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Abstract

The focus of this thesis is investigating of the magnetization dynamics in pat-
terned magnetic films by time-resolved Kerr microscopy (TR-MOKE). There-
fore, various magnetic films and structures are studied using the developed
TR-MOKE and inductive microwave magnetometry setup. The results of this
thesis reveal new aspects of complicated magnetization dynamics in such mag-
netic systems. Also, it provides the knowledge of tailoring dynamic magnetic

properties of modern magnetic structures.

Initially, the magneto-dynamic response of Landau-like magnetic domain
configurations are examined and a method to separate the in- and out-of-plane
Kerr signals is proposed. This method indicates a more elaborated model for

fast magnetization processes in soft magnetic elements.

In addition, the direct observation of spin-wave generation and propa-
gation from oscillating pinned magnetic structures is reported, and the funda-
mental properties of them are analyzed. Using this knowledge, an alternative
way to generate and propagate spin waves that do not require any artificial
structure (e.g., antenna or wave-guide) is proposed. Moreover, the results of
experimental TR-MOKE imaging together with complementary micromagnetic
simulations were used to design an experiment, where the spin waves are emit-
ting from magnetic elements corners and edges. The frequencies of such spin

waves shown to be tunable by the excitation frequency.

Finally, the dynamic magnetic response of weak antiferromagnetically
coupled and structured magnetic films are presented. The multilayer film dy-
namic properties are compared to the single-layer film, and the impact of pat-

terning on magnetization dynamics is shown.
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Chapter 1

Introduction

The magnetization dynamics knowledge of structured magnetic thin
films plays a significant role in development of various modern electronic de-
vices such as magnetic storage media [1, 2, 3], magnetic random access memories
(MRAM) [4, 5, 6] and microwave instruments [7, 8]. In recent years there has
been a growing interest in new magnetic elements that can comply with the re-
quirements of electronic components size shrinkage. A smaller electronic piece
will lead to a faster processing time as well as lower energy consumption. All
these require a deep understanding of rapid magnetic processes in magnetic me-
dia. Therefore, the understanding of magnetization dynamics is the key to fab-
ricate new types of magnetic devices with novel and tunable properties, which
was not feasible with conventional magnetic materials. Periodically structured
magnetic films are an example of these new magnetic classes. Magnetic films
use elementary spin excitations (magnons) to store or carry information [9, 10,
11]. Such development can be achieved by merging the physics of magnetization

dynamics with top-down materials fabrication methods.

Another recent notable development in this realm is the emergence of
spintronic devices [12, 13, 14, 15] such as spin-wave logic tools, signal processors
or instruments using spin currents [16]. The fundamental property of spin waves
(SWs) is their high propagation velocity, which makes them well suited for future
ultrafast re-programmable and data storage devices [10, 13]. Spin waves can

also contribute to high-frequency applications such as thin film inductors [17].
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In practice, usage of spin waves requires a precise method to control spin waves
excitation and propagation, which in turn demands a deep understanding of

these magnetic phenomena.

Moreover, with the growing rate of data generation, new magnetic stor-
age tools are needed. An example of these new magnetic storage devices is
racetrack memory (domain-wall memory). Racetrack memory is a type of non-
volatile storage system, which was firstly introduced by Parkin et al. in IBM [18,
19]. Racetrack memory is made out of a series of ferromagnetic nanowires with
a specific number of magnetic domains that are acting as data bits. By passing
a spin-polarized current through nanowires, due to the spin-transfer torque ef-
fect, magnetic domains move towards a reading head where magnetic domains’
stray fields are detected. The racetrack memories are capable of having large
storage capacity compared to mainstream storage drives though with approxi-
mately 10,000 times faster read /write performance, as well as much lower energy
consumption. The two main challenges for producing racetrack memories are
first the need for highly precise and reliable controlling of domains movement
forward and backward in nanowires and second, the low speed of the movement
of the magnetic domains. Therefore, understanding the physics of the magnetic

domain and wall dynamics is vital.

In addition to the new storage technologies, conventional non-volatile
storage devices such as magnetoresistive random access memory (MRAM) are
still a subject of development. This demands extensive knowledge of high-
speed magnetic phenomena [5]. An MRAM contains spin valves (data cells)
with two ferromagnetic layers separated by a non-magnetic tunnel barrier. One
of the ferromagnetic layers can alter its magnetization direction freely while
the other layers’ magnetization is coupled and pinned to an anti-ferromagnetic
film. Data bits are then stored as the relative orientation of the magnetization
of two magnetic layers. There are two possible relative magnetization directions
of ferromagnetic layers, i.e., parallel or antiparallel alignments. Each of these

configurations has a different resistivity (the parallel configuration has a lower
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resistivity) that can be detected by a reading head and later translated to “0”
and “1” bits.

These exemplary applications and similar ones are the deriving force
of many dynamic magnetization related research projects. To study dynamic
magnetic phenomena, in this project a dynamic magneto-optical Kerr effect
microscope (MOKE) is developed, which can be used to study dynamic mag-
netization process from nano-second down to picosecond temporal resolution.
Figure 1.1 displays selected magneto dynamics phenomena and their relevant
temporal dimensions. As can be seen in Fig. 1.1, domain wall motion is a rather
slow process that occurs in a time scale of a few ns to a hundred us, whereas
the magnetization precession takes place in few ps. The fastest processes are
exchange interactions which are fs processes.

DW motion Damping Precession Exchange Interaction

AN

M7=\
} ! L__p Time Scale

1 1 1 1
100ns 10ns 1ns 100ps 10ps 1ps 100fs 10fs 1fs

T s o

Spin waves Spin-orbit coupling

—
—

Figure 1.1: Schematic draw showing typical time scales of dif-
ferent dynamic magnetic processes (adapted from [20]).

In this thesis, the dynamic magnetization behavior of artificially gen-
erated magnetic domains and domain walls configurations in large area struc-
tured magnetic thin film is examined. The temporal resolution of interest in
this project is the picosecond time scale and above (fs processes are beyond
the scope of this work). By introducing various magnetization configurations,
the effective dynamic magnetic properties are investigated. Periodic magnetic
nanostructures are created by using the photolithography process. Such struc-

tures provide variable magnetic configurations. As mentioned, in this project,
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the lateral magnetization distribution is imaged by time-resolved high-resolution
magneto-optical Kerr microscopy (TR-MOKE). Up to now, many efforts are
made to observe the high-frequency (hf) response of magnetic structured films
[21, 22], including x-ray transmission microscopy [23, 24], optical pump-probe
[25], time-resolved scanning Kerr microscopy [26, 27], polarized neutron reflec-
tivity [28, 29], Lorentz microscopy [30, 31], brillouin light scattering [32, 33, 34,
35], ferromagnetic resonance (FMR) [36, 37] and spin-wave resonance (SWR)
[38]. During this project, in the "Nanoscale Magnetic Materials - Magnetic
Domains" group of Kiel University, a state-of-the-art time-resolved Kerr mi-
croscope (TR-MOKE) with a temporal resolution in the picosecond range was
designed and assembled. This magneto-optical method can be a complementary

or an alternative to the above-mentioned methods.

Unlike the previously mentioned techniques, which use a pulsed-field or
laser pulses to trigger the magnetodynamics response of magnetic elements, in

the developed TR-MOKE here, a continues AC field excitation is used.

It should be noted that most of the magneto-optical methods are based
on the application of the Kerr effect (MOKE). A conventional time-resolved
imaging method is scanning Kerr microscopy [39, 40, 41, 42, 43], which is using
nano-, pico- or femtosecond pulsed laser systems to probe the magnetic sample.
The alternative method used in this work (TR-MOKE) has a shorter image
acquisition time and higher flexibility in terms of the field of view [44, 45].
However, due to the adversity of obtaining a high signal-to-noise ratio, TR-
MOKE is less common. The low signal-to-noise ratio of TR-MOKE is mainly
due to the occurrence of laser speckles, in which its residual contrast can cover
the low magneto-optical signals. In addition, TR-MOKE is highly sensitive to
environmental parameters such as external vibrations or temperature gradients.
The method shown in this thesis uses a very stable design that overcomes these

obstacles.

The developed TR-MOKE of this work is used together with quasi-static
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and dynamic measurement techniques to obtain a complete picture of the lateral
varying magneto-dynamic processes up to several GHz. The method is used to
investigate the local magnetic domain and domain wall response of amorphous
magnetic film elements at various frequencies. Also, other complicated dynamic
magnetic responses such as localized switching events, domain wall induced ef-
fects, and the possibility of generating and imaging of spin waves (SWs) emitted

from resonating magnetic domain walls, are investigated.

In addition to the imaging technique, to quantify the dynamic magneti-
zation response, a pulsed inductive microwave magnetometer (PIMM) is being

built and used in conjunction with TR-MOKE.

In the following chapters, the details of measurement techniques, as well

as the results of such measurements are shown.



Chapter 2

Theoretical Background

2.1 Ferromagnetism

The presence of spontaneous magnetization in different regions of a mag-
netic body is called ferromagnetism and materials that show such behavior are
ferromagnetic materials. Regions with uniformly aligned magnetic moments are
known as magnetic domains and are separated from adjacent domains by a tiny
border known as magnetic domain walls. In contrast to magnetic domains, in a
domain wall, the magnetic moments gradually change. In 1906 Weiss initially
introduced the concept of the magnetic domain in ferromagnetic materials [46]
with the mean field theory. Weiss’s theory was then extended by Heisenberg
[47], Barkhausen [48] and Bloch [49] who presented other pieces of magnetic
domain theory. However, the experimental proof of the existence of magnetic
domains is demonstrated by Bitter in 1931 [50]. In 1935, Landau and Lifshitz
[51] explained the phenomena of the formation of magnetic domains to mini-
mize the total magnetic energy. The total magnetic energy of a magnetic body

is made out of different energy contributions and can be written as:

1
Buoi=[[ Balm) + Bu(m) - HeM - HM]dV  (21)
Vv SN—— —— e ond 2

exchange energy  anisotropy energy — Z¢€man energy strayvﬁeld
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Where M is the local magnetization vector. The detailed description of each

energy terms in Eq. 2.1 are presented in the following sections.

2.1.1 Exchange Stiffness Energy

In 1928, Heisenberg described a non-classical force known as exchange
stiffness force, which depends on the relative alignments of spins of the two
electrons. Due to the existence of exchange forces when two electrons’ spins are
in antiparallel configuration, electrons attract each other while a parallel spins
configuration causes a repulsion force between two electrons. Considering atoms
i and j with a spin angular momentum of S;h/27 and S;h/27, the exchange

energy between these two atoms can be written as [52]:
E., =-2J.,51S] = —-2J.,.5iSjcos¢ (2.2)

Where J., is the exchange integral, and ¢ is the angle between two spins.
Since J, > 0 for a parallel alignment of spins (¢ = 0), therefore the E., is
minimum. As a result, the exchange energy favors a parallel alignment of spins.
Any deviation of magnetic moments from their parallel configuration causes an
increase of exchange energy in the magnetic body. Such energy increase for a

magnetic body with the volume of V can be written as:
Few = [ A(Vi(r))?aV, (23)

Where A is the exchange constant and m = M /M, [53], M is the magnetization

of sample and M; is the saturation magnetization.

2.1.2 Anisotropy Energy

Magnetic anisotropy is the existence of an energetically favored magneti-

zation direction in a magnetic material. In ferromagnetic materials the direction
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of spontaneous magnetization is called easy anisotropy axis (e.a.) of magneti-
zation, while the perpendicular direction to that is known as hard anisotropy
axis (h.a.) of magnetization. Due to the existence of the magnetic anisotropy,
the magnetic body exhibits directional magnetic properties [52]. The sources of

magnetic anisotropy are described in the next sections.

2.1.2.1 Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy is an intrinsic property of crystalline fer-
romagnets. This type of magnetic anisotropy is originating from spin-orbit
coupling, considering an external magnetic field’s tendency to alter the spin of
an electron. By changing of electron’s spin, the orbital of the electron is re-
oriented. Due to the strong coupling between orbital and lattice, the electron’s
orbital is pinned to the lattice. Since the coupling between orbital and lattice is
stronger than the spin to the orbital, to overcome the anisotropy energy, the ex-
ternal field should overcome the spin-orbit coupling energy [52]. On an atomic
scale, this causes a tendency for magnetization to be aligned along with specific

crystallographical directions.

The magnetic anisotropy E is expressed with regard to the anisotropy

constant K as:

Where ¢; depends on the magnetic moments’ direction. For a cubic crystal, the

magnetocrystalline anisotropy can be written as [52]:
exe = Ke(mimi +m2m3 +mam3) + Komimoms (2.5)

Where K. and K. are the cubic anisotropy constants and m; is the magneti-
zation component along the cubic axis (m; = cos 0 cos ¢, mg = cos 6 sin ¢ and

ms = sin #). In a polar coordination the cubic anisotropy can be re-written as:
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exe = (K + K.sin?0) cos® 0sin? ¢ cos? ¢ + K, sin®  cos? 0 (2.6)

Where 6 and ¢ are the zenith and azimuth angles of the magnetization

vector.

2.1.2.2 Shape Anisotropy

The expansion of a magnetic element in different directions can change
the internal demagnetizing field, which is sensitive to the shape of the sample.
In reality, the demagnetizing field in the short axis of the magnetic body is
stronger [52] and therefore in an unsymmetrical magnetic body with no mag-
netocrystalline anisotropy, the sample’s long axis is the easy anisotropy axis.
Figure 2.1 shows a spheroidal sample. In such magnetic samples, the shape

anisotropy constant K can be written as [52]:

Figure 2.1: Schematic drawing of a spheroidal magnetic body
(adapted from [52]).

1
K, = iuo(Na — N.)M? (2.7)
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Where N, and N, are demagnetization coefficient along a and ¢ axises

respectively and p is the vacuum permeability. Eq. 2.7 can also be written as:

1
K, = 5MOANM2 (2.8)

2.1.2.3 Stress Anisotropy

Stress anisotropy occurs via magnetoelastic coupling which energetically
favors some magnetization directions [54]. This anisotropy depends on internal
stress inside the magnetic body. Such a dependency causes a magnetostriction
effect in the sample. Very similar to magnetocrystalline anisotropy, the origin

of magnetostriction effect is due to spin-orbit coupling [53].

2.1.2.4 Induced Anisotropy

For many practical usages, it is essential to create an anisotropy direction
in a controlled manner. The control of anisotropy direction can be done during
film deposition or by thermal annealing in the presence of an external magnetic
field. Such treatments induce an easy anisotropy direction in the sample and
are therefore known as induced anisotropy. For thermal annealing, it is essential
to note that the process of annealing is done in a temperature range below the

sample’s currie temperature (7c).

The anisotropy can also be varied locally by utilizing an ion irradiation
process in a magnetic field. A detailed review of ion irradiation anisotropy

tailoring can be found in Ref. [55].
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2.1.3 Zeeman Energy

Zeeman energy contribution refers to the interaction of magnetic material

with an external magnetic field. Zeeman energy can be calculated as follows:

B. =~y [ HewM dV (2.9)

Where H.,; is the external field, M is the local magnetization, pq is the

vacuum permeability, and V is the volume of the magnetic body [56].

2.1.4 Stray Field Energy

Stray field energy (magnetostatic self-energy) is an energy contribution,
which is created by a magnetic body itself [56]. The stray field energy can be

calculated as follows:

1
H? dV = _5“0/ HyM AV (2.10)

in-side of sample

Ho /
2 out-side of sample

Where H, and H, are stray and demagnetizing fields respectively, and V is the

volume of the magnetic body.

2.2 Magnetic Domains

To minimize the total energy of a block of ferromagnetic material, sep-
arated regions with uniform magnetic moment directions (M) form which, are
known as magnetic domains. Figure 2.2 (a) shows a magnetized block with the
stray field around and the demagnetizing field inside. As seen in Fig. 2.2 (b), by
formation of magnetic domains, the magnetostatic energy is reduced, but still
the magnetic poles exist on the surface of the block. Landau and Lifshitz sug-

gested the domain model, in which with the formation of flux-closure domains
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(Fig. 2.2 (¢)) the magnetic body magnetostatic field is entirely reduced to zero.
As displayed in Fig. 2.2 (c), by formation of flux-closure domains, the magnetic

poles vanish, and therefore the magnetostatic field is reduced to zero.

. o
+H++++++ - -4+ - -+ 4+
: NN NN\

T ™ NSNS NS

------- ++ - -+ +--

(a) (b) (d)

Figure 2.2: Flux-closure type domain, suggested by Landau
and Lifshitz. As shown, the domains are aligned in a way to
minimize the stray field energy (adapted from [57]).

2.3 Magnetic Domain Walls

Due to the existence of exchange stiffness energy, a sudden change of
magnetic moments from one domain to the adjacent domain causes large ex-
change energy. Hence, instead of a sudden magnetic moment change, it changes
gradually from one domain to its neighbor. The regions where the magnetiza-
tion direction changes gradually are called the magnetic domain walls. The
width of the domain wall depends on the exchange length (l., = \/m ) and

can be calculated as followings: [56]:

| A
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Where Apy is the domain wall width, "A" is the exchange stiffness

constant and K, is the uniaxial magnetic anisotropy.

As indicated in Eq. 2.11, while the exchange energy favors wider domain

walls, the anisotropy energy tries to keep the domain width smaller.

Figure 2.3: Schematic drawing of different domain wall types,
(a) Bloch (b) Neel and (c) cross-tie domain walls (adapted from
[58]).

Depending on the magnetic moment alignment inside the domain wall,
three sorts of domain walls can form. When the magnetization M rotates
perpendicularly to the domain wall cross-section the so-called Bloch domain
wall forms. The cross-section of a Bloch domain wall is shown in Fig. 2.3 (a).
In the case where the magnetization path inside the Bloch wall is not symmetric,
and the surface distortion of the Bloch wall is a vortex, an asymmetric Bloch
wall shapes [59]. When the rotation of M takes place in the cross-section of
the wall, a Neel domain wall is made (Fig. 2.3 (b)). Another type of domain
wall exists, which is a mixture of the Bloch and Neel walls, known as the cross
tie domain wall. A schematic drawing of a cross tie wall is shown in Fig. 2.3
(¢). The Bloch domain wall typically occurs in the magnetic film thickness of
higher than 50 nm. In contrast, Neel’s wall occurs in films with a thickness of
less than 25 nm. At the intermediate film thickness range, i.e., between 25nm

to 50nm cross tie domain walls form [59].
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2.4 Magnetization Dynamics

To describe the switching process and time evolution of magnetization,
a macrospin model is used [60]. The macrospin model assumes the magnetic
moments are rotating coherently in a magnetic body and that the system con-
sists of only one single spin. Ideally, the model can be used in magnetic systems
where the exchange interaction is strong in a way that the system can be as-
sumed as a single domain media. The disadvantage of such a model is that the
contribution of the magnetic domain and domain wall or other local effects are
eliminated. In other words, the macrospin model is restricting the degree of
freedom to only zero-wave vector spin waves, and therefore just a homogeneous
precession. Once the system is exposed to an external magnetic field, the per-
pendicular component of the magnetic field to the magnetic moment generates
a torque. This torque acts as a deriving force that initiates the precessional
magnetization motion around the effective field. The angular frequency of this
precessional motion is w = yH.ss. Once an alternating magnetic field with the
same angular frequency of magnetization precession is applied, the resonance

phenomena occur in which the magnetization absorbs the power from external

AC field [53, 52]

H H
A N
Mx%
dM
|y Gy
M M

Figure 2.4: A schematic drawing displaying the magnetization
precessional motion without (left) and with damping (right).

Theoretically, magnetization dynamics in a magnetic film subjected to

an effective magnetic field of H.s¢ can be described by Landau-Lifshitz-Gilbert
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(LLG) equation as follow [51]:

oM oM
—7 = ~YHoM X Heg + i(M X W) ;

o i (2.12)

Where g =47 x 10° Vs/Am is the vacuum permeability, v = 1.76 x
10171571 is the gyromagnetic ratio, M is the saturation magnetization, and «
is the damping parameter. The first term in Eq. 2.12 corresponds to gyroscopic
precession with a characteristic resonance frequency f,.s that is dependent on
the effective magnetic field H.y¢, which can be calculated by simplified Kittel’s

equation as [61]:

2 = (Xoyvenrm, (2.13)

TES 27T

The effective field H.s; is made from the contribution of anisotropy field
H,,, dipolar field Hgypo, exchange field H.,, and external magnetic field Hy;qs

and can be written as:

Hepp = Han + Haipot + Hew + Hujas (2.14)

The second term in Eq. 2.12 refers to the phenomenological damping
torque. Eq. 2.12 can accurately explain the magnetization dynamics in con-
tinues magnetic films. However, by structuring the film, and by the appear-
ance of local demagnetization effects as well as magnetic domain formation, the
dynamic response deviates from the LLG equation. Despite the complicated
magneto-dynamic behavior of structured magnetic films, it should be noted
that H.ss in both the LLG and non-LLG magnetic responses strongly depends
on the anisotropy field. Therefore, magnetization dynamics in ferromagnetic
materials are highly dependent on magnetic anisotropy [62]. Hence, changing
the magnetic anisotropy is a way of tailoring magnetization dynamics, which

can be done by magnetic film structuring or magnetic film inter-coupling by
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using multilayer thin films.

In a simple case when there is a strong exchange coupling between ad-
jacent magnetic moments (inside a magnetic domain), by applying an external
torque, all the magnetic moments start to precess (Fig. 2.4) in phase with each
other. Therefore, a homogeneous precession of magnetization in the domains
occurs. However, due to the local distribution of the effective field, instead of
a homogeneous precession of magnetic moments, the precession of spins occurs
in different phases, though with a fixed relative phase shift with each other.
Such a magnetic moment movement is called a spin-wave, and the quantum of
spin-wave is called magnon. Spin waves can be categorized by the orientation
of their wave vector to M. In this manner when M is in-plane and k || M (k
is the wave vector), the magnetostatic surface wave (MSSW) mode or Damon-
Eshbach modes form [63]. The frequency of Damon-Eschbach mode can be

calculated as follows:

for = 2my\ H(H + 47 M) + (2mM,)(1 — e~2kd) (2.15)

when the & = 0 the Eq. 2.15 can be written as:

(foB)keo = 209/ H(H + 47 M) (2.16)

Which corresponds to the Kittel mode. Unlike the Damon-Eshbach modes,
there are two other types of spin waves, which propagate in the volume of the
magnetic element, and therefore, they are volume modes. In this case when
k | M, the backward volume magnetostatic (BWVM) mode is formed, and
when M is out of plane of the film, and k lies in the plane of film, it is known

as forward volume magnetostatic (FWVM) mode.

For the backward volume magnetostatic mode, the dispersion equation

can be written as:

1 — e—2kd

fewvm = QWV\/H(H + 47TMS(T)) (2.17)
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Figure 2.5: A schematic diagram of dispersions of different
magnetostatic spin-wave modes (adapted from [64]).

and for the forward volume magnetostaic mode:

1 — e—2kd
frwvm = 27r'y\/(H — 47 M,)(H — 47TMS(T)) (2.18)

It should be noted that Eq. 2.15 - 2.18 are based on the assumption
that there is no contribution of anisotropy [33] in the magnetic element. Figure
2.5 shows the frequency behavior of different spin-wave modes depending on kd

parameter, where "k" is the wave vector, and "d" is the film thickness.
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Chapter 3

Experimental

3.1 Magnetic Film Structuring

In order to create micro-scale structures in magnetic films, positive or
negative photolithography processes are used. To do so, in the framework of
this project, four different 5 inches x 5 inches lithography reticles were designed
by the author and produced in an external mask-shop. Each reticle contains
60 different 1 cm x 1 c¢m fields, and the magnetic elements are placed in these

fields. All the reticles have positive polarity.

To create positive structures (e.g., dot arrays), the positive photolithog-
raphy process is used. The lithography process is performed in the "Kieler-
Nanolab" at Kiel University. The designed photolithography process includes
the following steps:

e Drying the silicon wafer for 10 minutes on a hot plate at 120 °C. This

eliminates any possible moisture from the surface of the wafer.

e Coating the wafer with a highly purified grade hexamethyldisilazane (HMDS),

which promotes the adhesion of the surface.

e Spin-coating of 1.75 ml of AR-U 4060 image reversal photo-resist on the
wafer. The spin coating is accomplished by using a rotating speed of 8000

rpm for 35 sec.
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e Soft-backing of resist on the hot plate at 100 °C for 100 sec.

e Exposing the wafer to an UV light using a mask aligner exposure tool
with an energy dose of 32.9 mW /cm?. To maintain the structure size

precession, the vacuum mode is used.
e Resist development by AR 300-47 diluted solution for 35 sec.
e Hard-backing on a hotplate for 120 sec at 110 °C

e To remove the residual resist from the areas that the developer cannot
penetrate, a further plasma etching process is performed. The plasma
etching is executed by using O, with a chamber pressure of 4.3 x 107!

for 10 sec and power of 100 W.

e [on beam etching with a plasma power of 1000 W, beam current of 350

mA and a voltage of 400 V.

e Resist removal by an N-Methylpyrrolidinone (NMP) solution in an ultra-

sonic bath.

The negative process is performed in the same manner. The only difference is
adding an image-reversal baking step (240 sec at 120 °C) and a flood exposure

step with an increased developing time with a total of 70 sec.

3.2 Magnetic Samples

In this thesis, three types of magnetic films with various structures
are used. The sample used in Chapter 4 and Chapter 5 is an amorphous
(FegpCo19)785112B10 film with a thickness of d = 160 nm. The sample is de-
posited on a transparent glass wafer through the rf sputtering technique. Dur-
ing the deposition, an in-plane external magnetic field of 8 kA/m is applied,
which leads to an induced uniaxial anisotropy. The film is structured to square

elements with an edge length of 40 ym and an element separation of 10 pm.
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The experiment performed in Chapter 6 is on a patterned soft magnetic
NigiFeg thin-film, which is deposited on a transparent glass substrate. The
sample, with a dimension of 1 cm x 1 c¢m, was patterned into 30 pm x 30 pm
tilted square magnetic elements allowing for simultaneous microscopic charac-

terization of multiple elements.

a) b)

ﬁ Glass —p

Ta —p
CoFeB—p

TaN —p
CoFeB —»

Ru —p
CoFeB —» COF;‘;B::
Ta — TaN —b
Glass —»

O O O O
) O O O C
O O O O
> O 0O O C

d)

O 0O O O
O 0O O O
O 0O O O
O 0O O O

Figure 3.1: (a) Schematic drawing of a patterned multilayer
sample. (b) The cross section of the film is up side down. (c) and
(d) the square and hexagonal packing of antidot with a diameter
of d = 4 pm and antidot arrays center-to-center distance of D
= 16 pm respectively.

In Chapter 7, a single layer Ta (3nm)/(CoyoFe Bao) (50nm)/TaN (5nm)
and an antiferomagnetically coupled Ta (3nm)/(CogoFes0Bao) (25nm)/Ru (0.8nm)/
(CogoFeqpBag) (25nm)/TaN (5nm) film were deposited on a glass substrate with
an induced in-plane anisotropy applied during film deposition. Using pho-
tolithography technique, samples are structured in to antidot arrays with various
sizes, center-to-center distance and arrangement. The diameter of antidotes is
d =4 pm or d = 10 pm with a center-to-center distance (D) of 3xd or 4xd
or 10xd, with square and hexagonal packing of antidot on the film surface.

Figure. 3.1 displays the schematic arrangement of antidots on multilayer films.
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3.3 Coplanar Waveguide

In order to deliver the high-frequency excitation field to the surface of
the samples, a coplanar waveguide with the central wire width of 150 ym and a
thickness of 17.5 pum, is built. When a current signal passes through the central
wire of the waveguide, it generates a magnetic field in the transversal direction.
To avoid any possible impedance mismatch in the measurement circuits, the
waveguide and all the connectors and cables have an impedance of 50 €2. Fig-
ure 3.2 illustrates the cross-section of the coplanar waveguide and the way that

the magnetic sample is placed on it.

y

—a
glass
_>:| = =2 C <« Magnetic film
. T b1 >
CP-waveguide / ¢ J _‘ X
AC signal

Figure 3.2: Schematic drawing of the cross section of the copla-
nar waveguide and the way that the sample is positioned on top.
The red arrow shows the generated magnetic field (adapted from
[65]).

The amplitude of excitation field generated by coplanar waveguide is
calculated using the method introduced in Ref. [44]. Considering the radial

field around a strip-line with a current density of j is [44]:

dH(ij):jdxdy: I dxdy
21 8maby/(x — X)2+ (y — Y)?

(3.1)

Where "a" and "b" are the distance from the center of waveguide along x and y

directions respectively. "I" is the current passing through the waveguide. The
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magnetic field along the x-axis can be written as [44]:

—I 1. ¢*+u? g u h u
Hy = —u[=ln(Z) + Larctan™ — “arctan~
87rabu[2 n(h2 n u2> +-arc ang Larc anh] 52)
1 2402 h '
_ [viln(; i 22) + iarctan(?) — Zarctcm(%)]

Similarly, the out-of-plane field (field along the y-axis) can be written as [44]:

I 1 ¢>+u?

U g v g

= gl=In + —arctan= — —arctan=

Y 8mab [2 (21)2 —|—292) g u g ’U] (3.3)
_ [hll (M) 1 Yaret (ﬁ) _ Yaret (ﬁ)]
s parctan() — - arctan(-
where

u=a—X (3.4)
v=—a—X (3.5)
g=b-Y (3.6)
h=—b-Y (3.7)

Using Eq. 3.2 and 3.3 the generated field around the waveguide is calculated
and plotted in Fig. 3.3.

3.4 Magneto-optical Kerr Effect

In 1854, Michael Faraday discovered when the light passes through a pair

of magnetic poles, the polarization plane of light rotates. Based on Faraday’s
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Figure 3.3: Calculated magnetic field in-plane component am-
plitude at the central point of the coplanar waveguide at various
distances from the wave guide’s surface (a coplanar waveguide
with a width of 150um). Inset Magnetic field orientation and
amplitude of magnetic field generated by the wave guide.

observation, in 1877, John Kerr introduced the magneto-optical Kerr effect
[66], which is the rotation of the polarization plane of a linearly polarized light
when it is reflected from the surface of a magnetic element. Such rotation of
light’s plane of polarization can be detected by a polarizing microscope [56].
The appearance of Kerr effect is due to the Zeeman exchange splitting of the
electron levels when exposed to a magnetic field [67] . When this appears with
transmitted light, it is called the Faraday effect. It should be noted that the Kerr
effect is a surface effect and, its depth of penetration is limited to approximately
a few ten nanometers. Therefore, any magnetometry technique that is based on
the magneto-optical Kerr effect only contains the information of the magnetic

statues of the surface of the magnetic film.

The change of plane of polarization is shown in Fig. 3.4 (a-c). This
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Figure 3.4: Geometries of different Kerr effect configuration.
Depending on the magnetization direction and plane of incidence
(a) polar, (b) longitudinal or (c) transverse geometry are gener-
ated (adapted from [58]). Ry and Ry are showing the normally
reflected light and Kerr amplitudes, respectively.

Zeeman exchange splitting causes an additional component (Kerr amplitude
Rk), which is transversal to the normally reflected amplitude Ry. Using an
analyzer in front of the reflected light, the light amplitude of light passing

through the analyzer can be calculated using Malus’ law [68]:
I = I, cos*f (3.8)

Where [ indicates the reflected light intensity before entering the analyzer, and
0 is the angle between the reflected light plane of polarization and the plane of
the analyzer. As the Kerr effect is relatively weak, it is imperative to use an
adequate bright light source. It should be noted that only p-polarized light can
cause a transversal Kerr effect, and in this case, there is no rotation of the plane
of polarization, however, the amplitude of the reflected light changes. Therefore,
the transversal configuration is usable in the Kerr effect magnetometry but not

in the direct Kerr effect magnetic domain imaging.

There are three main configurations of Kerr effect that can be distin-
guished depending on the light relative angle of incidence with the orientation
of magnetization. Figure 3.4 (a) shows the configuration of the polar Kerr
effect. The polar Kerr effect occurs when the sample has an out-of-plane mag-

netization, and the light angle of incidence is ¢=0. When the magnetic field
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components lay in the plane of the film, two possibilities can occur. In the case
where there is an oblique angle of incidence between the light and surface of the
film (Fig. 3.4 (b)), the longitudinal Kerr effect configuration forms. When the
magnetization is in the plane of the film and is perpendicular to the incidence

plane of the light Fig. 3.4 (c), the transversal Kerr effect is built.

3.5 Time Resolved Kerr Microscopy

To study the lateral dynamic response of magnetic structured films, dur-
ing this project, a new state-of-the-art stroboscopic time-resolved wide-field
Kerr microscope with picosecond temporal resolution was developed [69]. A
schematic drawing of the TR-MOKE setup is displayed in Fig. 3.5. The high
temporal resolution of the setup is achieved by using a mode-locked diode-
pumped and frequency-doubled Nd:YVO4 laser as the illumination source. The
laser has a wavelength of A=516nm with a pulse width of 7 ps and a fixed rep-
etition rate of 50 MHz.The average output power of the laser, according to the
producer specifications is approximately 150 mW. The laser light is sent to the
microscope through a multi-mode optical fiber with a numerical aperture of NA

= 0.5, a diameter of 1 mm, and a length of 1 m [69].

In order to obtain the in-plane and out-of-plane magnetization compo-
nents, the microscope sensitivity is adjusted by focusing the optical fiber output
on different positions in the back focal plane of the objective lens. Adjusting
the position of the fiber output will change the plane of incidence light [70], and
therefore the out-of-plane (polar) and in-plane (longitudinal) magneto-optical
contrasts can be obtained [69]. When performing the imaging, the sample is
placed upside down on the coplanar waveguide, which is then excited by an AC

magnetic field (Fig. 3.6).

The precise focusing ability of the microscope is obtained using an objec-

tive lens with a correction ring is used. This allows focusing onto the magnetic
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Figure 3.5: The schematic drawing of TR-MOKE setup, which
consists of a mode-locked laser (illumination source), a magneto-
optical Kerr microscope, and an AC magnetic field excitation
source. The light source and AC field generator are triggered
by the same clock to create a jitter-free measurement. The
whole setup is computer controlled using a LabView user in-
terface (adapted from [69]).
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Figure 3.6: The schematic diagram shows the way that mag-
netic elements are positioned relative to the coplanar waveguide
used in the TR-MOKE (adapted from [69]).

film surface through the glass substrate. In addition, such a lens can increase
the available working distance. Therefore there would be a larger space be-
tween sample and lens, which is a critical requirement for imaging of magnetic
samples with wire-bonding. The lateral resolution of the TR-MOKE set up is

limited to 400 nm. To overcome the speckle patterns induced by laser coherency,
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two de-specklers are used. The first de-speckler (a rotating glass plate), with
adjustable speed, is placed between the laser output and optical fiber input,
and the second de-speckler with a vibrating polymeric plate is placed after the

output of optical fiber and before the microscope input.

To increase the maximum excitation field amplitude, an amplifier with
a bandwidth of 4 GHz and a maximum power of 5 W is used. As mentioned
before, the high-frequency signal is converted to an AC field when it passes
through the coplanar waveguide (see section 3.3). Both the signal generator
and the laser are running from the same reference signal. The 50 MHz clock of
the laser is derived from higher harmonics of the 10 MHz clock signal for the
high frequency field excitation source [69]. This leads to a timing jitter of fewer

than 0.5 ps.

The images obtained by the microscope are recorded using a digital CCD
camera with a frame rate of 16 Hz. The TR-MOKE imaging is performed in
a stroboscopic differential imaging manner. This is done by changing the AC
field phases between the excitation field and the imaging laser pulse. Individual
differential images (A) are obtained from subtracting two magnetization states

with a phase shift of 7 [69]. The imaging is done using the following sequence:

Taking a background image at a given AC magnetic field phase.

Shifting field phase by 27 and taking the second image.

Subtracting two images from each other.

Storing the results as a 16 bit PNG file.

By such imaging manner, topographical contrast, as well as domain and
domain wall contrasts, is eliminated, and the pure dynamic magnetization re-
sponse (i.e., wall motion or magnetization rotation) is captured. To increase
the signal to noise ratio (SNR) at any given AC field phase, 128 images are

taken and the images are then averaged out. To monitor the applied voltage
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and in turn control the excitation field amplitude and phase, the output of
the coplanar waveguide is continuously read by using a high-bandwidth sam-

pling oscilloscope. Fig. 3.7 displays the simplified algorithm of the TR-MOKE
—= <—

No

imaging.
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Figure 3.7: Simplified flowchart showing the high-level Lab-
VIEW program that performs the TR-MOKE imaging.
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The whole imaging process is computer-controlled by using two separated
NI LabVIEW based interfaces; one for capturing, subtracting and averaging
of images and the other one for controlling the timing, field frequency and
amplitude of excitation field. As the laser has a fixed repetition rate of 50 MHz,
only frequencies that are multiples of 50 MHz can be probed.

3.6 Pulsed Inductive Microwave Magnetome-

tery

To measure the dynamic magnetic properties of the magnetic structured
films, such as resonance frequency (f.s) and damping parameter («), pulsed
inductive microwave magnetometry (PIMM) [71, 72, 73, 74] was built in this
project. Similar to the TR-MOKE, in the PIMM measurement the sample is
placed upside down on the center of a coplanar waveguide. As shown in Fig.
3.8 the PIMM setup consists of a WaveExpert 100H sampling oscilloscope with
a built-in Time Domain Reflectometry (TDR) unit, a pair of Helmholtz coils
and a single layer rectangular coil for applying longitudinal and transversal DC
magnetic fields, two power supplies, a coplanar waveguide for delivering the
pulse field to the sample, and a computer LabView interface to control the

measurement.

By changing the DC magnetic bias fields Hy;,s, the dynamic response of
various magnetic domain configurations can be measured. Figure 3.9 displays
the data collection and data post processing steps of the PIMM measurement.
In a PIMM measurement, the magnetic sample will initially be saturated using
a transverse DC magnetic field (along sample h.a.). Then a voltage pulse with
a rise time of #19,90=50 ps will be sent to the coplanar waveguide allowing for
the measurement up to 20 GHz (fae= 0.5/t isetime). The transmitted pulse
from the coplanar waveguide is then measured and the DC saturation field is

set to zero. The recorded signal is used as a reference (background) signal
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Figure 3.8: Schematic draw of pulsed inductive microwave
magnetometer.

(Fig. 3.9 (a)). It should be noted that when the sample is in its saturation
state, the applied pulse field does not have any impact on the sample. This is
mainly because the pulse magnetic field and magnetic moments of the sample
are aligned in the same direction, and therefore there is no applied torque on

the film magnetization.

Once the background signal is measured and stored, the sample is initial-
ized along its easy or hard anisotropy axis. Next, the DC bias field of interest
is applied either in the e.a or h.a axis of the sample. Then the voltage pulse
is sent through the coplanar waveguide. In this way, due to the existence of
torque between the magnetic moments and applied excitation field, the mag-
netization state of the sample is changed, causing a change in the magnetic
flux of the sample that, in turn, induces an inductive voltage into the coplanar

waveguide. The induced signal is then be measured by the oscilloscope (Fig.
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Figure 3.9: (a)-(b) exemplary raw data collected from PIMM
measurement. (c)-(h) data post processing steps.

3.9 (b)). The inductive signal amplitude depends on the sample magnetization
in the transversal direction through Faraday’s law [75]. By subtracting the two
recorded voltage signals, the temporal evolution of magnetization change is re-

vealed (Fig. 3.9 (c)). Figure 3.9 (d) shows the numerically integrated signal
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of subtracted data. This shows the dynamic response of the magnetization of
the sample. Applying Fast Fourier Transform (FFT) to the subtracted data,
the imaginary (Fig. 3.9 (e)) and real part (Fig. 3.9 (f)) of the high frequency
permeability, as well as absolute valuer of FFT (Fig. 3.9 (g)), can be calculated.
By changing the DC bias fields and measuring inductive signal U(t) of multiple
DC fields, a complete dynamic magnetic permeability spectrum of the sample

is obtained (Fig. 3.9 (h)).

In this way, the dynamic response is investigated from the variation of
the transmission amplitude of the microwave signal in a two-port configuration,
basically measuring the amount of magnetic loss as a function of the rf excitation
frequency. The resonance frequency corresponds to the frequency in which the

absolute permeability peaks.

Unlike similar PIMM setups, in the presented PIMM measurement, the
generation of voltage pulse and measurement of the induced signal is performed
by the same unit (oscilloscope). This configuration results in a near jitter-free
measurement. To calculate the damping parameter of the sample, an exponen-
tial function is fitted to the damped signal, from which the relaxation time is
then calculated. The damping constant «, can be calculated using the following

equation [76]:

2 (3.9)
o= — .
Yo MsT

Where 7 is the relaxation time.

3.7 Inductive Measurements (B-H looper)

The basic magnetic properties of the magnetic samples are measured

by an inductive magnetometer (a B-H looper) SHB Model 108 with a working
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frequency of 10 Hz. The B-H looper has a pair of Helmholtz coil with the
ability to generate a maximum field of 20 mT. The pick up coil of the B-H
looper enables it to measure the magnetic flux (B) at any given magnetic field
(H). By this method the hysteresis loop of the magnetic sample, and in turn,

the coercivity, quasi-static permeability and saturation field can be measured.

3.8 Micromagnetic Calculations

In order to create a proper design of experiments (DOE) and design the
lithography reticle, the static domain configuration and dynamic response of
different magnetic element shapes and sizes are simulated with MicroMagus
micromagnetic numerical calculator [77]. Micromagus uses a finite-differential
method (FDM) approach for numerical solution. Fig. 3.10 shows the exemplary
results of such simulations. The shown simulated structure in Fig. 3.10 is a

Nig; Feqg film with a thickness of 30 nm.

The simulation is performed by simulating the initial domain configu-
ration (Fig. 3.10 (a)). The dual-wavelength MOKE images [78] acquired later
(Fig. 3.10 (b)) verified the simulation results. Next, a pulse-field was applied
in different directions to estimate the dynamic responses from the element.
Fig. 3.10 (c) displays the simulated response of the sample with a pulse of 100
ps rise-time compared to the result extracted from PIMM measurement shown
in Fig. 3.10 (d). While the domain structure in the simulated data and MOKE
images are similar, there is a clear difference in permeability and amplitude
of the magnetization in the theoretical and experimental results. The mag-
netization changes in the experimental data over several nanoseconds can be
attributed to the magnetization re-arrangement by domain wall processes. An-
other reason for the observed discrepancy is the size of the magnetic elements

in the simulation, which is much smaller than the real magnetic sample.
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Chapter 4

Magnetization Dynamics in

Large-Scale Elements

Reprinted article with permission from B. Mozooni, T. von Hofe, J. Mc-
Cord, Picosecond wide-field magneto-optical imaging of magnetization dynam-
ics of amorphous film elements, Phys. Rev. B 90, 054410, 2014, Copyright
(2014) by the American Physical Society.
The article has been modified from its original version. Though the scientific
results and interpretations are kept similar to the original article, the content

has been edited to fit the format of this thesis.

4.1 Introduction

In this chapter, the application of the time-resolved Kerr microscopy
method to study a non-LLG magnetodynamic behavior is demonstrated. More-
over, a solution to distinguish the in- and out-of-plane Kerr effect signals are
shown. The chapter ends by proposing a more elaborate model of magnetization

dynamics in large scale elements.

As explained in the previous chapter, the magnetization dynamics in
magnetic films can be explained by the LLG equation (Eq. 2.12). Although,
by formation of the magnetic domains and domain walls [79, 80, 81, 82, 83, 84,
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85] the effective magnetic response is deviated from LLG equation. It is known
that by the magnetic domains formation, the effective active magnetic volume is
reduced, which leads to a reduction of high-frequency permeability. A detailed
domain model of magnetization dynamics in soft magnetic films can be found
in Ref. [82]. In short, the formulation of the domain model is done by assuming
that the domain configuration is a nonlinear system of coupled and viscously
damped oscillators with geometrically constrained motion. The model shows
that different regions of thin-film (depending on the excitation field frequency)
can contribute inconstantly in the magnetic dynamic response. In this case, due
to the rotation or precession of magnetization in the center of patterned soft
magnetic elements, the magneto-dynamic response might be ultimately damped
by induced eddy current damping. Despite the mathematical explanation of
magnetization dynamics by domain model, experimentally it is found that in
addition to the contribution of the central area of the magnetic element to the
magneto-dynamic response, the magnetization rotation in the regions confined
by the closure domains also play a role in the high-frequency flux propagation

[84].

The proposed models are mostly based on integral measurements in
which instead of the localized magnetic behavior, the overall magnetic response

of the entire sample area is taken into account.

To acquire a better picture of the magnetic dynamic response in large
scale magnetic elements, the TR-MOKE is used. Unlike the integral measure-
ments, TR-MOKE direct imaging can examine the magnetization dynamics
of the magnetic films locally. Such a measurement is used to explain a more
complex magnetic dynamic phenomena such as spin waves generation and prop-

agation.

The sample investigated in this chapter was already introduced in Chap-
ter 3, a patterned (FegyCo1)78B10Si12 amorphous ferromagnetic thick film. Since

the magnetic layer thickness is around 160 nm, it is in an asymmetric Bloch
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Figure 4.1: Magnetic element hysteresis loop along the easy
(blue) and hard (red) anisotropy axises.

wall regime [86] (see Chapter 2).

4.2 Results and Discussion

The static magnetic properties of the sample are investigated by the B-H
looper. Fig. 4.1 displays the magnetization hysteresis loop of the sample along

the easy and hard anisotropy axis. The magnetic anisotropy field of the sample
has been determined to be, H, = 1 m'T where H, =5 mT.
The dynamic magnetic properties of the sample are measured by PIMM.

From PIMM data, a magnetic damping value of a = 0.008 is determined. A

more elaborate explanation of PIMM results is given later in this chapter.

The dynamic magnetic properties of the sample are measured by PIMM.

From PIMM data, a magnetic damping value of a = 0.008 is determined. A

more elaborate explanation of PIMM results is given later in this chapter.

It should be noted that the sample magnetic state is excited with a
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Figure 4.2: Static Kerr image shows an initial magnetic do-
main configuration with a Landau-like domain structure. The
selected two neighboring magnetic elements are mirrored domain
structures.

continuous AC magnetic field during the TR-MOKE imaging. The applied
excitation field frequencies values at any given DC field are extracted from the
PIMM results. In this case, the AC excitation field frequencies are mainly picked
to be the resonance frequencies of the sample at different DC magnetic fields.
To compare the magnetization dynamics at an excitation field equal to sample’s
resonance frequency with a non-resonance field frequency, the frequencies with
the lowest permeability are also chosen. The temporal and laterally resolved
images of the magnetization response allow for separation of the domain and

domain wall high frequency induced effects [69].

Figure 4.2 displays the static MOKE image of the sample’s initial mag-
netic domain configuration with a horizontal longitudinal sensitivity of the mi-
croscope. The image shows a Landau-like domain state. To obtain such domain
state, the sample was first exposed to a DC saturation field H,, and then demag-
netized by a reversing and decreasing the AC magnetic field along the sample’s
easy anisotropy axis. Fig. 4.3 (a) and (b) show the selected neighboring mirrored
elements from Fig. 4.2, and displays them together with dynamic TR-MOKE
responses to a 3 GHz excitation AC magnetic field for polar and longitudinal

microscope sensitivities in Fig. 4.3 (¢, d) and Fig. 4.3 (e, f) respectively.
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Figure 4.3: (a) and (b) display magneto-optical static domain
images. (c) and (d) are corresponding TR-MOKE images of
two adjacent mirrored domains (polar contrast). (e) and (f)
are TR-MOKE images with microscope longitudinal sensitivity
(contains both in- and out-of-plane signals). (g)-(j) display time
evolution of magneto-optical signal amplitude using a 3 GHz
excitation field. (g, h) Longitudinal contrast. (i) The averaged
intensity of two domains contrasts ((i)/2+(j)/2, corresponds to
a pure longitudinal signal). (j) The subtracted intensity of do-
mains contrasts ((a)/2-(b)/2, pure polar component) (adapted
from [69]).

As mentioned before, in order to show the maximum Kerr magneto-
optical response, the dynamic domain images of two magnetic states from two
AC excitation fields with a phase shift of 7/2 are subtracted from each other.
The Kerr contrast interpretation for polar sensitivity is straight forward. In
contrast to that, the obtained images from longitudinal sensitivity configura-
tion, contain both in-plane and out-of-plane dynamic magnetization informa-
tion [69]. It should be noted that at lower frequencies the magneto-optical
response contains pure in-plane magnetization contrast as no precessional out-
of-plane motion takes place. Nevertheless, at high excitation field frequencies,
this statement is not valid anymore, and the obtained Kerr signal is a combina-
tion of in- and out-of-plane magnetization response. To separate the in-plane
and out-of-plane magneto-optical contrast from images acquired by microscope
longitudinal sensitivity, the following solution proposed. The magneto-optical
signals of two equivalent magnetic domains with a mirrored spin configuration

are used. Considering the symmetry of responses, the pure in-plane MOKE
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response is calculated by summing up the MOKE signal extracted from the
equivalent reversed domain structure. The out-of-plane contrast computes from

the differentiating of these two responses [69].

The temporal progress of magneto-optical contrast corresponding to the
dynamic magnetization response of the sample after being exposed to an excita-
tion field frequency of 3 GHz, is shown in Fig. 4.3 (g)-(j). These figures display
the acquired magneto-optical in-plane contrast of mirrored domains. It can be
seen that the two domains have similar Kerr intensity amplitudes with a little
phase shift. This is mainly due to the fact that the longitudinal microscope sen-
sitivity encompasses both in- and out-of-plane contrasts. Figure. 4.3 (i) shows
the added MOKE intensities from Fig. 4.3 (g) and (h) where Fig. 4.3 (j) dis-
plays the subtracted MOKE intensities. As previously mentioned, through the
use of this method, the pure in-plane (Fig. 4.3 (i)) and out-of-plane (Fig. 4.3
(j)) response can be calculated. The in-plane and out-of-plane Kerr signals
are clearly showing a phase shift of 7/2, which is an indication of a dynamic
magnetization precessional mechanism. This demonstrates the validity of the

proposed solution.

Figure. 4.4 shows the static MOKE images of sample magnetization re-
versal along the easy axis. Figure 4.4 (a)-(i) indicate that the magnetization
reversal starts with the magnetic domains nucleation at the edge of the mag-
netic elements (Fig. 4.4 (a), (b)). This is then continued by the formation of
a 7-domain state. This is followed by domain walls movement over a DC field
range from Hy,,s = —3 mT to Hyes = 3 mT (Fig. 4.4 (b)-(h)). At a DC field,
around Hy;,s =4 mT (Fig. 4.4 (h), (i)), the domain walls in the central part of
the magnetic elements annihilate. For the easy axis reversal, no sign of hystere-
sis is observed, though, at high enough magnetic fields, indications of domain
nucleation are found. As mentioned previously, magnetic domains formation

affects the magnetization dynamics response of the magnetic element [69].

The measured permeability spectra along the sample’s easy axis by PIMM
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Figure 4.4: Static MOKE images of the magnetization reversal
along the sample’s easy axis [69].
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precessional frequency square f2, and (c) normalized peak per-
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is shown in Fig. 4.5 (a). Figure. 4.5 (b) displays the precessional frequency

2

s versus H.. It can be seen that in high H.,, a Kittel behavior,

square
fres ~ £HZ,, [61], is observed. However, in the intermediate H.,; field range
(-4 mT<H,.;;<4 mT), the dominating precessional frequency f,.; ~ 3 GHz re-
mains nearly constant. This is due to the formation of a multi-domain state,
which is shown in Fig. 4.4. Despite having a nearly constant value of resonance
frequency in the intermediate H.,; field range, the permeability peak ampli-
tude shows a strong dependency at Hy;,s and in turn the magnetic domains
change. The maximum resonance frequency peak from PIMM is determined to

be fres & 3 GHz. This is well matched with experimental TR-MOKE results
[69].

Figure. 4.6 shows the TR-MOKE images of magnetization dynamic re-
sponse at different AC excitation magnetic field frequencies for AC field phase
intervals of 7 /2. Depending on the field frequency, the corresponding time delay
of a phase shift of 7/2 varies from 5 nsec (at 50 MHz) to 76 psec (at 3.3 Ghz).
At a low excitation AC field frequency (50 MHz), the magnetic response occurs
through homogeneous rotation of magnetization in the domains with a mag-
netization alignment perpendicular to the excitation field, and mainly by 90°
domain wall motion [69]. Besides, looking at Fig. 4.6 (a), an existing domain
wall contrast at 7/2 and 37 /2 is observed, which is an indication of hysteretic
nature of wall motion. The magnetic domain wall motion mechanism is the
dominant magnetization dynamic response at lower frequencies (in this case,
below 250 MHz). At a higher field frequency, the wall motion does not occur.
This is due to the much slower nature of wall motion compared to the excitation

field frequency [69].

By increasing the excitation field frequency, the dominant magnetization
dynamic response is altered to the magnetization rotation mechanism in the
central part of the magnetic element. This increases constantly and peaks
around f,.s (Fig. 4.6 (), 0 and 7). Such an observation is confirmed by the data

obtained from PIMM. The strongest out-of-plane magneto-optical contribution
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Figure 4.6: TR-MOKE images acquired by longitudinal mi-
croscope sensitivity for AC excitation field frequency of (a) 50
MHz, (b) 0.9 GHz, (c¢) 1.95 GHz, (d) 2.15 GHz, (e) 3.0 GHz,
and (f) 3.3 GHz. As indicated above the figures, the images be-
long to every m/2 excitation field phases (adapted with minor
modification from [69]).
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Figure 4.7: TR-MOKE images at (a) 50 MHz, (b) 150 MHz,
and (c) 250 MHz. As indicated by the images, the wall motion
is only visible at frequencies below 250 MHz. (d) Domain wall
intensity analysis. A shown in (a), the intensity along the line
perpendicular to the region of the domain wall movement vs.
the position has been plotted, and by measuring the half-peak
width, the average distance swept by the wall has been measured
(adapted from [69]).

is visible at f,.s, where a reverse Kerr contrast can be seen when comparing

7/2 and 37 /2 (Fig. 4.6 (e)).

In order to calculate the average domain wall speed, TR-MOKE images
are used. The domain wall intensity along a perpendicular line to the domain
wall movement direction (Fig. 4.7 (a) yellow box) versus the position has been
plotted (see Fig. 4.7). The swept distance of the domain wall is calculated from
the domain wall contrast at any given field frequency. Moreover, it is assumed
that the swept area by domain wall is equal to half-peak width. Based on this
assumption, the average distance swept by the wall has been calculated and
then multiplied by the field frequency. For 50 MHz AC field, the domain wall
speed is calculated to be Vpw = 60 m/sec. However, at higher frequencies (e.g.,
100 MHz), due to the low wall contrast (Fig. 4.6 (b, ¢)), the wall speed cannot
be calculated [69].

Next, the longitudinal and polar MOKE signal separation method that
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Figure 4.8: In-plane magnetization responses of central domain

for excitation magnetic field frequencies of (a) 50 MHz, (b) 2.15

GHz, and (c) 3.0 GHz [69].

was previously explained is used. The pure out-of-plane and in-plane magneti-
zation responses are distinguished. The results of such analysis for the in-plane
magnetization responses in the central area of the magnetic element for AC
excitation fields with frequencies of 50 MHz, 2.15 GHz, and 3 GHz are shown
in Fig. 4.8 (a), (b) and (c) respectively [69].

To quantify the contribution of different domain regions in flux propa-
gation, the in-plane and out-of plane magnetodynamic response of five separate
domain regions is shown in Fig. 4.9. The out-of-plane component of TR-MOKE
signals corresponds to the precessional movement. Therefore, in order to cal-
culate the contribution of the magnetic precessional mechanism in the overall
magnetization dynamic response, the out-of-plane component should be taken
in to account. The average precessional motion at low frequencies (f,; = 0.9
GHz) is identical for all domains, which have a magnetization perpendicular
to the excitation field. By increasing the excitation magnetic field frequency,
out-of-plane response (polar MOKE) increases and maxes out for all domains
at f,y ~ 3 GHz. The strongest out-of-plane precession is obtained from the

central domain (Fig. 4.9 (a), red). At such high frequencies (close to fresonance),
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Figure 4.9: The local (a) out-of-plane and (b) in-plane mag-
netization response. The 90° domain wall contrast variation is
displayed in (c) and (d) [69].

the closure domains magnetic spin, magneto-statically couples with the adja-
cent domains spins. Therefore, at a high enough magnetic field frequency in
the closure domains (Fig. 4.9 (a), green), precessional motion occurs. As shown
in Fig. 4.9 (b) green, no in-plane magnetization response occurs in the clo-
sure domains. As a result, it can be concluded that closure domains are not

contributing to the magnetic flux propagation [69].

In addition, unlike other proposed magnetic flux propagation models, an
in-plane magnetization dynamic response in the left and right corners of the
central domain (central domain 'wings’) is observed (Fig. 4.9 (b), orange). This
indicates that the dynamic response in the central domains is not homogeneous.
The flux response of the central region (Fig. 4.9 (b), red) and the surrounding
edge domains (Fig. 4.9 (b), blue) as well as the wings (Fig. 4.9 (b), orange),
increase in a similar way up to f,y =~ 1 GHz. However, with further increases of
frf, the response of the narrow ‘wings’ area increases slowly while the flux gets

channeled into the central edge domain above and below the central domain.
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Figure 4.10: (a) Longitudinal MOKE signal for three differ-
ent flux delivering regions in different bias DC fields. (b) Cor-
responding longitudinal MOKE contributions weighted by its
surface area [69].

As shown in Fig. 4.9 (d), the magnetic domain wall in-plane magnetiza-
tion response only occurs at lower frequencies, and it is reduced at frequencies
above 50 MHz. This shows that at higher frequencies, domain wall motion
does not occur. Interestingly, the TR-MOKE images show an out-of-plane pre-
cessional magnetization in the magnetic domain walls at resonance frequency
fres = 3 GHz (Fig. 4.9 (c)), which is a phenomenon that was not seen be-
fore. Indeed, this indicates a more complex magnetic response in such magnetic
elements. By changing the excitation field frequency, the out-of-plane magne-

tization response is also changing.

Moreover, the dynamic magnetization response at a non-zero H,.,; field
has been investigated. The size of the magnetic domains has been changed,
though the 7-domain state configuration is maintained. This is done by using
a magnetic DC bias field along the easy axis of the magnetic sample. The
corresponding domain shapes are presented in Fig. 4.4. The relative change of
the magneto-optical signal at resonance for the central domain and the domains
next to the edges for three different magnetic domain states corresponding to
Fig. 4.4 (c¢), (e) and (g), are compared in Fig. 4.10. Figure. 4.10 (a) shows the

local magnetic signal response, where Fig. 4.10 (b) displays the normalized Kerr
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signal by each regions surface size. As can be seen in Fig. 4.10 (a), the central
domain response increases with decreases in domain width. This is in contrast
with the expectation that the domain width or a dynamic demagnetization effect
is the dominating factor determining changes of effective dynamic magnetic
anisotropy [84, 87, 88]. This mismatch is due to the fact that the mentioned
conclusions are derived from studying elongated stripe structures. However,
for the square elements investigated here and for any smaller element, the local
demagnetization field distribution and the occurrence of magneto-static Damon-

Eschbach modes [89] have to be considered [69, 90, 91, 39].

The total magnetic response contribution is quantified by considering
the size of individual regions in the calculation (Fig. 4.10 (b)). As can be seen,
the main magneto-dynamic contributor changes from the central domain to
the two neighboring edge domains with an increasing DC field. This is due
to the changes in the individual domain size. Furthermore, the contribution
of wing domains peaks at Hpos = 0 mT [69]. As discussed before, at zero
magnetic bias field, the magneto-dynamic response of the magnetic element is
not homogeneous. This observation is also examined for non-zero DC fields.
The magnetization evolution at f,; = 3 GHz across the magnetic element for
higher DC fields is shown in Fig. 4.11 (a), the corresponding magnetic domain
images of which are displayed in Fig. 4.11 (b) and (d) [69].

As seen, the maximum response perpendicular to the magnetization is in
the center of the element. This response gradually decreases to the edge regions
and is similar to the magneto-static Damon-Eschbach mode [69]. Moreover, as
seen in Fig. 4.11 (c¢), magneto dynamic modes along the aligned magnetization
take place. Also, an irregular response within the domain in other elements
was found. A few examples are shown in Fig. 4.11 (e-f). Such modes are
showing a similar characteristic to the ripple-like magnetic domain structure
where a strong interaction with sample edges and domain walls are visible [69].
In addition to that, the occurrence of these modes seems to be related to the

happening of microwave-induced switching of the magnetic domain structures
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Figure 4.11: (a) TR-MOKE signal evolution throughout the
magnetic elements for maximum and minimum magnetic field
excitation. TR-MOKE images for (b) maximum, (c) interme-
diate, and (d) minimum MOKE signal. TR-MOKE images of
same domain configurations acquired from (e) polar and (f) lon-
gitudinal microscope sensitivity [69].
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[92].

4.3 Conclusion

The results of this work indicate that the magnetization dynamics processes
in large-scale soft magnetic elements are much more complicated than the pre-
dicted response from domain models. Based on experimental data of integral
measurements, a model of fast magnetization processes in patterned films was
proposed by Mallary et al. in 1988 [93]. In that model, a pure magnetiza-
tion rotation flux transfer is shown. In this case, it was suggested that the
high-frequency response takes place through flux propagation limited to the
center of the magnetic element, where the effective permeability in the closure
domain regions at the edges of the element is insignificant (Fig. 4.12 (a)). A
more elaborate model was proposed by Smith [82]. Similar to the results of this
work, Smith’s model predicted decreases in the domain wall motion above 10
MHz. In Smith’s model, it was shown that a transformation from domain-wall-
dominated magnetization reversal to the rotation-dominated around f,; = 100
MHz takes place. The roll-off of domain wall motion is in agreement with the

results of this thesis [69].

A more advanced model was proposed in Ref. [80]. It suggested that
the flux propagation occurs due to the magnetization rotation in both center
of the element and the closure domains (Fig. 4.12 (b). This is in agreement
with the observations reported in this project. Unlike the TR-MOKE results,

no response of magnetization in the closure domains was predicted.

In both mentioned models, the anisotropy field Hy determines the per-
meability in the central part of the element. This is in contrast with the ob-
servation reported in Ref. [84], where it shows the resonance modes depend on
the domain-wall density as well. This is due to the narrow region of reduced

permeability forming at the 180° domain walls, as seen in Fig. 4.12 (c) [69].
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Figure 4.12: Summary of a few models for flux propagation
mechanisms at high frequencies according to (a) Mallary [79]
and Smith [82], (b) Ohashi [80], (c) Queitsch et al. [84], and (d)
from the results of this thesis.[69].

So far, the suggested models are able to describe a few aspects of the
occurring magneto dynamic effects. However, our TR-MOKE study reveals
more complicated aspects of magnetization dynamic reversal in such magnetic
elements. A new model based on the experiment here is shown in Fig. 4.12
(d). In this model (unlike other models), the closure domains also play a role in
the magnetization dynamic response. This is shown to be due to magnetostatic
coupling because of magnetization precession. The high-frequency permeability
in the central top and down domains is reduced relative to the central domain.
At the resonance frequency, inhomogeneous dynamic modes occur inside the
domains. The main difference of this model compared to the other ones is that
it considers the precessional out-of-plane magnetization contributions, which

were not included in the early models [69].
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Chapter 5

Domain Wall Induced
Spin-Waves

Reprinted from "Direct observation of closure domain wall mediated spin
waves', B. Mozooni et al.; Appl. Phys. Lett. 107, 042402, 2015, with the

permission of AIP Publishing.

The article has been modified from its original version. Though the
scientific results and interpretations are kept similar to the original article, the

content has been edited to fit the format of this thesis.

5.1 Introduction

In this chapter, the time-resolved Kerr microscopy technique is used to
study domain wall generated spin waves that have never been observed directly
with an optical microscope. Mullenix et al. [94] show the domain wall induces
spin waves in amorphous metallic films with in-plane anisotropy. These spin
waves are playing a significant role in high frequency dynamic magnetic response
of large scale patterned magnetic films [94]. Direct imaging of spin-wave modes
with a time-resolved Kerr microscope can be used to determine the source of
spin waves generation as well as their propagation mechanisms. The spin-wave

studies are based on excitation and propagation. Practically, various techniques
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for spin waves excitation exist, including current pulse, magnetic field pulse, or

laser pulse-induced spin wave excitation [95].

In this chapter, a new method to generate and propagate the spin waves
is shown. To generate spin-waves, a source and a deriving force to excite the
spin waves are needed. In this work, pinned magnetic domain walls are used
as a source for spin wave generation, and a homogeneous excitation magnetic
field plays a deriving force for this process. The acquired TR-MOKE images
display the generation of spin waves from oscillating 90° domain walls [65].
Moreover, the results of this work show the possibility of guiding spin waves
along a natural magnetic path, which is constricted by the 180° Bloch domain
walls that act as a spin wave-guide. Such natural channels are acting like spin-
wave conductors. This shows that to channelize and guide the spin-waves, no
structural patterning is needed. It is also shown that spin waves can propagate

over several tens of micrometers [65].

It should be noted that similar studies, which are performed on similar
square elements with a closure domain [96, 45, 84, 88, 97, 69], did not show any

sign of spin-wave propagation.

5.2 Results and Discussion

The sample used in this chapter is a patterned (FegyCo1g)7sSi12Bio film,
which was already introduced in Chapter 3. To examine the dynamic magnetic
properties of the sample, the magnetodynamic response of the magnetic element
exposed to an AC excitation magnetic field with frequencies from 50 MHz up

to GHz range is imaged by TR-MOKE.

In order to perform the dynamic imaging, an AC excitation field with a
base to peak effective amplitude of Hjyp, = 0.64 mT is used. The TR-MOKE
imaging is done using both longitudinal and polar microscope sensitivities. In

order to implement a physical path for the propagation of spin waves, the sample
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Figure 5.1: Static MOKE image showing a patterned magnetic
film’s domain configuration after demagnetizing along its hard
anisotropy axis.

is initialized in a way that narrow magnetic domains with a width of approx-
imately 7 um are formed. This magnetic domain configuration is shown in
Fig. 5.1. To create such a domain configuration, the sample is demagnetized by
applying a cyclic decreasing AC magnetic field (starting from 10 mT) aligned

to the sample’s hard magnetic anisotropy axis [65].

Figure 5.2 shows the static MOKE image of the sample (Fig. 5.2 (a))
together with the magneto-optical time-resolved Kerr images obtained from
AC magnetic field with various frequencies, which is applied along the sample’s
hard anisotropy axis. All images are obtained from longitudinal magneto-optical
sensitivity of the microscope. The magnetization dynamic response to a low
frequency 1 Hz field is shown in Fig. 5.2 (b). This indicates a clear movement
of closure domain walls. The domain wall motion occurs in synchronization
with the frequency of the applied magnetic excitation field. The TR-MOKE
images acquired from magnetic field frequencies of fi; = 50 MHz, 100 MHz,
150 MHz, 200 MHz, 300 MHz, and 2 GHz are shown in Fig. 5.2 (c-h). As seen
in Fig. 5.2 (c-f), for excitation field frequencies up to 200 MHz, closure domain

oscillation takes place. However, by increasing the frequency to fir = 300 MHz
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Figure 5.2: (a) Initial magnetic domain configuration after
demagnetizing the sample along its hard anisotropy axis. (b)-(h)
dynamic response of magnetic element to AC field frequencies of

(b) 1 Hz (c) 50 MHz, (d) 100 MHz, (e) 150 MHz, (f) 200 MHz,
(g) 300 MHz, and (h) 2 GHz [65].

and above, no sign of domain wall movement can be seen (Fig. 5.2 (g, h)). This
is due to the fact that at lower frequencies domain walls motion is quick enough
to respond to the induced torque of excitation field, though at higher field
frequencies domain, the walls motion lags behind the AC field [98]. It should
be noted that similar to the previous chapter, the images are the results of
subtracting two images from 27 phase-shift. This is done to obtain the highest

magnetic domain wall contrast.

The TR-MOKE dynamic magnetization images are in agreement with
Ref. [81, 98]. In these two works, a decrease of inductive response at frequencies
around 100 MHz is reported and explained to be due to a roll-off of domain
walls motion. By increasing the field frequency, the magnetodynamic response
is changed to the precession of magnetization in the domain (Fig. 5.2 (h)).
The magnetization precessional motion is visible in the images obtained by
the polar magneto-optical contrast (© and @, Fig. 5.2 (h)). Furthermore, as
demonstrated at field frequencies of 300 MHz and above, the closure domain

region is not contributing to the magnetic flux propagation anymore [65].
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Looking to Fig. 5.2 (c-f), it can be seen that with the domain wall excita-
tions, spin waves are initiated in the vicinity of 90° closure domain walls. This
is due to the existence of an inhomogeneous demagnetizing field close to the
domain walls. Such demagnetizing field acts as an effective potential well for
the spin waves generation [65, 99, 100]. Additionally, the out-of-plane magne-
tization components of precessing domain walls can also lead to the generation
of spin waves [65]. The direction of spin-waves propagation is determined to be
along the magnetization direction of the domains. Looking at Fig. 5.2, one can

see the inhomogeneous nature of spin waves magnetodynamic response.

In addition, in this chapter, it is shown that not only can the spin waves
generation be performed in a controlled manner, but also the spin-wave wave-
length and density can be tuned by changing the frequency of the excitation
magnetic field. It has been determined that by increasing the AC field frequency,
the wavelength of the spin waves decreases while the number of generated spin

waves are linearly increasing [65].

Figure. 5.3 (a) shows the spin-wave behavior in different magnetic ele-
ments on thin-film at an excitation field frequency of 100 MHz. This indicates
the dependency of spin-wave generation with domain wall characteristics. As
can be seen in multiple domains, when the closure domains are not oscillating,
no spin-wave is generated. This provides additional evidence that verifies the
90° domain wall oscillations are the source of spin-wave generation [65]. Instead,
as soon as a pronounced movement of two closure domain walls takes place, the

spin waves generation phenomena appear.

Figure 5.3 (b) displays the changes of magnetization in field phases of O,
0.57, 1w and 1.5m. Looking at images obtained with a field phase of 0.57 and
1.57, an out-of-phase response of domain wall relative to magnetization response
in the center of the domain is visible. This shows that oscillating domain wall
motion has a phase lag of magnetization response [65, 101, 102]. Similarly, by

examining the polar MOKE contrast, an out-of-plane magnetization response
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Figure 5.3: Acquired differential TR-MOKE images of the
magnetic element using an AC magnetic field with a frequency
of 100 MHz. (a) spin-wave behavior in multiple magnetic ele-
ments and (b) in different field phases. (¢) TR-MOKE images
obtained from polar magneto-optical sensitivity (adapted with
minor modification form [65]).
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Figure 5.4: Evolution of magneto-optical contrast by time for
(a) in-plane and (b) out-of-plane microscope sensitivity for 50
MHz, 100 MHz, 150 MHz and 200 MHz rf field frequency (from
top to bottom respectively). The region of interest is shown on
above the plot.

in the domain walls are visible (Fig. 5.3 (c¢)). This is due to the precessional
magnetization motion in domain wall [101]. Such precessional motion in the
magnetic domain walls is also reported for transverse-type domain walls in
magnetic nano-wires [103] and for 90° walls [102]. Looking at Fig. 5.3 (a)
and Fig. 5.3 (c), it can be concluded that without out-of-plane magnetization

excitation in the domain walls, no spin waves will be generated [65].

Figure 5.4 displays the evolution of magneto-optical contrast by time for
the in-plane and out-of-plane microscope sensitivity with AC field frequencies
of 50 MHz to 200 MHz for an exemplary magnetic element. The regions where
the intensity is extracted are color-coded, black for the domain wall, blue for
the center of the domain, and red for the whole magnetic element response. As
seen from the in-plane amplitude, at a lower frequency (50 MHz), the highest
amplitude of magneto-optical signals belongs to the domain wall, which is a sign
of dominant wall oscillation at lower frequencies. By increasing the frequency,
wall motion reduces. However, the domain response stays constant from 50
MHz to 200 MHz. Moreover, there exists almost a 90° phase shift between wall

excitation and domain response of rf-field excitation.

b)
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Figure 5.5: (a) Selected magneto-optical evolution within the
magnetic element and domain wall response and (b) Kerr signal
over domain wall response at 100 MHz. (c) sketch of magneti-
zation response with upward (c) and downward (d) excitation
field. (e) The swapped distance of domain walls at different field
frequencies. (f) domain wall velocities with excitation frequency
[65].

The domain wall characteristics and velocity are analyzed by investigat-
ing the magneto-optical Kerr signal (Fig. 5.5). The extracted MOKE intensity
analysis shows the domain wall motion is out-of-phase with the AC excitation
field. This can be seen in Fig. 5.5 (a) and (b) for a frequency of fi,y = 100 MHz
. Figure 5.5 (c¢) and (d) show the out-of-phase magnetization response of the
closure domains and the central domain region for upward and downward mag-
netic field excitation field Hyg, respectively. The magnetization response in the
closure domain region is reversed compared to the central region [65]. Using
the same method shown in Chapter 4, the domain wall velocity is calculated.

Figure 5.5 (e) shows the distance swapped by the domain walls at a given
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Figure 5.6: TR-MOKE response of one narrow domain with
time field frequencies of (a), (b) 50 MHz, (c¢) 100 MHz, (d) 150
MHz, (e) 200 MHz, (f) 300 MHz, and (g) 2 GHz. A line rep-
resenting a spin wave velocity of vgy = 0.65 km/s is shown in
(a-e). (k shows the direction of spin wave propagation). (h)
number of excited spin waves at given field frequencies ((a-g)
from Ref. [65]).

frequency. To increase the accuracy of calculation, the analysis is done on
5 different magnetic elements. As seen, domain wall movement reduces with
increasing frequency and drops to zero at frequencies above fi,y = 250 MHz.
The results of the domain wall velocity in different excitation frequencies are
shown in Fig. 5.5 (f). Through this method, a maximum domain wall velocity
of around Vpy = 200 m/s is calculated. At f,s = 300 MHz and above no

noticeable domain wall motion occurs [65].

Figure 5.6 shows the time evolution of spin waves movement in an indi-
vidual domain for different field frequencies. The images obtained from dynamic
Kerr microscope and magnetization response extracted from an individual mag-
netic domain versus time, from top to bottom, are shown [65]. As seen in Fig. 5.6
(a), spin-waves are generating from domain wall oscillations from both edges of

the elements. As shown, in this uncommon case, the spin waves travel from 90°
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walls to both sides and annihilate. As mentioned before, the spin waves within
a magnetic domain, which are generated from one side of the element, penetrate
through the whole element in the spin-wave path formed by the 180° domain
walls. The frequency dependence of spin-wave characteristics is displayed in
Fig. 5.6 (b-f). At a very high field frequency of 2 GHz, no domain wall oscilla-
tion is seen, and in turn, there are no spin wave generation phenomena (Fig. 5.6
(g)). The magneto-optical analysis shows a linear relationship between the ex-
citation magnetic field frequency and the number of activated spin waves within
the domains (Fig. 5.6 (h)). For the selected example, it varies from 4 excita-
tions per domain for 50 MHz field frequency to 16 excitations per domain for
a frequency of 200 MHz. The excitation frequency acts as a linear regulator of

spin-wave frequency. The spin-wave wavelength can be directly tailored [65].

From spin-wave velocity calculation, it was determined that the velocity
of spin propagation is constant. Further, it was seen that the spin-waves veloc-
ity is independent of the excitation field frequency. The spin-wave velocity is

determined to be approximately Vs = 0.65 km/s [65].
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Chapter 6

Spin-Waves Generation in

Magnetic Landau Structure

The content of this chapter is published in "Homogeneous microwave field
emitted propagating spin waves: Direct imaging and modeling”, M. Lohman, B.
Mozooni, J. McCord; Journal of Magnetism and Magnetic Materials, 2018.
The article has been modified from its original version. Though the scientific
results and interpretations are kept similar to the original article, the content

has been edited to fit the format of this thesis.

6.1 Introduction

As mentioned in Chapter 5, the high propagation velocity of spin waves
makes them an appealing topic of many research projects. There are a variety of
methods to generate spin waves such as using local antennas [104], confined ex-
citation of magnetization [105] or as shown in Chapter 5 using pinned magnetic
domain walls. In this chapter, an alternative method of spin-wave generation
is shown. It is demonstrated that in the presence of high-frequency magnetic
excitation fields, the edges of a magnetic element with a magnetic Landau struc-
ture can act as a source to generate spin waves. The introduced method in this

chapter is an easy way to generate, guide, and focus spin waves in a controlled
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Figure 6.1: Magnetic properties of the sample used in this
chapter. (a)-(b) magnetic hysteresis loops along sample easy
(blue) and hard (red) anisotropy axis for unstructured and struc-
tured film, respectively. (c)-(d) permeability spectra of unstruc-
tured and structured film correspondingly.

manner. Unlike the previous chapter, this is done in large magnetic structures
rather than micromagnetic structures such as domain walls. TR-MOKE is used

to image the spin-wave generation and propagation in such structures.

6.2 Results and Discussion

Figure 6.1 shows the basic dynamic magnetization properties as well as
dynamic magnetic permeability spectra of the unstructured film and compares
it to the patterned film, which is used for TR-MOKE imaging. Comparing the
magnetic hysteresis loop of the unstructured film (Fig. 6.1 (a)) to the structured
one (Fig. 6.1 (b)) by increases of magnetic saturation field of sample from Hj
= 0.5 mT to H;, = 3 mT is seen. Also, PIMM results show that by patterning
the film, the permeability peak is split (Fig. 6.1 (d)), which is not the case in
the unstructured film (Fig 6.1 (d)). From PIMM results, the patterned struc-

ture resonance frequency is calculated to be 1.3 GHz when it is magnetically
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in the Landau domain state. Next, the dynamic magnetic response of the pat-
terned film is investigated using the TR-MOKE and applying an AC magnetic
field with a base-to-peak amplitude of 0.38 mT and field frequencies from 50
MHz up to 4 GHz. The excitation field is applied along the square elements’
diagonal. This is to ensure the same magnetic torque is acting on all the mag-
netic domains of the Landau state. The TR-MOKE images are acquired from
the longitudinal sensitivity of the microscope that contains both in-plane and

out-of-plane dynamic responses of the sample [106].

Prior to the imaging, the sample is initialized in a way that a magnetic
4-domain state (Fig. 6.2 (a)) is formed. In this magnetic configuration, the
magnetic stray field distribution along the magnetic element width is zero. The
AC excitation magnetic field H is applied diagonally to the sample. Figure 6.2
(b)-(h) show the magnetization dynamic response for pairs of the magnetic
element to an AC magnetic field with frequencies of 0.05 GHz to 4 GHz. As
mentioned before, since the oblique plane of incidence is used, the dynamic

images contain both in-plane and out-of-plane magnetization responses [106].

Looking at Fig. 6.2, three different types of dynamic responses are de-
termined. At a low excitation field frequency of 0.05 GHz (Fig. 6.2 (b)), mag-
netization reversal takes place mainly by domain wall motion. By increasing
the excitation field frequency to the resonance frequency, the reversal mech-
anism changes to the magnetization precessional response (Fig. 6.2 (c)-(e)).
This is the dominant mechanism for AC field frequencies of 1 GHz to 2.5 GHz.
Nevertheless, the alternating background domain contrast shows up to 4 GHz
(Fig. 6.2 (f)-(h)). At excitation field frequencies of 2.5 GHz and above (Fig. 6.2
(e)-(h)) a modulated magnetic behavior is observed. This is an indication of the
generation of spin waves, which are restricted to the individual domains. The
wavefront of spin waves is lined up parallel to the edges of the element. The

spin waves especially can be distinguished at higher excitation field frequencies

(Fig. 6.2 (g, h)) [106].
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Figure 6.2: (a) Magnetic element with Landau domain config-
uration. (b)-(h) TR-MOKE images obtained from field frequen-
cies of 50 MHz to 4.0 GHz (adapted from [106]).

Looking to the (Fig. 6.2 (f)-(h)), one can see the propagating nature of
generated spin waves, especially for field frequencies of 3.5 GHz and 4.0 GHz. To
see this propagating characteristic with greater details, the full excitation cycle
(250 ps) of magnetic elements for an AC field frequency of 4 GHz is shown
in Fig. 6.3. The visible characteristics of magnetization reversal that can be
seen in Fig. 6.3 is the magnetization precessional response of the sample. The
underlying contrast in the top and bottom domains cycles once per field period
with a phase shift of 7/2 relative to the dynamic field excitation (compare t; =

60 ps to tg = 190 ps) [106].

In order to calculate the spin-wave propagation velocity, the method
introduced in Chapter 4 and Chapter 5 is used. Figure 6.4 displays the temporal
evolution of cross-sectional MOKE contrast for an AC field frequency of 4 GHz.
With this, the spin-wave propagation velocity at 4 GHz is calculated to be V,
= 22.5 km/s.
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Figure 6.3: TR-MOKE images showing magnetization re-
sponse of magnetic element to field frequencies of 4 GHz for a
full period of excitation. The time delay is given in picoseconds
for all images (adapted form [106]).
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Figure 6.4: Temporal evolution of magnetic domains cross-
sectional TR-MOKE signal for an AC filed with a frequency of
4 GHz [106].
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Figure 6.5: (a)-(f) Dynamic magnetization dynamic response
of sample in a Landau state obtained from simulation. m, shows
the variation of the out-of-plane magnetization [106].

Understanding the physical nature of the spin-wave generation is not

straightforward. From experimental TR-MOKE observation, it is not clear

whether spin waves are generating from the magnetic vortex at the center of

the magnetic element or from the edges of it. To understand the origin and

fundamental properties of observed spin waves, the magnetic dynamic response

of magnetic element to an AC excitation field with frequencies from 2 GHz up

to 7 GHz and a base-to-peak field amplitude of 0.12 mT is simulated. The used

simulation parameters are as follows:

In-plane cell size = 15 nm

Vertical dimension of the cell (film thickness) = 30 nm
Saturation polarization (Js) =1 T

Exchange stiffness constant (A) = 1.3 x 107!* J/m

a = 0.01
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Figure 6.6: The dispersion relation of the propagated spin
waves calculated from simulation data of Fig. 6.5 [106].

Figure 6.5 displays the simulated magneto-dynamic out-of-plane response
of the sample in its Landau state, exposed to an AC field with varying frequen-
cies. Similar to the experimental TR-MOKE imaging results, the precessional
out-of-plane response of magnetization is seen. However, the amount of magne-
tization precession decreases at higher frequencies. For all shown frequencies,
spin waves are visible. Moreover, consistent with TR-MOKE results, in the sim-
ulation, spin waves are restricted to the individual domains, and the wavefronts
are aligned parallel to the edges of the element. It is also determined that by
increasing the AC field frequency, the spin waves period decreases. The corre-
sponding dispersion relation derived from the micromagnetic simulations is dis-
played in Fig. 6.6 [106]. Such dependency is an indication of Damon—Eschbach

spin-wave modes (see Fig. 2.5).

Figure. 6.7 exhibits the temporal modeled magnetization dynamics re-
sponse of the sample exposed to an excitation field with a frequency of 4 GHz.
Comparing the modeled images from Fig. 6.7 to the experimental results Fig. 6.3
show nearly identical responses. In addition, the spin wave propagation velocity
calculated from simulation results is in well agreement with the calculated val-
ued from experimental results. Based on the results shown in Fig. 6.8 a velocity

of Vi, = 21.8 km/s is calculated from the simulated data.

The used magnetic field history of the simulation is shown in Fig. 6.9 (a).
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Figure 6.7: Temporal evolution of dynamic magnetization re-
sponse acquired from simulation for Hy; at 4 GHz. m is show-
ing the variation of the out-of-plane magnetization m,. The time
delay indicated in the plot is in picoseconds [106].
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Figure 6.8: Temporal evolution of magnetic domains cross-
sectional simulated TR-MOKE signal for an AC filed with a
frequency of 4 GHz.
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The lateral development of magnetization m,, with time over the first 7 cycles of
field excitation, is displayed in Fig. 6.9 (b). The corresponding cross-sectional
development of m, with time is plotted in Fig. 6.9 (c). It can be seen by
switching on the dynamic field; spin-waves are generated from the edges of the
elements. With every cycle of field excitation, another spin-wave is emitted from
the element’s edge to the center. The main reason for spin-wave emittance from
the edge regions with applied homogeneous excitation field is the local dynamic
demagnetization field Ng,,,, which results in an effective field distribution close
to the element’s borders. In other words, spin waves are generated from local
resonant excitations in the inhomogeneous dynamic magnetization field near

the sample’s boundaries [106].

In short, it has been shown in the simulation that the spin waves are
generating from magnetic elements’ edges and then propagate to the center of
the element. From simulation results, no significant spin wave generation from

the central vortex is observed.
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Figure 6.9: (a) Time evolution of excitation field and (b) out-
of-plane magnetization m. (c¢) Evolution of m, across the center
of the element 1700 ps after applying AC field with a frequency
of 4 GHz. (d) out-of-plane magnetization m, across the center
of the element after the 19th field cycle [106].
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Chapter 7

Magnetodynamics in Multilayer

Structured Magnetic Films

7.1 Introduction

In this chapter the magnetodynamics of weakly antiferromagnetically
coupled Ta (3nm)/(CogoFespBao) (25nm)/Ru (0.8nm)/(CosoFeqBag) (25nm)/TaN (5nm)
film is investigated. As mentioned in Chapter 3, the film used here is litho-
graphically patterned into an antidot array. The focus of the current chapter
is to understand the dynamic magnetization behavior of a structured multi-
layer magnetic film. Therefore, multilayer film magnetic dynamic properties
are compared to a single layer film. Furthermore, the impact of patterning on
magnetization dynamics is reported. TR-MOKE direct imaging of such a mag-
netic system reveals complicated magnetostatically excited modes and exhibits
the changing character of these modes by changing the DC magnetic bias field.
Similar to previous chapters, the excited superimposed standing spin-waves be-
tween the antidot arrays is probed using TR-MOKE. Such excited spin waves
are studied in Ref. [107], based on the information acquired by scanning time-
resolved MOKE. In this project, the direct imaging of these modes is shown.
The work demonstrates another method to tailor the magnetization dynamics in

patterned magnetic elements that can be used in magnonics related applications
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[108].

As discussed in Chapter 6, the realization of complex magnetization dy-
namics behavior requires both experimental and theoretical simulation. The
focus of this chapter is on the experimental side, and the simulation part is the
subject of another doctoral thesis. Therefore, the numerical calculation is out

of the scope of this chapter.

7.2 Results and Discussion

To inspect the impact of film structuring on basic magnetic properties
of the magnetic film, the magnetic hysteresis loops of magnetic samples are
measured inductively. Figure 7.1 (a) and (b) display the measured hysteresis
loops of single- and multilayer unstructured films, respectively. Measurements
are performed along with both easy and hard anisotropy directions of the sam-
ples. By comparing a single layer film (Fig. 7.1 (a)) to a multilayer one (Fig. 7.1
(b)), it can be noted that unlike single layer film multilayer film magnetization
reversal along its easy axes takes place in two steps, which can be seen from the
existence of two sub-loops. This is due to the antiferromagnetically coupling
[109] of two ferromagnetic layers in which a separated switching event in each
magnetic layers occurs, i.e., by decreasing the external magnetic field (H.,) from
saturation field (Hy) at a certain field amplitude, the first ferromagnetic layer
reverts its magnetization direction and then by further magnetic field reduction

the second layer switches.

Figure. 7.1 (c-j) exhibits the hysteresis loops of various antidot sizes and
configurations for single (left plots) and multilayer samples (right plots). As
mentioned in Chapter 3, for ease of expression, antidots configurations in this
text are coded in a way that reflects the sample patterning details. The samples’
name is coded as "'nx-md", where "'n" indicates the diameter of antidots in um.

nn nn

x" shows either "s" or "h", which are standing for square or hexagonal packing of
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Figure 7.1: Magnetic hysteresis loops of (a) and (b) of unstruc-
tured single- and multi-layer, respectively. (c-j) Various antidot
arrangements in single (left plots) and multilayer (right plots)
films along sample easy (blue) and hard (red) anisotropy axis.
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Figure 7.2: Static MOKE images of structured single layer film
at a DC bias field of (a) 1 mT, (b) -0.57 mT, (c) -0.68 mT, (d)
-0.78 mT.

antidots respectively. "m" shows the center-to-center distance of antidots where

"d" is the diameter of the antidots.

As seen in Fig. 7.1, in general antidot patterning increases magnetic
samples coercivity (H.) along the easy anisotropy axis. This is due to the pin-
ning effect of domain walls at the antidot edge and enhanced demagnetization
fields [110]. Furthermore, structuring the films increases the sample’s saturation

field (H,). This is even more pronounced in the case of multilayer films.

Figure 7.2 shows the static images of a single layer structured sample
with an antidot 4s-4d layout. Starting from the sample’s magnetic saturation
field Hy (Figure 7.2 (a)), decreasing the bias field to Hyqs = -0.57 mT regions
form where the stray fields of two antidots are coupled parallel to the direction
of the external field (Fig. 7.2 (b)). By further decreasing the field to Hyus
= -0.68 mT (Fig. 7.2 (c)), the magnetic film magnetization partly switches.

At Hpiqs = -0.78 mT the sample’s magnetization reversal takes place. This is
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indicated in the reverse contrast of the MOKE image shown in Fig. 7.2 (d).

Figure. 7.3 (a~c) displays the static magnetic domain configuration of
multilayer 4s-4d sample with corresponding magnetic hysteresis loop and per-
meability spectra. As seen in Fig. 7.3 (a), starting from a DC bias field of
slightly below saturation field (H; = 2.0 mT) due to the existence of demag-
netizing field at the antidot boundaries, magnetic domains start to nucleate at
the antidotes circumference. By decreasing the bias field to Hy;,s = 0.4 mT a
magnetic state forms, which is the combination of areas where two films mag-
netizations are parallel and anti-parallel with respect to each other. Further
decreasing the field (Hys = -0.8 mT) places the layers in a totally anti-parallel
state. At Hy,s = -1.4 mT again the combination of parallel and anti-parallel

regions are formed. At Hy;,s = -2.0 mT sample magnetization is reverted.

To measure the dynamic magnetic characteristics of magnetic elements,
the dynamic magnetic permeability spectra is measured using the pulsed in-
ductive microwave magnetometry (PIMM) technique. Figure 7.4 (a-b) shows
the measured resonance frequency of structured and unstructured samples in
various DC bias fields. The blue and red show single layer and multilayer films.
Comparing unstructured samples (Fig. 7.5 (a)) to the structured samples (4s-
4d antidots) (Fig. 7.5 (b)), a resonance frequency drop is seen. This resonance
frequency drop at a bias field close to Hpes = 0 mT is the highest for the
single-layer structured film. The resonance frequency drop is due to magnetic
domain formation and, consequently, the reduction of active magnetic volume
in the magnetic element [82]. At Hy,,s = 0 mT, the resonance frequency of the
structured multilayer film is approximately 30% (400 MHz) larger than the cor-
responding single-layer film. This is a clear advantage of multilayer films over
the single layers. Figure 7.4 (a-b) shows the f2_ versus bias field. As shown
at a high enough bias field, all the samples show a Kittel behavior. This is
attributed to the fact that at a larger bias field (close to Hy) a nearly uniform

magnetic configuration is forming.
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Figure 7.3: Static magneto optical images of multilayer 4s-4d
sample at a DC bias fields from Hpps = 2 mT to Hpes = -2
mT. (b) corresponding magnetic hysteresis loop of sample with
details of layers magnetization direction of layers with respect to
each other (P: parallel, AP: anti-parallel). (c) complementary
permeability spectra of sample.
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Figure 7.4: (a) and (b) measured resonance frequency for un-
structured and structured (4s-4d antidot) single layer (blue) and

multilayer (red) films in various DC bias field. (c)-(d) corre-

sponding f2 plots.

Figure 7.5 (a-b) shows the permeability spectra of unstructured sin-
gle and multilayer samples. In the case of the single-layer unstructured sam-
ple (Fig. 7.5 (a)), the permeability spectra show a single resonance frequency
whereas the multilayer unstructured film (Fig. 7.5 (b)) shows permeability peak
splitting at low bias fields. In other words, the structured multilayer film has
two resonance frequencies at low bias fields. At higher bias fields, both samples
have an identical permeability response. Figure 7.5 (c-j) displays the PIMM
results of structured single (left) and multi-layer (right) films. As seen from
the permeability spectra, in structured single layer samples, at low bias fields,
there is a region in the permeability spectrum, where the resonance frequency
drops to lower values. As mentioned, a low resonance frequency is a bottleneck

in high-frequency applications.

Furthermore, by changing the antidot packing from a square like order

to a hexagonal arrangement in multilayer films, the resonance frequency peak
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Figure 7.6: (a)-(e) TR-MOKE images obtained from single
layer structured magnetic film using an AC excitation field along
sample hard anisotropy axis. The used DC field amplitude and
AC field frequency is indicated in the plots.

is broadened. Moreover, by increasing the distance between antidots, the reso-

nance frequency peak became narrower.

Next, the frequency response of the single and multilayer samples are
imaged with TR-MOKE. To do so, the magnetic elements are initialized with
external DC magnetic fields. Then a continuous AC excitation field with a
frequency identical to the corresponding resonance frequency of the sample at

any given bias DC field is applied.

Figure 7.6 shows the TR-MOKE images obtained from a single layer
structured magnetic element with 4s-4d antidot configuration. In Fig. 7.6 (a), at
a magnetic bias DC field of H.,= 2 mT magnetic flux channels with a spin-wave
interference pattern in the area confined by antidots can be seen. At H.,= 1 mT
(Fig. 7.6 (b)) vertical flux channels between antidots exists, although there is no
sign of spin wave interference. At H.,= 0 mT (Fig. 7.6 (c)) in addition to the
vertical channels, a non-uniform modulated pattern appears horizontally along
sample’s hard anisotropy axis. Figure 7.6 (d) shows the magnetization dynamics
response at H.,= -0.7 mT. There is a magnetically non-homogeneous area and
signs of domain formation around the antidots. This dynamic magnetization
response is well agreed with PIMM results, where the f,.; shows a sudden fall.
By reaching H.,= -2 mT a magnetization dynamic response similar to H.,= 2

mT is visible.



Chapter 7. Magnetodynamics in Multilayer Structured Magnetic Films 81

2.05 GHz 1.85 GHz 1.09 GHz 2 GHz 2 GHz

|| #5881 amT
L R
R HE B
fI ittt
ORI

1.08 GHz 1.09 GHz 1.09 GHz 2 GHz 2 GHz

Figure 7.7: (a)-(j) TR-MOKE images obtained from the multi-
layer sample with an antidot configuration of 4s-4d. The excita-
tion DC field amplitude and corresponding AC field frequencies
are indicated in the plot. The AC excitation field is applied
along the sample’s hard anisotropy direction.

The magnetization dynamics in multilayer films are more complicated
than single-layer ones. Figure 7.7 exhibits the TR-MOKE images acquired from
the multilayer sample with an antidot configuration of 4s-4d. Starting from a
bias field H.,= 2 mT (Fig. 7.7 (a)), in the restricted areas by two antidots,
magnetic flux channels along sample’s easy axis form. The flux channels are
aligned parallel to the direction of the excitation field. The magnetization
dynamics in these channels are not uniform, and a modulated oscillation of
spins that forms spin-wave interference pattern can be observed. This complex
dynamics response arises from the various spatial dipolar interactions. The
result of such spin-antidot interactions is the formation of magnetic charges
at the antidot edges. The formed magnetic charges, in turn, produce a local
anisotropic energy density of the spins [111]. Hence, the spin precession occurs
mainly due to the spin confinement through the antidot edges and localized
inhomogeneous internal field [112]. In addition, transversely, in the vicinity of

the antidot edges, there are magnetic domains nucleation sites.

By decreasing the bias field to H.,= 1 mT (Fig. 7.7 (b)) at the boundary

of flux channels, small regions with a different oscillation phase can be observed.
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This anti-phase response can be seen in the reverse contrast regions, which is a
sign of locally out-of-phase dynamic response. Such behavior suggests a mag-
netic flux transferring mechanism due to stray field coupling of neighboring
spins. Further decreasing of the external field to H.,= 0.8 mT (Fig. 7.7 (c)),
three distinct magnetodynamic characteristics are visible. This includes the re-
gion between two antidots horizontally (along hard anisotropy axis), vertically
(along easy anisotropy axis) between two antidots and the square region sur-
rounded by each four antidots. At H.,= 0.5 mT and H.,= 0 mT (Fig. 7.7 (d) &
(e) respectively) the effect of layering starts to appear. Figure 7.7 (e) displays
the magnetic dynamics response of the multilayer structured film at a magnetic
bias field of H,,= 0 mT, where the horizontal channels between antidots are

less pronounced.

At a bias field of H.,= -0.5 mT (Fig. 7.7 (f)), again three types of mag-
netic responses are visible, which can be seen in the vertical and horizontal di-
rections, as well as the central of the are confined by four antidots. As expected,
at He,= -0.8 mT (Fig. 7.7 (g)) the excited magnetization dynamic modes are
identical to the H.,= 0.8 mT response with a reversed sign. Similarly, at H.,=
-1 mT (Fig. 7.7 (h)) the dynamic magnetization response is the mirrored state
of H,,= 1 mT. By reaching the bias field of H.,= -1.4 mT (Fig. 7.7 (i)), the
observed basket-weave pattern inside flux channels appears one more time, and

then it gets more pronounced at H., = -2 mT (Fig. 7.7 (j)).



83

Chapter 8

Summary

In this project, an in-house TR-MOKE microscopy method, as well as
the pulsed inductive microwave magnetometry set up, has been built. A de-
tailed explanation of these two methods can be found in Chapter 3. These
two complementary techniques are used to study the magnetization dynamics
in various lithographically patterned magnetic films. The results of such stud-
ies play a significant role in the understanding of complicated magnetization
dynamics in structured magnetic films. In addition, it provides knowledge of

tailoring dynamic magnetic properties in such a magnetic medium.

In Chapter 4, TR-MOKE was used to identify different fundamental
magneto-dynamic modes in magnetic thick-film elements with a Landau-like
domain configuration. Using this method, areas with differing high-frequency
permeability are distinguished. Moreover, a method to separate the in- and out-
of-plane Kerr signals has been proposed. With this, a more elaborated model to

explain the fast magnetization processes in soft magnetic elements is suggested.

Also, it is shown that despite using an in-plane AC field to excite the
magnetic element, out-of-plane magnetization response, as well as dynamic mag-
netostatic coupling between magnetic domains, are observed. The TR-MOKE
images also show a phase mismatch between the AC excitation magnetic field
and the induced domain wall motion. Unlike other suggested mechanisms, the

TR-MOKE direct imaging proves the existence of magnetization precession in
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magnetic domain walls at the resonance frequency of the magnetic element. It
is also seen that at magnetic resonance AC frequency switches the magnetic
domain configuration, indicating a relation of the dynamic domain modes with

switching events.

In Chapter 5, direct observation of existence, generation, and the propa-
gation of spin waves from oscillating magnetic domain walls are demonstrated.
The direct observation of spin waves exhibits the benefits of developed TR-
MOKE. It is shown that the spin waves can be generated from an oscillated
domain wall. These radiated spin waves can propagate along with the areas re-
stricted by narrow magnetic domains. Also, it has been demonstrated that by
varying the oscillation frequency, the wavelength of the spin waves can be tuned
in a controlled manner. Independent from excitation field frequency, a constant
velocity of spin-wave propagation is observed. Therefore, a method to tailor the
spin waves generation is proposed. This is based on modifying the magnetic
domain and domain structure by a DC magnetic field that leads to domain wall
configuration change. Moreover, it was shown that spin waves could be guided

by magnetic domain walls instead of using an antenna or wave-guide.

In Chapter 6, using experimental results of TR-MOKE and complemen-
tary micromagnetic simulations, the existence of edge emitted spin waves are
shown. It is found that spin waves are generated by local resonant excitations
from areas near the sample’s edges, and then propagate to the center of the el-
ement. The spin-waves generation was found to be due to the in-homogeneous
dynamic magnetization field at the corners and edges of the elements. The fre-
quencies of the spin waves were shown to be tunable by the excitation frequency.
The spin waves in the magnetic domains show very low damping over several
micrometers. Also, it is proven that domain walls are acting as a natural border
for spin waves propagation, whereas magnetic elements edges provide a source

to create plane spin waves, which are annihilating by domain walls.
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In Chapter 7, the magnetodynamics in weakly antiferromagnetically cou-
pled Ta (3nm)/(CogoFespBag) (25nm)/Ru (0.8nm)/(CoyoFeqBag) (25nm)/TaN (5nm)
structured magnetic film is presented. Multilayer film dynamic properties are
compared to the single-layer film. Furthermore, the impact of patterning on
magnetization dynamics is shown. TR-MOKE direct imaging reveals compli-
cated magnetostatically excited modes in such films and exhibits the changing
characteristics of these modes by changing of DC magnetic bias field. This
chapter demonstrates another method to tailor the magnetization dynamics in
patterned magnetic elements. A variety of magnetic thin films from a single
layer magnetic film, as well as antiferromagnetically coupled ones, are inves-
tigated. It is shown that layering partly compensates the magnetic element

resonance frequency f,.s drop caused by film structuring.
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