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Abstract

Magnetic domain structure forms the patterned structures with increasing magneto-static
energy reflected by the geometrical shape while ferromagnet is miniaturized to micron or
sub-micron size. Among them, the stabilized unique curling spin configuration in circular or
regular polygon ferromagnetic dot is known as magnetic vortex. Magnetic vortex represents
unique spin arrangement with robust stability and its characteristics make the cornerstone
of a series of promising spin-based electronics including magnetoelectric random access
memory, microwave assisted filters, vortex based oscillators or even medical use such as
bio-functionalized microdiscs. Magnetic vortex includes two degrees of freedom chirality
(rotation direction of the magnetic moment) and polarity (the magnetization direction of
the vortex core). However, the identification of chirality requires certain special equipment
such as magnetic force microscope or soft x-ray microscope, attributing to the high spatial
symmetry of the spin arrangement. In this thesis, relatively simple evaluation methods
for magnetic vortex properties in ferromagnetic dots have been developed. The results are
summarized as below.

First, the measurement of anisotropic magneto-resistance in a single micron sized ferro-
magnetic dot offers the information of vortex nucleation position by introducing the asym-
metrically configured electrodes. The inhomogeneous current distribution created by the
large difference of the electrical resistivity between the ferromagnetic disk and nonmagnetic
electrodes enables the detection of different AMR curves, leading to the characterization of
vortex chirality. The vortex chirality is also confirmed in the AMR. device to depend on the
magnitude of the maximum magnetic field. Second, a sensitive detection method with sepa-
rately prepared injection and detection circuits is developed for investigating the vortex core

dynamics while the core is excited by an amplitude-modulated alternating magnetic field.

XV
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By taking advantage of the two-fold symmetrical resistance distribution in a ferromagnetic
disk, the detectable 2nd harmonic voltage is achieved at remanent state corresponding to
the vortex core excitation by a microwave magnetic field. Moreover, the nonlinear behavior
of resonant frequency as a function of the microwave power suggests a deviation from the
ideal situation, which may attribute to the higher order contribution of the magnetostatic
potential under high amplitude.

Furthermore, the magnetic structure in isosceles triangular dot has been examined using
magnetic force microscope and two magnetic vortices has been created by an initialized
external field with specific direction. The resonant dynamical properties of the triangle with
two vortices have been probed. Those results have revealed the effective control of magnetic
vortices numbers in the isosceles triangle, and demonstrated large splitting between the two
resonant peaks, which has been reproduced by the micromagnetic simulation.

Finally, the dynamic response of chained square type ferromagnetic dots has also been
studied by applying an external field with different directions. The experimental results
demonstrate field dependence of resonant frequency of vortex core showing unique direc-
tional dependence on external field. A significant modulation on resonant frequency has
also been achieved when external field is perpendicular with the strip line.

The developed detection techniques of vortex core dynamics and demonstrated exper-
imental results provide valuable means for exploring intrinsic property of vortex, enrich
understanding towards vortex static and dynamic properties, and eventually pave the way
for the development of magnetic vortex based memories, reconfigurable logic or microwave

assisted filters.
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Chapter 1

Introduction

1.1 Motivation

Magnetic domains stand for the elementary objects which establishes the relationship among
fundamental physical behaviors, macroscopic properties and the future applications of fer-
romagnetic materials.[1, 2] As a magnetic domain structure with relatively lowest energy at
remanence, magnetic vortex forms as a curling spin configuration with a out-of-plane vortex
core which could be used as a cell for a number of emerging spintronic applications such as
the high density memory devices, and vortex based spin oscillators and other medical use
like biofunctionalized microdiscs.[3-7] The existence of vortex structure in ferromagnetic
dots has been experimentally confirmed by conducting the sensitive magneto-optical mea-
surement and magnetic force microscopy imaging.[3, 8] In addition, magnetic vortex exhibits
abundant fundamental dynamic behaviors during the low frequency precession mode[9-13].
The appropriate characterization method (especially electrical measurement technique) may
deep the understanding towards the basic vortex core motion of magnetic nanostructures,
provide valuable information for independent manipulation for vortex chirality or polarity,
and pave the way for the application of magnetic vortex structure. On the basis of some
regulations of present electrical detection methods, development of more flexible, quantita-

tive but simple evaluation technique and exploit of novel dynamic properties of magnetic
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vortex become indispensable.
1.2 Outline of the chapters

This dissertation mainly concentrates on experimentally study of the magnetostatic and
dynamic properties of the magnetic vortex stabilized in micron or submicron-sized ferro-
magnetic dots during the past three years.

The background and motivation of this research are introduced in chapter 1. In chap-
ter 2, the theoretical background related to the understanding of magnetic vortices and
the measurement techniques are summarized. In chapter 3, the fabrication process of the
ferromagnetic devices and the measurement system for evaluating magnetostatic and dy-
namic properties are provided. The experimental results from chapter 4 to chapter 6 are
for the ferromagnetic circular disks. In chapter 4, the measurement of anisotropic magneto-
resistance for detecting the vortex nucleation position in a single micron ferromagnetic disk
is demonstrated by the asymmetrically configured electrode, which extensively offers the
information of the chirality of the magnetic vortex. Chapter 5 is devoted to a sensitive
method for electrically detecting the resonant oscillation of the magnetic vortex induced
by the amplitude-modulated ac magnetic field in the chained ferromagnetic disks with sep-
arately prepared injection and detection circuits. In chapter 6, a sensitive and reliable
method for characterizing the vortex core dynamics at the remanent state is developed by
monitoring the detectable 2nd harmonic voltage excited by the microwave magnetic field
due to a two-fold symmetric resistance distribution as a function of the vortex core in the
ferromagnetic disk. Finally, in chapter 7, the studies on magnetostatic and dynamic prop-
erties have been extended to the isosceles triangle and square shaped ferromagnetic dots.
In the first section, the numbers and the chirality in the isosceles triangle have been suc-
cessfully manipulated by applying an initialized external field and the domain structure

with single vortex and two vortices has been confirmed by employing the magnetic force
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Figure 1.1: The flow chart of the chapters.

microscope, respectively. Besides, the resonant dynamic properties of the stabilized double
vortices in the isosceles triangle have been studied by the transmission impedance technique.
The two resonant frequency peaks suggest the existence of high resonant frequency mode
and low resonant frequency mode as a function of the field possibly because of the strong
magnetic coupling. In addition, the experimental results are reproduced by performing the
micromagnetic simulations. In the other section, a large variation of the resonant frequency
as a function of the field is indicated in the square chained dots which probably due to the
large change of the defined potential attributing to the displacement of vortex core under
external field. Finally, the dissertation closes with a conclusion in chapter 8.

The flow chart for the chapters is shown in the figure 1.1.



Chapter 2

Theoretical background

Magnetism in nanoscale or sub-micron scale has attracted a wealth of interest not only for
providing fascinating fundamental physics but also for their promising potential in techno-
logical applications. In this chapter, we reviewed the theoretical background required for

understanding the experimental research in the following chapters.

2.1 Ferromagnetic material

2.1.1 Ferromagnetism

Ferromagnetism describes the material that could exhibit spontaneous magnetization with
parallel alignment of spins in the absence of an external magnetic field. As we know, in
addition to the negative electronic charge, the electron also has an intrinsic spin angular
momentum which is separate from the angular momentum resulting from its orbital motion.
This angular momentum is called spin. Electrons with spin possesses a magnetic dipole
moment and it can be either spin up or spin down as shown in Fig.2.1 (a). According
to Pauli exclusion principle, two identical electrons can not occupy the same quantum
state simultaneously. Therefore, when two electrons are residing in the same orbital, the
spins of electrons have to be antiparallel to satisfy the above rule. In ordinary materials,
the magnetic dipole moments of each atom produce opposite magnetic field which would

cancel each other because each dipole points in a random direction. But the magnetization
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in ferromagnetic materials spontaneously aligns ordering arising from the spin magnetic
moment in conjunction with the orbital angular momentum of the electron about its nucleus.
However, the ferromagnet would lose their alignment when the temperature reaches a critical
temperature. That critical temperature is called Curie temperature because the disorder
coming from thermal becomes dominant comparing with the energy-lowering due to the
magnetic ordering.

Transition metals Iron, Cobalt, Nickel,and their alloys are most common ferromagnetic
materials. Among those materials, permalloy (shorted as Py) is one of widely used soft
ferromagnetic alloys with the composition of 80% Ni and 20% Fe. In this thesis, Py is
employed for the study of static and dynamical properties of magnetic vortices. For Py
(NiggFeap), the 3d shell of electrons is partially filled which would create a substantial
magnetic moment. The interaction of the magnetic moment between neighbored 3d sub-
shell electrons produces the energy band. However, there is energy shift between the bands
of the spin up and spin down configurations due to the exchange interaction. Figure 2.1 (b)
shows the schematic image of the density of electronic states at 3d shell in a ferromagentic

materials.
2.1.2 Energy component

The magnetization configuration in a ferromagnetic dot shows a tight correlation with the
energy distribution in the ferromagnetic system. The energy relationships in a ferromag-
neticstructure would be discussed as follows. The total energy is mainly determined by
the competition of exchange energy (FEex), demagnetization energy (Fq4.), Zeeman energy
(E,), anisotropy energy (Fapni).[14-17] Correspondingly, the total energy in a ferromagnetic

system could be expressed as

Eiot = Fex + Ege + E; + Eani (2.1.1)
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(a) (b)

down

>
D, (E) Dy (E)

Figure 2.1: (a) Configurations of the electron with up spin or down spin angular momentum,
respectively; (b) A schematic representation of the density of electronic states for the 3d
shell in a ferromagnetic material where the filled electron states below the Fermi level Ep
are marked as red and blue colors; E is the electron energy; D¢ (E) and D|(E) are the density
of states for spin up (majority states) and spin down (minority states), respectively.

Exchange energy

The exchange interaction (exchange energy) is a quantum mechanical effect between iden-
tical particles, which arises from the wave function of the indistinguishable particles being
subject to exchange symmetry, that is, either remaining unchanged (symmetric) or changing
its sign (asymmetric) when two particles are exchanged.[18, 19] The exchange interaction
keeps the spins being alignment randomly under the influence of certain thermal fluctua-

tions. In the micromagnetic regime, the exchange force per volume could be expressed

M,
Eo = /A(vm)%zv = —/"OQSm.HeXdV (2.1.2)

Where A, pg and Hey, are the exchange stiffness constant, permeability of the vacuum
and the effective exchange field, respectively. However, Stoner and Slater developed a theory
where they consider the exchange energy as an internal field.[20, 21] The exchange energy

changes while the orientation of the elementary magnets changes.
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Demagnetization energy

The magnetization inside a magnet can generate a magnetic field due to the interaction of
the magnetization, which is the demagnetizing field (H). The demagnetizing field behaves
with the purpose of decreasing the total magnetic moment in a ferromagnet.[22, 23] More-
over, the shape anisotropic effect in the ferromagnet is attributed to the demagnetization
field. The demagnetization energy depends on the integral of volume of the magnet, as

shown following,

M
Ego = —/ ”02 *m - HyodV (2.1.3)
Where Hg, is the demagnetizing field.
Zeeman energy

The potential energy of a magnetic configugration under applying an external magnetic
field is the Zeeman energy (or external field energy) named after Pieter Zeeman, which also
contributes to the total energy in a ferromagnet. The Zeeman energy can be written in the
following equation. In the thesis, the external field is applied for altering the magnetization
in the micron or submicron sized ferromagnetic devices under a modulated radiofrequency
magnetic field. The Zeeman energy approaches to the minimum when the direction of the
magnetization is parallel with the external field. The contribution of the Zeeman energy is

described as

E, = —/qusm - Hei dV (2.1.4)

Anisotropy energy

There is another energy contribution in ferromagnetic crystals, which is the magnetic

anisotropy energy resulting from the existence of preferred axes of easiest magnetization
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in ferromagnetic crystals.[16, 24-27] Therefore, there is the anisotropy energy consump-
tion while the magnetization turns away from an axis of easy magnetization to the hard
magnetization by introducing a energy (eg.: electric current). The anisotropy energy orig-
inates from the interplay between spin-orbit coupling and the crystal lattice.[24-26] In a

ferromagnetic cubic crystal, the anisotropy energy may be written as[26]

Eoni = — /[Kl (04120422 + 04220432 + 06120432) + Kg(a12a22a32)]df (2.1.5)

where a; are the direction cosines of magnetization. K; and K»s are the anisotropy con-
stants, respectively. The magnitude and sign of the anisotropy constants are determined by
the materials. The magnetic anisotropy for permalloy is quite small which means anisotropy
energy in permalloy may be ruled out.

In the thesis, the external magnetic field and the shape anisotropy in a ferromagnet
arising from the demagnetization energy were considered for the research of the magneto-
static and dynamic properties in Permalloy dots. Permalloy was chose to fabricate all the
ferromagnetic devices in this thesis. Therefore, the contribution of anisotropy energy was

ignored because of the small magnitude.
2.1.3 Magnetic domains

Magnetization is a vector field that expresses the density of permanent or induced magnet-
ic dipole moments in a magnetic material. An area inside a ferromagnetic material with
uniform magnetization forms a magnetic domain. Under Curie temperature, the magneti-
zation in the ferromagnetic material spontaneously divides into several small areas for the
purpose of minimizing the internal energy driven by the exchange interaction between lo-
calized spins.[28] Those small areas were named magnetic domains as shown in Fig. 2.2(a).
However, it requires large magnetostatic energy to maintain the parallel alignment of magne-

tization in a large region. Therefore, the domain would divide into several smaller domains
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(a) (b)

Figure 2.2: (a) The random alignment of magnetic moments in a ferromagnetic film; (b) The
magnetization alignment in the same ferromagnetic film after applying a external magnetic
field.

for being more stable. The size of magnetic domains is usually around a few micrometer to
hundreds of micrometers.

Different magnetic domains possess different magnetization. Moreover, it exists a transi-
tion region between domains where the magnetization gradually rotates from one direction
to another in the next domain. That specific region is domain wall. Magnetic domain
theory was first constructed by Pierre-Ernest Weiss in 1906 then extensively developed by
Landau, Lifshitz and Kennard etc.[14, 29-31] In addition, the magnetization in the mag-
netic domains could be rearranged by applying a external magnetic field to overcome the

internal energy.
2.1.4 Patterned magnetic structure

For most of materials, the size of the magnetic domains varies from several micrometer
to hundreds of micrometer. When we reduce the dimension of a ferromagnetic film to
micron or sub-micron sized shapes, the boundary condition would be modified to form
specific domain structures rather than uniform alignment of magnetization. The geometrical
confinement in patterned structures alters their energetics and leads to new magnetic states.
The rapid development in electron beam lithography technique provides good conditions
for the fabrication of various patterned structures, either separated ferromagnetic arrays

or 2D chained ferromagnetic devices. Those patterned magnetic structures have been paid
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extensive attention due to their promising applications in patterned magnetic media, unit
cell of future spintronic devices or robust topological solitons.

The magnetization distribution in patterned nano-sized structures depends on the shape
and its geometrical size which can either be single domain, or non-uniform closure domain
structures. Among the non-uniform domain structures, magnetic vortex is an interesting
magnetization distribution with lowest energy and it is stabilized as the ground state of
the patterned magnetic particles. It has become one of the hot topics in spintronic field.

Therefore, the magnetic vortex would be introduced in the next section.
2.2 Magnetic vortex

From the viewpoint of microstructure, magnetic domains are considered as the elements in
the ferromagnetic materials that link the fundamental physical behaviors with the macro-
scopic properties and applications.|[1, 2] Ferromagnetic materials generally form the domain
structures for the purpose of reducing the magnetostatic energy[2, 8, 17]. In the microm-
eter or submicrometer sized ferromagnetic dot, a constrained magnetic domain structure
with the curling spin configuration appears, while the geometrical dimension satisfies the
condition that the thickness of ferromagnetic dot is much smaller than the diameter or
the diameter of outer circle of the dot.[32, 33] Magnetic vortex is a nonuniform magnetic
structure possessing relatively lowest energy configuration even it is a bit larger than the

single domain structure.[8, 17, 34]
2.2.1 Two topological parameters of magnetic vortex

A magnetic vortex usually stabilizes in a nano or micron sized ferromagnetic structures.|3, 8]
There are two topological quantities introduced for characterizing the magnetic vortex,
which are chirality and polarity. Those two degrees of freedom form four possible states in

magnetic vortex as shown in Fig.2.3.[35] Therefore, it is suitable as a memory cell with high
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Figure 2.3: Possible states combined by different polarity (p) and chirality (c). Here those
states are energetically equivalent without external field and the polarity is independent
with chirality. [8]

density comparing with binary system. Chirality represents the rotational direction of mag-
netization in the domain structure. It could be either clockwise (CW) or counterclockwise
(CCW). In the center of a ferromagnetic dot, the angle between neighboured spins becomes
extremely large. Correspondingly, the magnetization in the small center area of magnetic
vortex is difficult to keep in-plane. Therefore, it squeezes out and becomes perpendicular to
the plane to maintain low internal energy. The magnetization in the center of vortex core
is polarity, which could be either up or down, as shown in Fig.2.3.

The out-of-plane vortex core in a magnetic vortex structure has been predicted years
ago but the direct experimental observation of the vortex core was realized recently by T.
Shinjo et al with employing magnetic force microscope.[8, 36] They fabricated the circular
type permalloy dots with the electron-beam lithography combing with electron beam evap-
oration. The MFM images show the different contrast at the center of Py dots implying the
vortex core polarities either up or down. The polarity of vortex core is randomly distributed
and it has no correlation with the chirality of the vortex structure. Moreover, the polarity of
the vortex core could be adjusted to the same direction by applying a perpendicular static
field even with large magnitude.[8, 37] Beside of the introduction of a perpendicular field,

there are also other ways to control the vortex polarity which would be introduced in other



Chapter 2. Theoretical background 12

section. Moreover, the vortex core has also been observed in the thin film nanomagnet us-
ing spin-polarized scanning tunneling microscopy.[34] They also demonstrate the exchange
stiffness and the saturation magnetization determines the size and shape of vortex core in
a nanomagnet.[34]

In addition, the displacement of the vortex core could be induced by applying a in-
plane magnetic field. Several studies have confirmed that the vortex core is displaced
perpendicular to the direction of the external field.[38, 39] However, the chirality of magnetic
vortices determines the movement direction of vortex core either this direction or opposite

direction.
2.2.2 Phase diagram of geometrically stabilized vortex state

The formation of vortex structure has to satisfy specific dimensional parameters in sub-
micron or micron size. The geometrical stability of the vortex state has been studied both
theoretically and experimentally. Figure 2.4 shows the magnetic phase diagram of rema-
nence configuration for circular permalloy disks as function of the radius R and thickness
L of the disks normalized to the exchange length of permalloy. This figure was modified by
taking the data from Refs.[40-42]. Figure 2.4 indicates the existence of 3 stabilized magnet-
ic states perpendicular single domain, in-plane single domain and vortex structure. When
the thickness is much larger than the radius of the disk, the energy of the magnetic charges
at side surface becomes much larger and the magnetic particles form perpendicularly mag-
netized single domain structure. However, when the thickness becomes much smaller than
the radius, the contribution of in-plane demagnetization energy exceeds the energy from
exchange interaction, the magnetic configuration keeps in-plane single domain stabilized in
remanence state. However, the existence of vortex structure is a balance situation between
the demagnetization energy and exchange interaction located in the upper right part of Fig.

2.4 when the thickness is comparable with the radius of the circular disk.
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Figure 2.4: Magnetic phase diagram of circular permalloy disks with radius R and thickness
L. The axis scale is expressed as the ratio with the exchange length Lr (Lp ~ 18nm
for permalloy). The equilibrium lines are shown as solid lines. This figure was modified
according to several simulation and experimental data.[40-43]

The phase diagram representing the existence of vortex structure in ferromagnetic dot
has also been experimentally revealed by R. P. Cowburn in 1999 by conducting the hysteresis
loop using a sensitive magneto-optical Kerr detection.[3] After that, Lee et al. constructed
the phase diagram showing the core reversal times with respect to the amplitude and fre-
quency of magnetic field.[44] Chen and Crowell’s group also studied the vortex dynamics in
Py disks and established the phase diagram which enables the identification of the boundary
seperating pinned and unpinned dynamics as a function of amplitude and frequency.[45] All
the above results provide a valuable guidance for understanding the nonlinear properties in

magnetic vortices and exploiting the application of magnetic vortices into future information

storage devices.
2.2.3 Magnetostatic property of magnetic vortex structure

When we apply a external magnetic field H to a ferromagnet, the total magnetic moment
would include two parts, one is the internal magnetization and the other part is from the

external field. Therefore, the total magnetic moment could be described by
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B = 11o(M + H) (2.2.1)

Where pg and M are the permeability of vacuum and magnetization respectively.

When an external field is applied to a ferromagnet, the magnetization would align along
the field direction. However, when the external field is removed, part of the magnetization
alignment keeps remained because of the demagnetization field. Thus, the magnetization
would increase and finally reach a constant value with the increasing of external field. The
field corresponding to the beginning of the constant value is named saturation field. Then, if
the external field is decreasing gradually, the change of magnetization would form a different
curve. Moreover, when the field reduces to zero, the magnetization is not zero. This value
of magnetization at zero field is remanence. According to this, the change of magnetization
as a function of the external field would produce a magnetic hysteresis loop.

The hysteresis loop in a magnetic vortex structure has been investigated both theoreti-
cally and experimentally. Cowburn et al. studied the hysteresis loop of submicron circular
Supermalloy (NiggFe14Mos) arrays with various diameters (500-55 nm) and thickness (6-
15 nm) employing a highly sensitive magneto-optical measurement technique.[3, 46] Their
results indicate that the magnetic vortex structure exists in the nanomagnet with specific
diameter and thickness by presenting the typical hysteresis loop shown in Fig. 2.5 for the
nanomagnet with vortex nucleation, displacement and annihilation process. The hystere-
sis loop also shows good agreement with other micromagnetic numerical and experimetnal
results.[38, 47-52]

As indicated in Fig. 2.5, the vortex core locates in the center of the circular nanomagnet
during zero field. However, the vortex shifts away from the center with the enhancement
of external field. The vortex would annihilate when the field reaches the annihilation field
and finally form the saturation state (uniform magnetization) with further increase of the

external field. Then, a transition state ”C” state appears when we reduce the external field
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Figure 2.5: Hysteresis loop measured from the nanomagnet with diameter of 300 nm and
thickness of 10 nm.[3]

from the saturation state. The vortex core would nucleate again corresponding to the rapid

change of magnetization with further reduction of the field.
2.2.4 Magnetic vortex dynamics

The magnetic vortices involve rich behaviors in dynamical resonant regime. Therefore,
the study of magnetic vortex dynamics is capable of providing the valuable information
required for characterizing and manipulating the ferromagnets with vortex structure in the
field varying from spintronics to biomagnetism. In this section, we summarized the related
papers from the viewpoints including nonlinear vortex behaviors, low frequency precession
mode of vortex core, detection technique, the manipulation of chirality and polarity in
magnetic vortices and finally the phase diagram for the resonant frequency of magnetic

vortices.
Vortex core gyration

Magnetic vortices are one kind of topological magnetic solitons where the gyration mode
of vortex core is a significant characteristic.[33, 53-56] Its properties are governed by the

magnetostatic potential of the vortex core. This low frequency precessional mode of vortex
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core could be described by the Thiele’s equation shown below with assuming the vortex

core moves as a rigid body .[57]

dX _dX ow(X)

- GX—-D—+——F=0 2.2.2
dt dt + 0X ( )

Where the gyrovector G = —(G2 gives rise to the gyroscopic movement of vortex core.
Here, G = —(Gz is the driving force for the core motion. It could be derived by G =

2wqpLM; /vy, where My is the saturation magnetization, and L is the disk thickness. Here,
p is the polarization of vortex core (p = =41 represents up or down polarity of vortex)
and ¢ determines the direction of the in-plane magnetization components(|q| is the vortex
topological charge.) ¢ = +1 and ¢ = —1 correspond to the vortex structure and antivortex
solution, respectively. Besides, X represents the displacement of the vortex core from
the equilibrium position. D = arM;L(2 + InR/R.)/7v is the damping parameter with
R, = 0.68L.2/3L/3, ~ as the gyromagnetic ratio and « as the Gilbert damping parameter.
Here, the exchange length L. is calculated by L. = 1/2A4/M,?. In addition, W (X) is the
potential energy attributing to the harmonic equations of motion. In ideal situation, the
magnetostatic potential is parabolic shape where the resonant frequency does not depend
on the displacement of vortex core. However, it may deviate from the ideal situation under
higher amplitude oscillation or larger displacement of vortex core. At this moment, the
higher order terms has to be considered.[13, 58, 59] Thiele’s equation provides important

information for analyzing and understanding the dynamic properties of magnetic vortices.
Eigenfrequency of vortex oscillated in magnetic disks

The vortex core performs a gyrotropic behavior around its equilibrium position with the
frequency of sub-gigahertz range driven by a restoring force from the demagnetizing field
and gyrotropic force perpendicular to the velocity.[10, 12, 57, 60, 61] During oscillation, the

vortex core rotates with a circular shape trajectory around its balance position in a small
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range which has been demonstrated by the calculation or direct observation using x-ray
photoemission electron microscopy.[6, 33, 33, 44, 54| Its eigenfrequency could be derived
according to the Thiele’s equation.

If we consider a sub-micron cylindrical ferromagnetic disk with radius R and thickness L.
Here, we assume the thickness of the disk equates to the exchange length of the ferromagnetic
material so that the dependence on coordinate along the dot thickness could be neglected.
Therefore, we can only consider the magnetization distribution in two dimensional direction.
The eigenfrequency of the sub-micron disk is determined by the magnetostatic energy in the
disk. If we don’t consider the damping of the gyroscopic motion, Thiele’s equation could

be written as following:

dX oW (X)

GX 0= ox

(2.2.3)

As shown above, the gyroconstant G is expressed by G = 2wgpLM;/~. To simplify the
analysis, ¢ and p both are taken as 1. Thus, the relationship becomes G = 2w LM, /~.
The vortex velocity of a in-plane circular motion of vortex core could be written as

_dx

V= 2.2.4
o (2.2.4)

With considering the relationship of angular frequency vector, the vortex velocity could

be written :

V=-wxX (2.2.5)

Where w = wZ. Then, we substitute Eq. 2.2.4 and eq. 2.2.5 into the left part of Eq.

2.2.3, it becomes

Gx%:wxX:GwX (2.2.6)
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During the vortex gyration, the vortex core has a small displacement from its equilibrium

position (X = 0), the potential energy can be written as

W(X) = W(0) + 1/2kX? (2.2.7)

wLE2 M
x(0)

from Ref. [62]. € (£ ~ 1) represents different magnetic distribution models of vortex. x(0)

k is the stiffness coefficient, which could be described by x = based on the result
is the initial susceptibility, which is determined by the geometry of vortex such as radius R
and thickness L.[62]

By processing the differentiation of Eq. 2.2.7, the right side of the Eq. 2.2.3 would

become

W (X)
89X

= kX (2.2.8)

After that, by substituting the expression of x to Eq. 2.2.6 and Eq. 2.2.8, it leads to

the eigenfrequency of vortex resonance.

g?
x(0)

Therefore, the eigenfrequency of the vortex oscillation depends on the susceptibility

1
wo =k/G = §7Ms (2.2.9)

and the gyroconstant G. It further indicates the eigenfrequency of sub-micron magnetic
disk is established with the dependence of geometrical ratio of the thickness and diameter
of the magnetic dots, which was demonstrated by K. Yu. Guslienko.[33] Furthermore,
the eigenfrequency is also affected by geometrical shapes of magnetic dots because of the
potential energy modulated by shape. For example, the resonant frequency exhibits a large
modulation in triangular type ferromagnetic dots than that of circular dots because of
modified confined potential in triangle.[63] In ellipses, resonant frequency for vortex pairs

has been observed with the translational modes in sub-gigahertz frequency range.[50, 64, 65]
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Nonlinear behavior of vortex core dynamics

In non-ideal behavior, the deviation from linearity is described as the nonlinear effect. So for,
considerable theoretical and experimental work has been dedicated to the investigation of
the nonlinear magnetization dynamic in nano- or sub-micron structures because nonlinear
phenomena is indispensable not only for setting specific performance limits but also for
creating novel dynamical behaviors in spintronic devices.[66-68] From the experimental
side, one of the most promising findings have been discovered in the high power dynamics
of nonuniform ground states, such as a magnetic vortex existing in a ferromagnetic dot.[68]

In the magnetic vortex dynamics regime, there are two typical nonlinear dynamics which
have attracted enormous attention. First, when the vortex motion is excited under high
amplitude, the magnetostatc potential during higher order terms should be taken account
into.[13, 55] On the other hand, it has also been reported the vortex core may become
deformed when the velocity of the vortex core reaches a critical value which would attribute
to the reversal of vortex polarity [6, 61, 69-72] The inhomogeneities of the materials are
necessary to be considered for its influence on the nonlinear behaviors of vortex dynamics.[7,

73-75]
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Device fabrication methods and
measurements

3.1 Sample preparation process

The rapid development of the science and technology is driving the fabrication method of
the nanoscale and micron-scale electronic devices more simple and effective. All the devices
used in this thesis were prepared under the clean room condition. Before preparing the
ferromagnetic device, a full 5-inch Si wafer is cut into 10 mm x 10 mm pieces. After
that, the samples are fabricated using several steps of the electron-beam lithography and
the lift-off processing of positive electron-beam resists on the silicon substrate. The whole
fabrication process is briefly introduced in the following section, as illustrated in the Fig.
3.1. First, the Py layer has been fabricated by EBL and lift-off processing as shown in
Fig. 3.1 (a). Then, the insulator layer has been deposited by mini-sputter then performed
by EBL and dry etching processes as indicated in Fig. 3.1 (b). Finally, the nonmagnetic
layer as the electrodes has been fabricated by repeating the EBL and lift-off processing
as indicated in Fig. 3.1 (c¢). The microstructure is observed with employing the scanning
electron microscopy (SEM) after finishing the fabrication process. The SEM images of part
of the chained Py devices are shown in Fig. 3.1 (d). The patterned device would be used to

measure the magnetostatic and dynamic properties via the microwave probe measurement

20
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Figure 3.1: Schematic diagram of the fabrication process of the ferromagnetic device

systems. Besides, all the samples used in this thesis were fabricated on the Si substrate.
3.1.1 Substrate cleaning

After cutting into small pieces, the substrate was cleaned by high power ultrasonic. First,
the substrate is cleaned by the solution Acetone and Isopropanol(IPA) with ultrasonic for
20 seconds, respectively. Then, after drying under nitrogen gas, the substrate is cleaned
with the semiconductor cleaning liquid and milli-Q water for 3 minutes each. Next, the
surface condition is checked by using the optical microscope. If the surface is not clean

enough, several times cleaning procedure would be repeated for getting clean surface.
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3.1.2 Electron beam lithography

Resist coating

The positive resist is coated on the substrate with utilizing a spinner with assistance of the
hotplate for pre-baking. The thickness of the resist is adjusted by changing the rotate speed
of the spinner. The pre-baking time for the resist is 2 minutes under the temperature of
180°C. Besides, ESPACER is coated on the substrate after the pre-baking in the purpose

of preventing the charge-up.
Exposure under EBL

In this thesis, the exposure of all the devices are performed by using the EBL equipment
ELIONIX ELS-7800 with a pressure lower than 3.0 x 107° Pa. The accelerate voltage
used in the lithography are 80 kV. The exposure dose for our positive resist is about 200

2

uC/em=. The beam currents used in the exposure are 0.2 nA and 4 nA, respectively for

the fine pattern and coarse pattern.
Development

The next process after exposure is development. First, the exposed patterned device is
immersed into the solvent O-xylene for developing about 1 minute then quickly rinsed in

IPA, so that the resist of exposed regions can be dissolved and removed selectively.
3.1.3 Film deposition

In this procedure, the Permalloy (Py) thin film is deposited by using the electron beam
evaporator under the vacuum about 3.0 x 1072 Torr. The deposition speed of Py is about
0.5-0.9 A /S. Mini sputter is used for depositing the SiO2 layer which is used for preventing
the connection between the Py dots and Cu electrodes. Besides, non-ferromagnetic film Cu
is deposited with employing the Joule heat evaporator under the vacuum around 5.0 x 1076

Pa. It should be noted that the surface of the device is carefully cleaned by the low energy
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Ar™ ion milling with prior depositing Cu in the same chamber. The target material Cu is

deposited with the speed of 5 A/s.

3.1.4 Dry etching

The conduction between the Py disks and Cu electrodes is insulted by depositing SiO5 film
with thickness of 100 nm. After that, EBL exposure would be performed to get periodically
space for locating Cu pad to connect the neighboured disks. Then, the exposure regions
would be removed by the development. To remove the unwanted SiOq, reactive ion etching
(SAMCO RIE-10NR) would be carried out using CF, reactive plasma generated by a RF
electromagnetic field under low pressure. After the dry etching process, the surface condition
should be examined by SEM to make sure SiO9 completely removed before starting the next

step.
3.1.5 Lift-off method

After film deposition or dry etching process, the lift-off method is performed. The sample
with the thin film is bathed in the ZDMAC (N, N-Dimethylacetamide) so that remaining
resist together with parts of the target material would be removed. In order to remove them
completely, low power sonic cleaning is required for assistance. Finally, we get the patterns
in direct contact with the substrate or the underlying layer. However, if the required
material is over 100 nm, long time mixer shaking usually is performed with bathing the
sample in the ZDMAC solvent.

The device fabrication usually needs several steps EBL exposure together with the lift-off
method. After the fabrication procedure is finished, the microstructure would be observed

by using the scanning electron microscopy as shown in Fig. 3.1 (d).
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Figure 3.2: (a) Scanning electron microscope image of the fabricated device together with
a probe configuration for the AMR measurement device; (b) Representative AMR curves
for both H L I') or parallel (H || I) situations.

3.2 Experimental measurement technique

So far, numerous methods have been demonstrated for characterizing the magnetostatic
and dynamic properties of ferromagnetic devices with vortex structure. In this section, we

would briefly introduce the measurement techniques which were used for the experiment.
3.2.1 Resistance measurement under a external field

Anisotropic magnetoresistance is one of the most important phenomena for ferromagnetic
materials. In ferromagnetic metals, the resistance depends on the relative angle between
the magnetization and the measuring current, which is called anisotropic magnetoresistance
effect (AMR).

The typical measurement for AMR effect is monitoring the resistance change with the
lock-in technique using a small AC current through the device or thin film while the external
in-plane magnetic field applied perpendicular (H L I ) or parallel (H || I) to the measuring
current, respectively. In our experiment, the AMR measurement was performed by two-
terminal resistance measurement while sweeping the external field under a low bias ac

current (55 pA).
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Here the AMR measurement setup and representative AMR curves for the chain of
circular disks with diameter of 2 pm is shown in Fig. 3.2. As indicated in Fig. 3.2, the

device possesses higher resistance for the H || I than H L I.

3.2.2 RF measurement system

Lock-in measurement technique

Lock-in amplifier is one important and powerful equipment for detecting the tiny electric
signal by extracting a signal with a known carrier wave from an noisy environment. The
dual phase demodulation (utilization of sine and cosine demodulation at the same time)
allows the signal being processed into the data including real and imaginary parts. In this
thesis, a two phase lock-in amplifier together with a low noise preamplifier, and two digital
multimeter constitutes the main part of the lock-in setup.

The main work principle for lock-in setup is showing here. A input signal could be mul-
tiplied with a reference signal provided by the internal oscillator from the lock-in amplifier
or an external source, then be integrated over a time period. Thus, the signal which has
different frequency with the reference signal would be attenuated close to zero. Only the
signal with the same frequency as the reference signal is picked up as a DC signal.

For a sine reference signal and an input waveform Uy, (t), the DC output signal Ugy(t)

could be derived as

1 t
Uou(t) = 7 /t 2 g 5+ Ui (5)ds (3.2.1)

Where ¢ is a phase which could be set on the two phase lock-in amplifier. It should be
noted that the detected effective value of voltage (room-mean-square) is introduced a factor

/2 with the peak amplitude of the output Uyt (t) for the sinusoidal modulation.



Chapter 3. Device fabrication methods and measurements 26

(a) Carrier signal

(b) Modulating sine wave signal (1.73 kHz)

NN
NSNS

(¢) Amplitude modulated signal (90%)

Figure 3.3: (a) and (b) are the microwave wave and low frequency modulating wave signal,
respectively; The modulation frequency in the measurement is fixed on 1.73 kHz. (c¢) The
wave signal under amplitude modulation ratio of 90%.

Amplitude modulation of RF field

In the dynamic measurement of vortex core resonance, amplitude-modulated RF signal
was used to excite the core oscillation. The RF alternating field was modulated by a low
frequency sinusoidal wave where the modulation frequency is 1.73 kHz. In the measurement,
the ratio of amplitude modulation is 90% which is also the maximum of the signal generator.
The waves for RF signal, low frequency modulation and modulated wave signal with 90%
modulation are shown in Fig. 3.3. In addition, the power of the RF modulation signal was

adjusted to study the influence of power on the core dynamics of magnetic vortex.
RF measurement system

Dynamic properties of magnetic vortex structures were studied by measuring the electronic
response of vortex core while excited by the amplitude modulated RF magnetic field. The
detection of electronic voltage as the dynamic response of vortex core is conducted by

another circuit.
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The equipment used for the electrical measurement of magnetic vortex devices is shown
in Fig. 3.4 (a). For the measurement conducted in Chapter 5, the signal generator was
employed to generate the RF magnetic field to excite the vortex core oscillation. The elec-
tronic voltage was measured using lock-in amplifier under a low frequency modulation signal
by sweeping the RF frequency. For the measurement developed in Chapter 6, the signal
generator together with the spectrum analyzer was used to detect the second harmonic sig-
nal. Two RF probes (ACP40-GS-150 and ACP40-SG-150 produced by Cascade Microtech)
were used to connect the sample with the equipment as shown in Fig. 3.4. As shown in
Fig. 3.4 (b), an optical microscope was used for precise control of the probe position on the
right position of the sample. Besides, in order to minimize the noise from the mechanical
change, vibration absorptive cushions are placed under four corners of the the setup stage.
The details of the two RF microprobe were indicated in Fig. Fig. 3.4(c). The external
static field used in the dynamic measurement is put below the sample and its magnitude is

precisely controlled by a voltage source and power amplifier.
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Figure 3.4: (a) Picture of the equipment setup used during the electronic measurement
of magnetic vortex dynamics including the signal generator, spectrum analyzer, lock-in
amplifier, etc.; (b) The stage for placing the device together with the external field (bottom)

and microscope (top, used for setting the device); (c) Picture of the two RF probes used
for detection.



Chapter 4

Detection of a vortex nucleation
position in a circular ferromagnet
using asymmetrically configured
electrodes

4.1 Introduction

Study on magnetic vortex structure stabilized in a micron or submicron scaled ferromag-
netic disk has been paid of great attention because of its high thermal stability, negligible
magneto-static interaction and low frequency dispersion at the resonant state.[3, 5, 8, 38,
52, 76] These outstanding characteristics provide prospective application in high density
storage media[77] and functional radio-frequency (RF) devices such as reconfigurable R-
F filter[12, 78, 79] and spin torque oscillator [5]. Moreover, the magnetic vortex includes
several intriguing fundamental properties such as Bloch point reversal[80] and the critical
slowing down of the vortex formation[81]. The vortex structure can be characterized by two
important quantity; polarity[8, 52] (the direction of the vortex core, either up or down) and
chirality (rotational direction of the magnetization, clockwise (CW) or counterclockwise
(CCW))[82]. The effective manipulation and identification of the vortex characteristics are

indispensable for the realization of afore-mentioned applications and further understanding
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the fundamental property of the magnetic vortex.

So far, numerous reports concerning the manipulation of the vortex polarity and chi-
rality have been developed.[6, 70] In addition, the detection methods for the polarity and
chirality have also been developed by several specific measurement techniques such as Mag-
netic Force Microscope (MFM)[8, 83, 84], Lorentz microscope[85, 86] or Magneto-optical
Kerr effect (MOKE)[87]. However, in these techniques, complex experimental conditions
such as measurement time, temperatures and sample thickness have to be satisfied. These
regulations prevent the systematic and statistical considerations. The lateral spin valve also
can detect the vortex chirality.[88, 89] However, the complicate fabrication process and a
tiny spin-dependent signal may prevent the fair evaluation of the vortex structure at room
temperature. In the method using anisotropic magnetoresistance (AMR) with four terminal
electrodes, the device can be fabricated more simply.[90] However, the analysis based on the
micromagnetic simulation may prevent the intuitive understanding. Therefore, to further
explore the new functionalities of spin vortex and deepen the understanding on fundamental
property of the vortex structure, we should seek a relatively simple and reliable method to
identify the vortex chirality.

To detect the vortex chirality, in the present study, we use an anisotropic magneto-
resistance (AMR) effect, in which the resistance of the ferromagnet depends on the magnetic
domain structure. In the ferromagnetic disk, the magnetization reversal proceeds through
the nucleation, displacement, and annihilation of the vortex.[38] The nucleation position is
known to depend on the direction of the applied magnetic field and the vortex chirality.
Since the nucleation of the vortex core corresponds to the phase transition of the domain
structure from the uniform magnetization state[81], a significant AMR change is induced
by the nucleation of the vortex, especially around the vortex core. Here, we introduce
asymmetrically configured nonmagnetic Cu electrodes, which is schematically shown in

Fig. 1. Because of the large difference in the resistivity between the ferromagnetic disk and
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the Cu electrodes, the electric current flows favorably in the Cu electrode, leading to create
an inhomogeneous current distribution. This enables to detect the local domain structure
around the bottom side of the ferromagnetic disk. Therefore, when the vortex nucleates
from the bottom side, we should observe the large resistance change. On the contrary, the
vortex nucleation from the opposite side will be undetectable in the AMR measurement
using the same electrode because the current flowing in the top side is so tiny. In this way,
we can distinguish the vortex chirality by monitoring the resistance of the local area of the

ferromagnetic disk.
4.2 Asymmetrically configured electrodes

We have prepared the sample consisting of a Permalloy (Py) disk, a diameter of 4 um and a
thickness of 40 nm and a pair of the nonmagnetic Cu electrodes, 200 nm thickness. Figure
4.1(a) shows a scanning electron microscope image of the fabricated sample together with
the schematic configuration used for the AMR measurement. The Py disk was fabricated
by using a conventional lift-off method combined with the electron beam lithography. The
Cu electrodes were deposited by a Joule heat evaporator after the surface cleaning of the
Py disk by a low energy Ar ion milling. Here, the vertical position of the Cu electrode is
shifted by 800 nm from the center of the disk. The electrical resistivity for the Py is 29
uQcm, much larger than that for the Cu electrode (2.2 pfdcm). The AMR measurement
was performed by two-terminal resistance measurement with a low bias ac current of 55 pA.
Here, the magnetic field is applied along the horizontal direction, meaning the longitudinal
configuration.

The object oriented micromagnetic framework (OOMMF) was employed to calculate the
domain structures. The following parameters were used in the micromagnetic simulation.
The exchage constant and saturation magnetization of Py (the ferromagnetic alloy used for

the device in Chapter 4) are 1.0x 107 .J/m and 1 T respectively. Besides, the computational
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Figure 4.1: (a) Scanning electron microscope image of the fabricated device together with
a probe configuration for the AMR measurement and numerically obtained 2-dimensional
current-density distribution in a ferromagnetic disk with 4 um diameter. The magnetic field
is applied along the horizontal axis, parallel to the average current direction (longitudinal
configuration);(b)Calculated result for the phase transition in the single ferromagnet when

the vortex nucleates from the bottom side; (c)Calculated result for the phase transition in
the single ferromagnet when the vortex nucleates from the top edge
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cell size and damping parameter o are 4 x 4 x 40nm?> and 0.01. Besides, the size and the
thickness of Py disk is in accordance with the real device fabricated in Chapter 4. which
are 4um in diameter and 40 nm as the thickness. The initial magnetic field is kept same
with the AMR measurement.

COMSOL multiphysics was used for calculating the current density distribution in the
Py device with asymmetrically configured Cu electrodes. As we know, the electrical resis-
tivity of Py (29 pflcm) is much larger than that for the Cu electrodes (2.2 uf2cm). The
inhomogeneous current distribution has been confirmed in the Py disk. To confirm that the
large difference in the resistivity between the Py and Cu makes an inhomogeneous current
distribution in the ferromagnetic disk, we have calculated two dimensional distribution of
the current density in the AMR device configured similarly to the fabricated device by using
COMSOL multiphysics. As shown in Fig. 4.1(b), the current in the Py disk is found to
flow mainly in the bottom part of the Py disk. This enables to detect the local domain

structure of the Py disk.
4.3 AMR curves at different field range

Figure 4.2(a) shows a representative result of the AMR curve measured at room tempera-
ture. In both the forward and backward field sweeps, when the magnetic field is reduced
from the saturation state, the sudden resistance change is observed at 10 Oe. These sudden
changes correspond to the nucleation of the vortex core in the ferromagnetic disk. After the
sudden change, the resistance gradually increases with approaching to the value for the sat-
uration state. Figure 4.2(b) represents the domain structures calculated by OOMMF just
after the vortex nucleation with CW or CCW chirality in the forward and backward sweeps.
As mentioned above, since the resistance change is dominated by the domain structure in
the bottom side of the ferromagnetic disk, the sudden resistance changes observed in Fig.

4.2 indicate that the vortex nucleates from the bottom edge of the disk both in the forward
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Figure 4.2: Longitudinal AMR, curve of the circular disk measured at room temperature.
Solid and dotted lines correspond to the forward and backward field sweeps, respectively
while the inset shows the numerically calculated magnetization reversal process of the disk
for the backward and forward sweeps.

and backward sweeps. Therefore, from Fig. 4.2(b), the vortex chiralities in the backward
and forward sweeps are found to be CCW and CW, respectively.

From the aforementioned consideration, when the vortex nucleates from the top side,
the nucleation of the vortex may become undetectable. However, as mentioned above, the
observed MR curve always involves the sudden change around 10 Oe in the conventional
field sweep, indicating the vortex always nucleates from the bottom side. To realize the
formation of the reversed vortex, the maximum magnetic field during the field sweep was
reduced. This is because the C-state just after the annihilation of the vortex is known
to induce the nucleation of the vortex from the annihilated side.[91] Figure 4.3 shows the
magnetoresistance curve in the field range -150 Oe < H < 200 Oe. As expected above, in

the backward sweep, the MR curve without the sudden resistance change has been observed
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Figure 4.3: Longitudinal AMR curve in the filed range from 190 Oe to -150 Oe. The
magnetic field is swept from 190 Oe to -150 Oe and then swept back to 190 Oe. Solid and
dotted lines correspond to the forward and backward field sweeps, respectively with the
inset of numerically calculated magnetization reversal process of the disk for the backward
and forward sweeps.

which means the vortex nucleates from the top side and the chirality should be CW for both
backward and forward sweeps. In addition, it should be noted that the small resistance jump
has been observed at 132 Oe. This small jump can be understood by the annihilation of
vortex from the bottom side. The experimental fact that the small resistance change due
to the vortex annihilation has not been observed in Fig. 4.2 is also consistent with the local

detection of the domain structure. Thus, we can simply distinguish the vortex chirality

from the shape of the AMR curve.
4.4 Probability of appearance of CW and CCW chiralities

By using the simple evaluation method, we extend to evaluate how the vortex chirality

distributes with changing the magnitude of the reversed magnetic field H,. Figure 4.4 shows
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Figure 4.4: (a) Probability of the CW (solid square) and CCW (open squre) vortex for-
mation as a function of the reversed magnetic field. (b) Representative AMR curve for
chirality of CW (solid line) and CCW (dotted line) during sweep from -150 Oe to 190 Oe
and the C-state domain structure after the annihilation field.
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the probability of the formation of CW and CCW chiralities as a function of H,. Here,
the probability at each point was calculated by repeating the AMR measurement for 10
times. It can be clearly seen that the probability of CCW chirality formation increases with
increasing H, and reaches 100% at |H,| > 160 Oe. The probability is 50% at |H,| ~ 135 Oe,
indicating that two possible chiralities CW and CCW were randomly formed. Since, in an
ideal ferromagnetic disk, the chirality should be randomized because of its symmetric shape,
this result indicates that the energy barrier for the formation of the vortex from the bottom
side is reduced. To explain this, we consider the influence of slight geometrical asymmetry
due to the surface cleaning. As explained above, the surface of the Py electrode underneath
the Cu electrode was cleaned by Ar ion milling. This geometrical modification reduces
the formation energy of the vortex from the bottom side although the etched depth is less
than 2 nm, about 5% of the total thickness. The reasons for the field dependence of the
probability may be due to a residual domain structure, namely C-shaped domain structure
shown in the inset of Fig. 4.4(b), just after the annihilation. The domain structure of the
ferromagnetic disk is known to remain the curling feature when the external magnetic field
is not sufficiently large for the saturation of the magnetization. This remaining domain
structure tends to form the vortex from the top side. Thus, 50% probability around the
annihilation field can be understood by the competition between the non-saturated and the

geometrical asymmetric effects.
4.5 AMR curves for symmetric configured electrodes

To obtain further evidence for the advantage of Py disk with asymmetrically configured
electrodes, we also fabricated another AMR device consisting of a Py disk with the Cu
electrodes located in the central position. Here, the dimension of the ferromagnetic disk is
exactly same as that in the previous experiment. Since the Cu electrodes are located in the

center of the disk, the vortex formation from both the top and bottom sides can be observed
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as a sudden resistance change with the same magnitude. Therefore, the chirality cannot be
distinguished from the AMR measurement. To confirm this scenario, we evaluate the AMR
curve under the field sweep from -135 Oe to 190 Oe. Since the annihilation field is -130 Oe,
we expect that the domain structure is not fully saturated at -135 Oe. Figure 4.5 shows a
representative longitudinal AMR curve under the field sweep. The observed AMR curve for
each sweep is almost symmetric with respect to the field sweep direction. Importantly, the
large resistance jump at 10 Oe due to the vortex nucleation is clearly observed in both sweep.
As mentioned above, the C-state domain structure tends to maintain the chirality in the
reversed field sweep, the vortex nucleation side in the forward and backward sweep should
be opposite each other. However, the observed AMR curve shows the same feature during
10-time repetition of the measurements. This is consistent with the above expectation that
the vortex nucleation from the top and bottom sides provides the same contribution in the
AMR. Thus, we cannot distinguish the vortex chirality from the AMR curve measured by

the symmetrically configured electrode.

4.6 Conclusion

In short, we have studied the AMR curve for a single Py circular disk measured by non-
magnetic Cu electrodes with the resistivity much lower than that for the Py disk. We
showed that the asymmetrically configured electrode makes it possible to distinguish the
vortex chirality in the relatively simple way. By extending this simple detection method,
the vortex chirality in the AMR device is found to depend on the magnitude of the max-
imum magnetic field. The importance of the asymmetric configuration of the electrode is
examined by evaluating the AMR device with the symmetrically configured electrodes. This
simple and reliable method for the chirality detection may accelerate the development on

the characterization of magnetic vortex and its future spintronic application.
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Figure 4.5: Longitudinal AMR curve of the Py circular disk measured by the symmetrically
configured electrode. Since the reversed magnetic field is close to the annihilation field, the
position of the vortex nucleation may be reversed in each sweep.



Chapter 5

Sensitive detection of vortex-core
resonance using
amplitude-modulated magnetic

field

5.1 Introduction

Understanding and manipulating the dynamic properties of the magnetic vortices stabilized
in patterned ferromagnetic structures are of great interest owing to the superior resonant
features with the high thermal stability and their flexible tunability. So far, numerous meth-
ods for investigating the dynamic properties of the magnetic vortex have been proposed and
demonstrated. However, those techniques have some regulations such as spatial resolution,
experimental facility and sensitivity. Here, we develop a simple and sensitive method for
investigating the vortex-core dynamics by using the electrically separated excitation and
detection circuits. We demonstrate that the resonant oscillation of the magnetic vortex
induced by the amplitude-modulated alternating-sign magnetic field is efficiently picked up
by the lock-in detection with the modulated frequency. By extending this method, we also
investigate the size dependence and the influence of the magneto-static interaction in the

resonant property of the magnetic vortex.

40
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Ferromagnetic materials with reduced dimensions show unique arrangements of mag-
netic spins by introducing the geometrically controlled magneto-static interactions. Such
patterned domain structures are useful for application in future spintronic devices as well as
for understanding of the fundamental spin-related physics.[32, 92] Especially, the magnetic
vortex structure, stabilized in a ferromagnetic disk with a diameter less than a micron, has
a potential as a unit cell for high density magnetic storage because of negligible magneto-
static interaction.[3, 8, 52, 92] In addition, the spin dynamics of magnetic vortices stabi-
lized in micron or submicron scaled ferromagnetic disks are of particular interest because
the wide range tuning of the eigenfrequency for the vortex can be realized by its sample
dimension[12, 33, 54, 78]. Moreover, its low frequency dispersion at the resonant oscilla-
tion with a high thermal stability is another great performance of the magnetic vortex.[5]
Therefore, understanding the spin dynamics of the magnetic vortex is an important issue
for further developments of the spin-related physics and its application.

The electronic devices based on the spin properties of magnetic elements plays a crucial
role not only in scientific research but also commercial produces especially after the discovery
of giant magnetoresistance and its application as magnetic read heads.[51, 93-96] A clear
understanding of vortex dynamics behaviors helps pave the way for realizing the applications
employing magnetic vortices. So far, there are many evaluation techniques being proposed
and demonstrated which would be introduced in the following.

Magnetic optic Kerr effect (MOKE) is one of the important tools which has been used
for studying the vortex dynamics from the early days.[3, 50, 82, 97-99] MOKE is a sensitive
method to study the hysteresis loop, spin excitations of thin film or patterned arrays by the
assisting of polarized light and external field.[97] However, the spatial resolution is limited
by the wave length of the laser beam, typically sub-micron range.

Time-resolved soft X-ray microscopy is widely used to image the magnetization dynamics

of ferromagnetic vortices.[11, 56, 69, 70, 100-102] Time-resolved X-ray microscopy allows
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the direct observation of magnetic vortex core switching with employing a field pulse in
several picosecond scale which enriches our knowledge on vortex core dynamics with the
direct experimental evidence.[69] It also achieved in revealing the asymmetric formation of
vortex states in Py nanodisk on account of the high resolution of magnetic transmission
soft X-ray microscopy.[102] However, this kind of experiment is only carried out under the
limited conditions because of the large scale facility.

Apart from the direct imaging technique, the electrical transport measurements for
studying the vortex dynamics is also extensively employed. Among them, homodyne mea-
surement can sensitively detect the resonant properties of magnetic vortices even in a single
disk.[101, 103-110] The resistance of the ferromagnetic devices is monitored using the bias-
Tee and lock-in technique. The resonant frequency could be distinguished as a resonant
peak/dip resulting from the absorbtion when the frequency is consistent with the eigenfre-
quency of magnetic vortices. The origin of this detection method lies in the AMR, effect
where the resistance of the ferromagnetic dots is different with the relative angle between
the magnetization and applied current. But its analysis is complicated because of the co-
existence between the Oersted field and spin-transfer torque. In addition, the monolithic
radio-frequency (RF) measurement schemes used in the homodyne electrical techniques
regulate the situation of vortex excitation and prevent the detailed study of the dynamic
characteristic. Sugimoto et al. developed another homodyne detection technique using two
independent RF currents flowing in the excitation and detection circuits.[109] However, the
RF current flowing in the detecting circuit may affect the vortex dynamics because the
frequency of the detecting current is close to the resonant frequency.

Another electrical measurement is transmission impedance measurement by detecting
the S11 signal using a vector network analyzer.[63, 111] It enables the detection of transla-
tional resonant motions of magnetic vortices. High frequency impedance measurements of

a coplanar wave guide or microstrip line with nanomagnets using network analyzer enable
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to detect the translational resonant motions of the magnetic vortices.[63, 104, 106] Howev-
er, because of the sensitivity of the inductive coupling, approximately 1000 nanomagnets
are required for detecting the vortex dynamics which enhances the difficulty of fabrication
process. Based on regulations of previous evaluation methods for vortex core dynamics, a
sensitive lock-in detection method for the vortex dynamics has been demonstrated by using

an amplitude modulated RF magnetic field to excite the vortex resonance.
5.2 Configuration of chained device and setup

Figure 5.1 shows the schematic device structure for our measurement setup together with
a scanning electron microscope image of part of the patterned circular disks. The sample
consists of a chain of 40-nm-thick Permalloy (Py) dots connected by 200-nm-thick Cu pads
and a periodical Cu electrode on the Py disks. Here, the number of the dot is 50, much
smaller than that for network analyzer measurement.|[106] The electrical connection between
the Py dot and Cu electrode is insulated by a patterned SiOs film whose thickness is
100 nm. The Py disks with diameters varying from 2 pm to 4 pum were fabricated by
using a conventional lift-off method combined with the electron beam lithography. The Cu
electrodes were deposited by a Joule-heat evaporator after the surface cleaning of the Py disk
by a very low energy Ar ion milling. The electrical resistivity for the Py is 30 uf2cm, much
larger than that for the Cu electrode (2.0 p€cm).[112] The anisotropic magnetoresitance
(AMR) measurements under the magnetic field with the various direction were performed
by two-terminal resistance measurement of 10 yA. For the vortex dynamics measurement,
the static magnetic field is applied along the horizontal (x) direction where the vortex core
is shifted along y direction.[86] The resonant motions of the vortices are excited by injecting
the RF signal into the Cu periodical electrode. The dynamic response of the vortices under
the RF magnetic field with sweeping the frequency is monitored by measuring the voltage

of the chain of the disk through the AMR change, as explained below.
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Figure 5.1: Schematic illustration of the proposed device structure for the sensitive detection
of the vortex dynamics together with a SEM image of the fabricated device consisting of the
chain of 50 Permalloy disks with Cu electrodes. During the measurement, an in-plane bias
static magnetic field is applied parallel with the chain of Py disks. The amplitude modulated
RF field is injected by flowing on the circuit of periodically patterned Cu electrode which
locates on the top of the Py disk with an insulation layer of SiOs. The voltage change is
monitored by another separated circuit combining the lock-in measurement system.
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5.3 AMR distribution as a function of core position in the
circular disk

Figure 5.2(a) shows the longitudinal and transverse AMR curves for the sample with the
diameter of 2 pm. In the measurements, the magnetic field does not exceed the annihilation
field 200 Oe, meaning that the vortex core is located in the disk during the measurement.
As shown in Fig.5.2(a), the field-dependence of the resistance is well fitted by the parabolic
dependence. Here, the parabolic curve in the longitudinal AMR shows the horizontal shift.
This is because the Cu electrode has a vertical offset from the center of the disk. By
changing the direction of the magnetic field with assuming the linear field dependence of
the core position under the low magnetic field, we obtain the core-position dependence of
the resistance as shown in Fig.5.2(b).

To mathematically describe the position dependence of the resistance, we focus on the
two-fold rotational symmetry originating from the anisotropic magnetoresistance. More-
over, the resistance change due to the vortex core displacement along the x direction should
be smaller than that along the y direction because the core displacement along the x axis
is partially smeared out by the Cu pads. These features are surely confirmed in the ex-
perimental results. From these considerations with parabolic dependence of the resistance
change on the core position shift, we found that the resistance change (from the origin (0,
0)) AR(z,y) as a function of the two dimensional core position (z,y) can be given by the

following equation.

2 - 2 2
AR(z,y) :AAMR<<1—a<x) )W— (f) ) (5.3.1)
r r r
Here, Aappr is the AMR change induced by the core displacement from the center to
the position under magnetic field 100 Oe along the = axis. r is the displacement of the

vortex core due to the application of the magnetic field 100 Oe along the x axis and « is

the correction factor introduced by taking account of the influence of the Cu electrode for
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Figure 5.2: (a) Longitudinal and transverse AMR curves for the chain of the Py disks
with 2 micron diameter. The AMR was measured using the traditional probe configuration
for both H 1 I and H || I, respectively. (b) Experimentally obtained resistance change
(normalized) as a function of the core position. The AMR curve of the device was detected
with changing magnetic field directions. Since the magnitude of the magnetic field is smaller
than the annihilation field, we assume a linear field dependence of the core position.(c)
Calculated position dependence of the resistance change from the origin (0, 0) based on Eq.
(1) with «=0.05.

flowing dc current in the Py. When the core is shifted to x direction from the center, the
asymmetry with respect to the electrode increases. In such a situation, since the average y
component of the magnetization becomes non zero, the resistance change due to the core
displacement along y axis decrease compared to that at x=0. Thus, the position dependence
of the resistance is affected by the electrode. By fitting the experimental result shown in
Fig. 5.2(b) to Eq. 5.3.1, the correction factor alpha for the present device is found to be
0.05. yoss is the offset due to the vertical shift of the Cu electrode. As seen in Fig.5.2(c),
the equation well reproduces the experimental results shown in Fig.5.2(b).

We then consider the average resistance (R(z,y)) under the amplitude-modulated RF
magnetic field with the static magnetic field along the x axis. The trajectory of the vortex
core induced by the RF magnetic field is known to be the circular shape not only in the
absence of the magnetic field but also in the in-plane static magnetic field sufficiently smaller

than the annihilation field.[33, 63, 100] Therefore, we adapt the following equations as the

core trajectory under the amplitude-modulated RF magnetic field.
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x = 0(1 4+ mcoswmt) coswrrt, Yy =yo+ 0(1+ mcoswnt)sinwrpt (5.3.2)

Here, ¢ is the oscillation radius of the vortex core and its frequency dependence takes
the Lorentzian resonant line shape. m is the modulation ratio and g is the vertical shift
of the core position due to the application of the horizontal static magnetic field. wy, and
wgrr are the modulation and RF frequencies, respectively.

The induced voltage can be calculated by substituting Eq. 5.3.2 for Eq. 5.3.1 with
multiplying I4.. By using lock-in detection technique with wy,, we can pick up only the
coefficient for sinwpt in the ac voltage. Since the experimentally detected voltage V., in
lock-in amplifier is the time average, we obtain the following relationship for the effective

resistance R, which is defined by the average ac voltage (V,, ) divided by Iq4..

R <‘;o:1:> _ AAMR% (i)z ((i)Q 42 (yo_r‘yc’fff) (5.3.3)

Here, The 1st term depends on the frequency but does not depend on the vertical shift

1o- The 2nd term depends both on the frequency and the vertical shift. In the comparison
between the 1st and 2nd terms, ¢/r, which is the relative oscillation amplitude, depends
on the input RF power, but, in general, is smaller than 0.1 even at the resonant state[33],
However, (yo — yofr) /7 easily exceeds 0.1 by the application of the horizontal static magnetic
field. Therefore, the 2nd term is dominant in Eq. 5.3.3. We emphasize that the detected
voltage does not include any background signal, which is independent of the oscillation.
This indicates that the present modulation method sensitively detects the voltage change

due to the vortex oscillation.
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Figure 5.3: (a) Two experimental parameters; DC current 4. for generating the voltage
including the resonant signature and static magnetic field H parallel with the dc current
(x axis) for moving the core position along y axis. (b) Current dependence of the voltage
spectra for the chained disk with the disk diameter of 2 y m under the static magnetic
field of 50 Oe;(c) Frequency dependence of the average resistance change (V. )/I4. for
the disk with 2 micron diameter for various static magnetic field. The voltage spectra
were detected by flowing DC current of 6 mA with sweeping the RF frequency. (d) Field
dependence of the resistance change AR,..s due to vortex core resonance. AR,.s is defined
as the resistance change between base line and resonance dip. The data is well fitted by a
parabolic curve (solid line) based on Eq. (3). (e) The resonant frequency of the disk with 2
micron diameter as a function of bias static field. The frequency shows a weak dependence
on the static magnetic field.
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5.4 Vortex core oscillation dynamical detection for ladder
type circular disks

To demonstrate the proposed technique for detecting the core resonance, we measure the
effective resistance (V. )/l4. under the RF magnetic field. First, we measured the bias
current dependence of the voltage spectra under the static magnetic field of 50 Oe (Fig
5.3(b)). Here, the dc current is varied from 1 mA to 20 mA. As can be seen in Fig. 5.3(b),
we do not see any significant change in this current range. The result indicates that the
influence of the dc current on the vortex core resonance is negligibly small below 20 mA.
This is consistent with the previous theoretical and experimental study.[79, 113] From this
consideration, we decided to use 6 mA, which is sufficiently small, in the series of the
measurements presented below. Figure 5.3(c) shows the effective resistance as a function of
the modulation frequency at H =-40 Oe. A clear resistance dip AR5 due to the vortex-core
resonance is observed. Here, the magnitude of the dip AR,.s in the spectra is confirmed to
increase with the static field. Moreover, as shown in Fig. 5.3(d), the field dependence of
AR, is well fitted by the parabolic equation. From the fitting, we find that H,;; takes a
positive value. Since the core displacement due to the application of static magnetic field
is known to depend on the chirality, the chirality of the vortex is found to be CW. These
experimental facts are highly consistent with the above expectation. We also point out that
the resonant frequency is almost independent of the static magnetic field because the core
potential is well expressed by the parabolic potential. This is clear evidence that a circular
ferromagnetic disk creates a well-defined harmonic potential[63, 114]. Moreover, we also
plotted the resonant frequency as a function of the static magnetic field as indicated in Fig.
5.3(e). The resonant field shows the weak field dependence although the signature expected
from the ideal parabolic potential should not depend on the magnetic field. The origin
of this weak dependence may be related to nonlinear behavior of the resonance frequency

and/or the formation of the anharmonic magnetostatic potential in the circular devices
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Figure 5.4: (a) (Vi,,)/l4c spectra at H =-40 Oe for various disks with diameters of 2 pum,
3 pm and 4 pum. The measurements have been carried out under the DC current of 6 mA
and the RF amplitude of 5 dBm; (b)(V,,,.)/l4. for the magneto-statically couple vortices
with the diameter of 3 ym . The inset shows a SEM image of the fabricated device where
the edge-to-edge interval is 300 nm.

under a bias static field.[68]

We also perform the similar measurements for the chain of the disk with the different
diameter. Figure 5.4(a) shows the spectra of the effective resistance (V. )/Ia. at H=-40
Oe for various disk diameters, 2 pum, 3 pm and 4 pum. Here, the annihilation fields of
the vortex for 2 pm-, 3 pm- and 4 pm-diameter disks are 200 Oe, 180 Oe and 160 Oe,
much larger than 40 Oe. In each spectrum, a resistance dip due to the vortex resonance
is clearly observed. The resonant frequencies for 2 pm-, 3 pm- and 4 pm-diameter disks
are 180 MHz, 135 MHz and 105 MHz, respectively, showing the monotonic increase with
reducing the diameter of the disk. The observed size dependence of the resonant frequency
is well reproduced by the numerical simulation using the object-oriented micromagnetic
frame network (OOMMF).[115].In addition, we study the vortex dynamics for the magneto-
statically coupled vortex system. As shown in the inset of Fig.5.4(b), we have fabricated
the chain of the magneto-statically coupled disks. Here, the disk diameter is 3 pm and

the edge-to-edge distance between the neighboring disk is 300 nm. Figure 5.4(b) shows the
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Figure 5.5: Power dependence for the meander type circular chained disks with diameter
of 4 um and edge-to-edge interval of 400 nm.

spectrum of the effective resistance (V,,, )/l4. for the chain of the coupled vortices. The
resistance dip due to the vortex resonance is clearly observed at f = 120 MHz, which is
lower than that for the isolated disk with 3 um diameter shown in Fig.5.3(c). This reduction

of the resonant frequency is well understood by the magneto-static interaction between the

disks[76, 78].

5.5 Vortex core oscillation dynamical detection for meander
type circular disks

In this section, the connection of Cu electrodes is changed to meander type and a chain of Py
circular disks includes 51 dots.[116] Two devices were fabricated with diameter of 4pm and
edge-to-edge interval of 400 nm and 16 pm, respectively. The dynamic response of vortex
core in the chained Py disks is detected by the aforementioned measurement technique with
core excited by the amplitude-modulated magnetic field.

The detected voltage as a function of frequency and power dependence of resonant

frequency were shown in Fig. 5.5 for the device with the edge-to-edge interval of 400
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Figure 5.6: Power dependence for the meander type circular chained disks with diameter
of 4 um and edge-to-edge interval of 16 pm.

nm. As indicated in the Fig. 5.5, a clear peak due to the oscillation of vortex core was
successfully observed around 100 MHz under low RF power. However, it starts to split to
two peaks when the RF power is above 7 dBm. One branch of the resonant peak reduces in
frequency while the other branch increases with the increase of RF power. Moreover, the
peak becomes much broader from 7 dBm to 15 dBm. The resonant frequency for the device
with the edge-to-edge interval of 16 mum as a function of the RF power was also provided
in Fig. 5.6 The resonant peak broadens with the increase of RF power but it doesn’t spilt
into two peaks at the high excitation power as shown in Fig. 5.6. Therefore, the results
suggest the stronger magneto-static coupling for the device with the edge-to-edge interval
of 400 nm is one possible contribution of the splitting of resonant frequency by comparing
the data in Fig. 5.5 and Fig. 5.6. Furthermore, the higher order terms of the magnetostatic
potential should be taken into consideration for this translational mode when the vortex
motion is excited under high amplitude.[13, 55] The above dynamic behaviors enrich our
understanding towards the nonlinear dynamic phenomena of magnetic vortices and are

anticipated to offer some guidance for the spintronic application of magnetic vortices.
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5.6 Conclusion

A sensitive technique for detecting the magnetic vortex core oscillation was developed. A
desperately prepared excitation and detection circuits allow us to pick up the vortex oscil-
lation without any background signal. Thus, the sensitive detection of the vortex resonance
was achieved. The obtained size and interval dependences of the resonant property show
good agreement with the previously reported numerical and experimental results[33, 101].
By extending the present technique to the application of the spatially modulated magnetic
field, it is possible to excite the unique high-energy resonant mode[78, 79]. In addition, the
detection technique makes the evaluation of vortex core dynamics at strong RF amplitude
possible. By employing the meander type configured electrodes, a translational mode with
two splitting resonant peaks has been observed when the RF amplitude is higher than 7
dBm. It may result from the magnetostatic interaction or the higher orders terms of the

magnetostatic potential during the high amplitude excitation of vortex core motion.



Chapter 6

2nd harmonic detection of
nonlinear vortex oscillation in
ferromagnets

6.1 Introduction

A magnetic vortex stabilized in the micron or sub-micron sized ferromagnetic disks have
been intensively studied because they opened up the possibilities of advanced spintronic
applications such as the high density spintronic memory devices, vortex based spin torque
oscillators as well as logic operation devices.[3, 5, 8, 51] The attention on magnetic vor-
tices also arises from the numerous advantages including negligible magnetostatic interac-
tion, high thermal stability and remarkably low frequency dispersion at resonant oscillation
state.[3, 52, 92] Moreover, the static and dynamic characteristics of the magnetic vortex
can be controlled by the geometrical confinement such as the shape of the dot and the ra-
tio between the thickness and the diaster.[33, 76, 78] However, further developments in the
experimental characterization of the vortex characteristics, especially for the vortex dynam-
ics are indispensable for the further manipulation of magnetic vortices and promotion of
the practical application. So far, numerous methods for evaluating the dynamic properties

of the magnetic vortex have been demonstrated.[69, 103, 104, 117]. Especially, electrical

o4
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measurement techniques such as homodyne detection and high frequency impedance mea-
surement sensitively detect the vortex motion in small ferromagnetic disks. These electrical
techniques are based on monolithic RF measurement scheme. However, this simplification
strongly regulates the situation of vortex excitation and prevents the detailed study of the
dynamic characteristic.

Recently, we have developed a novel detection method for the vortex dynamics, in which
the excitation and detection circuits are electrically separated.[112] This technique provides
the sensitive detection and the flexible experimental situations, leading to the detailed study
of the dynamic response of the magnetic vortex. However, owing to its detection scheme, it is
difficult to measure the core dynamics at remanent state because of the spatially symmetric
domain structure. However, the dynamic behaviors at remanent field may provide useful
information as guidance for exploring applications based on magnetic vortex. Therefore,
in the present study, a novel method has been proposed to study the core dynamics at
remanent state by detecting the second harmonic voltage based on the two fold symmetry

of magnetoresistance distribution in circular Py disks.

6.2 Development of vortex core resonance measurement tech-
nique using 2nd harmonic voltage detection

50 permalloy (Py) ferromagnetic circular disks were prepared on non-doped Si substrate by
using the electron beam lithography in the combination with conventional lift-off technique.
The circular Py disks with the thickness of 40 nm and diameter of 2 um were deposited
by using electron-beam evaporation equipment under high vacuum. The center-to-center
interval between the disks is 4 ym. The Py dots are connected by the Cu pads in order
to make a series circuit of the chained disk. In addition, periodic Cu strip lines, which
generates microwave magnetic field with high frequency, are formed on each Py disk. Here,

the electrical connection between Py disks and Cu electrodes was insulated by the patterned
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Figure 6.1: (a) Scanning electron microscope image of a part of the fabricated device
together with the probe configuration for anisotropic magnetoresistance measurement;(b)
The resistance of the circular disks as a function of the vortex core position; (¢) and (d)
show the schematic illustrations for the mechanism of the 2nd harmonic signal generation
due to the circular core oscillation.

SiOs film with the thickness of 100 nm.

Here, we explain the detection mechanism of the vortex oscillation at the remanent
state. Figure 6.1(a) shows the schematic configuration of the anisotropic magnetoresistance
(AMR) measurement together with the scanning electron microscopy image of part of the
device. The resistance of the chain of the Py disks as a function of the core position is shown

in Fig. 6.1(b). We obtained this plot by changing the magnitude and the direction of the

magnetic field. Here, we assume that the vortex core linearly displaces perpendicularly to
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Figure 6.2: (a) Circuit diagram used for the 2nd harmonic signal measurement together
with part of the scan electron microscope image of fabricated device. (b) A representative
voltage spectrum under the microwave magnetic field with the frequency of 182 MHz. (on-
resonant state) and (c) that for the frequency of 150 MHz. (off-resonant state)

the direction of the external field when the applied magnetic field is sufficiently smaller than
the annihilation field of the magnetic vortex. [38, 118] It is clearly seen that the resistance
change shows the two-fold symmetry. This indicates that when the vortex core has a circular
trajectory with the frequency f, the 2nd harmonic resistance change is expected. Therefore,
when the dc current flows in the disk, the 2nd harmonic voltage will be induced as indicated
in Figs. 6.1(c) and (d). By using spectrum analyzer, we can detect the signal related to the
vortex oscillation.

Figure 6.2(a) shows the diagram for the measurement circuit. We flow the microwave
current with the specific frequency fi, in the periodical Cu electrodes. This induces the
voltage change with the frequency 2f;, under the dc current flow. KEspecially, when the
vortex core is resonantly excited, the induced voltage with the frequency 2f;, becomes
large. However, when fj, is far from the resonant frequency of the vortex core, the core

oscillation becomes very small. Therefore, by changing the input microwave frequency fi,
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with monitoring the spectrum of the voltage, we can characterize the resonant motion of

the magnetic vortex core.
6.2.1 Frequency dependence of 2nd harmonic spectra

First, to confirm the validity of the aforementioned detection scheme, we measured the
spectrum of the voltage induced by the dc current under the microwave magnetic field.
Figures 6.2(b) and (c) show the 2nd harmonic voltage spectra for f;, =182 MHz and fi,,=150
MHz, respectively. The Y axis in Fig. 6.2(b) and (c)

We confirmed that a clear voltage peak at f=364 MHz corresponding to 2f;, in the
spectra for fi,=182 MHz. However, for fi,=150 MHz, only a small peak same as the noise
level is observed. This indicated that the resonant frequency of the vortex core is close to
182 MHz.

To evaluate the resonant property more clearly, we measure the spectra for various input
RF frequency around 180 MHz. Here, the spectra under the input RF frequency in the range
from 150 MHz to 208 MHz was measured every 4 MHz. As can be seen in Figure 6.3(a),
the spectra for various input frequency show the resonant feature. From the results, the
resonant frequency can be recognized as 182 MHz, where the signal becomes the maximum
value. To verify the reliability of the present results, we confirmed the resonant properties
of the magnetic vortex by using our previously developed technique.[112] Here, to introduce
the spatial asymmetry, we introduce the small in-plane magnetic field with the magnitude of
30 Oe, much smaller than the annihilation field of the magnetic vortex. Since the resonant
frequency of the magnetic vortex confined in the circular disk is almost independent of the
core position, the resonant property similar to the remanent state is expected. As can be
seen in Fig.6.3(c), we confirmed that the resonant frequency of the vortex is approximately

180 MHz, which is consistent with the results in Figs. 6.3(a) and (b).
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Figure 6.3: (a) Voltage spectra for various input RF frequencies in the range from 150 MHz
to 208 MHz. Here, the spectrum was measured every 4 MHz and each spectrum is vertically
shifted to clarify. (b) Voltage spectra for various input RF frequencies signals without
offset; (c¢) Frequency dependence of the dc voltage measured by previously developed lock-

in technique under a small in-plane magnetic field.
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Figure 6.4: (a) Voltage spectra under the microwave magnetic field with the frequency
of 182 MHz for various dc current in the absence of the magnetic field. (b) The current
dependence of the amplitude of the resonant peak of the 2nd harmonic signal. A solid line
is a logarithmic curve fitted to the experimental data.

6.2.2 Current dependence and field dependence at resonant frequency

The dc current dependence of the induced voltage at resonant frequency 182 MHz has
also been studied. Since the voltage is linearly proportional to the current, we expect a
logarithmic dependence on the dc current in the signal. Figure 6.4(a) shows the spectrum
induced by the RF magnetic field with the frequency of 182 MHz for various dc current.
The peak magnitude monotonically increases with increasing the dc current. Moreover, as
can be seen in Fig. 6.4(b), its dependence clearly shows the logarithmic dependence.

After that, the 2nd harmonic voltage spectra at resonant frequency 182 MHz has been
measured under different magnetic field. As can be seen in Fig.6.5, the signal does not
show the significant change below 62 Oe both for the positive and negative magnetic field.
However, above 90 Oe, the peak amplitude starts to decrease and finally disappears. This is
because the core potential deviated from the ideal parabolic shape when the magnetic field

is close to the annihilation.[33, 114] When the magnetic field exceeds 120 Oe, the vortex core
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Figure 6.5: Voltage spectra under the microwave magnetic field with the frequency of 182

MHz for various static in-plane magnetic field.
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Figure 6.6: Power dependence of the resonance properties of the ferromagnetic circular
device at remanent state.

annihilates, resulting in the perfect elimination of the two-fold symmetry in the resistance.
6.2.3 Power dependence of resonant frequency at remanent field

To further check the sensitivity of the 2nd harmonic detection technique, we decreased the
numbers of the circular disks from 50 to 10. Then, the 2nd harmonic response of the vortex
core at remanent state was evaluated using the spectrum analyzer at various RF frequency
and different RF power. As expected, the resonant peak was successfully detected. The
obtained spectra were processed into a image plot showing the 2nd harmonic signal as a
function of input frequency and RF power in Fig. 6.6. The spectrum representing the
frequency dependence of 2nd harmonic signal at 5 dBm is also provided in Fig. 6.6b.
As indicated in Fig. 6.6, the resonant frequency increases with the enhancement of the RF
power which is deviated from the ideal linear situation. It may attributes to the higher order
terms of the magnetostatic potential at high excitation amplitude[13, 55] or the nonlinear
behavior contribution when the vortex core has a large displacement from the equilibrium

place under high power[6, 61, 69-72].
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6.3 Conclusion

To investigate the magnetic vortex core dynamics at the remanent state, we have developed
a novel method based on the electrically separated excitation and detection circuits with
the spectrum analyzer. The signature of the vortex core resonance is well detected as the
2nd harmonic signal induced by the two-fold symmetric resistance change. The current
and field dependence of the 2nd harmonic signal show the features consistent with the
previously reported results. The enhancement of resonant frequency of magnetic vortex
during remanent state has been indicated at high RF amplitude. This technique may be
extended to the higher order frequency generator voltage, faster than the intrinsic precession

frequency.
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Magnetostatic and dynamic
properties in isosceles triangular
and square ferromagnet

7.1 Introduction

Magnetic vortices represent one of the novel structures that form the cornerstone of a series
of promising applications including magnetoelectric random access memory|[119], microwave
signal-processing devices[6, 12, 72, 78, 79|, vortex based oscillators[5, 120] or even medical
use such as biofunctionalized microdiscs[7]. In addition to the technological interest, there
are also interests from the fundamental standpoint towards understanding the fascinating
magnetostatic and dynamic behaviors of sub-micron sized ferromagnetic patterns because
of their unique properties such as such as the superior thermal stability and negligible
anisotropy [3, 8]. Especially, with considering the geometrical effect, magnetic devices
with various domain structures and resonant properties could be effectively constructed by
choosing specific geometrical shape and tailoring the particle aspect ratio[33, 76, 103]. So
far, most of studies on the magnetic vortex have been carried out by employing simple
circular ferromagnetic disk [103, 111, 118, 121], several unique features have been reported
in the magnetic vortex confined in other shapes. For example, in a ferromagnetic dot with a

regular triangle shape, the chirality of the vortex core can be well controlled and its resonant

64
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frequency is strongly modified by adjusting the core position.[63] In a elliptical ferromagnetic
disk, an anisotropic field dependence of the core resonant frequency has been reported.[64,
65] Thus, the resonant properties of the magnetic vortex can be flexibly modified by tuning
the geometrical shape as well as their dimension.[33, 45] These facts imply that excellent
novel properties are anticipated by exploring the magnetic vortex confined in a specific-
shaped ferromagnetic dot with tailoring geometrical ratio.

To realize the promising applications based on magnetic vortices, the independent ma-
nipulation of polarity and chirality is indispensable. In the last couple of years, it has drawn
considerable of attention on developing effective ways to control both chirality and polarity.

In the first place, one of the effective approaches to control the magnetic chirality is the
introduction of a slight asymmetry in the magnetic geometry. For example, both Schneider
and Kimura’s groups have successfully realized the control of chirality by introducing a
flat edge to a magnetic disk because the vortex easily nucleates from the flat edge due
to the larger demagnetizing field under a static field parallel to the flat edge[85, 91] In
addition, Yakata et al also proposed a method to control the chirality in the regular polygons
with odd-symmetry structures such as in triangle, pentagons.[83, 84] They succeeded in
manipulating the vortex chirality with the MFM image by changing the initialized magnetic
field direction. Cambel et al. also achieved the manipulation of chirality in a ferromagnetic
nanodot with gap.[122] Another issue to manipulate the chirality is addressed by applying
time dependent spatially distributed magnetic field such as field pulse and short bursts,
aiming at modulating the remanent state of the ferromagnet.[44, 61, 69, 121] Furthermore,
other methods have also been presented based on spin-transfer toque, nano-local spin valve
signal, or utilization of C state vortex after expelling the vortex core.[89, 123, 124]

The polarity could be switched by applying a perpendicular static field but the mag-

nitude of the field is quite large.[37] At the same time, defects and thermal agitation may
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help to lower the switching field by the means of assisting the Bloch-point inject accord-
ing to Thiaville’s calculation.[80] However, there are also other approaches to effectively
reverse the polarity of vortex core by exciting the gyrotropic precession mode of vortex
core.[10-12, 33] Guslienko et al. investigated the dynamic origin of vortex core switching
in magnetic nanodots by analytical and micromagnetic calculation and their result reveal-
s that vortex core switching is driven by a gyrotropic field which is proportional to the
velocity of the moving vortex.[61] What’s more, when the vortex core comes to a critical
velocity, the polarity of vortex core would reverse to the opposite.[6, 44, 61] Until now, it
has been confirmed that vortex core polarity could be efficiently reversed by introducing a
spin-polarized current, short bursts of a alternating field, coherent excitation of resonant
microwave pulse.[5, 69, 71, 72, 125, 126] In addition, excitation of spin waves could assist
the reversal of vortex core polarity attributing to the instability of vortex core.[127-129]
During the reversal process of vortex polarity, some anti-vortex structure may appear to
contribute the formation of a vortex structure with opposite polarity but it only exists in a
very short time.[130, 131]

In the linear response regime, the dynamic property of the magnetic vortex core can be
described by Thiele’s equation, where the trajectory of the vortex core exhibits a rotational
motion around its equilibrium position about sub-gigahertz range.[9-11, 57, 61] The gyration
motion of vortex core offers abundant fundamental behaviors because the motion equation of
the core is mathematically equivalent situation for the mass point confined in the parabolic
potential. Moreover, the characterization of core motion including the non-linear regime
may deepen the understanding towards the basic property of vortex core and pave the way
for improving the performance of the spin-based nanoelectronic devices using a magnetic
vortex.[10-13] T'wo or more vortices are known to be stabilized by modifying the shape of the
ferromagnet, where further intriguing properties and new possibilities for the application are

anticipated[50, 64, 65, 132]. Up to now, experiments on magnetic structure with two vortex
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has been limited to ferromagnetic ellipses and the resonance frequencies of the vortex pairs
are quite close possibly due to the complete symmetry structure or weak coupling between
the vortex pairs[50, 64]. However, evidence for control of two vortices in isosceles triangle
and its dynamic results is still lacking.

In this chapter, for seeking new functionalities of magnetic vortex, the chirality of vortex
core numbers in an isosceles triangle ferromagnet at remanent state under various directions
of initialized in-plane magnetic field has been demonstrated. Moreover, the core dynamics
of the magnetic vortex confined in both isosceles triangle and square-shaped ferromagnetic

dot have been studied.

7.2 Static and dynamic investigation in isosceles triangle

The exploitation of high density magnetic memory and other spin-based devices requires
effective control and well understanding on both the magnetostatic and dynamical proper-
ties of the magnetic vortices. In this section, magnetic force microscopy imaging has been
employed to study the magnetic structure of isosceles triangular dot and two vortices have
been successfully created by applying a specific initialing in-plane magnetic field. Further-
more, the resonance dynamic properties of the stabilized vortices in the isosceles triangular
dots have been investigated with employing the transmission impedance technique. These
results have revealed an effective manipulation of the numbers of the vortices in addition to
the chirality, demonstrated large variation of resonant frequency in the two vortices states
with dependence of the magnetic field resulting from the strong magnetic coupling. Besides,
the experimental results are reproduced by conducting micromagnetic simulations. What’s
more, the numerical results further confirmed the two oscillation peaks corresponding to
the low frequency mode and high frequency mode of the bottom vortex. Both the exper-

imental and simulation results suggest a possible approach to develop the reconfigurable
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Figure 7.1: (a) Sample size for the isosceles triangle used in the measurement and the
schematic setup for the impedance measurement employing the network network analyzer.
(b) and (c) show the representative spectra of S1; signal of frequency dependence observed
at zero field H = 0 as a function of horizontal magnetic field H for isosceles ferromagnetic
triangle with (b) Single vortex (c) double vortices, respectively. Before the measurement,
the initial magnetic field with specific directions was applied in order to obtain the single
vortex and double vortices domain structure. The S1; signal spectra were obtained by the
impedance measurement indicated in (a) employing the Vector Network Analyzer.

logic and microwave assisted filter devices. Besides, the conducted micomagnetic simula-
tion supports the dynamic behaviors of the device and offers extensive information about

the low frequency mode and high frequency mode as the dominant role in the dynamics.
7.2.1 Configuration of the fabricated device

The patterned isosceles triangular Py dots were prepared using the electron beam lithog-
raphy combining with traditional lift-off method. The Py film with the thickness of 40 nm
was deposited using the E-gun evaporation. The sample consists of a one dimensional chain
with 1000 isosceles triangular dots which are connected by Cu line. The base length of the

sampled used in the experiment is 2.6 pm and the base angle ¢p is 70 deg, as shown in



Chapter 7. Magnetostatic and dynamic properties in isosceles triangular and square
ferromagnet 69

Fig. 7.1. A single Cu strip line, 500 nm in width and 200 nm in thickness, has been fabri-
cated also by the electron-beam lithography and was placed on the center of the Permalloy
dots for detecting the dynamic response of the magnetic vortices. The dynamic proper-
ties of the magnetic vortex in the triangular dots have been evaluated by performing the
1-port transmission impedance measurements (S1;) using the Vector Network Analyzer as
schematically shown in Fig. 7.1. The position of the vortex core was controlled by adjusting
the external magnetic field. The vortex chirality in the triangle dots was set to CCW by

using an initialized in-plane magnetic field.

7.2.2 Phase diagram of the vortex domain structure under various ini-
tialized field directions

In order to characterize the remanent domain structure in the isosceles triangular Permalloy
(Py) dot, magnetic force microscopy (MFM) was used for the magnetic imaging evaluation.
An initialized in-plane magnetic field with different directions was applied before starting
the measurement. After removing the magnetic field, the magnetic structure of the sample
were measured using MFM. Fig. 7.2 shows the phase diagram of the remanent domain
structures as a function of the direction of the initialized in-plane field. Hereafter, the
angle between the direction of the magnetic field and the baseline of the isosceles triangle is
referred as ¢p. As shown in Fig. 7.2, it could be found that when the angle ¢ is between
—20° and 20°, which means the external field is parallel with the positive x axis direction or
possessing a small angle with the x axis, the Py isosceles triangle exhibits the single vortex
structure, which is similar to the domain structure of the regular triangle[133]. In addition,
the chirality of the vortex shows clockwise (CW) as indicated in Fig. 7.2. However, when
the field direction becomes steeper, the domain structure of the isosceles triangle transforms
to double-vortex structure. The double vortices show opposite chiralities with each other.
The chirality of the up vortex is CW while the bottom one shows counter-clockwise (CCW)

domain structure in the range of ¢ 20° to 90°. However, the experimental result also
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Figure 7.2: The phase diagram of nucleation vortices and MFM images in the isosceles
triangular dot with various in-plane initialized field angle ¢p. ¢ represents the angle
between the initial magnetic field direction and positive horizontal direction. The MFM
images show the domain structure after initialization. The chirality of the vortex state is
labeled in the MFM images. X axis and Y axis are the horizontal and vertical direction
respectively.
indicates that chiralities for the double vortices transforms into the opposite direction when
¢ exceeds 90°. Besides, the isosceles triangle has single and double-vortex domain structure
under ¢y range of (160°, 200°) and (200°, 340°), respectively. The chirality reverses when
the external field changes to the opposite direction. Therefore, it obviously indicates that
the domain structure of the isosceles triangular Py device shows strong dependence of the
initialized external magnetic field. These results also suggest that both the vortex chirality
and the number of the vortex cores in the isosceles triangular dot could be effectively and
simply controlled only by adjusting the direction of initialized in-plane magnetic field.
The domain structure after applying the magnetic field is governed by the competition
of the formation energy among various domain structures. When the angle ¢y locates in

the range 20° to 160°, the nucleation of the up vortex in the magnetic structure may result

from the lower formation energy of the double vortices comparing with single vortex in
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combination of the strong demagnetization field induced around the vertex angle. In other
words, the double vortex magnetic structure in the isosceles triangular Py dot is more stable

when the angle ¢y is around 90° or 270°, respectively.
7.2.3 AMR measurement of the ferromagnetic Isosceles triangle

As shown above, the magnetic domain structure with two vortices in the isosceles triangular
dot was confirmed via the MFM images. However, it is not enough by the realization of
domain structures. AMR measurement is another approach to characterize the properties of
ferromagnetic devices by electrical measurements which attributes to the significant AMR
change during the vortex core nucleation or annihilation induced by the phase transition of
the domain structure.[81, 91] Therefore, in order to gain further insight into magnetostatic
properties of the isosceles triangular dot, the AMR detection of the isosceles triangle has
also been performed under different directions of external magnetic field.

The AMR was measured by using traditional two probes configuration. The representa-
tive spectra for the single isosceles triangle under external field direction of ¢ of 0° and 70°
as plotted in Fig. 7.3. For both situations, the ac current was flowing along the direction of
¢u= 0°. As seen in Fig.7.3,the resiestance was monitored first by sweeping the field from
negative to positive direction (blue curve) then sweeping back (red curve). It can be seen
in Fig. 7.3 (a), the resistance jumps around 50 Oe and -50 Oe have been obtained for the
situation H||T which probably result from the vortex nucleation from the uniform domain
structure with the increase of positive magnetic field. The only resistance jump during the
field sweep is supposed to correspond to the single vortex structure shown in the MFM
image of the isosceles triangle. On the other hand, when the external filed is along the
direction of ¢p="70°, two significant resistance jumps appear round 45 Oe and 55 Oe for
both sweep from negative to positive direction and from positive to negative direction. As

we know, a significant AMR, change is induced by the nucleation of the vortex. The AMR
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Figure 7.3: AMR curves for the single isosceles triangle under the external field direction
¢y of 0° and 70°, respectively.

curves in Fig. 7.3(b) suggest the nucleation of two vortices during the field sweep which
extensively confirmed the two vortices structure obtained in Fig. 7.2 when ¢y locates in
20° to 160°. Therefore, the AMR curves obtained under difference magnetic field directions

exhibit good agreement with the domain structure from the MFM detection.

7.2.4 Dynamic measurement of the Isosceles triangle based on impedance
measurement

To further explore the new functionalities of spin vortex, it is not enough with the realization
of magnetostatic structure. The dynamic properties of the magnetic vortices in the isosceles
triangles oscillated by radiofrequency (RF) field are highly expected. Therefore, as the first
step, we studied the dynamic properties of the single vortex domain structure in the isosceles
triangular Py dot using impedance measurement method. In order to observe strong signal
from the impedance measurement, a sample containing a chain of 1000 isolated isosceles
triangle dots was prepared by using the electron beam lithography and traditional lift-off
method. The whole measurement was carried out in the room temperature. The vector

network analyzer was used to estimate the oscillation properties of the sample.
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To start with, the single vortex and double vortex structure were created, respectively,
by applying the initialized magnetic field with appropriate directions according to the phase
diagram presented in Fig. 7.2. After that, the dynamic response of the vortex cores was
monitored with the existence of a horizontal external magnetic field (parallel to the base
line of the isosceles triangle). Fig. 7.1 illustrates the S1; spectra for the single vortex and
double vortex states under remanent fields and the resonance frequency of the vortex cores
as a function of external magnetic field for both single vortex and double vortex situations,
respectively. As shown in Fig. 7.1(b), a clear single peak in the spectrum corresponding to
the resonant frequency of the single vortex core in the isosceles triangle was observed in the
measurement. Besides, the resonant frequency of the vortex core varies in a relatively small
range with the change of the magnetic field which exhibits great difference comparing with
the tendency of resonant frequency in regular triangular ferromagnetic dots. The results
indicate that the resonant frequency performs a gradual upward trend with the enhancement
of magnetic field along the negative direction as the vortex core approaches the device
boundary. However, the resonant frequency decreases slightly as the field increases from
zero, then it starts to increase again while the magnetic field exceeds 40 Oe which may
originates from the variation of the confined potential[33, 57, 114] of the vortex core along
with the movement of vortex core towards to the vertex.

As expected, two well-defined peaks were obviously observed in the spectrum in as-
sociation with the double vortex magnetic structure obtained above. The high resonant
frequency is for the upper vortex owing to the relatively higher potential in this asymmetric
triangle structure while the low resonant frequency is for the downside vortex. By studying
the field dependence of the resonant frequency in the range from -20 Oe to 100 Oe, we
identify that the upper vortex and downside vortex show different behaviors. Apparently,
the resonant frequency of the downside vortex performs weak field dependence with slightly

reduction. On the contrary, figure 7.1(c) illustrates the resonant frequency of the upper
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Figure 7.4: The resonant response of vortex core as a function of the external field for
isosceles triangular device with single vortex and double vortices, respectively with the
schematic figure showing the displacement of vortex cores with the external field.
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vortex core showing great modification as the in-plane field varies from negative to positive
and reaching to the maximal resonant frequency over 400 MHz. In the meanwhile, the
downside vortex reaches to the minimum. As the magnetic field increases positively from
zero, the two vortices are getting closer to each other implying that the magnetic interaction
between two vortices becomes stronger correspondingly, which may attribute to the splitting
between the resonant frequencies of the two vortices. However, there is no big difference
between the resonant frequencies of the two vortices during negative magnetic field range
which could be understood as a consequence of relatively small magnetic interaction rooted
in the deviation of two vortex cores. These results indicate the resonant frequency could
be modified by choosing the specific domain structure and specific field and may give us a
suggestion that the magnetic coupling plays an important role in determining the oscillation

properties of the upper vortex and the downside vortex.
7.2.5 Micromagnetic simulations

To gain further insight into the resonant dynamic properties of vortices in isosceles triangle,
micromagnetic simulations were conducted on the triangular Py dot with same size and
same experimental conditions. The results are shown in figure 3 and mainly are in good
agreement with the experimental results. As we expected in the experiment result for the
triangle with single vortex, the displacement direction of the vortex core is confirmed in
the numerical result shown in Fig. 7.5(a), which moves vertically upward while sweeping
field from negative to positive direction. The resonance frequency of the vortex core ranges
between 100 MHz and 200 MHz for both experimental and the simulation results. The
resonant frequency exhibits a downward trend with respect to the H from -80 Oe to 80 Oe
and the minimum of the resonant frequency appears at field of 80 Oe in the numerical plot.
However, the resonant frequency reduces from -80 Oe to 40 Oe then starts to increase from

40 Oe to 80 Oe according to the experimental result shown in Fig. 7.4(a). This difference
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between the experimental and numerical results may originate from the small excitation
field (Hqc=0.5 Oe). Besides, the result in Fig. 7.5(c) indicates that the oscillation radius
on x axis and y axis is different with each other but both less than 25 nm, demonstrating
the ellipse shape rotation under resonant state. The radius reaches the minimum as the
vortex core is closest to the vertex angle of the triangle at field of 80 Oe, probably due to
the enhanced potential near the vertex comparing with the initial position of vortex core.
On the other hand, the triangle with two vortices and their dynamic properties were
also successfully reproduced by the numerical calculation even there are some differences
between the experimental and simulation results. The plot of vortex core positions as a
function of the external dc field shown in Fig. 7.5(d) demonstrates that the vortices shift
away from each other as horizontal field on negative direction is applied while the two
vortices approach each other with the increasing horizontal field on positive direction based
on the competition of two vortices. However, according to the relationship between resonant
frequency and external field indicated in Fig. 7.5(e), the oscillation of the large vortex core
downwards dominated at low field (< 300e) with a resonant frequency around 180 MHz,
probably because the interaction between two vortex cores is negligibly small when there is a
large distance between the two vortex cores at negative field then the large vortex core plays
a dominant role. The splitting of the resonant frequency of the two vortices was observed
only when the external field exceeds 30 Oe. In this case, two resonant frequency curves
appear as a result of the strong interaction between two vortices while the two vortex cores
get close to each other. Besides, the maximum of the resonance frequency for the small
vortex core was achieved at the field of 80 Oe. At the same time, the large vortex core
also reaches its minimum resonant frequency. But the magnitude of the observed resonant
frequency for the experimental and numerical result are different. The maximum of the
resonant frequency from the experimental data is over 400 MHz while the maximum of the

numerical one is about 300 MHz. The field dependence of resonant frequency may be in
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Figure 7.5: Numerically calculated results for the sample with single vortex and double
vortices. The simulation results were conducted for the triangle with same size and same
experiment conditions. (a) vortex position as a function of applied dc field for the triangle
with single vortex; (b) resonant frequency as a function of the applied dc field for the
triangle with single vortex; (c) The field dependence of the rotation radius on both R, and
R, for the field range from -80 Oe to 80 Oe for the triangle with single vortex; (d) vortex
positions as a function of applied dc field for the triangle with double vortices; (e) resonant
frequencies as a function of the applied dc field for the triangle with double vortices; (f)
The field dependences of the rotation radius on both Rx and Ry for the field range from
-80 Oe to 80 Oe for the triangle with double vortices.
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close association with the dc field dependence of radium of the core rotation. As shown
in Fig. 7.5(f), the downside vortex core possesses the larger oscillation radius comparing
to the upper vortex core at low field range (<30 Oe), however, the radius of the upper
vortex core becomes larger than the downside vortex core under the interaction between
the two vortices. In short, the mismatch between the experimental and simulation result
may originate from the inaccuracy in the thickness and saturation magnetization as well as

the structural imperfections in the samples.

7.3 Directional dependence of vortex core resonance in a
square-shaped ferromagnetic dot

In this section, the resonant property of the magnetic vortex confined in a square-shaped
ferromagnetic dot has been investigated. The field dependence of the resonant frequency
performs a unique directional dependence originating from a four fold rotational symmetry
of the square. The resonant frequency is found to be strongly modulated by the mag-
netic field along the diagonal direction although the magnetic field applied along the side
of the square hardly modified the resonant frequency. The modulation ratio of the reso-
nant frequency was found to be tuned by the lateral dimension of the ferromagnetic dot.
These tunable properties of the field dependence may provide an additional function in the
application of magnetic vortex systems.

A chain of the square ferromagnetic dots on a non-doped Si substrate was fabricated by
the conventional lift-off technique. Here, the 40-nm-thick ferromagnetic Permalloy (Py) film
was evaporated by a electro-beam evaporation under the pressure of 2 x 107 Pa. About
the lateral dimensions of the square dots, we prepared three kinds of samples with different
lateral dimension. Here, the diagonal distance of the square [ varied from 1 pym to 3 pm. We
note that the diagonal distance corresponds to the diameter of the circumscribed circle for

the square dot. We confirm that the domain structures at the remanent state for the square
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Figure 7.6: (a) Spatial distribution of the spin structure in the squared Permalloy dot
observed by magnetic-force microscope; (b) SEM image of part of the fabricated device;
(c)Schematic illustration of the sample structure with the measurement setup.

dots perfectly form magnetic vortex structure even for the square dot with I = 3 um by
using magnetic force microscopy (MFM) (model NanoNavi/E-sweep, SIIT NanoTechnology)
with low moment magnetic probes. The chirality distribution was random because the
nucleation energy for both chiralities is degenerate.[83] The dynamic properties of the vortex
core confined in the square dot have been evaluated by the reflection impedance (S11)
measurements using a standard vector network analyzer.[12, 63] As shown in Fig. 7.6(b),
a single Cu strip line with 500 nm in width and 200 nm in thickness was deposited on the
top of the ferromagnetic dots. We note that the narrow strip line enables to detect the
resonant oscillation of the magnetization sensitively.[63] The in-plane static magnetic field
at an angle ¢ with respect to the strip line was applied to adjust the equilibrium position of
the vortex core. Here, we study the field dependence of the resonant property at ¢ = 0,7 /4
and /2.
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Figure 7.7: (a) Reflection spectra as a function of the input RF frequency for the square-
shaped ferromagnetic dot with the diagonal distance [ = 1 pm, 2 pym and 3 pum, respectively
at the remanent state. (b) Comparison of the resonant frequency of the magnetic vortex
confined in circular, square and triangular ferromagnetic dot as a function the diameter of
the circumscribed circle.

7.3.1 Diagonal distance and field dependence of resonant frequency

Fig. 7.7(a) shows Sy signals as a function of the input RF frequency at the remanent state
for the three different samples. In all of the samples, the resonant signature was clearly
observed as a peak of the signal. The resonant frequencies for the samples with = 1u
m, 2 yum and 3 pm are 405 MHz, 210 MHz and 145 MHz, respectively. These monotonic
changes with the lateral dimension come from the change of the magneto-static energy
and are consistent with the conventional understandings.[33] In Fig. 7.7(b), we compare
the resonant frequency at the remanent state for the various shapes of the ferromagnetic
dots.[63, 104] Here, the horizontal axis corresponds to the diameter of the circumscribed
circle. The square dot was found to have intermediate values between the circle and the
triangle. This indicates that the confined potential for the vortex core is related to the area
size of the ferromagentic dot. So, the magnetic vortex confined in the triangular dot feels

the largest restoring force because the average distance from the edges is shortest.
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We then study the field dependence of the resonant property of the magnetic vortex in
the square dot as well as its anisotropy. First we apply the magnetic field perpendicular
to the Cu strip (¢ = 7/2), which is a diagonal direction for the square. In this case, the
equilibrium core position shifts along the Cu strip. As can be seen in Fig. 7.8(a), the
resonant frequency increases with increasing the magnitude of the magnetic field for both
polarities. We note that a similar modulation feature has been observed in a magnetic vortex
confined in the regular triangle. In the triangular ferromagnetic dot, when the vortex core
approaches to the vertex of the triangle, the resonant frequency increases because of the
enhancement of the confined potential.[63] Since the similar situation is also expected in the
square-shaped ferromagnetic dot by moving the core around the corner of the square, the
modulation of the resonant frequency observed in Fig. 7.8(a) is caused by the enhancement
of the confined potential. On the other hand, as shown in Fig. 7.8(b), when the magnetic
field is applied along the side of the square (¢ = 7/4), the change of the resonant property
is negligibly small. We also want to emphasize that the similar in-sensitive behavior was
obtained in the triangular dot when the core moves toward the side of the triangle.[63] This
is exactly the same situation in the case for Fig. 7.8(b). Therefore, the effective confined
potential for the vortex core is not modified when the core moves towards the side of the
ferromagnetic dot. Thus, in the square-shaped ferromagnetic dot, the field dependence of

the resonant frequency strongly depends on the direction of the magnetic field.

7.3.2 Modulation ratio and field direction dependence of resonant fre-
quency

As pointed above, in the square dot, the resonant frequency is significantly modulated by
the application of the magnetic field along the diagonal direction. Here, we discuss about
the size dependence of the modulation ratio of the resonant frequency. Figure 7.9(a) shows
the image plot of the spectra as a function of the magnetic field along the diagonal direction

(¢ = 7/2) for the samples with = 1 pm, 2 g m and 3 pm. In all of the samples, the resonant
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Figure 7.8: (a) Image plot of the reflection signal spectra as a function of external magnetic
field perpendicular to the strip line (¢ = 7/2) and (b) the representative spectra observed
at H = £300 Oe, +200 Oe and zero field . (c) Image plot of the reflection signal spectra
as a function of external magnetic field along the side of the square (¢ = 7/4) and (d) the
representative spectra observed at H = 4200 Oe, £100 Oe and zero field.
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Figure 7.9: (a) Image plot of the reflection spectra for the square dot with [ = 3 pm as
a function of the external magnetic field along the diagonal direction (¢ = 7/2); (b) The
modulation ratio n as a function of the diameter distance, where the modulation ratio is
defined as the ratio of maximum resonant frequency to the resonant frequency at remanent
state.
frequency increases with increasing the magnitude of the magnetic field. We now focus on
the modulation ratio 1 defined by the maximum resonant frequency divided by the resonant
frequency at H = 0. Figure 7.9(b) shows the modulation ratio 7 as a function of the diagonal
distance [. It can be clearly seen that n monotonically increases with increasing the size of
the square. We want to emphasize that the difference in the maximum resonant frequency
is smaller than the difference in the minimum resonant frequency, which corresponds to the
resonance at the remanent state. This means that the confined potential for the magnetic
vortex does not depend on the lateral dimension so much when the core is located in the
vicinity of the corner. This can be understood by the fact that one square is perfectly fit
at the corner of the other square.

Finally, the importance of the relationship between the device configuration and the di-

rection of the core displacement has been indicated. Figures 7.10(a) and (b) show the image

plots for the field dependence of the reflection spectra for the square with the diameter of
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Figure 7.10: Image plots of reflection spectra for the square dot with [ =3 um as a function
of external magnetic field at (a) ¢ = 7/2 and (b)¢ =0
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3 pm, where the magnetic field is applied along two different diagonal direction. We clear-
ly confirm that the resonant signature in Fig. 7.10(b) disappears at much lower magnetic
field than that in Fig. 7.10(a). Since the vortex core moves perpendicular to the magnetic
field[39], the core should shift out of the strip line by the application of the magnetic field
along the strip line (¢ = 0). Therefore, the results indicate that the narrow strip line can

detect the core oscillation only in the vicinity the Cu strip line.

7.4 Conclusion

To summarize, in the first place, we have achieved the identification of magnetic structure
with two vortices in the isosceles triangular device using magnetic force microscopy imag-
ing, indicated that the transition between the single and double vortex structure could be
simply manipulated by controlling the direction of the initialized in-plane magnetic field
and suggested that the existence of the double vortex state is stable due to the lower for-
mation energy. The realization of the double vortex may enrich new fundamental studies
of magnetostatic structure and related dynamic properties. Furthermore, we provide the
detailed experimental and numerical information about the dynamic changes of the reso-
nant frequency with the dependence of horizontal magnetic field for both single and double
vortices and clarify that the large splitting of oscillation frequency between the upper vortex
and downside vortex. Comparing with the resonant frequency of the two vortex states in
patterned ellipses[64, 65], the double vortex in the isosceles triangular Py dots maintains
larger deviation of two resonant frequencies especially when the magnetic field exceeds +30
Oe. That should be contributed from the stronger dynamic interaction of the two vortices
in the asymmetric domain structure of the patterned isosceles triangles while the ellipses
possess exactly symmetric structure. The simple realization of the transition between single
and double vortex and the effective modification of the resonant frequency based on the

magnetic coupling between two vortices imply that a possibility for the development of the
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reconfigurable logic and microwave assisted spin based devices.

On the other hand, the resonant property of the magnetic vortex stabilized in a square-
shaped ferromagnetic dot has been investigated. The resonant frequency takes an inter-
mediate value between the circular and triangular disks with the same diameter of the
circumscribed circle. This is because the magnitude of the confined potential decreases
with increasing the area size of the dot. The field dependence of the resonant frequency
shows a unique directional dependence reflecting the four-fold rotational symmetry. The
significant modulation of the resonant frequency can be realized in the square with the
diagonal distance of 3 um under the in-plane magnetic field perpendicular to the strip line.
These results indicate that the dynamic properties of vortex core can be modified by adjust-
ing the direction of in-plane magnetic field and these characteristics provide a possibility

for technological applications such as the reconfigurable logic and filtering devices.



Chapter 8

Conclusion

This thesis concentrates on the experimental characterization and manipulation of vortex
chirality, as well as the development of detection techniques for vortex dynamics and further
exploitation of interesting dynamic behaviors. There are several results which have been
concluded shown as follows:

The measurement of AMR, curves demonstrates the introduction of asymmetrically con-
figured electrodes for a single Py circular disk offers a simple solution to distinguish the
nucleation position of vortex structure. That should attribute to the inhomogeneous dis-
tribution of current density from the large difference of resistivity of Py and Cu electrodes.
The chirality is further determined because the nucleation depends on direction of applied
field and chirality. The observation of AMR curves at different field range suggest the vor-
tex chirality relying on the magnitude of the maximum magnetic field. This approach for
chirality detection may accelerate the development on characterization of magnetic vortex
and its future spintronic application.

The dynamic property of magnetic vortex during oscillation was also studied by a new
developed measurement technique in this thesis which allows to pick up the vortex oscillation
without any background signal by the separately prepared excitation and detection circuits.
The obtained size and interval dependences of the resonant property show good agreement

with the previously reported numerical and experimental results. By extending the present
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technique to the application of the spatially modulated magnetic field, it is possible to
excite the unique high-energy resonant mode. Moreover, the power dependence of a chain
of meander type circular was detected by this method. The result indicates a splitting of the
resonant frequency during high RF amplitude which may originates from some translational
mode under nonlinear regime. This method is limited to the investigation of magnetic vortex
dynamics at remanent state. To exploit the magnetic vortex core dynamics at the remanent
state, we have developed a novel method based on the electrically separated excitation and
detection circuits with the spectrum analyzer. The signature of the vortex core resonance
is well detected as the 2nd harmonic signal induced by the two-fold symmetric resistance
change. The current and field dependence of the 2nd harmonic signal show the features
consistent with the previously reported results. This technique may be extended to the
higher order frequency generator voltage, faster than the intrinsic precession frequency. In
addition, the resonant frequency as a function of RF power measured by the 2nd harmonic
method at remanent state deviates from the linear behavior which may results from the
high order contributions under high power.

Apart from the devotion to magnetic vortex in circular disks, magnetic vortex confined
in the isosceles triangle or square was also paid attention to. In the first place, the exper-
imental evidence of two stabilized vortices in an isosceles triangular ferromagnet has been
provided by imaging the domain structure employing MFM under remanent state. More-
over, the numbers and chirality of the magnetic vortices can be controlled by adjusting
the initialized field direction. By performing the transmission impedance measurement to
analyze the oscillation dynamic behaviors for isosceles triangular devices with single vor-
tex and double vortices structure, two resonance frequency peaks were observed where the
high frequency peak increases further larger while the low frequency peak reduces gradual-
ly with the increase of positive field, indicating stronger magnetic vortices coupling under

large positive field. Besides, the conducted micromagnetic simulation afterwards reproduces
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the experimental results in a good way and offers a more extensive understanding about
the low resonant frequency mode and high frequency mode in the core oscillation dynamic.
Furthermore, the dynamic response of vortex core stabilized in chained square Py dots was
also investigated. The experimental results indicate a unique directional field dependence
of resonant frequency reflecting the four-fold rotational symmetry. In addition, significan-
t modulation of the resonant frequency was realized in the square device with diagonal
distance of 3 um under the in-plane field perpendicular to the strip line. The results sug-
gest the dynamic properties of vortex core could be modified by adjusting the direction of
external field.

The above results indicate much simple but sensitive detection techniques for investi-
gating of static and dynamic properties of vortex core, and provide a possibility for tech-
nological application based on magnetic vortex such as magnetic vortex based memories or

microwave assisted filters.
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