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Abstract

Spin waves are collective excitations of ordered spin systems, for which, in a classical
view, the magnetic moments precess with a spatially periodic phase shift that deter-
mines their wavelength. In terms of applications, the use of spin waves as signal carriers
in future spintronic logic and memory devices has the advantages of potentially lower
power consumption and improved miniaturisation compared to today’s charge-based
technologies. The use of antiferromagnetic systems with their ultrafast spin dynamics
could additionally boost the operational speed of future spin-wave devices. As the dy-
namics of spin waves in antiferromagnets is still largely unknown, ferrimagnets offer an
ideal intermediate step on the way towards the investigation of fully antiferromagnetic
systems.

The research projects described in this thesis follow the route from ferromagnetic
towards antiferromagnetic magnonic systems. To directly image spin waves in these
systems with a spatial and temporal resolution on the order of 10nm and 10ps in a
phase-resolved way, time-resolved scanning transmission x-ray microscopy (TR-STXM)
was employed. A process to fabricate x-ray transparent windows into bulk samples
based on Xe plasma focused ion beam milling was developed to be able to image spin
waves in single crystalline systems.

At first, the manipulation of short-wavelength spin-wave emission from vortex cores
in both a synthetic ferrimagnet and single-layer ferromagnetic films with an applied
static magnetic field is discussed. In the single-layer system, the vortex core exhibits
a field-induced expansion and thus becomes a source for the directional emission and
focussing of spin waves.

Subsequently, the direct imaging of spin waves with nanoscale wavelengths in fer-
romagnetic systems at high frequencies exceeding 30 GHz is demonstrated. Acoustic
and optical modes were observed in coupled ferromagnetic systems with antiparallel
magnetic orientation. In single-layer systems, spin-wave modes up to the fourth per-
pendicular standing order were directly imaged.

Furthermore, spin waves in ferrimagnetic Ga-doped yttrium-iron-garnet (YIG) with
a reduced net magnetization to approach compensation are discussed. Despite their
relatively long wavelengths, the spin waves in this material exhibit exchange-governed
dynamics. Moreover, a non-linear effect in the spin-wave excitation was observed, which
leads to giant spin-wave precession angles exceeding 20°.

Finally, the coherent excitation and imaging of spin-wave dynamics in antiferromag-

netic hematite at room temperature above 20 GHz is demonstrated.






Kurzfassung

Spinwellen sind kollektive Anregungen von geordneten Spinsystemen, bei denen, klas-
sisch betrachtet, die magnetischen Momente mit einer rdumlich periodischen Phasenver-
schiebung, die die Wellenléinge bestimmt, prizessieren. In Bezug auf Anwendungen bie-
tet die Verwendung von Spinwellen als Signaltréiger in zukiinftigen spintronischen Logik-
und Speicherbauteilen zwei wesentliche Vorteile gegeniiber den heutigen ladungsbasier-
ten Technologien: einen potenziell geringeren Energieverbrauch und bessere Miniatu-
risierungsmoglichkeiten. Daneben koénnte die Verwendung antiferromagnetischer Syste-
me mit intrinsisch ultraschneller Spindynamik die Operationsgeschwindigkeit kiinftiger
Spinwellen-Bauelemente zusétzlich erhéhen. Da die Dynamik von Spinwellen in Antifer-
romagneten zur Zeit noch weitgehend unbekannt ist, bieten Ferrimagnete einen idealen
Zwischenschritt auf dem Weg zur Untersuchung vollstéindig antiferromagnetischer Sys-
teme.

Die in dieser Arbeit beschriebenen Forschungsprojekte befassen sich mit dem Ubergang
von ferromagnetischen zu antiferromagnetischen magnonischen Systemen. Fiir die pha-
senaufgeloste Abbildung von Spinwellen in diesen Systemen mit einer kombinierten
rdumlichen und zeitlichen Auflésung in der Gréflenordnung von 10 nm und 10 ps, wur-
de zeitaufgeloste Rastertransmissionsrontgenmikroskopie (TR-STXM) eingesetzt. Um
Spinwellen in einkristallinen Systemen abbilden zu kénnen, wurde ein Verfahren zur
Herstellung von rontgentransparenten Fenstern in massiven Proben entwickelt, das auf

fokussiertem Ionenstrahldiinnen mit in einem Plasma erzeugten Xe-lIonen basiert.

Zunichst wird der Einfluss eines statischen Magnetfelds auf die kurzwellige Spinwellen-
emission von magnetischen Wirbelkernen sowohl in einem synthetischen Ferrimagneten
als auch in einschichtigen ferromagnetischen Filmen diskutiert. Im einschichtigen Sys-
tem weist der Wirbelkern eine feldinduzierte Ausdehnung auf und wird so zu einer

Quelle fiir die gerichtete Emission und Fokussierung von Spinwellen.

Anschlielend wird die direkte Abbildung von Spinwellen mit nanoskaligen Wellenl&n-
gen in ferromagnetischen Systemen bei hohen Frequenzen von {iber 30 GHz gezeigt.
Akustische und optische Moden wurden in gekoppelten ferromagnetischen Systemen
mit antiparalleler magnetischer Orientierung beobachtet. In einschichtigen Systemen
wurden Spinwellenmoden bis zur vierten senkrecht stehenden Ordnung direkt abgebil-
det.

AufBlerdem werden Spinwellen in ferrimagnetischem Ga-dotiertem Yttrium-Eisen-Gra-
nat (YIG) mit reduzierter Nettomagnetisierung in Anndherung an den magnetischen
Kompensationspunkt diskutiert. Trotz ihrer relativ langen Wellenlédngen zeigen die

Spinwellen in diesem Material eine durch die Austauschwechselwirkung dominierte Dy-
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Kurzfassung

namik. Dariiber hinaus wurde ein nichtlinearer Effekt bei der Spinwellenanregung be-
obachtet, der zu auflergewthnlich groflen Prizessionswinkeln der Spinwellen von iiber
20° fiihrt.

Abschlieend wird die kohdrente Anregung und Abbildung der Spinwellen-Dynamik
in antiferromagnetischem Hdmatit bei Raumtemperatur oberhalb von 20 GHz demons-

triert.
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1 Introduction

Novel developments in different areas of spintronics, which is the research field that
utilises the spin degree of freedom of electrons, hold great potential to cope with the
increasing societal demand for computational power and data storage with a low envi-

ronmental footprint.

In this regard, new concepts and materials will be needed that are able to make
devices not only smaller and faster, but at the same time more energy efficient. A
concept to achieve this is to use a different way to propagate and process information:
Instead of displacing charges, information can be transmitted by waves in magnetic
materials referred to as spin waves. Their quasiparticles are called magnons, from

which the name of the associated research field, magnonics, is derived.

When compared to present technology, the use of spin waves as signal carriers has
two main advantages. Given that the displacement of electric charges results in the
dissipation of heat via ohmic losses, the first advantage originates from the fact that no
charges are displaced during spin-wave propagation. This could lead to a comparatively
lower power consumption of spin-wave based devices with respect to conventional tech-
nologies. The second advantage is that the wavelengths of spin waves are, at the same
frequency, often orders of magnitude shorter than those of electromagnetic waves [1].
This means that devices relying on spin waves as signal carriers have a high potential
for miniaturisation and, to use this to full capacity, it will be indispensable to utilise

ultra-short spin waves with nanoscale wavelengths.

Present spin-wave computing concepts mainly rely on mechanisms such as wave inter-
ference and non-linear interaction of waves. Consequently, any technological implemen-
tation will require full control over the efficient excitation, low-loss propagation, reliable
manipulation, and robust detection of spin waves with short wavelengths. To this end,
significant advances have been made in ferromagnetic and ferrimagnetic systems over
the past years.

With regards to efforts to increase the computation performance, there is a strong
demand for expanding the bandwidth of future magnonic devices, as both the signal
transfer rate and processing speed scale with the operation frequency. While a decrease

of wavelengths typically coincides with an increase of the frequencies, the fundamental



1 Introduction

resonances of ferromagnets and ferrimagnets often do not exceed the low GHz range, and
only highly anisotropic systems provide a means to partially circumvent this restriction.

Prime candidates to boost the intrinsic frequencies for spin-wave computing are an-
tiferromagnetic materials with resonances ranging from 10s of GHz up to the THz
regime. The reason for this is that, in contrast to ferromagnets where, in the absence
of an external magnetic field, the uniform precession frequency is only determined by
anisotropy, antiferromagnets exhibit dynamic sublattice canting, which results in an
additional exchange contribution and thus leads to higher frequencies [2, 3].

While pioneering investigations of coherent spin dynamics in antiferromagnets already
go back to the 1950s [4, 5], and seminal advances were reported recently |6, [7], a clear
understanding and direct observation of the real space dynamics of antiferromagnetic
spin waves has not been achieved to date. One reason for this is the difficulty in spatially
probing antiferromagnetic systems.

Ferrimagnets, which exhibit a net magnetization despite having antiferromagneti-
cally coupled sublattices, offer possibilities to study effects similar to those found in
antiferromagnets such as sublattice canting, while still being probed by similar means
to those used to investigate ferromagnets. Moreover, their magnetization can be tuned
by varying their constituents or by doping to reach magnetization compensation [g].
Therefore, ferrimagnets offer an ideal playground and intermediate step for scientific
studies on the way towards the investigation of fully antiferromagnetic systems.

To study spin waves with nanoscale wavelengths and gain a better understanding
of their properties, advanced magnetic imaging techniques with high spatial and tem-
poral resolutions are required. For probing spin waves on the nanoscale in both ferro-
and ferrimagnets, scanning transmission x-ray microscopy (STXM) exploiting the x-ray
magnetic circular dichroism (XMCD) effect has already been established |9, [10], whereas
antiferromagnetic spin waves are yet to be imaged by direct means. Here, the x-ray mag-
netic linear dichroism (XMLD) effect, in combination with x-ray microscopy, stands out
as one of the few techniques that allows for the direct imaging of antiferromagnets with
nanoscale resolution [11, 12]. This means that STXM is the ideal technique to study
spin-wave dynamics in ferromagnetic, ferrimagnetic and antiferromagnetic systems, as
it will be shown in this thesis.

The projects presented in this thesis follow the route from ferromagnetic towards
antiferromagnetic magnonic systems. At first the advanced generation and manipu-
lation of short wavelength and high frequency spin waves in ferromagnetic systems is
presented. Then, the dynamics in low-damping ferrimagnets approaching their mag-
netic compensation point are described. Finally, the generation and direct imaging of
spin waves in an antiferromagnetic system is demonstrated. This thesis is structured

as follows:



In Chapter [2] a brief introduction is given to the essential theoretical background
of magnetism and spin waves in particular.

In Chapter [3] the sample fabrication with electron beam lithography as well as scan-
ning transmission x-ray microscopy (STXM), which was used throughout this project
to image spin waves, are explained. Additionally, a technique developed to fabricate
soft x-ray transparent windows out of bulk substrates is presented.

In Chapter 4l the manipulation of the emission of short-wavelength spin waves from
a vortex core in antiferromagnetically coupled and single-layer ferromagnetic systems
by applying a static magnetic bias field is shown. By expanding the vortex core in a
single layer system, it becomes a source for the directional emission of spin waves and
even allows for focusing effects.

In Chapter [B] the direct imaging of spin waves in ferromagnetic systems at high
frequencies exceeding 30 GHz is demonstrated. Different modes are imaged in coupled
and single-layer systems and various means to influence the spin-wave dispersion relation
are analysed.

In Chapter [6] spin waves measured in the low-damping ferrimagnet yttrium-iron-
garnet (YIG) are shown, which is additionally doped with Ga to lower its magneti-
zation to reach compensation. Effects such as non-linearities in the spin-wave angle
and exchange-dominated spin waves at long wavelengths, are discussed. Furthermore,
domain and domain-wall dynamics in the system are presented.

In Chapter [7lthe possibility to directly image dynamics in antiferromagnetic hematite
is introduced. The spin reorientation transition from an easy-axis to an easy-plane an-
tiferromagnet is shown. Additionally, it is demonstrated that spin-wave dynamics can
be coherently excited and imaged in the canted antiferromagnet hematite at room tem-
perature.

In Chapter [8 the results of the different chapters are summarised and an outlook

to future research directions is given.

Parts and ideas of this introduction have been submitted for publication as part of
Chumak et. al, “Roadmap on Spin-Wave Computing”, IEEE Transactions on Mag-
netics, as Mayr and Wintz, “Increasing the signal bandwidth - From ferromagnetic to
antiferromagnetic magnonic systems” [13]. My contribution to this work is co-writing

the article.






2 Background: Magnetism and Spin Waves

Magnetism and magnetization dynamics are a sub-field of condensed matter physics. In
this chapter, a brief introduction is given to the theoretical background of the underlying
phenomena of different forms of magnetic order. General magnetization dynamics are
explained before spin waves, which are the main focus of this thesis, are introduced.

Their properties as well as common ways to generate and detect them are described.

2.1 Ferro-, Ferri- and Antiferromagnetism

Whereas electrodynamics describes the interactions between currents and magnetic
fields, magnetism in matter is a quantum-mechanical phenomenon, which cannot be
explained by classical physics. In contrast to diamagnets, in which magnetic moments
can be induced by an external magnetic field, and paramagnets, which have unordered
magnetic moments, which can be ordered by an external magnetic field, certain mate-
rials exhibit spontaneous magnetic order. Such spontaneous magnetic order can arise
when the wave functions of particles overlap [14]. For the case of two electrons, the
Heisenberg uncertainty principle states that the kinetic energy can be lowered if the
electrons are delocalised [14]. According to the Pauli exclusion principle, two electrons,
as fermions, cannot be at the same position, i.e. share the same orbital, at the same
time if they have the same spin [15]. This means that their total wave function must
be antisymmetric; a condition that can be fulfilled by splitting the antisymmetric wave
function into a spatial and a spin part of which one is antisymmetric and the other
one symmetric. The type of symmetry of the spatial wave function is related to the
charge distribution and therefore to the potential energy of the system [16]. The energy
difference between the two spin symmetries is defined as the exchange constant J. For
J > 0 a symmetric spin function, corresponding to a parallel alignment of the spins, is
favoured, while for J < 0 an antiparallel alignment of the spins is preferred |14]. The

effective spin Hamiltonian can then be written as

HP = —2J8S,; - S;. (2.1)
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As the exchange interaction acts between all spins in a system, these can be summed

up leading to the Hamiltonian of the Heisenberg model:

H=-> Ji;SiS;. (2.2)

/[:7.7

Most often only the interaction between neighbouring spins has to be accounted for,
with J = 0 otherwise |17].

The Heisenberg model works well for localised electrons as they occur e.g. in rare
earths and oxides. However, for delocalised electrons as they occur in metals, where
the interaction between an electron and all other electrons has to be considered, a
band model should be applied instead. Here the electrons move more freely within a
band. For a non-ferromagnetic material, the same number of electrons are spin-up and
spin-down polarised at the Fermi energy. While flipping the spin of some electrons will
increase the overall kinetic energy, it can reduce the exchange energy which favours a
parallel alignment of the spins [15]. If this reduces the overall energy, there will be a
spin-split band structure and the material will be ferromagnetic [14]. For elements, this

condition is only fulfilled for the classical band ferromagnets Fe, Co and Ni.

The existence of opposing signs of J indicates the occurrence both of ferromagnets
that show parallel alignment of magnetic moments (Fig. [2Ih), and of antiferromag-
nets and ferrimagnets that exhibit an antiparallel alignment. In their simplest form,
antiferro- and ferrimagnets can be understood as having two sublattices, with the mag-
netic moments aligned parallel within each sublattice, but with opposite orientation
of the sublattices. The difference between antiferro- and ferrimagnets is that in an-
tiferromagnets the two sublattices have the same magnetization, so that there is no
net magnetization (Fig. 2Jb), whereas in ferrimagnets the sublattices have different
magnetizations, resulting in a net magnetization (Fig. 2.Ik). Ferrimagnetism can occur
for different magnetic elements or even for the same element but with atoms occupying
different lattice sites, as it is the case, e.g., for yttrium iron garnet [17]. It should be
noted that such magnetic ordering only occurs below a certain temperature for each
material, which is referred to as Curie temperature (T¢) for ferro- and ferrimagnets and
Néel temperature (Ty) for antiferromagnets. Above this temperature, the material is
paramagnetic. Some ferrimagnets can additionally have a compensation temperature,

where the magnetizations of the sublattices cancel out.

In addition to the exchange interaction that favours a collinear alignment of the
magnetic moments, there exists an antisymmetric exchange interaction, referred to

as Dzyaloshinsky-Moriya interaction (DMI) [18, [19], which can lead to a canting of



2.2 Micromagnetic Approximation
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Figure 2.1: Schematics of spontaneous magnetic configurations. a) Ferromagnetic align-
ment with magnetic moments pointing in the same direction. b) Antiferromagnetic
alignment, where the magnetic moments have the same magnitude but with alternat-
ing orientations, resulting in no net magnetization. ¢) Ferrimagnetic alignment, where
the magnitude of the moments on the two antiparallel sublattices is not equal and a

(@ (b)

net magnetization of the material occurs.

magnetic moments. This leads to the following term in the Hamiltonian [15]:

HPMI —D.S; x S;. (2.3)

2.2 Micromagnetic Approximation

Despite magnetism being a quantum phenomenon, a many-body quantum mechani-
cal description is not practically possible for typical condensed matter systems due to
the amount of magnetic moments to consider. Hence, a mean-field approach, called
micromagnetic approximation, is often used, where a local spatial average of the mag-
netization is assumed [15]. The system will occupy a state of minimum energy to which
there are different contributions |14]. Whereas ferri- and antiferromagnetic systems can
be treated analogously, the description for ferromagnets is the most straightforward

and the different contributions to the energy are as follows:

e The exchange energy is caused by the previously described exchange interaction
and leads to a parallel alignment of the magnetic moments as shown in Figure

2.2h. It is an intrinsic and local energy contribution of the system and is given

by: [20]
A
Eexchange = W (VM)2 av (24)

s Jsample

where M, is the saturation magnetization, A is the exchange constant and M the

magnetization.
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e The demagnetization energy, also referred to as magnetostatic or dipolar energy,
is caused by demagnetizing fields within and stray fields outside the magnetic

material. It is given by [20]:

Ho Hiemag - M dV (2.5)

space

Edemag = -

with the vacuum permeability pg. This is also referred to as shape anisotropy,
which is an extrinsic anisotropy strongly influenced by the form of the magnet.
The minimisation of this non-local demagnetization energy is the reason why

magnetic materials break into domains [15]. This is depicted in Figure 22b.

e The anisotropy energy consists of different contributions. The magnetocrystalline
anisotropy energy favours the alignment of the magnetization along certain crystal
axes, which means that the system can have certain preferred easy axes and

unfavourable hard axes. For a uniaxial anisotropy this is given by [20)]:
Eani,u = / K sin? 0 + Kyo sin* 0 dV (26)
sample

where K,; and Ko are anisotropy constants and 6 is the angle between the
anisotropy axis and the magnetization. This anisotropy energy is intrinsic to a
material. Besides the previously mentioned shape anisotropy, there can also be

induced anisotropies that come from external influences such as strain (see Fig.

22k).

e There is also the Zeeman energy if the material is subject to an external magnetic
field Hext. In this case, the magnetic moments will preferably align along the
direction of the magnetic field (Fig. 222d). This is given by [20]:

EZeeman = _,U'O/ M- Hext av (27)

sample

Thin films, which are mainly discussed in this thesis, typically exhibit a magnetization
aligned in the film plane due to the demagnetization energy, even though it is possible to
rotate the magnetization out-of-plane by introducing additional anisotropies. Whereas
laterally confined magnetic elements with sizes below approximately 1pm are typically
in a single domain state, larger elements can break into domains to minimise their total
energy as shown in Fig. 22b, ¢ and d. Within a domain, the magnetic moments are
aligned parallel. The domains are separated by localised domain walls, in which the
magnetization continuously rotates from one configuration to the other. The magneti-

zation configuration in Fig. is called a Landau pattern, where there is an in-plane
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LS

Figure 2.2: Schematics of the effects of different energy contributions on the magnetic
moments (blue arrows) in a ferromagnet. a) The exchange energy favours parallel
alignment of the magnetic moments. b) The shape anisotropy leads to the formation
of domains. ¢) Influence of an easy-axis anisotropy that enlarges domains with magne-
tization along the axis. d) The Zeeman energy from an external magnetic field Hext
causes expansion of the domain where the magnetic moments align with Hext.
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flux-closure with a central core pointing perpendicular to the plane (not shown) [21,
22]. Tt is topologically equivalent to a magnetic vortex, which has a continuous in-plane
flux-closure of the magnetization and is typically found in circularly shaped patterns
[23].

The micromagnetic approximation can be used to find the equilibrium configuration

of a system and, as discussed in the following, to describe dynamic magnetic processes.

2.3 Magnetization Dynamics

If the magnetization M is not aligned with the effective magnetic field Hegr, which con-
tains all contributions from the previously listed energy terms, there will be a torque
exerted on M that leads to a precession of the magnetization around Heg. This pre-
cession can be described by the equation proposed by Landau and Lifshitz [24]:

dM

= = —v(M X Hegr) (2.8)

where 7 is the electron gyromagnetic ratio. In reality, such a precession is damped
until the magnetization aligns with the effective magnetic field. This damping can be
added to equation 2.8 transforming it into the so-called Landau-Lifshitz-Gilbert (LLG)

equation:

dM a dM
M MxH O (mx ™2 9.
a — YMx eﬂ)+Ms< X dt> (2.9)

where « is a damping constant. These equations show that external magnetic fields
can be used to induce dynamics in a magnetic material.

In addition, spin-polarised currents can induce dynamics in a system by exerting a
torque on the magnetization [25-27]. Terms from such spin torques can be added to

the LLG equation, but are not relevant for the work presented in this thesis.
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2.3.1 Micromagnetic Simulations

The LLG equation can be solved numerically, which allows for the simulation of the
magnetic state of a material as well as of its dynamic evolution. Various software pack-
ages exist to perform such micromagnetic simulations. For the simulations shown in
this thesis, the finite-differences MuMax3 framework is used [28]. In this method, the
magnetic sample is divided into orthorombic cells where each cell has a magnetic mo-
ment pointing in the direction of the corresponding average magnetization. In order
to reproduce all magnetic features, the cell sizes should be sufficiently small. Addi-
tionally, too large angles of the magnetization between neighbouring cells can lead to
imprecise results as the contribution of the exchange interaction will be underestimated.

Therefore, the cell size should be smaller than the exchange length of the system|29]

| 24
leq; - m (210)

Spin waves are collective excitations of ordered spin systems. In the micromagnetic

2.4 Spin Waves

framework, they can be visualised as the magnetic moments precessing with a spatially
periodic phase shift to form a wave with a wavelength A as shown in Fig. 223] propa-
gating in the direction of ex. The quanta of spin waves are called magnons and follow
Bose-Einstein statistics [14]. Spin waves can be found in ferro-, ferri- and antiferromag-
nets. This section introduces the fundamental properties of such spin waves in different

materials and gives an overview of experimental methods to excite and detect them.

Figure 2.3: Schematics of a spin wave with wavelength A. Magnetic moments (red)
precess at their locations and form a wave propagating along ex. Adapted from [30].

Published under CC BY 4.0.

2.4.1 Dispersion Relation

The spin-wave dispersion relation is the fundamental relation between the frequency
f and the wavelength A\ of a spin wave. Often it is expressed in terms of the angular

frequency w = 27 f and the wavevector k = 27” as w = w(k). From the dispersion

10



2.4 Spin Waves

relation, phase and group velocities can be directly calculated as v, = ¥ and vy, = ‘é—‘;ﬁ’,
respectively.

Different energies govern the behaviour of the spin waves at different ranges of the
dispersion relation: for spin waves with a short wavelengths on the order of the exchange
length, the exchange interaction plays the dominant role. For long wavelengths, the
dispersion is governed by magnetostatics. For spin waves in the intermediate regime,
both interactions have to be considered and the spin waves are referred to as dipole-
exchange waves.

In the short-wavelength, exchange-dominated dispersion part in ferromagnets all
modes exhibit an w ~ k? dependence, while for ferromagnetic thin films in the magne-
tostatic regime, i.e. the long wavelength limit, three modes with fundamentally different
dispersion relations exist (see Fig. 2.4]). These depend on the orientation of the magne-

tization of the film M and the wavevector of the spin waves k defined as follows:

e forward volume (FV) mode for M perpendicular to the film plane and k in the
film plane

e backward volume (BV) mode for M lying in the film plane and k collinear to M

e Damon-Eshbach (DE) mode for M and k lying in the film plane and k being
perpendicular to M [31]

These corresponding dispersion relations can be calculated analytically. In the thin
film dipole-exchange region, where the spin waves discussed in this thesis are located,

the dispersion relations can be analytically calculated for the nth mode from [32]:

2A 2A
= H k2 H k2 + MF,, 2.11
“ MOW\/< - poM > ( - poM - > (21)

with

. . M
Fop = Py +sin? 0 <1 - P, (1 + cos? <p) + Pp (1= Pup) sin? ¢ <ﬁ2—ﬁ/1k‘2>> .
110

(2.12)
Here, 6 is the angle between the surface normal and M, while ¢ is the angle between
M and k. The matrix element P,,, can be calculated analytically. For the simplest case

of the fundamental zeroth-order mode with unpinned surface spins

1— e*kd

Pypo=1-
00 Tod

(2.13)

11
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Figure 2.4: Dispersion relation of the three different modes, calculated for a 70 nm NiFe
film in an external magnetic field: backward volume (BV) mode (green), forward volume
(FV) mode (blue) and Damon-Eshbach (DE) mode (red). All modes exhibit a w ~ k?
dependence in the exchange regime. The inset depicts the different orientations between
M and k for the different modes.

where d is the thickness of the film B] These equations require the magnetic field to be

applied in the direction of the magnetization and do not take into account anisotropy.

A description taking into account arbitrﬂajr magnetic field directions and crystalline
].

anisotropy is possible but more involved

In contrast to the two volume modes, the Damon-Eshbach mode is a surface mode,
meaning its precession amplitude spatially decays over the film thickness. For in-plane
magnetized films, both the backward volume and Damon-Eshbach mode can be excited.
The group velocity, which is the velocity relevant for information transfer, can have
opposite sign with respect to the phase velocity for the backward volume mode in
the k range before the dispersion minimum, but is always positive for the Damon-
Eshbach mode. This makes the Damon-Eshbach mode the one typically considered for

technological applications based on in-plane magnetized films.

In addition to the previously described fundamental zeroth-order mode, higher order
modes exist as well. Whereas the fundamental mode shows a uniform precession over
the film thickness, higher order modes exhibit nodes across the film thickness. Here,
the number of nodes n typically corresponds to the nth order. Furthermore, hybridi-
sation may occur between these different modes, which means that a mode can adapt
characteristics of other modes. Such hybridisation leads to avoided crossings at mode

interceptions and changes of mode profiles for larger wavevectors [9].
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2.4 Spin Waves

In coupled ferromagnetic layers with parallel magnetizations, the spin waves in the
individual layers can precess in phase or with a phase shift of 180°, which are referred
to as acoustic and optical modes, respectively. In antiferromagnetically coupled layers,
referred to as synthetic antiferromagnets (SAFs) or synthetic ferrimagnets (SFis), the
localisation of the spin-wave amplitude at one side of each layer can lead to a concen-
tration of the coupled spin-wave amplitude either at the interface or at the two opposite
surfaces. Due to the chirality of precession, this leads to a non-reciprocity of the occur-
ring spin waves, which means that the dispersion relation is not symmetric with respect
to k = 0 and that waves propagating in opposite directions have different wavelengths
at the same frequency leading to a so-called fast and slow branch of the dispersion. The
distinction whether the slow branch corresponds to k& < 0 or k£ > 0 is determined by

the relative magnetization orientation of the ferromagnetic layers with respect to k.

Antiferromagnets typically exhibit precession frequencies that are much higher than
in ferromagnets, which is a result of the strong exchange field (H,,) that couples the
two sublattices, while in ferromagnets the dynamics is governed by the anisotropy fields
(Hani) 135]. Any canting of the sublattices against each other as in optical modes,
therefore, involves the exchange field. This means that in antiferromagnets, even the
dynamics of infinite-wavelength spin waves, the antiferromagnetic resonance (AFMR),
are typically enhanced by a factor of \/m compared to the ferromagnetic reso-
nance (FMR) [35]. In general, complex spin-wave modes can exist in antiferromagnets,
which depend on their structures and properties |[16]. Even simple antiferromagnetic
structures, such as easy-axis and easy-plane AFMs, show diverse precessional dynamics.
For an easy-axis antiferromagnet, the two antiferromagnetically coupled sublattices can
only precess in opposite directions, leading to an overall precession in the same circular
sense. This is due to the anisotropy field, which points in opposite directions for the
sublattices. This is in contrast to an easy-plane AFM, where the additional anisotropy
leads to a precession in overall opposite directions |36]. The application of an external
magnetic field can influence the spin-wave modes further depending on the field mag-
nitude and direction, i.e. whether it is applied along an easy axis or perpendicular to
it. However, these fields typically need to be on the order of several tesla to induce a
spin-flop transition, which drastically changes the modes [36]. In general, antiferromag-
netic spin-wave dispersions exhibit a linear w ~ k dependence instead of a quadratic
one as for ferromagnets [14]. The reason for this lies in the rotational invariance and
spontaneous magnetization in a ferromagnet, which lead to the occurrence of only one

magnon as a Goldstone bososn instead of two magnons in antiferromagnets [37, 38].
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2 Background: Magnetism and Spin Waves

2.4.2 Generation and Detection of Spin Waves

There are different methods to excite spin waves in a spatially controlled way. A
widespread technique to achieve this utilises the inhomogeneous magnetic Oersted field
of a patterned antenna, through which an AC current flows. These antennas, in the
form of micrometre-sized striplines or coils, are patterned on top of continuous films
and provide both in-plane and out-of-plane magnetic fields. The use of such antennas
allows for a full control over the resulting spin-wave frequency and phase with the
driving current. There is a lower limit to wavelengths that can be excited by this
method, which is mostly determined by the size of the magnetic field inhomogeneity
and therefore the antenna size. The fabrication of nanoscale antennas and the matching
of their impedance to transmission lines can be difficult [39]. The samples in chapters

and [7] utilise such patterned antennas to excite spin waves.

A different way to excite spin waves is to use spin torques, where spin-polarised-
charge currents create a torque on the magnetization. Both spin-orbit [40-42] and
spin-transfer torques |43, 44] can be used. These techniques have the advantage that
they do not rely on magnetic fields, making them promising for the controlled excitation
of spin waves in antiferromagnets. The strength of the torque scales with the current
per unit area while additionally being inversely proportional to the layer thickness for
spin-orbit torques. Therefore, it mainly has an influence in thin films and, in particular,

in nanostructures [16].

In order to overome size restrictions imposed by impedance-matching antennas, dif-
ferent excitation concepts were developed. In a grating coupler, arrays of nanostructures
are patterened below an antenna to generate spin waves with short wavelengths of less
than 100 nm [45, 46]. In graded-index magnonics, a variation of the magnetic landscape
of a sample can not only be used to guide spin waves, but also to induce a wavelength
reduction in magnetically confined regions by a so-called Schlomann mechanism [47,
48]. A similar way to overcome the size restrictions of patterned structures and to
generate short-wavelength spin wave, is to use nanometre-sized topological defects as
spin-wave emitters. This has been demonstrated, for example, for magnetic vortex cores
[9,149-53] and domain walls [54, [55]. Here, the vortex cores perform a small oscillating
motion when they are excited by an rf magnetic field. The motion of the cores leads to
strongly enhanced local effective magnetic fields and, hence, torques that couple to the
spin-wave continuum and result in the emission of high-amplitude, short wavelength

spin waves [9]. This method to excite spin waves is utilised in Chapters @l and [Gl

There is a variety of different measurement techniques available to detect spin waves,
which have different characteristics. Inelastic neutron scattering and resonant inelastic

x-ray scattering are particularly suited to detect incoherent short wavelength spin waves
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2.4 Spin Waves

at high frequencies in the deep exchange regime [15]. All-electrical detection set-ups
can be either wavevector independent [56] or selective [57]. Magneto-optical techniques,
such as time-resolved magneto-optical Kerr effect measurements (TR-MOKE), allow to
measure coherent spin waves in the time domain [58]. Brillouin light scattering (BLS)
is sensitive to the magnetic excitations within a sample with wavevectors similar to
the wavevector of the used probing laser and allows for the detection of both coherent
and incoherent spin waves [59]. Ferromagnetic resonance (FMR) experiments allow the
measurement of £ = 0 spin waves, i.e. spin waves with an infinite wavelength, where all
magnetic moments precess in phase [16].

In this thesis, synchrotron-based time-resolved scanning transmission x-ray microscopy
is used to image coherent spin waves in a phase-resolved way. It has the advantage of
a higher spatial resolution when compared to optical methods, so allowing the imag-
ing of spin waves with wavelength below 100 nm, and covering a wide frequency range.
Furthermore, it allows the use of two different magnetic dichroism effects, providing sen-
sitivity to the magnetization in different materials, and the distinction between different

elements as well as sublattices. A detailed description is given in Section
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3 Experimental Methods

In this chapter the sample fabrication via electron beam lithography is introduced,
which provides a method for the patterning of structures in the micro- and nanome-
tre range. After this, the main measurement method, scanning transmission x-ray
microscopy (STXM) is explained in detail, together with the generation of x-rays at
synchrotrons as well as the methods used to perform magnetic and time-resolved mea-
surements. Finally, a technique to fabricate soft x-ray transparent windows into bulk
samples and substrates, which was developed during the course of this project, is pre-

sented.

3.1 Sample Fabrication with Electron Beam Lithography

In order to define structures with sizes in the micrometre range and below, electron
beam lithography (EBL) is used. Here, parts of an electron sensitive resist are exposed
with a focused electron beam to change its structure and, hence, solubility in a devel-
oper. There are positive resists, where the electron-beam exposed areas become soluble
in a developer and negative resists, where the electron beam modifies the exposed part
to make it insoluble. Throughout this thesis, lift-off lithographical patterning, achieved
by means of a positive resist, was most commonly used. Therefore, in the next para-
graphs, this process will be described in detail. Different fabrication methods and
sample specific details will be given in the respective chapters.

An EBL process with lift-off involves several steps that are schematically shown in
figure Bl The first step is the spin-coating of a resist onto a substrate. Because the
measurements are in an x-ray transmission geometry, x-ray transparent SigNy mem-
branes were used as substrates during this project whenever possible. They consist
of a thin SigNy layer with a thickness on the order of 100nm on a Si frame. For
the patterning performed in this work, a bilayer of the electron beam resists methyl
methacrylate(MMA) /poly(methyl methacrylate)(PMMA) was used. The advantage of
using a resist with a lower molecular weight as an underlayer facilitates the lift-of pro-
cess. This is likely to be due to the formation of an undercut in the resist so that the
material deposited on top is discontinuous. The thickness of a given resist is primarily

determined by the rotation velocity of the spin coater and is adapted depending on
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3 Experimental Methods

the required thickness of the film to deposit, where the lift-off of thicker films requires
thicker resists. After spincoating, the sample is baked on a hotplate to remove the
remaining solvent and to harden the resist.

The sample is then transferred to an electron beam writer, where the microstructures
are exposed in the resist. The exposed part of the resist becomes soluble in a developer
because the focused electron beam breaks up the polymer chains. The feature size that
can be achieved by this technique is below 10 nm and depends on various parameters,
e.g. aperture sizes and the used resist. The actual beam size additionally scales with the
current. Smaller currents lead to a smaller spot size, meaning more smaller feature sizes
but longer exposure times. Therefore, low currents were used for defining the magnetic
microstructures, whereas higher currents were employed for the larger structures, such
as e.g. the coplanar waveguides, to reduce the overall exposure time. Another important
parameter is the exposure dose, i.e. the charge deposited per unit area. It needs to be
adjusted for different resist thicknesses and substrate materials.

After the exposure, the sample is developed for 60s to 90s in a methyl isobutyl
ketone:isopropyl alcohol (MIBK:IPA) mixture (1:3 volume ratio) which removes the
soluble resist in the exposed areas. Afterwards the sample is rinsed in IPA for 60s.

Then the films are deposited onto the patterned resist. For the deposition of the
films several different methods e.g. sputter deposition, thermal or electron beam evapo-
ration can be employed, depending on the individual requirements. The used deposition
techniques are described in more detail in Subsection B.1.1l

Finally, the sample is immersed in acetone for several hours for lift-off. This removes
the remaining resist with the material on top of it, leaving only the desired structures
on the substrate.

Often more than one such lithography process has to be performed on a single sample.
In this case, the first step is the fabrication of alignment markers that will later be
employed for the alignment of the subsequent layers. They consist of arrays of Au
squares that give good contrast for the electron beam. Afterwards, one or more steps
can be performed for the definition of the actual magnetic structures. Usually, the last

fabrication step consists of patterning a conducting micro-stripline.

3.1.1 Thin Film Deposition Methods

The deposition of the thin films for the samples in this thesis was primarily carried
out with the physical vapour deposition techniques, magnetron sputter deposition and
thermal evaporation, which are well suited for thin films with a thickness of below 1 pm.

In magnetron sputtering, a target of the desired material is kept in ultra high vacuum

(UHV). Then a working gas, usually Ar, is let into the chamber and a negative potential
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Figure 3.1: Schematics detailing the processing steps of EBL with lift-off for a bilayer
of positive resists on a SigN4 membrane.

is applied to the target, which leads to a plasma of the working gas ions. These ions
are accelerated towards the target and sputter atoms off the material, which can then
condense on the sample forming a thin film. Additionally, a magnetic field is applied
to the target, which forces the charged particles in the plasma to spiral around mag-
netic field lines, increasing the ionisation probability for the working gas, making the
ionisation more efficient. The deposition rate is typically calibrated before the actual
film deposition by measuring the thickness of a calibration layer. Due to a UHV base
pressure, the use of high-purity materials as well as being a process that can keep the
stoichiometry of the target material, sputtering was employed for the fabrication of the
magnetic materials during this project.

Thermal evaporation is based on passing a high current through a crucible, typically
made out of W, in which the material to deposit is placed. This current heats up the
material so that it either melts and evaporates or sublimates and redeposits onto the
sample. The thickness of the deposited material is measured using a quartz balance.
Due to the poorer quality of the vacuum in the set-up available, this method was
primarily used for the deposition of markers and striplines during this project.

The Ga-doped YIG films in Chapter [l were fabricated by INNOVENT Technologie-
entwicklung Jena using liquid phase epitaxy (LPE) on GGG substrates [60]. LPE uses
an oversaturated melt containing the desired materials for the thin film, into which
a substrate is dipped. Depending on parameters such as temperature, concentration
as well as substrate rotation speed, a thin film with the desired composition will then
crystallise on the substrate. This method has been established for the growth of high-
quality YIG films with low magnetic damping |61].

3.2 Scanning Transmission X-Ray Microscopy

To directly image the local magnetic orientation and its changes over time in the pat-

terned microstructures and thin films, an element specific technique that has a high
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spatial and temporal resolution and is at the same time not surface sensitive and non-
invasive is required. These requirements are uniquely fulfilled by scanning transmission
x-ray microscopy (STXM). To gain a maximum performance, STXM experiments are
typically based at synchrotron sources. Therefore, the basics of x-ray generation at
synchrotrons are explained first, followed by an introduction to the magnetic dichro-
ism effects that are used for magnetic contrast. Afterwards the set-up of a STXM
is explained in detail before the methods to perform time-resolved measurements are

explained.

3.2.1 Synchrotron X-Rays

The term x-rays typically refers to electromagnetic radiation with a wavelength of
approximately 10 nm to 10 pm, which corresponds to a photon energy of approximately
100eV to 100keV. Due to their possibility to penetrate matter, x-rays are used in

various areas of research e.g. medicine, biology, and physics [62].

In particular, x-rays produced at synchrotrons are useful because of their high bril-
liance, tunable energy and variable polarisation. At such a synchrotron light source,
electrons circulate at relativistic energies in a closed orbit in a storage ring. An electron
storage ring consists of straight sections that are connected by curved parts, in which
the electrons are deflected by dipolar bending magnets. When they are deflected, rela-
tivistic electrons emit x-rays in the form of bremsstrahlung along the forward direction,
similar to a searchlight [62]. However, at modern synchrotrons, x-rays are not only
generated at bending magnets. It is additionally possible to use arrays of alternatingly
oriented strong permanent magnets to force the electrons on a slalom path in a straight
section of the storage ring. Then radiation is generated at each of the slalom turns,
which interferes to create a coherent x-ray beam of higher intensity than at bending

magnets. Such a set-up is called an undulator.

A necessity for magnetic measurements is that the x-rays are circularly polarised.
At bending magnets, this is achieved because the electrons oscillate in the plane of
their orbit, leading to a linear horizontal polarisation of the x-rays. Out of this plane,
the electron path appears to be elliptical. The thus created angular momentum is
transferred to the emitted x-rays, which leads to opposing circular polarisation fractions
above and below the central beam [62]. At modern undulators, which typically consist
of four arrays of permanent magnets, an elliptical path can be achieved by shifting these
arrays with respect to each other to introduce a vertical component into the electron
path. This also means that, in addition to linear horizontal and circular polarisations,

linear vertically polarised x-rays can be generated [62, 63].
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3.2 Scanning Transmission X-Ray Microscopy

The x-rays generated by the electrons in the storage ring are then guided in vacuum
by mirrors and a slit system towards the experiment. To select x-rays with a defined

energy, a monochromator, which is a diffractive single or double grating, is used.

3.2.2 X-Ray Magnetic Circular and Linear Dichroism

X-ray magnetic circular dichroism (XMCD) refers to a magnetization dependent ab-
sorption of circularly polarised x-rays near the absorption edges of a material [64].
As previously described, circularly polarised x-rays carry an angular momentum that
is transferred to a bound electron upon absorption. Circularly left polarised photons
carry an angular momentum of —1 in units of & in the direction of propagation and are
therefore also referred to as negatively polarised, while right polarised photons have a

momentum of +1 and are called positively polarised [65].

If such a polarised photon excites an electron transition from a core state, only certain
transitions are allowed for which selection rules apply. The dipole selection rule for the
orbital quantum number [ states that Al = 4+1. Because the photon is annihilated
in the absorption process, it has to transfer its angular moment to the system due
to the conservation of angular momentum. This leads to a change of Am = +1 for
positively and Am = —1 for negatively polarised x-rays in the magnetic quantum
number m [65]. Furthermore, because spin is conserved, one can assume that spin flips
are forbidden [62]. One now considers electrons in a spin-orbit split core level, e.g.
2p1/2 and 2p3/o and their transition to the d level. This corresponds to the Ly and
L3 edges, which are most commonly probed for magnetic transition elements and their
oxides. Summing up all possible excitations, taking into account their probabilities, a
positively polarised photon will excite 75% J. (spin down) and 25% 7 (spin up) electrons
from the 2p; /5 level. For the 2p3/, level, the distribution is inverted with 37.5% | and
62.5% 1. For a negatively polarised photon, the probabilities invert [66]. However,
these transition probabilities do not yet take into account how many final states are
available for the excited electrons to occupy at the d level according to Fermi’s Golden
Rule. For a non-magnetic material, the number of unoccupied states is the same for
both polarisations (see Fig. B:2h). However, for a ferromagnetic material, the number
of occupied and unoccupied states differs for the two spin polarisations at the Fermi
level due to the spin-split band structure as shown in Figure [66]. Therefore,
the transition probability is higher for electrons with the polarisation that offers more

unoccupied states. This difference gives rise to an XMCD signal [66].

This means that the XMCD effect depends on the relative orientation of the wavevec-

tor of the incoming photon and the magnetization vector and is therefore oc k « M.
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Figure 3.2: Schematic of the XMCD effect. (a) For a non-magnetic material the spin-up
and spin-down states are equally occupied leading to an equal transition probability for
the excited electrons. (b) In a ferromagnetic material, the difference in occupation for
the spin-split bands results in different transition probabilities for the 1 and | electrons.

Hence, the effect is strongest for collinear orientation between magnetization and po-
larisation, and disappears when they are orthogonal [64, 67].

While it is possible to extract quantitative information on the orbital and spin mo-
ments by applying the so-called XMCD sum rules on energy absorption spectra |68
70], XMCD in this thesis is used as a qualitative contrast mechanism for imaging. For
this purpose, the energy of the x-rays is usually tuned to give the strongest magnetic
contrast at the absorption edge.

Another dichroic effect that can be employed for the imaging of magnetic configura-
tions is the x-ray magnetic linear dichroism (XMLD)|71]. It is based on a distortion
of the charge density, which is induced by the magnetic state via spin-orbit coupling
[62]. This distortion is probed by linearly polarised x-rays. However, distortions of the
charge density can be caused by effects other than magnetism, which can make the
interpretation of XMLD difficult.

The XMLD effect exhibits a cos?(#) dependence between the linear polarization of the
x-rays and the spin axis of the sample. This means that it is sensitive to the orientation
of the spin axis and not the direction of the magnetization [62]. Here the measurement of
the spin configuration in antiferromagnetic materials is enabled, which is not accessible
by XMCD. However, ferromagnetic materials can in principle be measured using XMLD
as well |72].

3.2.3 STXM Set-up

In STXM, the spatially resolved transmission of x-rays through a sample is measured.

The set-up is schematically shown in FigureB.3l Monochromatic, soft x-rays are focused
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onto a spot of around 20 nm in diameter on the sample using a diffractive Fresnel zone
plate (FZP), which consists of alternating transparent and absorbing concentric rings.
The width of the outermost ring determines the ultimately achievable width of the focal
spot. A beamstop in the centre of the FZP blocks the direct beam. An order selecting
aperture (OSA), which is a pinhole between the FZP and the sample, aditionally blocks
the direct beam (zeroth order) as well as the higher diffraction orders of the light,
which have a different focal point. Downstream from the sample, the transmitted
x-rays are detected with a point detector, which is usually an avalanche photodiode
(APD). To form an image, the sample is then raster scanned through the beam with
a piezoelectric stage [73]. The samples are typically mounted with the surface normal
aligned with the photon beam. For magnetic investigations, this means that the XMCD
effect is sensitive to the out-of-plane component of the magnetization. To probe in-plane
magnetic contrast, the samples are tilted by 30°. As STXM is a photon-in/photon-out
technique and no charged particles are detected, it does not require UHV conditions

and it is straightforward to apply magnetic fields or electric currents to the sample.

APD

Sample

OSA
FZP

Figure 3.3: Schematic of a STXM: the incoming monochromatic x-rays are focused on
the sample using a Fresnel zone plate (FZP) and an order selecting aperture (OSA) to
block the direct beam and higher diffraction orders. The sample is then raster scanned
through the photon beam to obtain the image. The transmitted x-rays are recorded
with an avalanche photodiode (APD) point detector behind the sample.

The STXM experiments during this project were performed at the endstations PolLux
at the SLS and Maxymus at BESSY II. In both set-ups, in-plane and out-of-plane
magnetic fields of up to 250mT can be applied to the sample [74]. At Maxymus
additionally a He cryostat and heater was utilised, which allows for measurements in a

temperature range between 30 K and 360 K.
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3.2.4 Time-Resolved Measurements

The measurement of magnetization dynamics, such as spin waves, is realised in a pump-
probe scheme. Here, the sample is pumped using an electric current to generate a
magnetic field in e.g. a stripline, while the x-rays are used as a probing signal. This is
possible due to the inherent time structure of the electrons in the storage ring, which
travel in well-separated regularly spaced bunches. The time between these bunches
is defined by the frequency of the RF cavities in the electron storage ring, which for
the SLS and BESSY II is approximately 500 MHz and leads to a time difference of 2 ns
between two consecutive bunches. This means that x-ray flashes reach the sample every
2ns with a transmitted flux of typically not more than a single photon per flash. As
described in Section B.2.3] the photons are then recorded by an APD and the result,
whether a photon was detected or not, is routed to a specific counter of a register set
by a field-programmable gate array (FPGA) in real time. To perform time-resolved
measurements, these probing flashes have to be synchronised to a pump signal, which
is the electrical excitation applied to excite the sample. For this purpose, the applied
frequencies have to be commensurate with the time structure of the synchrotron. For

an RF signal this means that they have to fulfil the relation

500 MHz - M
N )

where N is the number of channels and M is an integer chosen to match the desired

f= (3.1)

frequency with N and M coprime. The number of channels determines into how many
counters the photons are routed and equals the number of frames the time-resolved
movie has [75]. Typical values for N used here are between 7 and 23. This acquisition
scheme means that the recorded processes must be fully reproducible. Typically, time-
resolved images are not taken as dichroic images but only with a single polarisation and
then shown in a normalised view. To form such a set of normalised images, each image
of the corresponding set is divided by the time average of all images. This highlights
the temporal changes of the magnetization while the static contrast is removed.

In this pump-probe set-up the detected photons are assigned to a certain bunch but
their exact time is not measured. Therefore, it is assumed that the photon is emitted at
the centre of the electron bunch, which limits the time resolution of the x-ray flashes.
In a standard multibunch filling pattern as currently offered by SLS or BESSY II, the
bunch width FWHM is in between 50 ps to 70 ps. With an additional decrease in time
resolution due to a phase shift of the electron bunches, this limits the measurements
to frequencies of 5 GHz to 10 GHz [76]. Therefore, to achieve a better time resolution,
shorter electron bunches are needed, which are provided at certain synchrotrons in a

so-called low-o optics mode. At the BESSY II synchrotron, a low-a multibunch filling
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pattern with an x-ray flash FWHM down to 16 ps is offered, which allows for probing
frequencies of up to 40 GHz.

Time-of-Arrival Detection

Another possibility to increase the time resolution is to directly measure the arrival time
of a photon instead of assuming its generation at the centre of the electron bunch. Such
a setup relies on a fast time-to-digital converter (e.g. QUTAG, from qutools GmbH)
that measures the time at which an input signal, which corresponds to the instant
at which the voltage pulse is generated by the APD, crosses a defined threshold with
a sub-10 ps precision. In practice, a constant fraction discrimination is used, which
means that, because these pulses can have different heights, not only the rising but
also the falling edge is taken into account. This data is timestamped and can then be
binned and analysed further. Another advantage of this detection scheme is that, in
principle, no synchronisation with the synchrotron clock is needed. This means that the
restrictions of the frequency selection do not apply any more and arbitrary frequencies
can be chosen. In test measurements of the standard SLS multibunch filling pattern,
a time resolution of 20 ps to 30 ps was achieved using the standard multibunch pattern
with a bunch width of 70 ps |76].

3.3 Xe Plasma Focused lon Beam Milling for Obtaining Soft
X-Ray Transparent Sample Windows

The content of this section is based on the publication Mayr et al. Crystals 11(5), p.
546 (2021) [17]. My personal contribution to this article is developing the Xe PFIB
window milling process and associated mechanical grinding step, participating in the

STXM measurements and writing the manuscript with input from the other authors.

A prerequisite for the previously described STXM experiments is to have samples
that are transparent in the soft x-ray regime. This is usually achieved by growing thin
films and structures on ~ 100nm thick SisN4 membranes as previously described in
Section Bl However, for materials that need to be grown on specific substrates or
for bulk single crystals, this is not possible and different approaches exist: For a few
specific material and sample structures, selective chemical etching can be used [78, [79].
Another option is to cut out a lamella with a focused ion beam (FIB) and place it on
an x-ray transparent membrane [33, [80].

An approach that allows the study of continuous films is based on a combination
of mechanical grinding and Ga FIB milling to remove material from the back side of

the sample in order to create x-ray transparent windows [10, [81H85]. However, this
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technique is limited by the slow milling speed of the Ga FIB and therefore requires
the sample to have a thickness in the low micrometre range prior to the FIB milling.
This is typically achieved by mechanical grinding of the full sample to a thickness of
approximately 50 pm to 100 pm followed by dimple grinding of a smaller sample area
to a thickness of below 20 pm. In this emerging dimple, the remaining material is then
removed with the Ga FIB until soft x-ray transparency is reached, which corresponds
to a thickness on the order of a few hundred nanometres.

An advancement of this technique was developed and applied during the course of
this project and is based on the use of a Xe Plasma FIB (PFIB), which has a more
than 10 times higher milling rate compared to the Ga FIB [86]. This faster milling
facilitates the overall window fabrication process, which is described in the following
and schematically shown in Figure [3.41

Due to the high milling rate, the samples can have a thickness of up to approximately
100 pm prior to the PFIB processing step. This means that no dimple grinding step
is necessary. For many common materials, substrates are commercially available with
such thicknesses and can be directly used. Where this is is not possible, the samples
have to be mechanically thinned. For this, the sample is attached with a thermoplastic
polymer on a glass support with the film facing the glass. The back of the substrate is
then lapped with a 12 pm Al,Og abrasive. To reduce the surface roughness, the sample
is then polished with a suspension containing 6 pm diamonds and a Microtex polishing
cloth. To achieve a higher surface quality, an additional polishing step with a suspension
containing 3 pm diamonds and a silk polishing cloth can be employed. Afterwards, the

sample is immersed in acetone to remove it from the glass support.

msubstrate lapping
= film + remove PFIB
mglass polishing glass conductive  milling

layer

Figure 3.4: Schematics of the window milling steps using a Xe PFIB. Adapted from
[77]. Published under CC BY 4.0.

To reduce charging effects during the PFIB processing, a layer of conducting Cr with
a thickness of approximately 10nm is deposited onto non-conducting substrates prior
to the PFIB milling. The PFIB processing itself is performed with a Tescan Fera3
Xe PFIB-SEM equipped with a high resolution scanning electron microscope (SEM)
column and a high resolution plasma FIB (so called HR-iFIB) column. An acceleration
voltage of 30kV and currents of up to 1A for the Xe ions are used. Thus, it is possible
to mill windows with areas extending to 100 pm x 100 pm. Figure depicts SEM
images of such windows, milled into SrTiO3 (STO) (Fig. B.5h) and Gd3GasO12 (GGG)
(Fig. B.5b). Both images are taken with the secondary electron detector at an incident
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3.3 Xe PFIB Milling for Obtaining Soft X-Ray Transparent Sample Windows

electron energy of 10kV and a 55° tilt (with respect to the surface normal). This
corresponds to the milling position as it provides normal incidence of the Xe™ beam
onto the sample. It can be seen that in both materials, the Xe PFIB milling results in
a plane and smooth surface, which is essential to achieve final window thicknesses of
below 1pm. Here, it is beneficial that the current density distribution of the Xe PFIB
beam has a wider maximum due to a larger emission area of the source when compared
to the Ga FIB beam.

Figure 3.5: SEM images of windows milled into (a) STO and (b) GGG. (a) Adapted
from [77]. Published under CC BY 4.0.

The most difficult challenge of the PFIB milling is to accurately stop at a thickness of
below 1pum. Additionally, it should be determined already during the milling process,
i.e. before the sample is taken out of the PFIB, whether the milled window will be
suitable for soft x-ray transmission measurements. To achieve this, the transparency
for the electrons in the two beam PFIB-SEM system and for soft x-rays is correlated.
For this, the samples need to be mounted in the PFIB without any material behind it,
so the electrons can pass freely through it. Direct transmission measurements are not
possible for geometric reasons. However, the brightness of the milled area, when imaging
with the secondary electron detector of the SEM, directly relates to its thickness. This
is because, in addition to secondary electrons from the top surface, electrons from the
bottom surface can be extracted and reach the detector once the sample is thin enough

for the primary electrons to pass through.

To demonstrate this correlation, several windows with slightly different depths were
milled into a 50 pm thick STO substrate as shown in the SEM image at 30kV in Fig.
B.6h. The bright halos around the windows are a result of charging where the conductive
coating on the non-conductive substrate has been removed by the halo of the PFIB
beam. For STO, the milling rate is determined to be approximately 0.251m?3/nC.
This means that milling of one of these individual windows of 80 pm x 80pm lateral

size, using a 600nA Xe' ion beam, takes less than 40 minutes. These SEM images
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were taken at normal incidence to the surface to be able to fully image the inside of
the milled windows. After the milling, the transmission of 1keV x-rays was measured
through each window. By doing so, relative x-ray transmission rates are obtained, which
range from 100 % (corresponding to a hole) to about 1% for the thickest window.

In the following, we focus on two windows which appear bright and are indicated with
the red and blue boxes in Fig. The window in the red box transmits approximately
2.5 times more x-rays than the window in the blue box. While this difference is hard
to infer from this SEM image at 30kV, the correlation with the electron transparency
becomes apparent for SEM images at lower electron energies. For a 20kV acceleration
voltage (Fig. B.6b), a difference in brightness between the two windows is visible. This
becomes even more distinct at a lower energy of 15kV (Fig. B:6k), where a bright-
spot is seen for the red-framed window, whereas the blue-framed window is no longer

transparent to the electrons.

(b) 20 kV

() 15 kV

Figure 3.6: SEM images of windows with varying transparency in a 50 pm thick STO
substrate at different electron acceleration voltages. (a) Overview of windows at 30kV.
The windows in the red and blue boxes are additionally shown for 20kV (b) and 15kV
(c). Taken from [77]. Published under CC BY 4.0.

Although the correlation between electron and x-ray transparency cannot be directly
generalized to other substrates and thin film systems, they serve as a guide and can be
adapted to specific samples. This is demonstrated with of a second sample system whose
investigation in reported in Chapter [6, namely a Ga-doped Y3Fe;012 (YIG) film of
150 nm thickness on a GGG bulk substrate. This sample was first lapped to a thickness
of approximately 120 pm. Subsequently, a window was milled into the substrate using
the Xe PFIB. The initial lateral size of the window was 100 pm x 100 pm, which was
reduced to about 50pm x 50 pm during the milling process. Starting with a larger
than required window size reduces redeposition effects during the final milling steps on
such thick substrates. An approximate milling rate of 0.3 pm?/nC for GGG was found
so that a window similar to the previously shown STO ones (80 pm x 80 pm size into a

50 pm thick substrate) requires approximately 30 minutes of milling time using a 600 nA
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Xet ion beam. The SEM image of the final window taken with the secondary electron
detector at 10kV is shown in Fig. B.7h.
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Figure 3.7: Comparison of transmissivity between electrons and soft x-rays of a Ga-
doped YIG film grown on GGG (a) Scanning electron micrograph at 10kV. (b) STXM
image of the detail indicated by the red square in (a) taken at the Fe L edge. (¢) X-ray
transmission spectrum at the Gd M5 edge taken at the thinnest position indicated by the
blue circle in (b). (d) Logarithmic transmittance of the window taken at 1150 eV. The
blue and dotted green circle indicate the points for the thickness calculation. Adapted
from ﬂﬂ] Published under CC BY 4.0.

The milled window in the second sample was then imaged using STXM. At the
thinnest region, an area of at least 25 pm x 25pm is transparent for x-rays at the Fe
L3 absorption edge at ~ 708eV (Fig. B7b). The STXM image corresponds to the
area marked in red in the SEM image. When comparing the two images, one sees
that areas of bright grey level exist in the SEM image, which also appear as bright
regions in the STXM image. This means that they are thinner than the surrounding
parts. Nevertheless, with spectroscopy measurements at the Gd Mjs edge (Fig. B7k),
a reduced transmitted intensity, corresponding to an increased absorption of the Gd,
confirms that, even in these thinnest regions, Gd is still present, which means that
there is GGG substrate remaining everywhere. The absolute thickness of the remaining
substrate can be estimated using the Beer-Lambert law I; = Iy x e~%/* M@] For this
purpose, the incoming (Ip) and transmitted beam (I;) at a photon energy of 1150 eV
were measured. A corresponding logarithmic transmittance image is shown in Fig. B.7d.
The 150 nm thick Ga-doped YIG film transmits approximately 71% of the incoming
beam and the GGG substrate has an absorption length A of 0.335 pm [90]. This leads to
a GGG thickness of approximately 100 nm at the thinnest point and of approximately
500nm at a thicker point, marked in Fig. B.7d by the blue and dotted green circle,
respectively. These calculations additionally confirm that the remaining substrate is
sufficiently thick so that the Xe™ ions and subsequently generated charged particles
do not penetrate into the thin film. Here another advantage of using Xe™ ions for the
milling becomes obvious: They have a lower penetration depth than conventionally used

Ga™ ions at the same energy. For the case of GGG, the penetration depth is 11 nm for
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Xet ions compared to 14nm for Ga™ ions, as calculated by Monte-Carlo simulations
using the SRIM code [91]. The white spots in the STXM image are Fe depleted areas
of the film which is inferred from spectroscopic measurements at a different energy
where they are not visible (Fig. B.7d) and, therefore, they do not originate from the
PFIB milling. The tapered diagonal dark contrast structure in the STXM image is a
microwave antenna, which was lithographically patterned onto the Ga:YIG film after
the PFIB milling step and which is therefore not present in the corresponding SEM
image. The comparison between the SEM and STXM images shows that even though a
large area of the window is suitable for soft x-ray transmission measurements, there are
small variations in thickness, which can be observed already in the SEM image during
fabrication so that the milling could be adapted in situ.

The use of a Xe PFIB for milling soft x-ray transparent windows is widely applicable
to materials that cannot be grown on amorphous SigN4 membrane substrates, especially
for situations where large areas or multiple windows are needed. The windows in the
samples in Chapters [6l and [0 were fabricated using the method described here and

sample specific details are given in the respective chapters.
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4 Spin-Wave Emission from Vortex Cores
under Static Magnetic Bias Fields

The content of this chapter has been published in Mayr et al., Nano Letters 21(4) p.
1584-1590 (2021) [30]. My contribution to this work is fabricating the single ferro-
magnetic layer sample (sample #2), performing the STXM measurements as part of a
beamtime team, analysing and interpreting the experimental data, directing the simula-

tions and writing the manuscript with input from the other authors.

As introduced in Section 2.4.2] natural internal magnetic field-inhomogeneities such
as magnetic vortex cores can be employed to excite spin waves with short wavelengths.
Driven by alternating magnetic fields and, in the absence of magnetic anisotropies, these
spin waves propagate away from the vortex core radially [9,49-53]. However, for long-
distance signal transmission, a directional rather than radial emission and propagation
of spin waves would be highly beneficial to reduce the effects of geometrical damping.
Such geometrical damping occurs for a radial spin-wave emission from a point-like source
into an extended medium in addition to magnetic damping. A directional emission in
a confined element can e.g. be achieved in a synthetic ferrimagnet (SFi) by introducing
an intrinsic magnetic anisotropy to the system. Thus a one-dimensional (1D) magnetic
domain wall is formed in addition to the zero-dimensional (0D) vortex core [54] as
shown in Figure This additional dimensionality results in a directional plane-wave
emission, which is characteristic for spin waves excited by driven magnetic domain
walls [55,192,193]. Despite these examples of permanently formed domain wall spin-wave
emitters, a source of short-wavelength spin waves, whose position and directionality can
be continuously controlled by external stimuli such as a magnetic bias field, is highly
desired.

In this chapter, it is demonstrated that magnetic vortex cores under the influence
of a static magnetic bias field can be used as manipulable spin-wave emitters. It is
shown that one can continuously displace a vortex core from its equilibrium position in
the centre of a patterned structure in a controlled and reproducible way while sustain-
ing its driven spin-wave emission. The extent of this displacement is controlled by an
external magnetic bias field and is fully reversible. In contrast to spin waves in unpat-

terned thin films, the dispersion relation of these emitted waves in the experimentally
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observed frequency range is not noticeably affected by the applied magnetic bias field.
Furthermore, it is shown that, in a single ferromagnetic layer, a transformation of the
vortex core from a point source to an extended object occurs at higher applied fields.
This transformation effectively changes the vortex core from a 0D to a 1D spin-wave
source. The 1D character of the emitter leads to a directional emission and propagation
of spin waves. The shape of the core depends on the magnitude of the applied magnetic
field, making it a controllable source for planar, propagating spin waves. Finally, with
micromagnetic simulations it is shown that, by changing the excitation frequency and

the shape of the vortex core, spin-wave focusing effects can be achieved.

4.1 Sample Properties

Two different sample systems consisting of disks of ferromagnetic layers were analysed.
Sample #1 is a SFi consisting of disks patterned from a Co/Ru/Nig;Fejg trilayer where
the thickness of the Ru (nominally 0.8 nm) is chosen such that it mediates antiferro-
magnetic interlayer exchange coupling between the 45 nm thick NigyFejg (referred to as
NiFe) and the 48 nm thick Co layer [94]. Sample #2 consists of disks patterned from a
single, nominally 100 nm thick ferromagnetic (FM) NiFe film.

The ground state of the Co and NiFe structures in sample #1 are magnetic vortices
with an in-plane flux-closure of the magnetization and the central cores pointing per-
pendicular to the film plane |21, 22]. Due to the antiferromagnetic interlayer coupling,
the vortices in the two layers have opposite in-plane circulations whereas, due to dipolar
coupling, their polarities are parallel (see Fig. [£.Ih). The ground state of sample #2,
consisting only of a single ferromagnetic layer, is similarly a magnetic vortex with an
in-plane flux-closure of the magnetization and its central core pointing perpendicular
to the film plane as shown in Figure [4.1b.

Both of the sample systems investigated are similar to samples where the emission
of spin waves from vortex cores without the presence of magnetic bias fields has been
reported in the past [9, 49].

4.2 Sample Fabrication

The films for both samples were deposited on 200 nm thick SizN4 membranes by dc
magnetron sputtering. In contrast to sample #1, where all lithography steps were
performed on the front side of the Si3N4 membrane, the films for sample #2 were
deposited on the back side of the membrane. As the sputter deposition rate is lower
onto the depth-confined membrane on the back than onto a flat substrate, the NiFe film

is presumably thinner than the nominal 100 nm. For both samples, the magnetic thin
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(a) Sample #1 (b) Sample #2

NiFe
NiFe

() (d)
* —

Figure 4.1: Schematics of the samples. (a,b) The vortex structure of the two samples
with their in-plane flux closure and the central core pointing perpendicular to the plane
is shown. (c,d) Details of the sample structures. (c¢) Sample #1 where the lithography
was performed on the front of the membrane and the microstripline (SL) was patterned
on top of the magnetic structures. (d) The magnetic structures of sample #2 were
fabricated on the back of the membrane, while the coplanar waveguide (CPW) was
patterned on the front of the membrane.

films were capped with a 5nm Al layer for protection against oxidation. Out of these
continuous films, disk structures of approximately 3pm in diameter were defined by
electron beam lithography (EBL) and Ar ion beam etching. This process was performed
differently for the two samples: For sample #1, after an initial oxygen plasma treatment
to improve the adhesion of the resist, a negative resist (MA-N 2910) was spin-coated
onto the Co/Ru/NigFejg multilayer films. Then the microelements were exposed by
an electron beam writer. The samples were then developed in MA-D 525 for 300 s and
rinsed in deionized water. To physically etch the structures, the samples were exposed
to an Ar ion beam at two different angles (85° and 5°). The remaining resist was
removed by acetone and an additional oxygen plasma treatment. For sample #2, a
hard mask was used, which was patterned using a standard lift-off process as described
in .1 with a 1nA electron beam with a voltage of 100kV and a dose of 1600 1C/cm?.
The etch mask itself consists of 85 nm Ta, which was again deposited by dc magnetron

sputtering. Subsequently, the samples were etched with Ar ions at an angle of 30°.

On top of the structures, a conductive, 200 nm thick, 5 pm wide Cu microstrip (sam-
ple #1, directly on top) or 5 pm wide coplanar waveguide with a 4 pm gap (sample #2,
SizNy in between) was patterned via electron beam lithography and lift-off processing
as described in Bl For sample #1, the Cu was deposited by electron beam evapo-
ration. For sample #2, the Cu for the coplanar waveguide was thermally evaporated.
The lithographical structures of sample #1 and sample #2 are shown schematically

in Figures M1k and MIMd, respectively. This illustrates the advantage of fabricating
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the magnetic microstructures on the opposite side of the membrane to the conductive
stripline, which is to achieve a continuously flat stripline even at the location of the

structures.

4.3 Synthetic Ferrimagnet

4.3.1 Radial Emission of Spin Waves from Displaced Vortex Cores

When a static in-plane magnetic bias field is applied to the vortex structures in sample
#1, the cores of these vortices are displaced from the disk centre congruently in both
layers as can be seen for an applied magnetic field of 5mT in the absolute absorption
image in Fig. [£2h. This means that the region of the vortex pair, where the dominant
magnetization (in the Co layer) is aligned parallel with the applied field, expands to
minimize the Zeeman energy. This behaviour is in agreement with previous findings
for vortices in single layers [95] as well as for coupled vortices [96]. For the strictly
antiferromagnetically coupled vortices studied here, in one of the ferromagnetic layers,
the field-unfavourable domain, which is oriented antiparallel to the applied field, has
to expand. This is the case for the NiFe layer here, due to its lower magnetic moment
per unit area [96]. When now an rf excitation is applied to the stripline, generating
an oscillating in-plane magnetic field, spin waves are emitted from the displaced vortex
cores. The mechanism behind this emission of short-wavelength spin waves lies in the
strongly enhanced local effective magnetic fields and, hence, torques that are present
near the vortex core, which couple to the spin-wave continuum. These torques stem
from the small oscillating motion that the vortex core performs upon its excitation [9].
A radial emission from the displaced cores is observed, in a very similar way to a radial
emission when no static field was applied. An example of such an isotropic emission and
radial propagation for an excitation frequency of 1.1 GHz is shown in the normalized
snapshot of a time-resolved STXM image in Fig. [4.2b.

A higher magnetic field (10 mT) leads to a larger core displacement, further away
from the centre as depicted in Fig. L2k, where the vortex core approaches the edge
of the disk. As shown in the normalized view in Fig. 4.2, the spin-wave emission
remains mainly radial from the source. This becomes more visible in the time-resolved
movies. The deviations from the radial emission presumably originate from imperfec-
tions in the sample. From the normalized images, the wavelengths of the spin waves
can be determined to be 348 nm + 12nm and 348 nm + 8nm for bias fields of 5mT
and 10 mT, respectively. This demonstrates that the wavelength and, hence the disper-
sion relation of the collective Damon-Eshbach waves, is not noticeably affected by the

static magnetic bias field in the experimentally observed range of magnetic fields and
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1.1 GHz

Figure 4.2: TR-STXM of sample #1 (SFi), acquired with out-of-plane magnetic sensi-
tivity at the Fe Lz edge at two different static magnetic fields (5mT and 10mT). (a,c)
Absolute absorption images (snapshots of time-resolved measurements) showing the
position of the vortex core visible as a black dot (corresponding to the magnetization
pointing into the disk plane), which is indicated by a yellow dashed circle. The dark
contrast in the centre of the disk is topographic. Black arrows represent the in-plane
magnetization orientation of the top layer (NiFe) in the disk, where the unfavourable
domain expands. (b,d) Normalized contrast snapshots displaying the radial spin-wave
emission from the core for an excitation frequency of 1.1 GHz. The inset is a schematic
of the SFi trilayer stack. Taken from @] Published under CC BY 4.0.

excitation frequencies. This is because the internal magnetostatic field, as a result of
the core displacement, compensates the external magnetic field and therefore in most
of the vortex structure, the effective magnetic field remains almost the same as in the
zero-field configuration. For the applied fields of 5mT and 10 mT, the cores in both
layers, NiFe and Co, shift together without decoupling due to the strong interlayer ex-
change coupling with a bilinear coupling constant of the order of ~—0.3mJ/m? @ .
When higher magnetic fields are applied, the cores in the two layers can decouple E]

before the vortices are expelled.

4.3.2 Properties of the Emitted Spin Waves

To show that the spin waves observed in the SFi sample #1 are layer-collective Damon-
Eshbach waves and that the vortex cores are displaced together without decoupling
within a certain field range, the dynamics of the two ferromagnetic layers were imaged
separately. Hence, by tuning the x-ray energy to the Lg absorption edge of either Fe or

Co, sensitivity to the magnetization of only the NiFe or Co layer is achieved, respectively.
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The response to an excitation with a frequency of 1.1 GHz is shown in the snapshots
at the same delay time in Fig. [£3h for the NiFe and in Fig. for the Co layer.
The applied magnetic bias field is 5mT. Even though the dynamics is more visible in
the NiFe layer, spin-wave emission can also be observed in the Co layer with the same
pattern and phase. The signal difference most likely is a result of the lower spin-wave
amplitude in the Co layer. Furthermore, it can be observed from the dynamics that
the vortex cores are located at the same position for both layers, meaning that they are
displaced together without lateral decoupling. Additionally, measurements at different
frequencies were performed to demonstrate that the wavelengths of the spin waves can
be tuned by varying the excitation frequency as is also the case without a magnetic
bias field applied as shown in Fig. L3k and c. It can be seen that, for an excitation
frequency of 1.1 GHz, the resulting wavelength is 348 nm £ 12nm and that it reduces
to 193nm 4+ 7nm at 2.1 GHz. This demonstrates that the wavelengths of the emitted
spin waves can be tuned by with the driving frequency even in the presence of static

magnetic bias fields.

1.1 GHz

2.1 GHz

Figure 4.3: Normalized time-resolved STXM images of SFi sample #1, taken with out-
of-plane magnetic sensitivity at an in-plane magnetic bias field of 5mT. Top row:
Images recorded at an excitation frequency of 1.1 GHz at the (a) Fe and (b) Co Ls
absorption edges, displaying separately the dynamics in the NiFe and Co layer, re-
spectively. Left column: Images taken at the Fe absorption edge at frequencies of
(a) 1.1 GHz and (c) 2.1 GHz, illustrating that the wavelength can be tuned with the
excitation frequency. Taken from @] Published under CC BY 4.0.
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4.4 Single Ferromagnetic Layer

4.4.1 Expansion of the Vortex Core and Influence on the Emission

The behaviour of sample #2, which consists of a single NiFe layer, is similar to the SFi
sample for small magnetic fields of below approximately 15 mT. These small fields lead
to a moderate displacement of the vortex core from the centre and a radial spin-wave
emission is observed from the core as shown in Figure 4.4h. As for the case without a
magnetic bias field applied, the emission occurs at higher frequencies than for the SFi,
and the observed spin waves correspond to the first higher-order mode of the single-
layer Damon-Eshbach geometry with a non-homogeneous precession profile over the
film thickness [9]. When a higher magnetic bias field is applied, which moves the core
closer to the edge of the disk, an expansion of the vortex core is observed [97-103],
as shown in the absolute image in Figure [£.4b. The closer the vortex core gets to the
edge, the further it expands (see Fig. [f4k). This core expansion is a consequence of
the energetically driven tendency of the magnetization to align parallel to the edge of
the disk. Here, the expanded core resembles a 180° Bloch domain wall, following the

curvature of the rim of the disk.

It should be noted that the expanded core exhibits a non-trivial three-dimensional
(3D) structure, where the magnetization at each lateral point is not necessarily fully
perpendicular to the plane along the thickness cross-section [101]. In fact, the fully per-
pendicular fraction of the cross-section connects, in a tubular way, the separated lateral
surface points of fully perpendicular magnetization at the top- and bottom surface of
the film (see Fig. [4.0). For the ground state, the combination of core polarity (up or
down) and external field direction defines which surface point (top or bottom) is shifted
to which end of the expanded core (left or right). In the STXM measurements, where
the signal is averaged over the thickness of the film, these slight 3D variations are not
visible and one can simply consider that the vortex core changes from an effective 0D
point source to an extended 1D object [97, 104-106]. As a consequence of the expansion
of the spin-wave emitter, the emission pattern of the spin waves changes. This change

can be seen in the normalized STXM images in the right-hand column of Fig. [£.41

The emission of spin waves from an expanded vortex core is examined in more detail
as shown in Fig. Shown in Fig. is the expanded core for a magnetic bias
field of 22.5mT, corresponding to Figure [4.4b. The spin-wave emission from this core
can be seen in the normalized snapshot shown in Fig. for an excitation frequency
of 8.6 GHz. Mostly planar waves propagate away from the expanded core in both
directions perpendicular to the long axis of the core. This propagation is highlighted
in Fig. [4.6k, showing the intensity profile along the yellow arrows in Fig. for
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Figure 4.4: STXM images of the vortex core at static magnetic bias fields of (a) 15.0 mT,
(b) 22.5mT and (c) 30.0mT. Left column: Absolute absorption images depicting the
expansion of the core (white contrast, indicated with yellow dashed frames) as it moves
closer to the disk edge for higher magnetic fields. Right column: Normalized images
where the influence on the emission of the spin waves becomes visible for an excitation
frequency of 8.6 GHz. Adapted from @] Published under CC BY 4.0.

two snapshots with a relative time delay of 33 ps. From such intensity profiles, the
wavelength can be extracted to be 146 nm + 9nm. A comparison to the case without
a static magnetic field, where the wavelength is 143nm + 8nm (not shown), confirms
that, even for the situation of a field-expanded vortex core, the wavelength of the spin
waves remains almost unaffected by the external field. This is again due to the effective

field compensation, as already discussed for the SFi system in Section

To gain further insight into the spin-wave emission from a 1D expanded vortex core,
micromagnetic simulations were performed with MuMax3 [28]. The result of such a
simulation is shown as a STXM-comparable snapshot in Fig. for an excitation
frequency of 8.5 GHz and a magnetic bias field of 20mT, similar to the experiments.
For these simulations, the disk diameter was 3.1 pm, the thickness 72nm and an initial
magnetization of a vortex with anticlockwise circulation and polarity pointing upwards
was set. To reproduce the experiment, the simulated thickness of 72 nm is significantly
smaller than the nominal experimental thickness of 100 nm, which may result from a

reduced sputter deposition rate onto the depth-confined back of the membrane com-
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Figure 4.5: Schematics of the expanded vortex core. (a) Top view. Black arrows repre-
sent the in-plane orientation of the magnetization. (b) Cross-sectional view along the
dashed blue line in (a) depicting the 3D structure of the expanded core over the film
thickness, where the core (white contrast) shifts to opposite sides when going from the
top to the bottom of the film. The grayscale of the arrows indicates the magnetization
component pointing out of plane with white indicating upward pointing magnetization,
which transitions to black for horizontal magnetization. Taken from @] Published
under CC BY 4.0.

pared to that onto a flat substrate. A cell size of 3nm x 3nm x 3nm was chosen for
the simulation. The static bias field and the dynamic excitation field By, = 1mT
were simulated to be in the film plane but perpendicular to each other, as for the
experiments. A saturation magnetization of My = 800kA/m, an exchange constant
of A =8x107'2]J/m, a gyromagnetic ratio v = 1.854 x 10! rad/(sT) and a Gilbert
damping a = 0.01 were used, which leads to a wavelength of 136 nm + 5nm. Note that
the value for the exchange constant A is smaller than that typically utilized to simulate
NiFe thin films, yet this value is in good agreement with previously investigated NiFe
films of similar thickness [9].

Besides the spin-wave emission pattern from the centre of the expanded core, the
simulations show an equally strong spin-wave emission from its outer parts, which only
occurs at a much weaker level in the experiments. This difference cannot be fully
explained at present, but it is speculated that the outer parts are more difficult to

excite in the experiment due to the influence of material and fabrication imperfections.

4.4.2 Focusing of Spin Waves

The shape and extent of the vortex-core expansion can be controlled by the magnetic
bias field to influence the emission pattern of the spin waves. The spin waves are not
emitted as fully planar waves from the curved core, which leads to a geometrical focusing
effect Jﬂij , an indication of which can be seen in the experimental data shown in
Fig. @.6b. This effect can also be seen in the micromagnetic simulation shown in Fig.
[46d. While these focusing effects are weaker in the experiments, which is presumably

due to an insufficient spin-wave propagation length resulting from damping. Therefore,
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Figure 4.6: Spin-wave emission from an expanded vortex core. (a,b) TR-STXM with
out-of-plane sensitivity displaying the response of the vortex in sample #2 to an in-plane
static magnetic field of 22.5 mT and an alternating field excitation of 8.6 GHz frequency.
(a) Absolute absorption image depicting the expanded vortex core displaced from the
center (white contrast indicated by yellow dashed frame). (b) Normalized snapshot
image showing only the temporal changes with respect to the average magnetization,
displaying the emitted spin waves. (c¢) Intensity profiles along the yellow arrows in (b)
at a relative time delay of 33 ps illustrating wave propagation away from the vortex
core (grey area) in both directions as indicated by the dashed lines. (d) Micromagnetic
simulation showing the directional spin-wave emission and subsequent focusing. The
green box indicates the region of interest used in the STXM shown in (a,b). Taken
from @] Published under CC BY 4.0.

the influence of the magnetic field and excitation frequency are further studied via
simulations. Exemplary simulations performed using MuMax3 @] are shown in Fig.
[4.7 for frequencies of 8.5 GHz and 9.5 GHz and static magnetic fields of 20mT and
25mT. These simulations confirm the experimental finding that the wavelength of
the spin waves is independent of external bias fields and instead can be tuned with the
excitation frequency, i.e shorter wavelengths can be achieved for higher frequencies. For
a magnetic field of 20mT (top row in Fig. [£7), the wavelength changes from 136 nm
+ 5nm at 8.5 GHz to 110nm + 5nm at 9.5 GHz. Additionally, a further expansion of
the core at 25 mT coincides with a broader spin-wave emission pattern from the central
core region, which then leads to a less pronounced focusing of the emitted waves. This
shows that the extent to which focusing occurs depends on both the applied field bias
and the excitation frequency, therefore making the vortex core not only an emitter of

short-wavelength spin waves, but also a controllable lens for the spin waves ].

Typically, for a focusing effect, an increase in the spin-wave amplitude is expected
towards the focal point. Such an amplitude increase is neither observed in these experi-
ments nor in the corresponding simulations (see simulation in Fig. [L.8n). However, this
lack of amplitude gain is mainly a result of the magnetic damping of the present ma-
terial (o« = 0.01). For a simulation assuming a lower magnetic damping of o = 0.0001,

which corresponds to a material such as yttrium iron garnet, an increasing amplitude
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Figure 4.7: Normalized micromagnetic simulations for static magnetic fields of 20 mT
and 25 mT, and excitation frequencies of 8.5 GHz and 9.5 GHz. Taken from @] Pub-
lished under CC BY 4.0.

can indeed be observed towards the focal point (Fig. [£.8b). This becomes evident from

intensity profiles taken along the yellow arrows in the corresponding simulation images.

4.5 Conclusions

It was demonstrated with direct TR-STXM imaging that a static in-plane magnetic
bias field can be used to continuously displace the position of vortex core spin-wave
emitters. These emitters are driven by alternating magnetic fields and they act as
coherent sources for spin waves with nanoscale wavelengths. In a synthetic ferrimagnetic
trilayer structure, it is possible to congruently displace the coupled vortex cores while
maintaining their radial spin-wave emission pattern. For a relatively thick single-layer
film, higher magnetic fields lead to an expansion of the vortex core from an effective
point source to an extended 1D object. This expansion changes the emission pattern of
the spin waves from circular to rather planar waves that propagate away from the core in
both directions perpendicular to the axis of expansion. It is observed that the external
magnetic field and the corresponding expansion of the core do not noticeably change
the spin-wave dispersion relation within the vortex structure as a result of internal field
compensation. Furthermore, micromagnetic simulations confirm these experimental
findings and predict that for certain static magnetic fields - and thus core shapes -
spin-wave focusing effects occur. These results show that magnetic vortex cores can

be used as continuously displaceable, reshapeable and controllable spin-wave sources
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Figure 4.8: Comparison of simulations with different magnetic damping constants. Nor-
malized micromagnetic simulation images for a static magnetic field of 20 mT and an
excitation frequency of 8.5 GHz, with a Gilbert damping constant of (a) a = 0.01 and
(b) @ = 0.0001. Intensity profiles along the corresponding yellow lines are shown below
each respective image. Taken from [30]. Published under CC BY 4.0.

where a directional emission and focusing of spin waves is achieved by applying a static

magnetic field without the need for additional waveguide patterning.
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5 High-Frequency Spin Waves with Short
Wavelengths in Metallic Thin-Film
Samples

The content of this chapter is in preparation for publication as Mayr et al., “Time-
resolved z-ray imaging of spin dynamics at tens of GHz using low-alpha synchrotron
operation” [115]. My contribution to this article is fabricating several of the single
ferromagnetic layer samples, participating in the STXM measurements of the single
ferromagnet layer samples, partially analysing the experimental data of both sample
systems, applying an analytical model for fitting of the dispersion relations for the single

ferromagnetic layer samples and co-writing the manuscript.

The computational speed of prospective spin-wave based devices scales with their
operation frequency. Therefore, high intrinsic spin precession frequencies of the used
materials are an important prerequisite. However, the intrinsic resonances of ferromag-
nets are typically in the low GHz regime. A way to increase their frequencies is to
introduce precessional nodes into the otherwise uniform precession through the thick-
ness of the film. These nodes are caused by vertical confinement due to a finite film
thickness and coincide with an antiphase precession. This antiphase precession adds
strong exchange and dipolar energy contributions, which typically lead to an increase
in frequency. Such precession nodes can be introduced into ferromagnetic layers by
stacking two layers with a non-ferromagnetic interlayer in-between [49, 54, 93], where
a quasi-node forms, and they intrinsically occur in single layers as spin waves of higher
order through the thickness, which are also referred to as perpendicular standing spin
waves [9, 116-124).

In this chapter, it is demonstrated that STXM can be used to image several short-
wavelength spin-wave modes with wavelengths down to 70nm at frequencies up to
30 GHz by utilising the low-alpha optics operation mode at the Bessy II synchrotron.
In a ferromagnetic bilayer system, where the two ferromagnetic layers are aligned an-
tiparallel to each other, non-reciprocal spin waves of both acoustic and optical modes
are observed. In single ferromagnetic layer systems, possibilities to tune the dispersion

relation by material properties, by altering the layer thickness and through the appli-
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cation of an external magnetic bias field are shown. Spin waves of the fundamental
quasi-uniform mode in the Damon-Eshbach geometry as well as higher order modes,
which possess precessional nodes along the thickness of the film, are imaged up to the

fourth order.

5.1 Sample Properties

The first sample system investigated was a trilayer stack consisting of two ferromagnetic
layers [Co and NigjFejg(referred to as NiFe)], each with a thickness of 50 nm thickness,
and separated by a 10 nm thick Cu interlayer (see Fig.[5.Ih, all thicknesses are nominal).
From this stack, micrometre sized elements were patterned.

Upon subsequent demagnetization, the disks were found to exhibit two different, non-
deterministic sets of remanent states, namely vortex pairs with either opposite or equal
vortex circulations, as shown for an exemplary 2 um disk in Figure 5.Ib and ¢ EE,

]. Such a bistable behaviour can be expected for laterally confined, dipolar coupled
layers, where the Cu thickness is above the range for which interlayer exchange coupling

is mediated -

(a) (b) NiFe (¢) NiFe

1 um

Figure 5.1: Overview of the trilayer stack. a) Schematics of the two ferromagnetic
layers separated by a Cu interlayer. b,c) STXM images depicting the two studied
remanent states of the two ferromagnetic layers taken at a tilt angle of 30° to the x-ray
beam for sensitivity to the in-plane magnetic contrast . The arrows indicate the vortex
circulation. b) Opposite vortex circulations in the two layers imaged with a single x-ray
polarisation. ¢) XMCD images of the parallel circulations of the ferromagnetic layers.

The case of opposite vortex circulations is shown in Fig.[5.Ib, where the m,-components
and, thereby, the vortex in-plane states were imaged separately for Co and NiFe by

STXM using a single x-ray polarisation. While opposite vortex circulations can be
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identified, it was found that the vortex core positions were not always identical in both
layers, i.e. the cores exhibited a relative lateral shift to each other, while the core polar-
isations were not directly resolved. Such core shifts occurred with varying magnitude
for both static and magnetically excited cases. Possible reasons for these shifts could
lie in a potential thickness gradient in one or both of the magnetic layers, a repulsive
coupling between antiparallel vortex core polarisations [127], or the dynamic excitation
of the cores.

The case of parallel vortex circulations in the ferromagnetic layers of the disk is
shown in Figure B.Ik. Both circular x-ray polarisations were imaged with in-plane
sensitivity separately for Co and NiFe to form XMCD images revealing pure magnetic
contrast. Here, both vortices are in the same circulation state with off-centred cores
that are laterally separated by 500nm. This leaves the area between them where the
magnetization in the layers is aligned antiparallel while in the other parts of the sample
the layer magnetizations are aligned parallel. The possible reasons for this relative core
shift are the same as for the case of antiparallel circulations. However, the separation
can be higher for parallel circulations as here the reduction of energy obtained by
separating the cores is almost self-compensating from a magneto-dipolar point of view.

The second sample system consists of patterned disks of single ferromagnetic layers
[NiFe and CogoFeqpBao(referred to as CoFeB)] of several different thicknesses. NiFe sam-
ples with thicknesses of 25 nm (NiFe25), 50 nm (NiFe50) and 100 nm (NiFel00) as well
as CoFeB samples with thicknesses of 50 nm (samples CoFeB50a and CoFeB50b) and
100 nm (CoFeB100) were investigated. The ground state of each sample is a magnetic

vortex.

5.2 Sample Fabrication

All studied samples were fabricated on 200 nm thick x-ray transparent SisN; mem-
branes. The thin films for the trilayer sample were deposited by electron beam evap-
oration, whereas the films for the single ferromagnetic layers were deposited by dc
magnetron sputtering or thermal evaporation. For most samples, all lithography steps
were performed on the front side of the SisN4 membrane, only the film for sample
CoFeB50b was deposited on the back of the membrane. As the sputter deposition rate
is lower onto the membrane on the back of the chips than onto a flat substrate, this
CoFeB film is presumably thinner than the nominal 50 nm.

The patterning of the disk and ellipse structures with diameters between 2 pm and
7.5 pm was performed by electron beam lithography and lift-off processing for all sam-
ples. First a bilayer of the positive resists methyl methacrylate(MMA)/poly(methyl

methacrylate) (PMMA) was spincoated onto the membranes. The structures were
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5 High-Frequency Spin Waves with Short Wavelengths in Metallic Thin Films

defined by electron beam lithography, subsequently developed in a methyl isobutyl ke-
tone:isopropyl alcohol (MIBK:IPA) mixture and then rinsed in IPA. After deposition

of the materials, the lift-off was performed in acetone.

On top of the patterned structures, an electrically conductive coplanar waveguide
(sample CoFeB50b, on the opposite side of the SigNy) or microstrip (all other samples,
directly on top) was patterned via electron beam lithography and lift-off processing.
The material for the 200 nm thick Cu conductors was deposited by electron beam evap-

oration for the trilayer sample and by thermal evaporation for the single-layer samples.

5.3 Trilayer Stack

5.3.1 Antiparallel Vortex Circulations

When the disk element with opposite vortex-circulation state is excited by an alter-
nating, quasi-uniform magnetic field, spin waves with sub-micrometre wavelengths are
excited at the vortex cores in both layers and subsequently propagate to the edge of
the disk. This is exemplarily shown in the normalised dynamic STXM snapshots for
an excitation with a frequency of 4.29 GHz and a magnitude of approximately 1mT
in Fig. for the NiFe and Co layers. The wavelength of the spin waves is deter-
mined to be 320 nm + 27nm. By comparing the spin-wave response of the two different
layers, it becomes obvious that they locally exhibit the same phase in their dynamic
m, component. This means that the waves correspond to the layer-collective acoustic
mode of antiparallel ferromagnetic bilayers in the Damon-Eshbach geometry, as was
already discussed earlier in Chapter 4l In other works, this kind of mode was found to
be strongly non-reciprocal, in the sense that waves of the same frequency propagating
in opposite directions exhibit substantially different wavelengths [49].

In contrast to earlier findings, the spin-wave emission pattern in the present experi-
ment is notably asymmetric as the waves are mainly emitted towards the bottom half of
the disk, while there are almost no waves present in its upper half. Assuming that one
of the cores was more dynamically susceptible, this asymmetry could be a consequence
of the relative lateral shift between the vortex cores, causing a local region to be in the
parallel magnetic state, which in turn leads to a mismatch in the dispersion relation.

In the past, vortex-based spin-wave emission in antiparallel magnetic bilayers was
observed by TR-STXM mainly for frequencies below 5 GHz [30, 149, 193]. Exploiting
the improved time-resolution of the low-alpha operation mode of Bessy II and the
particular sample properties, this range was substantially extended as it will be shown

in the following.
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10.71 GHz

16.07 GHz

Figure 5.2: Normalised dynamic STXM snapshots of the sample in the antiparallel vor-
tex configuration taken with out-of-plane magnetic sensitivity. a) Spin waves emitted
from the vortex cores propagating outwards in the NiFe and Co layer at an excita-
tion with a frequency of 4.29 GHz. b) Response of the NiFe layer to an excitation of
10.71 GHz displaying spin waves propagating inwards as part of the long-wavelength
branch of the acoustic mode. ¢) Optical mode in the Co layer at an excitation with a
frequency of 16.71 GHz.

Whereas the wavelength of the spin waves emitted from the vortex cores can be con-
tinuously tuned with the driving frequency, as in Chapter[] at a frequency of 10.71 GHz,
at once longer waves with a wavelength of 454nm =+ 114 nm and opposite phase propa-
gation direction (inwards) appear in the dynamic images (Fig. B5.2b). The propagation
direction can be determined from the time-resolved movies. Given the strong non-
reciprocity of the system, this situation suggests that the outwards propagating waves
belong to the short-wavelength branch of the collective acoustic mode of the antiparallel
bilayer, while the inwards propagating waves are part of the long-wavelength branch
which also fits to the relative equilibrium circulation configuration dﬂ, @] Finally, for
a frequency of 16.07 GHz, inwards propagating waves of even longer wavelength 932 nm
+ 233 nm appear (Fig. B.2k), which presumably belong to the collective optical mode

of the antiparallel system.
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5.3.2 Parallel Vortex Circulations with Shifted Cores

When the sample in the state with parallel vortex circulation is excited by alternating
magnetic fields, the same kind of acoustic collective spin-wave mode as before is observed
propagating within the region between the laterally shifted vortex cores, where the
magnetic orientation of the two ferromagnetic layers is antiparallel. This is shown in
the absolute and normalised snapshots of TR-STXM measurements with perpendicular
magnetic sensitivity for the NiFe layer to an excitation of 4.29 GHz in Fig. B.3h. Within
the region between the cores, waves are propagating from the position of the Co core to
that of the NiFe core at a wavelength of 290 nm 4+ 80nm. As described before, the spin
waves can be excited continuously for increasing frequencies as shown in the normalised
TR-STXM snaphots for the NiFe layer for an excitations of 8.14 GHz resulting in a
wavelength of 148 nm + 16 nm (Fig. £.3b) and 12.14 GHz with a wavelength of 89 nm
+ 9nm (Fig. B3c). As before, the waves in the Co layer are in phase with the NiFe
layer with respect to m,.

(a) NiFe

“ZoGnz

12.14 GHz

Figure 5.3: Dynamic STXM snapshots of the sample in the parallel vortex configura-
tion taken with magnetic out-of-plane sensitivity. a) Absolute (left hand side) and
normalised (right hand side) absorption images of the NiFe layer at an excitation with
a frequency of 4.29 GHz, displaying spin waves in the region with local antiparallel ori-
entation. b) Response of the NiFe layer to an excitation of 8.14 GHz. ¢) Response of
the NiFe layer to an excitation of 12.14 GHz.
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Furthermore, at excitation frequencies of 14.29 GHz and 15.14 GHz, non-reciprocal
waves were observed simultaneously in the time-resolved movies, propagating with op-
posing phase directions. The waves with propagation direction from the Co to the NiFe
core presumably belong to the short-wavelength branch (80 nm + 7nm and 71nm +
8nm), while the ones propagating from the NiFe to the Co core belong to the long-
wavelength branch (280 nm + 20nm and 175nm £ 17nm) of the acoustic mode.

5.3.3 Spin-Wave Dispersion in Antiparallel Magnetic Systems

To gain further insight into the relevant spin-wave dispersion relations f(k) of the
present antiparallel magnetic bilayer system in the Damon-Eshbach geometry, the ex-
perimental data points were plotted as solid dots (antiparallel vortex circulations) and
solid squares (parallel vortex circulations) as shown in Figure [5.4]

On the side of positive wavevectors +k, all data points (approximately 2 GHz to
15 GHz with wavevectors from 10rad/pm to 90rad/pm) are mainly on a diagonal line
with positive slope, originating approximately at 0. This situation corresponds to a
linear spin wave dispersion, where the phase velocity is equal to the group velocity
meaning that waves of all different wavelengths propagate with the same velocity. From
the fact that dots and squares follow the same line, it can be concluded that the overall
relative vortex circulation configuration (antiparallel or parallel) does not significantly
influence the spin-wave dispersion relation as long as the relative layer orientation is
locally antiparallel.

At the negative k-branch, the data points span a smaller frequency range between
approximately 10 GHz and 16 GHz at wavevectors between 5rad/pm and 40rad/pm,
meaning that, for the same frequency, the wavelengths along +k are shorter than
along —k (short-wavelength vs. long-wavelength branch). This kind of dispersion
non-reciprocity is in line with earlier findings [49] for the m,-acoustic layer-collective
Damon-Eshbach mode of antiparallel bilayers. While the red-coloured —k data points
below 16 GHz exhibit a monotonous increase of f over k, the one at 16 GHz (depicted
in yellow) falls out of this sequence and it will be shown in the following that this is an
instance of the higher-energetic m_-optical mode of the system.

To substantiate the above interpretations, an analytic micromagnetic model was ap-
plied to calculate the spin-wave dispersion relations of the system, considering plane
spin waves and sublayer discretisation while omitting electromagnetic effects and retar-
dation [54]. The problem is then solved numerically, allowing for a reasonable variation
of nominal magnetic and material property parameters for an improved matching with
the experimental data points (manual fit). The parameters used were film thicknesses

of dyire = 50nm and dc, = 50nm, exchange constants of Ay;re = 8.5pJ/m and
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Aco = 15pJ/m and saturation magnetizations of My yipe = 740kA/m and M, c, =
1270kA/m. It should be noted that the values for the exchange constants are lower
than those typically assumed but are at the same time in line with earlier findings of a
reduced exchange value in such systems [9, 130]

The four lowest-energy dispersion relations resulting from these calculations are
shown as lines in Fig. 5.4 together with the experimental data points. The colour/type
line coding is as follows: Colours (red, yellow, blue, green) correspond to specific spin-
wave modes, which refers to the distinct character or precession profile of magnetization
dynamics, e.g. m,-acoustic (red) or m-optical (yellow). However, these modes are not
necessarily continuous in the dispersion plane, but they may hop between continuous
spin-wave bands, as indicated by line type, at their avoided crossing points.

From these results it can be seen that the experimental data points are in excellent
agreement with the short-wavelength branch of the collective m -acoustic mode (red
lines) for positive wavevectors and are in reasonable agreement with the long-wavelength
branch for negative wavevectors. Moreover, as mentioned above, the experimental data
point at around 16 GHz matches the calculated dispersion of the m,-optical mode,
which allows to conclude that this mode was in fact directly observed.

In addition to the experimental results, one can deduce the following from the calcu-
lated results: The m,-acoustic mode has a spin-wave gap of approximately 500 MHz,
below which propagating spin waves do not exist. This minimum is not located at
k = 0 but slightly shifted to positive k values, meaning that there is a k-range with
opposing phase and group velocities. In contrast to the short-wavelength branch of the
m-acoustic mode, its long-wavelength branch intersects with two additional modes at
around 9 GHz (mode #3, blue) and at 12 GHz (mode #4, green).

The m,-optical mode has a spin-wave gap of approximately 1.5 GHz which appears
to be close to kK = 0. These branches with steep slopes are also non-reciprocal, although
with an inverted sense and less pronounced than in the m,-acoustic case. Intersections
with modes #3 and #4 occur in both & directions of the m,-optical mode.

Whereas there are no experimental data points for modes #3 and #4, the calculations
indicate that they can be characterised by rather individual magnetic precessions of the
different magnetic layers NiFe (blue) and Co (green), respectively. They appear at
higher frequencies (NiFe: 9GHz, Co: 12GHz) and exhibit parabolic-like precession

branches that are almost symmetric in k.

5.4 Single Ferromagnetic Layer Systems

The second sample system consists of single ferromagnetic layers of different thicknesses

patterned into disks and ellipses. Unlike the previously described trilayers, single layers
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typically do not exhibit any spin-wave non-reciprocity in k£ and, therefore, it is sufficient

to focus on positive wavevectors.

5.4.1 Multimode Dispersion

Several spin-wave modes were measured by STXM for a particular material and thick-
ness combination as exemplarily shown for a 100 nm thick CoFeB disk with a diameter
of 2pm (sample CoFeB100) together with their theoretical dispersion curves in Fig.
The theoretical curves were calculated with the same model as for the trilayers. The pa-
rameters found from the manual fit are a saturation magnetization of My = 1050 kA /m,
an exchange constant of A = 18 pJ/m and a uniaxial anisotropy of K, = 200.J/m?3.

The experimental results show that, with TR-STXM, spin waves of the first higher
order mode of the Damon Eshbach geometry, which exhibits an inhomogeneous preces-
sion profile comprising a node over the film thickness [9], were measured in a frequency
range from 9.1 GHz to 17.1 GHz with wavevectors of 19.7rad/pm to 77.2rad/pm. This
corresponds to wavelengths down to 81 nm + 40 nm. For frequencies from 16.3 GHz to
20.3 GHz with wavevectors of 5.0rad/pm to 21.4rad/pm, spin waves of the standard
quasi-uniform mode were imaged.

The first and second order modes occur at frequencies below the quasi-uniform mode
leading to points of avoided crossing at approximately 8 GHz and k& = 1rad/pm as well
as 14 GHz and k = 3rad/pm, respectively. At 22.3 GHz, spin waves with wavevectors of
19.1rad/pm to 20.8 rad /pm were observed, which correspond to the third higher order
mode. One data point cannot be unambiguously attributed to the fundamental quasi-
uniform mode or the third higher order mode. Spin waves at 30.3 GHz were observed
with a wavevector of 29.6 rad/pm, corresponding to a wavelength of 212nm + 53 nm,
which fits with the calculated dispersion of the fourth higher order mode.

Exemplary normalised STXM snapshots of three different modes are shown in the

top part of the figure with the arrows indicating the corresponding data point.

5.4.2 Thickness Dependence

The influence of the film thickness on the spin-wave modes is shown in Fig. for disks
with a diameter of 5 pm consisting of NiFe with a thickness of 25 nm (NiFe25), 50 nm
(NiFe50) and 100 nm (NiFel00). In Fig. (.6h, the calculated and measured spin-wave
dispersions in the Damon-Eshbach geometry are shown for the 25 nm thick film. The
parameters found from the fit are a thickness of 30 nm, a saturation magnetization of
M, = 800kA/m, an exchange constant of A = 6pJ/m and a uniaxial anisotropy of
K, = 200J/m?. In the considered frequency range from 0 GHz to 20 GHz, only the

quasi-uniform and first higher order mode exist. In the STXM experiments, only spin
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waves belonging to the standard quasi-uniform mode were observed for frequencies from

approximately 6 GHz to 13 GHz with wavevectors from 6.0 rad/pm to 17.5rad/pm.

For a doubled film thickness of 50 nm, the higher order modes shift towards lower
frequencies as can be seen for the calculated dispersion relations (Fig.[5.6b). The param-
eters determined from the manual fit of the experimental data are a thickness of 50 nm,
a saturation magnetization of My = 800kA/m, an exchange constant of A = 6pJ/m
and a uniaxial anisotropy of K, = 350J/m?. The higher order modes shift partially
below the quasi-uniform mode, which leads to an avoided crossing between the quasi
uniform and first higher order mode at approximately 9.5 GHz and k& = 3.5rad/pm.
Experimentally, spin waves corresponding to both modes were observed. For the quasi-
uniform Damon-Eshbach mode, they are located at wavevectors between 1.7 rad /um and
36.2rad/pm corresponding to frequencies ranging from 7.1 GHz to 17.1 GHz. The spin
waves belonging to the first higher order mode occurred at frequencies from 10.1 GHz
to 12.1 GHz with wavevectors of 53.2rad/pm to 61.9rad/pm. The latter corresponds

to wavelengths down to 102nm + 30 nm.

When the film thickness is doubled again to 100 nm, modes of even higher order
appear in the considered frequency range in the calculations, as all higher order modes
shift towards lower frequencies (Fig.[5.6kc). The sample parameters determined from the
manual fit are a thickness of 100 nm, a saturation magnetization of My = 800 kA /m, an
exchange constant of A = 5pJ/m and a uniaxial anisotropy of K, = 5J/m3. The shift
of the modes leads to more points of avoided crossing between the quasi-uniform mode
and the modes of higher order. These are located at approximately 3.4 GHz and k =
0.5 rad/pm for the first, at 6.8 GHz and k = 1.0rad/pm for the second, at 10.4 GHz and
k = 3.5rad/pm for the third and at 14.6 GHz and k& = 13.0 rad /pm for the fourth higher
order mode. For the experimentally observed spin waves with low wavevectors from
2.7rad/pm to 22.7 rad /um at frequencies from 10.1 GHz to 15.1 GHz, some experimental
data points cannot unambiguously be attributed to the quasi uniform, third or fourth
higher order mode in the vicinity of avoided crossing. However, in the short-wavelength
regime, the waves belonging to the first higher order mode can be clearly identified
in a frequency range from 5.1 GHz to 9.1 GHz with wavevectors from 33.5rad/pm to
93.4rad/pm. This means that spin waves with wavelengths down to 67nm + 20nm

were measured.

These measurements and calculations demonstrate that for thinner films with a
stronger vertical confinement, the higher order spin-wave modes appear at higher fre-
quencies. When the film thickness is increased, the frequency of these modes decreases.
At the same time, the fundamental quasi-uniform spin-wave mode is only mildly affected
by the film thickness.
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While an influence of the sample thickness on the anisotropy can be expected, the
discrepancy of the values for different NiFe samples could also be because the samples
were fabricated at different times. The low values for the exchange constant are in line

with earlier findings, as mentioned above.

A comparison between Figs. and (.6t additionally illustrates the influence of
different materials on the dispersion relations. For CoFeB, which has a higher saturation
magnetization and, more importantly, a higher exchange constant than NiFe, higher
order spin-wave modes appear at higher frequencies in the TR-STXM measurements,

as supported by the calculations.

5.4.3 Influence of a Magnetic Bias Field

One possibility to alter and control the dispersion relation for a given material and
thickness is by applying a static magnetic bias field to the sample. As shown in Chap-
ter M small magnetic bias fields lead to the displacement and expansion of the vortex
core without influencing the dispersion relation of the emitted spin waves. However,
the application of a larger magnetic field of 250 mT in the film plane expels the vortex
from the disk and leads to a single-domain state of quasi-uniform magnetic orientation.
In this case, the excited spin waves at similar wavelengths appear at higher frequencies
compared to the vortex state without any magnetic bias field applied as shown in Fig.
5.7 for 50nm thick CoFeB disks (samples CoFeB50a and CoFeB50b for measurements
without and with a field, respectively). The structures are an ellipse with dimensions
of 7.5 pm x 5pum for sample CoFeB50a and a disk with a diameter of 3 pm for sample
CoFeB50b. For the highest wavevector of the experimentally observed spin waves of
approximately 9.5 rad/pm the difference between no field applied and the application of
250 mT corresponds to a change in frequency from 16.1 GHz to 25.1 GHz. The calcula-
tions indicate that this increase in frequency occurs for both the fundamental and first
higher order modes. The parameters found from the fit are a thickness of 50 nm, a sat-
uration magnetization of My = 1100 kA /m, an exchange constant of A = 15pJ/m and
a uniaxial anisotropy of K, = 5.J/m3 for sample CoFeB50a and a thickness of 42.5 nm,
a saturation magnetization of My = 1200 kA /m, an exchange constant of A = 15pJ/m
and a uniaxial anisotropy of K, = 25J/m? for sample CoFeB50b. The reduced thick-
ness of sample CoFeB50b presumably comes from the reduced sputter rate onto the
back of the membrane as explained earlier. From the calculated dispersion curves, it
can additionally be seen that their slopes become less steep when a magnetic field is
applied. This coincides with a shift in the ferromagnetic resonance (k = 0) from approx-
imately 1 GHz for 0mT to 19 GHz for 250 mT. To the right hand side of the dispersion,
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exemplary normalised TR-STXM snapshots are shown of the quasi-uniform mode for

the cases with and without the magnetic field applied.

5.5 Conclusions

It was demonstrated that TR-STXM is able to image spin-wave dynamics up to 30 GHz
and with wavelengths down to 70 nm by using a low-alpha optics synchrotron opera-
tion mode with an increased time resolution. This provides a means to measure spin
waves in a frequency and wavelength range that is not accessible by other measurements
methods. Several spin-wave modes were imaged in patterned disks of both coupled fer-
romagnetic bilayers with antiparallel alignment and single ferromagnetic layers. For
coupled ferromagnetic bilayers, it was shown that the collective acoustic modes for
local antiparallel magnetization orientation are identical, regardless of the vortex circu-
lation states of the disk element. The frequency range of the experiments was extended
compared to previous measurements and acoustic modes of both the short- and long-
wavelength branch, as well as an instance of an optical mode, were observed. In single
ferromagnetic layer systems, it was demonstrated that spin waves of the standard quasi-
uniform precession mode as well as of modes of higher order in the Damon-Eshbach
geometry can be imaged. Due to the extended frequency range, spin waves up to the
fourth order were observed. Furthermore, it was shown how the dispersion relations in
single-layer systems can be tuned by the material properties, tuning the film thickness
and applying a magnetic field. For both sample systems, it was confirmed that the
theoretical predictions are valid even in this extended frequency range. These measure-
ments demonstrate that, by introducing precession nodes over the sample thickness,
the frequencies of spin-wave dynamics in ferromagnetic systems can be significantly

increased.
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Figure 5.4: Spin-wave dispersions f(k) of the Damon-Eshbach geometry in the
Co/Cu/NiFe sample with antiparallel ferromagnetic layers. Experimental data points
from TR-STXM of the disk element are shown as dots (antiparallel vortex circulations)
and squares (parallel circulations). Red data points correspond to the m-acoustic
collective mode, while the yellow point is part of the m,-optical mode. Calculated spin-
wave dispersion relations are shown as lines where the colours refer to the characteristic
spin-wave modes: m-acoustic (red), m-optical (yellow), NiFe (blue), Co (green) and
the line styles denote the continuous spin-wave bands.
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Figure 5.5: Measured and calculated spin-wave dispersion relations in the Damon-
Eshbach geometry in a 100nm thick CoFeB sample. Symbols correspond to experi-
mentally measured data and lines are calculated dispersion curves. The colours denote
the spin-wave mode, the line styles denote the spin-wave band. The error bars represent
the uncertainty in determining the wavelength. Normalised STXM images are shown
of the selected data points indicated by the coloured arrows for different modes.
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Figure 5.6: Influence of the film thickness on measured and calculated dispersion rela-
tions for spin waves in the Damon-Eshbach geometry in NiFe samples. The thicknesses
are a) 25nm, b) 50 nm and ¢) 100 nm. Symbols correspond to experimentally measured
data and lines to calculated dispersion curves. The colours denote the spin-wave mode
and the line styles denote the spin-wave band. The error bars represent the uncertainty
of the wavelength. Shown in the insets are normalised TR-STXM snapshots of selected
data points for different modes as indicated by the arrows.
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Figure 5.7: Influence of a static magnetic bias field on the measured and calculated
dispersion relations in the Damon-Eshbach geometry in 50 nm thick CoFeB samples.
Symbols correspond to TR-STXM data and lines to calculated dispersion curves of the
quasi uniform and first higher-order mode. The colours denote the spin-wave mode
and the line styles denote the spin-wave band. The error bars indicate the uncertainty
in determining the wavelength. Normalised snapshots of TR-STXM measurements are
depicted with and without the external magnetic bias field applied as indicated by the
arrows.
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6 Dynamics in Ga-doped YIG

My contribution to the work presented in this chapter is adapting and establishing the
Xe PFIB window milling process for the present material in combination with the me-
chanical grinding, fabricating the actual windows with lapping and PFIB, assisting with
the lithography process, participating in the STXM measurements, analysing the exper-

imental data and providing input for the micromagnetic simulations.

Ferrimagnets in many aspects are often treated like ferromagnets with a lower satu-
ration magnetization [16]. The most prominent ferrimagnet in the field of magnonics
is yttrium iron garnet (YsFe;012), typically simply referred to as YIG. It exhibits the
lowest known magnetic damping, making it a model system for studying spin-wave
dynamics. Spin waves in ferrimagnets, such as YIG, can be seen as a step towards
magnonic phenomena in antiferromagnets as ferrimagnets already consist of antiferro-
magnetically coupled sublattices. Therefore, they also exhibit modes with sublattice
canting, which lead to high spin-wave frequencies similar to antiferromagnets. For a
better comparison with antiferromagnets, the net magnetization of a ferrimagnet at a
certain temperature can be further reduced with some ferrimagnets exhibiting a mag-
netization compensation. For ferrimagnets that consist of different species of magnetic
elements, such as GdCo, the stoichiometry of the material can be changed [§]. For ferri-
magnets with a single magnetic element at different crystallographic sites, the material
can be doped with a non-ferromagnetic element that preferably occupies the positions
of the ferromagnetic element at certain sites. This has been demonstrated for single
crystals of YIG, where doping with Ga ions (Ga:YIG) has been used to reduce the net
magnetization [128, 129].

In this chapter, different spin-wave phenomena are shown in Ga:YIG thin films, which
have a reduced magnetization of approximately 5% to 20 % when compared with pure
YIG. Selected measurements displaying the different effects for exemplary samples are
presented. Due to the low magnetization, the observed spin waves are already exchange
dominated despite their relatively long wavelengths. This leads to an isotropic emission
and propagation of waves. Furthermore, a non-linear excitation effect is observed, which
leads to an unprecedented large spin-wave precession angle of more than 20°. These
findings are confirmed by micromagnetic simulations. In addition, spin waves in the

forward-volume geometry as well as domain-wall and domain dynamics are observed.
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6 Dynamics in Ga-doped YIG

6.1 YIG in Magnonics

The insulating ferrimagnet YIG is the material with the lowest known magnon damping,
which can be orders of magnitudes lower than that of other materials such as NiFe or
CoFeB M] The crystalline structure of YIG is shown in Fig. The Fe* ions
occupy two different lattice sites with opposite orientations leading to the ferrimagnetic
nature of the material M] YIG was first synthesised as a bulk crystal in 1957 lj] and
its low damping lead to a multitude of experimental investigations into its magnetic
resonance and spin-wave behaviour in the following years. These experiments were
predominantly performed in spheres, disks and rods polished from single crystals (see
e.g. D).

Since then, the high-quality growth of thin films with thicknesses below 100 nm and
damping values of & = 1 x 107 has been established B] Due to this low damping,
which allows the propagation of spin waves over centimetres, YIG is a model system
for both fundamental studies as well as applications ﬂﬂ] For example a Bose-Einstein
condensate of magnons at room temperature has been observed in YIG films |, while
on the path towards spin-wave applications, magnon transistors M], logic elements
such as a majority gate |, and a directional coupler |, have been demonstrated in
YIG thin films. Typical values of magnetic parameters for YIG are a Curie temperature
of Tc = 559K ﬂE}: a saturation magnetization Mg = 140kA/m to 143kA/m |61, @]
and an exchange constant A = 3.7 pJ/m ]. Thin YIG films with thicknesses on the

order of 100 nm exhibit an in-plane anisotropy.

Figure 6.1: Structure of YIG with the majority tetrahedral Fe sites (green), the minority
octahedral Fe sites (blue) as well as the Y sites (black) and the O sites (red). Adapted
from [17]. Published under CC BY 4.0.
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6.2 Sample Fabrication

6.2 Sample Fabrication

6.2.1 Growth and Pre-Characterisation

The Ga:YIG thin films with different Ga concentrations were grown by liquid-phase-
epitaxy (LPE) by INNOVENT Technologieentwicklung Jena, where the growth of high-
quality, low-damping nanometre-thick YIG films had been established [61]. The films
were grown on Gd3GasO12 (GGG) wafers with either (100) or (111) orientation. The
thickness of the films was determined by means of a prism coupler and the saturation
magnetization of the samples was measured using a vibrating-sample magnetometer
(VSM) by INNOVENT. From these magnetization measurements it was observed that
the anisotropy changed from in-plane, as usual for YIG thin films, to out-of-plane with
increasing Ga-doping. Table gives an overview of the samples investigated in this
project, with their thicknesses, saturation magnetizations as well as the orientation of
the GGG substrates. After the thin-film growth and pre-characterisation, the wafers
were cut into rectangular and square pieces with side lengths ranging from 2mm to

5mm for further processing.

Table 6.1: Overview of the Ga:YIG samples and their properties. The saturation mag-
netization of all samples is reduced compared to undoped YIG (~ 140kA /m).

Sample Thickness [nm] Mg [kA/m] GGG orientation

A10 200 31.8 (100)
Al4 150 14.0 (100)
6-02 150 <8.0 (111)

6.2.2 Window Fabrication and Lithography

The GGG substrates were 500 pm thick, which means that the samples needed to be
thinned for STXM measurements as described in Section 3.3l Because GGG has a rela-
tively fast PFIB milling speed, prior to milling, the samples were lapped to thicknesses
of 100pm and 130 pm. Afterwards, the samples were mechanically polished to obtain
a smooth surface. This step is required, as an insufficiently smooth surface can cause
unwanted step-like features in the PFIB milling process. After the mechanical process-
ing, windows were milled into the samples with a Xe PFIB. To aid the alignment of the
samples for lithography, holes were milled into the samples by PFIB in addition to the
windows.

After the windows were fabricated, a stripline was lithographically patterned onto
each window on the Ga:YIG film side of the sample. The EBL process utilised lift-off
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6 Dynamics in Ga-doped YIG

for pattern transfer as described in Section Bl with a few adaptations due to the prop-
erties of the material. Because Ga:YIG and GGG are highly insulating, a 10 nm thick
Al layer was deposited onto the resist by thermal evaporation after the spin coating.
These films help to reduce charging effects during the electron beam exposure. The
samples were aligned in the electron beam writer using the additionally milled holes,
which can be identified by the electron beam. The lateral size of the exposed stripline
was 6.5 pm by 500 nm. After the exposure, the Al film was removed by tetramethylam-
monium hydroxide (TMAH). The samples were subsequently developed in MIBK /TPA
for approximately 30 s and rinsed in IPA. Then 200 nm of Cu, together with a 5 nm thick
Cr adhesion layer, were deposited for the stripline by thermal evaporation. Finally, the

samples were immersed in acetone for lift-off.

6.3 TR-STXM Imaging

6.3.1 Spin Waves

The dynamics in the Ga:YIG samples were imaged using TR-STXM at the Fe L3 edge
with a single circular polarisation. The measurements were performed at the Maxymus
beamline at the Bessy II synchrotron.

In Fig. 6.2k, a window in sample A14 is shown as a snapshot of a time-resolved abso-
lute absorption image. The diagonal contrast variation stems from substrate thickness
differences due to the ion milling. At a horizontally applied magnetic in-plane field
of 169 mT, the sample is saturated in the film plane. In the centre of the image, the
stripline is visible as dark horizontal contrast. The white spots are Fe depleted areas
in the film as explained in Section 3.3l

When an exemplary ac excitation of 3.57 GHz is applied across the stripline leading to
an oscillatory Oersted field of approximately 4 mT, spin waves are locally emitted and
propagate away from the source. Their propagation is not noticeably affected by the
white Fe depleted areas. Even though the spin waves are already visible in the absolute
absorption image, they become even more prominent in the normalized snapshot shown
in Fig. 62b. The spin waves propagate in an almost radially isotropic manner away
from an elliptically shaped source, which forms at the stripline. This means that the
dispersion relations for waves in the Damon-Eshbach and backward-volume geometry
are rather similar, which is only the case for the exchange-dominated regime.

Intensity profiles taken along the yellow arrow for two snapshots with a time delay of
80 ps confirm that the observed spin waves are propagating (Fig.[62k). The wavelength
of the spin waves can be determined from the intensity profiles to be 683 nm + 17 nm.

In addition, the intensity profiles confirm the low magnetic damping of the material,
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6.3 TR-STXM Imaging

as the waves propagate over distances of more than 10 times the wavelength with low
loss in amplitude despite their circular wavefronts. After 10 wavelengths, the spin-wave
angle is reduced to approximately half its original value. This low damping is confirmed

by ferromagnetic resonance measurements, where a damping of & = 5 x 10~4 was found

for this sample.
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Figure 6.2: Propagating spin waves in Ga:YIG sample Al4. a,b) Snapshots of TR-
STXM data taken with out-of-plane magnetic sensitivity at an external magnetic in-
plane field of 169 mT and an excitation frequency of 3.57 GHz. a) Absolute absorption
image depicting the thinned window and the emission of spin waves at the stripline that
is visible as dark contrast in the centre. The diagonal variation of contrast stems from
gradients in the substrate thickness, while the white spots are Fe depleted areas. b)
Normalized view highlighting the emitted spin waves. c) Intensity profiles at different
delay times along the yellow arrow in b) confirm the propagating character of the waves,
indicated by the dashed grey line. d) Magnetic-field line-scans along the red dashed
line in a). The magnetic field is increased by 0.2mT every time the line is scanned, in
the range from 165 mT to 196 mT, showing a spontaneous increase in contrast above a
magnetic field of approximately 173 mT.

Nf = =

To study the effect of the static magnetic field on the spin waves, magnetic field
line scans were performed. For this, instead of taking a two-dimensional image, only a
one-dimensional line is scanned repeatedly, the position of which is indicated by the red
dashed line in Figure[6.2h. For each line scan, the magnetic field is increased, here from
165mT to 196 mT in steps of 0.2 mT, as depicted in Figure [6.2d. While spin waves are
already visible in the lower part, corresponding to lower magnetic fields, a spontaneous
substantial increase in contrast appears at a magnetic field of approximately 173 mT.
The change of contrast coincides with a phase jump of the emitted spin waves, which is
visible in Fig.[6.2d at the stripline where, for the low-field region, there is a dark contrast
to the left hand side of the stripline and a bright contrast towards the right hand side,
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6 Dynamics in Ga-doped YIG

which inverts as the contrast increases. The spontaneaous increase in contrast appears
at 173 mT in the magnetic field line scan, whereas the images in Figures [6.2h and
show the increased contrast at a lower magnetic field of 169 mT. This is due to an
amplitude hysteresis, meaning that this non-linear excitation effect persists to lower
magnetic fields if the field is decreased instead of increased.

A strong contrast means that there is a large spin-wave precession angle. This angle,
i.e. here the magnetization tilt out of the film plane, can be calculated by comparing the
contrast of the waves with static images of the fully saturated out-of-plane state. The
angles are found to exceed 20° close to the centre of the emission, which is significantly
higher than usual spin-wave angles which are on the order of 1° as found, for example,
in permalloy [141].

To gain a better understanding of this non-linear excitation effect that leads to such
large spin-wave angles, micromagnetic simulations were performed with Mumax3. A
snapshot of the simulated images is depicted in Figure The size of the simulations
was chosen to be similar to the experimental image (25 pm x 25 pm) with 512 x 512 x 1
cells with a cell size of 50nm x 50nm x 150nm. A saturation magnetization similar
to that of the sample of 15kA/m and uniaxial anisotropy in the z-direction (out-of-
plane) of 950J/m? was used. The anisotropy was determined from the saturation
magnetization and the magnetic field that is needed to turn the magnetization into the
film plane. A fit to the wavelength observed in the experiment leads to an exchange
constant of A = 0.9 pJ/m, which is approximately a quarter of the one of undoped YIG.
The damping constant of & = 5x10™% was increased at the edges to prevent reflections of
spin waves due to the finite simulation size. An ac current with a frequency of 3.57 GHz
and with a maximum current of J = 3.8 mA was used to excite the spin waves. The
localisation of the spin-wave emission at the right hand side of the stripline is achieved
by a small diagonal variation of the saturation magnetization, which resembles the
thickness gradient of the substrate. This thickness variation of the substrate is suspected
to lead to a small variation of the temperature of the sample leading to a slight change
in the saturation magnetization. From the simulation parameters an exchange length
of l., = 80nm can be calculated, which confirms the experimental finding that the
observed spin waves with wavelengths on the order of 700 nm are exchange dominated.

The simulations confirm the excitation non-linearity observed in the experiments,
which also coincides with a phase shift of 180° of the spin-wave emission. An analysis
of the amplitude of the oscillation yields spin-wave angles of up to 40°, exceeding even
those measured experimentally. Furthermore, the hysteresis in the magnetic field of
the onset of this non-linear effect was confirmed. Similar hysteresis effects were also
found for both the excitation amplitude and frequency. This suggests that the observed

effect is similar to a Duffing oscillator, where amplitude jumps occur due to a bistable
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6.3 TR-STXM Imaging

non-linear frequency response, as recently observed in similar Ga:YIG films @] The
foldover accompanying such a bistable behaviour can lead to an abrupt increase in
the spin-wave amplitude. Such non-linear effects typically occur for high excitation
amplitudes , ]. However, the detailed reasons and prerequisites for such giant

spin-wave excitation angles need to be further investigated.

3.57 GHz

44—

5um 180 mT

Figure 6.3: Micromagnetic simulation depicting high-amplitude spin waves similar to
those observed in the experiment at an external magnetic in-plane field of 180 mT and
an excitation frequency of 3.57 GHz.

It can be observed in the experiment (Fig. [6.2d) that the wavelength, i.e. the dis-
persion relation, is not substantially affected by the nonlinear increase in contrast
and, hence, the spin-wave angle, which is confirmed by the micromagnetic simulations.

Therefore, calculated dispersion relations should be valid in the entire observed range.

Sample 6-02, which has the highest doping of all investigated samples and exhibits
a compensation point slightly below room temperature, has a stronger out-of-plane
anisotropy than sample A14. Therefore, the available magnetic field of 250 mT is not
sufficient to tilt the magnetization in-plane at room temperature, whereas this is possible
for higher temperatures. However, no increased spin-wave angles or other non-linearities
were observed in this sample. Instead of tilting the magnetization in-plane, it was
attempted to excite forward-volume waves where the magnetization is perpendicular to
the film. To be able to image such waves with circular light, the sample was mounted
with an angle of 30° between the surface normal and the photon beam, which is typically
used for sensitivity to the in-plane component of the magnetization. However, no spin

waves were emitted and only a driven oscillation is visible at the stripline, as shown
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6 Dynamics in Ga-doped YIG

in Fig. [64h for an exemplary excitation of 10.07 GHz with a magnetic field of 50 mT
applied out-of-plane at 50 K. To verify the validity of the set-up, sample Al4 was
mounted at a tilt angle and a magnetic field of 30 mT applied mainly perpendicular
to the sample plane. Due to geometric restrictions from the milling, the sample could
not be mounted at the standard 30° but only at approximately 25°. The response of
the sample to a dynamic excitation with a frequency of 3.57 GHz is shown in Fig. [6.4b.
Propagating spin waves with a wavelength of 600nm 4+ 67nm were observed. This
confirms that, in general, forward-volume spin waves can be excited in the Ga:YIG
samples and that it is possible to measure such waves with circularly polarised x-rays.
The reason why no spin waves in the forward-volume geometry were observed in sample
6-02 is possibly a strong damping that also hindered the long propagation of spin waves

for the in-plane magnetized state.

6.3.2 Domain and Domain-Wall Dynamics

In addition to the previously shown spin waves in fully saturated single-domain states,
dynamics are also observed in the presence of domains. To stabilise a domain wall
between inclined domains, an in-plane magnetic field of 100 mT was applied to sample
Al4. This can be seen in the absolute absorption images in the top row of Fig. 6.5k
and b, where a domain wall separates regions of bright and dark contrast with opposite
magnetization directions towards the left and right hand side, respectively. When an
excitation with a frequency of 118 MHz is applied through the stripline, the domain
changes its size (Fig. [6.5h). This can be especially observed in the normalised view,
where regions of domain expansion and shrinkage correspond to the areas with black
and white contrast within the grey area. At an excitation frequency of 265 MHz, the
size change is restricted to the domain wall that leads to an oscillatory motion of the
domain wall, which propagates along the wall as shown in Figure [6.5b.

In Ga:YIG sample A10, which already exhibits a domain structure at fields close to
remanence, here with a nominal out-of-plane magnetic field of 3m'T, it can be seen that
stripe domains are stabilised as seen in the absolute image in Figure [6.5k. Dynamics
in the domain walls can be excited at a frequency of 71 MHz, which can be seen in the
normalised snapshot. These domain wall dynamics occur at much lower frequencies

compared to the spin waves within the domains.

6.4 Conclusions

It was shown that high-quality YIG films can be doped with Ga to reduce their satura-

tion magnetization to reach compensation. For moderate doping, the samples exhibit
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Figure 6.4: Spin waves in the forward-volume geometry. Absolute (top row) and nor-
malised (bottom row) STXM images taken with the sample normal at an angle of
approximately 30° to the photon beam. a) Driven oscillation under the stripline in
sample A-02 at an external magnetic out-of-plane field of 50 mT and an excitation fre-
quency of 10.07 GHz at 50K. b) Spin waves emitted in sample A14 at an external
magnetic out-of-plane field of 30 mT and an excitation frequency of 3.57 GHz at room
temperature (RT).

the characteristic low damping of YIG with long spin-wave propagation lengths, whereas
only short propagation lengths were observed for the sample with the highest doping.
The low magnetization leads to an exchange length on the order of 80 nm in sample
A14, which means that the observed spin waves with wavelengths of several hundreds
of nm are exchange dominated, which manifests as an isotropic emission and propaga-
tion of the waves. A non-linear effect in the excitation can lead to unprecedented large
spin-wave amplitudes exceeding 20°, which coincide with a phase jump of the emitted
spin waves. Micromagnetic simulations reproduce and confirm these effects. Further-
more, spin waves in the forward-volume geometry were observed as well as domain and

domain-wall dynamics. Despite the need for detailed calculations and additional sys-
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Figure 6.5: Domain and Domain-wall dynamics at low frequencies. Snapshots of TR-
STXM data taken with out-of-plane sensitivity. The top row shows absolute absorption
images, the bottom row the normalized view. a,b) Dynamics in sample Al4 at an
external magnetic in-plane field of 100mT. a) At an excitation frequency of 118 MHz
the entire domain is changing its size. b) At an excitation with a higher frequency of
265 MHz, a directional oscillatory motion of the domain wall is visible. ¢) Dynamics
in sample A10 at an external magnetic out-of-plane field of 3mT. The sample hosts
stripe domains as visible in the absolute absorption image. An excitation frequency of
71 MHz leads to a directional oscillatory motion along the domain walls.

tematic experiments to fully understand the system, the results show that, by reducing

the magnetization of a ferrimagnet, a rich dynamic behaviour can be excited.
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7 Imaging of Spin Waves in
Antiferromagnetic Hematite

My contribution to the work presented in this chapter is the adaptation of the Xe PFIB
window milling process with a Fa precursor gas, the actual fabrication of the window,
assistance with the lithography process, participation in the STXM measurements and

analysis of the experimental data.

Despite having been discovered more than 70 years ago and already being used as
a passive element in technologically relevant devices, such as read-heads of computer
hard drives, antiferromagnets as an active part in magnetic systems have only recently
become a focus of research. The reasons for this include the fact that antiferromagnets
are stable towards moderate external magnetic fields and do not produce magnetic stray
fields themselves. This means that antiferromagnets are insensitive to magnetic pertur-
bations and cross-talk with neighbouring magnetic devices. However, this makes it not
only difficult to manipulate the state of an antiferromagnet but to read it out or mea-
sure it [3]. The main advantage over ferromagnetic systems with respect to magnonics
are the expected fast antiferromagnetic dynamics, where even the fundamental reso-
nances are governed by the exchange interaction, which facilitates an increase of the
computational speed of future magnonic devices [2].

Hematite (a-FeaO3) has long been known as an antiferromagnet (AFM), which has
no net magnetization at low temperatures. At higher temperatures above the so-called
Morin temperature T [145], but below the Néel temperature Ty, there is nevertheless
a small magnetic moment, the origin of which was controversly discussed [146, 147].
Sample defects and even parasitic influences from Fe3O4 (magnetite) defects were con-
sidered as a source [146]. However, this controversy eventually led to the discovery of
the Dzyaloshinsky-Moriya interaction (DMI) [18, [19], whose influence leads to a slight
canting of the antiferromagnetically ordered moments. This means that hematite is
a canted AFM in this phase. The occurrence of these two different antiferromagnetic
phases that are accessible by varying the temperature also makes hematite a model
system to study different antiferromagnetic behaviours in a single material.

In this chapter, it is described how hematite is imaged using TR-STXM. For this,

x-ray transparent windows were milled into a bulk single crystal of hematite using a
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7 Imaging of Spin Waves in Antiferromagnetic Hematite

revised adaptation of the Xe PFIB milling technique described in Section B3l It is
shown that the spin reorientation at the Morin temperature can be observed in this
sample using the XMLD effect. This reorientation is found to be non-uniform over the
visible sample region, presumably due to a gradient in the sample thickness. Further-
more, at room temperature in the canted antiferromagnetic state, antiferromagnetic
dynamics can be coherently excited. The observed spin waves propagate at frequencies
of approximately 20 GHz to 25 GHz.

7.1 Properties of Hematite

Hematite crystallises in a hexagonal structure as schematically depicted in Figure[Z.Il It
is antiferromagnetic with a Néel temperature of 948 K, above which it is paramagnetic
[147]. A special property of hematite is that it has two different antiferromagnetic
phases. Above the Morin temperature T)s, which typically occurs between 250 K and
263 K[145, 148, [149], the magnetic moments lie in the plane of the hexagonal structure,
which is referred to as the C-plane (see Figure [.Th). Due to the DMI that points along
the c-axis, the two sublattices cant with an angle of less than 0.1° within the C-plane,
leading to a small net magnetization and making it a canted AFM [149]. Below Ty, the
moments are aligned perpendicular to the C-plane, i.e. along the c-axis as shown in Fig.
[CIb. In this configuration, hematite is fully antiferromagnetic with no remanent net
magnetization. This spin reorientation at the Morin temperature is caused by a change
of sign of the anisotropy field [150]. Hematite can be classified as an easy-plane AFM
above Ty and as an easy-axis AFM below it [151]. The value of the Morin temperature
can depend on the sample size and crystal quality. Therefore often thin films do not
have a spin reorientation and are in the easy-plane state at all temperatures [152,153],
whereas it is possible to have a Morin transition for sufficiently thick films [12].
Calculations of the antiferromagnetic resonance (AFMR) show the existence of a low-
frequency and a high-frequency mode, which correspond to a precession around and a
vibration along the applied magnetic field, respectively [155]. The low-frequency mode
is found at a frequency of approximately 11 GHz at room temperature at remanence
[149]. In addition, this mode is reported to exhibit a low magnetic damping on the
order of a« = 107" at room temperature that is the same order of magnitude as for YIG

[148], which is the material with the lowest reported magnon damping.

7.2 Sample Fabrication

A double-side polished, naturally sourced hematite single crystal with a crystal cut

along the C-plane was purchased from Surface Net GmbH. The sample has a lateral
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Figure 7.1: Structure of hematite. The arrows represent the magnetic moments of the
Fe3T ions. a) Magnetic structure above the Morin transition in the canted antiferromag-
netic phase with the magnetic moments in the C-plane. b) Structure below the Morin
transition in the purely antiferromagnetic phase with the magnetic moments pointing
along the c-axis. Adapted from [154] with permission from Elsevier.

size of 5bmm X 5mm and a thickness of 100 pm, which means that it could be directly
processed with the PFIB as described in Section B.3] without any mechanical grinding.
However, it was found that standard Xe PFIB milling as used previously led to a non-
even surface with steps and holes (see Fig. [[.2h). It was found that the use of a Fy
precursor gas during the milling leads to an even surface with smoothed out edges as
shown in Figure [[.2b. Nevertheless, after being exposed to air, the window oxidised
further, which led to its collapse as depicted in Fig. [[2k. To prevent such oxidation,
a thin layer (5nm to 10nm) of C was deposited in situ on the next window, directly
after milling, with the use of a C precursor gas and electron deposition. This deposition
was performed under different angles to cover the bottom as well as the sides of the
window. After taking out the sample from the PFIB, it was immediately transferred
to an evaporator, where additionally 20nm of C were deposited. This combination
of deposition processes prevented the oxidation and the window remained intact (Fig.
[[3h). To enable the alignment of the samples in the lithography step, one hole was

milled in addition to the window without the precursor gas.
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(b) ()

10 um 50 pm 50 pm

Figure 7.2: SEM images of windows milled into hematite. a) Window milled without
the use of the Fy precursor gas, taken at an electron energy of 15kV with a stage tilt of
55°. b) Window milled with the Fy precursor gas, taken at an electron energy of 15kV
with a stage tilt of 55°. ¢) Collapsed window due to oxidation, taken at an electron
energy of 10kV with a stage tilt of 0°.

Unlike the samples described in the previous chapters, the hematite is a bulk single
crystal and not a thin film on a substrate. This means that the Xe™ ions directly
penetrate into the material of interest and may damage it. To minimise these effects,
the acceleration voltage of the ions was decreased from 30kV to 10kV and eventually
5kV towards the end of the milling process. This reduces the ion penetration depth from
a mean range of 12nm to 4 nm with no ions penetrating further than 10 nm according
to Monte-Carlo simulations performed with the SRIM software package M]

The fact that a single crystal is investigated, means that the thickness of the material
is not constant after the milling. This thickness is determined by STXM measurements.
Figure shows the milled window at an x-ray energy of 1150 eV. The dark contrast
stems from a lithographically patterned coplanar waveguide (see below). The thickness
was determined by the use of the Beer-Lambert law and comparing the incident and
transmitted beam intensities, using a similar method to that reported in Section
Hematite has a density of 5.26 g/cm3 @], which corresponds to an absorption length
A of 0.347pm at 1150eV [90]. The incident beam intensity Iy is measured via an
additionally milled alignment hole. In the thinnest region, indicated by the blue circle
in Fig. [[.3b, a thickness of 305 nm was found. Several micrometres away, in the green
dotted circle, the thickness is determined to be 580nm. This difference indicates a
moderate thickness gradient of the milled sample window.

After the window was fabricated, a coplanar waveguide (CPW) was lithographically
patterned onto the side of the sample that had not been milled. The EBL process
utilised lift-off for pattern transfer as described in B with a few adaptations due to

the properties of the material. In particular, because FesOg is insulating, after the spin
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(b)

Figure 7.3: a) SEM image of the final window after the C deposition, taken at an
electron energy of 30 kV with a stage tilt of 0°. b) STXM image of the window detail
indicated by the red square in (a) taken at an x-ray energy of 1150 eV. The blue and
green dotted circles indicate the positions of the evaluated thickness of 305 nm and
580 nm, respectively.

coating, a 10 nm thick Al layer was deposited onto the resist by thermal evaporation.
This film reduces the charging during the electron beam exposure. The sample was
aligned in the electron beam writer by using an additionally milled hole, which can be
detected by the electron beam. Then the 70 pm long and 1 pm wide CPW with a 3 pm
wide gap was exposed. After the exposure, the Al was removed by tetramethylammo-
nium hydroxide (TMAH) and the sample was subsequently developed in MIBK/IPA
for approximately 60s and then rinsed in IPA. Then 200 nm of Cu for the waveguide,

together with a 5nm thick Cr adhesion layer, were deposited by thermal evaporation.

7.3 Static Imaging in the Vicinity of the Morin Temperature

Due to the thickness of the sample, the measurements were performed at the Fe Lo edge
to ensure sufficient transmission of x-rays. At first, the sample was cooled to below T}y,
the temperature, at which a spin reorientation is expected, which for this sample lies
between approximately 250 K and 255 K. Then static images were taken with vertically
polarised light in the vicinity of Ty, by increasing the sample temperature. The state
of the sample window at 253.0 K is depicted in Figure [[.dh. As the sample surface
is collinear to the C-plane, the spin axes pointing perpendicular to the sample plane
corresponds to the fully AFM phase below T); whereas the spin axes in the sample plane
corresponds to the canted AFM phase above Th;. As the sample region below the CPW
has a different thermal behaviour due to its contact with the conductor, the following
focuses on the region in between the CPW lines as indicated by the red rectangle in
Figure[Z.4l A region of dark contrast is visible in the centre, next to an area with bright

contrast. From images with different orientations of the linearly polarised x-rays and
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7 Imaging of Spin Waves in Antiferromagnetic Hematite

at different temperatures, it can be inferred that the dark contrast corresponds to the
region above Ty, where the magnetic moments are oriented in the sample plane. At
the same time, the bright contrast corresponds to the sample being in the easy-axis
state with the spin axis perpendicular to the sample plane below Tj;. These results
show that Th; varies across the sample as it is influenced by local sample properties
such as the thickness. When the temperature is increased to 253.6 K, the area of dark
contrast expands (Fig. [[[4b). With a further increase in temperature to 253.8 K, the

dark region expands to cover almost the whole sample window (Fig. [7.4k).

(@) 253.0 K (b) 253.6 K (c) 253.8 K

Figure 7.4: Static STXM images in the vicinity of the Morin temperature acquired
with linear vertical light. The red rectangles indicate the region of interest between
the CPW lines. (a) Image taken at 253.0 K. The bright contrast is the region with
magnetic moments pointing out of the film plane, which corresponds to the easy-axis
state below the Morin temperature. The dark contrast is the area that has transitioned
to the canted antiferromagnetic state, meaning the magnetic moments are oriented in
the plane. (b) With an increase in temperature to 253.6 K, the area of dark contrast
expands. (c¢) At 253.8 K, the darker area expands further, covering almost the whole
visible sample region.

2 um

It has to be noted that the temperature is measured by an adjacent Si diode attached
to the sample holder and, therefore, is not measured at the exact sample position.
Therefore, the nominally measured temperature is not accurate and potentially lower
than the actual sample temperature. Especially when the temperature is changed, it
may take time until the sample temperature is the same as the sensor temperature.
When an excitation is applied to the sample, the additional heat has to be taken into
account. Therefore, for dynamic measurements at 7Ths, the temperature is stabilised

with the excitation turned on.

7.4 Dynamics at Room Temperature

In order to image dynamic effects at frequencies exceeding 10 GHz, the measurements

were performed in the low-alpha operation mode of the Bessy II synchrotron. At room
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temperature, the sample is in the canted antiferromagnetic state. Shown in Fig. [[.5h
is the window region at the Fe Lo absorption edge imaged with circularly polarised x-
rays. The horizontal lines of dark contrast correspond to the central conductor (bottom
part of the image) and one of the ground lines (top part of the image) of the CPW.
A static magnetic field of 180 mT is applied out of the sample plane. Then an RF
current with 20.07 GHz frequency is sent through the central conductor of the CPW,
leading to oscillating magnetic Oersted fields on the order of 1 mT, which is calculated
from the measured output power. These fields excite spin waves that propagate away
from the central conductor towards the direction of the ground line as seen in the
normalised view in Fig. [[.Bb. The imaging of the dynamics with circularly polarised
x-rays is enabled by the dynamical sublattice canting of the antiferromagnet, which
can be probed. To highlight the propagating character of the antiferromagnetic spin
waves, intensity profiles were taken along the yellow arrow in Fig. at three different
times as shown in Fig. [[LBk. From these profiles, the wavelengths of the spin waves
can be determined to be 1.92pum =+ 0.17 pm, which corresponds to a phase velocity
vp = 38.563km/s. The value for the phase velocity agrees well with neutron scattering

tov = 38km/s @] for hematite
below and above T}y, respectively. At a frequency of 20 GHz, the measured wavelength,

experiments that report velocities of v = 31km/s

which corresponds to a wavevector of approximately k = 3rad/pm, is in agreement with
calculated dispersion relations above the Morin temperature based on a phase velocity
of vpp, = 50km/s ] The measurements presented here also confirm that it is possible

to directly image antiferromagnetic spin waves in hematite.

(@) (b)
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Figure 7.5: Spin-wave dynamics in hematite at room temperature (a,b) TR-STXM
taken with circularly right polarised light displaying the response of the sample to
an alternating field excitation of 20.07 GHz frequency with an out-of-plane static mag-
netic field of 180 mT applied. (a) Absolute absorption image. The dark horizontal
contrasts originate from the CPW. (b) Normalized snapshot image showing only the
temporal changes with respect to the average state, displaying the spin waves. (c) In-
tensity profiles along the yellow arrow in (b) at a relative time delay of 7 ps illustrating
wave propagation as indicated by the dashed line.

In addition to the external field applied perpendicular to the sample plane, spin

waves can be excited for fields with in-plane orientation. This is demonstrated for an
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7 Imaging of Spin Waves in Antiferromagnetic Hematite

external field of 100mT in Fig. [[.6h and an excitation of 19.07 GHz. The wavelength
of the resulting spin waves is determined to be 2.83 pym + 0.33 pm in this case, which
corresponds to a phase velocity of v, = 53.97km/s. At an in-plane field of 220 mT
and a driving frequency of 26.14 GHz, propagating spin waves with a wavelength of
2.50pm + 0.33 pm and a phase velocity of v, = 65.35km/s are observed (Fig. [LGb).
The fact that these dynamics with varying wavelengths occur at different magnetic
fields and excitation frequencies shows that the dynamics in a canted antiferromagnet
such as hematite can be influenced both by the external magnetic field and the driving
frequency, as expected.

It can be seen that the dynamics in Fig. [[.6k is primarily located at the left hand
side of the window, while the dynamics in Fig. occur mainly on the right hand
side of the visible window as indicated by the yellow dashed circles. This different
behaviour could be caused by the different thicknesses, thickness gradients, a resulting
temperature gradient or by other structural or magnetic inhomogeneities in the sample.
However, as depicted by the images acquired with linear horizontal (LH) and vertical

(LV) x-rays in Flg. [[.6k, no magnetic features are visible.

7.5 Conclusions

It was demonstrated that an x-ray transparent window can be fabricated out of a
hematite single crystal without noticeably damaging the material. To achieve this, a
Xe PFIB with a Fo precursor gas was utilized for the milling. With STXM, the spin
reorientation from an easy-axis to an easy-plane antiferromagnet at the Morin temper-
ature was imaged. This transition appeared to be non-uniform but influenced by the
sample thickness. Furthermore, spin-wave dynamics could be observed at room temper-
ature for both in-plane and out-of-plane magnetic bias fields applied. These dynamics
occur at frequencies exceeding 20 GHz, which is faster than the dynamics of typical
ferromagnetic systems. While additional measurements and detailed calculations are
necessary to get a better understanding of the dynamic processes involved, these results
show that the direct imaging of coherently excited propagating spin waves is possible

in antiferromagnetic systems.
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Figure 7.6: (a,b) Spin waves in hematite at room temperature and static external in-
plane magnetic fields applied, imaged by TR-STXM with circularly positive polarised
x-rays. Absolute absorption images are depicted on the left hand side, time normalized
snapshots on the right hand side. Spin-wave dynamics indicated by the yellow dashed
circles. a) Alternating field excitation with a frequency of 19.07 GHz and a static in-
plane field of 100mT applied. b) Alternating field excitation of 26.14 GHz with an
in-plane field of 220 mT. c¢) Absolute absoption images taken with linear horizontal
(LH) and vertical (LV) x-rays.
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8 Conclusions and Outlook

The aim of this thesis was to directly image and understand different characteristics
of spin waves in ferromagnetic, ferrimagnetic and antiferromagnetic systems by using
x-ray microscopy. Time-resolved scanning transmission x-ray microscopy proved to be
an ideal tool to image the fast dynamics at the nanoscale in all of the studied systems.

At first, single ferromagnetic layers as well as synthetic ferrimagnets were charac-
terised. In particular, a way to utilise static magnetic bias field to control and ma-
nipulate short-wavelength spin waves emitted from a vortex core. It was found that
the magnetic field displaced the spin-wave emitting vortex core from the equilibrium
central position of a structure, while maintaining the spin-wave emission and without
influencing the dispersion relation. It was further observed that, via field-induced ex-
pansion of the vortex core in a single layer system, the core became a source for the
directional emission of spin waves and even allowed for focusing effects. These findings
were corroborated by micromagnetic simulations [30].

Moreover, in such single and coupled ferromagnetic systems, the direct imaging of
spin waves at frequencies exceeding 30 GHz and of wavelengths below 70 nm was demon-
strated. In a trilayer system with antiparallel orientation of the two ferromagnetic
layers, acoustic and optical modes were observed. In single-layer systems, higher order
perpendicular standing spin waves up to the fourth order were imaged and the influence
of material properties, film thickness and external magnetic bias fields on the spin-wave
dispersion relation were analysed. The experimental findings were compared with and
supported by theoretical predictions [115].

In addition, systems with antiferromagnetically coupled sublattices were studied,
which could not be grown on x-ray transparent SigN4 membranes. In order to perform
STXM measurements on these systems, a technique to fabricate soft x-ray transparent
windows into bulk substrates and samples was developed. This technique is based
on the use of a Xe Plasma Focused Ion Beam milling process, that can be combined
with mechanical grinding if required. The developed process can be used for a variety of
materials and, hence, can facilitate a wide range of investigations otherwise not possible
[77].

Using this thinning process, spin-wave dynamics in ferrimagnetic YIG systems, which

were doped with Ga to lower their magnetization and to reach magnetization compen-
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sation, were studied. For moderate doping, resulting in approximately 10 % of the
magnetization of undoped YIG, the material exhibited a damping close to the low val-
ues characteristic for YIG. At the same time, exchange-dominated spin waves at long
wavelengths were observed due to the large exchange length of the material. Further-
more, non-linear effects lead to an unexpectedly high spin-wave precession angle of
more than 20°. These findings were reproduced by micromagnetic simulations. Addi-
tionally, spin waves in the forward volume geometry as well as domain-wall and domain
dynamics were excited and imaged in the system.

Finally, an antiferromagnet was characterised, namely single-crystalline hematite.
The spin reorientation transition from an easy-axis to an easy-plane antiferromagnet
at the Morin temperature was directly imaged. Furthermore, spin-wave dynamics were
coherently excited and observed in the canted antiferromagnetic state at room temper-
ature at frequencies exceeding 20 GHz.

Even though possibilities to tune the frequencies in ferromagnetic systems were shown
in this thesis, the most-promising path to increase the frequencies in magnonics is to
utilise ferrimagnets and antiferromagnets. This requires a better understanding of the
dynamics in such systems and thus further studies of antiferromagnetic as well as low-
damping ferrimagnetic systems are needed.

Regarding the Ga:YIG system, detailed calculations and simulations will be needed
to understand the non-linear excitation phenomenon leading to the observed giant spin-
wave amplitudes. In addition, the strong contrast of the samples allows for short mea-
surement times with STXM exploiting sublattice imaging. This could be used to an
advantage in other investigations as well, for example in the phase-resolved observation
of Bose-Einstein condensation of magnons. The strong contrast might prove particu-
larly useful for studies that typically suffer from long integration times in STXM such as
domain-wall propagation. However, in order to confine the domain walls and guide their
propagation, a patterning process for the Ga:YIG films might have to be developed.

Furthermore, for studying magnons in vicinity of the compensation temperature, sam-
ples with lower Ga doping, which exhibit compensation points at lower temperatures,
may still exhibit sufficiently low damping to enable the observation of propagating spin
waves. However, due to the nature of compensated ferrimagnets and antiferromag-
nets, different excitation mechanisms, e.g. based on spin torques, might be required
for efficient spin-wave excitation. This is true in particular for the excitation of spin
waves in hematite, where the finite-wavelength dynamics in the low temperature, fully
antiferromagnetic phase remains to be observed. Moreover, a direct observation of its
high-frequency mode would be interesting in comparison. However, these measurements
might require even better time-resolution than currently offered by the low-alpha optics

operation modes but could be achieved at x-ray free electron lasers. An improved time
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resolution will also be necessary for the study of other antiferromagnetic materials,
where the resonance frequencies are even higher than in hematite. In particular, in
connection with hematite, the study of other canted antiferromagnets such as orthofer-
rites, could help to gain a better understanding of spin-wave dynamics in such canted
antiferromagnetic systems.

In conclusion, this thesis displays the state-of-the-art imaging of spin-wave dynamics
in ferromagnetic, ferrimagnetic and antiferromagnetic systems, and the techniques and
studies presented offer a highly promising basis for further investigations into spin waves

in these systems.
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