potentially stored data or the data throughput is one of the key
metrics for the feasibility of the proposed technologies. In this regard, the presented spin
objects are not competitive due to their large sizes with diameters above 100 nm. Here,
new systems have to be found. The provided antiskyrmion recipe (Sec.5.3) together
with the general theory on skyrmion size [129] has a huge potential in this regard.
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tions

While the currently investigated skyrmion-based unconventional computing devices
work with only one skyrmion type (Sec. 5.1.2), coexisting different types, which interact
in complex ways, could elevate these concepts to their next stage.

The investigations also showed that the studied primarily dipolar-stabilized spin
objects significantly change their size dependent on the applied oop magnetic field while
still being topologically protected. This property makes them especially interesting for
the proposed skyrmion-based sensors (Sec. 5.1.3). To achieve a maximum signal of the
proposed sensor, a hexagonal closely-packed lattice is desired. This skyrmion lattice
was achieved for Fe/Gd MLs at RT (Sec.5.2.4) and can be created artificially by ion

irradiation with a self-assembled nanosphere mask (Sec.5.6.1).
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Chapter 6

Conclusion

In this work, the challenges of modern and future data storage solutions are tackled by
investigating ferrimagnetic systems as potential building blocks.

After the essential fundamentals of the occurring magnetic phenomena and the
used experimental techniques were laid out, two distinct chapters explore different
ferrimagnetic systems and their potential applications.

In chapter4 ferrimagnetic and ferromagnetic films are exchange-coupled and
studied as potential composite media for magnetic recording technologies. However,
the individual ferrimagnetic layer turned out to be unsuited for the desired magnetic
recording technology due to irreversible structural changes at the required operating
temperatures. Nevertheless, new insights are gained about the complex magnetization
reversal processes of ferrimagnetic and ferromagnetic exchange-coupled bilayer
structures. Further, the results of the individual layers are potentially interesting for other
applications, like magneto-resistive random access memories or all-optical-switching-
based storage devices.

Chapter 5 focuses on the nucleation, stability, and behavior of different dipolar-
stabilized spin textures in Fe/Gd-based multilayers with implications for a variety of
possible applications in data storage, unconventional computing, or sensor devices. The
first experimental observation of second-order antiskyrmions was made, and a recipe
was developed to stabilize antiskyrmions in a wide range of other material systems.
Furthermore, the first steps toward controlled nucleation of the different spin objects

were made.

While chapter 4 offers interesting fundamental insights on ferro- and ferrimagnetic
thin film systems, the investigations in terms of the desired usage as a magnetic recording
medium led to a dead end. In contrast, chapter 5 represents only a starting point. The
research interest in skyrmions has been at a constant high level since their discovery in
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2009 [32]. The recent observation of coexisting skyrmions and antiskyrmions in 2020
[140, 141], together with the newly found application of skyrmions in unconventional
computing [503-505], only further fueled the excitement of the magnetic community
in this regard. The presented novel recipe of antiskyrmions, which are stabilized by
magnetic dipole-dipole interaction, represents a new playground for future research in
this area. The wide range of theoretical predictions of the dynamics and interaction of
the different spin objects [132, 172] is only a foreshadowing of the experimental results
to come. It is not unlikely that the continuously ongoing research in this area will soon
lead to the breakthrough of magnetic skyrmions in commercially available applications.
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Appendix A

Attachments

In this chapter, additional measurement and simulation data are shown, which are not
essential but complementary to the presented results. Further, lists are given with all
samples used in this work. These samples lists include the sample name, composition,
and the section they are presented in, plus the deposition parameters in the caption of
the sample list.

A.1 Additional SQUID-VSM Measurements

Figure A.1 shows M-H oop and ip hysteresis loops of the samples investigated in Sec. 5.5.
The samples compositions are [Fe/Ir/Gd(tgq)]5/[Fe/Gd(tgq)]70/ [Fe/Ir/Gd(tgq)]s with
tcq =0.40 (a, b) and 0.45nm (c, d).
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Figure A.1: Hysteresis loops of Fe/Gd-based multilayers for the applied ip magnetic field
studies. M-H oop and ip hysteresis loops of [Fe/Ir/Gd(tgq)l5/[Fe/Gd(tgq)l70/
[Fe/Ir/Gd(tgq)]s samples with tgq =0.40 (a, b) and 0.45nm (c, d). a) and c) display
the oop, b) and d) the ip loops.
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A.2 Additional LTEM Measurements

In addition to the results in chapter 5, selected LTEM images of the discussed samples at

various temperatures and oop magnetic fields are shown in this section.

A.2.1 Complementary to Sec. 5.2

The presented LTEM images are used to create the spin object phase maps in Fig. 5.11.

Gd(0.35) at 250 K

b) 19 mT

Gd(0.35) at 200 K
f)31mT

Gd(0.35) at 100 K

k) 83 mT

Figure A.2: Selected LTEM images of [Fe(0.35)/Gd(0.35)]gg. LTEM measurements at 250K (a-d),
200K (e-h), and 100K (i-1). At 300K also only oop domains exist, which are larger
than the domains in a-d (not shown).
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Gd(0.40) at 300 K

© d)105mT

Figure A.3: Selected LTEM images of [Fe(0.35)/Gd(0.40)]gy. LTEM measurements at 300 K (a-d).
At lower temperatures only ip domains exist (not shown).

In Fig. A.2-A.3 LTEM images of the studied samples in Sec.5.2 are provided at
the relevant temperatures. Figure A.2 a-d shows the oop magnetic domains without
any spin objects of [Fe(0.35)/Gd(0.35)]gp at 250K. At higher temperatures the size
of the oop domains increases and no spin objects are observable (not shown). At
lower temperatures the sample exhibits both bubbles and skyrmions (Fig. A.2e-).
Figure A.3 a-d shows the nucleation of skyrmions and bubbles in [Fe(0.35)/Gd(0.40)]so
at 300 K. At lower temperatures only ip domains exist (not shown).

A.2.2 Complementary to Sec. 5.3

In Fig. A.4-A.8 LTEM images of all studied samples in Sec.5.3 are provided. The
presented LTEM images are used to create the spin object phase maps in Fig. 5.20.
Figure A.4 a-h shows the nucleation process of antiskyrmions and various other
spin objects without Ir insertion layers in [Fe/Gd]gy at 300K (Fig. A.4a-d) and
250K (Fig. A.4e-h). At lower temperatures, no spin objects are observable in this
sample (Fig. A.4i-p). Figure A.5 displays the nucleation of bubbles and skyrmions in
[Fe/Ir/Gd],/[Fe/Gd]ys/[Fe/Ir/Gd], at 300K (a-d), 260K (e-h), 200K (i-1), and 100 K
(m-p). Additionally, first-order antiskyrmions can be observed at 300, 260, and 200 K.
Second-order antiskyrmions only nucleate at 260 K (e-h). Figure A.6 shows LTEM images
of the [Fe/Ir/Gd]s/[Fe/Gd]7/[Fe/Ir/Gd]s ML at different temperatures. Over the
whole temperature range, antiskyrmions and skyrmions exist. Figure A.7 shows LTEM
images of the [Fe/Ir/Gd]io/[Fe/Gd]eo/[Fe/Ir/Gd]ip ML at different temperatures.
Skyrmions exist at every measured temperature, antiskyrmions only between 200 and
300K (a-1). Figure A.8 shows LTEM images of the [Fe/Ir/Gd]oo/[Fe/Gd]so/[Fe/Ir/Gd]o
ML at 300 K. The contrast is weaker for this sample because of the reduced magnetic
moment (Fig.5.16 a). Although Fig. A.8 a exhibits only magnetic stripes with chirality at



194 Appendix A. Attachments

N, = 0 at 300 K
S d) 105 mT

p) 207 mT

Figure A.4: Selected LTEM images of [Fe/Gd]gy without Ir insertion layers. Please note that
the scale changes for the last two rows. Despite the missing Ir layers, antiskyrmions
are observable at 300 K.
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N, = 2 at 300 K
d) 95 mT

h) 127 mT

) 178 mT

p) 143 mT

Figure A.5: Selected LTEM images of [Fe/lr/Gdl,/[Fe/Gdl;c/[Fe/lr/Gd],.  First-order
antiskyrmions exist at 300K (a-d), 260K (e-h), and 200K (i-1). The nucleation of a
second-order antiskyrmion can be observed at 260 K (e-h).
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N, = 5 at 300 K

d) 83 mT

Figure A.6: Selected LTEM images of [Fe/Ir/Gdls/[Fe/Gdl/[Fe/lr/Gd]s. A video of the
changing spin texture of this sample at 250K is available at youtu.be/97nUhTelTxA.


https://youtu.be/97nUhTelTxA
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N, = 10 at 300 K

b) 57 mT

7

N, =10 at 250 K
g) 115 mT h) 143 mT

N, = 10 at 200 K
l) 143 mT

N, =10 at 100 K
p) 124 mT

Figure A.7: Selected LTEM images of [Fe/lr/Gdl,o/[Fe/Gdl¢y/[Fe/Ir/Gd]lg.  First-order
antiskyrmions exist between 200 and 300K (a-1).
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N, = 20 at 300 K

Figure A.8: Selected LTEM images of [Fe/Ir/Gdl,/[Fe/Gdlyy/[Fe/It/Gdlyg. A video
of the changing spin texture of this sample at 300K is available at
youtu.be/VYAMI1K1Ucpg. The LTEM measurements at lower temperatures showed
only ip domains and are not displayed.

Np, = 5 at 130 K
b) 75 mT ’ "1 d)120mT

N, = 5 at 300 K
f)133 mT g) 193 mT h) 233 mT

Figure A.9: Selected LTEM images of Fe/Gd MLs with different insertion layers.
LTEM measurements of [Fe/Pt/Gd]s/[Fe/Gd]y/[Fe/Pt/Gd]s at 130K and
[Fe/Al/Gd]s/[Fe/Gd]yo/[Fe/Al/Gd]s at 300 K.

zero field, Fig. A.8 b shows bubbles at 32 mT. At 35 mT skyrmions and antiskyrmions
start to nucleate while the bubbles vanish (Fig. A.8 ).

Figure A.9 displays exemplary LTEM measurements of Fe/Gd-based MLs with Pt
and Al insertion layers instead of Ir. Their magnetic properties are discussed in Sec.5.3.9.


https://youtu.be/VYAM1K1Ucpg
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While antiskyrmions can be stabilized with Pt insertion layers at 130K (Fig. A.9 a-d),
only skyrmions and bubbles are observable in Al (Fig. A.9e-h).

A.2.3 Complementary to Sec. 5.5

Section 5.5 focuses on the influence of ip magnetic fields and therefore only shows LTEM
measurements with both oop and ip magnetic fields applied to the sample. Therefore,
Fig. A.10 displays the domain morphology of the used samples without any ip field
components at 300 K. Additionally, the [Fe/Ir/Gd]y/[Fe/Gd]s/[Fe/Ir/Gd]o ML is
used, which was shown in Fig. A.8. The other used compositions are [Fe/Ir/Gd(tgq)l5/
[Fe/Gd(tgq)l7o/[Fe/Ir/Gd(tgq)]ls samples with tgq4 =0.40 (Fig. A.10a-d) and 0.45nm
(Fig. A.10e-g), which do not exhibit antiskyrmions due to their too large saturation
magnetization (Fig. A.1). However, the sample with fgq =0.45nm exhibits a dense
skyrmion/bubble lattice at 300 K (Fig. A.10 e-g).

t¢=0.40 nm N, =5 at 300 K

b) 136 mT c)152 mT | d) 196 mT

tgq=0.45 nm N, =5 at 300 K
f) 267 mT g) 288 mT

Figure A.10: Selected LTEM images of [Fe/Ir/Gd]s/[Fe/Gdlyy/[Fe/lr/Gd]5 with different Gd
thickness. The MLs with tgq =0.40 (a-d) and 0.45nm (e-g) exhibit both skyrmions
and bubbles at 300 K. The latter shows a dense skyrmion/bubble lattice.
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A.3 Additional Micromagnetic Simulations

The micromagnetic simulations supporting the experimental results in this work were
carried out by S. Koraltan, C. Vogler, R. Kraft, and C. Abert, which are all part of D.
Suess’ group from the University of Vienna. In the following, additional simulations are

shown, which complement the respective experimental results.

A.3.1 Complementary to Sec. 4.4

In this section, finite-element simulation results obtained with the finite-elements
package magnum.fe [580] are presented. This is to reproduce the different minor loop
behaviors observed for thin and thick FM layers and from that gain a more fundamental
understanding of the relevant physics governing the experimental observations.

a) ®) 100 nm
FM (6.0/10.8 nm) 4‘.—>
B .
l o
o
>
W 3
Flonm) K kim?)
o = 00 10 20 30 40

255 619
HOHOOp (T)

Figure A.11: Model and minor loops of the micromagnetic simulations of the FI/FM bilayer.
Model of the simulated FI/FM bilayer structure (a). The lateral dimension of the
model and the thickness of the layers are given. The average grain diameter is
10nm and the discretization length is 2nm. The color code shows the effective
magnetic anisotropy, which is assumed to be normally distributed over the grains
in the FM layer (b). Simulated macroscopic minor loops of the FM layer coupled to
the FI for two different FM thicknesses of 6nm (N = 5, purple line and squares)
and 10.8nm (N = 9, blue line and triangles) (c). The figure is also published in
Ref. [100].

As shown in Fig. A.11 a and b, the model consists of 100nm x 100 nm films with a
20 nm-thick FI layer and FM layers of 6.0 or 10.8 nm thickness, corresponding to the two
different repetition numbers of N = 5 and N = 9, respectively. The structures consist of
grains having an average diameter of 10 nm, generated by Voronoi tessellation. Due to
the required small discretization length of 2nm and the resulting large computational
effort, the lateral dimensions are kept at 100 nm x 100 nm, which is considerably smaller
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Table A.1: Material parameters used for the micromagnetic simulations of the investigated
FI/FM heterostructures. Ky, is the uniaxial magnetic anisotropy constant, M; is the
saturation magnetization, A is the exchange coupling in the bulk, | is the interface
exchange coupling between the antiferromagnetically coupled layers, agamp is the
damping constant, / and w are the lateral size of the geometry and  is the thickness of
the layers. The anisotropy axis is tilted by 1 ° against the oop direction in both layers
to avoid metastable states.

Layer Ferrimagnet Ferromagnet
Ky (K]/m?) 1168 255 — 619
M;s (kA/m) 517 668

A (p]/m) 10.0 10.0
J (m]/m?) 0.1t0-33.8

[Xdamp 1.0 1.0

ZI<eff/eoop (O) 10 1.0
[&w (nm) 100.0 100.0
t (nm) 20.0 6.0 /10.8

than the typical domain structures observed by MFM, displayed in Fig. 4.34 b-i. However,
given that single grains with a lateral length of 50 nm were well approximated with a
spin chain model in a previous work [228], a homogeneous magnetization within this
distance in the ip direction can be assumed. Hence, the lateral film dimensions for the
simulation work are justified. The grains of the model are fully exchange-coupled in the
lateral directions. The uniaxial magnetic anisotropy K, is normally distributed with a
mean of 430 k] /m? and a standard deviation of 75 k] /m? (total range of 255 to 619 kJ/m?),
and the ratio Jiex/ Kest pm Of interface exchange constant between the two layers and the
respective effective magnetic anisotropy constant of the FM is kept constant at -0.1 um
(color code in Fig. A.11a, b). All other material parameters are given in Table A.1.

The assumptions of a strong variation in the magnetic anisotropy of the FM layer
and simultaneously in the interface-exchange constant at the FI/FM interface are based
on previous results reported in Ref. [228, 258]. In Ref. [228], a hysteresis-free minor loop
was found for a similar heterostructure with a thin FM layer of 5.5nm and in Ref. [258],
the relevant parameters and a condition for hysteresis-free minor loops were derived.

For the modeling, the ground state of the heterostructure with the FI layer
magnetization pointing in the upwards oop direction and that of the FM layer pointing
in the downwards oop direction is considered. Subsequently, the field magnitude is
increased step-wise in 50 mT increments up to 4 T and then decreased back to 0 T. After
each field step, the micromagnetic state of the system is relaxed for 1 ns. Note that the
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Figure A.12: Simulated MFM contrast of the bilayer with the thicker FM layer. Simulated
MEM contrast of the thicker FM layer of 10.8 nm (N = 9) during its reversal for
representative chosen applied oop magnetic fields. The color code represents the
quantity in EqA.1. e-h) show the dynamic process of the domain wall motion
during switching at 800 mT and not the relaxed magnetization state, as indicated
by the simulation time. The figure is also published in Ref. [100].

variation of the applied field in the simulations is performed much faster than that used
during the experiments. However, because of the high damping constant (¢gamp = 1.0)
used for the simulations, a stationary state is obtained within 1ns, such that the modeled
loops are representative of the experimental loops.

Figure A.11 ¢ displays minor loops of heterostructures with a thick (N = 9) and thin
(N = 5) FM layer. While the loop for the thick FM layer shows a lower switching field of
about 580 mT and a hysteresis width of around 300 mT, the switching field for the thin
FM layer is higher than 1 T and hysteresis is absent. This reproduces the experimentally
observed switching behavior of the FM layer (Fig.4.33b). Note that for the modeling,
the only parameter changed is the thickness of the FM layer.
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To gain a more fundamental understanding of the reversal process of the ferromagnet-
ic layer and to understand the MFM contrast evolution with the field (Fig.4.34 b-i), the
quantity

1 N
Moop,i — N Z Moop,is (Al)
i=1

is plotted, with 114, being the oop component of the normalized magnetization of
node i of the finite-element discretization and with the sum running over all N nodes
of the surface mesh on the top of the FM. Note that because a homogeneous magnetic
moment distribution does not generate a stray field and hence has no MFM contrast, the
average oop component is subtracted in equation A.1 to facilitate the comparison of the
simulation results with MFM data. Figure A.12 displays the computed field evolution of
the contrast for the sample with thicker FM layer (N = 9, 10.8 nm-thick). At low positive
tields, the top FM layer couples antiparallel to the bottom FI. Therefore, in Fig. A.12 a-d,
a weak contrast appears, which can be attributed to a difference in the canting of the
magnetic moments in the individual grains with different magnetic anisotropy. The
moments in grains with small anisotropy show more canting than those in grains with
higher anisotropy. The contrast further increases with increasing applied oop field. Note
that the simulation is performed only for the domain with an up magnetization of the FI
layer and a down magnetization of the FM layer because the opposite domain with an
up FM magnetization would not be affected by an applied field well below the coercivity
of the FI layer. The simulation thus reveals a continuous rise of the up magnetization
of the FM down domain and hence a decrease of the magnetization difference between
the FM down and up domains. Therefore, the field arising from the pattern of domains
in the FM that is antiparallel to that of the FI layer is reduced, and consequently, the
MEM contrast is increased. This explains the small increase in contrast observed when
comparing the MFM images from Fig.4.34b and c.

At a field of about 800 mT, a domain wall forms throughout the whole film, starting
from the grain with the lowest anisotropy, as illustrated in Fig. A.12 e-h. The domain
wall propagates through the film until all parts have switched parallel to the field (and
parallel to the FI net magnetization), which is a fully irreversible process in agreement
with the experimental results. Note that since in the relaxed magnetization state at
800 mT the domain wall propagation cannot be seen, Fig. A.12 e-h) shows the dynamic
process at 800 mT, as indicated by the simulation time in the upper right corner. In order
to compare the simulation results with the observed MFM data, some limitations of the

simulation work need to be further elaborated. To keep the computational effort at an
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acceptable level, the simulation considers only a small area within an initially down
FM magnetization. Thus, the magnetostatic energy arising from the up/down FM and
down/up FI domain pattern and the existence of an initial vertical domain wall inside
the FI and FM is not considered. For this reason, the simulation reveals the switching of
a low anisotropy grain followed by a rapid expansion of the reversal domain. In contrast,
the MFM data recorded in fields from 0.8 to 1.05 T (Fig. 4.34 d-g) show steady states of
the domain wall propagation that cannot be observed in the model used for simulation.

After the FM has switched, the contrast becomes abruptly weak and decreases with
increasing external field, as displayed in Fig. A.12i-j. Note that again only the FM
magnetization inside an initial FM down domain is considered. The simulation shows
that the grain-to-grain variation of the up magnetic moment is reduced with increasing
up field, which corresponds to a compression of the ip domain wall that has formed
at the FI/FM interface. Hence, the up magnetic moment of the FM layer is increased,
approaching that of a FM domain with an initial up magnetization. The down/up field
from the FM layer that weakened the up/down field of the domains inside the FI layer
thus becomes gradually smaller. This explains the small increase of the MFM contrast
observed when the field is increased from 1.05 to 2T (Figs.4.34 g and 4.34 h).

Note that the magnetization process observed here for the thicker FM layer is
fundamentally different from that observed in the work of Ref. [228] for a thinner FM
layer. For this reason, the modeling is also performed for the thinner FM layer using the
parameters describing the FI/FM heterostructure samples fabricated here. The results
are displayed in Fig. A.13. Again the modeling is performed for a film area with an
initial down FM magnetization. As in the work of Ref. [228] a three-stage magnetization
process is observed. Stage 1 (Fig. A.13 a-c) is characterized by a rotation of the initial
down magnetic moments near the top of the FM layer towards the up direction of
the applied field. In stage 2 (Fig. A.13 d-g), the magnetic moments of isolated grains
switch towards the up direction to improve the alignment of the magnetic moments
to the applied field. The angle between the magnetic moments and the field is then
smaller for the moments near the top of the FM film and larger for the moments near the
FI/FM interface. Because this switching process depends on the properties of individual
grains, a large grain-to-grain variation occurs. In stage 3 (Fig. A.13 h-1) all grains have
switched to have a predominately up magnetization. The contrast drops as the horizontal
domain wall at the FI/FM interface is compressed, and the local variation of the domain
wall thickness is decreased. As observed by MFM in the work of Ref. [228], no lateral
propagation of a vertical domain wall inside the FM layer occurs, but a three-stage



A.3. Additional Micromagnetic Simulations 205

a) 650 mT b) 850 mT c1050mT W d) 1150 mT w
e) 1200 mT f) 1250 mT g) 1300 mT h) 1350 mT -
1 . ’

l |

i) 1400 mT W ) 2000 mT k) 2600 mT l) 4000 mT

s

-0.50 -0.25 0.00 0.25 0.50

TN
Moop,i ~ Nzi=1 Moop, i

Figure A.13: Simulated MFM contrast of the bilayer with the thinner FM layer. Simulated
MEM contrast of the thinner FM layer of 6.0nm (N = 5) during its reversal for
representative chosen applied oop magnetic fields. The color code represents the
quantity of Eq A.1. The figure is also published in Ref. [100].

magnetization process takes place for each individual grain. The reversal process is
hysteresis-free (purple curve with squares in Fig. A.11 ¢).

The condition for hysteresis-free switching derived in Ref. [258] can be applied here.
Using the parameters listed in Table A.1 for the thicker FM layer clearly reveals that
90 % of the grains in the heterostructure remain above the threshold for hysteresis-free
switching (Kuni < 330Kk]J/ m3), while for the system with the thinner FM the threshold
value is Kynj < 418k]J/m3. This means that 40% of the grains are below the threshold and
hence show a hysteresis-free process. For the thinner FI/FM heterostructure with N = 5,

this means that almost half of the FM grains show a gradual, hysteresis-free rotation
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of the magnetization. Based on this behavior and the small thickness of the FM, short
vertical domain walls can form, as schematically illustrated in Fig. 4.35, and the observed
three-stage process with a local rearrangement of domains in the switching process
occurs. In contrast, in the thick FM layer with N = 9, almost all grains show irreversible
hysteretic reversal. An abrupt switch of individual grains would generate several large
vertical domain walls, which is energetically unfavorable due to the thickness of the FM.
This is the reason why only one domain wall is observed, which is independent of the
granular structure, propagating through the FM layer and causing irreversible switching
of the macroscopic minor loop.

A.3.2 Complementary to Sec. 5.3

In addition to Fig.5.23, micromagnetic simulations of the nucleation process of a ccw
Bloch skyrmion, a cw Bloch skyrmion, a first-order antiskyrmion, and a second-order
antiskyrmion can be found in Fig. A.14 a, b, ¢, and d, respectively. Please note that only
the nucleation process of the Bloch skyrmions and the first-order antiskyrmion could
be observed experimentally. Due to the rarity of second-order antiskyrmions and no
possibility to predict possible nucleation spots, imaging of the formation process was
not achieved. Figure A.14 illustrates the magnetization states at chosen magnitudes
of the applied Zeeman field during the formation of the spin objects. The simulation
parameters are selected according to Sec.5.3.1 for a, b, and c. In Fig. A.14d a weak DMI
of D = 0.1 mJ/m? is used. The DMI energy is modeled in the micromagnetic simulations
as

Epmr = / D[m-V(e;-m)— (V- -m)(e; m)dx], (A2)
Qun
where ), is the magnetic region, e; = (0, 0, 1), D is the DMI constant, and m is the
normalized magnetization vector. Comparing the two systems, with and without DMI,
the nucleation of the skyrmions and antiskyrmions takes place in similar manner at
comparable field magnitudes. Each snapshot is sliced from the simulation output, such
that the provided images illustrate a close up look at the particular spin objects within
an area of I, x I, = 500 x 500 nm?. The black vectors are showing the ip components of
the magnetization, while the color illustrates the oop component. It is noteworthy that
in the micromagnetic investigations, the second-order antiskyrmions only appear in the
presence of weak DMI, where D = 0.1 mJ/m?2. However, they are really rare and their
presence can not be ruled out in systems without DMI. The simulations were carried out
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Figure A.14: Micromagnetic simulations of nucleation processes of different spin objects.
Formation process of a counterclockwise (ccw) Bloch skyrmion (a), a clockwise (cw)
Bloch skyrmion (b), a first-order antiskyrmion (c), and a second-order antiskyrmion
(d). The figure is also published in Ref. [426].

by S. Koraltan and are also published in Ref. [426].
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Figure A.15: Micromagnetic simulations of the stability phase maps of an antiskyrmion and
a skyrmion at different oop fields. The colored areas of the diagram correspond
to the parameter regions in which skyrmions (blue) and antiskyrmions (purple)
are stable in the simulations dependent on the uniaxial anisotropy Ky and the
saturation magnetization Ms. In the white regions neither of them are stable. The
figure is also published in Ref. [426].

In order to investigate the stability of skyrmions and antiskyrmions in infinite films,
their magnetization dynamics in a confined system are investigated where a rough
parametrization is chosen as the start configuration. Furthermore, to avoid the decay
of the topological structure by moving out of the confined system, a high anisotropy
of K, = 1MJ/m? in the outer ring of the simulated structure is set. If this anisotropy
barrier is placed at a sufficient distance from the topological structure, this procedure is
assumed to accurately account for possible annihilation processes in infinite films while
keeping the computational cost at a feasible level.

Figure A.15 illustrates the obtained stability phase maps of an antiskyrmion and a
Bloch skyrmion for a system free of DMI at different Zeeman fields. To obtain these
results, the Zeeman fields are applied constantly for 10 ns, while solving the LLG (Eq. 5.1),
in a system where a parametrization of an antiskyrmion or a Bloch skyrmion is the
initial magnetic configuration. The exchange stiffness constant is chosen as constant at
A = 6pJ/m. The final magnetization state m(10ns) is then evaluated by means of the
finite element method and the integer topological charge Ny is calculated integrating
Eq.2.25 over the entire volume, and dividing the result by the thickness of the sample,
which is 62 nm.
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A.4 Lists of Samples

In the following, all samples used for the presented results in this work are listed by
sample name, composition, and the section they are presented in. Please note that this
is only a small fraction of the actually deposited samples. The samples were prepared
at RT by DC magnetron (co-)sputtering from elemental targets. All samples were
fabricated in the BesTec system described in Sec.3.1.1. The provided thicknesses are for
the most part nominal thicknesses. The individual layer thicknesses were adjusted by
the deposition rate, which was controlled by a calibrated quartz balance. The thicknesses
and compositions of the 20-nm-thick alloys were partially checked by RBS according to
Sec.3.2.1. The ML structure of samples was confirmed by cross-section TEM (Sec. 3.2.7).
The tables are sorted by the corresponding sections the samples were used at. The
deposition parameters are stated in the caption of the tables.

Table A.2: Sample list for Sec.4.2. All deposited samples used for the presented results in
Sec. 4.2 are listed. Thickness are given in nanometer. The deposition angle was fixed
at 17.5°. The maximum base pressure was always below 1078 mbar. The working
Ar pressure was kept constant at 5.0 x 1073 mbar. The sputtering rates of Co, Ni, Pt,
and Pd were set to 0.02, 0.03, 0.05, and 0.05nm/s, respectively. The samples were
prepared on Si(100) substrates with a 100-nm-thick thermally oxidized SiO, layer.

Name ‘ Composition ‘ Used in
B170201_7 Pt(5)/[Co(0.10)/Ni(0.4)]3 /Pt(5) Sec.4.2.2
B170201_8 Pt(5)/[Co(0.15)/Ni(0.4)]3 /Pt(5) Sec.4.2.2
B161206_3 Pt(5)/[Co(0.20)/Ni(0.4)]3 /Pt(5) Sec.4.2.2
B170201_9 Pt(5)/[Co(0.25)/Ni(0.4)]3 /Pt(5) Sec.4.2.2
B170201_10 Pt(5)/[Co(0.30)/Ni(0.4)]3 /Pt(5) Sec.4.2.2
B181025_3 Pt(5)/[Co(0.40)/Ni(0.4)]3 /Pt(5) Sec.4.2.2
B170516_3 Pt(5)/[Co(0.50)/Ni(0.4)]3 /Pt(5) Sec.4.2.2
B171017_2 | Pd(5)/[Co(0.10)/Ni(0.4)/Pd(0.6)]o/Pd(5) | Sec.4.2.2
B180628_2 | Pd(5)/[Co(0.15)/Ni(0.4)/Pd(0.6)]9/Pd(5) | Sec.4.2.2
B171016_2 | Pd(5)/[Co(0.20)/Ni(0.4)/Pd(0.6)]o/Pd(5) | Sec.4.2.2
B180628_1 | Pd(5)/[Co(0.25)/Ni(0.4)/Pd(0.6)]o/Pd(5) | Sec.4.2.2
B171016_9 | Pd(5)/[Co0(0.30)/Ni(0.4)/Pd(0.6)]o/Pd(5) | Sec.4.2.2
B171016_10 | Pd(5)/[Co(0.40)/Ni(0.4)/Pd(0.6)]o/Pd(5) | Sec.4.2.2
B171017_1 | Pd(5)/[C0(0.50)/Ni(0.4)/Pd(0.6)]o/Pd(5) | Sec.4.2.2
B170410_5 Pt(5)/[Co(0.10)/Ni(0.4) /Pt(0.6)]4/Pt(5) | Sec.4.2.2
B170410_6 Pt(5)/[Co(0.15) /Ni(0.4) /Pt(0.6)]4/Pt(5) | Sec.4.2.2
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B170324 4 | Pt(5)/[Co(0.20)/Ni(0.4)/Pt(0.6)]4/Pt(5) | Sec.4.2.2
B170410_7 | Pt(5)/[Co(0.25)/Ni(0.4)/Pt(0.6)]/Pt(5) | Sec.4.2.2
B170410_8 | Pt(5)/[Co(0.30)/Ni(0.4)/Pt(0.6)]s/Pt(5) | Sec.4.2.2
B181025.4 | Pt(5)/[Co(0.40)/Ni(0.4)/Pt(0.6)]s/Pt(5) | Sec.4.2.2
B181025_5 | Pt(5)/[Co(0.50)/Ni(0.4)/Pt(0.6)]4/Pt(5) | Sec.4.2.2
B181025_1 Pt(5)/[Co(0.2)/Ni(0.4)]; /Pt(5) Sec.4.2.3
B161206_4 Pt(5)/[Co(0.2)/Ni(0.4)]»/Pt(5) Sec.4.2.3
B161206_3 Pt(5)/[Co(0.2)/Ni(0.4)]3/Pt(5) Sec.4.2.3
B161206_2 Pt(5)/[Co(0.2)/Ni(0.4)]4/Pt(5) Sec.4.2.3
B161206_1 Pt(5)/[Co(0.2)/Ni(0.4)]5/Pt(5) Sec.4.2.3
B161206_5 Pt(5)/[Co(0.2)/Ni(0.4)]¢/Pt(5) Sec.4.2.3
B161208_1 Pt(5)/[Co(0.2)/Ni(0.4)];/Pt(5) Sec.4.2.3
B161208_2 Pt(5)/[Co(0.2)/Ni(0.4)]s/Pt(5) Sec.4.2.3
B181025_2 Pt(5)/[Co(0.2)/Ni(0.4)]o/Pt(5) Sec.4.2.3
B160706_2 Pt(5)/[Co(0.2) /Ni(0.4)]10/Pt(5) Sec.4.2.3
B160706_3 Pt(5)/[Co(0.2)/Ni(0.4)]15/Pt(5) Sec.4.2.3
B181025_6 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)];/Pd(5) | Sec.4.2.3
B170516_5 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)],/Pd(5) | Sec.4.2.3
B170516_6 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)]3/Pd(5) | Sec.4.2.3
B170516_7 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)]ls/Pd(5) | Sec.4.2.3
B170516_8 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)]s/Pd(5) | Sec.4.2.3
B180628_3 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)]¢/Pd(5) | Sec.4.2.3
B180628_4 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)];/Pd(5) | Sec.4.2.3
B170518_1 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)]s/Pd(5) | Sec.4.2.3
B171016_2 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)]o/Pd(5) | Sec.4.2.3
B171016_3 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.6)]15/Pd(5) | Sec.4.2.3
B170324_1 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)];/Pt(5) | Sec.4.2.3
B170324_2 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)]2/Pt(5) | Sec.4.2.3
B170324.3 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)]3/Pt(5) | Sec.4.2.3
B170324_ 4 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)]s/Pt(5) | Sec.4.2.3
B170324 5 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)]s/Pt(5) | Sec.4.2.3
B170324_6 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)]¢/Pt(5) | Sec.4.2.3
B170515.3 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)]o/Pt(5) | Sec.4.2.3
B170515.4 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)]12/Pt(5) | Sec.4.2.3
B170410_1 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.6)];5/Pt(5) | Sec.4.2.3
B171017_3 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.2)];/Pd(5) | Sec.4.2.4
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Table A.3:

B171016_4 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.2)],/Pd(5) | Sec.4.2.4
B171016_5 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.2)]s/Pd(5) | Sec.4.2.4
B171016_6 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.2)]+/Pd(5) | Sec.4.2.4
B171016_7 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.2)]5/Pd(5) | Sec.4.2.4
B171016_8 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.2)]/Pd(5) | Sec.4.2.4
B181025_10 | Pd(5)/[Co(0.2)/Ni(0.4)/Pd(0.2)]15/Pd(5) | Sec.4.2.4
B181025_7 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.2)];/Pt(5) | Sec.4.2.4
B181025.8 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.2)],/Pt(5) | Sec.4.2.4
B170515_7 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.2)]3/Pt(5) | Sec.4.2.4
B170410_2 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.2)]s/Pt(5) | Sec.4.2.4
B170515.8 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.2)]s/Pt(5) | Sec.4.2.4
B170515.9 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.2)];/Pt(5) | Sec.4.2.4
B170515_10 | Pt(5)/[Co(0.2)/Ni(0.4)/Pt(0.2)]o/Pt(5) | Sec.4.2.4
B170516_1 | Pt(5)/[C0(0.2)/Ni(0.4)/Pt(0.2)];5/Pt(5) | Sec.4.2.4

Sample list for Sec.4.3. All deposited samples used for the presented results in

Sec. 4.3 are listed. Thickness are given in nanometer. The deposition angle was fixed
at 17.5°. The maximum base pressure was always below 108 mbar. The working
Ar pressure was kept constant at 5.0 x 1073 mbar. The sputtering rates of Ta, Pt, and
Tb were fixed at 0.05, 0.05, and 0.06 nm/s, respectively. Depending on the desired
composition, the rates of Tb and Co were set between 0.05 - 0.10nm/s and 0.01 -
0.08nm/s, respectively. The samples were prepared on Si(100) substrates with a
100-nm-thick thermally oxidized SiOy layer.

Name ‘ Composition ‘ Used in
B170131_2 Pt(5)/ Tb1g(Fe70Co030)s2(20) / Pt(5) Sec.4.3.2
B170206_2 Pt(5)/ Tbao(Fe70Co030)30(20) / Pt(5) Sec.4.3.2
B170207_3 Pt(5) / Tbaa(Fe70Co30)75(20) / Pt(5) Sec.4.3.2
B170207_7 Pt(5) / Tbo4(Fe70Co30)76(20) / Pt(5) Sec.4.3.2
B170523_2 Ta(2)/Pt(5)/ Tbas(Fe70Co30)74(20) / Ta(5) Sec.4.3.2
B170518_5 Ta(2)/Pt(5) / Tbos(FezpCo30)72(20) / Ta(5) Sec.4.3.2
B170523_4 Ta(2)/Pt(5)/ Tbzo(Fe70Co30)70(20) / Ta(5) Sec.4.3.2
B180131_5 Ta(2)/Pt(5)/ Tb1s(FegnCo20)s2(20) / Ta(5) Sec.4.3.2
B170206_4 Pt(5) / Tbao(FegoCo20)s0(20) / Pt(5) Sec.4.3.2
B170207_1 Pt(5) / Tbaa(FegoCo20)75(20) /Pt(5) Sec.4.3.2
B170207_5 Pt(5) / Tbo4(FegoCo20)76(20) / Pt(5) Sec.4.3.2
B180201_3 Ta(2) /Pt(5) / Tbos(FegnCo20)74(20) / Ta(5) Sec.4.3.2
B180201_4 Ta(2)/Pt(5) / Tbog(FegnCo20)72(20) / Ta(5) Sec.4.3.2
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B180201_5 Ta(2) /Pt(5)/ Tbao(FesoCo20)70(20) / Ta(5) Sec.4.3.2
B170523_8 Pt(5)/ Tbog(FessCo15)70(20) /Pt(5) Sec.4.3.2
B180328_4 | Ta(2)/Pt(5)/[Tb(0.40)/Fe7C030(0.37)]26/Ta(5) | Sec.4.3.3
B180328_5 | Ta(2)/Pt(5)/[Tb(0.79)/Fe7Co030(0.74)113/Ta(5) | Sec.4.3.3
B190208_5 | Ta(2)/Pt(5)/[Tb(1.27)/FesCo30(1.23)]s/Pt(5) | Sec.4.3.3

Table A.4: Sample list for Sec.4.4. A list of all deposited samples used for the presented
results in Sec.4.4 is given. The deposition parameter were selected according to
the individual layers in Tab. A.2 and A.3. The samples were prepared on Si(100)
substrates with a 100-nm-thick thermally oxidized SiOy layer.

Name ‘ Composition ‘ Used in

B170518_4 | Pt(5)/Tbys(FezoCos0)72(20)/[Co(0.2)/Ni(0.4)/Pt(0.6)]o/Ta(5) | Sec.4.4
B170718_4 | Pt(5)/Tbas(FezoCos0)76(20)/[Co(0.2) /Ni(0.4) /P+(0.6)]o/Ta(5) | Sec.4.4
B170523_5 | Pt(5)/Tbsa(FezCos0)es(20)/[Co(0.2)/Ni(0.4)/Pt(0.6)]o/Ta(5) | Sec.4.4
B191216_3 | Pt(5)/Tbas(FezCos0)72(20)/[Co(0.2)/Ni(0.4) /Pt(0.6)]s/Ta(5) | Sec.4.4
B181025_13 | Pt(5)/Tbas(FezoCos0)72(20)/[Co(0.2)/Ni(0.4) /P+(0.6)]5/Ta(5) | Sec.4.4
B191216_4 | Pt(5)/Tbas(FezoCos0)72(20)/[Co(0.2)/Ni(0.4)/Pt(0.6)];/Ta(5) | Sec.4.4
B191216_5 | Pt(5)/Tbas(Fez0Cos0)72(20)/[Co(0.2)/Ni(0.4)/Pt(0.6)]15/Ta(5) | Sec.4.4

Table A.5: Sample list for chapter5. All deposited samples used for the presented results in
this chapter are listed. All thickness are given in nanometer. The thicknesses of
the individual Fe, Ir, and Gd layers stayed constant, if nothing else is noted. The
deposition angle was fixed at 17.5° for all listed samples. The maximum base pressure
was always below 10~ mbar. The working Ar pressure was kept at 3.5 x 10~ mbar.
The sputtering rates of Pt, Gd, Fe, Ir, Cu, Al, and Ta were at 0.05, 0.05, 0.035, 0.03,
0.03, 0.03, and 0.05nm/s, respectively. The samples were prepared on both Si(100)
substrates with a 100-nm-thick thermally oxidized SiOy layer and 30-nm-thick SiN
membranes for LTEM imaging.

Name Composition Used in
B180604_1 Pt(5)/[Fe(0.35)/Gd(0.35)]g0 / Pt(5) Sec.5.2.2
B180604_2 Pt(5)/[Fe(0.35)/Gd(0.40)]g0 /Pt(5) Sec.5.2.2
B180604_3 Pt(5)/[Fe(0.35)/Gd(0.45)]s0 /Pt(5) Sec.5.2.2
B180604_4 Pt(5)/[Fe(0.35)/Gd(0.50)]s0 / Pt(5) Sec.5.2.2
B180604_5 Pt(5)/[Fe(0.35) / Gd(0.55)]g0 / Pt(5) Sec.5.2.2
B200526_1 Pt(5)/[Fe(0.35)/Gd(0.40)]120/Pt(5) Sec.5.24
B190607_4 Pt(5)/[Fe(0.35) /Gd(0.50)]go / Pt(5) Sec.5.2.4
B191016_3 Pt(5)/[Fe(0.35) /1r(0.2) / Gd(0.40)]s0 / Pt(5) Sec.5.3.3
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B191018_2 Pt(5)/[Fe/Ir/Gd]yy/[Fe/Gd]y/[Fe/Ir/Gd] /Pt(5) Sec.5.3.3
B191016_5 Pt(5)/[Fe/Ir/Gd]io/[Fe/Gd]eo/[Fe/Ir/Gd]yo/Pt(5) Sec.5.3.3
B191017_2 Pt(5)/[Fe/Ir/Gd]s/[Fe/Gd]yy/[Fe/Ir/Gd]s /Pt(5) Sec.5.3.3
B191018_1 Pt(5)/[Fe/Ir/Gd],/[Fe/Gd]7/[Fe/Ir/Gd], /Pt(5) Sec.5.3.3
B191016_4 Pt(5)/[Fe(0.35)/Gd(0.40)]so / Pt(5) Sec.5.3.3
B191205_5 Pt/[Fe/Gd]y/[[Fe/Gd]e/Fe/Ir/Gd]o/[Fe/Gd]s /Pt Sec.5.3.9
B191205_4 | Pt/[Ir(0.2)/Fe/Gd]s/[Fe/Gd]/[Ir(0.2)/Fe/Gd]s /Pt | Sec.5.3.9
B191205_2 | Pt/[Fe/Ir(0.6)/Gd]s/[Fe/Gd]7o/[Fe/Ir(0.6)/Gd]s/Pt | Sec.5.3.9
B191205_3 | Pt/[Fe/Pt(0.2)/Gd]s/[Fe/Gd];y/[Fe/Pt(0.2)/Gd]s/Pt | Sec.5.3.9
B200526_6 | Pt/[Fe/Cu(0.2)/Gd]s/[Fe/Gd]7o/[Fe/Cu(0.2)/Gd]s/Pt | Sec.5.3.9
B200526_7 | Pt/[Fe/Al(0.2)/Gd]s/[Fe/Gd];y/[Fe/Al(0.2)/Gd]s/Pt | Sec.5.3.9
B210104_1 Pt/[Fe/Ir/Gd(0.40)]5/[Fe/Gdlyo/[Fe/Ir/Gd]s /Pt Sec.5.5
B210104_2 Pt/[Fe/Ir/Gd(0.45)]5/[Fe/Gd]y/[Fe/Ir/Gd]s/Pt Sec.5.5
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Abbreviations and Symbols

C.1 Abbreviations

ADF
AF
AFM
AHE
Al
AMR
ANN
AOS
Ar
BF
BLS
BPM
CCD
cCwW
CEITEC
Co
Cu
W
DC
DF
DFG

DMI
DPC
DRAM
DW

EB

Annular Dark-Field
AntiFerromagnet

Atomic Force Microscopy
Anomalous Hall Effect

Aluminum

Anisotropic MagnetoResistance
Artifical Neural Network
All-Optical Switching

Argon

Bright Field

Brilloin Light Scattering

Bit Patterned Media
Charge-Coupled Device
counterclockwise

Central European Institute of TEChnology
Cobalt

Copper

clockwise

Direct Current

Dark-Field

Deutsche ForschungsGemeinschaft
(German Research Foundation)
Dzyaloshinskii-Moriya Interaction
Differential Phase Contrast
Dynamic Random-Access Memory
Domain Wall

Exchange Bias

249

(Sec.3.2.7)
(Sec.2.2.0)
(Sec.3.2.5)
(Sec.3.3.4)
(Sec.5.3.9)
(Sec.5.1.3)
(Sec.5.1.2)
(Sec. 4.1.0)
(Sec.3.1.1)
(Sec.3.2.7)
(Sec.3.3.4)
(Sec.4.1.1)
(Sec.3.2.7)
(Sec.2.4.2)
(Sec.3.2.7)
(Sec.2.1.4)
(Sec.3.2.2)
(Sec.2.4.2)
(Sec.3.1.1)
(Sec.3.2.7)

(Sec.4.4.0)
(Sec.2.1.1)
(Sec.3.3.3)
(Sec.4.1.0)
(Sec.2.4.1)
(Sec.2.0.0)
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ECC Exchange-Coupled Composite (Sec.4.1.1)
EDS/EDX Energy-Dispersive X-ray Spectroscopy (Sec.3.2.7)
EMPA Eidgenossische Material Priifungs- und Forschungs-

Anstalt (Swiss Federal Laboratories for Materials Science

and Technology) (Sec.3.3.2)
EPFL Ecole Polytechnique Fédérale de Lausanne (Swiss

Federal Institutes of Technology in Lausanne) (Sec.3.3.4)
Eq. Equation (Sec.2.1.3)
Fe iron (Sec.2.2.0)
FI FerriMagnet (Sec.2.2.0)
FIB Focused Ion Beam (Sec.3.1.2)
Fig. Figure (Sec.2.1.1)
FL Free Layer (Sec.4.1.0)
FM FerroMagnet (Sec.2.1.3)
FMR FerroMagnetic Resonance (Sec.3.3.4)
FORC First-Order-Reversal-Curve (Sec.3.3.4)
Gd Gadolinium (Sec.2.2.0)
GMR Giant MagnetoResistive (Sec.2.1.1)
HAADF High Angle Annular Dark-Field (Sec.3.2.7)
HAMR Heat-Assisted Magnetic Recording (Sec.1.0.0)
HDD Hard Disk Drive (Sec.1.0.0)
HSV Hue Saturation Value (Sec.3.3.3)
IDW Interface Domain Wall (Sec.2.3.0)
ip in-plane (Sec.2.1.3)
Ir Iridium (Sec.5.2.0)
LLG Landau-Lifshitz-Gilbert (Sec.5.3.1)
LSM Laser Scanning Microscopy (Sec.3.2.3)
LTEM Lorentz Transmission Electron Microscopy (Sec.3.3.3)
LTO Linear Tape-Open (Sec.1.0.0)
MAMR Microwave-Assisted Magnetic Recording (Sec.4.1.0)
MFM Magnetic Force Microscopy (Sec.3.3.2)
ML MultiLayer (Sec.1.0.0)
MnSi Manganese Silicide (Sec.2.1.1)
MOKE Magneto-Optic Kerr Effect (Sec.3.3.4)
MPMS Magnetic Property Measurement System (Sec.3.3.1)
MRAM Magnetoresistive Random Access Memory (Sec.4.1.0)
MT] Magnetic Tunnel Junction (Sec.4.1.0)
NFT Near-Field Transducer (Sec.4.1.1)
Ni Nickel (Sec.2.2.0)
NV Non-Volatile (Sec.1.0.0)
oop out-of-plane (Sec.2.1.3)
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Pd Palladium (Sec.2.1.4)
PMA Perpendicular Magnetic Anisotropy (Sec.2.1.4)
PMR Perpendicular Magnetic Recording (Sec.4.1.0)
Pt Platin (Sec.2.1.4)
RAM Random-Access Memory (Sec.1.0.0)
RBS Rutherford Backscattering Spectrometry (Sec.3.2.1)
RE Rare Earth (Sec.2.2.0)
Ref. Reference (Sec.2.1)
RF Radio Frequency (Sec.5.6.1)
RKKY Ruderman-Kittel-Kasuya-Yosida (Sec.2.1.1)
RRAM Resistive Random-Access Memory (Sec.5.1.2)
RT Room Temperature (Sec.2.2.0)
SAF Synthetic AntiFerromagnet (Sec.2.4.3)
SAW Surface Acoustic Waves (Sec.5.1.1)
Sec. Section (Sec.1.0.0)
SEM Scanning Electron Microscopy (Sec.3.2.4)
SHE Spin Hall Effect (Sec.3.3.4)
Si Silicon (Sec.4.2.1)
SiO Silicon Oxide (Sec.4.2.1)
SKHE Skyrmion Hall Effect (Sec.2.4.2)
SMR Shingled Magnetic Recording (Sec.4.1.1)
SNR Signal-to-Noise Ratio (Sec.4.1.1)
SOC Spin-Orbit Coupling (Sec.2.1.1)
SOT Spin Orbit Torque (Sec.2.4.2)
SRAM Static Random-Access Memory (Sec.4.1.0)
SRO Short Range Order (Sec.2.2.0)
SSD Solid-State Drive (Sec.1.0.0)
STEM Scanning Transmission Electron Microscopy (Sec.3.2.7)
STT Spin Transfer Torque (Sec.2.4.2)
SQUID Superconducting QUantum Interference Device (Sec.3.3.1)
Ta Tantalum (Sec.4.3.1)
Tb Terbium (Sec.2.2.0)
TB TeraByte (Sec.1.0.0)
TEM Transmission Electron Microscopy (Sec.3.2.7)
THE Topological Hall Effect (Sec.3.3.4)
TIE Transport of Intensity Equation (Sec.3.3.3)
™ Transition Metal (Sec.2.2.0)
TMR Tunneling MagnetoResistance (Sec.4.1.0)
TRR TransRegional Collaborative Research Center (Sec.5.0.0)
UHV Ultra-High Vacuum (Sec.3.1.1)
VSM Vibrating Sample Magnetometry (Sec.3.3.1)
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X Insertion layer (Pd, Pt, no insertion layer) (Sec.4.2.1)
XMCD X-ray Magnetic Circular Dichroism (Sec.2.2.0)
XMR MagnetoResistance (Sec.5.1.3)
XRD X-Ray Diffraction (Sec.3.2.2)

C.2 Latin Symbols

apk distance of the lattice planes (Sec.3.2.2)
A magnetic exchange stiffness constant (Sec.2.1.1)
B magnetic field (Sec.3.1.1)
Bip ip component of the magnetic induction (Sec.3.3.3)
c speed of light (Sec.3.2.4)
d resolution limit (Sec.3.2.7)
D magnetic domain size (Sec.2.4.1)
D DMI vector (Sec.2.1.1)
e electron charge (Sec.3.2.6)
ed dipolar energy per area (Sec.2.4.1)
Cdw domain wall energy per area (Sec.2.4.1)
€oop unit vector oop (Sec.5.3.1)
E electric field (Sec.3.1.1)
Eoion incident ion energy (Sec.3.2.1)
Eani anisotropy energy (Sec.2.1.4)
Eq magnetic dipolar energy (Sec.2.1.3)
Epmr DMI contribution energy (Sec.2.1.1)
Eex magnetic exchange energy (Sec.2.1.1)
Efermi Fermi energy (Sec.2.2.0)
Eion back-scattered ion energy (Sec.3.2.1)
Exin kinetic energy (Sec.3.2.4)
Ezee Zeeman energy (Sec.2.1.2)
AEy energy barrier (Sec.4.1.1)
g Lorentz force (Sec.3.3.3)
Af defocus (Sec.3.3.3)
h Planck’s constant (Sec.3.2.4)
H magnetic field (Sec.2.1.2)
H, anisotropy field (Sec.2.1.4)
Happi applied magnetic field (Sec.3.3.3)
H, coercive field (Sec.2.1.4)
Hy demagnetization field (Sec.2.1.3)
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Hg effective magnetic field (Sec.5.3.1)
Hext external magnetic field (Sec.2.1.2)
Hip ip magnetic field component (Sec.3.3.3)
H, nucleation magnetic field (Sec.2.3)
Hoop oop magnetic field component (Sec.3.3.3)
I, bias current (Sec.3.3.1)
I, critical current (Sec.3.3.1)
ol induced current (Sec.3.3.1)
J quantum mechanical exchange integral (Sec.2.1.1)
k incident wave vector (Sec.3.2.2)
K scatter wave vector (Sec.3.2.2)
ks Boltzmann constant (Sec.4.1.1)
Kest effective magnetic anisotropy (Sec.2.1.4)
Kshape shape magnetic anisotropy (Sec.2.1.3)
Kstrain magnetoelastic anisotropy (Sec.2.1.4)
Ky uniaxial magnetic anisotropy (Sec.2.1.4)
1 length (Sec.5.3.1)
lex exchange length (Sec.5.3.1)
m magnetization density (Sec.2.4.2)
M local magnetization (Sec.2.1.1)
M; remanent magnetization (Sec.2.1.4)
Mg saturation magnetization (Sec.2.1.3)
M co M; of the Co layer (Sec.4.2.2)
M cotx M; ¢, and partially M of the insertion layer (Sec.4.2.2)
M hard M; of the magnetically harder layer (Sec.2.3)
M Ni M; of the Ni layer (Sec.4.2.2)
M Ni+x M; N and partially M of the insertion layer (Sec.4.2.2)
M soft M; of the magnetically softer layer (Sec.2.3)
Mg magnetization density of a skyrmion (Sec.2.4.2)
m' mass (Sec.3.1.1)
my effective electron mass (Sec.3.2.6)
ml, electron rest mass (Sec.3.2.4)
mi . ion mass (Sec.3.2.1)
M eus nuclei mass (Sec.3.2.1)
n density of electrons (Sec.3.2.6)
n' refractive index (Sec.3.2.7)
N multilayer repetition number (Sec.2.1.4)
Ngrains number of grains (Sec.4.1.1)
Nk topological charge (Sec.2.4.2)
NA numerical aperture (Sec.3.2.7)
p polarity (Sec.2.4.2)
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Q quantity of spin objects (Sec.5.5.1)
R deposition rate (Sec.3.1.1)
R reciprocal lattice vector (Sec.3.2.2)
S electron spin direction (Sec.2.1.1)
As path difference (Sec.3.2.2)
t film thickness (Sec.2.4.1)
tco cobalt layer thickness (Sec.4.2.1)
tcd gadolinium layer thickness (Sec.5.2.1)
INi nickel layer thickness (Sec.4.2.1)
tpd/pt palladium/platinum layer thickness (Sec.4.2.1)
t/ time (Sec.5.3.1)
T temperature (Sec.4.1.1)
Tanneal annealing temperature (Sec.4.3.3)
T, curie temperature (Sec.4.1.1)
Teomp compensation temperature (Sec.2.2)
u atomic mass (Sec.3.1.1)
ou induced voltage change (Sec.3.3.1)

vorticity (Sec.2.4.2)
v velocity (Sec.3.3.3)
|4 volume (Sec.2.1.1)
w width (Sec.5.3.1)
XY element place holder (Sec.3.1.1)

C.3 Greek Symbols

o opening angle of the objective (Sec.3.2.7)
Xdamp Gilbert damping constant (Sec.5.3.1)
B TEM tilt angle (Sec.3.3.3)
B angle of Lorentz deflection (Sec.3.3.3)
0% helicity (Sec.2.4.2)
Ydw energy of a domain wall per area (Sec.2.4.1)
Ygyro reduced gyromagnetic ratio (Sec.5.3.1)
ddw domain wall width (Sec.2.4.1)
0 azimuthal/glancing angle (Sec.2.4.2)
o4 RBS angle (Sec.3.2.1)
K angle between the magnetization and the easy-axis (Sec.2.1.4)
A wavelength (Sec.3.2.2)
Ae electron wavelength (Sec.3.2.4)
As saturation magnetostriction constant (Sec.2.1.4)
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Ho magnetic vacuum permeability (Sec.2.1.3)
P density (Sec.3.1.1)
log sheet resistance (Sec.3.2.6)
o’ mechanical strain (Sec.2.1.4)
c resistivity (Sec.3.2.6)
T average free time between scattering events (Sec.3.2.6)
T attempt period (Sec.4.1.1)
™ Néel relaxation time (Sec.4.1.1)
¢ polar angle (Sec.2.4.2)
¢ out-of-plane magnetization density (Sec.2.4.2)
ol quantized magnetic flux (Sec.3.3.1)
Dyt external magnetic flux (Sec.3.3.1)
(@™ a magnetic region (Sec. A.3)
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