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Zusammenfassung

In dieser Arbeit werden die Magnetisierungsdynamiken von Permalloyscheiben
und -drähten im Nanometerbereich untersucht. Die Arbeit besteht hauptsächlich
aus zwei Teilen: Im ersten Teil werden die Vortex-Kern Bewegungen einer magnetischen Scheibe durch Mikrowellenströme, experimentell untersucht. Der zweite
Teil besteht aus numerischen Berechnungen von Magnetisierungsdynamiken durch
sich ausbreitende Spinwellen.
Für die Messungen wurde das Verfahren der ’homodyne detection’ benutzt. Diese
Technik basiert auf dem korrigierenden Mikrowellenstrom Effekt. Durch das
Kryostat-System ist es möglich die Temperatur zwischen 2 und 500 K zu halten
und die Mikrowellenfrequenz zwischen DC und 20 GHz, zu steuern. Anfangs wird
die Händigkeit der Vortex Wand und die Polarität des Vortex Kerns bestimmt.
Aus systematischen, Magnetfeld abhängigen Messungen, werden starke ’pinning’
Effekte an bestimmten Positionen des Vortex-Kerns festgestellt. Die Temperaturund Mikrowellenleistungsabhängigkeit bestätigen diese ’pinning’ Effekte. Durch
diese Effekte ist es möglich, die Potentiallandschaft des Systems zu berechnen. Aus
der Auswertung der Phasenverschiebung zwischen dem Mikrowellenstrom und der
magnetischen Widerstandsänderung, kann die Oerstedfeld Komponente, die zur
Vortex-Kern Dynamik beiträgt, bestimmt werden. Das Oerstedfeld beträgt ungefähr 75 % der Kraft, die auf die Kreisbewegung des Vortex-Kerns wirkt.
Das Zusammenspiel zwischen sich ausbreitender Spinwelle und der Domänenwand
wird numerisch durch mikromagnetische Simulationen untersucht. Um den Mechiii
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anismus zu verstehen, der zur Domänenwandbewegung führt, wird die Domänenwandgeschwindigkeit durch Spinwellen, die Spinwellen Dispersionsrelation und
das ’depinning’ Feld für ’gepinnte’ Domänenwände, berechnet. Die physikalische
Herkunft von Spinwellen induzierter Domänenwandbewegung ist stark von der
Spinwellenfrequenz abhängig. Bei gewissen Frequenzen von Spinwellen, führen
transverse Domänenwand Oszillationen dazu, Transverse Domänenwände zu verschieben, während bei anderen Frequenzen starke Reflektionen und ein effektiver
Impulsübertrag, die Hauptmechanismen der Spinwellen induzierten Domänenwandbewegung sind. Das oszillierende Oersted Feld, welches durch Mikrowelleninjektion generiert wird, wird dabei als neue Spinwellen-Quelle erforscht.

Abstract

In this work, the magnetization dynamics in a nano scale Permalloy disc and
nanowire. This work is mainly consists of two parts. First part is the experimental investigations of the magnetic vortex core dynamics excited by microwave
currents on a magnetic disc. Second part is the numerical calculations of the
magnetization dynamics with propagating spin waves.
For the measurements, the homodyne detection scheme is used. This technique is
based on the microwave current rectifying effect. The cryostat system is able to
control the sample temperature from 2 K to 500 K and the microwave frequency is
controlled from DC to 20 GHz. First the chirality and polarity of the vortex core
are determined. From the systematic field dependent measurements, the strong
pinning effects are ascertained at the certain position of the vortex core. The
temperature and microwave power dependence confirm the pinning effects. This
pinning effect allows us to calculate the potential landscape of our system. From
the analysis of the phase shift between the microwave current and the magnetoresistance response, the Oersted field contribution to the vortex core dynamics is
determined. The Oersted field is about 75 % of the force exerted on the vortex
core gyration.
The interaction between propagating spin waves and domain walls are numerically investigated by using micromagnetic simulations. In order to understand
the mechanisms that lead domain wall motions, the domain wall velocity by spin
waves, the spin wave dispersion relation, and the depinnig fields for pinned dov
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main wall are calculated. The physical origin of the spin wave induced domain
wall motion strongly depends on the propagating spin wave frequency. At certain
spin wave frequencies, transverse domain wall oscillations lead to transverse wall
displacement by the spin waves, while at other frequencies, large reflection and effective momentum transfer are main drivers of the spin wave induced domain wall
motion. The oscillating Oersted field generated by microwave current injection is
investigated as a new spin wave source.
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Introduction

Nanotechnology is a fast growing research area that covers many disciplines in
natural science and engineering. Nanotechnology deals with nano-scale structures
and various materials. The types and application areas of the nanotechnology are
innumerable. Nanomagnetism is the part of the nanotechnology that uses magnetism on the sub-micron scale structures. This has well known applications in
data storage device. Especially, a hard disc in the computer is one of the best
examples of a nanomagnetic application. Combined with a sub-micron scale architecture fabrication techniques, magnetism plays a major role in modern data
storage applications.

Disc drives store information as a bit, which is composed of two different
states "0" or "1". Information is written using a magnetic field from the head
that changes the magnetization direction of the bit. By measuring the stray field,
the head detects the direction of the magnetization. However, new storage device
developments with faster switching time and high storage densities are pushing
to the physical limits.

New nanofabrication techniques and new magnetic behavior on a scaled down
nanowire are able to overcome the previous storage density limitation. It was
predicted by Berger that the magnetization can be changed by current injection [Ber84]. For instance, a magnetic domain wall can be moved by currents.
This is the basis for a promising candidate for future non-volatile memory device,
1
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which was proposed by Parkin [Park04]. Scientifically, domain wall motion is a
highly intriguing topic since the motion is based on the combination of the spin
transfer torque and an effective force depending on the material and magnetization configuration [LiZh04, BKWK+08, HRIB+10]. In fact, current densities to
move a domain wall are too high, resulting in heating and structural damages.
Two different alternative ideas for current induced magnetization dynamics
are proposed. A magnetic vortex state in a circular magnetic disc is the first proposed idea to investigate not only the magnetization dynamics with spin polarized
currents, but also the ultrafast switching mechanism as a promising candidate for
switching in future non-volatile memory devices [BKDM+08]. The vortex core has
high thermal stability and a low necessary switching current density [WPSC+06].
So far, the resonant excitation of the magnetic vortex core by microwave currents
has been studied via transport measurements [Bedau08, KBVH+10]
Recently a few studies have been reported about the interaction of propagating
spin waves and domain walls [HKLH+09, SLKL11]. It has been shown that propagating spin waves can move magnetic domain walls without any charge current.
By using this idea, the Joule heating problem can be overcome and the domain
wall motion can be controlled by changing the spin wave frequency. But so far
domain wall velocities are low and the underlying physics is still needed to be
unveiled.
In this work, results are presented on the magnetization dynamics due to the
spin transfer torque effect and the Oersted field contribution on a circular magnetic disc as well as the interaction between propagating spin waves and magnetic
domain walls. This thesis is organized as follows:
Chapter 1 is an introduction on the theoretical background of magnetism.
The theoretical description of the magnetization dynamics and spin waves is presented in this chapter.
Chapter 2 shows the experimental setup and techniques to characterize magnetic properties and to investigate the magnetization dynamics. It contains an
explanation of the homodyne detection scheme based on microwave current injection and a microwave rectifying effect. This chapter contains the description

Introduction

3

about the object oriented micromagnetic framework, used for numerical simulations.
Chapter 3 presents the results on the magnetic vortex core dynamics in a
Permalloy disc. From systematic measurements, pinning effects are ascertained.
The pinning potential is determined and a two dimensional pinning map are
drawn. By the analysis of the phase shift, the driving forces of the vortex core are
probed. The position dependent vortex core dynamics reveals that the Oersted
field contribution is dominant. The vortex core motion is well explained by an
analytical expression.
Chapter 4 deals with micromagnetic simulations about the interaction between propagating spin waves and magnetic domain walls. Various spin wave
properties are introduced and two different interaction mechanisms to move domain walls are found. Another technique to generate spin wave is also studied in
this chapter: Oersted fields are found to be able to generate a strong exchangedipolar propagating spin waves.
Chapter 5 summarizes the highlights of this dissertation. As the dissertation
consists of two major research areas, the main conclusions are explained in this
context. The chapter also includes an outlook of promising future research.
Part of results presented in this dissertation have already published or submitted to different journals. A publication list and the list of conference presentations
is shown in the end of this thesis. In the text, references are included wherever
appropriate.

CHAPTER

1

Theory

1.1

Introduction

The main purpose of this Ph.D. thesis is to explain the magnetization dynamics
due to field, current, and spin waves. In this chapter, the origins of magnetism
will be discussed. In order to understand the ferromagnetism, exchange interaction, spontaneous magnetization, and band theory for ferromagnetism will be
introduced. For a micromagnetic description, there are different energy contributions such as the exchange energy, the Zeeman energy, the anisotropy energy, and
stray field energy. To explain the magnetization dynamics, the Landau-LifshitzGilbert equation, which general consists of a contribution of an effective field and
a damping term and the extended Landau-Lifshitz-Gilbert equation with the current contributions will be introduced. To specify and simplify the magnetization
dynamics on a magnetic circular disc, Thiele’s equation and the extended Thiele’s
equation with the current contribution will also be described. At the end of this
chapter, the classical and quantum mechanical interpretations of spin waves will
be explained. Lastly, quantized spin wave modes in laterally confined structures
are discussed.
5
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1.2

Chapter 1. Theory

The Origin of Ferromagnetism

Historically, in ancient Greece, Aristotle was the first person who has scientifically discussed magnetism with Thales [Fowl97]. Around the same time, some
people have used of magnets for surgical purpose in ancient India [Vowl32]. In
ancient China, the oldest literature has been found called Devil Valley Master :
"The loadstone makes iron come or it attracts it." [Li54]
In the early 20th century, Bohr and van Leeuwen have explained that the total magnetization in a classical system should disappear when an external field
vanishes. However, ferromagnetism (spontaneous magnetization) is an obvious
quantum mechanical phenomena and can only be understood by using quantum
mechanical theory [NoRa09]. Although, the easiest idea to physically explain the
spontaneous magnetization is the magnetic dipolar interaction (magnetic dipoledipole coupling), but this coupling is weak and then the long-range ordering mechanism is not explained by using this dipole-dipole interaction. In this section, the
exchange interaction is introduced to explain long-range interaction. By using
the long-range ordering due to the exchange interaction, the two kinds of intrinsic
properties of ferromagnetism (spontaneous magnetization and Curie temperature)
can be explained. In general, the Heisenberg spin system is used to explain the
exchange interaction [Heis26]. To correct and improve the Heisenberg model to
explain the origin of the ferromagnetism, the band (Stoner) model of itinerant
ferromagnetism will be introduced.

1.2.1

Exchange Interaction

Exchange interaction is a purely quantum mechanical phenomenon. It is able to
explain the long-range magnetic ordering in ferromagnetic materials. In 1926,
Heisenberg and Dirac independently found this exchange interaction [Heis26,
Dira26]. Let us think of the wave function of a two-particle fermionic system
ψ(r1 , r2 ). If the other degree of freedom (spin) is considered, the wave functions
for the electrons can be written as a product of the spatial and spin wave functions
since there are no magnetic (spin) interaction terms [Aha00].
ψ(r1 σ1 , r2 σ2 ) = φ(r1 , r2 )X(σ1 , σ2 ).

(1.1)

Here, σ1 and σ2 indicate electron spins. Usually there is an assumption that these
electron spina are aligned along the z direction. The notations of spin states
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are simplified: X(σ1 ) as |↑i and X(σ2 ) as |↓i. This wave function should be
antisymmetric when the electrons are interchanged for spaces and spins due to
the Pauli exclusion principle. So the expression is given by:
ψ(r1 σ1 , r2 σ2 ) = −ψ(r2 σ2 , r1 σ1 ).

(1.2)

For the s = 1/2 systems, there are four kinds of ground spin states, which are
composed one singlet state (X↑↓ ) and three triplet states (X↑↑ ). The expressions
of singlet and triplet states are respectively given by:
1
X↑↓ = √ (|↑↓i− |↓↑i)
2
X↑↑ =|↑↑i,

|↓↓i,

and

1
√ (|↑↓i+ |↓↑i).
2

(1.3)

(1.4)

For the case of singlet state, the total spin is zero (S = 0) and therefore the z axis
projection is also zero (Sz = 0). On the other hand, for the case of triplet states,
the total spin is one (S = 1). The z axis projections of triplet states have +1,
√
−1, and 0 for |↑↑i, |↓↓i, and 1/ 2(|↑↓i+ |↓↑i), respectively. Now the energies for
each spin states can be calculated:
Z Z
∗
E↑↓ = hψ↑↓ | Ĥ | ψ↑↓ i =
dr1 dr2 ψ↑↓
Ĥψ↑↓ ,
(1.5)
Z Z
E↑↑ = hψ↑↑ | Ĥ | ψ↑↑ i =

∗
dr1 dr2 ψ↑↑
Ĥψ↑↑ .

(1.6)

For every electron, the eigenvalue of the spin operator Si is 1/2, Therefore, the
expression for all spins is given by:
S2 = (S1 + S2 )2 = 3/2 + 2S1 · S2 ,

(1.7)

Now, the eigenvalues of S1 · S2 for singlet state (S = 0) and triples (S = 1) can be
calculated due to S2 = S(S + 1). The eigenvalues of S1 · S2 are −3/4 and +1/4
for single state and triplet states, respectively. Consequently, the Hamiltonian of
a two-particle system can be rewritten as:
1
Ĥ = (E↑↓ + 3E↑↑ ) − (E↑↓ − E↑↑ )S1 · S2 .
4

(1.8)

This operator has eigenvalues (E↑↓ in the single state and E↑↑ in each of the triplet
states). By changing the level of the zero of energy, the term 1/4(E↑↓ + 3E↑↑ ) is
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determined as the averaged energy of the atoms. This is satisfied for all four states
and allowing us to omit this term. Now the spin Hamiltonian is expressed by:
Ĥ = −JS1 · S2 ,

(1.9)

where J = E↑↓ − E↑↑ , which is called the exchange constant. If this is positive
(J > 0), spins will favor parallel alignment (ferromagnet) and if this constant
is negative (J < 0), spins will favor anti-parallel alignment (anti-ferromagnet or
ferrimagnet) due to the energy minimization of the system.

1.2.2

Spontaneous Magnetization and Curie Temperature

On earth, there are many kinds of ferromagnetic material. For instance, Iron
(Fe), Cobalt (Co), Nickel (Ni), or Gadolinium (Gd) are ferromagnetic materials
as a single element. MnBi, MnSb, and CrO2 are alloy type ferromagnetic materials [Aha00]. These materials have very strong interactions since the magnetic
properties exist even at room temperature. These interactions are caused by a
parallel alignment of atomic moments or spins of atoms in a lattice and therefore
produce an exchange force. This exchange interaction cannot be explained by
classical mechanics, so that this interaction is expressed by quantum mechanics
since the origin of exchange interaction is the relative orientation and interaction
between the spins of two electrons. By using this exchange interaction, the origin
of ferromagnetism, which is called "Spontaneous Magnetization" can be explained.
This is one of typical two attributes of ferromagnetism. The other characteristic is
spontaneous magnetic ordering temperature, which is called "Curie Temperature
(TC )". The French physicist, Pierre Curie, discovered in 1895 that the magnetic
materials lose their magnetic properties at the specific temperature (TC ). This
temperature is an intrinsic characteristics and it is an observable material parameter that used for material identification. A simple relation between the Curie
temperature and the magnetic susceptibility is given by the "Curie-Weiss law":
χ=

C
,
T − TC

(1.10)

where C is Curie constant, which depends on material, TC is the Curie temperature, and T is the absolute temperature. The unit of both temperatures are Kelvin
(K). Therefore, the susceptibility will diverge at the Curie temperature [Kitt86].
For instance, the literature values for typical ferromagnets are: Iron, Cobalt, and
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Nickel have the Curie temperatures TC (Iron) = 1043 K, TC (Coblat) = 1388 K,
and TC (Nickel) = 627 K, respectively [Keff67].

1.2.3

Band (Stoner) Theory of Ferromagnetism

In order to take into account the energy minimization due to the exchange interaction, a band model for ferromagnetism is introduced since the Heisenberg
model does not completely explain ferromagnetism in metals. First of all, for the
one-electron energies, the expressions are given by [SkCo99, IbLu99]:
E↑ (k) = E(k) −

IS n↑
N

and E↓ (k) = E(k) −

IS n↓
,
n

(1.11)

where E(k) is the energy value of a non-magnetic one electron band structure,
IS is Stoner parameter, which describes the energy reduction due to the electron
spin correlation, n↑ and n↓ are densities of up and down spins, respectively, and
N = n↑ + n↓ is the total number of electrons. Now the excess of spin up electrons
is defined as:
n↑ − n↓
R=
,
(1.12)
N
and then, the equation (1.11) by using the defined Stoner parameter and the
excess of spin up electrons R are calculated as:
E↑ (k) = Ẽ(k) −

IS R
2

and E↓ (k) = Ẽ(k) +

IS R
,
2

(1.13)

where Ẽ(k) = E(k) − I(n↑ + n↓ )/2N . This spin excess is governed by the FermiDirac distribution:
f↑,↓ =

1
.
exp[(Ẽk ∓ IS R/2 − EF )/kB T ]

(1.14)

Now, EF is the Fermi energy and kB is the Boltzman constant (≈ 1.38×10−23 J/K)
and the self-consistency condition is given by:
R=

1 X
f↑ (k) − f↓ (k).
N k

(1.15)

At zero temperature (T =0 K), ferromagnetism should arise and by defining the
V
density of states per atom D̃(EF ) = 2N
D(EF ), the Stoner condition for ferromag-
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Figure 1.1: Density of states compared for Fe and Ni. The Ni d-band is narrower in energy and the Fermi level is closer to the top of the Ni d-band [From Reference [OHan00]].

netism [IbLu99] are derived as:
D̃(EF )IS > 1.

(1.16)

For Fe, Co, and Ni, which are so-called 3d metals, this condition is in good agreement. In contrary, for rare earth ferromagnets, this condition does not work
properly. This band theory correctly describes magnetization since it assumes
that magnetic moments arise from itinerant d-band electrons. However, band
theory does not account for the temperature dependence of the magnetization
(e.g. in case of spin-waves). To describe electron spin correlations and electron
transport properties (predicted by band theory) with a unified theory is still an
unsolved problem in solid state physics. The density of states for Fe and Ni is
shown in Figure 1.1. The origin of the band splitting is due to the spontaneous
magnetization. Ferromagnetic materials have unequal number of spins so that the
band structure shows an asymmetry as well. This fact indicates that a current
flowing through a ferromagnetic material is spin polarized. For the case of Fe, the
majority density of state is not fully occupied, which indicates a weak ferromagnetism (see Figure 1.1). However, for the cases of Co or Ni, the majority density
of state is fully occupied, which give rise to the strong ferromagnetism [Back08].

1.3. Micromagnetic Descriptions
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Micromagnetic Descriptions

In the previous section, an origin of ferromagnetism was introduced. Although,
in order to obtain the accurate solution, the model should be solved by using a
quantum mechanical approach, but the computation time would be very long for
realistic systems. To save time and simplify the model, a new concept is used, in
which the energy contributions are expressed as a function of continuous magnetization (M(r)), which are called "Micromagnetics". In the following section, the
various energy contributions such as exchange energy, Zeeman energy, anisotropy
energy, and stray field / dipolar energy are discussed.

1.3.1

Exchange Energy

As already discussed in the previous section, the exchange energy (Eex ) is caused
from the interaction among electron spins. When there is a lattice, there is an
assumption that two neighboring spins with their spin directions can be written as
S1 and S2 , respectively. The exchange energy, which is generalized by Heisenberg
is expressed by [Aha00]:
Eex = −2JS1 · S2 ,
(1.17)
where J is the exchange constant [Heis28]. If J is positive (J > 0), it will favor
parallel spins and if J is negative (J < 0), it will favor antiparallel spins. For the
small angle θ between two spins, the scalar product can be expressed as:
1
1
S1 · S2 = S2 cos(θ) ≈ S2 − S2 θ2 = S2 − (∇Sdx)2 .
2
2

(1.18)

Now, the assumptions that the amplitude of all spins are same (|S1 | = |S2 | = |S|)
and the angle θ is small are necessary. In order to obtain a formula with a
continuous magnetization M(r), there is an integral form, which is given by:
Eex

A
=
MS

Z

dV (∇M(r))2 .

(1.19)

The parameter A is called the exchange stiffness, which tries to align along the
neighboring spins and MS is the saturation magnetization. A is directly proportional to the exchange constant J in Equation (1.17) [Ber98].
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1.3.2

Zeeman Energy

The Zeeman energy arises from a magnetization under the external field. For
a homogenous external field (H), the direction of the magnetic moment (M)
aligns to the direction of the external field to minimize the so-called Zeeman
energy (E = −M · H). Accordingly, the whole magnetization leads to an energy
contribution:
Z
EZeeman = −µ0 dV M(r) · H(r).
(1.20)

1.3.3

Anisotropy Energies

Anisotropy energy contributions originate from the fact that the direction of magnetization prefers a certain direction. The anisotropy contributions are distinguished by their physical origins. Therefore, the magnetization depends on the
correlation between the magnetization vector m = (m1 , m2 , m3 ) and the crystalline axis in a lattice. The anisotropy energy contribution is expressed as an
arbitrary function anisotropy of the magnetization [Aha00, Ber98]:
Z
Eanisotropy =
anisotropy = 0 +

X
ij

dV anisotropy (m(r))

bij mi mj +

X

bijkl mi mj mk ml + · · · .

(1.21)
(1.22)

ijkl

For the crystallographic systems, the symmetries should have constraints as the
parameters bij... . First, the various types of the magnetocrystalline anisotropy
are discussed. The simplest case of magnetocrystalline anisotropy is an uniaxial
anisotropy, which prefers one direction. The uniaxial anisotropy is given by:
2
4
uniaxial
anisotropy = K0 + K1 sin (θ) + K2 sin (θ) + · · · ,

(1.23)

where θ is the angle between the magnetization and the easy axis. If K1 is negative
(K1 < 0), the energy is minimized for magnetic moments aligned along the easy
axis.
For a cubic symmetry, the energy (up to 6th order) is given by:
2 2
2 2
2 2
2 2 2
cubic
anisotropy = K0 + K1 (m1 m2 + m2 m3 + m3 m1 ) + K2 m1 m2 m3 + · · · .

(1.24)

If K1 is positive (K1 >0), h100i directions are the easy axis. If K1 is negative
(K1 <0), the anisotropy depends on the sign and magnitude of K2 [Heyn10].
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Anisotropy energy contributions can break symmetry at the surface of films.

1.3.4

Stray Field Energy / Dipolar Coupling Energy

The stray field, also called demagnetization field arises from the magnetic field.
Moreover, this magnetic field is produced by the magnetization [Aha00]. In this
case, the total magnetic field is expressed by the stray field and the magnetic field
caused by currents:
B = µ0 (HS + M),
(1.25)
where, HS is called stray field without external fields. In general, the stray field
is a function of HS (r) and this field is governed by Maxwell equation (Ampere’s
law and Gauss’s law) [Jack75]:
∇ × HS = 0,

∇ · B = 0.

(1.26)

By using equation (1.25 and 1.26), a general solution is suggested, in which this
is expressed by using a scalar potential U (r) :
HS = −∇U.

(1.27)

Now, one can think that the stray field is similar to the external field on the
magnetization so that the energy of the stray field is able to be determined by
using integral from for the volume of system [Aha00]:
µ0
ES = −
2

1.4

Z

µ0
dV HS (r) · M(r) =
2

Z

dV HS (r)2 .

(1.28)

Magnetization Dynamics

The main purpose of this Ph.D. thesis is to explain the magnetization dynamics
manipulated by electric currents or propagating spin waves. Now, the LandauLifshitz (LL) and Landu-Lifshitz-Gilbert (LLG) equation are introduced. The
comparison and similarity between the two equations will be explained. In order
to introduce the magnetic vortex dynamics, the modified LLG equation due to
current contributions and Thiele’s equation will be shown in this section.
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Landau-Lifshitz-Gilbert Equation

First, let us consider the spin Hamiltonian with an external field (H). The Hamiltonian is expressed as [NoRa09]:
H = −gµB σ · H,

(1.29)

e~
≈ 9.274×10−24
where g is called the Landé g-factor, µB is Bohr magneton ( 2m
e
J/T). To calculate the time evolution of this Hamiltonian, the Heisenberg picture
is invoked to obtain the equation of motion as a function of time:

dσ
1
2gµB
= [σ, H] =
σ × H = −|γ|σ × H,
dt
i~
~

(1.30)

where γ is the so-called gyromagnetic ratio (γ = 2gµB /~). By using the definition
of the magnetic moment (m = gµB σ) and the summation in the volume of system
P
(MdV = i mi ), the expression for magnetic moment precession in an external
field, which is called precession term are obtained.
dM
= −|γ|M × H.
dt

(1.31)

First, one can assume that γ is always positive (|γ| → γ). Now, one can have a
question about the effects of other degrees of freedom. However, one can assume
that other degrees of freedom remain near equilibrium state. If the system is
governed by dissipative processes (dM/dt < 0: energy relaxation), we expect the
time derivative of M to approach zero. Therefore, the energy dissipation term
into Equation (1.31), which is called Landau-Lifshitz equation can be included.
The expression is shown as:
dM
λγ
= −γM × H −
M × (M × H).
dt
MS

(1.32)

In the second term of the right part, which is called damping term, λ is a material
constant (dimensionless parameter). In 1955, another micromagnetic equation
of motion was suggested by Gilbert [Gilb04]. He replaced the damping term
in the Equation (1.32) by considering the viscous force that the magnitude is
proportional to dM/dt. This equation is called Landau-Lifshitz-Gilbert equation:
dM
α
dM
= −γG M × H −
M×
,
dt
MS
dt

(1.33)
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where two new parameters are introduced: γG and α are Gilbert gyromagnetic
ratio and Gilbert damping constant, respectively. Since damping process is purely
phenomenological effect, one can think that two equations are equivalent. First,
there is an assumption that the magnitude of the magnetization is invariant as a
function of time (d|M|/dt = 0). Multiply M× to Equation (1.33) and then one
can obtain the left hand side is given by:
MS
dM
=
M×
dt
α




dM
+ γM × H ,
dt

(1.34)

and the right hand side is also given by:


α
dM
− γM × (M × H) +
M× M×
MS
dt
α
= −γM × (M × H) +
M×
MS




dM
2 dM
M·
M−M
dt
dt

(1.35)

(1.36)

Since (M · dM/dt) is zero, this LLG equation combining two equations (1.34 and
1.36) are simplify rewritten as:

MS

1
+α
α



dM
MS
=−
γM × H − γM × (M × H)
dt
α

(1.37)

0

dM
αγ
0
=
=γ M×H−
M × (M × H).
dt
MS

(1.38)

0

γ
In this Equation (1.38), new parameter is defined as γ ≡ 1+α
2 and one can
prove that LL and LLG equation are almost equivalent since the Gilbert damping
constant is obviously small (α < 0.1).

1.4.2

Landau-Lifshitz-Gilbert Equation with Spin Transfer
Torque

Now the other extensions of the LLG equation are presented. One possible candidate is to take into account current in ferromagnets. In this case, one needs
to think that there are two kinds of electrons (s and d electrons) in the ferromagnet. However, current is mainly carried by s electron since d electrons
are much more localized compared with s electron. Also, current is accompanied by Fermi surface displacement. These ideas are proposed by Slnczewski and
Berger [Slon96, Ber78, Ber84, Ber92]. Due to the spontaneous magnetization,

16

Chapter 1. Theory

which is a basic characteristic of ferromagnet, currents are spin polarized. When
a spin polarized current passes through local magnetization in a ferromagnet, the
spins of s electrons should follow the direction of local magnetization. Consequently, s electrons deliver their angular momentum to the local magnetization (d
electrons), and then they have an opposite torque. This is called "Spin Transfer
Torque effect".
Adiabatic Spin Transfer Torque
In 2005, Thiaville and co-workers include the spin transfer torque terms into the
LLG equation [TNMS05]. First of all, they assume that the spin polarization of
currents adiabatically follow and fully transfer their angular momentum to the
local magnetization. This torque (τ ) term is given by:
τ = −(u · ∇)M,

(1.39)

where u is a vector direction along the the direction of electron motion. The
amplitude of this term is given by:
u=

gP µB
j,
eMS

(1.40)

where, J is the current density and P is spin polarization. For Permalloy (Py), this
factor (u/j) is 7 × 10−11 m3 /C. This toque term typically acts on a wide domain
wall. The LLG equation with an adiabatic transfer torque term is expressed by:
dM
dM
α
= −γG M × H −
− (u · ∇)M.
M×
dt
MS
dt

(1.41)

Another transfer torque term τz has been suggested by Li and Zhang [LiZh04].
The spin transfer torque is represented in the form:
τz = −

1
M × (M × (u · ∇)M).
MS2

(1.42)

The concept, in which the magnetic domain wall is able to move due to the
angular momentum transfer of conduction electrons, is current-induced domain
wall motion (CIDWM). Parkin suggested the new concept of the next generation
non-volatile memory device by using CIDWM, which is called "Racetrack Memory" [PHT08]. They highlight that the possibility of the racetrack memory device
is able to overcome the limitation of the scaling of metal oxide semiconductor
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transistor. On the other hand, this spin transfer torque term was analytically and
numerically investigated by Li and Zhang [LiZh04]. The calculations showed us
that an injected spin polarized current moved the magnetic domain wall with a
distance approximately 100 nm. However, when the currents stopped, the domain
wall went back to the original position.

Nonadiabatic Spin Transfer Torque

Figure 1.2: The calculated transverse domain wall velocity on a nanowire (width =
120 nm and thickness = 5 nm). (a) the transverse domain wall velocity as a function of
current density, which is directly proportional to u with different β values in a perfect
nanowire. (b) the same calculation to (a) with average grain boundary D = 10 nm.
Open symbols indicate the vortex wall nucleations. The dashed lines are linear fits with
offset of 25 m/s [From Reference [TNMS05]].

In the previous section, one can assume that the spin direction of itinerant electrons always adiabatically follow the direction of the local magnetization. However, when the spin polarized s electrons pass through the domain wall, this spins
interact with the localized d electrons. Additionally, there are precessional dynamics and relaxation dynamics due to the effective field from the localized d
electrons, which is governed by LLG equation (1.33). These dynamics cause the
spatial mistracking of conduction electron and then the spin direction is away
from the local magnetization (M). Another torque is caused by the component
of this mistracking, which is perpendicular to the adiabatic spin transfer torque
term. This torque term is namely "Nonadiabatic spin transfer torque".
Now another extended LLG equation is obtained with nonadiabatic spin transfer
torque term, which is represented by:
dM
α
dM
β
= −γG M × H −
M×
− (u · ∇)M +
M × ((u · ∇)M), (1.43)
dt
MS
dt
MS
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where β is the nonadiabaticity parameter. Figure 1.2 shows the transverse domain wall velocity as a function of current density with various nonadiabaticity β
values since u is proportional to the current density. For the case of β = 0, there
is a threshold current density to move the domain wall. This is an intrinsic pinning of domain wall. In the most of calculation, they used the damping constant
α = 0.02. However, for the case of β > 0, threshold current suddenly disappears
even for a nonadiabaticity value β = 0.01. For the case of β = 0.1, which is five
time bigger than the damping constant, the Walker breakdowns and the vortex
wall nucleations were observed. Shaded areas indicate the experimentally possible
current density.
Up to now, many research groups have tried to measure the nonadiabaticity β
values since a high β value indicate high efficiency in the CIDWM. However, the
measured β value is different to, for example, measurement technique, materials, analyze method, and so on. By using the depinning field measurement for
the perpendicular magnetic anisotropy (PMA) material, especially Co/Pt multilayer [BKWK+08], they observed that the β is about 0.15. For the in-plane
magnetic domain walls, by using the real time thermal activation domain wall
hopping measurements, the β value has been investigated [EWRK+10]. They
found that the β is 0.01 ± 0.004 for transverse domain wall and 0.073 ± 0.026 for
a vortex domain wall. For the case of magnetic vortex state in a magnetic circular
disc, by using the pulse injection and the vortex core displacement measurement,
the β value is able to investigate as well [HRIB+10]. In this case, the nonadiabaticity value is 0.15 ± 0.07. In general, the nonadiabaticity value β is few times
higher than the damping constant α.
Additionally, one can discuss that the strength of the spin transfer torque is directly proportional to the spin current density jP , where j is the absolute value
of j in (1.40). Therefore, the spin polarization P is the most important parameter, which is desired to be as high as possible. By using time-resolved magnetic
transmission X-ray microscopy (MTXM), the spin polarization in Py has been
estimated (P = 0.67 ± 0.16) [KFIY+08].

1.4.3

Thiele’s Formalism

Since an analytical method for realistic problems is not possible due to its complexity and a large number of degree of freedom. In order to solve the equation
of motion, an appropriate approximation is strongly needed. For the case of the
motion of magnetic domains, Thiele [Thie73] has simplified the dynamic proper-
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ties of the domain’s motion by introducing two integrals. The assumption is that
the magnetic domain dynamics is in the steady state. Thiele’s equation is useful
to simply explain the magnetization dynamics for the cylindrical domain, which
has a gyrotropic motion. For the steady motion with velocity v and keeping the
internal magnetic structure, the formulas are obtained as:
M(x, t) = M(x − X(t), 0),

(1.44)

dX
= v,
dt

(1.45)

dM(x, t)
= −(v∇)M(x, t).
(1.46)
dt
Now, one can assume that the saturation magnetization is invariant on the magnetic disc, the simple equation of motion is obtained that this is called Thiele’s
equation by putting the equation (1.44) into the LLG equation (1.33):
Fex + G × v + αD̄ · v = 0.

(1.47)

Fex is the driving force on the system generated by stray fields or external fields.
The vector G is the so-called gyromagnetic vector and the D̄ is the dissipation
tensor, that are defined by the following integrals over the sample volume:
Z
MS µ0
G=−
dV sin(θm )(∇θm × ∇φm ),
(1.48)
γ
V
MS µ0
D̄ = −
γ

Z

dV ((∇θm )2 + sin2 (θm )(∇φm )2 ).

(1.49)

V

The gyrovector and the dissipation tensor are consist of two angles (in-plane angle:
φm and out-of-plane angle: θm ). Although, this formalism simplify the LLG
equation assuming the steady-state motion, this has good advantages that this the
detailed information about the internal structure is included into two integrals G
and D̄. By using the extended LLG equation (1.38), Thiaville has developed the
extended Thiele’s equation including the adiabatic and nonadiabatic spin transfer
torque effects [TNMS05]:
Fex + G × (v − u) + D̄ · (αv − βu) = 0.

(1.50)

Equation (1.50) is well studied with the influence of the currents. Especially, in
this thesis, this equation will be considered for a magnetic vortex core dynamics
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excited by microwave currents. Now, one can deduce that the calculation of the
magnetization dynamics on a circular disc by using Thiele’s equation is good
agreement with the experimental results.

1.5

Spin Wave Theory

Spin waves (SWs) are one of the basic perturbations in a magnetic system and
these are the lowest collective excitations in magnetic lattices with continuous
symmetry. The first concept of spin waves was suggested by Bloch [Bloch31].
However, the SWs have various types and their wave properties are difficult to
explain. In this section, the basic theoretical description for SWs such as a classical and quantum mechanical expression will be introduced. Starting from the
exchange energy, the SWs dispersion relations will be discussed. In this case, there
is an assumption that the spins interact with only the nearest neighbor spins. In
order to general form of the dispersion relation, the Kittle’s equation will be introduced. A different concept, starting from the quantum mechanics, the definition
and theoretical description of magnon is introduced. As a simple case, the spin
wave dispersion relation in geometrical confinement will be shown in the last part
of this section.

1.5.1

Classical Description

Figure 1.3: (a) Classical picture of the ground state of a simple ferromagnet with
all spins parallel. (b) A possible excitation, one spin is reversed. (c) The low-lying
elementary excitations are spin waves. The ends of the spin vectors precess on the
surface of cones with successive spins advanced in phase by a constant angle. The
lattice constant is a.
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First of all, the exchange energy with classical spins for a one dimensional
chain is introduced. The energy expression due to the exchange interaction is
given by [Kitt86]:
N
X
U = −2J
Sp · Sp+1 .
(1.51)
p=1

The energy for the ground state is U0 = −2JN S 2 (see Figure 1.3(a)) when all spins
are parallel. Figure 1.3(b) shows a possible excitation due to the spin flip, which is
called 1st excited state. In this case, the energy of the system is U1 = U0 + 8JS 2 .
If the ends of all spins are precessing like a cone in Figure 1.3(c) around the same
axis, the energy of the system is much lower than the case in Figure 1.3(b). There
are called "Spin Waves". Now the equation of motion for a p-th spin by using
equation (1.31) [Kitt86] is calculated by:
gµB
2J
dSp
=−
Sp × Hp =
(Sp × Sp−1 + Sp × Sp+1 ).
dt
~
~

(1.52)

If the amplitude of excitation is small (Spx , Spy  S and Spz ≈ S), then the coupled
differential equations are obtained for x−, y−, and z− axis. The equations are
shown as:
dSpx
2JS
y
y
=
(2Spy − Sp−1
− Sp+1
),
(1.53)
dt
~
dSpy
2JS
x
x
=
(2Spxx − Sp−1
− Sp+1
),
(1.54)
dt
~
dSpz
= 0.
(1.55)
dt
By putting wave form trial solutions (Spx = uei(pka−ωt) and Spy = vei(pka−ωt) ) into
equation (1.53 and 1.54), the matrix expression as the solution of the coupled
differential equations is obtained. The determinant of this matrix should be zero:

iω
4JS
− ~ (1 − cos(ka))

4JS
(1
~

− cos(ka))
iω

=0

Now the spin waves dispersion relation is calculated by:
~ω = 4JS(1 − cos(ka)) ≈ 2JS(ka)2 .

(1.56)

For the simple case (u = v), spin waves have a circular motion, but there is an
elliptical motion in general. In order to obtain equation (1.56), the exchange
energy term is considered only. However, in a real system, the dispersion relation
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should be expressed with other energy terms such as anisotropy energy, Zeeman
energy, dipole energy, and so on (Hef f = HZ + Hani + Hdip + · · · ). For a more
general case, a generalized LLG equation including all other energies as an effective
field term is expressed by:
dM
dM
= γM × Hef f + αM ×
dt
dt

(1.57)

and new dispersion relation is represented by [Soo60]:
r
ω=γ

(Hef f +

2A 2
2A 2
k )(Hef f + 4πMS +
k ),
MS
MS

(1.58)

In general, Kittel’s formula [Kitt48], which ignore the wave vector k, is to explain
the ferromagnetic resonance absorption.

1.5.2

Quantum Mechanical Description of a Magnon

Now the SW dispersion relation is calculated starting from the simple Hamiltonian
with Zeeman and exchange energy. The Hamiltonian is given by [StPr09]:
H = −J

X

Sj · Sj+1 − 2µ0 H0

j

X

Sj,z ,

(1.59)

j

where Sj is the spin angular momentum operator for an atom j. The applied field
(H0 ) is along the z direction. Total spin and the z-component of total spin are
P
P
expressed by S2 = ( j Sj )2 , Sz = j Sj,z , respectively. The ground state (|0i) of
N identical atoms of spin S is:
S2 |0i = N S(N S + 1)|0i,

Sz |0i = N S|0i,

(1.60)

due to the spin identity Sj · Sj = S(S + 1). By using a Holstein-Primakoff transformation [HoPr40] (two independent operators: boson creation (a+ ) and annihilation (a) operators), the following expressions are obtained as:
1/2
Sj+ = Sj,x + iSj,y = (2S)1/2 (1 − a+
aj ,
j aj /2S)

(1.61)

+
1/2
Sj− = Sj,x − iSj,y = (2S)1/2 a+
,
j (1 − aj aj /2S)

(1.62)

Sz2 = S(S + 1) − Sz2 − Sy2 = (S − a+ a)2 .

(1.63)
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In order to introduce magnon creation (b+
k ) and annihilation (bk ) operator, Fourier
transformation is performed.
bk = N −1/2

X

eik · xj aj ,

−1/2
b+
k = N

X

e−ik · xj a+
j .

(1.64)

j

j

The total spin operator for the whole system is expressed by:
X
j

a+
j aj = N S −

X

Sj,z = N S − Sz ,

Sz = N S −

j

X

b+
k bk .

(1.65)

k

Now, the number operator for the magnon state k: nk = b+
k bk are defined.
Magnons are a boson and all field amplitudes are macroscopically observable in
boson fields. There are all magnon operators in Equation (1.59) and expand
the equation up to second order. Finally, the Hamiltonian with SW operators
(magnon) is given by [StPr09]:
H0 =

X

[2JzS(1 − γk ) + 2µ0 H0 ]b+
k bk ,

(1.66)

k

P
where γk = z −1 δ eik · δ . The Hamiltonian by using the number operator (nk )
can be rewritten as:
X
H0 =
ω k nk ,
(1.67)
k

where ωk = 2JzS(1 − γk ) + 2µ0 H0 . For the case of |k · δ|  1, z(1 − γk ) ∼
=
P
2
1/2 δ (k · δ) , the magnon dispersion relation is expressed by:
ωk = 2JS(ka)2 + 2µ0 H0 .

1.5.3

(1.68)

Spin Waves in the laterally confined Magnetic Structure

Now, the SW (magnon) dispersion relation in geometrical confinements is introduced. In this thesis, the explanation will be focused on the case of SWs
on the magnetic nanowire so that the simplest thin nanowire (d  w) will be
considered. Here, d is the thickness of nanowire and w indicates the width of
nanowire [HiOu02]. In this case, in order to take into account the SW spectrum,
the dipole-exchange spin wave and the exchange boundary condition [KaSl86,
JDCH+99] are explained. First of all, the dipole-exchange SW dispersion relation
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with infinite and isotropic ferromagnetic plane is expressed by [HeKi51]:
r
ω=γ

(H +

2A 2
2A 2
k )(H +
k + 4πMS sin2 θk ),
MS
MS

(1.69)

Equation (1.69) is called "Herring-Kittel’s formula", which expand the Equation
(1.58). Here, θ is the angle between the SW wave vector and the direction of
magnetization. This equation shows that the effective field increases when the
exchange interaction increases as a function of SW frequency [Stan93]. However,
the surface charge effects, which are influence the SW dispersion relations should
be considered. For the case of a thin film (t < 30 nm), the perpendicular standing
spin wave (PSSW) modes are dominant [Fohr11]. So, the finite film thickness
break the translational symmetry at the interface of the film. In this case, only
in-plane momentum of SWs is conserved and the boundary condition is given by :
∂m
∂x

= 0.

(1.70)

x=±d/2

Due to the boundary condition, the SW wave vector should be quantized (qx =
pπ
, x is the perpendicular to the in-plane: see the inset in Figure 1.4) and the
d
Herring-Kittel’s dispersion relation is rewritten by using a quantized wave vector
2
(q 2 = q||2 + pπ
) and the matrix element of the magnetic dipole interaction. The
d
modified Herring-kittel’s formula is given by [JDCH+99]:
r
ω=γ

(H +

2A 2
2A 2
q )(H +
q + 4πMS × Fpp (q|| d)).
MS
MS

(1.71)

In order to consider a magnetic nanowire (width: w), the additional boundary
condition along the y direction should be considered:
∂m
|y=±w/2 + Dm|y=±w/2 = 0.
∂y

(1.72)

Here, the y component of the SW wave vector is also quantized (qy = nπ
).
w
Figure 1.4(a) shows the measured SW dispersion relation for a ferromagnetic
nanowire and the in-plane quantized SW modes of the wire array (width: 1.8 µm
and thickness: 40 nm) by using Brillouin light scattering (BLS) spectroscopy. QDE indicates the quantized Damon-Eshbach (DE) modes. Figure 1.4(b) shows the
measured SW dispersion curves for the same geometry with Figure 1.4(a). The
dashed lines show the dispersion relation of the DE modes and the first PSSW
mode for a continuous film with a thickness of 40 nm [JDCH+99].
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Figure 1.4: BLS measurement results for a Py nanowire (width: 1.7 µm and thickness:
40 nm). (a) The various quantized SW modes as a function of the external field. Inset
shows the schematic figure of the sample and quantized SW wave vector (qx ). (b) The
quantized DE dispersion relations due to the boundary condition and the lowest PSSW
dispersion relation [JDCH+99].

CHAPTER

2

Experimental Techniques and Simulations

2.1

Introduction

In this chapter, experimental setups, measurement techniques and the basic description of micromagnetic simulations will be introduced. The measurement of
the magnetization dynamics is based on magnetoresistance measurements. A
lock-in technique is used to measure the magnetoresistance change with small
resistance fluctuation, which a 2D external field (< 0.5 T) can be applied. The
sample temperature can be controlled between 2 K and 500 K by using a flow
cryostat system. Especially, a microwave current (< 20 GHz) can be injected by
using a microwave generator. In the following section, various experimental techniques are discussed. This section consists of two parts: The first part is based on
the anisotropic magnetoresistace (AMR) measurements to characterize the various properties of domain walls with or without external field and the second part
is based on the microwave current injection and magnetoresistance response. In
order to reduce the intrinsic noise, which is one of characteristics of microwave
currents, the microwave power calibration technique will be discussed. The main
measurement technique in this Ph.D thesis is called "Homodyne detection", in
which the microwave currents are able to be rectified due to the symmetry breaking of the system. To numerically investigate the magnetization dynamics, the
object oriented micromagnetic framework (OOMMF) is used as a simulation tool.
27
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In this chapter, the static and dynamic simulations by using OOMMF will be
briefly introduced. For static simulations, the magnetic vortex states under the
influence of an external field will be discussed. For dynamic simulations, the
generation of the propagating spin waves will be explained in the last section.

2.2
2.2.1

Experimental Setup
Continuous Flow Cryostat

To reduce the noise level due to thermal fluctuations, the samples are being cooled
down. The name of cryogenic system is "Oxford CF1200 continuous flow 4 He".
This cryostat allows us to control the sample temperature from 2 K to 500 K.
Figure 2.1 shows the schematic figure of the Oxford CF1200 cryostat. The diagram
for electric connections is shown in the right part of Figure 2.1.
While the cryostat is running, the continuous amount of liquid helium (1.2
l/h) are delivered into the cryostat. A 100 l external helium dewar is located
and a rotary vane pump allows for transfering the liquid helium into the cryostat.
The liquid helium flowing system is shown in Figure 2.2. To monitor and control
the system temperature, an Oxford ITC4 intelligent temperature controller is
used (see Figure 2.2). There are two temperature sensors. These two sensors
continuously measure the system temperature. A thermistor, which is located
near the sample and measure the sample temperature, and a thermocouple, which
controls the temperature by using currents, is mounted inside the cryostat.

2.2.2

Vector Field Magnet System

To characterize the various properties of magnetic materials and domain walls
the power supplied magnets are necessary. The two dimensional vector magnet
has been designed by Dr. Bedau [Bedau08]. Figure 2.3 shows a picture of the
vector field magnet system. The vertical field magnet is located in the center
of the picture. The maximum field is 0.15 T. The horizontal field magnet is
located at both sides of the picture. The maximum field is 0.5 T. For the vector
field system, two separated power supplies are used. Figure 2.3(b and c) shows
pictures of the two power supplies. Figure 2.3(b) is a "Bruker BEC-1" power
supply and the other power supply in Figure 2.3(c) is a "Kepco BOP 36-12".
The vertical magnet is designed with iron core. Inside the bore, a hall probe
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Figure 2.1: The Oxford CF1200 continuous flow cryostat [Oxf]

29

30

Chapter 2. Experimental Techniques and Simulation Tools

Figure 2.2: The Helium flow diagram of the Oxford CF1200 continuous flow cryostat [Oxf]

(see Figure 2.3(a)) is mounted to compensate and generate a regular field. Both
magnetic power supplies are able to switch the polarity of current, which is called
bipolar power supply. The adjustable angular resolution is about 0.1◦ and a field
stability of about 10−5 can be achieved. To protect the sample from a rapid field
jumps and reduce the noise, the vector magnet system provides smooth transition
from one field to the other field. Moreover, when the power supplies are switched
on or off, a large amount of transient currents generate strong magnetic fields,
which are able to kill the samples. To solve this problem, the power supplies are
separated from the magnet. Other troubles such as a thermal shutdown have been
fixed [Bedau08].

2.2.3

Microwave Generator and Lock-in Amplifier

In order to inject microwave currents into the sample, an Anritsu MG3692B broadband signal generator was used(see Figure 2.4(a)). This signal generator covers the
frequencies from 10 MHz to 20 GHz and the maximum output power is 30 dBm.
For fast frequency sweeping measurements, a 5 ms switching time is provided and
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Figure 2.3: (a) Vector field magnet system. 1 is the magnet for vertical external field.
This magnet is controlled by a power supply (Kepco BOP 36-12). 2 is the magnet for
horizontal external field. This magnet is controlled by a power supply (Bruker BEC-1).
3 is a hall probe. (b) The picture of the power supply (Bruker BEC-1). (c) The picture
of the power supply (Kepco BOP 36-12).

pulse modulation (> 10 ns) technique is included [MG3692B]. To investigate the
magnetization dynamics by using the microwave current rectification, microwave
signals are modulated. By using the internal pulse modulator, the output microwave currents are able to be modulate with a square shape. Although, the
frequency of square modulation depends on the sample geometry, but in general,
the 7 kHz square modulation frequency is used. While the microwave current rectification is being measured, the lock-in amplifier is synchronized with the signal
generator.
In order to obtain a signal to noise ratio, a lock-in technique is definitely necessary
for the measurements in this thesis. The used amplifier is a Stanford Research
Systems SR830 DSP lock-in amplifier as shown in Figure 2.4(b). The amplifier
has the frequency range (< 100 kHz) and 100 dB dynamic reserve. The noise
√
√
level is about 10 nV/ Hz for voltage and 200 fA/ Hz for current [SR830]. For
the microwave rectifying measurements, the lock-in amplifier monitors the output
of signal generator and the microwave generator. The lock-in amplifier and the
microwave generator are synchronized to each other by using the digital delay
generator (DG535) [DG535].
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Figure 2.4: (a) An Anritsu MG3692B broadband signal generator. The frequency
range is from 10 MHz to 20 GHz and the output power is up to 30 dBm. (b) A Stanford
Research System SR 830 DSP lock-in amplifier. The frequency range is up to 100 kHz
and this system has 100 dB dynamic reserve.

2.2.4

Sample Carrier

Figure 2.5 shows that the sample is glued with a resolvable glue (PMMA in
anisole/methoxybenzene). The use of permanent hardening epoxy-type glues is
not strongly recommended. The sample carrier is designed by the plated-through
FR-4 PCB with 150 µm wide stripes. [Bedau08]. There are 40 shielded low noise
contacts for DC measurements and two microwave lines for alternating current
(AC) measurements. Two samples are individually bonded on the microwave
lines as shown in Figure 2.5. Figure 2.6 shows the sample carrier connected with
the sample rod. The sample is located at the end of the sample rod and then the
sample is mounted into the cryostat surrounded by magnets (see Figure 2.1 and
Figure 2.3).

2.2.5

Miscellaneous Microwave Components

For the homodyne detection, microwave currents are injected into the sample and
rectified direct current (DC) signals are observed from the sample simultaneously.
To separate microwave currents and DC lines without any disturbance, a bias-tee,
a DC block, and a microwave attenuator are used as shown in Figure 2.7. The
bias-tee is an essential microwave component, which has a three port network.
Conceptually, a bias-tee has one capacitor to block DC signals (low frequency
signal) and one inductor to terminate microwave signal (high frequency signal).
In our experiment, a HP 11621A bias network is used. Frequency range is from
45 MHz to 26.5 GHz and the insertion loss is about 0.8 dB (45 MHz < f < 12.4
GHz) and 1.3 dB (12.4 GHz < f < 26.5 GHz) [Hewlett]. Although, the bias-
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Figure 2.5: Sample on the sample carrier after wire bonding. Two samples are individually bonded to the microwave lines.

tee allows for blocking the high frequency signal by using an inductor, there is
a possibility that the low frequency signal leaks through the high frequency line.
This is due to the fact that the square modulated signals (7 kHz) are measured. To
terminate DC signals, an additional DC block [DCBlock] is used. To reduce the
noise of microwave signal, a 3 dBm microwave attenuator is used. The microwave
attenuator and the power attenuator are resistive elements, which cause a power
loss.

2.3

Experimental Techniques - DC part

In the following section, the experimental DC techniques will be introduced. Every technique in this part is based on the anisotropic magnetoresistance (AMR)
measurement with or without an external field. As a basic measurement, the
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Figure 2.6: Sample in the measurement position at the bottom part of the sample rod.
The sample fits into the bore of the cryostat with a very close tolerance. All contacts
are individually bonded onto the low noise copper pads.

hysteresis and other field sweep techniques will be introduced. In order to characterize the properties of a domain wall in a nanowire, rotation scan and a mode
etoile measurement will be discussed. Lastly, the depinning field measurement
will be shown.

2.3.1

Anisotropic Magnetoresistance (AMR) Measurement

The AMR effect was discovered in 1857 [Thom57]. In ferromagnetic materials,
AMR effect depends on the angle (θ) between the current and the magnetization.
This fact indicates that the definition of AMR is expressed by using the differences of the magnetoresistance (MR) or the magneto resistivity. If the current is
parallel to the magnetization, the resistivity (ρk ) has a maximum value and if the
current is perpendicular to the magnetization, the resistivity (ρ⊥ ) has a minimum
value [VSJT05]. Therefore, the definition of AMR is given by:
AMR =

ρk − ρ⊥
.
ρ⊥

(2.1)

The resistivity of AMR with the angle (θ) is given by [VSJT05]:
ρ(θ) = ρ⊥ + (ρk − ρ⊥ ) cos2 (θ).

(2.2)
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Figure 2.7: Pictures of (a) bias-tee, (b) DC block, and (c) attenuator

The spin-orbit interaction gives rise to the anisotropy of scattering, which is an
origin of AMR [Smit51]. In the ferromagnetic nanowire or sub-micron sized disc,
the AMR is about (≈ 1 %). However, the AMR in Figure 2.8 is about 0.2 % since
the AMR depends on the material and geometry of the sample. To measure the
sensitive AMR under the external field, the lock-in technique is necessary, which
is already explained in the previous section.

2.3.2

Field Sweep: Hysteresis

MR measurements allow a sensitive characterization of the spin structure. In
particular, the MR measurement with sweeping external field gives us the information about the nucleation and annihilation of the vortex core in a disc. The
scanning electron microscopy (SEM) image is shown in Figure 2.8(a). The disc
sample with a notch is located between two gold contacts in Figure 2.14(a). the
diameter is 2 µm and the thickness is 37 nm. The coplanar waveguide is fabricated
for microwave injection (see the both sides in Figure 2.14(a)). The detail of the
measurements will be discussed later. Figure 2.8 shows field sweep measurements
for a magnetic disc sample for the angles θ = 0◦ and 90◦ . For the case of θ = 0◦ ,
the magnetization direction with a high field is perpendicular to the current. This
fact indicates that the ∆MR obtain a negative value. On the other hand, for the
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[t]

Figure 2.8: (a) Scaninning Electron Microscopy (SEM) image for 2 µm disc. (b) The
field sweep measurements along the 0◦ and 90◦ .

case of θ = 0◦ , the magnetization and the current are parallel so that the positive
∆MR at the high field is obtained. Moreover, the vortex core nucleation and
annihilation field of ±21 mT are measured.

2.3.3

Rotation Scan

The rotation scan measures the MR with a constant external field as a function
of the angle of the applied field. If the sample geometries are such as straight
nanowire or a circular disc, the angle between the sample and the orientation
of the external field can be measured. The sample geometry is shown in Figure 2.9(a). The rotation scan is performed by using contact indicated in Figure 2.9(a). Figure 2.9(b) shows the rotation scan curve with an external field 0.15
T. The maximum positions of MR is located at θ = 160◦ and 340◦ and AMR ratio
of the sample is about 1.4 %.

2.3.4

Mode Etoile Measurement

In order to nucleate a domain wall at a certain position in a magnetic nanowire, the
mode etoile measurement is used. This technique plays an important role in the
ring shape nanowire geometry to nucleate a domain wall [Bedau08, KVRB+03].
The mode etoile is used to measure the MR at the remanent state as a function
of the measurement angle. The measurement process is a follows: First, the
external field saturates the sample under a given angle. Second, the amplitude of
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Figure 2.9: (a) Scaninning Electron Microscopy (SEM) image for nanowire. The
width of nanowire is 400 nm. the resistance between two contacts are measured, which
are shown in Figure. (b) The rotation scan measurement with an external field (0.15
T).

external field slowly decreases to zero. After the external field slowly approaches
to zero, the MR value at the renament state is measured. The schematic figure
for the mode etoile is shown in Figure 2.10(a). Due to the angular dependent
measurement, the mode etoile allows us to find out whether the domain wall is
nucleated between two contacts or not. Figures 2.10(b) shows the mode etoile
measurement with the same structures in Figure 2.9. Since there is no artificial
constriction such as a notch, only one domain wall state (vortex state) is measured.
The domain wall nucleation is possible only for angles between 245◦ and 256◦ .
When the domain wall exists between two contacts, a low MR value is expected
due to the AMR effect.

2.3.5

Depinning Field Measurement

To move the domain wall in the nanowire, an external field along the nanowire
direction is applied. The name of this phenomena is field driven domain wall
motion. A small external field is enough to move the domain wall for an ideal
nanowire. However, in the experiment, a substantial external field, which is called
depinning field (Hdep ) is necessary to move the domain wall. The depinning
field measurement procedure is the following (see Figure 2.11(a)). To nucleate a
domain wall, a strong external field (Hsat ) is applied along the saturation angle
(θsat ). Then the saturation field is slowly reduced to zero to nucleate a domain
wall at the certain position on the nanowire. The depinning field (Hdep ) is applied
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Figure 2.10: (a) The schematic figure of the mode-etolie measurement. θ indicates the
saturation and measurement angle. (b) The mode-etoile measurement. Measurement
angle is from 180◦ to 360◦ . The saturation field 0.15 T is used.
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under the angle (θdep ) to expel the domain wall toward the contact. The strength
of field increases with a certain step. After the domain wall moves out of the
area between the contacts, the MR suddenly increases due to the AMR effect.
Figure 2.11(b) shows the depinning field measurement with the same sample in
Figure 2.9(a). The saturation field Hsat = 0.15 T and the saturation angle θsat =
70◦ are used. The depinning field Hdep is 7 mT. The depinning angle is θdep =
160◦ and the field step 0.1 Oe is used.
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Figure 2.11: (a) The schematic figure of the depinnig field measurement. (b) The
measured depinning field on a nanowire (see Figure 2.9(a)).
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In this section, the measurement techniques with microwave currents will be discussed. A microwave is an electromagnetic wave with a wavelength around 1 mm
to 1 m, which correspond to the frequency range 0.3 GHz to 300 GHz [Pozar98].
Due to its wave properties, there are many difficulties to inject a microwave into
the sample. First of all, there is an impedance mismatch. When the junctions
between the bonding wires and the sample is considered, there are formulas for
reflection and transmission of microwave currents. For the ideal case, a lossless
transmission line, the total impedance at a given position (l) is given by [Pozer01]:
Zin (l) = Z0

ZL + jZ0 tan(βl)
,
Z0 + jZL tan(βl)

(2.3)

where, Z0 is the characteristic impedance. In general, Z0 should be fixed as 50
Ohm. ZL is the load impedance or sample resistance. β is the wavelength of a
microwave current, which is given by β = 2π/λ. As shown, the impedance is a
function of the frequency of the microwave current. Therefore, the impedance mismatch induces problems during frequency sweep measurements. In this section,
the power calibration technique to reduce the noise will be introduced. Lastly, the
microwave rectifying effect, which is called homodyne detection will be discussed.

2.4.1

Microwave Injection and Power Calibration

To keep a constant microwave power delivered into the sample independent the
frequency of the microwave current, the power calibration technique is developed [Bedau08]. The main idea of this technique is based on changing the microwave power to keep a constant sample resistance, which indicates the constant
current density as a function of frequency. Figure 2.12 shows the sample resistance
as a function of microwave frequency. The black circles indicate the uncalibrated
sample resistance and the red circles show the calibrated sample resistance. For
the uncalibrated case, the total amount of resistance deviation is about 130 mΩ.
This is larger than the resistance deviation from the AMR measurement (< 70
mΩ, see Chapter 3.1.2). This fact gives us the information that a reliable signal
from the measurements without a microwave power calibration is not able to be
obtained. On the other hand, the resistance deviation for the calibrated case is
less than 30 mΩ.
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Figure 2.12: The sample resistance as a function of injected microwave frequency
without power calibration system (black circles) and with power calibration system (red
circles).

2.4.2

DC Frequency Sweep: Homodyne Detection

The frequency sweep DC measurement, which is schematically shown in Figure 2.13, allows us to observe the vortex core gyration by a homodyne detection scheme. As the frequency is swept, the rectified DC signals are observed by
using a lock-in technique. Contrary to the other measurement techniques, homodyne detection scheme does not need any DC source since this technique does
not measure magnetoresistance. In order to obtain the rectified DC signal, the
square modulated microwave signal is used and the lock-in is synchronized with
the microwave generator by using the pulse generator (DG535). In general, the
synchronization frequency is fixed as 7 kHz for 1 µm disc with 35 nm thickness,
but the frequency of synchronization can be changed due to the materials and the
sample size.
As shown in Figure 2.14(a), a 2 µm disc with a notch is fabricated. The
main purpose of the notch is to break the symmetry and to obtain the DC signal.
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Figure 2.13: The schematic configuration of the frequency sweep DC measurement.

The detailed expression will be discussed in Chapter 3 and 4. To enhance the
efficiency of the microwave current injection, a coplanar waveguide is fabricated
(see Figure 2.14(a)). Figure 2.14(b) shows the homodyne signal (the rectified DC
signal) as a function of microwave frequency. The frequency range is from 50 MHz
to 1 GHz and the injected microwave power is 10 dBm. By fitting the homodyne
signal, the resonance frequency is obtained. In this case, the resonance frequency
is about 120 MHz. Moreover, the gyration amplitude of vortex core and the phase
shift between the microwave current and the AMR response can be obtained by
using the fitting of the DC signal (see Chapter 3). Additionally, the frequency of
the lock-in amplifier and the square modulated microwave signal are synchronized
with 5 kHz.
Moreover, the mathematical expression of the homodyne detection is simply
derived.
1. We inject a microwave current with frequency ω (I = I0 cos(ωt)).
2. At the resonance state, the VC gyration gives rise to the AMR oscillation with
frequency ω (∆R = ∆R0 cos(ωt + φ)). φ is the phase shift between microwave
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Figure 2.14: (a) The SEM image of the magnetic disc sample with a notch. The
diameter is 2 µm and the thickness is 37 nm. The coplanar waveguide is fabricated. (b)
The rectified DC (homodyne) signal with the upward polarity.

current and the AMR oscillation.
Combining 1 and 2, one can obtain:
1
V = IR = I = I0 cos(ωt) ∗ ∆R = ∆R0 cos(ωt + φ) = [cos(φ) + cos(2ωt + φ)].
2
(2.4)
This formula is consist of two parts. First part is frequency independent term,
which is called "the rectified DC signal" and second part is 2ω term. So the
homodyne signal indicates the rectified DC signal.

2.5

Micromagnetic Simulations

One major part of the thesis is to investigate the magnetization dynamics by
using micromagnetic simulations. In this chapter the basic description of the
object oriented micromagnetic framework and how to solve the partial differential
equation (LLG equation) by using the finite difference method will be explained.
For example, first and forth order Runge-Kutta methods will be discussed. As a
basic simulation, the static vortex state and applied field dependent vortex core
displacements will be explained. Lastly, numerical generated spin-waves on a
magnetic nanowire will be introduced.
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Figure 2.15: (a) The first order Runge-Kutta method. (b) Runge-Kutta method of
fourth order [RuKu].

2.5.1

Object Oriented MicroMagnetic Framework: OOMMF

The object oriented micromagnetic framework (OOMMF) has been developed
by Mike Donahue and Don Porter in the National Institute of Standard and
Technology. The program is based on C++ with Tcl/Tk. In order to explain
OOMMF, the LLG equation (see Chapter 1.4.1) is recalled:
dM
α
dM
= −γM × H −
.
M×
dt
MS
dt

(2.5)

In this equation both left and right side, there are the time derivative terms of
magnetization (dM/dt). Since the LLG equation is a nonlinear differential equation, this LLG equation analytically cannot be solved for most geometries. From
this point of view, the finite difference method (FDM) with equivalent rectangular or cubic cells and a certain discrete time step are employed. OOMMF is
based on the FDM. There are various algorithms to solve the LLG equation numerically. Now, a Runge-Kutta method of fourth order as a general algorithm is
introduced [Kius05].
A Runge-Kutta algorithm is shown in Figure 2.15 [RuKu, Drews09]. The first
order of Runge-Kutta method, which is called Euler algorithm is introduced in
Figure 2.15(a). This method is based on the linear extrapolation by the derivative of the function between the initial state (0) and the next step (1) with time
step h. The next simulation step is expressed by yn+1 = yn + hf (ti , yn ). Figure 2.15(b) shows the fourth order Runge-Kutta method with time step h. In
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order to calculate the next simulation step (4), two trial middle points (1 and
2) and a trial end point (3) are considered by using a Taylor expansion. The
expansion is numerically given by:
y(ti + h) = y(ti ) +

1
(K1 + 2K2 + 2K3 + K4 ) ,
6

(2.6)

where K1 , K2 , K3 , and K4 correspond to the initial point (0), the two estimated
middle points (1 and 2), and the estimated end point (3), respectively. Therefore,
K1 = h × f (t1 , y(ti )), K2 = h × f (ti + 21 , yti + K21 ), K3 = h × f (ti + 12 , yti + K22 ),
and K4 = h × f (ti + h, y(ti ) + K3 ) are obtained. The time step h is able to be
controlled for the total simulation times and a maximum step size with a given
error limit. The numerical simulations always have a limit for time and length
scale. OOMMF has this limits as well. In the point of view, OOMMF based on
the LLG equation is not an appropriate tool to explain the quantum mechanical
ferromagnetism since the limit of the length scale is about few nanometer and the
limit of time scale is about pico-second. In micromagnetic simulation, to obtain
the reliable simulation results, the cell size should be smaller than the exchange
p
length lex = 2A/µ0 MS2 . For the case of Permalloy, the exchange length is given
by [HHK03]:
s
lex =

2A
=
µ0 MS2

s

2 × 1.3 × 10−11
≈ 5.68 nm.
4π × 10−7 × (8 × 105 )2

(2.7)

Here, the magnetic permeability of free space µ0 = 4π ×10−7 N/A2 , the saturation
magnetization MS = 8 × 105 A/m, and the exchange stiffness constant A =
1.3 × 10−11 J/m are used as typical material parameters of Py.

2.5.2

Static Simulations: Magnetic Vortex State and Domain Wall

Now, the numerically calculated magnetic vortex state with static applied field
and the magnetization structure of domain walls is introduced. The magnetic
vortex states in a Py disc (diameter: 1 µm and thickness: 35 nm) is shown in Figure 2.16. Due to the symmetry of the circular shape and strong shape anisotropy,
there are two kinds of in-plane curling magnetization structures (chirality: clockwise and counter-clockwise). Moreover, due to the geometrical frustration in the
center of the disc, there is a vortex core, which has an out-of-plane magnetization
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Figure 2.16: magnetic vortex states with an external fields. ((a)-(c)): the magnetic
vortex states with an external field −15 mT, 0 mT, and +15 mT along the x direction,
respectively. Yellow arrows show the direction and the amplitude of the external field.
(b) indicates the in-plane curling magnetization (chirality: counter-clockwise). ((d)-(f)):
the out-of-plane magnetization components (polarity: pointing up) with the external
fields −15 mT, 0 mT, + 15 mT along the x direction, respectively.

(polarity: up or down to the plane). Figure 2.16(b) shows the in-plane curling
magnetization, which is called "chirality". In this case, the chrality is counterclockwise. Figure 2.16(a and c) indicate the simulated magnetization structures
with an external fields ∓15 mT along the x direction, respectively. The displacements of magnetization structure due to the external applied field depend on the
chirality. On the other hand, the out-of-plane component (polarities) as a function of the external field are shown in Figure 2.16(d and f). In this case, the red
dot indicates the pointing up direction out of the plane. The effective diameter
of the vortex core is about 10 nm [UsPe93]. Moreover, it is able to understand
that the displacements of the vortex core does not depend on the polarity of the
vortex core.

Figure 2.17 shows the simulations of two-dimensional spin structures, a transverse domain wall (TW: see Figure 2.17(a)) and a vortex wall (VW: see Figure 2.17(b)). For the case of narrow and thin structures, the large stray field is
dominant so that a transverse domain wall is nucleated between two magnetic
domains. For the case of thick and wide structures, the large exchange energy is
energetically favourable so that a vortex domain wall is nucleated [Klaeui08].
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Figure 2.17: The simulations of a two-dimensional head-to-head (a) transverse domain
wall. (width: 100 nm and thickness: 5 nm) (b) vortex wall (width: 200 nm and thickness:
30 nm).

2.5.3

Dynamic Simulations: a Propagating Spin-Wave

This section briefly introduces how to numerically generate propagating spinwaves in a magnetic nanowire [SKKim10]. A Py nanowire (width: 4000 nm
and thickness: 5 nm) is considered. In order to generate spin waves, a localized
oscillating applied field (Bosc ) is used, which is given by:
Bosc = B0 sin(2πfH t)uy ,

(2.8)

where, B0 is the amplitude of the oscillating field, fH is the spin wave frequency,
and uy is an unit vector of the oscillating field. Figure 2.18 shows the snapshots
of the propagating spin waves as a function of time. The sinusoidal oscillating
field along the y direction acts at x = 1500 nm from the left edge of the nanowire.
B0 = 200 mT is used to generate a spin-wave. The spin wave propagates in both
direction along the ±x directions. The propagation speed is about 1.1 km/s.

Figure 2.18: The snapshots of the propagating spin-waves as a function of simulation
time (0, 1, and 2 ns). The oscillating field (see Equation 2.8) is along the y direction.
The spin wave source is located at x= 1500 nm from the left edge.

CHAPTER

3

Magnetization Dynamics on a Permalloy Disc

In this chapter, a versatile transport measurements employing the homodyne detection scheme [BKKR+07, MTHB+08] is used to investigate the magnetization
dynamics on a magnetic disc. The homodyne signal can be used to identify the
full magnetic state of the vortex structure (chirality and polarity) using a specific
geometry since it is very sensitive to the phase shift between the excitation and
the VC motion, which contains the information on the acting forces. Moreover,
this technique allows us to distinguish the different forces exerted on the VC and
thus identify the relative contribution of the spin torque and the Oersted field on
the VC dynamics. Our measurements reveal furthermore that the dynamics of a
VC driven by an microwave current can also be strongly affected by local pinning
sites. Using static external magnetic fields to shift the VC equilibrium position,
this is then utilized to draw a map of the pinning sites in the disc and reconstruct
the pinning potential.

3.1

Introduction and Overview

The dynamics of magnetic micron-sized elements with a vortex configuration is
currently attracting considerable attention [SOHS+00, BMKD+08]. This spin
structure is characterized by an in-plane magnetization curling around a small
(∼ 10 nm diameter) out-of-plane vortex core (VC) [WWBP+02]. The vortex
47
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state has four energetically degenerate equilibrium states which are defined by the
chirality (the clockwise or counterclockwise rotation sense of the in-plane magnetization) and the polarity (up or down direction of the VC). The lowest-order dynamical eigenmode of the vortex structure is a translational gyrotropic mode of the
VC [Thie73, GINO+02]. It was recently shown that this mode can be resonantly
excited using a small sub-GHz AC in-plane magnetic field [CASB+04, CoCr06] or
by the injection of an microwave in-plane spin polarized current [KNKK06] and at
resonance, the VC gyrates on a circular or elliptical orbit [WPSC+06]. In addition
to displacing a VC, pulsed or microwave magnetic fields or currents can also switch
the VC polarity from up to down or vice versa [WPSC+06, YKNK+07] which
opens a new way to manipulate such a magnetic bit in a magnetic memory where
the information is stored by the vortex polarity [BKDM+08]. Although the VC
dynamics induced by an external magnetic field is now well understood, the exact
nature of the force exerted on the VC when excited by an in-plane spin polarized
current has not been clearly identified. Whereas first experiments were interpreted
in terms of the sole effect of the spin transfer effect [KNKK06, YKNK+07], it was
claimed later that the current’s Oersted field strongly contributes to the force
on the VC [BMKD+08]. More recent experiments, on the contrary, determined
the effect of the Oersted field on the VC dynamics to be negligible [KFIY+08].
In these previous experiments [KFIY+08], the VC dynamics was characterized
using time resolved magnetic imaging techniques that prevented systematic measurements and with a limited resolution. In order to overcome the limit of the
time resolved magnetic imaging techniques, the versatile electric measurement
(homodyne detection scheme, see Chapter 2.4.2) has been suggested [BKKR+07].

3.2

Vortex Core Dynamics measured by Homodyne Detection

3.2.1

Samples and Measurements

The 1 µm diameter Ni80 Fe20 (37 nm)/Ru(2 nm) discs is fabricated by electron
beam lithography followed by sputter deposition and lift-off (see SEM picture
Figure 3.1(a)). A small notch is patterned on one side of the disc to create a small
asymmetry in the potential for the VC. Ti(10 nm)/Au(110 nm) contacts with
a coplanar waveguide geometry are then defined for the high frequency current
injection. X-ray Magnetic Circular Dichroism Photoemission Microscopy exper-
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Figure 3.1: (a) Scanning Electron Microscopy (SEM) image of a 1 µm diameter
disc. The angles used are indicated. (b) XMCD-PEEM image of a 1 µm magnetic
disc. The grey scale visualizes the horizontal magnetization direction [SWHS+93]. (c)
Micromagnetic simulation of the magnetic domain structure in a 1 µm wide notched
magnetic disc.

iments (XMCD-PEEM) (Figure 3.1(b)) reveals a magnetic vortex structure at
remanence in agreement with micromagnetic simulations (Figure 3.1(c)).
In order to characterize magnetic properties the magnetoresistances are measured under the external field. Figure 3.2(a) shows the ∆MR curves with the
external fields (-0.12 T < H < 0.12 T) for the given angles (θ = 0◦ (blue circles)
and θ = 90◦ ). For the case of θ = 0◦ and θ = 90◦ , AMR is around 50 mΩ and
80 mΩ, respectively. As explained in Chapter 2.4.1, the power calibration is one
of most important technique to obtain a reliable signal without any sample resistance turbulence due to the frequency dependent microwave current reflection.
Figure 3.2 shows the MR measurements without (black line) and with (red line)
a power calibration technique. The ∆MR without power calibration is around
400 mΩ (> ∆MR). This indicates that a clear rectified DC signal (homodyne
detection) is not able to be observed. However, the MR with power calibration is
smaller than 40 mΩ up to microwave frequency 500 MHz. The homodyne signal
(VDC ) is measured using a lock-in detection technique: the microwave current is
modulated with a 7 KHz square wave and injected into the high-frequency part of
the bias tee (see Figure 2.); VDC is measured with a lock-in amplifier connected to
the DC part of the bias tee and phase locked to the modulation signal. Otherwise,
measurements are carried out at room temperature and for an injected power of
-2 dBm corresponding to a current density of J = 1.3 × 1011 A/m2 . The current density is deduced from the resistance increase induced by the Joule heating
when injecting the microwave power. The microwave power is corrected for the
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Figure 3.2: (a) MR measurements under the applied field (-0.12 T < H < 0.12 T)
for θ = 0◦ (blue circles) and θ = 90◦ (red circles) for the sample shown in Figure 3.1(a).
(b) The microwave power calibration up to f = 1 GHz. Two lines (black line: without
power calibration and red line: with power calibration) show the sample resistance as a
function of microwave frequency.

frequency-dependent power reflection and losses so that the current density in the
structure is constant for all frequencies.
As explained Chapter 2.4.2, homodyne detection is used to investigate the VC
dynamics. The resonance of the VC is detected electrically using a homodyne
detection scheme. The homodyne signal VDC contains unique information about
the dynamics of the VC and depends directly on the resonance frequency fR , the
amplitude of oscillation A(ω) of the VC and the phase shift ϕ(ω) between the
injected AC current and the oscillating magnetoresistance. it can be expressed as:
gIAC
A(ω) cos(ϕ(ω))
2
with g = ∂∆R/∂X the gradient of AMR relative to the VC position.
VDC (ω) =

3.2.2

(3.1)

Polarity and Chirality Determination

Polarity Determination
Figure 3.3(a) shows the homodyne signal VDC as a function of the injection current
frequency for two VC polarities. A clear resonance is observed for both polarities
around 280 MHz. In addition, the shape of the homodyne signal depends on
the polarity. This can be simply understood from the fact that a VC with up
polarity will gyrate in the opposite sense to a VC with down polarity. This leads
to opposite phase shifts (180 ◦ ) with respect to the current for the two different
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Figure 3.3: (a) VDC as a function of the frequency for two different polarities of
the VC. Prior to the current injection, the orientation of the VC polarity (up or down)
was initialized using a strong (0.6 T) magnetic field perpendicular to the plane of the
magnetic film. (b)Filled symbols: fR as a function of H for θ = −45◦ and θ = 75◦ . Open
symbols: Corresponding micromagnetic simulation.

polarities resulting in the observed opposite shapes. The polarity of the VC can
thus be directly derived from the shape of the homodyne signal.

Chirality Determination

For certain angles such as θ = −45◦ (Figure 3.3(b, red squares)), a different
behavior is observed with a stronger dependence of the low resonance frequency
on H and a clear asymmetry between positive and negative magnetic fields. This
contrasts with the more symmetric behavior observed for the other angles as
for example for θ = 75◦ on Figure 3.3(b, blue squares). For θ = −45◦ , the
VC is moved towards or away from the notch and thus feels different potentials
depending on the field direction, whereas for the other angles, the potential is
approximately symmetric. This is confirmed by micromagnetic simulations that
reproduce the observed dependence of fR on H (apart from the peaks at around
0 and 9 mT due to pinning sites) (see Figure 3.3(b), red and blue open symbols).
This asymmetric behavior can now be used to detect the chirality of the vortex
structure by measuring fR for a small magnetic field along θ = −45◦ : the VC will
move in opposite direction for the two chiralities resulting in a different fR .
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Pinning Effect probed by Homodyne Detection

Field Dependent Measurements
The dependence of the resonance frequency fR on the VC position in the disc
can be studied by applying a small in-plane magnetic field that leads to a VC
displacement perpendicular to the magnetic field direction. Figure 3.4 (a) shows
the dependence of fR on the external magnetic field H applied along the direction
θ = 90◦ (see Figure 3.1(a)) that illustrates the behavior observed for most angles.
There are the observations: (i) for most field values, a low fR (∼ 250 MHz) and a
small dependence on H but additionally (ii) localized peaks with a much higher fR .
The low and nearly constant fR is actually the behavior expected from the quasiharmonic magnetostatic geometric potential [GINO+02] and can be reproduced
well by micromagnetic simulation (see open red symbols in Figure 3.4(a)) but the
peaks in fR are unexpected. The appearance of unexpected peaks in fR indicates
the presence of local pinning sites of the VC [CoCr06, CCC10] with large curvature
due to the confinement resulting in a local higher resonance frequency.
Temperature and Power Dependent Measurements
To confirm this picture, the resonance frequencies are measured at θ = 90◦ (see
Figure 3.4(a), blue curve) with room temperature (T = 300 K) and low temperature (T = 4.3 K) in Figure 3.4(b). The lower thermal excitations allow the pinning
sites with lower pinning energy to trap the VC, so that it is effectively pinned by
much more pinning sites. Additional information about the local pinning potential can be obtained from the power dependence of fR (Figure 3.4(d)): For the
case of the unpinned VC with low fR (∼ 250 MHz), a small dependence of fR is
observed in agreement with a quasi-harmonic potential to first-order. For the case
of the pinned VC with high fR , a strong decrease of fR with the injected power is
observed revealing the non-harmonicity of the pinning potential [BKHK+]. Figure 3.4(d) shows that the amplitude of the homodyne signal ∆R to deduce the
amplitude A of the VC oscillation with A ∼ ∆R/g is used. The AMR gradient g
was derived from micromagnetic simulation. A correlation between fR and A is
observed from systematic measurements for different field amplitude H < 10 mT
and directions: the gyration radius is on average 7 nm for fR > 300 MHz (pinned
VC) and 25 nm for fR < 300 MHz (unpinned VC). As an example, the dependence of A and of fR on the magnetic field applied along θ = 15◦ is shown in
Figure 3.4(d) and a clear correlation is observed.
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Figure 3.4: (a)Open red circles: fR as a function of the applied field H along θ = 0◦
and open blue squares: fR as a function of the applied field H along θ = 90◦ . H is applied
up to ± 10 mT. (b)Filled symbols: fR as a function of the magnetic field H applied along
θ = 90◦ and for different cryostat temperatures. Open symbols: fR for θ = 90◦ deduced
from micromagnetic simulations. (c) Dependence of fR with the injected power in the
case of a pinned VC (H = 1 mT and H = 2 mT) and for an unpinned VC (H = −1
mT and H = −2 mT) measured at 4.3 K for θ = 0◦ . (d) fR (red curve) and amplitude
of the VC oscillation (blue curve) as a function of H for θ = 15◦ .
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Pinnng Map and Pinning Potential

The measured resonance frequencies, which are directly proportional to the pinning effect, allow us to calculate the magnetic potential curves and the 3D potential landscape.
2D Pinning Map

Figure 3.5: (a) fR as a function of the external in-plane magnetic field H (color
coded). Black color shows the absence of a clear resonance in the homodyne signal in
the sub-GHz range which also indicates a local pinning of the VC . (b) Trajectories of
the VC for several orientations of the magnetic field with 0 ≤ |H| ≤ 10 mT as deduced
from micromagnetic simulations. (c) fR plotted in color scale as a function of the VC
position. (d) Pinning potential of the pinning site marked with a white circle in (c),
obtained by numerical integration of the curves fR (H). The VC position is calculated
from the center of the pinning site.

The strong increase in fR induced by local pinning of the VC can be used to
draw a map of the pinning sites in the magnetic disc. This is done by first carrying
out a systematic measurement of fR as a function of the in-plane magnetic field
amplitude and direction (see Figure 3.5(a)). Using micromagnetic simulations, the
position of the VC in the disc is deduced for each applied in-plane magnetic field.
Figure 3.5(b) shows the resulting trajectories of the VC for different magnetic field
directions. A spatial map of fR with the VC position can now be drawn and hence
the position and relative strength of the pinning sites are shown (Figure 3.5(c)).
One can see that the pinning sites seem to be randomly distributed and highly
localized in the disc with an average size of the order of ∼ 20 nm. Contrary
to previous results [CoCr06], the pinning sites are not due to the general grain
structure of the film in our case but more likely to random local defects in the film.
This can be deduced from the large amplitude of oscillation for the unpinned case,
which is of the order or larger than the mean grain size of our films as deduced
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Figure 3.6: (a) Pinning potential of the pinning site marked with a white circle in
Figure 3.5(c), obtained by numerical integration of the curves fR (H). The VC position
is calculated from the center of the pinning site. (b) Blue curve: cut along the direction
θ = 0 of the pinning potential. Red curve: geometrical potential calculated from the
center of the disc and obtained by numerical integration of the baseline of fR (H). Black
line : Harmonic part of the pinning potential as a function of the VC position, obtained
from the curvature of the pinning potential at the bottom of the well.

from atomic force microscopy (AFM) measurement (≈ 30 nm) so that only the
strongest pinning sites here play a role for our room temperature measurements.

The Potential Landscape
This spatial map of the resonance frequency can be used to reconstruct the local
magnetic potential in the film by numerical integration of the curve fR (X). As an
example, Figure 3.6(a) shows a three dimensional plot of the magnetic potential
as a function of the VC position of a strong pinning site localized close to the
center of the disc. Due to the local pinning, the potential is strongly curved compared to the potential expected from the geometrical pinning, as can be seen on
Figure 3.6(b). Whereas the geometrical potential is well fitted by a parabolic potential on the considered VC displacement range, the pinning potential is markedly
non-harmonic and can only be fitted by a fourth order polynomial. This can be
visualized on Figure 3.6(b) by comparing the pinning potential (blue points) to its
parabolic part obtained from the curvature at the bottom of the pinning potential
(black line). Similarly to the potential obtained by Bedau et al. for a vortex wall
pinned in a notch [BKHK+], the measured potential stands below its harmonic
part and thus flattens off away from the origin.
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Phase Shift Map and Oersted Field Contribution

2D Phase Shift Map

Figure 3.7: (a-c) Blue lines: VDC as a function of the frequency of the injected current
for H = 6 mT and (a) θ = −150◦ ,(b) θ = −75◦ and (c) θ = 0◦ . Red lines: From fitting
using Equation 3.1, the different phase shifts are determined: (a) η = 2.51, (b) η = 1.65
and (c) η = 0.45. (d) Experimental phase shift η in color scale as function of the in-plane
magnetic field. (e) Simulated phase shift η0 due to spin torque in color scale showing a
75◦ rotation compared to the experimental phase shift due to the Oersted field.

In addition to the resonance frequency and the oscillation amplitude, the homodyne signal contains unique information about the phase ϕ(ω), which has not
been previously used. From systematic measurements, the shape of the DC signal
strongly depends on the position of the VC. As an example in Figure 3.7(a-c), there
are three VDC (f ) curves characterized by different shapes and measured at the
same magnetic field amplitude (H=+6 mT), but at different angles (θ = −150◦ ,
θ = −75◦ and θ = 0◦ respectively). This different shape indicates a strong vari-
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ation of the phase shift ϕ with the position of the VC in the disc. To further
quantify these observations, a simple 1D model is considered where the dynamics
of the VC is described by a modified Thiele equation with the force FI due to the
AC current excitation included [Thie73]:

G × Ẋ + Fm + FI − αDẊ = 0

(3.2)

Here Fm is the force due to the magnetostatic potential well and the external static magnetic field, X is the VC position, G = −G0 pez is the gyrovector with p = ±1 the polarity, α is the Gilbert damping, D the damping tensor [Thie73]. The force FI has two origins: (i) the force due to the spin torque
FST = −G × u + βDu with u=µB JP/eMs ey (Ms is the saturation magnetization
, P the spin polarization and J the current density) and β the nonadiabatic factor;
(ii) the force FOe due to the Oersted field along the x axis. This force can be approximated as FOe = −cγG0 uey with c = ±1 the chirality and γ the ratio between
the Oersted field force and the adiabatic spin transfer force. One can use this dynamical equation to derive [MTHB+08] an analytical expression for the amplitude
of oscillation A(ω) and the phase shift ϕ(ω). Assuming a local harmonic and symmetric potential well, ϕ(ω) can be written in a simple form: ϕ(ω) = η0 +  + δ(ω)
with η0 the angle between the local AMR gradient and the direction of the electron flow,  = arctan(p(γc − β0 )) and δ(ω) = arctan(p(ωR2 − ω 2 )/2α0 ω 2 ) with
β0 = βD/G0 , α0 = αD/G0 and ωR = 2πfR .

Oersted Field Contribution
By fitting our experimental data using Equation (3.2) and the analytical expressions of A(ω) and ϕ(ω), the relative phase shift η = η0 +  and ωR can be extracted from the VDC (f ) measurements. Examples of fits are shown as red lines
in Figure 3.7(a-c). As expected, the three curves VDC (f ) on Figure 3.7(a-c) are
characterized by different phase shifts η = 2.5, η = 1.65 and η = 0.45 respectively
which account for their different shapes. More information can be obtained from
the map of the phase shift η as a function of the magnetic field that can be obtained from a systematic fitting of our experimental results. As can be seen on
Figure 3.7(d), η continuously varies from 0 to 2π as the magnetic field is rotated
which illustrates the local change of the AMR gradient orientation η0 with the
position of the VC in the disc. To confirm this picture, the η0 is calculated from
micromagnetic simulation for different magnetic field directions and amplitudes.

58

Chapter 3. Magnetization Dynamics on a Permalloy Disc

As can be seen on Figure 3.7(e), the resulting map is similar to the experimental
phase shift but is rotated about 75◦ clockwise.
Such a shift indicates an additional phase shift of  = arctan(p(γc−β0 )) due to
the contribution of the Oersted field and the nonadiabatic torque. By fitting the
simulated distribution of η with the experimental one, a phase shift  = 1.26±0.05
results leading to γc − β0 = 3.1 ± 0.5. The parameter β is expected to be of the
order of the parameter α ≈ 0.01 in Ni80 Fe20 so β0 ∼ 0.03 with D/G0 ∼ 3.3 and
thus the phase shift is primarily due to the effect of the Oersted field. Using a
value of spin polarization of P = 0.7 in Py [KNKK06], this leads to an estimation
of the Oersted field of about 4.3 ± 1 Oe for J=1.3 × 1011 A/m2 . Our analysis of
the phase shift distribution thus allows us to clearly separate the contribution of
the spin torque and the Oersted field effect, which accounts in our experiments for
around 75% of the force exerted on the VC. This conclusion is supported by three
dimensional electromagnetic simulations. As a simulator, Comsol Multiphysics
based on the finite element method (FEM) is used [Comsol]. As expected, the
amplitude of the transverse component of the Oersted field varies rapidly in the
thickness of the magnetic disc with respectively 10 Oe and -3.4 Oe at the top
and bottom edges of the disc for J = 1.3 × 1011 A/m2 . This means that there
is a general offset of around 3.3 Oe of the Oersted field as compared to a fully
homogeneous current distribution in the disc. The simulations show that this
Oersted field originates from the vertical currents at the Py/gold interface due
to the geometry of the contact and the difference in conductivity, as well as an
inhomogeneous current distribution in the disc.

3.2.6

Conclusions

In conclusion, the resonant excitation of a magnetic vortex core in a magnetic
disc by a high frequency current is characterized. A fast electrical detection of the
resonance is obtained by using the rectification of the microwave current induced
by the oscillating vortex core (homodyne technique). In our asymmetric disc, the
polarity and the chirality of the vortex state can be determined from the homodyne rectification signal, which also yields the amplitude and the phase shift of
the oscillating VC. The analysis of the phase shift distribution in the disc allows
a clear discrimination between the contribution of the adiabatic spin torque and
the Oersted field which is the main force driving the VC dynamics in our disc.
Our measurements show furthermore that local pinning sites in the disc lead to
a distinct signature in the homodyne signal with increased resonance frequency
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and this is used to obtain a spatial map of the pinning sites in the disc. This
pinning leads to local accelerations of the VC when it is attracted into a pinning
site and this could explain the lower observed critical velocities for VC switching [CWVW+08] compared to theoretical predictions. The observed strong influence of the local pinning sites on the VC dynamics is crucial for any device based
on the manipulation of nanoscale confined magnetic object such as a VC or domain wall. Our efficient method of characterization in conjunction with structural
investigation such as high resolution electron microscopy will open a path to the
identification of the defect types and resulting materials improvement for devices
with reliable dynamical switching.

3.3

Nonlinear Vortex Core Gyration

In this section, the VC core dynamics on a magnetic disc as a function of the VC
position is observed by using a homodyne detection scheme. This is a versatile and
phase sensitive transport measurement technique, which is sensitive to the shape
of the gyration orbit. Moreover, two new outstanding phenomena are observed
by analyzing the position dependent homodyne signals. First, the trajectory of
the vortex core is transformed by the shape anisotropy when the VC moves to
the boundary of the disc. Second, the phase shift measurements allow us to
deduce the Oersted field contribution, which proves to be the dominant VC driving
mechanism.

3.3.1

Sample and Experiments

Figure 3.8 shows the schematic depiction of the measurement setup for the homodyne detection. The microwave currents can be injected into the magnetic disc via
the high frequency part of the bias-tee. Since the microwave currents are rectified
due to the VC gyration in the resonance condition, the homodyne DC signal can
be measured by using a lock-in amplifier. Here, the microwave current frequency
is modulated with a 7 KHz square wave. In Figure 3.8(a), the SEM image of a
1052 nm diameter Py (Ni80 Fe20 , 37 nm)/Ru (2 nm) disc is shown. The sample is
fabricated by electron-beam lithography followed by magnetron sputtering deposition and lift-off. At the top and bottom part of the disc, Ti (10 nm)/Au (110
nm) contacts are fabricated. For the microwave current injection into the sample, coplanar waveguides are defined (not visible). Fig 3.8(b) shows the change of
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Figure 3.8: (a) Schematic figure of the homodyne detection measurement including
the SEM image of the magnetic circular disc (1052 nm diameter and 37 nm thickness).
(b) Results of the AMR measurements as a function of the external field. The blue (red)
line is the result for external field (H) k current (I) (applied field (H) ⊥ current (I)).

sample resistance due to the AMR for parallel (H k I, blue line) and perpendicular
(H ⊥ I, red line) fields. The external field is applied up to 100 mT. The minimum
applied field necessary to expel the VC from the disc is around ±25 mT.
The VC dynamics are electrically detected using a homodyne detection scheme
for details in References [BKKR+07, KBVH+10]. The homodyne signal (VDC )
contains different information about the VC dynamics, such as the resonance frequency (fR ), the amplitude of the oscillation (A(ω)), and the phase shift (φ(ω))
between injected microwave current and the magnetoresistance oscillation following 3.1.

3.3.2

Results and Discussions

Field dependence at θ = 90◦
Equation 3.1 is based on the assumption that the frequency of the ∆R oscillation is
ω with the same frequency like the microwave excitation. Due to the symmetry,
for the case of circular disc, AMR oscillation (∆R(ω)) has a double frequency
2ω, since the AMR is expressed by the scalar product between the current and
R
the magnetization (R ∼ JM cos2 (θ)). In this case, the microwave currents
are not able to be rectified due to the frequency mismatch between the injected
microwave current and the AMR oscillation. In order to break the symmetry
and to obtain the homodyne signal, two possible ways are envisaged. One is
to introduce a notch on the sample [KBVH+10], but the asymmetry of the disc
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Figure 3.9: Homodyne signals (VDC ) for various applied fields (blue line: Bext = +10
mT, red line: Bext = −10 mT, and black line: Bext = 0 mT) at θ = 90◦ . (b) The
resonance frequency as a function of the external field. The black open circles are experimental values with error bars and the red circles are the micromagnetic simulations.

affects the VC position and the trajectory of the VC gyration due to the distortion
of the magnetic potential. The other way is to apply an external field to move
the VC from the center position. Figure 3.9(a) shows the VDC as a function of
the microwave frequency (200 MHz < f < 500 MHz) with the external fields
(Bext = 0 and 10 mT) at the angle θ = 0 degree. When the VC is located at the
center without an external field (Bext = 0 mT, black line), the VDC signal is not
observable due to the symmetry. For the cases of the other external fields (Bext
= +10 mT: blue line and Bext = −10 mT: red line), obvious homodyne signals
are observed since the VCs are moved by an external field. Moreover, one can
also deduce that the shape of VDC is reversed when the VC position is opposite
in Figure 3.9(a). The reason for that is an additional phase shift π between the
two VC positions. By fitting the homodyne signals [MTHB+08, KBVH+10], the
resonance frequency (fR ) can be obtained. The black open circles in Figure 3.9(b)
is the measured fR as a function of the VC positions at θ = 90◦ . The fR increases
as the strength of the applied field increases since the magnetic potential energy
is directly proportional to the Zeeman energy. The magnetic potential energy in
the system is expressed as [GHYN+11]:
1
U (r) = k | r |2 + q · (H × r),
2

(3.3)

where k is the effective stiffness constant, q is the stiffness coefficient vector, H is
the external field, and r is the VC position. To confirm the resonance frequency,
micromagnetic simulations are performed [OOMMF]. The circular disc is used as
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Figure 3.10: (a) The normalized Mx as a function of the time. The initial VC is
located out of the center of the disc due to the external field of Bext = 5 mT. (b) The
FFT amplitude of the normalized Mx . The resonance frequency is about 270 MHz.

a simulation geometry (diameter = 1052 nm and thickness = 37 nm) and a cell
size of 4×4×37 nm3 is chosen. Standard material parameters for Py are used in
the simulations: saturation magnetization MS = 8.0×105 A/m, exchange stiffness
A = 1.3×10−11 J/m, and a Gilbert damping α = 0.01. The resonance frequencies
(see red circles in Figure 3.9(b)) are deduced from the FFT of the magnetization
profile during the relaxation process. In Figure 3.9(b), the measured resonance
frequencies and the micromagnetic simulations are in good agreement with each
other.
The resonance frequency of the gyrotropic mode for every value of the external
field is calculated as follows: The VC is slightly moved out of its equilibrium
position and then relaxes back towards its equilibrium position. Figure 3.10 shows
the resonance frequency calculation by using the micromagnetic simulation. At
the initial state, the VC is out of the center of the disc due to the external
field of Bext = 5 mT. Figure 3.10(a) shows the normalized Mx as a function of
the simulation time while the VC is moving towards to the center of the disc
(relaxation process). Figure 3.10(b) is the FFT amplitude of the normalized Mx .
The resonance frequency is calculated as fR = 270 MHz.

Field dependence at θ = 0◦
In the case of θ = 90◦ , the distance between the VC and the contacts is constant
and independent of the applied field. This is different when the external field
increases along the x direction (θ = 90◦ ). In this case, the vortex core moves
towards the electric contacts and the Oersted field contribution as a driving force,
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Figure 3.11: (a) The calculated VC positions (−15 mT < Bext < + 15 mT, ∆Bext
= 1 mT) on a SEM image. The external field is applied along the x direction. (b) The
amount of VDC (VDC (max) − VDC (min)) as a function of the external field for θ = 0◦
(blue open circles) and θ = 90◦ (red open circles).

which is generated by the inhomogeneous current distribution due to the electric
contacts, increases as the VC approaches to the contacts. Figure 3.11(a) shows
the calculated VC positions due to the external field up to Bext = 15 mT for θ =
0◦ on a SEM image. For Bext = 15 mT, The VC displacement is about 230 nm and
the VC position is very close to the electric contacts. By systematic homodyne
detection measurements, the VDC (max) − VDC (min)) as a function of the external
field along the θ = 0◦ and 90◦ is shown in Figure 3.11(b). The VDC (max) −
VDC (min)) is directly proportional to the amplitude of the VC gyration. The
VDC (max) − VDC (min) for θ = 0◦ at Bext = ±15 mT is approximately two times
bigger than in the case of θ = 90◦ due to the large Oersted field contribution. So,
if the VC motion is circular, the radius of the VC for θ = 0◦ at Bext = ±15 mT
is two times larger than the case of θ = 90◦ .

Nonlinear Vortex Core Gyration
Figure 3.12(a) shows the calculated y component of the current distribution by
using Comsol Multiphysics based on FEM [Comsol]. The current flows along the x
direction. The current density is 1×1011 A/m2 . The structure mismatch between
thick electrodes (120 nm: Ti (10 nm)/Au (110 nm)) and the thin magnetic disc (39
nm: Py (37 nm)/Ru (2 nm)) generates an inhomogeneous current distribution.
Especially, the oscillating y component of the current distribution due to the
microwave current injection generates an oscillating in-plane field along the y
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Figure 3.12: (a) The perpendicular component of the current distribution of the
magnetic disc and two electric contacts calculated by Comsol Multiphysics [Comsol].
The current density J = 1 × 1011 A/m is used. (b) The y component of Oersted field in
the given geometry. The range of x is from -250 nm to 250 nm.

direction. Therefore, the VC is driven not only by the spin transfer torque, but
also by the oscillating Oersted field. The trajectory of the VC is affected by
the Oersted field, which causes an additional phase shift. Figure 3.12 shows the
calculated Oersted fields (y component) along the x direction (-250 nm < x <
+250 nm). The positions of the y− and z− are fixed at 0 and 37 nm, respectively.
At the center of the disc, the in-plane Oersted field is about 5 Oe. When the VC
position is close to the electric contacts, the Oersted field increases about 7.8 Oe
at x = ±250 nm. In the calculation, the minimum position (xmin = −11 nm) is
shifted from the center of the disc due to the numerical error.
The static external field is able to move the VC not only towards the electric
contacts, but also to the edge of the disc. When the amplitude of the VC gyration
increases, the trajectory of the VC will go beyond the circular trajectory like
expected from the linear potential. The interaction with the disc edge will deform
the shape of the gyration orbit due to the strong shape anisotropy. Here, one
can make use of the unique features of the homodyne signal to detect such a
deformation of the VC gyration. the homodyne detection signal VDC is able to
approach zero as the ellipticity of the orbit increases since the phase shift is given
by [MTHB+08, KBVH+10]:


1
−pY (ω)
δ(ω) = + arctan
,
2
X(ω)

(3.4)

where X(ω) an Y (ω) are the amplitude of the VC oscillation in the (x, y)−plane
and p is the polarity of the VC. If the VC is close to the electric contacts, δ(ω)
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Figure 3.13: (a) The measured homodyne signal (VDC ) for various applied field
(black, red, and blue curves correspond the external field Bext = +5, +10, and +15
mT, respectively). Inset shows the range (∆f ) of the zero VDC observed due to the VC
trajectory distortion for Bext = +15 mT. (b) The range of the ∆f is shown as a function
of external field for θ = 0◦ and θ = 180◦ .

approaches π/2 since Y (ω)/X(ω) is reduced due to the elliptical motion (Y (ω)
goes to zero in the limiting case). Figure 3.13(a) shows the VDC as a function of
the frequency for different external fields along θ = 0◦ . When the amplitude of
the external field increases, the VC is close to the electric contacts as shown in
Figure 3.9(a). In Figure 3.13(a), there are two outstanding physical phenomena
about the Oersted field contribution. First, the amplitude of the Oersted field
is obviously increased when the external fields Bext increases. Second, long zero
voltage states (VDC = 0) are observed. According to the analytical expression
(see Figure 3.11(b and d)), the VDC is zero at the resonance frequency. However,
around the resonance state, the range of VDC = 0 is remarkably increased when
the external field increases. Two possible reasons can be suggested: As explained,
the trajectory of the VC is obviously elliptic (see Equation 3.4). If the VC is away
from the contacts, the VDC will be averaged out.
Figure 3.14 shows the simulated VC trajectories excited by the oscillating
field (Figure 3.14(a)) and the microwave current (Figure 3.14(b)). The oscillating
Oersted field Bosc = 7.8 Oe is used to drive the VC. There is an assumption
that the amplitude of the Oersted field is spatially homogeneous. The elliptic VC
gyration is observed. The length of the major axis (X) is 344 nm, the length of the
minor axis (Y ) is 288 nm. The ratio of the Y /X (eccentricity) is 0.83. However,
for the case in Figure 3.14(b), the length of the major axis (X) is 136 nm, the
length of the minor axis (Y ) is 116 nm. The ratio of the Y /X (eccentricity) is
0.85. The eccentricities of both cases are similar. However, the amplitude of
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Figure 3.14: (a) The simulated trajectory of the VC driving by the oscillating Oersted
field (Bosc = 7.8 Oe) with Bext = 15 mT. The yellow boxes indicate the electric contacts.
(b) The simulated trajectory of the VC driving by the microwave currents along the y
direction with Bext = 15 mT.

the VC gyration excited by the oscillating field is 2.5 times bigger than in the
case of the oscillating spin transfer torque, since the Oersted field contribution
is dominant. Moreover, the trajectory of the VC position is partially out of the
electric contacts, which indicates that the homodyne signal VDC will be averaged
out.

3.3.3

Conclusions

In this section, the nonlinear VC dynamics are discussed. The oscillating Oersted
field is generated by the inhomogeneous current distribution due to the mismatch
between the thick electric contacts and the thin magnetic disc. From the position
dependent homodyne detection measurements, the Oersted field contribution is
studied. When the VC is moved towards the electric contacts, the amplitude of
the VC gyration increases since the amplitude of the Oersted field increases. By
analyzing the micromagnetic simulations, the trajectories of the VCs excited by
the oscillating Oersted field and the spin torque are calculated. In our case, the
Oersted field is dominant for the VC dynamics.

3.4. Analytical Expression of the Vortex Core Motion
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Analytical Expression of the Vortex Core Motion

3.4.1

Analytical Expression

The dynamics of the vortex core is described by a modified Thiele’s equation
where the force FI due to the microwave current excitation is included [Thie73,
TNMS05]:
G × Ẋ + Fm + FI − αDẊ = 0,
(3.5)
here, Fm is the force due to the magnetostatic potential well and the external static
magnetic field, X is the vortex core position and G = G0 pez is the gyrovector
with G0 = 2πtMS /γG (Ms is the saturation magnetization, γG the gyromagnetic
factor, t the thickness of the disc, p = ±1 the polarity, α the Gilbert damping, D
the damping tensor) [Thie73].
The current induced force FI is the sum of two terms: (i) the force due to the
spin torque [TNMS05, SNTK+06] FST = −G × u + βDu with u=µB JP/eMs ey
(P is the spin polarization, J the current density) and β the nonadiabatic factor;
Z
(ii) the force FOe = − ∂W
due to the Oersted field with WZ the Zeeman energy
∂X
associated with the Oersted field HOe . If one can assume an homogeneous Oersted field HOe along the x direction (see Figure 3.1(a)), WZ can be approximated
for small VC displacement from the disc center Y eY by WZ ≈ −cµ0 Ms πRtHOe Y
with c = ±1 the chirality, R the radius of the disc and t the thickness of the
magnetic film [Gusl01].
The force FOe can thus be written as FOe = cµ0 Ms πRtHOe ey . As HOe is
proportional to the current density, one can write FOe = −cγG0 uey with γ =
−µ0 Ms πRtHOe /G0 u a dimensionless parameter that describes the amplitude of
the Oersted field force relative to the the adiabatic spin transfer force.
In the following, one can assume that the local potential well Wm due to the
magnetostatic, exchange and Zeeman energy is harmonic and with radial symmetry [GINO+02, Gusl01] and can be expressed as Wm = 21 kr2 with r the distance of
the vortex core from its equilibrium position X0 for a given external magnetic field
m
and k the local stiffness of the potential. Fm thus reads as Fm = − ∂W
= −kr
∂X
with r = X − X0 .
By projecting Equation 3.5 on the x and y axis, VDC can be written for a small
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amplitude of oscillation and an exciting current I(t) = IAC cos(ωt) [MTHB+08]:
VDC =

IAC g
(cos(η0 )Y (ω) − pX(ω) sin(η0 ))
2

(3.6)

g = |∂∆R/∂X| is the gradient of AMR relative to the VC position X and η0
the angle between ey and the direction of the AMR gradient g.The amplitude of
oscillation in the (x,y) plane X(ω) and Y (ω) can be expressed as [MTHB+08] :


X(ω) = −Cω −(ωR2 − ω 2 )q + α∗ ω 2 (β0 − cγ − α0 )


Y (ω) = Cω (ωR2 − ω 2 )(β0 − cγ)q + α∗ ω 2 (α0 (β0 − cγ) + 1)
u0
with Cω =
2
2
(1 + α0 )[(ωR − ω 2 )2 + (α∗ ω)2 ]

(3.7)
(3.8)
(3.9)

and
αD
βD
kD
, β0 =
, q=
,
G0
G0
G0
2qα0
q
∗
,
α
=
ωR = p
1 + α02
1 + α02

α0 =

(3.10)
(3.11)

Equation 3.6 can be written in the form:
VDC =

gIAC
A(ω) cos(ϕ(ω)),
2

(3.12)

p
with A(ω) = (X 2 + Y 2 ) and ϕ(ω) = η0 + δ(ω) with δ(ω) = arctan(pX/Y ). One
can write δ(ω) as:
π
+ arctan(−pY /X)
2


∗ 2 α0 (β0 −cγ)+1
β
−
cγ
+
α
ω
2
0
π
(ωR −ω 2 )q

=
− p arctan 
2 (β −cγ−α )
α
ω
0
0
0
2
1 − (ω2 −ω2 )q

δ =

(3.13)
(3.14)

R

For γ  β0 , α0 , this expression can be simplified as:
ϕ(ω) ≈ η0 +  + δ(ω)
with  = arctan[−p(β0 − cγ)]


pq (ωR2 − ω 2 )
δ(ω) = arctan ∗
α
ω2

(3.15)
(3.16)
(3.17)

Equation 3.12 is used in combination with Equation 3.15 to fit our data. For
the fitting procedure, it is able to use the following relation for the damping
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tensor [Gusl06, GM01, MTHB+08] :
D
1
= 1 + ln
G0
2



R
δR


(3.18)

with R = 500 nm the radius of the disc and δR ≈ 5 nm the radius of the vortex core. The material parameters are used in addition α = 0.01, P = 0.7 for
Py [BaPr99] and assume β = 2α. For the fitting, g, η = η0 +  and ωR were used
as free parameters.

3.4.2

Phase Shift Dependence

All information (resonance frequency, the amplitude of the gyration, and the
pase shift) are from the fitting of the homodyne signal by using Equation 3.6.
Figure 3.15 shows the homodyne signals for various phase shifts. The damping
constant α and the nonadiabaticity are fixed as 0.01 and 0, respectively. For
fitting, the other parameters are also fixed that the spin polarization P is 0.65,
the polarity of the vortex core is −1, the current density = 1×1011 A/m, and
the saturation of magnetization MS is 800×103 A/m. As already observed in
Figure 3.3, the shape of homodyne signal is reversed when the polarity of the
vortex core is switched since there is an additional phase shift π between two
different polarities.

3.4.3

The Effect of the Nonadiabatic Spin Transfer Torque

Like current induced domain wall motion, the modified Thiele’s equation (see
Equation 3.1) includes the effect of the nonadiabatic spin transfer torque β.
The direction of the β contribution is perpendicular to the adiabatic contribution [MKJL]. Thus, the trajectory of the vortex core excited by current is rotated
due to the nonadiabatic contribution. Figrue 3.16 shows the calculated homodyne
signals with various β. If the phase φ is fixed at 0, the shape of homodyne signal
is changed due to the β contributions. In this calculation, the other parameters
used: the spin polarization = 0.65, the polarity of the vortex core = −1 (downward), the saturation of the magnetization MS = 800×103 A/m, and the current
density = 1×1011 A/m.
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Figure 3.15: (a-d): The calculated homodyne signal with various phase shifts ((a):
φ=0, (b): φ= 12 π, (c): φ=π, and (d): φ= 23 π).
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Figure 3.16: (a-c): The calculated homodyne signal with various nonadiabaticity
value β ((a): β = 0.00, (b): β = 0.05, and (c): β = 0.1). The damping constant α and
the phase shift are fixed 0.01 and 0, respectively.

CHAPTER

4

Magnetization Dynamics with Propagating Spin-Waves

Spin-waves (SWs) are ubiquitous in soft magnetic materials and one of fundamental research topic in magnetism. Therefore, SWs are able to coexist with
magnetic domain walls in a laterally confined magnetic nanostructures. In this
chapter, the numerical investigation about the interaction between propagating
SWs generated by and confined magnetic domain walls in a magnetic nanowire
will be discussed. Two different mechanisms (SW reflection due to the existence
of the DW and effective SW angular momentum transfer) will be introduced. In
the next section, the other magnetization dynamics with spin waves generated by
an oscillating Oersted fields will be shown.

4.1

Introduction and Overview

Different approaches have been suggested to induce domain wall (DW) displacements as required for devices based on DW motion [AXFA+05, Park04, You06].
The traditional approaches using external fields faces scaling problems, because
as the size of the device is reduced, the current density needed to generate a
sufficiently large Oersted field to depin the DW increases [IKHZ+08]. On the
other hand, current induced DW motion via the spin torque effect has attracted
significant attention lately because it opens an alternative path to induce efficient magnetization dynamics and also to design novel devices [YONM+04,
73
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KJAB+05, GBCH+03]. However, it also faces some problems such as Joule heating due to Ohmic losses [YSJ06, YH07]. Recently, micromagnetic simulations
have shown that propagating SWs in a ferromagnetic nanowire are able to assist
magnetic DW motion [HKLH+09, JYL10]. Although many research groups have
intensively studied the basic characteristics and the possible applications of SWs
in a magnetic nanowire theoretically [GCS03, LHK09, SYT09] and experimentally [CCP02, VB08, SYSL+10], spin wave induced DW motion is a new concept
to manipulate domain walls, which could serve for instance in fast nonvolatile
memory devices due to the high velocity of the propagating SWs [SYSL+10]. Additionally SWs exhibit wave properties, such as superposition and phase shift,
which might be useful for logic devices [HWK04]. Although first micromagnetic
simulations have shown that SWs can help to move a DW [HKLH+09, JYL10],
they were carried out for ideal wire geometries with no DW pinning and did not
fully reveal the underlying mechanisms. In particular, in real systems, the DW
can be trapped by edge roughness, grain boundaries, and other pinning sites. Such
pinning effects strongly influence the potential landscape for the DW and, consequently its dynamics [HKBM+08, KBVH+10]. Therefore, in order to simulate
the behavior in a more realistic system, it is necessary to investigate the interaction between propagating SWs and a pinned DW. Moreover, the basic mechanisms
to move a DW by propagating SWs are unclear since a moving wall in an ideal
system does not allow one to investigate the processes. These processes lead to
the interaction between a propagating SWs and a DW since the SW amplitude is
attenuated by the energy dissipation due to the damping processes [SYT09].

4.2

Interaction between Propagating Spin Waves
and Domain Walls

4.2.1

Sample Geometry and Simulation Model

Figure 4.1 shows the simulation geometry and the initial spin configuration in
our simulations with the corresponding coordinate system. The nanowire is 4000
nm long, 150 nm wide, 5 nm thick and a head-to-head TW is nucleated at the
center of the nanowire and pinned by a square notch (5×5 nm2 ). For systematic
simulations, a cell size of 5×5×5 nm3 is chosen and standard material parameter
values for Permalloy are used in the simulations: saturation magnetization MS
= 8.0×105 A/m, exchange stiffness A = 1.3×10−11 J/m, and a Gilbert damping
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Figure 4.1: The initial spin configuration of the trapped head-to-head TW nucleated
at the position of a square notch in the center of the nanowire. The square notch size
is 5×5 nm2 . In the bottom, the picture is zoomed into the central part of the wire to
show the internal structure of the TW pinned at the notch. In order to generate SWs,
we apply a localized sinusoidal field at a position denoted as the SW source. The SW
source is located at 500 nm from the center of the nanowire. To depin the TW, an
external field is applied Bext along the ±x direction.

constant α = 0.01. The simulations are done by using the object oriented micromagnetic framework (OOMMF) [OOMMF] code to solve the LLG equation
(similar to Equation 1.33):
∂M
α
∂M
= −γM × Heff +
M×
,
∂t
MS
∂t

(4.1)

where M is the vector of local magnetization, γ is the gyromagnetic ratio (2.21×105
m/A · s), and MS is the saturation magnetization. Heff is the effective field, which
is composed of exchange, anisotropy, magnetostatic, and external field. The magnetocrystalline anisotropy is not considered in this simulation.

4.2.2

Spin Wave Generation and Propagation

In order to generate monochromatic SWs, a single harmonic sinusoidal external
field B0 sin(2πfH t)uy is applied along the y direction with a frequency (fH ) and
amplitude (B0 ) (See Chapter 2.5.3). The external field is applied only to a localized area (5×150×5 nm3 ) at 1500 nm (x = 0 nm) from the left edge of the wire,
as indicated in Figure 4.1. To prevent SW reflections from the ends, an absorbing
boundary conditions (ABC) based on site-dependent damping constants for the
edges of the nanowire is used [CLTA07]. For the most simulations, the ABC of
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Figure 4.2: (a - d): The simulated spin configurations of the TW with Bext = 0, 5,
10, and 15 Oe, respectively.The y component profiles as a function of the position for
various y levels. The notch is located at y = 150 nm.

the right part in the nanowire is used as:

α(xrel) = 0.01 + 0.045 × (1 + tanh((xrel − 0.975)/0.005)),

(4.2)

where, xrel is the relative position of x in the nanowire. If x > 3600 nm, the
damping constant rapidly increases following the formula, which is shown Equation (4.2). The maximum damping constant is 0.1. On the other hand, the
damping constant is 0.01 as an typical material parameter of Py. To depin the
TW, an external field of Bext = Bext ux is applied along the positive or negative x
direction. For the pinning site, the depinning fields without SWs for both applied
field directions are Bdep = ±1.7 mT. In each case, the depinning field is obtained
by calculating the equilibrium position of the wall for a series of increasing applied
field (Bext ) in steps of 0.1 mT until a value is reached for which the domain wall
depins from the notch.
Figure 4.2(a-d) shows the TW structures with the external fields (Bext ). For
the case of Be xt = 0, the TW is symmetric and has a triangular shape. Due to
the Zeeman energy, the shape of the TW is distorted as shown in Figure 4.2(b-d).
Figure 4.2(e) is the y component of magnetization (My ) profile as a function of
the position. This indicates that the width of the TW is not constant due to the
triangular shape. In this case, the full width at half maximum value is chosen as
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Figure 4.3: (The TW velocity (vT W ) as a function of SW frequency (fH = 3 GHz
30 GHz, ∆fH = 0.25 GHz, and ∆t = 20 ns). (b) TW displacement as a function of
simulation time (∆t = 20 ns, fH = 5.25, 6.25, and 11.25 GHz). (c) The SW amplitude
(= FFT amplitudes of Mz ) as a function of the position from the SW source without
a TW (fH = 5.25, 6.25, and 11.25 GHz). (d) The comparisons of the SW amplitudes
with and without a TW for two SW frequencies (fH = 6.25 and 11.25 GHz).

the TW width. However, the width of the TW is not changed due to the external
fields.

4.2.3

Spin Wave Velocity, Reflection, and Transmission

The Velocity and Displacement of the TW
First of all, the TW velocity (vT W ) [HKLH+09, JYL10] for an ideal nanowire
without pinning site are calculated as a function of SW frequency (fH = 3 −
30 GHz, ∆fH = 0.25 GHz, and total simulation time ∆t = 20 ns) shown in
Figure 4.3(a). To generate SWs, the localized external field is fixed at B0 = 10 mT
and the TW is located at x = 500 nm. There is a negative velocity (corresponding
to the TW moving towards the SW source) for low spin wave frequencies (4.0 GHz
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< fH < 5.5 GHz). The maximum velocity in that direction is found vT W = −0.22
m/s.
Above fH = 5.5 GHz, the TW velocity is positive with three peaks (fH = 6.25,
11.25, and 13.75 GHz with resulting velocities of vT W = 1.32, 0.94, and 0.52 m/s,
respectively). Figure 4.3(b) shows the wall displacements as a function of the simulation time (∆t = 20 ns). At fH = 5.25 GHz, the negative displacement indicates
that the TW moves linearly toward the SW source (along the −x direction). This
negative motion was already observed in previous work [SLKL11]. However, there
is no clear explanation about this negative motion. This is able to explain this
as the average local saturation magnetization is reduced due to the SWs. Since
at a specific time, the SWs create y− and z−components of the magnetization
by the fluctuation of the magnetization. The fluctuation of the magnetization
induces a magnetic poles, which are the source of additional stray field causing an
increase of the energy of the system. Thus, the DW moves towards the SW source
direction in order to reduce the magnetostatic energy. For the other frequencies
(fH = 6.25 and 11.25 GHz), TWs move linearly far from the SW source.
SW Attenuations
Figure 4.3(c) shows the spatially resolved fast Fourier transformation (FFT) of Mz
since the SW amplitude is directly proportional [SLKL11] to the FFT amplitude
of Mz . The SW is generated at the SW source, and it propagates in the +x
direction. The SW amplitude decreases rapidly with distance from the source
and the SW amplitude is almost zero on the far (right) side of the DW for fH
= 5.25 GHz, while the SW decays more slowly for fH = 6.25 and 11.25 GHz.
Such a rapid decay of SWs of 5.25 GHz can be explained by the fact that the SW
frequency is below the forbidden gap of the SW dispersion relations as shown in
Figure 4.4(a) [HKLH+09]. The detailed explanation will be shown in the next
section.
However, such unexpected negative motion of DW is superseded by another
mechanism for SW frequencies fH > 5.5 GHz. For a higher frequency, the wall
moves away from the SW source. For the cases of the other SW frequencies (fH
= 6.25 and 11.25 GHz), the SWs propagate across the wall for long distances (up
to x = 1500 nm) and therefore the difference in SW amplitudes across the wall
is smaller as shown in Figure 4.3(c). So it is clear that different mechanisms are
involved at these frequencies. SWs directly interact with the whole TW, and the
SW can be reflected or transmitted at the TW position.
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Figure 4.4: The calculated dispersion relation of the propagating SWs with a notch
and a DW up to fH = 50 GHz. (b) TW velocity and the FFT power spectra of Mz /MS
from the dispersion relation (kx = 0). (c) The calculated the half wavelength of the
propagating SWs (λSW /2, black circles) as a function of SW frequency fH with the
calculated TW width (WT W , red line).

SW Transmission with and without a DW

In order to understand two different mechanisms that lead to TW motions in
the direction of the SW propagation, the SW amplitudes for a trapped TW by
a rectangular notch are calculated for the SW frequencies fH = 6.25 and 11.25
GHz. Figure 4.3(d) shows the SW amplitudes as a function of position without
and with a TW. The SW reflections depend on the SW frequencies. For fH =
6.25 GHz, the SW is not able to propagate across the TW and most of the SW
is reflected at the TW position (x = 500 nm). Contrary to the case of fH = 6.25
GHz, most of the SW is transmitted through the TW at fH = 11.25 GHz. It
should be mentioned that the SW is strongly reflected from the TW and cannot
transmitted through the TW except at a few frequencies (fH = 11.25 and 13.75
GHz). Even though TWs moves with relatively high velocities at 6.25 GHz and
11.25 GHz as shown in Figure 4.3(a), this implies that the details of the DW
propagation mechanisms are different.
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SW Dispersion Relation
Figure 4.4(a) shows the dispersion relation with a notch and a DW without an
applied field. In order to calculate the dispersion relation, a "sine cardinal (sinc)"
function B(t) = B0 sin[2πfH (t − t0 )]/2πfH (t − t0 ) excitation is used with B0 = 10
mT and fH ≤ 50 GHz. When the SW frequencies are higher than the forbidden
gap (e.g. fH = 6.25 GHz), the SW decays much more slowly (see Figure 4.3(c)).
This means that the SW intensity is much larger on left side of the DW than
the right side at fh = 5.25 GHz, thus leading to a finite force towards the SW
source. Previously, Han et al [HKLH+09] has argued that the TW velocity by a
propagating SW is closely related with the FFT of Mz as shown in Figure 4.4(b)
in our simulations. It seems that the FFT of Mz has the same peaks at the TW
velocity peaks, and the origins of the high TW velocity are the same. However, It
is here shown that the detailed mechanisms of the TW movements are different
for 6.25 and 11.25 GHz.

FFT Power of the SW and SW Wavelength
First, let us pay attention to the propagation SW wavelength (λSW ). (λSW /2) is
plotted in Figure 4.4(c) with the calculated TW width (WT W ). WT W are determined by using the full width at half maximum of the normalized My /MS (at the
middle of nanowire, y = 75 − 80 nm). WT W is about 121 nm ±1.5 nm, which
is similar to the λSW /2 at fH = 6.25 GHz. Since the propagating SW is sinusoidal, when the λSW /2 has a positive y-component, while the other half has a
negative y−component. It is easy to understand that when WT W is comparable
to (λSW /2), a TW most effectively interacts with the propagating SWs. Therefore, the kinetic energy of SW is effectively transferred to the TW, and the TW
moves. In other words, when the momentum change of the propagating SW, ∆kx
(=2×kx and kx = 4π/λSW ) is well matched with WT W , the characteristic length
scale of the TW, most effective TW motion occurs. Let us take a closer look at
the case of fH = 11.25 and 13.75 GHz. According to the dispersion relation or
FFT spectra in Figure 4.4(a) and (b), there are so called internal modes at these
specific frequencies [HKLH+09]. It seems that there is strong absorption of the
SW energy by the corresponding modes. However, the SW is transmitted across
the TW with only small reflections as shown in Figure 4.3(d), which is at first
surprising.
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Figure 4.5: (a) The SW amplitudes as a function of time (t = 5.0 − 5.5 ns with fH =
6.0 GHz, B0 = 200 mT, and Bext = 0.5 mT) at the TW position (x = 500 nm and x =
700 nm) (black line: the SW amplitude without a TW and red line: the SW amplitude
with a TW). (b) The FFT spectrums of the SW amplitude for the case of (a) at the TW
position (x = 500 nm). (c) The SW amplitudes as a function of time at x = 500 nm (t
= 5.0 − 10.0 ns with fH = 11.0 GHz, B0 = 200 mT, and Bext = 0.8 mT). (d) The FFT
spectrum of the SW amplitude for the case of (c) at the TW position.

4.2.4

Spin Wave Amplitude with or without Domain Wall

In order to remove the inconsistency, the propagating SW amplitudes is calculated
as a function of time (t = 5.0 − 5.5 ns) for the pinned TW. The SW amplitudes
at the center of the TW (x = 500 nm) and the right side of the TW (x = 700 nm)
with ∆x = 5 nm with B0 = 200 mT for two different frequencies (fH = 6 and 11
GHz) are depicted in Figure 4.5(a) and (c), respectively. In these simulations, a
small external fields (Bext = 0.5 and 0.8 mT for fH = 6 and 11 GHz, respectively)
is applied to disturb the TWs. The SW amplitude already decreases from 50 (at
x = 500 nm) to 30 (at x = 700 nm) without a TW in Figure 4.5(a). When a TW
is introduced at the center of nanowire, the SW profiles strongly deviate from the
simple sinusoidal function, which is clearly shown in the SW amplitude at x =
500 nm in Figure 4.5(a).
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Figure 4.5(b) show the FFT amplitude of the SW amplitude at x = 500 nm
for both cases with and without a TW in Figure 4.5(a). Higher order harmonics
(f = 12, 18, 24, 30 GHz) of the fH = 6 GHz are excited in Figure 4.5(b). Without
a TW, there are higher order harmonics of odd number (f = 18, 30 GHz), but
they are very small, and it implies that these higher order harmonics stem from
that the fact that the wavefront of the SW at fH = 6 GHz is not sinusoidal (see
Figure 4.5(a)).
Figure 4.5(c) also shows the SW amplitudes for fH = 11 GHz as a function
of time ((t = 5.0 − 10.0 ns)). As mentioned before, the decrease of the SW
amplitude due to the existence of TW is smaller than the case in Figure 4.5(a).
One major difference is the beating of the SW amplitudes at x = 500 nm. The
amplitudes of SW, change with a frequency of 1.27 GHz. The clear peak of 1.27
GHz is shown in Figure 4.5(d) with 11 and 22 GHz peaks. The origin of the 1.27
GHz is the vibration or collective oscillation of the whole TW structure, not the
dynamics of each individual spin [HKLH+09]. At fH = 11 GHz, SWs generate
such a collective motion of all the spins in a TW. This is the clue to explain the
apparent contradiction: The internal modes (fH = 11, 14, 19 GHz) can be excited
with the corresponding propagating SW, but the absorbed energy transfers to the
collective motion of the whole TW. The absorption of SWs by the internal modes
is not significant, if the moment of the internal modes and propagating SWs are
not well matched. Therefore, the energy of propagating SW is only little absorbed
by the TW, and the absorbed energy is used to vibrate the whole TW instead of
the each spin dynamics.

4.2.5

Depinning Field Calculations

Depinning Fields for Positive Field
In order to reveal more details of the differences between fH = 6 and 11 GHz,
the TW dynamics and the depinning fields are calculated as a function of SW frequency. Figure 4.6(a) and (c) show the depinning fields differences (∆Bdep (fH ))
for positive and negative Bext along the x direction. For both cases, the depinning fields without SWs are ±1.7 mT. ∆Bdep is calculated as a function of SW
frequency (fH < 20 GHz and ∆fH = 0.5 GHz) for B0 = 150 and 200 mT. In
Figure 4.6(a), SWs assist the depinning of TW due to the fact that the directions
of the propagating SW and the external field are parallel. Although the SW amplitudes decrease when the SW frequency increases [SYT09], Four positive peaks
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Figure 4.6: (a and c) ∆Bdep calculations with the external fields along the ±x direction
(B0 = 150 and 200 mT). (a) ∆Bdep calculations with the external fields along the +x
direction (∆Bdep ≡ 1.7 mT −Bdep (fH )). (b) The normalized Mx /MS curves with various
external fields (up: fH = 6.0 GHz down: fH = 11.0 GHz). B0 = 150 mT is used. (blue
line: fH = 6.0 GHz and Bdep = 1.0 mT and red line: fH = 11.0 GHz and Bdep = 1.3
mT). (c) ∆Bdep calculations with the external fields along the −x direction (∆Bdep ≡ −
1.7 mT −Bdep (fH )). (d) The normalized Mx /MS curves with various external fields
(up: fH = 8.5 GHz down: fH = 11.0 GHz). B0 = 200 mT is used.

of ∆Bdep (≡ 1.7 −Bdep (fH )) are observed at fH = 6.0, 7.5, 10.5 − 11.0, and 13.5
− 14.0 GHz in Figure 4.6(a). The normalized Mx /MS (see Figure 4.6(b)) is calculated as a function of time (∆t = 20 ns) for the SW frequency fH = 6 and 11
GHz with B0 = 150 mT. The normalized Mx /MS is directly proportional to the
TW position. At fH = 6 GHz, the TW interacts to the propagating SW and then
depins (Bext = 0.8 − 1.0 mT) or fluctuate (Bext = 0.7 mT). For fH = 6 GHz,
the collective motion of TW is not observed, except for Bext = 1.0 mT as shown
in the top panel of Figure 4.6(b). Only small harmonic oscillations are found for
Bext = 1.0 mT as already explained in Figure 4.5(a) and (b). Also, for the second
peak (fH = 7.5 GHz), the TW fluctuates or directly depins without harmonic
oscillations (not shown here). However, at fH = 11 GHz, the propagating SWs
generate the collective oscillation of the TW for all external fields (Bext = 1.1 −
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1.3 mT) as shown in the bottom panel of Figure 4.6(b). It should be mentioned
that the intrinsic characteristic TW oscillation frequencies are about 1.25, 1.15,
and 0.95 GHz with Bext = 1.1, 1.2, and 1.3 mT, respectively.

Depinning Fields for Negative Field
Figure 4.6(c) shows the ∆Bdep with the negative external field along the −x direction (≡ −1.7 − Bdep (fH )). In this case, the role of SWs is even clearer than
for the positive external field case. For fH = 5.0 − 5.5 GHz, the SW decays
very quickly and exists only in the left side of the TW as discussed earlier (see
Figure 4.3(c)). Therefore the TW is attracted to the SW source, and it helps the
depinning processes to the −x direction with the negative external field. Therefore, a negative Bdep is obtained at that frequency range as shown in Figure 4.6(c).
For fH > 6.0 GHz, ∆Bdep is always positive except 8.5 and 11.0 GHz for B0 = 200
mT. The positive ∆Bdep implies the SW prevents the depinning processes against
the negative external field. This is consistent with the fact that the propagating
SW moves a TW in the SW propagating direction. However, there are negative
∆Bdep at specific frequencies, 8.5 and 11.0 GHz. At the frequencies, the SW helps
the depinning processes in spite of the opposite SW propagation direction to the
external magnetic field. It is another clear evidence of the different mechanisms
dominating at fH = 6 and 11 GHz, respectively. At the specific frequencies, the
normalized Mx /MS is plotted as a function of the time in Figure 4.6(d) with
various negative external fields. The top and bottom panels (fH = 8.5 and 11.0
GHz) show clear oscillations of the TW, the collective oscillation of the TW. The
oscillation frequencies are around 1 GHz, as already explained in Figure 4.5(d).

Depinning Fields for 10×10 nm2 Square Notch
Figure 4.7 shows the depinning field calculations as a function of the SW frequency
for various B0 . In this case, the TW is trapped by a bigger square notch (10 nm ×
10 nm, see inset of Figure 4.7(a)) and the depinning field without SWs is 3.6 mT.
In general, the depinning field is around 3.6 mT, but at certain SW frequencies,
the DW depins at much lower fields similar to the previous section. However,
note that the high amplitudes of the localized oscillating fields (B0 < 700 mT)
are used to excite the SWs. Now one can deduce that the frequencies at which
a maximum depinning field reduction is observed decreases as the SW amplitude
is decreased. This is pointing to the non-linear nature of the SW excitation at
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Figure 4.7: (a) The depinning field calculations as a function of the SW frequency
(< 30 GHz) for various B0 . Inset shows the initial TW configuration trapped by a
10×10 nm2 notch. The field step used in the simulation is ∆Bext = 0.1 mT. (b) The
depinning field calculations as a function of the distance between the SW source and the
TW position.

high amplitude, which also manifests itself in the fact that coherent SWs are not
generated when using fields with amplitudes B0 above 800 mT. Figure 4.7(b)
shows the depinning fields as a function of the distance between the SW source
the TW position for various B0 . Due to the SW attenuations, the efficiency of
SWs reduces as a function of the position. Note that this is able to depin the TW
without any external field when B0 is bigger than 500 mT and the TW is located
close to the SW source (P(SW source)-P(TW)< 200 nm).

4.2.6

Conclusions

In conclusion, the interactions between the propagating SWs and a TW in a
magnetic nanowire has been numerically investigated. First, the TW velocity
with propagating SWs is calculated as a function of the excited SW frequency. At
fH = 5.25 GHz, a significant TW motion against the SW propagation due to the
magnetostatic energy gradient generated by the localized SW propagation. Above
fH = 5.5 GHz, three positive velocity peaks (fH = 6.25, 11.25 and 13.75 GHz)
are observed. The calculations of SW amplitude and the depinning fields for the
trapped TW give us the facts that there are two different major mechanisms to
move and depin the TW. One is the momentum transfer from SWs to the TW
accompanied strong SW reflections at fH = 6.0 GHz. The other mechanism is the
collective TW oscillation mediated by the internal modes of TW at the certain
SW frequencies (fH = 8.5, 11.0, and 14.0 GHz). Based on our study, there is a
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conclusion that the details of the interaction between propagating SW and TW
depends on not only the propagating SW frequencies, wavelengths, amplitudes,
but also the dispersion relations and internal modes of the spin structure in the
nanowires.

4.3

Spin Waves generated by Oscillating Oersted
Field

The other SW generation technique will be discussed in this chapter. The oscillating Oersted field generated by the microwave current injection into the microstripe
is considered. For the case of the oscillating Oersted field without external field,
a localized non-linear dynamics will be explained. On the other hand, fast SW
generation due to the oscillating Oersted field and an external field will be shown
in this section.

4.3.1

Sample Geometry and Simulation Model

Figure 4.8: (a) Schematic figure of the sample geometry (3D). The microstripe is
located perpendicular to the magnetic nanowire. The magnetization of the Py nanowire
is along the x direction. (b) The top view of the sample geometry. The length of
nanowire is 2000 nm and the width of nanowire is 100 nm. A 100 nm width microstripe
is drawn in the center of the nanowire.

Figure 4.8 shows the schematic figures of the simulation geometry. For the
magnetic nanowire, a 2000 nm length, 100 nm width, and a 5 nm thickness are
considered. A microstripe line (100 nm width and 50 nm thickness) for microwave
current injection is located in the center of the magnetic nanowire. The microwave
current frequency range is between 1 GHz and 20 GHz and a current of 10 mA is
used, which is proportional to the current density 2×1012 A/m2 . Other material
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parameters (saturation magnetization MS = 8.0×105 A/m, exchange stiffness A
= 1.3×10−11 J/m, and a Gilbert damping constant α = 0.01) are equal to the
previous section. A cell size of 5×5×5× nm3 is chosen.

4.3.2

Spin Wave Generation

When the current passes through the stripe line, one can calculate the magnetic
field by using Biot-Savart’s law. If the thickness and width are defined as tL and
wL , respectively, the x and z component of the magnetic field at the point (X, Z)
are given by [SLCR99, Haya06]:
wL
wL
wL
wL
µ0 J
[F (X+ , Z+tL )−F (X+ , Z+tL )+F (−X+ , Z+tL )−F (−X+ , Z)],
2π
2
2
2
2
(4.3)
wL
wL
wL
wL
µ0 J
[G(X+ , Z+tL )−G(X+ , Z+tL )+G(−X+ , Z+tL )−G(−X+ , Z)].
BZ =
2π
2
2
2
2
(4.4)
The unit of BX and BZ is Tesla. The coordinate X indicates the horizontal distance from the center of the nanowire, whereas Z represents the vertical distance
from the bottom edge of the nanowire. The definitions of the functions F (x, z)
and G(x, z) are respectively expressed by:
BX =

x

1
+ x log(x2 + z 2 ),
(4.5)
z
2
z 
G(x, z) = −2z + 2x arctan
+ z log(x2 + z 2 ).
(4.6)
x
By using Equations (4.3 and 4.4), the oscillating Oersted field generated by the
microwave current injection into the microstripe line can be calculated. The oscillating Oersted field is able to generate coherent SWs and ultrafast magnetization
dynamics due to the interaction between the Oersted field and the magnetization.
Two different dynamics will be shown in this section.
F (x, z) = z arctan

4.3.3

Nonlinear Magnetization Dynamics

By substituting Equations (4.3 and 4.4) into the OOMMF code, the magnetization
dynamics due to the oscillating Oersted field can be calculated. One can assume
that the microstripe line is straight and is located on top of the Py nanowire
(see Figure 4.9(a)) so that the Oersted field generated by the vertical current (see
Chapter 3.3.4) is ignored in the simulation.
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Figure 4.9: (a) The side view of the simulation geometry. BX and BZ generated by the
current through a conducting materials are shown. The frequency of the Oersted field
is fixed at f = 20 GHz. (b) The normalized Mx values as a function of the simulation
time (< 10 ns) with the microwave frequency 20 GHz at x = 100 nm.

Figure 4.9(a) is the side view of the simulation geometry. The magnetization
is along the x direction as shown in Figure 4.8(a). In this case, the x component of
the oscillating magnetic field has nothing to do with the magnetization response.
Only z component of the oscillating Oe field can contribute to the magnetization
fluctuation. Figure 4.9(b) shows the normalized Mx value as a function of the
simulation time (t < 10 ns) at x = 100nm. The frequency of the Oersted field is
fixed at f = 20 GHz and the normalized Mx is averaged only 5×100×5 nm3 at the
given position. The magnetization fluctuates at the beginning of the simulation
(t ≈ 0) due to the Oersted field oscillation (∆Mx ≈ 0.6 %). After 4 ns, the
magnetization fluctuation become a harmonic motion and ∆Mx is about 0.2 %.
At the center of the nanowire (see Figure 4.8(a)), Mx and Mz has a symmetry
due to the geometry of the stripe line. This indicates that Mx and Mz should
be zero at the center of the nanowire due to the symmetry. Figure 4.10(a) shows
the normalized Mx for different positions. As expected, no clear magnetization
response at x = 0 is observed. Moreover, ∆Mx rapidly decreases when the position in the nanowire increases since the magnetic field decays as 1/r. For the
most frequencies, the magnetization response analyzed by the normalized Mx is
harmonic after a few ns and ∆Mx is smaller than 1 %. At the certain Oersted
field frequencies (f = 6, 13 and 15 GHz), strong magnetization fluctuations are
observed (see Figure 4.10(b)). Contrary to f = 20 GHz, for the case of f = 6 and
13 GHz, a nonlinear magnetization response is observed at x = 100 nm.
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Figure 4.10: (a) The normalized Mx as a function of time for various position in the
nanowire. Black, red, and blue lines indicate the Mx at x = 0, 100, 200 nm, respectively.
(b) The normalized Mx as a function of time for the various frequency of the Oersted
field at x = 100 nm.

4.3.4

Spin Wave Propagation due to the Oersted Field

In the previous section, the magnetization response due to the oscillating Oersted
field is discussed. However, a propagating and long-range SW is observed. Here,
the magnetization dynamics caused by the oscillating Oersted field (similar to
the previous section) with perpendicularly magnetized Py sample is introduced.
This technique is already experimentally studied as a method to generate strong
exchange-dipolar SWs [VB08, SYSL+10]. In general, a coplanar waveguide is used
to emit and characterize the propagating SWs. So the magnetostatic surface SWs,
which has a fast propagation velocity and a large amplitude can be generated.
Now, the microstripe line is used to inject a microwave current to generate large
and fast propagating SWs.
Figure 4.11 shows a schematic picture of the simulation geometry. The Py
nanowire is located along the x direction and the nanowire is saturated along the
y direction by using the external field (Bext = 100 mTŷ). The microstripe line
is located at the center of Py nanowire (x = 0). The width and the thickness of
the microstripe line is 100 nm and 50 nm, respectively. The oscillating Oersted
field calculation and the typical material parameters of the Py are used in as
the previous section. Following the previous section, the current density is 10
mA and the range of frequency ranges from 1 GHz to 20 GHz. As discussed
in Chapter 4.2.4, the normalized of Mz is analyzed since the Mz component is
directly proportional to the SW amplitude.
For instance, the normalized Mz is calculated (∆t = 10 ns and f = 3 GHz)
at x = 100 nm in Figure 4.11(a). Mz is periodic as a function of the simulation
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Figure 4.11: Schematic picture of the simulations geometry. The Py nanowire is along
the x direction. The microwave current is injected through the conducting microstripe.
The microstripe is located in the center of the picture along the y direction. The external
field (Bext = 100 mT) is applied along the y direciton.

time. Figure 4.12(b) shows the FFT amplitude of Figure 4.12(a). Two peaks (f
= 3 and 9 GHz) are observed. The first peak at f = 3 GHz is the same frequency
as the frequency of the oscillating magnetic field. The second peak at f = 9
GHz are caused of the other magnetic field (Mz ) contribution. At x = 100 nm,
the z components of the magnetic fields from both edges of the stripe line are
asymmetric. Therefore, the FFT spectrum of the normalized Mz has two peaks
(f and 3f ).
Finally, the SW amplitudes as a function of the distance are calculated with
various frequencies (see Figure 4.13). For the case of low frequencies (f = 1 and
2 GHz), the SW amplitudes have maximum values at the edge of the stripe line
due to the asymmetry of Mz . Contrary to the results in Chapter 4.2.4, there
is a clear propagating SW in the low frequency range. For the case of the high
frequencies (f = 5 and 6 GHz), the SW amplitude increases when the frequency
increases. However, the maximum position of the SW amplitude is at x = 0 or
50 nm and the SW amplitudes are asymmetric. As you can see in Figure 4.13(b),
the SW amplitudes for high frequency range are totally asymmetric. The SW
amplitude at the left part of the stripe line is almost zero. This fact indicates that
propagating SWs do exist in only in one way (+x direction).

4.3.5

Conclusions

In this section, two types of magnetization dynamics generated by the oscillating Oersted field due to the microwave current injection through a conduction
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Figure 4.12: (a) The normalized Mz as a function of the time (∆t = 10 ns) with the
frequency of the oscillating Oersted field (f =3 GHz) at x = 100 nm. (b) The FFT
amplitude of the SW amplitude as a function of the the frequency of the oscillating
Oersted field.

nanowire are discussed by using OOMMF. First, the longitudinally magnetized
sample geometry is considered. The normalized Mx is calculated as a function of
the simulation time for various frequencies of the oscillating magnetic field. For
most frequencies, the magnetization oscillates with the same frequency and the
amplitude of the oscillation is smaller than 1 %. For the certain frequencies (f
= 6, 13, and 15 GHz), the magnetization at a certain position (x = 100 nm) is
intensively and randomly fluctuates. However, a coherent propagating SW is not
observed. Second, propagating SWs due to the oscillating magnetic fields along
the x direction with a perpendicularly magnetized nanowire are considered. In
this case, propagating SWs are observed. By analyzing the z component of the
magnetization (Mz ) at x = 100 nm, two peaks (f and 3f ) are observed. f is
the same frequency as the frequency of the microwave current and 3f is from the
asymmetry of the Bz . From systematic simulations, one can deduce that the SW
propagation is allowed for only one (+x) direction in the high frequency range.
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Figure 4.13: (a) The SW amplitude as a function of time (∆t = 10 ns) with the
frequency of the oscillating Oersted field (f =3 GHz) at x = 100 nm. (b) The FFT
amplitude of the SW amplitude as a function of the the frequency of the oscillating
Oersted field.

CHAPTER

5

Conclusions and Outlook

Conclusions
In this thesis, the magnetization dynamics due to a spin polarized current and
propagating spin waves in magnetic nanowire and circular disc are investigated
by experiments as well as by micromagnetic simulations. The experimental work
have been performed by using a homodyne detection scheme with a cryogenic system to control the sample temperature. The micromagnetic simulations have been
done by using a object-oriented micromagnetic framework explained in Chapter
2.5. This thesis is mainly consists of two parts. In the first part, the magnetic
vortex core dynamics excited by the spin polarized microwave currents in a magnetic disc are investigated. The interaction between propagating spin waves and
magnetic domain walls are studied in the second part.
A homodyne detection scheme is a versatile tool to investigate the magnetic
vortex core dynamics. The homodyne signal can be used to identify the full magnetic state of the vortex structure (polarity and chirality) using a specific geometry.
To identify this vortex state, the 1 µm Py disc with a notch to break symmetry is
used. Since the homodyne signal is very sensitive to the phase shift between the
microwave current excitation and the magnetoresistance response. The polarity
of the vortex core is determined from the phase difference between two polarities
93
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and the chirality is also determined by using an symmetry disc structure. From
the field and angle dependence measurements, the unexpected higher resonance
frequencies, which indicate the strong pinning effect are observed at the certain
magnetic field and angle. To confirm the pinning effect, homodyne signals are
measured with different temperatures and injected microwave powers. Combined
with the trajectory of the vortex core calculated by micromagnetic simulations,
a two dimensional pinning map is drawn. Since the phase shift give us information about the driving force of the vortex core, the Oersted field contribution is
distinguished by analyzing the magnetic field and angle dependent phase shift
measurements. In our case, the Oersted field contribution is about 75 % of the
force exerted on the vortex core gyration.

The vortex core dynamics with the large displacement of the vortex core due
to the in-plane external field is observed. Due to the strong shape anisotropy and
the combination of the spin torque effect the Oersted field effect make the nonlinear trajectory of the vortex core. This nonlinear dynamics are obtained from the
position dependent homodyne detection measurements on a circular disc without
symmetry breaking. The amplitude of the homodyne signal increases when the
vortex core is closed to the electric contacts since the Oertsted field effect is from
the inhomogeneous current distribution due to the thickness differences between
the disc and electric contacts. Moreover, the homodyne signal is averaged out
when the vortex core gyration is nonlinear. This nonlinear regime is measured
the frequency sweep homodyne detection measurement.

All information (resonance frequency, the amplitude of the vortex core gyration, and the phase shift) are obtained from the fitting of the homodyne signal.
The analytical expression of the vortex core motion is shown in Chapter 3.4.
Since the Oerted field contribution is dominant in our case, the modified Thiele’s
equation including a spin transfer torque term and Oersted field term is explained.

The interaction between propagating spin waves and the magnetic domain
walls are numerically investigated. First, the doamin wall velocities as a function
of the spin wave frequency is calculated. At the certain frequency, a significant
domain wall motion against the spin wave propagation due to the magnetostatic
energy gradient is observed. Second, there are two different mechanisms to move
and depin the domain wall. One is the momentum transfer from spin waves to
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the domain wall accompanied strong spin wave reflection. The other mechanism
is the collective domain wall oscillation mediated by the internal modes of the
domain wall at the certain spin wave frequencies.

As the other spin wave generation method, the oscillating Oersted field in a
magnetic nanowire is numerically investigated. For the case of that the domain
wall is magnetized along the nanowire, a propagating spin wave is not observed.
However, the nonlinear dynamics at the certain spin wave frequency is obtained.
For the case of that the domain wall is magnetized perpendicular to the naowire
due to the strong applied field, coherent propagating spin waves are observed.
At the high frequency range, one is observed that the spin wave propagating is
allowed for only one direction.

Outlook
From the experience and the results obtained during this work, many other experiments promise exciting results in future.

The main key issue of the domain wall motion is to measure the nonadiabaticity
β. As shown in Chapter 3.4, the homodyne signal depends on the nonadiabaticity
β. Thus the effect of the nonadiabatic spin transfer torque effect induced vortex
core dynamics in magnetic discs or ellipse are able to determine the β value. In
order to reduce the Oersted field effect from the inhomogeneous current distribution, an elliptic magnetic disc is suggested.

The vortex core position dependent homodyne detection allows us to scan the
pinning site in a magnetic disc. Our efficient method of characterization in conjunction with structural investigation such as high resolution electron microscopy
will open a path to the identification of the defect types and resulting materials
improvement for devices with reliable dynamical switching.

Spin wave assisted domain wall motion generates new concept for race track
memory [Park04, PHT08] without any Joule heating. However, a key issue is to
generate strong propagating spin waves. In this point of view, the spin torque
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oscillator and the point contact device are suggested as the sources of the spin
waves. These can be investigated by using OOMMF.
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