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Abstract

This work is about the dynamics of functional magnetic microstructures. In the beginning
it contains research on numerical modeling the motional response of superparamagnetic
microbeads on top of patterned ferromagnetic surfaces. At first, an expression for the
potential energy of the system is derived. After this, the details of the numerical modeling
are explained, followed by a comparison to experimental data. Furthermore, a specialized
microscope setup is discussed, which allows for performing stroboscopic measurements
with picosecond time resolution. Based on this experimental setup the possibility of dy-
namic vector microscopy was investigated for the differential measurement of localized
individual magnetization components. Then, switchable magnetization dynamics via ma-
gnetic domain states at zero-field is investigated. An asymmetric structure is used, which
breaks the symmetry of the two remanent states by field history along the hard and easy
axis of uniaxial anisotropy. In particular, the utilized specimen is investigated by pulsed
inductive microwave magnetometry and dynamic magneto-optical vector microscopy.
Here, switchable high-frequency properties result from local ferromagnetic resonances.
The last part is then about the excitation of magnetostatic spin waves and elastic waves,
visible in the dynamic magnetization. Here, a simplified two dimensional micromagnetic
model is used for comparison to the high frequency experiments. The observed magne-
tostatic spin waves coincide for experiment and model. The experimentally observed
elastic waves coincide with the phase velocity, calculated under assumption of literature

values.






Zusammenfassung

Die vorliegende Arbeit beschiftigt sich mit der Dynamik von funktionellen magneti-
schen Mikrostrukturen. Zu Beginn handelt die Arbeit von der numerischen Modellierung
superparamagnetischer Mikrokugeln und deren Bewegung auf strukturierten ferroma-
gnetischen Oberflichen. Zunichst wird ein Ausdruck fiir die potentielle Gesamtenergie
des Systems hergeleitet. Danach werden die Feinheiten der numerischen Modellierung
erklart, gefolgt vom Abgleich mit experimentellen Daten. Weiterhin wird ein spezialisier-
ter Mikroskop-Aufbau besprochen, mit dem es moglich ist stroboskopische Messungen
mit Pikosekundenzeitauflosung durchzufiihren. Aufbauend auf diesem experimentellen
Aufbau wurde die Moglichkeit der dynamischen Vektormikroskopie zur differentiellen
Messung einzelner lokalisierter Magnetisierungskomponenten erforscht und dargelegt.
Darauthin wird schaltbare Magnisierungsdynamik durch magnetische Doménenzusténde
bei Nullfeld zu untersucht. Verwendet wird hier eine asymmetrische Struktur, die die
Symmetrie der zwei remanenten Zustinde durch Feldvorgeschichte entlang der harten
und der weichen Achse uniaxialer Anisotropie bricht. Insbesondere wird die verwende-
te Schicht mit gepulster magnetischer Mikrowellen Magnetometrie und dynamischer
magnetooptischer Vektormikroskopie untersucht. Hieraus ergeben sich dann iiber die
Doménenstruktur schaltbare Hochfrequenzeigenschaften. Der letzte Teil beschiftigt sich
dann mit der gezielten Anregung von magnetostatischen Spinwellen und elastischen
Wellen, sichtbar in der dynamischen Magnetisierung. Hierbei wird ein vereinfachtes
zweidimensionales mikromagnetisches Model zum Vergleich mit den Hochfrequenz-
Experimenten verwendet. Die magnetostatischen Spinwellen sind deckungsgleich in
Experiment und Modell. Die elastischen Wellen decken sich mit der Phasengeschwindig-

keit, die unter Annahme von Literarturwerten zu erwarten wére.
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1 Magnetization Dynamics on
Different Time Scales

«The times they are a-changin’. »
Bob Dylan

Magnetization dynamics is the study of a magnetic system evolving over time. Different
relevant time scales exist. By changing the time scale very different magnetic phenomena
might be observed and applied. Generally, magnetic systems can exhibit dynamics on
a very large time scale (> 1 s), such as domain wall creep [Middelhoek67] or effects
called magnetic after-effect [Chikazumi97]. Thermally activated processes can play a
role on this timescale, for example superparamagnetism [Bean59], the diffusion after-

effect [Chikazumi97] or material aging processes.

On a large time scale (= 1 s) and in a saturated magnetization state of a ferromagnet,
the magnetization may simply follow the external field stimulus in phase. A possible ap-
plication of such quasistatic dynamics of magnetization is the motion of micrometer-sized
superparamagnetic microbeads on ferromagnetic surfaces offering a reconfigurable plat-
form for lab on a chip applications. Microbeads can have a functional surface, allowing
for attaching and detaching of chemical and biological specimen. Programmable motion
of microbeads provides the foundation for automatizing processes in biomedical applica-
tions. The one-dimensional motion of microbeads has been studied in [Ehresmann11]
by moving head to head and tail to tail domain walls on a parent structure consisting of
an alternating antiparallel exchange-bias pattern. Also, magnetic domain walls could be
used to trap and manipulate individual yeast cells labeled by microbeads [Donolato11].

The trapping and positioning of cells has been shown in [Pivetall15]. Magnetic flow
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cytometry using a focusing effect of specialized magnetic structures has been investi-
gated in [Helou13]. Furthermore, magnetic microbeads could be used as programmable
integrated micropumps using synchronized microbead motion rotating around a disk
array to generate on-chip flow of aqueous solutions [Beld15]. A common phenomenon
observed when using superparamagnetic microbeads is the formation of clusters of
multiple microbeads. The generation and motion of such superstructures of multiple
microbeads were subject to investigation in [Eickenbergl3]. There are modeling ap-
proaches towards the motional response of superparamagnetic microbeads as in [Lim14],
utilizing a semi-analytical approach considering the magnetic free pole density, but the
all-numerical connection between micromagnetic stray field and microbead motion has
not been covered so far. The advantage of such an algorithm would be the exact treatment
of the micromagnetic state of the parent structure (the patterned ferromagnetic thin film)
leading to quantitative simulation results. In order to investigate different magnetic
parent structures and different magnetic microbeads for a controlled motional response,
such a numerical algorithm was developed relying on micromagnetic simulations. The
algorithm utilizes the stray field of the parent structure obtained by micromagnetic simu-
lations. Furthermore, a spatial distribution of the superparamagnetic particles in the shell
of the microbead is assumed. The external magnetic bias field and the stray-field exerted
from the disk are then multiplied by the magnetization of the microbead and the product
is then integrated over the volume of the magnetic shell. Using this potential energy the
local potential gradients can be calculated and the equation of motion in the fluid medium
can be solved. Here, the motion of the magnetic microbead around a ferromagnetic
disk is driven by in-plane rotating external magnetic fields. Apart from circular motion,
another regime of motion can be found, where the microbead is exhibiting a looping
motion [Hul5]. The enhanced numerical modeling using micromagnetic simulations
and investigation of radial looping are published in [Sajjad17]. In this work, Chapter 3 is
dedicated to the numerical investigation of superparamagnetic microbead motion. In the
case of microbead motion, the time scale is limited by the achievable potential gradient

and the fluid damping leading to dynamics on a time scale of ~ 1 s.

By increasing the excitation frequency additional phenomena become relevant also
magnetically. Furthermore, considering multi-domain states leads to local dynamics.

Also, inductive devices may depend on the magnetization reversal mechanism. Espe-
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cially domain wall displacement processes can result in high permeability. However,
irregularities in the domain structure can lead to noise and higher losses as in the case of
transformer sheets. Therefore, an engineering of a regular domain structure can benefit
the performance of these devices. A good overview on domain structures in electrical
steel is given in [HubertO8]. In the case of electrical steel (FeSi), which is used for
example in transformer sheets, multiple steps can be applied in order to achieve a low
loss magnetic material. For example the polycrystalline material can be grain-oriented
leading to a more regular domain pattern of wide in-plane domains separated by 180°
walls and consequently to lower losses. Also, the width of these domains can be reduced
by scratching or laser scribing introducing local stresses and acting like an artificial
grain boundary. Smaller domain widths then lead to reduced anomalous losses due to
eddy currents, which can dominate over increased hysteretic losses at higher frequency.
By changing the domain structure a control over the total losses and their frequency
dependence is gained. So electrical steel can be tailored to the operating frequency by
controlling the magnetic microstructures. The application relevant frequency regime of

inductive transformer devices starts at f = 50 Hz corresponding to a time scale of 20 ms.

Moreover, research on magnetic materials has been ignited by the application of
magnetic data storage. A possible candidate for future magnetic memory systems
is the racetrack memory, which is reviewed in [Parkin0O8, Parkin15]. The racetrack
memory relies on the injection, movement and readout of magnetic domain walls in
ferromagnetic nanowires. Here, the shifting is operated by spin transfer torque due
to a spin-polarized current in the ferromagnet. Furthermore, the idea of the racetrack
memory involves that the nanowires can be arranged in a three dimensional array, over-
coming the limitations of two dimensional data storage. Naturally, the controllable
formation of magnetic microstructures is of key interest. One possibility to achieve a
high domain wall speed, is to move chiral Néel walls in perpendicularly magnetized
synthetic antiferromagnets as shown in [Yangl5a]. These synthetic antiferromagnets
consist of two ferromagnetic layers coupled antiferromagnetically via a thin Ru interlayer
[Parkin90]. Perpendicular magnetic anisotropy can be reached via a dominating surface
anisotropy [Aharoni96]. Furthermore, an interfacial Dzyaloshinskii-Moriya interaction
[Dzyaloshinsky58, Moriya60] leads to a chirality of the domain walls. In [Yangl5a]

propagation velocities of 750 m/s were achieved on a track length of 50 ym correspond-
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ing to a time-scale of ~ 66 ns.

Application of alternating magnetic fields to magnetic materials at even lower timescales
may lead to ferromagnetic resonance phenomena. Ferromagnetic resonance is the
uniform collective excitation of the spin system. Many inductive microwave devices
are based on the strong absorption of microwave power at ferromagnetic resonance
in a microwave cavity. Examples for magnetic microwave devices are tunable mi-
crowave filters [Cramer00, Harward14, Kuanr03, Kuanr05, Lil5, Salahun02, Song09,
Tsai99, Tsai05, Yangl5b, Adam02], circulators [Adam02, Saib0O5] and phase shifters
[Kuanr03, Adam02, Saib05]. By using magnetic microwave materials the relevant fre-
quency regime can be hard and soft-tuned. Here, hard-tuning is a tuning process by
an inherent material configuration, which cannot be changed post-production. Hard
tuning involves the magnetic [Kuanr0O3] and electric geometry [Salahun02] or the de-
position angle [Lil5]. Soft tuning includes post-production tuning and can be reached
by applying an external magnetic field [Cramer0O, Harward14, Kuanr0O3, Salahun02,
Song09, Tsai99, Tsai05, Yang15b, Adam02]. Materials used in such devices range from
yttrium iron garnet (YIG) [Tsai05, Adam02] to ferrites [Harward14, Song09, Adam02]
and Fe-based [Cramer00, Kuanr03, Tsai99]. Other candidates for magnetic microwave
materials are amorphous alloys as CoyoFe 0By offering high saturation magnetization
[Herzer97] and low Gilbert damping [Oogane(06]. By controlling the shape anisotropy
of a micro-stripline high zero-field operation frequencies can be achieved for band-
stop filters [KuanrO3]. Other devices were built utilizing the bi-stability of magnetic
nanowires. In this case, different remanent states could be found by using minor-loops
[Saib05, MedinalO]. Changing the magnetic microstructure of a given ferromagnetic
specimen can drastically change the inductive microwave response of the material. Phe-
nomenologically this can be modeled by assuming that the material consists of areas
(magnetic microstructures) with different local permeability [Schoenstein05]. Ferromag-
netic microstripes exhibit shifts of the local resonance frequency by changing the width
of the domains via magnetic field history [Hengst14, Queitsch06]. This phenomenon is
attributed to the introduction of a domain shape anisotropy accounting for the local effec-
tive fields in a multi-domain state. It offers the possibility to tune the magneto-dynamic
response at zero-field by prior application of a magnetic field history. In a device, requir-

ing only few changes of the frequency band per unit time, this would lead to a drastic
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decrease in consumed power, when compared to a device where a constant current is
needed for the application of a magnetic bias field. Therefore, motivation for investigat-
ing different domain structures magneto-dynamically is to find a functional material with
a high domain structure dependent shift of the ferromagnetic resonance frequency and a
ferromagnetic resonance frequency close to one of the relevant frequency bands in high
frequency electrical engineering. Also, a high active magnetic volume per area of the thin
film would be beneficial, since the amplitude of the inductive signals scales with it. An-
other way to vary local effective fields is by patterning the magnetic material with antidots
lattices [Cowburn98, Kaidatzis16, Heyderman(06, Vavassori02, Hull]. These exhibit a
higher active magnetic volume per area of the thin film compared to single magnetic
elements. Antidot lattices often show domain patterns of Néel spikes [Néel88]. Here,
we tailored our magneto-dynamic response by using diamond-shaped antidots [Bhat13]
in a rectangular lattice arrangement. By using field history the formed Néel spikes can
either overlap along the short or long axis of the rectangular lattice. Overlapping along
the short array axis then leads to the formation of a special domain structure, when the
direction of the previously applied field is nearly perpendicular to the axis of uniaxial
anisotropy. When the field is applied along the axis of uniaxial anisotropy, the formation
of such domains is suppressed by the uniaxial anisotropy. Therefore, the energy and
local effective fields of these two different domain states vary. In this way the symmetry
of the magneto-dynamic response is broken for the two remanent magnetization states
leading to different maximum amplitude frequencies. For switching between the two
states only low magnetic fields are required in the order of 2 kA /m. The maximum
amplitude frequency could be switched from 1.3 GHz to 2.3 GHz reproducibly and close
to the relevant frequency band at 2.4 GHz. In Chapter 5 this local resonance behavior is

investigated. Here, the relevant time scale is smaller than 1 ns.

A proposal for future technology superseding modern semiconductor technology deals
with the study of spin waves and their quanta magnons, because they provide low wave-
lengths, high frequencies and transfer of information without Joule-heating [Chumak15].
Spin waves can be excited in ferromagnetic materials at frequencies even higher than the
ferromagnetic resonance depending on the excited mode. A promising way to control
and manipulate spin waves is via the application of magnonic crystals. Magnonic crystals

are artificially engineered magnetic materials with a periodic variation of magnetic prop-
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erties in space. Due to the induced periodicity fundamentally different properties of the
magnonic dispersion can be found such as magnonic band gaps. Reviews on magnonic
crystals and spin wave technology can be found in [SergalO, Chumak15, Chumak17].
Following the treatment in [Chumak17], magnonic crystals can be used as spin wave
conduits or microwaves filters. Other applications include for example magnetic field
sensors [Inouell, Atalay15] and spin wave logic gates [Khitun12, Nikitin15]. One ap-
proach to vary the local magnetic properties is to introduce reconfigurable magnetic
microstructures, theoretically proposed by [Wangl5]. Direct experimental evidence
of this concept and a profound understanding of dynamic domain wall processes in
magnonic crystals still await investigation. Functional magnetic microstructures can be
applied in the field of magnonics also in different ways. Recently it has been shown
that magnetic vortices can act as tunable emitter of spin waves [Wintz16]. Also, the
guiding of spin waves through domain walls in a potential well due to localized effective
fields [Wagner16] has been investigated. The emission of spin waves from magnetic
microstructures has been subject to investigation for a long time [Winter61]. Recent
studies include experiment and theory on the emission of spin waves from magnetic
edges [Davies16, Lohman17, Mushenok17]. The simulation of emission of spin waves
from pinned 90° symmetric Néel walls can be found in [Wiele16]. Domain walls were
discussed for guiding and delimiting of spin waves [Triitzschler16]. The coupling of
spin waves and elastic waves is of key interest, because elastic waves exhibit much
longer propagation paths. Propagating coupled magneto-elastic waves could be found
in theory by tailoring a modulated magnetic and elastic structure with two materials
[Graczyk17]. Also, the excitation of spin waves by strain was investigated by solving
elastodynamic equations and Landau-Lifshitz-Gilbert equation in [Chenl17]. Further-
more, it was shown that elastic waves or Surface acoustic waves (SAW) can excite local
magnetization dynamics of magnetic microstructures [Foerster17]. Direct experimen-
tal evidence of spin wave emission by magnetic domain walls is sparsely researched
[Mozoonil5]. In this work, the emission of magneto-static spin waves and elastic waves
is investigated experimentally and by micromagnetic simulation. The emission of elastic
waves from vibrating 180° domain walls has been handled theoretically in [Lord67]
for MHz-frequencies. Here, direct experimental evidence of elastic wave emission by
magnetic domain walls is provided in the high MHz and GHz-regime. The results on

the emission of spin waves and elastic waves by homogeneous excitation of magnetic
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domain walls have been published in [Holldnder18]. For the spin waves subject to this

work the relevant time scale could be shorter than 100 ps.

In order to measure such phenomena of the magnetic microstructure as described,
powerful techniques are needed. Depending on the size of the magnetic microstruc-
tures, different characterization techniques can be applied. Static magneto-optical
wide-field imaging is a versatile technique to measure the local magnetization dis-
tribution. A more complete review on the state of the art of magneto-optical domain
imaging can be found in [McCord15]. Other techniques for the investigation of mag-
netic domain structure include scanning electron microscopy with polarization analysis
(SEMPA) [Scheinfein90, Piercel 1], Lorentz transmission electron microscopy (LTEM)
[Chapman83, Chapman90] or synchrotron X-ray microscopy [KimO1]. Here, magneto-
optical imaging is used, because it is feasible to apply magnetic fields to the specimen,
there is no need for vacuum and no need for special sample preparation such as a de-
position on a membrane. Also, magneto-optical imaging is low-cost, when compared
to synchrotron radiation and although it does not offer a comparable spatial resolution,
the optically achieved time resolution is excellent (7.2 ps). A typical time resolution of
synchrotron based x-ray sources is 50 ps [Fischer15, Bonettil5]. In dynamic wide-field
magneto-optical measurements at high frequencies, the magnetization precesses around
the axis of the effective field. This leads to a non-negligible out-of-plane contrast even
appearing in the longitudinal configuration (oblique incidence). This problem is solved
is addressed and solved in Chapter 4. As a result the quantitative in-plane magnetization
response can be obtained. The results on the component-selective imaging process are
published in [Holldnder17].

The time scale changes the physical phenomena we observe. The field of magnetization
dynamics offers many possibilities for new evolving technologies. All in all, the famous
musician and Nobel-prize winner Bob Dylan was right: The times are changing. Not

only on a sociological level, but also new technologies arise and evolve over time.






2 Fundamentals

In 1935 Landau and Lifshitz published a profound work containing fundamental concepts
about the calculation of magnetic microstructures [Landau35]: Instead of following an
atomistic approach, they used the continuum limit of a magnetic material, in which a
minimization of the total energy of the system would lead to the equilibrium domain con-
figuration. Later on, this concept would be called micromagnetics [Brown59]. Moreover,
in the same publication they introduced the nowadays called Landau-Lifshitz-Equation
and the necessary effective magnetic field in the material. However, the proposed
damping mechanism in the Landau-Lifshitz equation could not account for large non-
eddy-current damping in thin Permalloy sheets, therefore a different damping term was
introduced by Gilbert [Gilbert04] leading to the Landau-Lifshitz-Gilbert equation. Today
investigating phenomena of the magnetic microstructure as magnetic domain state, do-
main wall configuration or demagnetization effects at the edges is as well a study of the
magnetization state and the local effective magnetic field. Relying on the same principles
as the early work of Landau and Lifshitz, it is suitable today, to apply numerical micro-
magnetic software as for example OOMMEF [Donahue99], mumax?® [Vansteenkiste14] or
micromagus [Berkov93] to understand domain structures and their time-dependent mag-
netic processes. Most measurements and domain imaging techniques are not sensitive to
the inner domain and domain wall structure. Therefore, micromagnetic simulations are
useful to obtain information about the magnetization distribution inside the ferromag-
netic body. In this chapter, the necessary energy terms for the calculations of magnetic
microstructures in a micromagnetic code are discussed. Example calculations concern-
ing the demagnetization effect, domain configuration and different domain walls are
brought into context with the effective field. Then the connection between local effective
fields and magnetization dynamics is discussed introducing ferromagnetic resonance and

spin waves. At the end of the chapter a brief introduction to superparamagnetism is given.



2 Fundamentals

2.1 Introduction to Micromagnetics

The study of ferromagnetic materials naturally involves the study of the local magneti-
zation distribution and the inherent reversal mechanisms. In order to minimize its own
energy, a ferromagnetic material can form magnetic domains, which are volumes of
homogeneous magnetization. These domains are separated from each other by forming
domain walls, small volumes, in which the magnetization rotates continuously. Magnetic
domains and domain walls can be summarized under the term magnetic microstructures.
In order to study the formation of magnetic microstructures, knowledge about the en-
ergy of the ferromagnetic system is required. The micromagnetic energy density of a

ferromagnetic material can be written as a sum of different contributions [Hubert08]

€tot = eexchange + eanisotropy + €Zeeman + 6magnetos‘caﬂ:ic + emagnetoelastic- (21)

Here, e denotes the total magnetic energy density, while the contributions are named
according to their source of contribution, i.e. €cxchange 15 the contribution of the ex-
change interaction to the overall energy density, €anisotropy 15 the anisotropy contribution,
€Zceman the Zeeman-energy contribution, €magnetostatic the magnetostatic contribution and
Emagnetoclastic the magnetoelastic contribution to the total energy density. Here, energy

densities are given, therefore the total energy Ei is given by
Eior = / dV eqor(X), (2.2)

where e is a function of the position x in the volume V' of the ferromagnetic body.
Throughout this work vector quantities will be written in bold font. In general, the
energy densities are a function of the position inside the ferromagnetic body, because
the magnetization orientation varies throughout the magnetic specimens. However, the
microscopically viewed absolute value of local magnetization does not change at constant

temperature and therefore the normalized magnetization is written

(2.3)

10
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Here, M(x) is the local volume magnetization, M the saturation magnetization of
the material and m(x) is the locally normalized magnetization. In order to obtain the
spatially resolved magnetization distribution, the ferromagnetic body can be subdivided
into multiple discrete cells each representing a local magnetization orientation. The
subdivision can be performed with rectangular cells in finite difference algorithms such
as mumax® [Vansteenkiste14] or micromagus [Berkov93] or triangular cells in finite
element algorithms such as magnum.fe [Abert13]. For the presented work micromagus

3

and mumax?® were used, therefore the focus will be solely on these. The individual cell

size of the subdivision should be chosen in the size of the exchange length

lex =1/ — (2.4)

where A is the exchange stiffness constant and K; is the value of the dominating
anisotropy [Abol3]. By discretizing the ferromagnetic body, also the equations and
boundary conditions of the individual cells become discrete. Then, from the correspond-
ing discrete set of equations, the energetic minimum can be found numerically by a range
of algorithms, such as the Runge-Kutta-method. Furthermore, the derivative of the energy
density gives rise to the effective magnetic field [PechanO1, FidlerO0O, Landau35]

1

Heff -
NJOMS

Vm€iot, (2.5)

where 1 is the vacuum permeability, M is the saturation magnetization of the material
and V, denotes the gradient with respect to m. In general, the effective magnetic field
depends on the position x in the ferromagnetic body, as well. Magnetic boundaries such
as edges, surfaces and domain walls lead to local effective fields. In the following, the
individual contributions to the total energy density and the effective magnetic field will
be discussed.

2.1.1 Exchange Interaction

The crucial energy and effective field contribution for the existence of ordered magnetism
(i.e. ferromagnetism, ferrimagnetism, antiferromagnetism) is the exchange interaction.

It is of quantum mechanical nature. For the direct exchange (or Heisenberg exchange)

11
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the electron-electron interaction can either favor parallel orientation of electron spins
for ferromagnetism or antiparallel orientation for antiferromagnetism. This description
is limited to direct exchange interaction. There are more mechanisms for the exchange
interaction such as super exchange in oxides, indirect exchange for materials with par-
tially filled f-orbitals and itinerant exchange for metals. However, these mechanisms
exceed the scope of this work. The so-called Heisenberg-Hamiltonian Hyeisenberg €X-
presses, that the spin-dependent energy of the Pauli exclusion principle can be written in
a vector-model [O’Handley0O, Aharoni96]

Hpeisenbers = — »_, Ji;Si - S, (2.6)

i#]
where S; and S; correspond to the spins at different atomic sites and J;; is the exchange
integral between atoms ¢ and j. Then, J;; is assumed to be different from zero only
between the nearest neighbors J = Jy,. If J > 0, parallel alignment of spins is favored
(ferromagnetism), if J < 0, antiparallel alignment is preferred (antiferromagnetism).
In macroscopic calculations the exchange energy can be approximated by classical

spin-vectors

Eexchange = _J52 Z COS ;.5 =~ J52 Z QO?,]- -+ constant. 2.7)

neighbors neighbors

Here, S is the expectation value of the spin and ¢; ; is the angle between the classical
spin-vectors. In the last step, a small-angle approximation is performed, which is
valid since the exchange interaction is strong compared to the other remaining energy
contributions, so that small angles are favored in the ferromagnetic case. Another small

angle approximation and subsequent Taylor series then yields
|pijl & |m; —my| ~ [(s; - V)m], (2.8)

where m corresponds to a unit vector parallel to the local spin direction and s; is the
position vector from lattice point ¢ to j. Substituting and changing the summation to an
integral in the fashion of Eq. 2.2 then leads to the exchange energy density [HubertOS,
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Aharoni96, O’Handley00]
€exchange = A |:(me>2 + (me)Q + (sz)2:| . (29)

In this expression m,, m,,, m, are the components of the normalized magnetization m
and A = JS?n/a is the exchange stiffness constant with a being the distance between
nearest neighbors and n a constant depending on the crystal structure. More details on
this derivation can be found in [Aharoni96] and [O’Handley0O0]. Eq. 2.9 is the form of
exchange energy utilized in micromagus [Berkov93] and mumax?® [Vansteenkiste14]. In
order to obtain valid results from the micromagnetic simulation, an appropriate value of

A is needed for the specific material.

2.1.2 Anisotropy Contribution

The Heisenberg-Hamiltonian and the resulting exchange interaction is isotropic in nature,
but generally magnetic materials exhibit an anisotropic magnetization contribution. For
single crystals the magnetocrystalline anisotropy originating from spin-orbit coupling is
a common mechanism of anisotropy. Depending on the crystal structure the anisotropy
of single crystals can either be cubic or uniaxial. Further mechanisms are stress-induced
anisotropy mediated by the magnetoelastic effect, shape anisotropy by the magnetostatic
energy, exchange bias induced by adjacent antiferromagnetic layers, surface anisotropy in
very thin films originating in the broken symmetry on the interface to another material and
magnetization induced anisotropy in amorphous or polycrystalline materials. Sputtered
amorphous alloys as (FeggCo1g)7sSi1aB1g or CosoFes9Bag exhibit a uniaxial magnetiza-
tion induced anisotropy either homogeneously aligned along one axis by a magnetic
field applied during deposition or inhomogeneously aligned due to the magnetostatic
interaction. If the magnetization was not aligned during deposition, the magnetic sample
can still be heated and field-cooled ex-situ after the deposition. Also, the deposition angle
contributes to the alignment of anisotropy. Polycrystalline Permalloy can as well exhibit
a very small uniaxial induced anisotropy. Throughout this work only materials exhibiting
uniaxial anisotropy will be used, i.e. polycrystalline Permalloy and amorphous alloys.

The corresponding anisotropy energy can be written as [Aharoni96]

€anisotropy — _Ku<c : m)Q; (2.10)

13



2 Fundamentals

where K, is a constant determining the magnitude of the anisotropy, c is a unit vector
parallel to the easy axis of magnetization and m is the unit vector along the magnetization
direction. Higher order terms of uniaxial anisotropy are not shown here, because they
were neglected for the simulations in this work. By combining Eq. 2.5 and Eq. 2.10 an
effective anisotropy field can be calculated as

off 1 2K,

= Vrneanisotro =
M Py

——(c-m)c (2.11)
HoiVig NOMS( )

anisotropy —

In a macrospin model the necessary field to completely switch the magnetization along

the easy axis (and hard axis) of magnetization is then the anisotropy field [Stoner48§]

2K,
H, = .
,UOMS

(2.12)

For this macrospin model, also the Zeeman contribution is required (see next Section).

2.1.3 Zeeman Contribution

Another contribution is the Zeeman energy. It favors an alignment of the magnetization

parallel to the external magnetic field H and can be written locally as

€Zeeman = _MOMSH - m. (213)

2.1.4 Magnetostatic Contribution

The magnetostatic contribution largely depends on the demagnetizing field Hg, also
called the magnetic stray field outside of the material. Inside the ferromagnetic body, the
demagnetizing field is proportional to the density of free magnetic poles on the surface
and points into the opposite direction of the magnetization. The magnetostatic energy

density is then
M
€magnetostatic — _MOQ Hd - 1m. (214)

Since the demagnetizing field and the magnetization have opposite signs, the magneto-
static energy density is always positive. In conclusion, the demagnetizing field should

be minimized, possibly avoiding any free poles on the surface of the ferromagnetic
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Figure 2.1: Magnetization state of a 30 nm thin magnetic Permalloy disk with a diameter
of 30 pm at an external field of 16 kA /m. a) Vector representation of the
magnetization: Red arrows indicate the local magnetization. S indicates the
magnetic south pole, N the magnetic north pole. b) Azimuthal magnetization
angle ¢ representation. Both representations indicate a bending of the local
magnetization at the edges towards the magnetic poles. This local bending
occurs due to the high demagnetizing field at the edges. This figure was
adapted from [Sajjad17].

body. This is called pole-avoidance principle [ Aharoni96]. Due to this concept, the
magnetostatic contribution highly depends on the shape of the ferromagnetic body and
can even give rise to a shape anisotropy for asymmetric bodies. In order to demonstrate
the effect of the magnetostatic energy, the magnetization configuration of a Permalloy
disk is calculated using mumax® and depicted in Fig. 2.1. The disk has a diameter of
30 pm and a thickness of 30 nm. The exchange stiffness constant is A = 13 pJ/m,
the applied external field 16 KA /m along z-direction, the saturation magnetization
M = 800 kA /m and the uniaxial anisotropy is neglected, because it is small compared
to the external magnetic field. For the finite differences calculation, the grid was set to
1700 x 1700 x 3 cells with a cellsize of dz x dy x dz = 18 x 18 x 10 nm?3. Fig. 2.1a shows
the magnetization state in a vector plot. It can be seen, that the magnetization in the
middle of the ferromagnetic body aligns along the external magnetic field. More close to
the edges, however, the demagnetizing energy leads to a local magnetization orientation

almost parallel to the surface in order to avoid free poles on the surface. In Fig. 2.1b the
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Figure 2.2: Field line representation of the micromagnetic stray field directly on top of a
30 nm thin magnetic Permalloy disk with a diameter of 30 ym at an external
field of 16 kA /m (compare Fig. 2.1). The blue field lines indicate the stray
field outside of the ferromagnetic material, the red lines indicate the internal
demagnetizing field on the outermost ferromagnetic layer. The density of red
and blue field lines is not to scale.

in-plane magnetization orientation ¢ is depicted in a color plot. It is evident that the local
reorientation of magnetization due to the demagnetizing field happens only in a very
narrow region next to the surface. Outside of the ferromagnetic body the magnetic stray
field closes the flux of the free magnetic poles. Fig. 2.2 displays the in-plane magnetic
stray field inside and outside, in the top most layer of the ferromagnetic disk (compare
Fig. 2.1). Inside of the material the red field lines are aligned almost antiparallel to
the direction of the external field (along positive x-direction), while outside the blue
field lines close the flux of the surface poles. The density of the magnetic field lines

increases close to the magnetic north and south pole of the ferromagnetic disc, since
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the ferromagnetic material concentrates the flux. The density of red and blue field lines
is not to scale. In a micromagnetic code, the magnetostatic contribution is often the
complicated part to implement, because in principle each reorientation of magnetization
in only a single cell demands a change in local demagnetization fields for all other cells.
Therefore, the calculation of local demagnetization fields is the computationally most

exhaustive part of micromagnetic simulations [Berkov93].

2.1.5 Magnetoelastic Contribution

Generally ferromagnetic materials exhibit also magnetostriction, i.e. if the magnetization
orientation changes, the strain and stress state of the ferromagnetic material also changes.
Therefore, the elastic energy is also subject to change by magnetization reorientation. The

free magnetostrictive deformation of an isotropic material can be written as [Hubert08]

3 1
0
€k, = s As(mimy — - 0i). (2.15)
2 3
Here, e?k, denotes the tensor components of the free magnetostrictive deformation, A is
the saturation magnetostriction, m;, m;, are the corresponding magnetization components
and ¢;;, is the Kronecker delta. Then, the magnetoelastic energy contribution can be

written as [HubertO8]

1
€magnetoelastic — §(pe - eo)c(pe - 60)7 (216)

where p, is the tensor of elastic distortion, c is the elastic stiffness tensor and € is the
full free magnetostrictive deformation tensor. Most micromagnetic codes ignore the
presence of magnetostriction in ferromagnetic materials, since it is not as relevant as
other contributions for basic micromagnetic problems. A micromagnetic approach using
a mechanically coupled model is presented in [Liang14]. Furthermore, the concept of
calculating the actual distortion in an iterative process needs an additional computation-
ally exhaustive routine: Changing the local magnetization varies the local elastic energy

and vice versa.
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2.2 Magnetic Domain Walls

Domain walls are natural boundaries dividing the spatial magnetization distribution
into volumes of locally homogeneous magnetization orientation, magnetic domains (see
Section 2.3). In order to minimize the total energy of the system, ferromagnetic materials
form magnetic domains. The formation of abrupt jumps of magnetization, however,
would increase the exchange energy drastically. Therefore magnetic domain walls form,
in which the magnetization changes continuously. Moreover magnetic domain walls
can have a complicated structure, whereas the structure crucially depends on the local
energy density contributions. The most simple domain walls are the one dimensional
symmetric 180° Bloch and Néel walls, which both can be written as a function of the

spatial coordinates x, y and 2 in the form [Aharoni96]

q* cos ¢
¢ +y?
Yv/2¢% + y?
m, = = (2.17)
Q- +y
¢*sin ¢
¢ +y

m, =

m, =

Here, ¢ denotes an adjustable parameter, determining the width of the domain wall, ¢ is
an additional parameter changing from Bloch to Néel type and vice versa: In the case
of ¢ = 0 Eq. 2.17 describes the symmetric Néel wall and in the case of ¢ = 7/2 the
symmetric Bloch wall, both at a position of y = 0. Fig. 2.3 displays the one dimensional
symmetric domain walls. Here, the same ¢ was used in order to fit both domain walls
into one figure. The symmetric Bloch wall is depicted in Fig. 2.3a. As shown, in the
Bloch wall case, the magnetization orientation rotates out of the film plane, creating a
surface charge. Therefore the symmetric Bloch wall occurs only in Bulk materials, not in
magnetic thin films. Fig. 2.3b exhibits the case of the symmetric 180° Néel wall, where
the magnetization rotates in the film plane. Symmetric Néel walls can be found in very
thin magnetic films, also depending on the wall angle: In [HubertO8] phase diagrams are
shown for this purpose, however these diagrams should be handled with care since their

resolution is also determined by the computing power of the date of creation.
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Figure 2.3: Symmetric 180° walls shown as a cone plot. The color scale represents the
in-plane azimuthal magnetization angle ¢. a) Symmetric Bloch wall: The
magnetic moment rotates outside the film plane (z-y-plane). b) Symmetric
Néel wall: The magnetic moment rotates inside the film plane (z-y-plane).

By allowing a two-dimensional magnetization distribution over the thickness of an
magnetic thin film, the asymmetric Bloch and asymmetric Néel domain walls can
be found. There are analytical approaches towards finding an expression for these
two dimensional domain walls [Hubert69], however, calculating the exact solution
numerically is more convenient and more reliable close to domain wall transitions. In
Fig. 2.4 numerically simulated asymmetric Bloch and Néel walls are depicted. To
simulate the asymmetric walls, a grid of 1 x 12500 x 30 cells with periodic boundary
conditions along = and y-axis was chosen with a cell size of dz X dy x dz = 4 x 4 x 4 nm?.
The parameters were chosen in accordance with material parameters for amorphous
CogoFes9Bog: the exchange stiffness constant A = 15 p_n]] [Concal3], the saturation
magnetization M, = 1200 2 and an uniaxial anisotropy of K, = 1300 -%; along the
x-direction. In order to fulfill the periodic boundary conditions, a pair of two domain

walls was calculated. Fig. 2.4a shows the magnetization components of a calculated
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Figure 2.4: Asymmetric domain walls depicted in a cross section through the film plane
(domain wall || z-direction, depicted in y-z-plane). a) Magnetization compo-
nents of a 180° asymmetric Bloch Wall. b) Effective field in the same 180°
asymmetric Bloch wall. ¢) Magnetization components of a 95° asymmetric
Néel Wall. d) Effective field in the same 95° asymmetric Néel wall.

asymmetric Bloch wall. The film is the x — y—plane, the cross section is shown. It is
directly evident, that the wall structure is not at all homogeneous along the z-axis. This
is due to varying demagnetization fields on the film surface compared to the inside of
the material. In Fig. 2.4b the local effective fields of the same asymmetric Bloch wall
are plotted. It can be seen here, that the distribution of effective field is similar to the
magnetization pattern. Furthermore, the local effective fields inside the domain walls
reach values as high as 80 %. This is a quite high value, especially when thinking
about the spatial extent of the domain wall being only a few hundred nanometers. A
similar behavior can be seen for the asymmetric Néel wall, exhibited in Fig. 2.4c in
magnetization and in Fig. 2.4d as local effective field. The simulation of the asymmetric
Néel wall was performed by using the same parameter set as in the asymmetric Bloch
wall calculation but applying a small bias field of 640 % along the y-axis, hereby reducing
the wall angle from 180° to 95°. Detailed phase diagrams showing the wall transitions
can be found in [Hubert08]. Also, for a three-dimensional magnetization distribution,

the so called cross-tie wall can arise, this wall will be handled in Section 2.3.
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Figure 2.5: Schematic periodic domain pattern with domain width D. A ferromagnetic
body with a surface at z = 0 is assumed, which is divided into plate-like
domains separated by 180°-walls parallel to the y-z-plane. The ferromagnetic
body is assumed to extend infinitely along —z, &= and +y. Figure created
according to [Chikazumi97].

2.3 Magnetic Domains

The formation of magnetic domain walls increases the exchange energy, since the
exchange contribution favors parallel alignment of the local magnetization and the
magnetization distribution inside the domain walls is far from parallel (see Section 2.1.1).
Also, the formation of a domain wall increases the anisotropy energy. However, by
subdivision into magnetic domains the ferromagnetic body decreases its magnetostatic
energy, therefore the number and size distribution of magnetic domains usually is an
interplay of these energy contributions. In Fig. 2.5 a schematic is presented showing an
infinitely extended array of domains along the z-axis, separated by 180°-walls and having
only one surface at z = (. In such a geometry, it can be calculated that the magnetostatic
energy scales proportional with the domain width oc D [Chikazumi97, Kittel49]. So,
by doubling the number of domains, the magnetostatic energy halves. The presented
model of infinitely many plate-like domains is simplified. It neglects the domain wall
structure and is only applicable for high anisotropy materials. The closure domains form
at the edge of a sample to further decrease the magnetostatic energy. In Fig. 2.6 a

typical magnetization configuration for a rectangular prism is shown. The prism was
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n_ .

Figure 2.6: Domain state of a 4096 x 2048 x 48 nm?® sized rectangular prism at zero-
field. The magnetization in the domains is oriented parallel to the surface
to minimize the magnetostatic energy. In the middle of the specimen a
cross-tie-wall was formed.

4096 x 2048 x 48 nm?® big with a cell size of 4 x 4 x 4 nm?, and was calculated for
amorphous CoygFe 9By using the following parameter set: exchange stiffness A =
15 pJ/m [Concal3], a (low) uniaxial anisotropy of K, = 1300 J/m? along the z-axis
and a saturation magnetization M; = 1200 kA/m. As can be seen from Fig. 2.6,
the ferromagnetic body forms closure domains at the left and right edges in order to
minimize the magnetostatic energy by closing the flux in the high-permeable magnetic
material instead of creating more additional stray-field. Furthermore, in the middle
of the specimen a 180°-cross-tie-wall is formed. As mentioned in Section 2.2 three-
dimensional simulations are needed for this wall. Cross-tie-walls are yet another kind of
«domain wall». They are formed in magnetic thin films in a thickness regime, where the
180° Néel wall is energetically unfavorable compared to generating multiple 90° Néel
walls, vortices and antivortices [HubertO8]. Therefore, the cross-tie wall is basically an
ensemble of multiple domains and domain walls. At last, the magnetic domain structure
largely depends on the magnetic history, i.e. the initial magnetization and field directions

determine in which energetic minimum the final magnetization will reside.
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Figure 2.7: Illustration of the step response for a single domain particle and the funda-
mental dynamics governed by the Landau-Lifshitz-Gilbert equation: The
LLG describes a damped precession of the magnetization vector around the
effective field.

2.4 Magnetization Dynamics

Up to this Section only quasi-static processes were involved, i.e. the ferromagnetic body
has enough time to relax into a new equilibrium after application of a new magnetic field.
By exciting the ferromagnetic material with signals, which are faster than or equally
fast as the intrinsic relaxation time of the material, additional dynamic processes get in-
volved. In this dynamic regime the fundamental Landau-Lifshitz-Gilbert (LLG) equation

becomes important [Gilbert04] describing the time evolution of the magnetization vector

dm

d
E = —vyuom X Hef + am X —m, (2.18)

dt

where « is the Gilbert damping, v the gyromagnetic ratio, ¢ is the time and g the
vacuum permeability. The LLG is valid locally and can be integrated numerically using a
micromagnetic software such as mumax? [Vansteenkiste14] or micromagus [Berkov93]
in order to gain time-dependent information on the magnetization evolution. The solution
to the discrete field step response for a single domain particle is a damped precession of
the magnetization and illustrated in Fig. 2.7. Details on the derivation can be found in
[Stancil09]. The first cross product of the LLG (Eq. 2.18) describes the precession around
the effective magnetic field, while the second cross product describes a restoring torque
to the equilibrium, where m || H*®. For a non-uniform magnetization distribution the

simple picture of a damped precession is not completely applicable anymore. However,
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by revisiting the static magnetization configuration shown in Fig. 2.1, it is directly clear,
that even though the material is saturated (at least as far as saturating a finite magnetic
material is possible), dynamically there would be additional contributions from the edges
as a small correction to the uniform solution.

Subsequently two basic dynamic processes will be discussed for the case of a single
domain ferromagnetic material, where analytical solutions of the LLG are possible:

Ferromagnetic resonance and spin waves.

2.4.1 Ferromagnetic Resonance

While the step response of a soft ferromagnetic material with sufficiently low damping
will yield an underdamped precession on the eigenfrequency, the ferromagnetic material
can also be driven into ferromagnetic resonance (FMR). Analogue to mechanic oscilla-
tions, by using an alternating magnetic field of the right frequency, the ferromagnetic
precession can be driven into resonance. Assuming a ferromagnetic material with a
sufficiently low damping «, a saturation magnetization )M, an anisotropy field H} and
an external magnetic field [ parallel to the easy anisotropy axis and assuming a small
excitation field perpendicular to the single domain magnetization orientation with angular
frequency w, the dynamic susceptibility x,, of a ferromagnetic thin film can be written

as [Sun02] ’
M2 + M(Hy + H) 4 22

Xyy(W) = — . (2.19)
" M(Hy + H) + T]ys ~ (ym0)?

Here, the ferromagnetic material is saturated in the sample plane parallel to the axis
of uniaxial anisotropy along the x-axis and the continuous wave excitation is aligned in
the sample plane perpendicular to the axis of uniaxial anisotropy (along the y-axis). In
Fig. 2.8 this complex dynamic susceptibility is depicted for a CoyoFe 0Bgg-parameter set:
saturation Magnetization Mg = 1200 kA /m, anisotropy field H, = 1700 A /m, absolute
external field |H| = H = 2000 A/m and Gilbert damping o = 0.008. Fig. 2.8 shows
two representations of this complex susceptibility, real and imaginary part or magnitude
and phase, respectively. It can be seen directly, that the real part of the susceptibility starts
off positively as expected for a ferromagnetic material, crosses zero and converges to zero

at high frequencies. The zero crossing of the real part coincides with the maximum phase
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Figure 2.8: Dynamic susceptibility spectrum of a ferromagnetic material: The resonance
frequency is reached at the zero crossing of the real part or when the phase
reaches —7 /2, respectively.

slope at ¢ = —7/2 and marks the resonance frequency of the ferromagnetic material.
Furthermore, the resonance frequency is approximately marked by the maximum of
the magnitude and the minimum of the imaginary part. However, as pointed out in
[Sun02], the maximum of magnitude and minimum of imaginary part coincide, as well
do the zero-crossing of the real part and the frequency point were ¢ = — /2, but the
zero-crossing frequency and maximum of magnitude can be different from each other
depending on the magnitude of the Gilbert damping. In the absence of damping, the
FMR frequency f is given by [Kittel48]

fO - % [Ms(Nz - Nx) + Hk + H] [Ms(Nx - Ny) + Hk + H] (2'20)

In this equation NV,, N,,, N, denote the components of the demagnetization tensor. For a
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thin full film they can be approximated by N, ~ 0, V, = 0, N, =~ 1 leading to

o~ %\/[MSJFH,CJFH] [H, + H]. (2.21)

By using M, > Hj, + H (soft magnetic sample and small fields) for further approxima-

tion, a simplified Kittel-formula can be found to be [Silva99]

fo % M, [Hy, + H]. (2.22)

2.4.2 Spin Waves

Up to now, the whole spin-system of a ferromagnetic body was excited with a uniform
mode of precession, but the local precession of magnetization can also advance in
waveforms called spin waves. In spin waves, each local spin precesses around the
direction of the effective field and the neighboring spins precess with a fixed phase
relationship. Spin waves are fundamental collective excitations of ferromagnetic bodies,
they can be treated as quantized quasi-particles called magnons. Similar to phonons,
decoherent magnons are thermally excited at room temperature. In Fig. 2.9 three basic
magnetostatic modes are displayed: the magnetostatic surface spin waves in the Damon-
Eshbach-configuration, where the wave vector is in-plane of the sample orthogonal to
the local effective field (k 1. H®T), backward volume magnetostatic spin waves, where
the wave vector and the effective field are in-plane and parallel k || H°%, and forward
volume magnetostatic spin waves in the configuration, where the wave vector is in-plane
and the effective field is oriented out-of-plane (k 1. H*T). Also, there are exchange spin
wave modes arising for high wave vectors. In this work we will deal only with spin
waves in the Damon-Eshbach configuration. The dispersion of the magnetostatic surface
spin waves can be written as [Stancil09]

2
w? = wo(wy + wm) + %\4 [1 — exp(—2kd)]. (2.23)

Here wy = 27 f is the angular resonance frequency of the material, d is the thickness of
the film, k is the wave vector of the spin wave and wy; = 27myuoM;. The derivation of
this dispersion relation and the dispersion relations of the magnetostatic volume modes

including their derivation can be found for example in [Stancil09]. The forward volume
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Figure 2.9: Calculated dispersion of magnetostatic spin wave modes: Magnetostatic
surface spin waves occur in the so called Damon-Eshbach-configuration,
where the wave vector is in-plane of the sample orthogonal to the local
effective field (k L HeT). Backward volume magnetostatic spin waves,
however, can be found in the configuration, where the wave vector and
the effective field are in-plane and parallel (k | H*"). Forward volume
magnetostatic spin waves are found in the configuration, where the wave
vector is in-plane and the effective field is oriented out-of-plane (k L H*™).
The dispersion relations were calculated according to Eq. 2.23-2.25 using
a resonance frequency of f, = 1.9 GHz, a saturation magnetization of
M = 1200 kA /m and a thickness of ¢ = 120 nm.

magnetostatic spin waves can be described by [Stancil09]

w? = wy {wo +wy <1 — “e}(k—lf;(_m)] . (2.24)

The dispersion of the backward volume magnetostatic spin waves is found to be [Stancil(09]

1 — exp(—kd
w? = wy [wo + o (*)} . (2.25)
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Figure 2.10: Energy barrier of a superparamagnetic (Stoner-Wolfarth) particle in an
externally applied field. A; and A, denote the thermal energy needed
to overcome the energy barrier to switch from 0° to 180° magnetization
orientation or vice versa.

2.5 Superparamagnetism

As pointed out in Section 2.1, the magnetization orientation of ferromagnetic single
domain particles relies on the relevant energy densities. However, if the particle size
decreases, the total magnetic energy of the particle decreases with the volume V' of
the particle and a thermal activation leading to a magnetic reorientation becomes more
probable. Following the approach of [Aharoni96], the energy density of a single domain

particle only consisting of anisotropy and Zeeman energy is assumed

Eparticle — eanisotropy + €Zeeman (226)

= —K,cos®0 — uyM,H cos b, (2.27)
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where 0 is the angle between the uniaxial easy axis and the magnetization direction. Here,
the field is applied parallel to the uniaxial easy axis (both along the z-axis). Fig. 2.10
depicts this energy density for the parameter set K, = 400 J/m3, M, = 800 kA/m
and H = 160 A/m. By applying an external magnetic field, the two energetic minima
become different in energy, as well as the energetic barriers to jump from § = 0° to
6 = 180°, A, and vice versa, As. Therefore, in a statistical ensemble of multiple single
domain particles, the number of particles per unit time 115 jumping from the minimum
energy at = 0° to the minimum at § = 180° can be written as

V19 = C19 €XP ki—;. (2.28)
c1o 1s a constant rate. In the opposite direction, the number of particles jumping from
0 =180°to 0 = (0°is A

Vo1 = Co1 €XP k’B_;ﬂ (2.29)
where ¢y 1s a constant rate. co; and cp, are constants if the energetic minima have a
width of zero. For realistic cases the magnetization has a finite probability of orienting in
the vicinity of the minimum and co; as well as ¢4 are a function of external field and
temperature. If the external magnetic field is zero, the energy barriers are equal A} = A,.
It is more convenient then, to consider the relaxation time 7, the average time, the system

needs to jump from minimum to minimum.

(2.30)

1 K.V
;:.Foexp (— >

kgT

Fo ~ 1 GHz is a material dependent parameter with dimensions of frequency [Aharoni96].
The thermal activation, then leads to a dependency on the measurement time #,cas. If
T >> tmeas, there is no observed change in magnetization with time and the particle is in
the range of stable ferromagnetism. If on the contrary the particles are small enough that
T K tmeas, there are many jumps from minimum to minimum and back. Without an ex-
ternal magnetic field, a measurement of magnetization will then yield zero. In a non-zero
field the M((H) of the superparamagnetic ensemble will then take approximately the
form of a Langevin-function with very high susceptibility compared to paramagnetism

[Aharoni96, Bean59] and is therefore called superparamagnetism.
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3 Modeling Superparamagnetic
Microbeads on Ferromaghnetic
Parent Structures

Functionalized superparamagnetic microbeads (MBs) on ferromagnetic surfaces provide
a platform for targeted motion of chemical and biological species in a microfluidic envi-
ronment [Gijs04, Pankhurst03]. By patterning soft magnetic thin films, local effective
fields are induced leading to a spatially inhomogeneous magnetic stray field distribution
and energetic minima for the static equilibrium MB position. By applying time-dependent
external magnetic fields the minima can be shifted in position, the motion of the MB is
then determined by the interplay between the potential energy gradient varying over time
and the fluid damping. Magnetic micro-disks under application of rotational magnetic
fields were chosen as a model system. Previous studies discussed the looping motion
[Hul5] and the maximum frequency for pure rotational motion [Beld15]. Semi-analytical
models on the motion of superparamagnetic microbeads utilizing magnetic dipole models
exist [Lim14, Hul5]. Here, the connection between the micromagnetic state and the mag-
netic stray field of the ferromagnetic parent structure and the potential energy landscape
is drawn enabling the calculation of potential energy gradients for arbitrary magnetic
parent structures. The equation of motion is then solved numerically. The simulation re-
produces experimental results up to an excellent level of agreement. It is of deep interest
to gain an understanding of the potential energy landscape for prototyping of future lab-
on-a-chip devices. The results of this numerical investigation are published in [Sajjad17].
The experimental data shown in this chapter was acquired by Umer Sajjad. The simu-

lation results were elaborated in close collaboration with Umer Sajjad and Finn Klingbeil.
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" Pl

Figure 3.1: Schematic view of a) superparamagnetic iron oxide nanoparticles (SPIONs)
embedded into the surface of a spherical polystyrene matrix. b) the exper-
imental model system consisting of a microbead (MB) moving around a
circular ferromagnetic disk controlled by an in-plane rotational external mag-
netic field at constant frequency. This figure was adapted from [Sajjad17].

3.1 Micromagnetic Configuration, Stray-Field and
Potential-Energy of the System

Fig. 3.1 shows a schematic representation of the system of interest: The microbeads
(MBs), schematically represented in Fig. 3.1a, consist of monodispersed magnetite
nanoparticles embedded into the surface of a spherical polystyrene matrix and encapsu-
lated by an outer polymer coating. The internal coordinate system of the MB denotes
x' = (2',y',7), so that X’ points towards every single superparamagnetic iron oxide
nanoparticle (SPION) in the shell of the MB itself. The MB with a diameter of 8 ym
is moved on a micromagnetic disk with a diameter of 30 ym and thickness of 30 nm
controlled by a rotational external magnetic field as depicted schematically in Fig. 3.1b.
The coordinate system in the reference frame of the disk is introduced as x = (z,y, 2).
g is the orientation of the external magnetic field and ¢y the angle of the MB, both

defined with reference to the negative z-axis.

32



3 Modeling Superparamagnetic Microbeads on Ferromagnetic Parent Structures

To calculate the motional response of the magnetic MBs on a ferromagnetic structure,
an expression of the magnetic potential energy is needed. Furthermore, we are only
interested in the local energy contributions, which change with the position of the MBs
relative to the parent structure or change the energy state. Since we are interested
in the motional response of MBs at external fields much higher than the anisotropy
field |Hey| > Hy of the parent structure material (i.e. Permalloy), and the MBs are
magnetically isotropic, the anisotropy energy can be neglected. The potential energy of
the system U can be written as a sum of the energy contribution of the MB E, and the

parent structure F,

U(t,x) = FEun(t,x)+ E,(t,x)

= —,uo/ dV' My, (x',t) - H (x, X' 1)

— o / dVM,(x,t) - H' (x, %', ). (3.1)

VP
t is the time, M,, is the magnetization of the MB, M,, the magnetization of the ferro-
magnetic parent structure (disk), HT the local effective field acting on the MB, Hgﬁ the
local effective field acting on the parent structure, V}, is the volume of the MB, V, the
volume of the parent structure. The local effective fields on MB and parent structure can

then be specified by

eff
H =
eff
HP

Hex (t) + Hy (x + X, t) and (3.2)
He (t) + HS (x + X', 1). (3.3)
HS(x + x/, t) is the outer stray field of the parent structure in the MB and HY (x + X/, 1)
the outer stray field of the MB in the parent structure. The internal demagnetizing fields
generated by the disk are neglected due to the rotational symmetry. Also the internal
demagnetizing field of the MB is not considered for reasons of simplicity and because
the integral measurement of the susceptibility-field dependence, which is used later on, is
not corrected by the demagnetizing field as well. Applying a rotational external magnetic
field leads to a time dependent magnetization variation in the MB and the parent structure

resulting in a time dependence of the corresponding magnetic stray fields. By substituting
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and using the micromagnetic reciprocity theorem [Aharoni96], which states

/ dVHQ . M1 == / dVHl . Mg, (34)
|4

\ %}

Eq. 3.1 can be rewritten to
Ut,x) = —mo / AV M (%, ) - (Hosg (1) + 2HS(x + X/, 1))

- ,uo/ dVM,(x',t) - Hext ()
v,

P

- —pu / dV' My (X)) - (Heg(t) + 2H (x + X, 8)) + C1, (3.5

where (] is a constant contribution, arising since the magnetization is in its equilibrium
for slow fields and |H,,| = constant for simply rotational fields, so that the integration
M, (x,t) - Hext(t) yields the same value for each field orientation. Now, the magne-

tization of the superparamagnetic MB can be rewritten in terms of the susceptibility

X

My, = () (Haxe(£) + HS(x + X, 1)) (3.6)
leading to
U3 =~ [ dVXG) (B6) + HYx+ X)) - (B 6) + 2H3x X',
+ 4
— o | VG4 X 0) 4 SH x4 X.0) - Ho (1)
TRNGANGN (3.7)

Here, C5 is another constant contribution representing the time-dependence of the abso-
lute value of the external magnetic field |[Hcy;| = constant. In order to account for the
distribution of SPIONs in the shell of the magnetic MB, an approach for the susceptibility

is made to be
X(x) = x(r") = x"O(r — r)O(rm —1'). (3.8)

In this expression 7’ = |x/| is the radial distance in the center of mass coordinate system

of the MB, 7; is the inner radial distance determining the width of the magnetic shell,
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7' is the radius of the MB, ©(x) is the Heaviside step function and x°f is the effective
susceptibility of the magnetic shell. Substituting this into Eq. 3.7 and evaluating the
Heaviside-functions then yields

Ult,x) = —uoxeﬂ/ dV'(2(Hp(x + X', 1))* + 3HS (¢, x + x') - Hew (1))

+ C, (3.9)

where C' = ('] + (s is a constant and V is the Volume of the shell containing SPIONS.

X! is safely assumed to be constant for one external magnetic field strength |Hey,

)

because the numerical simulations show, that the mean magnetic field acting on the MB
is dominated by the external magnetic field. Eq. 3.9 can now be evaluated numerically, by
calculating the magnetic stray field distribution of the ferromagnetic disk using a micro-
magnetic software. Here, a magnetization configuration of a Permalloy (Nig, Fe;g) disk at
an external field strength of |H.,| = 16 kA /m calculated by mumax? [Vansteenkiste14],
already presented in Fig. 2.1 and discussed in Section 2.1.4 was used. To calculate
long-range magnetostatic stray-fields, the magnetization was averaged in-plane over 5
neighboring cells, reducing the grid to 340 x 340 x 3. Then the grid was extended by
in-plane zero-padding into the area of zero magnetization to an input magnetization grid
size of 1024 x 1024 x 3 with a cell size of 90 x 90 x 10 nm3. By using Micromagus ®
[Berkov93] the stray-field distribution on top of the disk was calculated on a total volume
of 92160 x 92160 x 8100 nm? using 90 x 90 x 100 nm? big cells. The resulting energy
landscape for a microbead of diameter 8 yum directly on top the ferromagnetic disk is
depicted in Fig. 3.2. The integration of the micromagnetic stray field was carried out
numerically using the trapezoidal rule. Two energy minima at the north and south pole
of the ferromagnetic onion state (compare Fig. 2.1 with Fig. 3.2) are visible. Because
the uniaxial anisotropy contribution was neglected for the soft magnetic disk, the time
dependence of the potential energy landscape is simply given by a sinusoidal coherent
rotation of the energy landscape shown in Fig. 3.2. In the following, the rotation of the
potential energy is achieved by rotating the coordinate system and interpolating in the

new system.
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potential energy

U

Figure 3.2: In-plane potential energy landscape obtained by integration of the magnetic
stray field distribution (compare Eq. 3.9). This figure was adapted from
[Sajjad17].

3.2 Equation of Motion in Fluid Medium

Knowing the magnetic potential energy of the system, the next step is the evaluation
of the equation of motion in the hydrodynamic system. Non-hydrodynamic forces are
the magnetostatic force, the gravitational force and the frictional force generated, when
the MB touches the surface of the parent structure. Since no rolling on the surface is
observed, the frictional force is neglected [Hul5]. Furthermore, the magnetostatic force
along the z-axis is small and we assume that the gravitational force will constrain the
MB into a two dimensional motion on the surface of the parent structure, so that the

external force Z is specified as
Z(t,x) =~ =VU(t,x|,=,)- (3.10)
Experimentally it was found, that the MBs move in the regime of low Reynolds numbers
Re = p- v - 2r/n =9 - 1072, (3.11)
pr ~ 1000 kg m~ is the fluid density of H,O, v, ~ 100 yum s~! is the maximum

rotational velocity reached in experiment, 27, = 8 pm is the diameter of experimentally
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used MBs and  ~ 0.9 mPa s is the dynamic viscosity of H,O at a temperature 7' =
25 °C [Korosi68]. In this regime the flow is described by the Basset-Boussinesq-Oseen
equation [Oseen27] including the assumption of vanishing fluid velocity

41 . d*x dx 4w . 2r 4 d’x

m 5 =06 m 5, — m
P 3 Tm " g Ty T 3 3w

t
1
—6me/_7rpf77/dr——— +Z. (3.12)
Vi—rdrdt
7 T aTt

p is the pressure in the fluid, p,, = 1030 kg m ™ is the overall mass density of the MB,
to the initial time and 7 the integration time. The influence of the Basset-Force corre-
sponding to the integral term in the Basset-Boussinesq-Oseen equation was estimated
by numerical simulations to be in mean 0.5 pN, which is about one order of magni-
tude smaller than the other relevant forces. Neglecting the Basset-Force corresponding
to rather steady forces and assuming no pressure gradient leads to a more simplified
equation of motion
d?x dx

— = —Ig— + Z. 1
5B hd 7 + (3.13)

Mefr -

meg = (47/3)r3 (pm + pr/2) is the effective mass and T'yq = 6mnry, is the linear
hydrodynamic damping. Changing the temperature in the relevant range of 7' = 20 —
30 °C already leads to a shift of approximately 20% in the hydrodynamic damping
parameter due to the temperature dependence of the viscosity of water [Korosi68]. The

first term on the right side of Eq. 3.13 will be called «drag force» in the following.

3.3 Micromechanical Numerical Algorithm

Interpolation of the global time-dependent potential energy landscape is computationally
exhaustive and in order to solve the equation of motion numerically using a solver for
ordinary differential equations (ODE), the interpolation would be called by the solver
many times. Therefore, the time-dependence of the potential energy landscape was fitted
using a standard discrete Fourier series algorithm up to an order of N = 30 in every pixel.

After that, the spatial dependence of the obtained Fourier-coefficients was fitted using
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polynomials up to an order of P = 2 in the local 2.79 x 2.79 um?-big circumference of

the MB center of mass. Now, the potential energy can be written locally in matrix form
U(t,x) = F (1)Ap(x) + F (1) Bp(x), (3.14)

where FT(t) = (1,coswt, ...,cos Nwt) and FI(t) = (0,sinwt, ...,sin Nwt) are vec-
tors containing the time-dependence, the polynomials carry the spatial dependence
pl(x) = (1,z,y, vy, 2%, y*) and the matrices A and B contain the numerically obtained
coefficients. Increasing the order of the polynomial or Fourier series coefficients beyond
P =2and N = 30 did not have any noticeable effect on our numerical results. Using
MATLAB’s ODE-solver *odel5s’ [Shampine97, Shampine99], the equation of motion
(Eq. 3.13) can now be solved. In order to maintain numerical accuracy, the equation of
motion was solved for a maximum time of At = 0.7 ms, divided by 200 time steps in
the local environment of the MB’s center of mass. The solving time ¢; is then chosen
among the time-steps in a way that the metric between the local numerical solution x;

and the grid points X" is minimized
t; = t(min(|x; — X])). (3.15)

Also, the ratio between the grid discretization Az and maximum MB velocity is kept

larger than the maximum timestep
At <€ Az /vy,. (3.16)

After solving the trajectory for a time ¢;, the next local coefficients .4 and B are chosen for
the now closest grid point and the next local equation of motion can be solved. The only
free parameter used to fit the results was the effective susceptibility y.g deviating only
by a factor of 2 £ 0.25 from the susceptibility curve obtained by the M(H) measurement
of the vendor [M15].
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3.4 Occurrence of Looping Motion

3.4.1 Two Dimensional Trajectory Analysis

The foundation for a numerical model of microbead motion has been laid. Now, a
comparison of experimental and simulated data is desired, in order to learn more about
the physics of MB motion. Fig. 3.3 shows the simulated and experimental MB tra-
jectories at selected external field rotation frequencies at an absolute field value of
|Hey | = 16 kA/m. In Fig. 3.3a,d the trajectory at a rotational field frequency of
f = 0.6 Hz is shown. Here, the motion of the MB takes a circular path around the
ferromagnetic disk. At f = 0.7 Hz, depicted in Fig. 3.3b,e, the trajectory qualitatively
changes: First, the motion follows again a circular orbit, but then one looping occurs,
where the MB is pulled away showing an increase followed by a decrease of radial
distance to the center of the disk. After the looping, the MB continues its circular motion
around the disk. Fig. 3.3c,f shows the trajectory at f = 0.9 Hz. A qualitatively similar
behavior compared to f = 0.7 Hz can be seen: Circular motion, interrupted by looping
motion. However, the number of loopings at f = 0.9 Hz increased from one to four

compared to f = 0.7 Hz. In general, the simulated data is congruent with the experiment.

The data shown here suggests that there are at least two regimes of motion for the
superparamagnetic MBs [Lim14]. In the first regime, the MB is simply moving with the
external field and the magnetization, which can be seen at f = 0.6 Hz. By increasing
the frequency a second regime of motion will be entered: In this regime looping motion
interrupts the pure circular motion. It is evident that there will be more loopings per
revolution with increasing the frequency of the rotational magnetic field, as can be seen
from f = 0.7 Hz and f = 0.9 Hz. In general the looping phenomenon is of great interest,
since it promises a controllable process of moving microbeads from one parent structure

to another. Therefore an in depth analysis of the looping phenomenon is required.

3.4.2 Polar Coordinate Parametrization and Force Analysis

Another parametric representation of this data is exhibited in Fig. 3.4. The radial distance

from the center of the disk to the MB center of mass, the phase shift A describing
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Simulated and experimental trajectories of one individual diameter 8 ;ym-MB.

a-c) show the simulated MB-trajectory at |Hex| = 16 kA/m for one full
rotation around the ferromagnetic disk, d-f) show the corresponding exper-
imental data. a,d) exhibit the MB-trajectory at an external field frequency
f = 0.6 Hz, b,e) show the MB-trajectory at f = 0.7 Hz and c,f) display the
MB-trajectory at f = 0.9 Hz. The inner circle represents the edges of the
magnetic disk. This figure was adapted from [Sajjad17].
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the relative rotational phase between the moving energetic minimum and the MB, the
field angle, the azimuthal and the radial magnetic force acting on the MB are shown
as a function of the bead angle. At 0.6 Hz the radial position remains constant and
the phase shift shows only small deviations possibly due to a small ellipticity of the
effective field caused by the neglected anisotropy field. Also, the field angle is increasing
linearly, the azimuthal force shows small oscillations around a constant level (exhibiting
a different periodicity than the phase shift) and the radial magnetic force remains at
zero. At f = 0.7 Hz the microbead motion shows five typical features for the looping
motion: First, a steep increase of radial distance and a fast pullback to the equilibrium
orbit around the disk. Second, the phase shift is not oscillating around a constant level
anymore, but at the same bead angle as the looping occurs, the phase shift drastically
increases. Third, the slope of the field angle plotted against the bead angle changes the
sign twice at the looping event, because the bead is shortly moving in the opposite sense
of rotation compared to the rotational field and turning around again after. Fourth, at the
looping event, the azimuthal magnetic force drastically decreases from a constant level
with small oscillations, also undergoes two sign changes, before its increasing again as
quick as it decreased. And fifth, the radial magnetic force stays constant at first, briefly
before it starts to rise into positive values, pushing the bead outwards, until it decreasing
a lot to even lower negative values on a fixed MB-position and increases on the same
position to zero again. At f = 0.9 Hz the loopings look qualitatively the same as at
f = 0.7 Hz, but there is an increase of loopings per bead revolution. The congruence of
experimental and simulated data suggests, that the simulated forces can be employed to

gain a better understanding of the system.

In the case of simple circular motion, it is clear, that the MB is moving with the
magnetic potential well (compare Fig. 3.2), but the non-zero phase shift suggests, that
the MB is traveling behind the minimum, due to the additional drag force acting in the
opposite direction of the MB velocity (see Eq. 3.13). This means, that the MB remains
in a dynamical equilibrium position on the edge of the moving potential well. At higher
frequencies, the phase-shift does not remain on a stable level, but there exists a point in
the phase-shift when the MB becomes decoupled from the potential well. Then the radial
magnetic force pushes the MB to the outside of the orbit, and the azimuthal force pushes
the MB a bit backwards leading to the looping motion. Meanwhile, the potential energy

landscape has rotated far enough, that the MB can be recaptured by a potential minimum
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Figure 3.4: Motional response of a MB on a disk parent structure in a rotational magnetic
field of amplitude |H.x| = 16 kA/m at selected frequencies. a-c) Radial
center to center distance from disk to MB. d-f) phase shift A describing the

relative phase between moving energetic minimum and the MB. g-1) angle of
the external magnetic field. j-1) Simulated azimuthal magnetic force. m-0)

Simulated radial magnetic force. The columns correspond to f = 0.6 Hz, to
f=0.7THz and to f = 0.9 Hz. This figure was adapted from [Sajjad17].
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Figure 3.5: Magnetization state of a 30 nm thin magnetic Permalloy disk with a diameter
of 30 pm. a) At an external field of 4 kA /m in an azimuthal angle represen-
tation of the magnetization configuration. b) Magnification of a) in the region
of the magnetic north pole. c) the same region at an external field of 8 kA /m.
d) the same region at an external field of 16 kA /m. This figure was adapted
from [Sajjad17].

into the orbit of circular motion. This corresponds to the strong pullback to the stable
level in radial and azimuthal magnetic force. After this, the phase shift slowly increases,

until there is another looping event.

3.4.3 Tuning of the Micromagnetic State via External Field

The motional response of the MB is tunable not only via the frequency, but also via the
magnitude of the external magnetic field. Fig. 3.5 depicts the change of the magnetization
state of a 30 nm thin magnetic Permalloy disk with a diameter of 30 pm. In Fig. 3.5a the
in-plane magnetization angle is shown for the full disk at an external field magnitude of
4 kA /m. An area of particular interest around the magnetic north pole is marked with
a black rectangle and magnified in Fig. 3.5b. The same area is depicted for external
field magnitudes of 8 kA /m and 16 kA /m in Fig. 3.5¢ and d. As can be seen from these
magnifications, the area of the magnetic onion state gets more narrow with increasing

external magnetic field. This results also in a more deep minimum of the potential energy
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landscape and consequently affects the motion of the MB around the disk structure.

3.4.4 Velocity Analysis

At last, the velocity and number of loopings per revolution is being exhibited in Fig. 3.6
as a function of external field frequency for three different absolute field values |Hy| =
4,8,16 kA/m. Tt can be seen from Fig. 3.6a, that for each absolute external field
value |H.y| there is a distinct critical frequency, at which the first looping event occurs.
This critical frequency increases with increasing external field strength. This can be
understood by a deeper potential well with increasing external field strength, due to
higher demagnetizing fields. At higher frequencies than the critical frequency, the number
of loopings increases rapidly almost linearly, where the slope decreases with increasing
|Heyx:|. The slope changes for different external fields, because the magnetic onion state
gets more narrow with increasing field, as depicted in Fig. 3.5, and consequently the
potential energy well gets deeper. This also leads to higher critical frequencies: a deeper
potential well requires a larger damping force (which is proportional to the velocity) to
overcome the energy barrier needed to transit into the looping motion regime. In Fig. 3.6b
the MB frequency fy\ip and angular velocity vy are plotted against the external field
frequency. The MB frequency fyp was defined here, as 1/%, where ¥ is the time required
for one revolution around the disk. The angular velocity is calculated as the equilibrium
disk center to microbead distance dy;p times the MB frequency vyp = dyp - fus. As
can be seen from Fig. 3.6b, the MB frequency increases linearly with a slope of one
with the frequency of the external field. At each absolute field value there is a distinct
frequency at which the MB frequency drops below the external field frequency. This
frequency coincides with the critical frequency from Fig.3.6a, at which the first looping
event occurs. The drop in microbead frequency compared to field frequency is quite
steep directly at the critical frequency, but the negative slope gradually increases towards
zero with increasing field frequencies.

It is clear from Fig. 3.6 and the figures presented before, that the angular velocity
has to drop, when entering the regime of looping motion: For each looping event, the
MB »waits« after being decoupled from one of the energetic minima, to be attracted by
the next rotating minimum and therefore loses speed. The experimental and simulated

data are in very good agreement. There is only a small discrepancy at lower fields
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Figure 3.6: a) Number of loopings per revolution as a function of the external field
frequency for the external field amplitudes |Hc.| = 4,8, 16 kA/m and b)
responding MB frequency and angular velocity as a function of the external
field frequency for the external field amplitudes |Hey| = 4,8,16 kA/m.
This figure was adapted from [Sajjad17].
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around the critical frequency. This mismatch could be attributed to surface friction,
mechanical and magnetic defects. It is expected that these effects are more pronounced
at lower fields and around the critical frequency, since the energy barrier between pure
rotational and looping motion is less big for these parameters. At high external fields (i.e.

|Hext| = 16 kA /m), the simulated data fully matches the experiment.

3.5 Summary

For the purpose of simulating the motion dynamics of superparamagnetic MBs on ferro-
magnetic surfaces, an algorithm was developed, which accounts for the micromagnetic
state and the dynamic motion of magnetic microstructures. Here, the motion of a mag-
netic onion state leading to a minimum of the potential energy was calculated. Moreover,
we used the micromagnetic reciprocity theorem enabling us to calculate the potential
energy via the magnetic stray-field distribution of the ferromagnetic parent structure
and the magnetization of the MB. For alternative purposes, it might be more suitable
to use the reciprocity theorem in the other direction considering the micromagnetic
magnetization configuration of the parent structure and the stray-field distribution of the
MB. Therefore, tiny adjustments to the analytical calculations and the numeric algorithm
will yield a general algorithm for the calculation of MB motion on arbitrary magnetic
microstructures with arbitrary field signals simply by knowledge of the micromagnetic
magnetization state. Also, magnetic MBs with different sizes and magnetic content could
be investigated numerically. This could help design new lab on a chip devices utilizing
functional superparamagnetic MBs, unlocking the possibility of two-dimensional motion,

mixing and separation of differently sized magnetically labeled objects.
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4 Magneto-Optical Microscopy:
Imaging Magnetization at the
Picosecond-Scale

There are few techniques, which are capable of measuring vectorial magnetization in-
formation with spatial resolution. Among them are differential phase contrast Lorentz
transmission electron microscopy (LTEM) [Chapman83, Chapman90], scanning electron
microscopy with polarization analysis (SEMPA) [Scheinfein90, Piercel1], or x-ray mag-
netic circular dichroism (XMCD) [KimO1]. Also, magneto-optical wide-field imaging is
a powerful and efficient technique to image magnetization orientation with high spatial
resolution [McCord15]. For quantitative measurements of the normalized magnetization
vector, generally multiple magneto-optical images or sensitivities have to be combined
in order to gain a vectorial in-plane magnetization data-set [Rave87, Rave90, Rave93].
Moreover, in-plane and out-of-plane magneto-optical contrast could be separated from
each other in films with oblique plane of anisotropy [Urs16]. In [Soldatov17] the mea-
surement of quantitative static pure in-plane magnetization is demonstrated by using two
diametrically aligned sensitivities with oblique incidence. A recent review on magneto-

optical imaging can be found in [McCord15].

In order gain a good time resolution in stroboscopic magneto-optical imaging, picosec-
ond lasers are desired as an illumination source. In [Argyle00] a suitable illumination
method for laser illumination in magneto-optical experiments is presented avoiding laser
speckles. Based on this time-resolved experiments could be performed using pulsed mag-
netic fields as excitation for magnetization dynamics in Permalloy elements [NeudertO5al].
This enabled research as the investigation of vortex core dynamics [NeudertO5b] or the

pulsed generation of Bloch-lines in cross-tie walls [Queitsch06]. Furthermore, by em-
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ploying a high frequency sinusoidal magnetic field excitation more effects such as domain
wall motion, local ferromagnetic resonance or spin-wave excitation could be monitored
[Mozoonil4, Mozoonil5].

In this chapter the polar, longitudinal and transversal configuration are introduced. A
brief introduction to magneto-optical microscopy based on the magneto-optical Kerr
effect (MOKE) is given. Throughout my work, I have developed a timing algorithm,
which allows for a fast phase detection and direct correction of large timescale drifts
between field stimulus and laser pulse. This was a prerequisite for increasing the mea-
surement time, while remaining with a stable phase. Due to the gained stability and
the implementation of a two-axis motor, successful component-selective imaging with
picosecond time-resolution could be performed. The separation of dynamic polar and
longitudinal MOKE signals is performed by varying the plane and angle of incidence
of illumination and allows for quantitative extraction of the time-dependent spatially
resolved magnetization response. Combining vector and time-resolved imaging in one
unique stable magneto-optical microscope paves the way for new insight on dynamic
magnetization processes governed by local effective fields. The main aspects and recent
achievements on the microscope have been published in [Holldnder17]. The implementa-
tion of the dynamical vector method was subject to the master thesis of Mathis Lohmann.
The dynamic vector measurements shown in this chapter were performed together with
Cai Miiller.

4.1 Magneto-Optical Microscopy

4.1.1 Magneto-Optical Kerr Effect

Throughout this work, magneto-optical microscopy based on the magneto-optical Kerr
effect (MOKE), first investigated by John Kerr in 1877 [Kerr77] will be used. With the
exception of the transverse MOKE configuration, the MOKE describes a rotation of the
plane of linearly polarized light reflected by a reflective magnetic specimen due to the
magnetization in the sample. By using two polarizers and a quarter-wave-plate, this

rotation can be converted into a linear magnetization dependence of the intensity.
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In Fig. 4.1 four different geometries are depicted for the MOKE. Fig. 4.1a displays
the polar MOKE geometry. Here, the magnetization is oriented out-of-plane and the
signal is linear in the intensity component normal to the surface. Therefore, for optimal
polar contrast, the angle of incidence is & = 0°, perpendicular to the sample surface. Fur-
thermore, there are two configurations to measure magnetic in-plane contrast using the
longitudinal Kerr-effect. Fig. 4.1b shows the longitudinal parallel configuration, where
the polarization of the incident light is parallel to the plane of incidence (p-polarized) and
Fig. 4.1c exhibits the longitudinal perpendicular configuration, where the polarization
of the incident light is perpendicular to the plane of incidence (s-polarized). For the
longitudinal Kerr-effects an in-plane component of the incident light is required (6 # 0°).
Furthermore, when measuring in the longitudinal configuration, the sensitivity axis of
magnetization is defined parallel to the plane of incidence. Since the out-of-plane com-
ponent of the incident light can never be zero, when measuring with oblique incidence,

there is always a non-zero sensitivity to out-of-plane magnetization.

In this work only thin films of soft-magnetic amorphous alloys with in-plane anisotropy
are measured, where the magnetization can safely be assumed to be aligned in the film
plane for static measurements. However, for the dynamic measurements performed here,
the magnetization precesses out-of-plane and a strong polar contrast can be observed,
also when measuring with oblique plane of incidence. Fig. 4.1d shows the transverse
MOKE configuration. In this configuration the plane of incidence is perpendicular to the
sensitivity axis of magnetization and the polarization is parallel to the plane of incidence.
The transverse Kerr-effect does not describe a Kerr-rotation, but a change in amplitude
of the polarized light. An advantage of the transverse configuration is that the signal can
be measured without an analyzer and then contains pure in-plane magnetization informa-
tion. However, it is not straightforward to implement this configuration in a wide-field
magneto-optical microscope, since by leaving out the analyzer the overall light intensity
increases and the utilized cameras cannot work accordingly within this intensity regime.
When measuring with oblique incidence and p-polarized, the signal naturally contains a
remaining transverse contrast (compare Fig. 4.1b,d, but it is significantly smaller. Also,
there is a magneto-optical configuration, where the incident polarization is aligned 45°

to the plane of incidence and the analyzer and the polarizer are crossed canceling out
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Figure 4.1: Magneto-optical configurations: Red arrows indicate plane of polarization
before and after reflection, green arrows indicate incident and reflected beam
of light, grey arrows indicate the plane of polarized light as it would be after
reflection without Kerr-effect (reflected on a ,,non-magnetic “sample). a) the
polar magneto-optical configuration: The polar Kerr effect occurs also for
zero angle of incidence (6 = 0). b) the longitudinal parallel configuration
(p-polarized) c) the longitudinal perpendicular configuration (s-polarized):
the longitudinal effects increase with sin §. The longitudinal parallel effect
and longitudinal perpendicular effect turn the plane of polarized light into
opposite directions d) the transverse configuration: The transverse effect
shows no rotation of the polarized light, it is an amplitude effect. Longitudinal
and transverse effect require a non-zero angle of incidence 6. Figure created
according to [Hubert08].
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Figure 4.2: Illumination and observation path of a magneto-optical wide-field microscope
using a pulsed laser illumination for stroboscopic time-resolved experiments:
The movable lens enables automatic beam control for component-selective
imaging. The right schematic exhibits only the observation path.

the longitudinal effects and leading to a superposition of polar and transverse contrast
[HubertO8]. This configuration is not used in this work. In the following, we will mainly

rely on the polar and longitudinal Kerr effect.

4.1.2 Time-Resolved Magneto-Optical Wide-Field Imaging

In order to gain a quantitative understanding of fast magneto-dynamic process, time-
resolved magneto-optical wide-field imaging is applied. The current microscope setup
was first described in [Mozoonil4]. In [Holldnder17] the recent achievements of quanti-
tative imaging on the picosecond scale are demonstrated. Fig. 4.2 shows the illumination
path of a magneto-optical wide-field microscope. Here, a pulsed laser illumination sys-
tem is used: A Nd:YVOy laser is diode-pumped, passively mode-locked and frequency
doubled to a wavelength of 532 nm and used as a light source. The laser emits short
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pulses with a duration of A¢,,c = 7 ps at a repetition rate of 50 MHz. The repetition rate
is fixed by the cavity-length of the laser. The pulsed laser illumination is used as a light
source for stroboscopic imaging, therefore the frequency resolution of the time-resolved
measurements is limited to multiples of 50 MHz. The camera is running freely at a fixed
frame rate and the time resolution is solely determined by the pulsed laser illumination.
The output power of the laser is P ~ 130 mW. The optical output of the laser is aligned
through a rotating plate diffuser with a diffusing angle of 3° to avoid optical contrast by
laser-speckles. The diffused beam is then coupled into a multimode optical fiber with
a numerical aperture of NA = 0.22 and a core diameter of 0.5 mm. The output of the
optical fiber is then guided through a vibrational diffuser operating at f.;,, = 180 Hz
with a diffusing angle of 12°. The effective light source is then focused by a movable
convex lens with a focal length of +50mm into the microscope. The relevant aperture
planes (AP) are shown. Furthermore, a polarizer is used for s- or p-polarization of the
laser ray in the microscope. After reflection on the sample, which is positioned on a
coplanar waveguide (CPW), a turnable analyzer (another polarizer) and compensator
(\/4-wave-plate) are then used to project the long elliptical axis of polarization onto a
reference axis. The two polarizers in the beam path are set close to extinction. In this
work analyzer opening angles of about 5o ~ 4.5° were used. The Kerr rotation i is
linear in magnetization M and much smaller than the opening angle for a metallic thin
film. By using Malus’ law for almost crossed polarizers, the measured intensity is linear
in sin? (Bo + k). The Kerr signal sk is the difference between a dark domain D5 and

bright domain D,
sk = Dy — Dy = sin® (Bo + 0k) — sin® (Bo — Ok). 4.1)
Small angle approximation then yields
sk ~ (Bo + 0k)* — (Bo — bk)? = 4Bobk. (4.2)

The Kerr signal is then linear in magnetization. A similar derivation can be found in
[Hubert08]. By adjusting the position of the movable lens, the beam path in the micro-
scope can now be altered. By shifting the position of the lens, effectively the position

of the light source is shifted in the back-focal plane of the objective lens. This shift in
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Figure 4.3: Schematic exhibiting the creation of an angle of incidence in a wide-field
microscope. The green color marks normal incidence, red marks oblique
incidence. This figure was adapted from [Holldnder17].

position converts then into a non-zero angle of incidence towards the magnetic specimen.
The reflected light is collected by the objective lens and transmitted to the camera via the

observation path.

Fig. 4.3 schematically illustrates the creation of an angle of incidence in a wide-field
microscope: The position of the fiber output stays constant, but the movable lens can be
shifted along the x and y-direction. If it is for example shifted along the y-direction, this
leads to a change of position of the effective light source in the AP along the y-axis and
an angle of incidence in the y-z-plane. The maximum angle of incidence is then capped
by the numerical aperture of the microscope objective. Here, an objective lens with a

numerical aperture of NA = 0.6 was used for all dynamical experiments.

Also, Fig. 4.4 exhibits the full electrical setup of the dynamical Kerr-microscope. The
pulsed laser system is controlled in a loop by the timing stabilizer synchronizing the
repetition to 50 MHz [Mozoonil4]. Internally the timing stabilizer runs from a 10 MHz-
clock creating the fifth harmonic of this signal. The 10 MHz-clock signal of the timing
stabilizer can be read out and also be used as a reference signal (ref. in) for the high
frequency signal generator. In this way a fixed phase relationship between the laser pulses
and the signal of the signal generator can be reached. The jitter of this system is generally
low Atjitter < 0.5 ps. The signal generator creates sinusoidal microwave signals up to

20 GHz with a high voltage amplitude of up to 5 V' base to peak depending on the operat-
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ing frequency. Optionally a high frequency amplifier can be used to boost the microwave
signal. The microwave signal is then fed through a broadband impedance matched CPW
creating a homogeneous Oersted-field distribution on top the CPW [Chumakov05]. The
CPW consists of a 160 pm wide and 17.5 pm thick center conductor and a ground-plane.
High amplitude microwave currents up to a base to peak amplitude of 7, = 0.1 A can
be used to generate the microwave field at the fixed input impedance of 50 (2. The alter-
nating microwave magnetic fields can be as high as 300 A /m for a sample positioned
magnetic face down on the waveguide (directly on top of the center conductor). The
output signal of the CPW is measured utilizing a digital sampling oscilloscope with
20 GHz bandwidth. The oscilloscope is triggered by the 10 MHz signal of the tim-
ing stabilizer. Microwave attenuators are used between CPW and oscilloscope in order

to maintain a voltage lower than the maximum input voltage of the sampling oscilloscope.

By performing measurements with multiple sensitivities or with increased number of
averages to capture only small changes of magnetization, the total measurement time
increases. On a long time scale (multiple hours) small drifts between the laser pulses and
the excitation signal become noticeable. In order to prevent these drifts and gain long
time phase stability, a closed cycle of measuring and setting the phase is used. The phase
of the microwave signal is read out via the sampling oscilloscope. A fast and reliable
way to read out the phase of the microwave signal is the creation of the fast Fourier
Transformation (FFT) and measurement of the phase at the excitation frequency. In order
to correct for small drifts, the zero-point of the phase can be read out first. Then, the
desired phase is corrected by the new zero-point as a linear phase offset and actuated
directly. Each zero-point is used only for one differential image. The phase accuracy for
this zeroth-order correction scheme is approximately A¢ = £0.02 corresponding to a
time resolution of At e = 1.5 ps at an excitation frequency of f = 1.9 GHz. The

temporal resolution of the combined system can be written as

At = \/At2 FARZ. AR =T.2ps. 4.3)

pulse jitter phase

This corresponds to a bandwidth well above 50 GHz. The new timing algorithm is a
prerequisite for vector measurements of magnetization, because even after averaging

a certain amount of time for one specific phase, the phase remains stable and can be

54



4 Magneto-Optical Microscopy: Imaging Magnetization at the Picosecond-Scale

multimode . .
optical wb_r;honal | y
fiber diffuser movable coplanar wave guide

objective
lens

lens o
y ap Polarizer
vy e 0

’ - —
TIBNAR

diffuser

rotating
plate G \
N\

Nd:VO, laser
ref 7 ps, 50 MHz /AP
in 50 Mz l fiber output

ref = timing: stabilizer x-y lens positioning sample

OUt =B rerrmnranres I:
motor & position control

Cee]

check phase control computer — to & from
I S EEERA e ¢ camera
oscilloscope trig  ref Set phase and frequency
“in out .
_ signal generator
refin

Figure 4.4: Detailed electrical setup of the utilized microscope: The laser system is con-
trolled in a loop by the timing stabilizer. The signal generator runs from the
timing stabilizers internal 10 MHz clock and creates an electrical signal with
a fixed phase to the laser pulses. The microwave signal is then guided through
a coplanar waveguide (CPW). The CPW generates a quasi-homogeneous
Oersted-field on top of the waveguide exciting coherent magnetization dynam-
ics in the sample, which can be imaged via the laser illumination system. The
through the waveguide transmitted signal is read out via a digital sampling
oscilloscope and controlled via the computer. The movable lens is positioned
via a biaxial motor system. This figure was adapted from [Holldnder17].
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correlated with a measurement from a different sensitivity. Another prerequisite for
acquiring the low-signal dynamic data as described is the mechanical stability: Therefore,
the microscope stand is made of a high mass granite block, on which the sample stage
and focusing unit are mounted. The optical microscope setup is mounted on an optical
table and shielded by a box from air convection, thermal drift and acoustic noise. The
granite block and the ambient noise shielding allow for measurement durations up to

several hours under stable conditions.

4.2 Calibration by Static MOKE Imaging

In order to calibrate the dynamic response, static measurements of the magnetic specimen
are required. In particular, each sensitivity measured with oblique incidence is character-
ized by its corresponding sensitivity curve containing the dependence of the intensity
on the magnetization orientation [Rave93]. The sensitivity curve can for example be
obtained by saturating the sample along multiple orientations and evaluating the corre-
sponding intensity. Another approach towards obtaining the sensitivity curve is utilizing
a magnetization distribution, where at least three different magnetization orientations
are known. These three orientations can then be used to calibrate the dependence of
magneto-optical intensity versus magnetization orientation. In this chapter, the latter

approach will be used.

To demonstrate dynamic magneto-optical vector-imaging, a sample of amorphous
CoyoFe 9By stripes with dimensions of 40 pm X 1 cm x 120 nm, deposited on a 800 pm
thick glass substrate is chosen. Furthermore, the complete stack contains a 5 nm thick
Ta seed layer and a 3 nm thick Ru capping layer to avoid oxidation and corrosion.
The induced uniaxial anisotropy of K, = 1300 J/m? is aligned in the film plane by
applying a magnetic field of Hqe, = 8 kA /m during deposition of the magnetic layer.
The anisotropy axis is aligned perpendicular to the long stripe axis. The stripes were
patterned by standard photo lithography and selective ion beam etching. Fig. 4.5 shows
five static MOKE images in five different sensitivity directions and the extracted sensi-
tivity curves. The magneto-optical images were obtained using a standard differential

imaging technique [Hubert08, McCord15] requiring to break the current domain state.
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Figure 4.5: Calibration by static MOKE imaging: A known magnetization configuration
similar to a Landau state is utilized to obtain the magneto-optical calibration
curves. a) polar illumination. b,c) two horizontal illumination states with
oblique incidence in diametric arrangement. d,e) two vertical illumination
states with oblique incidence in diametric arrangement. €) depicts the domain
configuration used for further dynamic experiments. This figure was adapted
from [Holldnder17].

Each sensitivity is indicated by a schematic representation of the effective light source in
the backfocal plane. In Fig. 4.5a a MOKE image in polar configuration is shown. Here,
the effective light source is given by the optical fiber, positioned in the middle of the
backfocal plane leading to a normal incidence on the sample. In this configuration, there
is vanishing low residual magneto-optical contrast of the longitudinal MOKE contrast
and possibly second order magneto-optical Voigt-contrast [McCord15] contained. This
is expected, because the magnetization of the soft magnetic stripe resides in the plane of
the magnetic thin film. However, the in-plane magnetization in the domains is aligned
parallel and perpendicular to the incident polarization leading to a minimization of the
Voigt-contrast in this configuration. Fig. 4.5b,c show two horizontally aligned MOKE

sensitivities with oblique incidence in a diametric arrangement. The position of the
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effective light source is shifted to the left or right of the backfocal plane, respectively. As
depicted in Fig. 4.3 this leads to an oblique plane of incidence and the magneto-optical
sensitivity changes sign by moving from Fig. 4.5b to c. Fig. 4.5d,e show two vertically
aligned MOKE sensitivities with oblique incidence in a diametric arrangement. The
position of the effective light source is shifted to the bottom or top of the backfocal plane
(see sketches of the backfocal plane on top in Fig. 4.5), respectively. Again, this leads
to an oblique plane of incidence and the magneto-optical sensitivity changes sign by
moving from Fig. 4.5d to e. The statically measured sensitivity curves show differential
MOKE intensity depending on the known magnetization angle. All magnetic domain
images shown in Fig. 4.5 were recorded on the same position without moving the sample.
There is no polar MOKE contrast visible in Fig. 4.5a. Hence, the assumption, that there
is no polar contrast in the static images of Fig. 4.5 is correct. In order to calibrate the
polar MOKE contrast, a known out-of-plane magnetization is needed. Here, the polar
MOKE contrast remains uncalibrated, since the experimental challenge is relatively
high compared to the scientific gain. The calibration curves obtained with oblique inci-
dence are fitted using a sine-function according to the expected sinusoidal longitudinal
magneto-optical sensitivity. The obtained coefficients are then used for the calibration of

the component-selective time-resolved measurements.

Fig. 4.5e depicts the domain configuration used for further dynamic experiments.
The domain configuration shows large antiparallel domains in the middle, where the
magnetization is oriented along the easy axis of uniaxial anisotropy. Closure domains at

the edge of the stripe are visible, where the magnetization is oriented along the edges.

4.3 Superposition of Longitudinal and Polar MOKE
in Time-Resolved Measurements

In Fig. 4.6 a data set of acquired dynamic MOKE images of the soft magnetic stripe
element at an excitation frequency of 1.9 GHz is exhibited. Here, Fig. 4.6a shows the
time evolution of the vertical longitudinal and polar MOKE contrasts, while Fig. 4.6b

depicts the time evolution of the horizontal longitudinal and polar MOKE contrasts. The
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Figure 4.6: Acquired dynamic MOKE images at an excitation frequency of 1.9 GHz
with different oblique planes of incidence: a) vertical incidence (s-polarized).
b) horizontal incidence (p-polarized). c) average time evolution of two do-
mains marked by red and blue frames in a) containing longitudinal and polar
magneto-optical contrasts. d) average time evolution of two domains marked
by red and blue frames in b) containing longitudinal and polar magneto-
optical contrasts. This figure was adapted from [Hollidnder17].
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red and blue boxes mark the domains, from which the average magnetization is plotted
separately as a time evolution in the graphs Fig. 4.6c,d. Fig. 4.6c shows the time evolution
of magneto-optical contrast as in Fig. 4.6a using vertical sensitivity, while Fig. 4.6d shows
the time evolution of magneto-optical contrast as in Fig. 4.6b using horizontal sensitivity.
The frequency was chosen as the resonance frequency of the domain precession, i.e. the
magnetization in the center domains precesses uniformly around the easy axis of induced
anisotropy. Before performing the dynamic measurements, the magnetic stripe element
was statically initialized to the remanent state with previous saturation along the easy
axis of magnetization (along the z-direction). This leads to a magnetization configuration
with increased domain width compared to the equilibrium domain width. Furthermore,
the axis of oscillation for the high frequency Oersted-field is aligned along the y-direction
allowing for the direct excitation of the domain precession. A dynamic differential image
is created by a 16 times averaged image acquired at a phase ¢ subtracted by a 16 times
averaged background image of phase ¢ — 7 with the algorithm described in Section 4.1.2.
This scheme is used for each dynamic differential image. Each differential image was
then acquired 16 times and averaged again. Since the local effective field is aligned here
along the easy axis of magnetization and the stripe is sufficiently thin, the magnetization
of the central domains precesses elliptically around the easy axis of magnetization. In
Fig. 4.6 the MOKE intensity of the vertical oblique incidence configuration shows a
clear phase-shift between the domains with opposing magnetization, because of the
mixed polar and longitudinal signals. The dynamic intensity of the horizontal oblique
incidence measurements shows a clear phase shift of 7 between the two domains with
opposing magnetization. Furthermore, the found signals are highly nonlinear due to the
mixed MOKE signals and the influence of interacting domains despite the sinusoidal
excitation field. The closure domains are aligned parallel to the oscillating excitation
field and are therefore not excited directly by the oscillating field. The magnitude of the
polar sensitivity is assumed to be significantly higher than the longitudinal sensitivity
[McCord15]. Therefore, the dynamic images obtained with oblique incidence in Fig. 4.6
show a strong superposition of polar and longitudinal contrast. The magneto-optical

intensity containing those two components can be written as

IMOKE,p = :l:Ilong + :l:[trans + Ipol + [BGu (44)
hiokes = =Elhong + Ipol + Ia, 4.5)
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where Ivioke,p and Iviokes are the magneto-optical intensities for p-polarized light or
s-polarized light, respectively. Further quantities are the longitudinal intensity /iy, the
transverse intensity /i.ns and the polar intensity /.. The background intensity /pg
contains the non-magnetic information. In this work all dynamic images were recorded
in a way that the horizontal incidence was p-polarized and vertical incidence s-polarized.
The longitudinal and transverse intensities change sign under reversal of the angle of
incidence, as already mentioned in Section 4.2 for the sign change of the calibration

Curves.

4.4 Component-Selective Imaging

As previously discussed, when performing dynamic measurements in the MOKE con-
figuration with oblique incidence, there is a significant polar contribution. In order to
untangle both sensitivity directions, it is suitable to perform a second measurement to cal-
culate the pure out-of-plane and pure in-plane contrast. Untangling the two contributions
with just one sensitivity is only feasible for special cases as for example in a mirrored
domain state [Mozoonil4] and requires preexisting knowledge about the sample and its
dynamic behavior. When performing dynamic measurements for two magneto-optical
sensitivities in a diametric arrangement, the sign of the longitudinal effect changes, while
the polar contribution remains constant. Therefore, the two measurements can be added

and subtracted leading for s-polarized light to

IhiokEpolar+ = 210 + 21 and (4.6)
IMOKE,long,— = 2Ilong (47)

InioKE,polar,+ 18 the out-of-plane intensity obtained by adding diametric sensitivities,
InioKE, long,— 18 the intensity containing only longitudinal contrast obtained by subtract-
ing two diametric sensitivities. Fig. 4.7 exhibits a set of dynamic out-of-plane images
recorded with three different methods. Fig. 4.7a shows an out-of-plane time-evolution of
the magnetic stripe element measured in the polar MOKE configuration, while Fig. 4.7b
shows the out-of-plane time-evolution by measurement of two diametric vertical sensitiv-

ities and addition of both with weighting coefficients extracted from the sensitivity curves.
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Figure 4.7: Out-of-plane contrast acquired by three different methods: a) measured in
polar MOKE configuration b, ¢) measured in two configurations with oblique
incidence and calculated by adding the two weighted separate measurements
with oblique incidence for b) horizontal incidence and c) vertical incidence d)
comparison of dynamic intensities achieved by each method in two domains
with opposing magnetization (see red and blue box in a-c)). This figure was

adapted from [Holldnder17].
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Furthermore, Fig. 4.7c shows the out-of-plane contribution calculated from measure-
ments in two horizontal diametric sensitivities. All five sensitivities were recorded in one
measurement cycle, therefore the timescale is comparable. In Fig. 4.7d the time-evolution
of the intensity obtained by averaging in two domains with opposing magnetization (red
and blue box in a-c). The gray scale and the domain response of the polar measurement
were adjusted here, in order to gain direct comparability. As can be seen the three
methods of obtaining pure dynamic out-of-plane contrast are in excellent agreement.
The two evaluated domains with opposing magnetization show an alternating contrast
with a phase shift of 7 indicating a precession around the easy axis of magnetization
confined to the center domains. An oscillation of higher order is superposed with the
sinusoidal signal, which might be related to the non-equilibrium arrangement of the
magnetic domains. The static domain configuration is already magnetically charged at
the «2-nodes», where two opposed closure domains meet. Small additional domains are
formed in this region (see green rectangles in Fig. 4.7a, because the remanent state along
the easy axis leads to a formation of wide domains, wider than the equilibrium domain
width. Furthermore the presence of magnetostriction might favor the presence of these
domains. These smaller domains precess with a recognizable phase shift compared to the
wide domains in the center. Also, in Fig. 4.6a,c wavefronts in the out-of-plane response
of the center domains can be observed. In Fig. 4.6b these waves are not recognizable.

The generation of these waves in magnetization is subject of Chapter 6.

The two independent dynamic measurements enables not only the extraction of dy-
namic out-of-plane contrast, but also the calculation of dynamic differential pure in-plane
magnetization response by subtraction of the diametric vertical and horizontal modes. By
applying the calibration from Fig. 4.5, the magnetization response can be described quan-
titatively, normalized to saturation magnetization. In Fig. 4.8 the corresponding dynamic
in-plane magnetization response is shown. Fig. 4.8a depicts the vertical dynamic in-plane
magnetization response Am,,. Fig. 4.8b shows the horizontal dynamic magnetization re-
sponse Am,. In Fig. 4.8c the average in-plane time-evolution of magnetization response
Am,, Am,, is depicted for two center domains with opposing magnetization. It is evident
from Fig. 4.8a that the majority of the magnetization response on the high frequency
field is localized in the central stripe region. To a slightly smaller extent, also the edge

regions next to the closure domains react on the external stimulus. These two regions
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Figure 4.8: Dynamic pure in-plane measurements: a) Time-evolution of differential
magnetization along the y-direction b) Time-evolution of differential mag-
netization along the z-direction c) evaluated intensity of two domains with
opposing magnetization (compare red and blue box in a,b). This figure was
adapted from [Holldnder17].
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are separated by a low permeability region pinned on both sides to the «3-nodes», where
two closure domain walls and one 180°-wall meet. The 3-node itself and a small region
around react with a significant phase lag. This is best visible at the zero crossing of the
center domain precession at ¢ = 263 ps and it could be an indicator for a local resonance
of this region. Local phase shifts can lead to increased losses. Local resonances will be
discussed in more detail in Chapter 5 on different samples. As discussed in Section 4.3,
the closure domains do not react, since their magnetization is aligned parallel to the stim-
ulus. In Fig. 4.8b the horizontal magnetization response exhibits a strong and alternating
response in close proximity to the closure domains. In this region, the magnetization is
slightly tilted and pinned by the closure domains leading to a different dynamic response
compared to the central region of the stripe. Only little residual dynamic magnetization
response can be seen in the central region of the stripe along the x-direction (Fig. 4.8¢),
which might be related to a slightly tilted anisotropy or simply might reflect the angular
resolution of the method. Furthermore, the waves in magnetization (first recognized in
Fig. 4.6a,c are present in the y-component of magnetization response, but not in the x-
component. All in all, the magnetic high-frequency response is already complex even for

this rather simple domain structure, therefore quantitative imaging techniques are needed.

4.5 Vector Dynamic In-Plane Response

Since both components of the in-plane magnetization response are known, the condition
for depicting the lateral in-plane vector-response is given. Fig. 4.9 displays this data
in a color coded vector map. The vector color coding highlights more details, which
could not be observed easily before: Horizontal modes (blue, yellow) are excited in
the closure domains in close proximity to the 3-node, vertical modes in the center
domains (purple, green) and mixed vertical and horizontal modes at the boundary to the
closure domains (purple, green) and (orange, blue). The previously discussed behavior
of magnetization response is also evident here. These features are not distinguishable
in the simple measurements with superposed longitudinal and polar contrast (compare
Fig. 4.6). Using a combination of pure in-plane vector data and polar magnetic contrast,
all the important parts of the magnetization response can be understood. For completion,

the polar out-of-plane data could be calibrated in the future by measuring a known
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Figure 4.9: Vector dynamic in-plane magnetization response: a) Time evolution of Am,,
and Am, in vector response images b) exemplary details from a). This figure
was adapted from [Hollidnder17].

out-of-plane magnetization, but nevertheless the pure in-plane magnetization response

provides quantitative information to extract all relevant parameters to this work.

4.6 Summary

A highly sophisticated magneto-optical microscope was described in its key-features. The
pulsed laser illumination system allows for stroboscopic measurement of magnetization
dynamics at high excitation frequencies. The timing algorithm secures long-time stability
of the electrical input signal and therefore enables long integration times for the acquired
magneto-optical signal. It is a precondition for quantitative imaging, because it enables
recording and correlating phase-stable dynamic images. The motorized altering of the
beam path opened up a new chapter of magneto-optical in-plane vector measurements.
As shown here, the system is capable of experimentally investigating spatial and temporal
magnetization response and paves the way for understanding the interaction of magnetic
micro-structures and spin waves. An in detail investigation of such dynamics is given in
Chapter 6. Furthermore, the imaging scheme presented here might be applicable to other

magnetic imaging techniques.
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5 Local Asymmetry and
Non-Homogeneous
Ferromagnetic Resonance

The integral high-frequency response of a magnetic material can be measured using
inductive ferromagnetic resonance techniques in the time and frequency domain. Here,
pulsed inductive microwave magnetometry (PIMM) [Kos02] is introduced to obtain high
frequency permeability spectra. The magnetic properties of a full magnetic thin film
are analyzed. Also, continuous wave ferromagnetic resonance (CW-FMR) [Ding04] is
described for the application towards symmetry broken thin films. Quantitative magnetic
domain images and PIMM spectra are shown in order to discuss the effect of a locally
broken symmetry on a thin ferromagnetic film. A diamond-shaped antidot thin film is
investigated using component-selective magneto-optical wide-field imaging, exhibiting
new functionality by bistable remanent magnetization states: By switching between
remanent states, different local effective fields are present leading to a variation in local

and integral resonance frequency.

Magnetic microwave materials are applied in components as magnetic-field-tunable
band-stop filters [ Yang15b, Song09, Salahun02, Cramer00, Harward 14, Kuanr05, Kuanr03,
Tsai05, Tsai99, Lil5], circulators [Saib05, Adam02] or phase-shifters [Kuanr03, Saib05,
Adam02]. Following the approach of switching domain configurations without the neces-
sity to permanently apply an external magnetic field could lead to new energy-efficient

switchable magnetic microwave components.
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Figure 5.1: Experimental Setup for Pulsed Inductive Microwave Magnetometry (PIMM):
A magnetic sample is placed magnetic face down on a coplanar waveguide
aligned with the easy axis of magnetization along the center conductor. A
magnetic field can be applied in the plane of the sample along two axes by
the x-coils and y-coils. The coils are powered by two Kepco power supplies.
The TDR-module of a digital sampling oscilloscope is used for sending an
excitation impulse through the coplanar waveguide. The transmitted impulse
is then detected on the second port of the oscilloscope. A digital multimeter
is used to probe the current in the z-coils.

5.1 Ferromagnetic Resonance Experiments

5.1.1 Pulsed Inductive Microwave Magnetometry

In order to gain an understanding of the high frequency permeability of a magnetic mate-
rial, various techniques exist such as the commonly used VNA-FMR (vector network
analyzer - ferromagnetic resonance). Generally, these techniques rely on application of a
microwave field and an inductive pick-up of the change in magnetization. Here, PIMM
(pulsed inductive microwave magnetometry) [Silva99, Kos02] is applied to characterize

the inductive high frequency field response. Instead of measuring the permeability di-
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rectly in the frequency domain, PIMM is based on the measurement of the step response
in the time domain. Fig 5.1 shows a schematic representation of the utilized PIMM
setup. The key element of the setup is a 20 GHz bandwidth digital sampling oscilloscope
»Lecroy Wave Expert 100 H< including two TDR-modules (time-domain reflectometry).
Each TDR-module is capable of applying a TDR step impulse with a rise time below
50 ps and an unipolar voltage amplitude of 260 mV. The step impulse is generated in the
first module, guided by microwave cables to a CPW (coplanar waveguide), transmitted
through the CPW, and guided back to the second module, where the altered step impulse
is detected. The coplanar waveguide is positioned in two pairs of coils allowing for
the application of magnetic fields in the plane of the waveguide. The two pair of coils
are aligned with the magnetic field direction parallel and perpendicular to the center
conductor of the CPW. The magnetic sample is positioned magnetic face down on the
coplanar waveguide. In this work all samples are aligned in a way that the axis of uniaxial
anisotropy of the sample remains parallel to the center conductor of the CPW. Two Kepco
power supplies are utilized as current sources for the static magnetic field generation
in the coils: A >Kepco BOP 100-10 MG« for the y—coils and a >Kepco BOP 15-20 M«
for the x—coils. A digital multimeter >Agilent 34410A« is used to record the current
through the z-axis coils for calibration of the x-axis magnetic field. A control computer
is used to initialize the measurements, read out the data from the sampling oscilloscope
and control the static magnetic field via an PCle-Card >National Instruments PCle-6321«<
(mostly a 16 bit digital-to-analog converter), which applies a voltage to the Kepco power
supplies. Then the power supplies generate a current proportional to the output voltage.
The CPW utilized for PIMM in this work consists of a 750 ym wide and 17.5 pm thick

center conductor and a ground plane.

Fig. 5.2 shows the inductive hysteresis loops of a 50 nm (FegyCo19)7sSi12B10 full
film, which will be investigated in the following. The saturation along the hard axis at
1.5 kA /m approximately marks the anisotropy field. Also, the hard axis loop exhibits
almost zero remanent magnetization. Thus, at the remanent state with previous alignment
of the hard axis field, the magnetization is aligned along the axis of uniaxial anisotropy.
Therefore, in a ferromagnetic resonance experiment similar spectra for the two remanent
states with previous field alignment along the easy axis and along the hard axis are

expected.
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Figure 5.2: Inductive hysteresis loops along the easy and hard axis of uniaxial anisotropy
for a 50 nm (FeggCo1g)78Si12B1¢ full film. The anisotropy field is ap-
proximately 1.5 kA/m. The hard axis loop shows almost zero remanent
magnetization.

An exemplary PIMM measurement of the full film is shown in Fig. 5.3. To unwrap
the magnetic signal from the transmission through the waveguide, two measurements are
required: one signal impulse containing magnetic and non-magnetic information and one
background impulse containing only non-magnetic information. A transmitted impulse
containing magnetic and non-magnetic information is depicted in Fig. 5.3a. For this
impulse a magnetic bias field of 2 kA /m was applied along the x-axis. In this signal the
non-magnetic information dominates. In order to obtain a transmission not containing
magnetic information, a magnetic field strong enough to saturate the sample is applied
along the y-axis. Then the high frequency Oersted-field of the CPW is oriented parallel
to the saturated magnetization and it is assumed that no magnetization dynamics are
induced in this configuration, since the saturating field is much stronger than the field
impulse. The magnetic field step impulse has an amplitude of approximately 3 A /m,
calculated by an approach published in [Chumakov05]. The transmitted background

impulse containing only non-magnetic information is then subtracted from the original
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Figure 5.3: Exemplary PIMM results for the soft magnetic 50 nm (FegyCo1¢)78Si12B10
full film at an external field of —2 kA /m: a) the transmitted signal impulse,
b) the differential transmission and c) the FFT of the zero-padded differential
transmission are shown.
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data. The obtained differential signal is then averaged over multiple measurement cycles.
In Fig. 5.3b such a differential signal is plotted. The differential transmission voltage

Vi (t) is now proportional to the time derivative of the average magnetization [Silva99]

dM,(t)

Vilt) o =

(5.1)

Due to the step response of the magnetic material on the external stimulus the differential
transmission voltage exhibits a magnetic ringing on the resonance frequency. The ringing
takes the form of a damped precession described by the LLG (see Eq. 2.18). Since PIMM
is sensitive to the y-component of the differential magnetization response the damped

precession results in a damped sinusoidal signal [Silva99]

dil\fy ~ woM,(cos (¢o)Boexp (—t/T) cos (wot)
+ % sin (¢g) 85 exp (—2t/7) sin (2wgt)). (5.2)

Here, wy is the angular resonance frequency, 3, an amplitude factor, ¢, is the effective
equilibrium direction of the magnetization, M is the saturation magnetization, 7 the
relaxation time and ¢ the time. When the magnetization is predominantly aligned
along the easy axis of magnetization (parallel to the center conductor of the CPW,
along the x-axis), the generation of second harmonics as described by the second term
in Eq. 5.2 is suppressed. Now, the differential transmission can be used to obtain
spectral information of the magnetization dynamic processes by using FFT: It is clear
from the signal in Fig. 5.3b that after the experimentally relevant time of 8 ns the
differential transmission remains on a constant level of zero, because the magnetization
has found a new equilibrium orientation and the ringing has totally decayed. Using this
information, the signal can be zero-padded meaning, that more zeros can be added after
the experimental data is finished leading to an artificially longer signal. This process
is used to decrease the spacing between frequency points A f in the FFT of the signal.
In Fig. 5.3c the FFT of the zero padded differential transmission (compare Fig. 5.3b) is
shown. The zero padding leads to an artificially lower amplitude of the signal. Therefore,
the FFT signal is normalized to the maximum magnitude frequency per spectrum. The

calculated FFT of the transmitted signal is now proportional to the frequency dependent
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Figure 5.4: Exemplary PIMM results for the soft magnetic 50 nm (FegyCo10)755i12B1¢
full film as a function of the external field and frequency. The normalized
magnitude of the FFT is shown on the colorscale. Initially, the field was
applied along the negative x-axis.

susceptibility [Alexander00]

V(w) o Xyy(w) (5.3)
and can be compared to calculated ferromagnetic resonance spectra (see Section 2.4.1).
Therefore, the aim is now to extract important parameters such as resonance frequency
and magnetic damping from the experimental PIMM data. As depicted in Fig. 5.3c
the maximum magnitude frequency (2.17 GHz) approximately marks the resonance

frequency (compare Section 2.4.1). The magnetic damping can be found via [Sandler99]

2
Ty o M

o =

(5.4)

requiring knowledge of the relaxation time and the saturation magnetization by assuming
a fixed gyromagnetic ratio y =~ 1.76 - 10! rad/(MHz - T).

By measuring PIMM for different bias-fields the field evolution of the ferromagnetic

resonance can be observed. This is depicted in Fig. 5.4. The colorscale corresponds to the
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Figure 5.5: Squared left arm of the ferromagnetic resonance mode of the soft magnetic
50 nm (FegoCo19)78Si12B1o full film. By using the Kittel-formula and fit-
ting the resonance frequency as a function of magnetic field, the saturation
magnetization can be found.

normalized magnitude of the susceptibility spectrum. Predominant is that the maximum
magnitude response follows a square-root behavior as described by the Kittel formula
(see Eq. 2.22). Assuming that the maximum magnitude response is approximately the
resonance frequency, the extracted angular resonance frequencies can be squared and

divided by (1107)? following the Kittel formula resulting in

wh
(1o)?

where the sign in front of the [/}, depends on the sign of the field (positive for positive
external fields, negative for negative fields). Therefore, by using a known gyromagnetic
ratio and measuring field and resonance frequecy the saturation magnetization can be
obtained by a linear fit as the slope connecting external field and squared resonance
frequency. This was performed in Fig. 5.5. Here, the left arm of the resonance frequency
was used resulting in a negative slope. The saturation magnetization was found to be
M, = 1219 kA/m, which is 12% higher than the value a previous study found for

(FegoCo10)78Si12B1¢ using the same method [Frommberger04].

This behavior can be investigated using PIMM. In Fig. 5.6 the time domain differential

signal of the remanent magnetization states and the corresponding spectra are shown.
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Figure 5.6: a) Time domain differential PIMM transmission of a (FegyCo10)755i12B1¢
unpatterned thin film of thickness 50 nm in the remanent magnetization
configuration b) frequency domain differential PIMM transmission of a
(FegoCo10)78Si12B1o unpatterned thin film of thickness 50 nm in the rema-

nent magnetization configurations. The resonance frequency is marked at
1.45 GHz.

The time domain signal depicted in Fig. 5.6a immediately shows the same step response
of the remanent magnetization initialized with a field along the easy axis or along the
hard axis. Fig. 5.6b shows the spectrum of the two remanent states. Colored lines indicate
the spectrum of the remanent state with field history along the easy axis in magnitude,
real and imaginary part. The black dashed lines indicate the spectrum of the remanent
state with previous application of a saturating field along the hard axis. The spectra
of the two magnetization configurations are in excellent agreement. The resonance
frequency of the fullfilm at zero field is found to be fy = 1.45 GHz. In the following
section experiments will be shown, in which the symmetry between the remanent state

with previous field history along the easy or hard axis is broken by asymmetric patterning.
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5.1.2 Continuous Wave - Ferromagnetic Resonance

Another technique utilized in this chapter is CW-FMR (continuous wave - ferromagnetic
resonance). The experimental setup is similar to the PIMM setup in Fig. 5.1 with
the exception, that the excitation is given by a microwave signal generator exciting
with a sinusoidal signal instead of an impulse. Also, another CPW with a 160 ym
wide center conductor was used (same CPW as used in the dynamic magneto-optical
wide-field imaging). The amplitude of the excitation signal was 5 V converting to an
excitation field of approximately 300 A /m. Similar to the PIMM experiment, a sinusoidal
transmission curve was recorded containing magnetic and non-magnetic information and
a background sinusoidal transmission curve containing only non-magnetic information.
Here, the background curve is recorded in a saturating field along the y-axis again. The

signal and background curve are each fitted using a sinusoidal fit:
V; = Asin (wt + ¢), (5.6)

where A is the amplitude parameter of the signal, w the angular excitation frequency and
¢ a phase parameter. Using the obtained coefficients, the background curve is subtracted
from the sinusoidal curve containing magnetic information resulting in a purely magnetic
sinusoidal signal consisting of an amplitude and a phase parameter. The differential
amplitude and phase parameter are than averaged over multiple measurement cycles. The
results of this CW-FMR experiment on a thin film with broken symmetry are discussed
in Section 5.3.

5.2 Local Asymmetry in a Symmetry Broken Thin
Film

The objective of this study was to achieve multiple possible domain states in a patterned
magnetic thin film at zero external field, which show different dynamic properties by
external magnetic field history. It is interesting to switch the zero-field response, since it
is more energy efficient than maintaining a magnetic bias-field during the full operation
of the magnetic microwave device. For the desired zero-field soft-tuning of the dynamic

properties, there are three relevant figures of merit: the resonance frequency or maxi-
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mum amplitude frequency, the maximum observed shift in resonance frequency and the
amplitude ratio at operating frequency. A resonance frequency, which switches between
two or more relevant frequency bands, such as the L- and the S-band (long wave and
short wave), would be of interest. Therefore, a high shift in resonance frequency would
be required. Also, a high effect would be beneficial such as a very high, or very low
amplitude ratio. To maximize the total effect a high ferromagnetic resonance absorption

is desired.
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Figure 5.7: Excitation scheme: Schematic showing the cross section through the coplanar
waveguide and the sample.

In order to investigate such dynamic properties, the sample of interest is placed
magnetic face down on a CPW as depicted in Fig. 5.7. The axis of uniaxial anisotropy
was always parallel to the center conductor of the CPW. The (FegyCo1g)7s5i12B10 thin
film sample (deposited on a glass substrate) is then investigated by PIMM, CW-FMR and
static as well as time resolved magneto-optical wide field vector imaging. Beforehand,
the static properties of such a symmetry broken thin film are discussed. Fig. 5.8 shows a
SEM (scanning electron microscope) image of a 50 nm magnetic thin film periodically
patterned by optical lithography. The structure consists of a diamond-shaped antidot
lattice [Bhat13]. The lattice has a rectangular shape. Each antidot has a 3.4 pm long
and a 2.2 pm short axis. The lattice constants are 16 pm along the long axis and 12 pm
along the short axis. Standard domain configurations in antidot-lattices are Néel spikes
[Néel88]. By choosing a rectangular lattice with two asymmetric axes instead of a square
lattice, the Néel spikes along the two lattice axes have two different distances to the
next Néel spike in the lattice. For closer distances of the antidots along the short axis,
Néel spikes may overlap, which leads to a coupling between the antidots along this axis
and the formation of a connecting domain. To form such domains, a special alignment
of the uniaxial anisotropy is required. An illustration on the formation of connecting

domains is shown in Fig. 5.9. By applying a moderate external field along the uniaxial
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Figure 5.8: Sample design: Scanning electron microscope (SEM) image showing a
patterned 50 nm (FegyCo1)7sSi12B1o film with diamond-shaped antidots.

anisotropy, the magnetization in the matrix aligns along field and anisotropy. Along
the edges the magnetization is parallel to the edge. This is depicted in Fig. 5.9a. By
reducing the field along the easy axis, the magnetization alignment will stay almost the
same as shown in Fig. 5.9b. By applying a moderate field along the hard axis of uniaxial
anisotropy, the magnetization in the matrix aligns along the external field and in vicinity
of the antidots orients along the edges of the diamond-shaped antidot. In this case Néel
spikes can overlap along the anisotropy direction for two faces with same magnetization
in spatial proximity. By reducing the field along the hard axis, the magnetization rotates
towards the easy axis. Due to the alignment of the two faces with same magnetization
orientation compared to the axis of anisotropy, the magnetization in the overlapping Néel
spikes rotates clockwise, while the magnetization in the matrix rotates counterclockwise
due to the orientation of the free surfaces without counterpart. Along the hard axis a

multi-domain state is formed.
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a b

Figure 5.9: Schematic illustration (not to scale) of connecting domain formation along
the patterned diamond-shaped antidot axes. a) in a moderate bias field along
the uniaxial anisotropy the magnetization aligns along the edges in proximity
to the antidots and along the easy axis in the matrix. b) by reducing the field
along the easy axis, the magnetization in the matrix remains along this axis.
¢) applying a moderate field along the hard axis leads to an overlap of local
effective fields for close faces with same magnetization orientation. d) by
reducing the field along the hard axis, magnetization rotates into different

directions leading to domain formation.
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In Fig. 5.10 two different remanent states of the symmetry broken thin film are de-
picted in quantitative magneto-optical images containing color-coded information about
the local magnetization orientation. The axis of uniaxial anisotropy is intendedly aligned
with an angle of approximately 20° to the short axis of the antidot lattice, therefore the
orientation of the lattice is turned accordingly. Furthermore, the magneto-optical imaging
was performed with an objective lens with an numerical aperture of NA = 0.9 on the
magnetic top surface (not the glass top). The arrows drawn in Fig. 5.10 correspond to the
approximate magnetization orientation found by analyzing quantitatively the domain wall
angles. In Fig. 5.10a a remanent state is exhibited for previous application of a saturating
magnetic field along the axis of uniaxial anisotropy (along 180°) before reduction of
the external field to zero. From now on this state will be called remanent easy axis
state. In this state, it can be observed, that the magnetization in the matrix between the
antidots is aligned approximately along the axis of uniaxial anisotropy. A small deviation
between magnetization orientation in the matrix and uniaxial anisotropy can be seen
and is in the order of 5°. The locally changing demagnetizing field in the vicinity of the
antidots leads to a spatially inhomogeneous magnetization distribution. At the edges of
the diamond-shaped antidots the magnetization is aligned parallel to the surface allowing
for the creation of slightly tilted Néel spikes. It can be seen that the Néel spikes along the
long axis of magnetization overlap, but due to the anisotropy, which is almost crossed to
this axis, the formation of a domain along this axis is suppressed down to small deviation

from the matrix magnetization angle in the overlap region.

Another remanent magnetization configuration is depicted in Fig. 5.10b. Here, the film
was saturated perpendicular to the axis of uniaxial anisotropy before reducing the external
field to zero. This is the remanent hard axis state. Here, a more complex magnetization
state is observed. The uniaxial anisotropy direction and the smaller distance between
the antidots along the short axis allow for the creation of a domain between neighboring
antidots. In the middle of these generated domains the magnetization is aligned antipar-
allel to the magnetization of the surrounding matrix. Modulations in these domains and
in the surrounding matrix are visible due to the formation of cross-tie domain walls. In
proximity to the antidot the magnetization is aligned along the short axis of the lattice
resulting in a slightly curved domain wall orientation. Around the diamond-shaped

antidot a complex magnetization configuration is visible including magnetic charges
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Figure 5.10: Magneto-optical vector image of the bistable remanent states in the diamond-
shaped antidot patterned 50 nm (FeggCo1)7sSi12B1g film. a) remanent
state after saturating along —x-direction and slow reduction of the field to
zero (remanent easy axis state). b) remanent state after saturating along
y-direction and slow reduction of the field to zero (remanent hard axis
state). ¢) inductive hysteresis loops along easy (black) and hard (red) axis
of uniaxial anisotropy of the diamond-shaped antidot sample.

at the boundary between the interconnecting domains and the edge states as well as
two Néel spikes along the long lattice axis. These double spikes decay on a smaller
length scale compared to the Néel spikes of the remanent easy axis state and look like a
bifurcation of the magnetization pattern. The magnetization of the surrounding magnetic

matrix itself is slightly tilted compared to Fig. 5.10a.

Fig. 5.10c depicts the inductive hysteresis loops of the diamond-shaped antidot pat-
terned 50 nm (FegyCo19)7s5112B10 film. By comparing it to the hysteresis loops of the
full film (compare Fig. 5.2), it can be seen that the coercive field along the easy axis
has decreased in the patterned sample. From the hard axis loop it can be seen, that the
anisotropy field has stayed the same, but the remanent magnetization along the hard axis
has increased. The latter is related to the patterning formation of the connecting domains
along the hard axis loop. Furthermore, it can can be seen in Fig. 5.10b that the matrix

magnetization is slightly tilted compared to the axis of uniaxial anisotropy due to the
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locally induced demagnetization fields. All in all, breaking the symmetry of the domain
pattern as anticipated in Fig. 5.9 has succeeded. The formation of connecting domains
between diamond shaped antidots occurred for a previously applied field along the hard
axis of uniaxial anisotropy, but not for a previously applied field along the easy axis of

uniaxial anisotropy.

5.3 Inductive High Frequency Response of a
Symmetry Broken Thin Film

By using field history, different domain configurations at zero field were found. In the
following, the high frequency characteristics of this patterned thin film are investigated.
First, PIMM is applied for the two remanent magnetization states. In order to make
sure, that the right domain configurations are reproduced in the PIMM setup, after a
first successful measurement, the sample was mounted in a magneto-optical wide-field
microscope and a domain image was measured exhibiting the expected domain config-
uration. In the subsequent PIMM measurements, the resulting spectra were compared
instead of the domain images. In Fig. 5.11 exemplary PIMM measurements are shown
for 11 switching cycles. In each cycle a remanent easy axis configuration was measured
followed by a remanent hard axis configuration. Here, the time domain signals were zero
padded, but the amplitudes of the PIMM spectra were not normalized. Therefore, the
amplitude of the spectrum is not to scale with the shown time domain signal, but can be
directly compared with each other (all PIMM spectra in Fig. 5.11). Fig. 5.11a shows
the differential transmission signal through the waveguide in the time domain for the 11
seperate measurements of the newly initialized remanent easy axis magnetization config-
uration. Fig. 5.11b shows the resulting magnitude spectra of Fig. 5.11a. A resonant peak
at 1.3 GHz can be observed. Furthermore, a small plateau can be observed at 2.5 GHz.
The maximum magnitude frequency of a 50 nm thin film of (FegyCo1¢)78Si12B10 without
antidots from the same wafer in the remanent configuration (easy or hard) was 1.45 GHz
(see Fig. 5.6). Therefore, the remanent easy axis state of the diamond shaped antidot
sample even shows a lower maximum magnitude frequency than the corresponding full

film. Fig. 5.11c shows the differential transmission signal through the waveguide in the
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Figure 5.11: PIMM results on the diamond-shaped antidot patterned 50 nm
(FegoCo10)78S112B1¢ film. Each signal was recorded for 11 cycles switching
from remanent easy axis state to remanent hard axis state and back. a) Time
domain signal of the remanent easy axis magnetization state ( dd—J‘f). b)
Magnitude spectrum of the remanent easy axis magnetization state. ¢) Time
domain signal of the remanent hard axis magnetization state( %). d)
Magnitude spectrum of the remanent hard axis magnetization state.

85



5 Local Asymmetry and Non-Homogeneous Ferromagnetic Resonance

time domain for the 11 seperate measurements of the remanent hard axis magnetization
configuration. Fig. 5.11d shows the resulting magnitude spectra of Fig. 5.11c. A roll-off
can be observed up to 1.5 GHz. A resonant peak at 2.3 GHz can be observed. The
amplitude of the peak in Fig. 5.11b at 1.3 GHz is significantly higher than the amplitude
of the peak in Fig. 5.11d at 2.3 GHz. An excellent reproducibility can be observed for
both domain states. The magneto-dynamic response of the patterned sample deviates
nicely from the full film response. The symmetry of the magneto-dynamic response
was broken successfully between remanent hard and remanent easy axis states by local
demagnetization effects. This was achieved by periodic patterning. To find the details
of the local permeability response dynamic magneto-optical imaging is applied and the

results are shown in Section 5.4.

By evaluating the maximum magnitude frequencies, the switching behavior of the
diamond shaped antidot sample can be further demonstrated: Fig. 5.12 shows the maxi-
mum magnitude response as a function of the switching events (data of Fig. 5.11). Here,
two switching events correspond to one cycle. Again, an excellent reproducibility of the
resonant magnetic behavior can be found. The mean peak frequency is feasy = 1.34 GHz
for the remanent easy axis state and fi..q = 2.33 GHz for the remanent hard axis state.
Switching fields of 4 kA /m were used in this experiment. Fields as low as 2 kA /m could

be used to switch the domain structure in static magneto-optical experiments.

In order to compare these results of the pulsed excitation to continuous excitation a
CW-FMR experiment was performed (see Section 5.1.2 for details on the experiment)
for both magnetization configurations at 1.3 GHz and 2.3 GHz. For the remanent easy
axis state, the change in amplitude was —17 V/m at 1.3 GHz and —22 V/m at 2.3 GHz
(compared to the 5 V base to peak excitation amplitude). For the remanent hard axis
state, the change in amplitude was —10V /m at 1.3 GHz and —24 V /m at 2.3 GHz. For
the inductive experiments, the center conductor of the waveguide was covered over a
length of 4.2 mm with the ferromagnetic sample. These values indicate the possibility of

tuning the absorption.
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Figure 5.12: Switching of the maximum magnitude response frequency as a function of
switching events (switching from remanent easy axis state to remanent hard
axis state or back).

5.4 Dynamic Magneto-Optical Investigation of
Local Resonances in a Symmetry Broken Thin
Film

To reveal the nature of the integral resonance switching, time-resolved magneto-optical
wide-field vector imaging is applied (see Chapter 4) to the sample. Here, the magneto-
optical calibration curves are found by saturating the sample and rotating the field.
For a more deep understanding of the local resonance frequencies it is of key interest
to characterize the local phase compared to the excitation, since it can qualitatively
reveal the position of the local resonance in the local spectrum. In order to find the
time or phase offset between the local dynamics and the excitation phase, a calibration
experiment was performed: the (FeggCo1g)7sSi12B1¢ full film was measured with a bias
field of 10 kA /m shifting its resonance frequency far above the maximum excitation
frequency at 1.3 GHz and 2.3 GHz. After finding the local phase for the particular

position on the waveguide, the diamond-shaped antidot sample was measured integral
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on this position resulting in a corresponding phase shift between excitation and full
sample response. The resulting phase offset (obtained by fitting a cosine function) was
considered in graphs Fig. 5.13 and 5.14. Fig. 5.13 shows the time-resolved magneto-
optical investigation of the remanent easy axis state. First, the local phase and amplitude
will be discussed qualitatively, followed by a quantitative analysis of the phase shifts. In
Fig. 5.13a the static configuration used in the dynamic experiment is depicted. This static
domain image was recorded with a vertical sensitivity. Three domains are marked in
the static configuration. Domain 1 corresponds to the matrix aligned along the uniaxial
anisotropy, domain 2 to the interconnection between the antidots along the short lattice
axis and domain 3 is the interconnection between the antidots along the long lattice
axis, where the Néel spikes overlap for the remanent easy axis state. The two maximum
amplitude frequencies from PIMM are chosen for a more deep investigation: 1.3 GHz
and 2.3 GHz. In Fig. 5.13b the dynamic in-plane vector response of the remanent easy
axis configuration is shown for an excitation frequency of 1.3 GHz and a utilized field
amplitude of approximately H,, = 300 A /m along the y-axis. It can be seen, that domain
1 and and domain 2 show a similar dynamic vector response - a precession around the
easy axis of magnetization. In contrast, domain 3 shows only a small magnetic in-plane
response for all phases. Fig. 5.13c displays the dynamic in-plane vector response of
the remanent easy axis configuration for an excitation frequency of 2.3 GHz and a
utilized field amplitude of approximately H, = 300 A/m along the y-axis. While
domain 1 and domain 2 still show a precession with a similar phase, domain 3 shows a
stronger oscillation than at 1.3 GHz with a clear phase shift compared to domain 1 and
domain 2. This can be explained with a locally higher resonance frequency in domain
3: The overlapping Néel spikes lead to higher local effective fields resulting in a higher
resonance frequency. By closely looking at the PIMM spectrum in Fig. 5.11b, a second
peak can be observed at approximately 2.7 GHz with a small amplitude. In Fig. 5.13d
the average Am, component is plotted as a function of the phase of the excitation field
for the three individual domains and for the response of the full frame at 1.3 GHz. Here,
the response of domain 1 and domain 2 is high, almost in-phase and similar in amplitude.
Domain 3 shows a significantly lower response and has a small phase shift to domain 1,
domain 2 and the full frame response, which is dominated by the response of domain
1 and domain 2. Fig. 5.13e shows the average Am, component as a function of the

phase of the excitation field for the three individual domains and for the response of

88



5 Local Asymmetry and Non-Homogeneous Ferromagnetic Resonance

d =

0.1 / {“N
13 GH%M\_S N

£ 00 =y BaN

—— Domain 1
—-— Domain 2

01 "“y —— Domain 3 \

72

-
o [Rem] —— Full_
-180 -120 60 O 60 120 180
0.2 phase (°)
e
01 [ e, ]

NS
an

-0.1 - Nl %
. ‘\m."._/' \:\QT"'}P
2.3 GHz
_0'-%80 120 60 0 60 120 180
phase (°)
0.1
Am, 0.0
<=
tob,c
v -0.2
phase (°) -0.2-0.1 0.0 0.1 0.2

Am,

Figure 5.13: Time-resolved magneto-optical investigation of the remanent easy axis
magnetization state for the diamond-shaped antidot patterned 50 nm
(FegoCo10)789112B1 film. a) static magnetization configuration of the rema-
nent easy axis state. b) dynamic vector response of the magnetization at
1.3 GHz excitation frequency. ¢) dynamic vector response of the magnetiza-
tion at 2.3 GHz excitation frequency. d) locally averaged domain response
Am, at 1.3 GHz. e) locally averaged domain response Am,, at 2.3 GHz.
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the full frame at 2.3 GHz. Again, domain 1 and domain 2 exhibit a similar response of
both, amplitude and phase. However, domain 3 shows a similar amplitude as domain
1 and 2, but also a drastic phase shift of almost half a period. Due to the phase shift of
domain 3, the full sample response is lower than the individual domain response, since
they partially cancel each other out. It is conclusive from this data, that domain 3 has a
higher local resonance frequency than domain 1 and domain 2. Generally, at resonance
the phase shifts from zero (following the forced oscillation in-phase) over —90° (directly
at resonance) to —180° (lagging behind the excitation). At 1.3 GHz the amplitude of the
oscillation in domain 3 is low and the phase is close to zero, therefore it is far below the
resonance frequency. At 2.3 GHz domain 3 oscillates stronger with a strong phase shift
compared to domain 1 and domain 2, thus domain 1 and domain 2 are oscillating above
the resonance frequency and domain 3 oscillates still below the resonance frequency
(compare amplitude and phase in Fig. 2.8). Considering the phase of domain 1 and
domain 2 compared to domain 3 at 2.3 GHz, it is clear that domain 1 and domain 2
are already oscillating above the local resonance frequency. The resonance frequency
of domain 3 is higher than 2.3 GHz, the local resonance frequency of domain 1 and
domain 2 is between 1.3 GHz and 2.3 GHz. Because of the phase shifts due to the local
resonances a part of the high frequency response above 1.3 GHz cancels out leading
to PIMM spectra with an artificially lower maximum magnitude frequency (compare
Fig. 5.11) than the local resonance frequencies. This is consistent with the resonance
frequency of the full film, which is higher than the remanent easy axis state and lower

than the remanent hard axis state (see Fig. 5.6).

Fig. 5.14 shows the time-resolved magneto-optical investigation of the remanent
hard axis state. In Fig. 5.14a the static ground state is depicted, which is dynamically
excited. This static domain image was recorded with a horizontal sensitivity. Again
the sample is placed magnetic face down on the waveguide. Three domains are marked
in the static configuration. The same areas as for Fig. 5.13 are analyzed: Domain 1
corresponds to the matrix aligned approximately along the uniaxial anisotropy, domain 2
to the interconnection between the antidots along the short lattice axis, where additional
domains are formed for the remanent hard axis state. Domain 3 is the interconnection
between the antidots along the long lattice axis, where no Néel spikes are overlapping
for this magnetization configuration. In Fig. 5.14b the dynamic in-plane vector response

of the remanent hard axis configuration is shown for an excitation frequency of 1.3 GHz
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Figure 5.14: Time-resolved magneto-optical investigation of the remanent hard axis
magnetization state for the diamond-shaped antidot patterned 50 nm
(FegoCo10)789112B1 film. a) static magnetization configuration of the rema-
nent hard axis state. b) dynamic vector response of the magnetization at
1.3 GHz excitation frequency. ¢) dynamic vector response of the magnetiza-
tion at 2.3 GHz excitation frequency. d) locally averaged domain response
Am, at 1.3 GHz. e) locally averaged domain response Am,, at 2.3 GHz.
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and a utilized field amplitude of approximately H,, = 300 A /m along the y-axis. It can
be seen, that domain 1, domain 2 and domain 3 show a similar dynamic vector response
- a precession around the easy axis of magnetization. A slight phase shift of domain
2 is visible. Domain 3 shows qualitatively the same dynamic behavior as domain 1.
Small periodic modulations are visible in domain 1 and 2, possibly corresponding to the
dynamic response of the cross-tie domain walls and the short fork-like Néel spikes seen
in Fig. 5.10b. Another possibility would be the generation of spin waves or elastic waves
by the inhomogeneous magnetization configuration. Such a behavior is discussed more
deeply in Chapter 6 for a different structure. Fig. 5.14c displays the dynamic in-plane
vector response of the remanent hard axis configuration for an excitation frequency of
2.3 GHz and a utilized field amplitude of approximately H, = 300 A/m along the
y-axis. Domain 1 and domain 3 again show a similar dynamic response, an in-phase
oscillation around the axis of uniaxial anisotropy with small spatial modulations. Domain
2 shows a slightly phase shifted response, most likely again due to a small deviation in
resonance frequency compare to domain 1 and domain 3. However, due to the formation
of the anti-parallel domain (compared to the matrix) and the orientation of the uniaxial
anisotropy, the local effective fields seem not to be drastically different resulting in a
similar local resonance frequency. In Fig. 5.14d the average Am,, component is plotted
as a function of the phase of the excitation field for the three individual domains and for
the response of the full frame at 1.3 GHz. Here, the response of domain 1, domain 2 and
domain 3 is low, similar in phase and similar in amplitude. Domain 2 shows a slightly
lower response and has a small phase shift to domain 1, domain 3 and the full sample
response, which is dominated by the response of domain 1 and domain 3. Fig. 5.14e
displays the average Am, component as a function of the phase of the excitation field
for the three individual domains and for the response of the full frame at 2.3 GHz. Here,
domain 1, domain 2 and domain 3 exhibit a similar response of both, amplitude and
phase. The qualitative magnetic response is similar at 1.3 GHz and 2.3 GHz for the
remanent hard axis state, but the amplitude of the magnetic response is higher at 2.3 GHz.
Still the response of domain 2 is a bit out of phase and shows a slightly lower amplitude.
Since the qualitative behavior between 1.3 GHz and 2.3 GHz did not change much, it is
not as clear, which local resonance frequency is higher without looking quantitatively at
the phase to the excitation. However, they seem to be close to each other. The maximum

amplitude high frequency response of the remanent hard axis state is higher than the
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maximum amplitude response for the remanent easy axis state. This could possibly be
related to the occurence of dynamic magnetic inhomogeneities and modulations visible in
Fig. 5.14b and c. Also, for higher effective fields and consequently for higher resonance
frequencies, the angle of the cone of precession (see 6 in Fig. 2.7) gets more narrow. The
resulting phase of each domain and the full sample response is summarized in Tab. 5.1

for a quantitative understanding.

Phase Remanent easy Remanent easy Remanent hard Remanent hard
shift(°) axis (1.3 GHz) axis (2.3 GHz) axis (1.3 GHz) axis (2.3 GHz)
01 -43 -179 -58 -87

2 -41 -168 -90 -109

o3 -16 -37 -46 -71

or -41 -155 -64 -92

Table 5.1: Phase between excitation and response of different domains and phase shift to
full response for both remanent states at 1.3 GHz and 2.3 GHz.

Here, the phase differences to the excitation show, what was already discussed qualita-
tively. For remanent easy axis state at 1.3 GHz domain 1 and domain 2 and the phase
of the full frame response have a similar phase and are below the resonance frequency.
The phase of domain 3 is closer to the excitation phase with —16° and thus more far
away from resonance compared to domain 1 or domain 2. At 2.3 GHz the remanent
easy axis configuration show the anticipated behavior: Domain 1 and domain 2 oscillate
with a similar phase of —179° and —168°, but most significantly is the very different
phase of domain 3 with —37°. This proofs the anticipated local resonance mechanism.
As a result the phase of the full frame is shifted to —155°. For the remanent hard axis
state at 1.3 GHz similar phases compared to the excitation are observed for the three
domains: domain 2 exhibits a phase of —90°, which could correspond to being at the
local resonace frequency. In this case, it might correspond as well to being composed of
different smaller magnetic microstructures showing only an integral response of —90°.
The latter is supported by the relatively low amplitude compared to domain 1 and domain
3 (see Fig. 5.14). Domain 1 and domain 3 show a phase of —58° and —46° and are
therefore still below the local resonance frequency. The phase of the full frame response

is not so different from the phase of domain 1 with —64°. The remanent hard axis state
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at 2.3 GHz shows again a local resonance: domain 2 exhibits a phase of —109°, thus
it is driven close above its local resonance. Domain 1 and domain 3 are close below
their local resonance with phase shifts of —87° and —71°. The full frame response of
remanent hard axis state is dominated by the local resonance of domain 1 and shows a
phase of —92°.

The calibrated time-resolved wide-field MOKE imaging enables the detection of
local resonances via a calibrated phase. By applying this technique it was possible to
understand these local dynamics in more detail and explain features of the magneto-
dynamic spectrum, such as the decreased maximum magnitude frequency of the remanent

easy axis state compared to the full film.

5.5 Comparison of Inductive and Optical
Measurements

To further understand the implications of the optical experiments and their meaning for
the inductive behavior a comparison of the methods is desired. Therefore, an amplitude
ratio 7 is defined as: 4
rem hard axis
"7 Aem casy axis C-D
where the amplitude values are given by the amplitude of the differential sine wave
for CW-FMR and the amplitude of the magneto-optical response along the y-axis of

the full frame shown in the dynamic magneto-optical measurements. In Tab. 5.2 the

| Amplitude ratios | 7 (CW-FMR) | r (MOKE) |

1.3 GHz 0.59 0.47
2.3 GHz 1.09 1.29
Stripline width 160 pm 160 pm
Excitation field 300 A/m 300 A/m

Table 5.2: Amplitude ratios for switching from hard axis remanent to easy axis remanent
at 1.3 GHz and 2.3 GHz. Comparison of CW-FMR and MOKE.

amplitude ratios obtained by CW-FMR and MOKE are assembled. The ratios obtained
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by both techniques are in agreement with each other. For the inductive technique the
non-homogeneous excitation could be a source of deviation from the local behavior. A
complete review of the differences between MOKE, CW-FMR and PIMM is beyond the

scope of this work and has been covered for example in [Neudecker06].

5.6 Summary

The basics of the ferromagnetic resonance techniques PIMM and CW-FMR were in-
troduced. Dynamic properties resulting from PIMM measurements of a full film have
been discussed. A thin film patterned with diamond-shape antidots was investigated
with static vector MOKE, PIMM, CW-FMR and time-resolved magneto-optical vector
imaging. Bistable remanent domain states were found in static MOKE. The resulting
inductive spectra were fundamentally different for the two remanent states, in particular
a shift of the maximum magnitude frequency of the high frequency susceptibility was
found. Highly reproducible switching between remanent states was achieved requiring
only low magnetic switching fields. The dynamic optical investigation showed, that
fundamentally different dynamics could be achieved by switching the domain structure.
Localized resonances were found in the remanent easy axis domain state, while a spa-
tially modulated magnetization response was found in the remanent hard axis state. A
new type of functionalizing magnetic microwave materials was found relying on local
effective fields and resonances. The observed shift in resonance frequency of 1 GHz was
large and the maximum amplitude frequency of the remanent hard axis state was close to

a application relevant frequency band around 2.4 GHz.
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6 Broadband Emission of Spin
Waves and Elastic Waves by
Domain Walls

Spin waves are a fundamental collective excitation of the spin system in a ferromagnetic
material and a candidate to substitute today’s electronics by low power consumption
wave-computing [Chumak15, Kruglyak10, Lenk11]. Natural boundaries as edges and
domain walls in a ferromagnetic material introduce local effective fields in the magnetic
medium. By homogeneous excitation with a high frequency Oersted-field, these bound-
aries can be manipulated into regimes of spin-wave emission [Mushenok17, Lohman17,
Whitehead17]. Symmetric Bloch domain walls and their spin wave eigenmodes have
been studied since the early 1960’s [Winter61]. Numerical and analytical models are
among the predictions for uniaxial [Shimokhin91] and cubic materials [Alekseev99].
The use of Néel for guidance of spin waves modes and mode localization has been
discussed in [Triitzschler16, Wagner16]. Also, magnetic domain walls could be used
as delimiter for spin waves [Pirrol5]. In [Wintz16] it was shown that magnetic vor-
tices could be used as tunable spin wave emitters. Furthermore it has been suggested
by numerical studies to use magnetic domain walls as directional spin wave sources
[Roy10, Wielel6]. Here, the excitation of various spin wave modes by homogeneously
driven domain walls is investigated by direct observation and numerical simulation.

An excitation scheme of magnetostatic surface spin waves using magnetic domain
walls is investigated by picosecond magneto-optical imaging and micromagnetic simula-
tions. Homogeneously excited asymmetric Bloch walls are studied in a two dimensional
periodic structure using micromagnetic simulations. Emission of magnetostatic surface
spin waves and secondary low-wavelength, possibly dipolar-exchange spinwave, modes

can be found. In the experiment similar magnetostatic surface spin waves can be found
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at excitation frequencies exceeding 6 GHz. The short-wavelength spin waves are not
accessible in the experiment, due to the limited optical resolution. Furthermore, the
experiment shows an elastic wave emission in the excitation frequency range of 0.55 GHz
to 2.5 GHz. These coincide with the phase velocity of an elastic shear wave. Also, the
magnetization obtained by micromagnetic simulations is calculated to a magnetostrictive
force density, which can be utilized as an input parameter for mechanical finite element
method (FEM) simulations. Hereby, the mechanical simulation shows Rayleigh-waves
excited at the domain walls. Therefore, the homogeneous excitation of ferromagnetic
domain walls offers a magnetic scheme to excite elastic waves as an alternative to
magneto-electric excitation of coherent elastic waves as surface acoustic waves (SAW),
for which it was shown that they can induce ferromagnetic resonance [Weiler11] and
interact with magnetic microstructures [Foerster]17]. The measurements shown in this
chapter were elaborated together with Cai Miiller. The mechanical simulations were
performed by Julius Schmalz under the supervision of Martina Gerken. The results of

this chapter have been published in [Holldnder18].

6.1 Excitation of Magnetic Waves

In Fig. 6.1 the excitation geometry and an exemplary domain configuration of the
sample are shown. The CPW is utilized for generation of a microwave Oersted field
and allows for a homogeneous field distribution directly on top of the center conductor.
The magnetic specimen is an amorphous CoyoFe Bsy stripe element with dimensions
of 40 yum x 1 cm X 120 nm and the same sample as shown in Chapter 4. Fig. 6.1
depicts a schematic of the CPW, on which the ferromagnetic stripe element is positioned
with the long stripe axis perpendicular to the center conductor of the CPW. The axis
of uniaxial anisotropy is parallel to the stripline. Therefore, the microwave excitation
is perpendicular to the long stripe axis enabling excitation of the dominant domain
precession. Using external field history, different domain states can be created and
excited. An exemplary wide domain state (WDS) of the ferromagnetic stripe element
is depicted in Fig. 6.1. Also, the frequency of the microwave excitation can be tuned
between 50 MHz and 20 GHz. By varying the frequency different modes of oscillation

can be observed using the stroboscopic imaging scheme described in Chapter 4.
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Figure 6.1: Excitation scheme for magnetic oscillation in a ferromagnetic stripe element:
a) Geometry of excitation. b) exemplary domain configuration. This figure
is a derivative of the figure published in [Hollinder18] under the creative
commons license.

6.2 Direct Observation of Magnetostatic Spin
Waves Emitted by Domain Walls

Fig. 6.2 shows the direct experimental observation of the emission of magnetostatic
surface spin waves (MSSW) by domain walls. A short introduction to the magnetostatic
spin wave modes can be found in Section 2.4.2. In Fig. 6.2a a wide domain state (WDS)
was created by external field history. Here, the sample was first saturated along the
axis of uniaxial anisotropy. Then, the field was reduced to zero resulting in a remanent
state with increased domain width compared to the equilibrium state. The WDS was
then excited by a microwave field with a frequency of 9 GHz and a field amplitude of
H,, =~ 100 A /m (calculated on the surface of the waveguide). The time evolution was
recorded with simple oblique incidence resulting in a superposition of longitudinal and
polar magneto-optical contrast. Standing wavefronts can be observed parallel to the 180°
asymmetric Bloch domain walls in the central domains. A line for eye guidance was

drawn on the node of the wavefronts. Also, the out-of-plane precession is visible by the
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20 ym

Figure 6.2: Direct observation of magnetostatic surface spin waves (MSSW) in domain
structures: a) a static wide domain state (WDS) is excited by a homogeneous
Oersted-field along the y-axis at a frequency of 9 GHz. The dynamic images
contain a superposition of out-of-plane and longitudinal in-plane contrast.
Standing wavefronts are visible in the center domains parallel to the mag-
netization and 180° domain wall. b) a static canted domain state (CDS) is
excited by a homogeneous Oersted-field along the y-axis at a frequency of
9 GHz. The dynamic images contain a superposition of out-of-plane and
longitudinal in-plane contrast. Standing wavefronts are visible in the center
domains parallel to the magnetization, but not parallel to the 160° domain
wall. This figure is a derivative of the figure published in [Holldnder18] under
the creative commons license.
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Figure 6.3: Micromagnetic simulation of MSSW and additional low-wavelength spin
waves emitted by an asymmetric Bloch wall: a) cross-section of static domain
state utilized for the dynamic simulations. Magnetization along z-direction
is depicted. Two 180° domain walls separated by 25 ym wide domains are
calculated for a 120 nm thin film with periodic boundary conditions along z-
and y-axis. b) static vicinity of the left domain wall. Magnetization along
y-direction is depicted. ¢) dynamic cross-section of domain state excited by a
high frequency Oersted-field at an excitation frequency of 9 GHz. Differential
magnetization response along y-direction is depicted. d-e) dynamic cross-
section of domain state in the vicinity of the left domain wall excited by a
high frequency Oersted-field at an excitation frequency of d) 9 GHz and e)
10 GHz. Differential magnetization response along y-direction is depicted.
This figure is a derivative of the figure published in [Holldnder18] under the
creative commons license.

phase shift of the two shown domains. In comparison Fig. 6.2b shows a canted domain
state (CDS), which was created by remanent domain state and an additional bias field
along the long axis of the stripe H,, = 600 A /m. The bias field results in a reorientation
of the central domains by approximately 10°. Therefore, the former 180° asymmetric
Bloch domain wall transforms into a 160° asymmetric Néel wall. Corresponding simula-
tions can be found in Chapter 2. More details on domain wall transformations containing
phase diagrams can be found in [HubertO8]. Then, the CDS is excited using the same
excitation as in Fig. 6.2a and the corresponding time evolution is recorded with simple
oblique incidence containing polar and longitudinal contrast. The time evolution exhibits
standing wavefronts, which are parallel to the orientation of the magnetization, not to the

orientation of the domain wall.
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In order to simulate the emission of MSSW by domain walls, a two dimensional
pattern of two repeating 25 pm wide antiparallel domains is chosen for micromagnetic
simulations. The static parameters are identical with the parameter set used for the calcu-
lation of the asymmetric Bloch wall in Fig. 2.4a,b. Fig. 6.3a shows the m,-component of
the static domain configuration. The cross-section through the domain walls is depicted
utilizing periodic boundary conditions along z- and y-direction. In Fig. 6.3b the close
vicinity of the domain wall is shown represented as static m,-component. The domain
walls have an asymmetric Bloch wall configuration. Fig. 6.3¢c shows the dynamic magne-
tization response at 9 GHz excitation frequency in dynamic equilibrium. The utilized
field amplitude was H,, = 150 A /m. The Gilbert damping was = 0.008 in accordance
with PIMM measurements performed on the amorphous CoyoFey0Bog-stripe sample. In
order to gain only the dynamic magnetization response Am,,, each dynamically simulated
phase ¢ was subtracted by a background configuration at phase ¢ — 7. It is evident from
Fig. 6.3c that magnetostatic surface spin waves are excited in the domain with the same
periodicity as in Fig. 6.2a. Fig. 6.3d,e show the close vicinity of the left dynamically
simulated domain wall. A short wavelength spin wave emission by the domain wall can
be seen. In Fig. 6.3d the excitation of these spin waves is shown at 9 GHz exhibiting one
mode of emission, while at 10 GHz (Fig. 6.3e) at least two different wavelengths are
present. These low-wavelength spin waves possibly correspond to dipolar-exchange spin
waves. However, they did not have an experimental counterpart, since the wavelengths
were too small for an optical investigation. Fig. 6.4 shows the full time evolution of
the simulated MSSW at an excitation frequency of 9 GHz. Differential magnetization
response along the y-direction Am,, is depicted. ¢ = 0 ps is chosen after 45 periods of

oscillation. It can be seen, that the wavefronts are standing in dynamic equilibrium.

To show that the spin waves are actually emitted at the domain walls, the origin of
the waves can be observed in the transient effect. Therefore, the transient effect of
the differential magnetization response Am,, is shown in Fig. 6.5. Plotted is the top
layer of magnetization along the z-direction in the central domain of Fig. 6.3a (red) as
a function of time and y-position. The two domain walls (DW1 and DW?2) are located
aty = —12.5 ym and y = 12.5 um. The sinusoidal microwave excitation was started
at? = 0 ns (¢ = 0 ns is not to compare for Fig. 6.4 and Fig. 6.5). It is directly evident

that at £ = 0 ns no waves are present in the domain, but in the time evolution the waves
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Figure 6.5:

Time evolution of dynamic micromagnetic simulation of MSSW at an ex-
citation frequency of 9 GHz. Differential magnetization response along
y-direction is depicted. ¢ = 0 marks the beginning of a period in the dy-
namic equilibrium. This figure is a derivative of the figure published in
[Holldnder18] under the creative commons license.
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Transient effect of Fig. 6.3 c). Depicted is the dynamic differential mag-
netization Am,, in the top layer along the z-axis and in the center domain
enclosed by the two domain walls at y = —12.5 ym and y = 12.5 ym as a
function of y-coordinate and time. This figure is a derivative of the figure
published in [Holldnder18] under the creative commons license.
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start to emerge from the domain walls. As soon as the wavefronts meet in the center of
the domain a superposition pattern is formed. By following one phase front, the phase
velocity of the wave can be obtained Ay /At = 66.14 km/s. As for the underlying
mechanism of spin wave generation at the domain walls: The local effective fields in the
domain wall (compare Fig. 2.4b) lead to a gradient in resonance frequency at the domain

wall, enabling spin wave emission [Schlomann64].

6.3 Direct Observation of Elastic Waves

By measuring the dynamic magnetization response not only coherent spin waves can
be imaged, also coherent elastic waves can be seen in the magnetization contrast, as
long as the magnetization locally follows the magnetostrictive stimulus. Fig. 6.6 shows
exemplary data on the emission of elastic waves by 180° asymmetric Bloch domain
walls. Here, a WDS was excited by a microwave field with frequency 1.9 GHz and
amplitude H,, = 300 A /m directly on top of the waveguide. The corresponding data set
was already shown in Fig. 4.8 and the microscopic details of the magnetization response
were discussed in Chapter 4. Here, the focus is on the emission of waves from the
domain walls. In the Am,-component no wavefronts are visible. In Am,, and Am,
clear wavefronts parallel to the 180° are evident. Since the subjects of interest are elastic
waves, we check whether the generated signal stems from direct magnetization response,
or if it is an optical artifact due to the photo-elastic effect. The photo-elastic effect is
a birefringence effect and the corresponding reflection coefficients are symmetric for
positive and negative angles of incidence [Silverman90]. Therefore, by subtracting two
diametric aligned sensitivities from each other, the photo-elastic contrast cancels out.
Due to this symmetry the pure in-plane dynamic images do not contain photo-elastic
contrast. Knowing this, it is evident, that the elastic waves contribute to the magnetization
dynamics in Am,,. Since the excitation frequency is close to the frequency of domain
resonance (describing a precession around the easy axis of magnetization), it is very
likely that the elastic waves also excite the out-of-plane magnetization component, but the
same characteristics would be found by a mechanical wave exciting two magnetization

components in linear response.
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Figure 6.6: Component-selective differential magnetization response of stripe element
in a WDS at and excitation frequency of 1.9 GHz corresponding to the
frequency of the center domain resonance. All three components of differ-
ential magnetization response are depicted for three different points in time.
This figure is a derivative of the figure published in [Holldnder18] under the
creative commons license.

To experimentally proof the generation of elastic waves by magnetic domain walls,
the emission is measured with different magnetization configurations. Fig. 6.7 illustrates
different static magnetization states and their corresponding time evolution. In Fig. 6.7a
the static m,-component of a CDS is shown. The field history is analogue to the static
magnetization configuration shown in Fig. 6.2b. Therefore, the magnetization is tilted by
approximately 10° and the wall corresponds to a 160° asymmetric Néel wall, again. Here,
a microwave field with a frequency of 1.9 GHz and an amplitude of H, = 150 A/m
directly on top of the waveguide was used to excite the CDS. In the time evolution
dynamic polar contrast is shown. The domain precession of the central domains is visible
by the phase shift of the upper and lower domain. Also, magneto-dynamic features appear
on the nodes, where domain walls meet originating in the magnetically charged domain

state. Furthermore, wavefronts are visible in the central domains. These wavefronts are
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Figure 6.7:
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Static image and time-evolution of dynamic magnetization response at dif-
ferent domain configurations: a) static image and polar time evolution of a
canted domain state (CDS) at an excitation frequency of 1.9 GHz. b) static
image and pure in-plane time evolution of a narrow domain state (NDS)
at an excitation frequency of 2.5 GHz corresponding to the center domain
resonance. c) static image and pure in-plane time evolution of a domain state
without high-angle domain walls at an excitation frequency of 1.9 GHz. d)
control experiment with a tilted domain wall at 1.9 GHz: Anisotropy and
180° domain wall are tilted by 4.5°, but the wavefronts remain parallel to
the domain wall. The dynamic images show longitudinal magneto-optic
contrast superposed with polar magneto-optic contrast. Lines for eye guid-
ance are drawn. e) control experiment with a tilted magnetic stripe element
at 1.9 GHz: Anisotropy and 180° domain wall are tilted by 4.5°, but the
wavefronts remain parallel to the domain wall. The dynamic image shows
polar magneto-optic contrast. Lines for eye guidance are drawn. This figure
is a derivative of the figure published in [Holldnder18] under the creative
commons license.
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parallel to the orientation of the high angle magnetic domain wall and not parallel to
the magnetization (compare Fig. 6.2b). Also, the wavefronts do not show a significant
change by the wall transition from asymmetric Bloch wall to asymmetric Néel wall
leading to the conclusion, that both domain wall types can emit elastic waves.

Fig. 6.7b exhibits a static narrow domain state (NDS) and the corresponding time
evolution at its domain resonance at an excitation frequency of 2.5 GHz and excitation
field of H, = 150 A/m directly on top of the waveguide. The NDS was created by
applying an external field sufficiently high for saturation perpendicular to the axis of
uniaxial anisotropy. This field history leads to a decreased domain width of the central
domains. Multiple central domains are present with different widths. The time evolution
is shown as pure dynamic in-plane contrast Am,. The in-phase domain precession of
the in-plane magnetization is observable. Wavefronts in the central domains are apparent
from the time evolution. It can be seen, that the periodicity of the waves changed towards
lower wavelengths. Furthermore, the wavefronts keep the same periodicity in domains
of different widths. Therefore, generation of these waves is not bound to the domain

magnetization.

In Fig. 6.7c a magnetization state close to saturation is shown as m,-component. Here,
a bias field of 3 kA /m was applied along the axis of uniaxial anisotropy. No high angle
domain walls are present in this magnetic state. The time evolution shows differential
dynamic in-plane contrast Am,. No elastic waves are present in the time evolution.
Therefore, the generation of elastic waves is bound to the existence of high angle domain

walls.

In order to verify the hypothesis, that elastic waves are generated by excitation of
the magnetic domain walls, additional experiments were performed. Fig. 6.7d shows
the resulting magnetization configuration, where a WDS with tilted anisotropy was
investigated. Due to the tilted anisotropy, magnetization and 180° domain walls are
also tilted by 4.5°. The time evolution shows a superposition of longitudinal and polar
contrast measured with oblique incidence. The magnetic state was excited at 1.9 GHz
with an amplitude of 300 A/m directly on top o the waveguide. Again, a phase shift
between the two central domains is visible due to the superposed polar magnetic contrast.

Furthermore, wavefronts are visible in the central domains. The wavefronts are parallel
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Figure 6.8: Static Image of a WDS and pure in-plane time-evolution at three selected
frequencies: 0.7 GHz, 1.3 GHz and 1.9 GHz. This figure is a derivative of
the figure published in [Hollander18] under the creative commons license.

to the orientation of domain wall and magnetization. Lines for eye guidance are drawn
on the domain walls and the wavefronts. By combining Fig. 6.7a and d, it is evident, that
the wavefronts follow the orientation of the magnetic domain wall and not the orientation

of the magnetic track.

Also, the direct excitation of the microwave field should be excluded as source for
the elastic wave excitation. Therefore, the magnetic stripe element was tilted with ref-
erence to the magnetic microwave excitation. This control experiment is depicted in
Fig. 6.7 e). Here, the long stripe axis is tilted by approximately 17° with reference to
the axis of microwave excitation. A static WDS is utilized in order to monitor the wave
response with tilted excitation. The time evolution shows superposed longitudinal and
polar dynamic contrast. The precession of the domains is eminent in the time evolution.
The emerging wavefronts are still parallel to the 180° domain walls. This exhibits, that
the generated elastic waves are bound to the existence and orientation of the high angle
magnetic domain walls.

To find the dispersion of the elastic mode of oscillation, an experiment with an unbroken
magnetization configuration was performed. Fig. 6.8 shows the static WDS as the m,,-
component and the time evolution at three selected excitation frequencies in one identical
domain as indicated by the rectangle in the static configuration. The time evolution
shows pure magnetic in-plane contrast Am,, — <Amy>w, where the uniform precession
of the domain was removed by subtracting the spatial average <Amy>x7y over each time
frame. The excitation field was H,, = 300 A /m directly on top of the waveguide. Lines

for eye guidance were drawn following a maximum of the wave pattern. At 0.7 GHz the
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Figure 6.9: Time evolution of dynamic micromagnetic simulation of domain wall excita-
tion in the vicinity of the domain wall at an excitation frequency of 2 GHz. a)
integral magnetization component along the y-axis in dynamic equilibrium as
a function of time. b) differential magnetization response in dynamic equilib
along y-direction for selected points in time. This figure is a derivative of the
figure published in [Holldnder18] under the creative commons license.

line remains horizontal on the maximum corresponding to a standing wave. At 1.3 GHz
the line has a positive slope, indicating propagation upwards. At 1.9 GHz excitation
frequency the line has a negative slope indicating propagation downwards. Therefore,
standing as well as propagating characteristics can be observed for the elastic waves.
This behavior can be related to the following reason: The elastic waves travel farther than
one domain width forming a superposition from more than two emitters. The propagating
and standing characteristics then might be related to defect states far away from the

measured domain.

In order to support that the origin of the elastic magnetization waves is of magneto-
elastic nature, a micromagnetic simulation of the magnetization dynamics at 2 GHz was
performed in the same geometry as Fig. 6.3, differing only by the excitation frequency
(H,, = 150 A /m). The resulting time evolution is depicted in Fig. 6.9. The integral mag-
netization after relaxing the oscillating magnetization into dynamic equilibrium is shown
in Fig. 6.9a. Also, the excitation field is plotted as a function of time. Magnetization and
excitation field depict a significant phase shift of almost —. This can be understood

since the resonance frequency of the simulated periodic two dimensional pattern was at
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1.5 GHz and therefore the here utilized excitation frequency is higher than the resonance
frequency. The close vicinity of the magnetization response along the y-direction Am,,
is displayed for selected points in time in Fig. 6.9b and exhibits the excited domain
wall. The dynamic equilibrium oscillation is exhibited. An in-phase precession of the
two antiparallel domains left and right of the domain wall can be observed. A high
differential response of the domain wall on the external stimulus can be seen. Compared
with Fig. 6.3d,e the domain response and the domain wall response are much higher. No
matching wavefronts can be seen in this calculation, since the micromagnetic model does
not include magneto-elastic effects. As for the underlying mechanism, it is anticipated
that the high magnetization response in the excited magnetic domain wall leads to an
alternating elastic tensioning in the domain wall exciting the elastic waves. A parallel
alignment of multiple domain walls then leads to a superposition of the propagating

elastic waves.

In as simplified picture, the measured wavelengths coincide with the elastic shear

wave dispersion, given by the sound velocity

G ore
=y 2B 6.1)
PCoFeB

where Gcoreg = 70 GPa [Graczyk17] is the shear modulus and pceres = 7050 kg /m?

[Graczyk17] is the density of CoyoFe 9Bog. Using these literature values a velocity of

¢ = 3151 m/s can be obtained for the elastic shear wave, coinciding with the measured
wave profiles without fitting of the dispersion. However, this reflects only the free shear

wave velocity without boundary conditions and any distinct physical origin.

By multiplying the experimentally obtained wavelength and frequency, phase velocities
in the expected regime of elastic shear waves are found. Thus, either an elastic shear
wave or a combination of longitudinal and shear wave are expected. Therefore, a
numerical approach considering also the substrate will be followed, now. To gain an
understanding of the mechanics of the observed elastic waves, the micromagnetically

calculated magnetization can be transformed into a locally acting strain (see Eq. 2.15)
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Figure 6.10: Magnitude of the local magnetostrictive force at an excitation frequency of
2 GHz. The force is shown directly on excitation frequency and on second
and third harmonic.

and consequently into a local force density f via

=]

f=V.c-€,

(6.2)

where c is the elastic stiffness tensor and €” the magnetostriction tensor. After calculating
the local force density in the vicinity of one domain wall from the data shown in Fig. 6.9,
the FFT of the local force can be applied in order to transfer the force density from time
to frequency domain. The magnitude of the force is shown in Fig. 6.10. The local force
F = V.f is depicted, where V is the volume of each cell element. It is shown on the
excitation frequency (2 GHz) and second and third harmonic. The magnetostrictive force
in the domains is vanishing compared to the domains. Also, the force is significantly
higher on the excitation frequency than on the higher harmonics. Therefore, the force
only directly on the excitation frequency can be selected neglecting higher harmonics.
This complex force on the excitation frequency can then be used as an input parameter to
a mechanical FEM simulation. COMSOL Multiphysics® is employed for this purpose.
In the mechanical model, a 116 nm thick layer of amorphous CoyoFe 9By with a length
of 50 pm is considered on an infinitely thick glass substrate. Also, the boundaries along
positive and negative y-axis are considered infinite in order to prohibit a reflection on the
surface. The local force due to the excited domain wall was applied as boundary load in
the middle of the magnetostrictive material in a small window of size 808 x 116 nm?
around the domain wall. The thickness of the magnetostrictive layer was slightly reduced
from 120 nm to 116 nm due to the evaluation of the numerical gradient. Also, the force

along the z-axis is neglected due to the symmetry of the problem.

The results of the mechanical FEM simulations are depicted in Fig. 6.11. The two di-

mensional simulation allows for the extraction of the two longitudinal stress components
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Figure 6.11: Elastic response on a oscillating domain wall (DW) at 2 GHz excitation
frequency. a) longitudinal stress component along the y-axis. The domain
wall is located in the top right box. b) longitudinal stress component along
the z-axis. The domain wall is located in the top right box. c) longitudinal
stress component along the y-axis. The close vicinity of the domain wall
is magnified from a). d) longitudinal stress component along the z-axis.
The close vicinity of the domain wall is magnified from b). The black
line in a) and b) indicate the boundary between the magnetic material (top)
and the substrate (bottom). The Young’s modulus of CoyoFe 9Bog was
Ecores = 182 GPa, the Poisson ratio vcopep = 0.3, the density pcores =
7050 kg/m3. The mechanical parameters of the substrate were: Young’s
modulus Fgj,ss = 82 GPa, the Poisson ratio v, = 0.206, the density
Pelass = 2510 kg/m?®. This figure is a derivative of the figure published in
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oyy and o,.. Fig. 6.11a exhibits the longitudinal stress component o,,, as a function of y-
and z-coordinate. The domain wall is located in the top right corner. Clear wavefronts
traveling away from the domain wall are visible. The black line indicates the boundary
between the magnetic material and the glass. Fig. 6.11b exhibits the longitudinal stress
component o, as a function of y- and z-coordinate. In this case the waves are more pro-
nounced in the substrate and decay towards the surface of the magnetic material, because
the material can deform freely at the surface. The simulated waveform is a Rayleigh
wave. In Fig. 6.11c a magnification of the stress along the y-axis oy, in close vicinity of
the domain wall is shown. Fig. 6.11d shows a magnification of the stress along the z-axis
0. in close vicinity of the domain wall. It is evident that the simulated elastic waves are
excited in the domain wall region. It is consistent, that the experimental measurement
exhibit the wave in the Am,, and Am_ component and the simulated mechanical waves
show stress along y- and z-axis. This exemplary data proofs the emission of elastic
waves by the domain wall. Further proof is given by the analysis of multiple frequencies,

which is subject to the following section.

6.4 Dispersion Analysis

Fig. 6.12 shows the dispersion map of different excited modes in the CoyoFe49Bo stripes.
FFT and sine fit along the spatial dimensions yields the corresponding wavelengths
k/2m = 1/A. The FFT along the time axis obtained an oscillation on the excitation
frequency, as expected for a forced oscillation in linear response. The experimental
investigation of the MSSW shows the possibility to tune the emission wavelength by
means of the excitation frequency. The simulated MSSW wavelengths are in excellent
agreement with the measured MSSW. The first simulated low-wavelength mode was
coherently emitted by the domain walls for excitation frequencies higher or equal 5 GHz.
The second low wavelength mode was excited at frequencies higher or equal 10 GHz.
At excitation frequencies lower than 5 GHz the low wavelength modes were excited in
the simulation at higher harmonics of the excitation frequency. The measured elastic
waves could be excited in a lower frequency regime between 0.55 GHz and 2.5 GHz.
The measured wavelengths for WDS, NDS and CDS coincide within the limits of
measurement inaccuracy. These elastic waves coincide almost perfectly with the simple

elastic shear wave velocity. The simulated Rayleigh waves show a matching dispersion
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Figure 6.12: Dispersion map of spin wave and elastic wave modes of emission: The
measured and simulated MSSW, two low A-modes and domain-wall tied
waves (elastic waves) for different domain states with the corresponding
Rayleigh wave and elastic shear wave dispersion calculated for amor-
phous CoyoFey 0Bsg. This figure is a derivative of the figure published
in [Hollénder18] under the creative commons license.

as well, but they are calculated with a more realistic model considering the non-magnetic

substrate and the geometry of the excitation.

6.5 Summary

In summary, multiple modes of emission by magnetic domain walls were investigated.
The emission of MSSW can be understood via the Schlomann mechanism [Schlomann64]
of spin wave excitation in non-homogeneous magnetic field. Also, low wavelength spin
waves emitted by the domain walls were found in the simulation without an experimental

counterpart due to optical limitations. An emission of elastic waves was found in a
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lower frequency band. To fully understand the emission of elastic waves the elasto-
dynamic equations were solved with FEM using the magnetic domain wall force as a
local boundary load. The emission of spin waves and elastic waves is tunable via the
excitation frequency and promises new excitation schemes for spin waves and elastic

waves overcoming the need of small antennas or piezoelectric substrates.
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7 Dynamics of Functional
Magnetic Microstructures

7.1 Summary

Naturally, the occurrence of magnetic microstructures is correlated to local effective
fields. By changing or modulating the inhomogeneous magnetization configuration with
a time-dependent external magnetic field, the effective field is modulated or switched as
well. A magnetic onion state (see Fig. 2.1) can be continuously moved by a rotating mag-
netic field. Since, the rotation of the magnetic field is sufficiently slow and the anisotropy
low, the magnetization state follows the direction of the external field (discussed for an
external field amplitude H.,; = 16 kA /m and a rotation frequency of f ~ 0.5 Hz). By
embedding the magnetic disk structure in a fluid medium with superparamagnetic MBs,
the motional response of the MBs on the external stimulus, rotating field and consequently
rotating magnetization configuration of the disk parent structure, can be investigated. In
this work an algorithm for an all-numerical analysis of the dynamic motional response
of superparamagnetic MBs was developed. The algorithm starts with the calculation of
the potential energy landscape of the MBs from the stray-field-distribution generated by
the ferromagnetic disk and the magnetization distribution of the MB. Locally fitting the
temporal and spatial dependence of the potential energy landscape then allows for the
numerical solution of the equation of motion in adequate simulation time. The obtained

numerical solutions were in excellent agreement with the experiment.

For the investigation of high frequency dynamics of magnetic microstructures, a spe-
cialized magneto-optical microscope was described. The pulsed laser illumination system
of the setup enables stroboscopic measurements up to the GHz-regime. A new timing

algorithm was implemented allowing for the correction of phase drifts occurring for long
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measurement times. Furthermore, a two-axis motorized stage was integrated into the
microscope setup unlocking the possibility of measuring dynamic in-plane magnetization

vector response.

In order to engineer the magneto-dynamic response of a thin film and show bistable
remanent states at zero-field, a thin film was patterned with diamond-shaped antidots
in a rectangular lattice with a tilted anisotropy. The resulting functional microwave
material has been investigated with static vector MOKE, SEM, PIMM, CW-FMR and
time-resolved magneto-optical vector imaging. The bistable remanent states lead to
different dynamic properties for different external magnetic field histories. The resulting
PIMM spectra showed different maximum amplitude frequencies at a highly reproducible
level and resonant frequencies close to the relevant frequency band at 2.4 GHz. In order
to disentangle the relevant dynamic processes, time-resolved magneto-optical vector
imaging was applied to the sample exhibiting local dynamics governed by local resonance

frequencies due to local effective fields of this functional magnetic microwave material.

Spin wave and elastic magnetization wave emission by domain walls were observed
in magnetic stripe elements exhibiting multiple asymmetric Bloch domain walls. The
emission of magnetostatic surface spin waves can be qualitatively understood by the
Schlémann mechanism [Schlomann64]. The local effective fields induced by the inho-
mogeneous magnetization configuration lead to locally varying resonance frequencies
resulting in a directional and coherent spin wave emission. Furthermore, an emission of
elastic waves was found in a lower frequency band and was compared to the dispersion
relation of the elastic shear wave using literature values for density and shear modulus.
Also, in a more sophisticated approach the elastic wave emission could be modeled
directly by using the micromagnetically obtained magnetization to calculate a local
force and by using these forces as a boundary load in mechanical FEM simulations. All
evidence points into the direction of an emission of elastic waves by the magnetic domain

walls due to an elastic tensioning in the domain wall region.
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7.2 Outlook

Dynamics of magnetic microstructures offer great flexibility and promise new applica-
tions. The motion of superparamagnetic MBs on ferromagnetic substrates provide a new
reconfigurable platform for lab-on-a-chip applications such as magnetic flow-cytometry.
Harvesting the energy of the looping motion occurring at higher frequencies by using
magnetic field pulses or elliptical magnetic fields instead of rotating magnetic fields could
lead to new fast transport mechanisms, ideally on a two-dimensional magnetic track.
Programmable two-dimensional motion could lead to new functionalities, such as sorting
of microbeads or magnetically labeled cells. The developed model is beneficial, since
different structures and field sequences can be investigated as well. The implementation
of an enhanced algorithm capable of solving the three dimensional equations of motion

is work in progress.

Thin films with locally broken symmetry form a new area of application-oriented
research towards the application in reconfigurable magnetic microwave devices. By
using temperature annealing on patterned thin films, different domain states could be
L~imprinted* into the material. Also, a combination with magnetic multilayer stacks
exhibiting a tunable effective damping could provide more ability for functional re-
configuration. Furthermore, the proof of principle for symmetry broken thin films has
been given, now an implementation in a device can be anticipated. A possible device
architecture could involve a geometry, where the magnetic film is deposited between
ground-plane and conducting stripline similar to the bandstop filter geometry used in

[Kuanr03] leading to high attenuation.

Using magnetic domain walls as emitters of spin waves and elastic waves might have
positive implications for future magnonic devices: First of all, magnetic domain walls
occur naturally at zero external magnetic field. Since magnonic technology is a candidate
as an example for low power consumption computing, it is only natural to use technology
not relying on huge magnetic bias fields. Furthermore, the magnetic domain walls induce
reasonable high local effective fields, which might be used not only to generate spin
waves, but also as waveguides, delimiters or magnonic beam-splitters.

In contrast, the generation of elastic shear waves by magnetic domain walls might
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simplify the excitation of phonon modes, which up to now require large interdigital
transducers and piezoelectric substrates, in magnetic nano-strucutures. Elastic waves
offer a simple possibility of inducing local magnetization dynamics. Also, elastic waves
offer long propagation paths, when compared to spin waves. Furthermore, by injecting
elastic waves into a material with a spin wave mode at lower frequencies, it should be

possible to create propagating coupled magneto-elastic waves.

Due to the newly gained flexibility of the elastic wave excitation via domain walls, it
is also possible to study the interaction of other magnetic microstructures with elastic

waves with a high resolution in k-space.

7.3 Conclusion

The study of magnetic microstructures is a study of the local effective field. By engi-
neering the local effective fields, as shown here with patterning, it will be possible to
create new devices and research interesting physics, not accessible by magnetic fields
solely created by electromagnets. The basic numerical algorithm for the calculation
of the motional microbead response, is applicable to arbitrary problems consisting of
microbeads on ferromagnetic surfaces. The time-resolved magneto-optical wide-field
microscope provides a unique platform for interesting dynamic experiments. Symmetry
broken magnetic thin films are ready for further investigations and device implemen-
tations. The emission of spin waves and elastic waves by domain walls is a new topic
promising novel devices and physics. All in all, studying the dynamics of functional
magnetic microstructures has been a successful and inspiring journey on the road of

magnetism through different time scales.
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