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Chapter 1. Introduction
The experiments described in this thesis relate to the recently emerging and rapidly
growing field of spin electronics, or “Spintronics”. Ferromagnetic materials like Ni,
Co, or Fe have the magnetic property of a collective interaction between the electron
spins. This characteristic can be explained as a magnetic moment, which leads much
interest concerning basic physics and technical applications[1][2].
In this thesis, the investigation is focused on magnetic domain configurations with
different CoFeB thicknesses and the dynamics of vortices and their topological
counterparts, the anti-vortices. A novel theoretical description of the core trajectory in
the linear and nonlinear regime of excitation is outlined. The switching process of the
orientation of the core magnetization is described, and possible applications of vortex
random access memory (VRAM) or of an anti-vortex as anti-vortex random access
memory (AVRAM) are presented[3].
The main purpose of this thesis is to study the creation and annihilation of the
vortex and anti-vortex pairs in cross-tie walls on CoFeB islands in the presence of
externally applied magnetic fields.

This thesis is organized as follows.
Chapter

2

reviews

the

relevant

fundamental

background

material

in

ferromagnetism. The phenomenon of the domain formation in the ferromagnetic
islands will be explained along with a brief account of the relevant theories on
magnetic energies, magnetic domain walls, and magnetic vortex-antivortex pairs.
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Chapter 3 provides the discussion on the fabrication process of CoFeB island
devices using e-beam writing and CoFeB thin film deposition using direct current
sputtering in an ultrahigh vacuum (UHV) system. This chapter also describes the
basics of magnetic force microscopy (MFM), the workhorse experimental technique
used throughout this work. MFM measurement was performed with externally
applied magnetic field by the use of an electromagnet[5].
In chapter 4, the results of this experiment are presented and discussed. MFM
images of the remanent state in CoFeB islands of different thicknesses placed on Si
substrate are shown along with micro-magnetic modeling of the CoFeB island. Next
the vortex-antivortex creation and annihilation in CoFeB patterns are discussed.
Chapter 5 deals with the future work related to this investigation. First, the
possibility of controlling the core direction of vortex-antivortex pairs in CoFeB
islands with externally applied out-of plane magnetic fields is explained[6].
Fabrication processes are described for creating CoFeB patterns on an MgO substrate,
instead of a Si substrate. Similarly, a ferromagnetic resonance (FMR) measurement
experiment using the vortex-antivortex pairs of CoFeB patterns is introduced the
expected behavior of the device is briefly described[7][8].
In chapter 6, some conclusions of this thesis are summarized.
In the appendix, Magnetic Force Microscopy (MFM) images with applied
magnetic fields in the CoFeB island of 9µm x 3µm are shown, as well as the details
concerning the device structure and fabrication process of the device are included in
the appendix. This appendix is geared to those who wish to replicate the experiment
and recipes.
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Chapter 2. Domain theory of Ferromagnetism
2.1 General Background
Ferromagnetic materials like iron, nickel, or cobalt exhibit a long-range ordering
phenomenon at the atomic level which causes the unpaired electron spins to line up
parallel with each other in a region called a magnetic domain[9][10][11].
Ferromagnetism exhibits itself in the fact that a small externally imposed magnetic
field, say from a solenoid, can cause the magnetic domains to line up with each other
and the material is said to be magnetized. The driving magnetic field will be
increased within the material by a large factor, which is the relative permeability for
the material. Another attribute of ferromagnetism is that the magnetization can nonlinear with respect to the applied magnetic field. This property is called a hysteresis.
A generic hysteresis curve is shown Fig. 2.1, where the y-axis is the magnetic

ρ
ϖ ϖ
ϖ
ϖ
induction, B = µo (H + M ), H is the applied magnetic field and M is the
magnetization. The fraction of the saturation magnetization that is retained when the
driving field is removed is called the remanence of the material, which for obvious
reasons is a significant factor in permanent magnets. The field that causes the zerocrossing of the magnetic induction is referred as the coercivity of the material. This
parameter is of paramount importance in magnetic recording, memory and field
sensing applications.
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Figure 2.1 Hysteresis loop of ferromagnetic material.

All ferromagnets have a maximum temperature where the ferromagnetic property is
lost as a result of thermal agitation. This temperature is defined as the Curie
temperature and a short list for some ferromagnetic materials are shown in the table
below[12].

Material

Curie Temperature(°C)

Fe

770

Co

1115

Ni

354

CoFe

1327

MnAs

45

EuO

-4

Fe2B

742

Table 2.1 Curie temperatures of some ferromagnetic materials.
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2.2 Domain Theory
The premise of domain theory of ferromagnetism is the fact that a ferromagnetic
material exhibits spontaneous magnetization in the demagnetized state. Within a
domain, large numbers of atomic moments are aligned, typically 1012~1018, over a
large volume [11]. In any given domain, the magnetization is saturated and always
lies in the so-called crystallographic easy axis in the absence of an externally applied
field.
Domains result because of the lowering of the total energy of the system, which, in
general, arise from the competition between the lowering of magnetostatic energy
against the cost of domain wall formation. This process is illustrated schematically in
Figure 2.2, starting a uniformly magnetized specimen in Fig. 2.2 a). The magnetic

ρ
poles (or surface magnetic charges, M • nˆ , n̂ being the surface normal unit vector) at
the surface of the specimen produce an internal field that is opposite to the direction
of magnetization. This is called the demagnetizing field, Hd. The exact analytical
expression for the demagnetizing field can be calculated only in the case of an
ellipsoid, but in general, demagnetizing field is inversely proportional to the aspect
ratio (length to diameter). In fact, it can be shown that the magnetostatic energy goes
as 1/N.
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Figure 2.2 Schematic of the break-up of magnetization into domains.

Another mechanism to lower the energy, depicted in figure 2.2(d) is the
formation of so called “closure domain” patterns. The magnetization is always
parallel with the surface, thus producing no surface charges, no demagnetization field
and zero magnetostatic energy. The magnetostatic energy is contributed by the
variation of the magnetization along the domain boundaries corresponding to the
ϖ
volume charge density ( − ∇ • M ). Closure patterns are found on materials that do

not have a strong uniaxial anisotropy that force adjacent domains to be at 180º to each
other.
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2.3 Magnetic energies
In the films used in this study, the relevant magnetic energies are magnetostatic,
exchange, anisotropy and Zeeman energy.

2.3.1 Magnetostatic or Demagnetization energy
Magnetostatic energy originates from the classical interactions between magnetic

ρ
dipoles and is explained by the effect of magnetization M , the magnetic-dipole
moment per volume, which arises from the alignment of atomic magnetic dipoles. In
magnetic materials, electron spins lead to the creation of magnetic dipoles. Even
though the dipole strength is not affected greatly by the orbital motion of electrons, it
has an important effect on the formation of magnetic anisotropy[10].
In a single magnetic domain with a finite size, there exists a great magnetostatic
energy, which leads to the separation of the volume magnetization into localized
domains. Multiple domains will be created in a material until an energy equilibrium is
reached between magnetostatic energy and domain wall energy.
In addition, the magnetostatic energy can be easily explained with the example of
an infinite plane magnetic film magnetized uniformly perpendicular to the surface.

ρ
ρ
The stray field, H stray, is generated by magnetic dipoles in the film, M . Surface
ρ
charges create a field inside the film which has the same amplitude as H stray, but
ρ
ρ
directs opposite to M , called demagnetizing field, H d.
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In this case where the magnetostatic energy has the same magnitude as the

ρ
ρ
demagnetizing energy, the energy is given with M and H d as

(2.1)

ρ
ρ
In equation 2.1, M is taken as the saturation magnetization, MS, and H is the total
ρ
ρ
field sum of H stray and H d.
ρ
ρ
ρ
ρ
ρ
ρ
H stray = H d  H T = H stray + H d = 2 H d

(2.2)

2.3.2. Anisotropy energy
The direction of magnetization related to the well–defined crystallographic axes of
the material also affects the magnetic energy, which is defined as the magnetic
anisotropy energy. The magnetic anisotropy energy is usually generated from spinorbit interaction of the electrons. In the case of ferromagnetic materials, there exists a
uniaxial anisotropy regardless of crystallization state or composition. Usually the
anisotropy is determined along the crystal orientation in pure crystal materials.
Anisotropy is created from the following sources: separation of the crystal structure
at the substrate interface, anisotropic modulation of atoms, or by alignment of
interface/surface defects.

2.3.2.1 Cubic anisotropy
The cubic anisotropy energy is usually explained as magnetocrystalline in nature, so
it results from the interaction of the atomic magnetic moments with the intrinsic
symmetry of their crystal structure via a spin-orbit interaction.
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The cubic anisotropy energy density is calculated by

Ec = K1(mx2my2+ mx2 mz2+ my2 mz2) + K2mx2my2mz2+ …,

(2.3)

In, equation 2.3, K1, K2, etc. are the anisotropy constants, and mx, my, and mz are the
magnetization of x,y and z crystal axes. Ki is the ith order anisotropy constant.

2.3.2.2 Volume, surface and interface anisotropy
In the case of magnetic films with nano-sized thickness, surface and interface
anisotropy should be considered due to missing adjacent atoms. A much stronger
anisotropy was observed for single atomic transition metal films, in comparison to
bulk materials. In magnetic films with uniaxial anisotropy perpendicular to the film
plane, the anisotropy energy is symmetric. So the surface anisotropy energy density is
expressed by
ES = KS sin2
In equation 2.4, KS is the surface energy and

(2.4)
is the angle between the

magnetization and the film normal. The volume anisotropy is insignificant for
magnetic films with nano-sized thickness. In hexagonal or tetragonal crystals, a
uniaxial volume anisotropy (Ku) normal to the film exists for a certain thickness
range, where the volume anisotropy energy density is calculated by
EV = KU1 sin2
In equation 2.5,

+ K U2 sin4

(2.5)

is the angle between the magnetization and the anisotropy axis and

the odd power is not considered because of time inversion symmetry.
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The total anisotropy energy density is written as

(2.6)

2.3.2.3 Field induced anisotropy
Uniaxial anisotropy is observed in ferromagnetic materials with an applied
magnetic field and applied heat. As a result, the direction of magnetization is affected
by the direction of applied magnetic field, so it is defined as a field-induced
anisotropy. Sometimes this induced anisotropy is found in single crystal films. In
addition, this type of induced anisotropy can be explained by the magnetic annealing
effect. The film is usually strained in the direction of the field, when it is deposited at
some temperature with an applied magnetic field. As the temperature decreases to the
room temperature, the film adheres to the substrate. Subsequently, the atoms cannot
diffuse to relieve the strain caused by the magneto restriction and the magnetic
anisotropy along the direction arises from the anisotropy distortion.

2.3.3 Exchange energy
Exchange energy is described by the basic interaction which leads to cooperative
magnetic ordering. Between Si and Sj, with scales with the exchange integral,
J(dimension ; J), the exchange energy is expressed by

(2.7)
In the equation 2.7, Si and Sj are the unit vectors of interacting spins on two atoms.
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The exchange interaction is explained by the Coulomb interaction between the Pauli
principle and electron charges. In a magnetic domain wall, the exchange energy is
also explained by a continuous model of spin rotation in a one-dimensional domain
wall.
So the sum of Eex inside the wall is expressed as

(2.8)
In the equation 2.8, A = s2aL2JNv /2 is the temperature dependent exchange stiffness
constant(J/m), s is the spin quantum number(S=1/2), and aL is the lattice constant. Nv
indicates the number of nearest-neighbor atoms per unit volume. Ɵ is the angle with
respect to the easy axis of magnetization. In the case of simple cubic (SC) and body
centered cubic (BCC), J will be
J = 0.54 KbTc

(2.9)

In the equation 2.9 Kb and Tc are the Boltzman constant and the Curie temperature,
respectively. The exchange energy favours a magnetic domain wall as wide as
possible.

2.3.4. Zeeman energy
Zeeman energy is the term which arises from the interaction energy of the

ρ
ρ
magnetization vector field M with an external magnetic field H ext.

(2.10)
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2.3.5 Formation of magnetic domains
In general, the minimization of the total magnetic energy which is the sum of
magnetostatic, exchange, anisotropy and Zeeman energy, determines the magnetic
domain sizes.
(2.11)

= Eex + EA + EZ + Ed

The occurrence of a domain increases the whole energy of the specimen, so
that division into domains persists only as long as the reduction in magnetostatic
energy is greater than the energy required to form the domain wall. The energy of a
domain wall depends on the wall area and the domain width, which in turn are
determined by the intrinsic characteristics of a material such as the magnetocrystalline anisotropy and the strength of the exchange interaction between
neighboring atoms. Strong magneto-crystalline anisotropy will favor a narrow wall,
whereas a strong exchange interaction will favor a wider wall. A bulk minimum
energy determines the specific size and number of domains.

The effect of the

Zeeman energy is to favor the growth of domains whose magnetization is parallel to
the applied field.

Figure 2.3 Schematic representation of a 180˚ domain wall.

2.4 Magnetic domain walls
12

2.4.1 Bloch wall
In ferromagnetic material like Fe, Co or Ni, the magnetic structure of films usually
consists of magnetic domains, inside of which the magnetization is largely uniform,
separated by transitional regions where the magnetization vector rotates. These
transition regions are defined as magnetic domain walls. Both static and dynamic
magnetic properties of multi-domain thin films depend crucially on the structure of
the domain walls. In addition, magnetic domains will be formed in order to reduce the
material energy, while between the domains a domain wall will also be created to
transition different directions of magnetization. Usually there are two types of
magnetic domains walls: Bloch walls and Neel walls. Bloch walls are usually
energetically more favorable in bulk materials.
In figure 2.4, a cross section of a thin film with a domain wall between two antiparallel in-plane domains is described [13]. The direction of the magnetization in the
domain wall is perpendicular to the plane of the film and the magnetic moments in
the wall rotate about an axis perpendicular to the wall axis.

Figure 2.4 Schematic of a Bloch wall in a thin film.
The thickness D of the film is comparable to the width of the wall, a. Since
magnetic poles are created on the film surface along the wall axis, a demagnetizing
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field will exist in the wall. The energy related to the demagnetizing field can be
estimated by Néel’s approximation. In Néel’s approximation, the demagnetizing
energy of the wall is equivalent to the demagnetizing energy of an elliptic cylinder
with a magnetization along its easy axis and included in the space of the magnetic
domain walls shown in figure 2.5.

Figure 2.5 Replacement of the Bloch wall with a magnetized elliptic cylinder.

The demagnetizing surface energy can be calculated by the following

(2.12)
In equation 2.12, ais the width of the wall and D is thickness of the wall. For
calculating the total energy of the Bloch wall, the surface energy of the wall, σ0 will
be added to the total wall energy from anisotropy and exchange interaction with the
following equation[14] :

(2.13)
The total Bloch wall energy can be calculated with the sum of the demagnetizing
energy, and the wall energy of anisotropy and exchange interaction[14].
14

(2.14)

The Bloch domain wall type is shown in the figure 2.6.

Figure 2.6 Domain wall type of Bloch wall.

2.4.2 Néel wall.
Néel walls will replace the Bloch wall when the film thickness becomes smaller
than the wall width, because of the large increase in the wall energy. In a Néel wall,
spins rotate in the film plane and the widths of Néel walls are difficult to define. The
Néel wall can be analyzed with a magnetized elliptic cylinder model and figure 2.7
shows a cross-section depiction of a Néel wall in a film and its approximation.
In a Néel wall, the wall energy of anisotropy and exchange interaction will also
be added to the demagnetizing energy and the total energy of Néel wall is the same as
that of a Bloch wall[9][11].
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Figure 2.7 Replacement of the Néel wall with a magnetized elliptic cylinder.

To first order, the magnetostatic energy of the Néel wall can be assumed to be the
same as the demagnetizing energy of the elliptic cylinder shown in figure 2.8. The
demagnetization surface energy of the wall is then just[14]

(2.15)
The anisotropy and exchange energy is unchanged from the form given in
equation 2.15 so that total energy of the Néel wall can be written

(2.16)

The Néel wall is shown in the figure 2.8.
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Figure 2.8 Schematic of a Néel wall.

2.4.3 90º and 180º walls and cross-tie structure
There are two orientations of domain wall, 90º walls and 180º walls, which are
created according to the degree of formed wall in Bloch and Néel walls. A 90º wall
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divides two domains with magnetizations perpendicular to each other.

As shown in

figure 2.9, a 45º angle center-point magnetization between the two domains is formed
in the 90º wall[9].

Figure 2.9 Schematic of a 90º domain wall.

In the case of a 180º wall, adjacent domains have an anti-parallel direction of
magnetizations. As shown in figure 2.10, the 180º wall has the role of separating the
domains and the wall center-point magnetization is perpendicular to each domain[9].

Figure 2.10 Schematic of a 180º domain wall.
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The cross-tie wall is observed in somewhat thicker films. It is like a periodic
microstructure of Néel walls and Bloch walls. Instead of a single Néel wall, the
material chooses an energetically favorable structure of longer, but lower-angle Néel
walls. In the case of a long 180º wall, the exchange energy can become very high.
Lower exchange energy is found in wall structures called cross-tie walls, which will
be created in the 180º walls. While as every spin makes flips in a 180º wall, groups of
spins will become aligned according to the same direction and the direction usually
will be changed with 180 angle. In addition, a vortex-antivortex structure will be
created at the points in which the direction of magnetization of a 180º wall will
reverse due to the formation of closure loop of spins.
As the magnetostatic energy is continuously reduced, the closure loops contribute to
the formation of vortex and anti-vortex structures.

Figure 2.11 Schematic of a cross-tie domain wall.

Cross-tie walls are characterized by an alteration of Bloch-like vortex and antivortex transitions along the domain wall segmented by 90° Néel walls of opposite
chirality in figure 2.11[15]. As the specific energy of a 90° Néel wall is significantly
lower than that of a 180° Néel wall, the complicated 90° domain wall network of the
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cross-tie wall saves energy, compared with a regular 180° domain wall. In the crosstie arrangement the magnetic flux of the long-range magnetic tails is partially closed
in the vicinity of the walls. The occurrence of cross-tie walls in low anisotropy
CoFeB films is limited to a narrow thickness of ferromagnetic material (tF) range.
Below tF≈10 nm, 180° Néel walls exist and above tF≈100 nm, asymmetric Bloch
walls form. In the intermediate of ferromagnetic material thickness of cross-tie wall
stability, the cross-tie spacing λct scales inversely with the magnetic anisotropy energy
constant Ku,eff or anisotropy field Hk,F[16]. This behavior is found experimentally and
only basic features can be modeled theoretically[17][18]. For a given film thickness,
the experimentally found dependency of λct on anisotropy of a single F layer is
λct α (Ku,eff ) –n = (Hk,F) –n , (n = 0.5, … , 1.0)

(2.17)

In equation 2.17, the exponent n depends on the ferromagnetic film thickness. This
relation provides merely a rough guidance for the change of λct with anisotropy and is
only valid for small values of anisotropy. Nevertheless, λct serves as a sensitive
measure of changes in the effective anisotropy in ferromagnetic thin films. Above a
certain value of anisotropy, the cross-tie wall transforms into a symmetric 180° Néel
wall. This is due to an increased energy contribution from the Bloch lines inside the
domain wall with smaller cross-tie spacing, increased Bloch line density.
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Figure 2.12 Domain model of a cross-tie domain wall structure with a characteristic
cross-tie spacing λct[19] .

Figure 2.13 Wall energy as a function of film thickness[14].
What is of particular interest is a comparison between Bloch, Neel and Cross-Tie
walls as a function of the film thickness. In figure 2.13, the transition point above
Néel type walls are more preferable and below which Bloch walls preferred[14].

2.4.4 Magnetic vortex
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As explained in the previous chapter, the Bloch wall is replaced by Néel walls
in thin ferromagnetic material. Magnetic vortices are created when two Néel walls
cross with each other or when the circular dot domain thickness in the ferromagnetic
material is much smaller than the circular diameter of the dot[20][21][22]. Magnetic
vortices are magnetic configurations with an in-plane magnetization but an out-ofplane center region of the magnetization. They are formed in soft magnetic thin-film
elements with a lateral size of a few hundred nanometers to a few microns when the
demagnetization energy forces the magnetization to align parallel to the sample’s
surface, which for thin films is the in-plane direction[23]. At the vortex’s center
region, where magnetization vectors would align antiparallel to each other, the
exchange energy leads to an alignment of the magnetization vectors out-of-plane
either up or down and thus forms the magnetization core. Magnetic vortices possess a
rotationally symmetrical in-plane magnetization with the vortex core as the symmetry
axis[24].
The counterpart of a magnetic vortex is a magnetic structure with similar
properties, known as an antivortex. Both vortex and antivortex have a magnetic core
which is magnetized perpendicular to the plane. A vortex and an antivortex can
annihilate when they meet. Besides the fact that the annihilation is connected with an
emission of spin waves, not much is known about the magnetization dynamics of the
vortex-antivortex annihilation process.
The annihilation of a vortex and an antivortex has been investigated with finiteelement micro-magnetic simulations based on the Landau-Lifshitz-Gilbert equation.
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A specific description of this previously unexplored fundamental magnetization
process was produced by those calculations. As a result, it is shown that the process is
affected strongly by the relative direction of the core magnetization of both the vortex
and the antivortex[25][26][27][28][29].
If the core direction of the vortex and antivortex are antiparallel to each other, the
annihilation process includes the propagation of a Bloch point, which leads to a burst
like dissipation of exchange energy via spin waves. Considering the proposed use of
magnetic vortices in data storage and magnetologic approaches, it will be necessary
to manipulate the dynamic property well. Analyzing the annihilation dynamics of a
vortex and an antivortex is a significant task in order to reach a precise description of
the complicated dynamic magnetization processes containing the temporary
formation of vortices[30].
Creation and annihilation of magnetic vortices and antivortices can only be
possible pairwise and never individually. The perpendicular orientation of the
magnetization in the vortex and antivortex cores is induced due to the ferromagnetic
exchange interaction. A full in-plane magnetization would lead to a singularity of the
exchange energy density, which is avoided if the magnetization turns out of the plane.
The orientation of the magnetization in the core is often defined as the polarization.
Unlike the vortex structure, an isolated antivortex is not stable because it does not
develop naturally. An antivortex can be created in cross-tie domain wall structures,
where they are enclosed by two vortices with the same sense of rotation[31][32].
Figure 2.14 shows two types of magnetic vortex-antivortex pairs in a rectangular
pattern and in disks of a CoFeB thin film.
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Figure 2.14 Two types of magnetic vortices in a rectangular pattern(left) and in
disks(right).

2.5 Properties of CoFeB alloy
In recent years, CoFeB alloy has recently attracted much attention for magnetic
applications like high tunneling magnetoresistance (TMR)-magnetic tunnel
junction(MTJ) devices. In the case of single layer CoFeB film, it has a high saturation
magnetization, a near zero hard axis coercivity, a low easy axis coercivity , extremely
high permeability, and high anisotropic magnetoresistance. In the structure of an MTJ
device, CoFeB electrodes might be crystallized locally near the interfaces because the
MgO[001] layer could act as a template to a crystallize CoFeB layer. Basically,
CoFeB shows similar properties to CoFe and has replaced CoFe for a higher TMR
effect[33][34].
The conduction band of CoFeB has 4s and 3d subbands. A significant property of
this band structure is that the effective mass of a 3d electron is much greater than one
of 4s electrons: m4s ~ 1/10 m3d~me, where the me is free electron mass. As a result, the
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4s electrons behave almost as free electrons and are extremely mobile charge carriers.
By contrast, the 3d electrons are much slower due to their heavy mass, and they can
be considered mostly as localized around a single atom. Because of the intra-atomic
exchange, each electron with spin ± 1/2 acquires additional energy and one band
splits into two corresponding to the two spin values.
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Chapter 3. Experimental procedure

3.1 Cleaning process
Before device fabrication, a Si/SiO2 wafer is cut into 10 mm x 10 mm pieces and
cleaned in order to remove residual organic material and particles. First, a device is
put in Chloroforum liquid T = 100 ºC for 20 minutes to get rid of residual organic
material, then cleaned for five minutes in an ultrasonic cleaner. The device is cleaned
again in an ultrasonic cleaner by Acetone and Methanol for ten minutes and five
minutes, respectively. It is rinsed with DI-water and dried by N2-gas. In order to
remove remaining moisture, it is baked on a 90 ºC hot plate for 1 minute.

3.2 Formation of CoFeB patterns
CoFeB islands are patterned by e-beam lithography. First, PMMA 495A(4%) is
coated on the cleaned device and baked for fifteen minutes at 170 ºC, and again
PMMA 950K(2%) is coated on the device and baked for 15 minutes at a temperature
of 170 ºC. For e-beam lithography, a double-layer structure is formed by PMMA
495A and PMMA 950K, positive Electron-beam Resist(ER)s and the acceleration
voltage and area dose are respectively 50 KV and 250 µC/cm2. The sensitivity of
PMMA is controlled by the molecular weight of PMMA. Post-baking is performed
after spinning of each PMMA layer. The top layer acts to mask the bottom layer,
which is more sensitive to exposure and development, giving the sharp under-cut of
the bottom layer which makes the lift-off process easier. The bottom layer should be
at least two times thicker than the film thickness to prevent the film from touching the
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bottom PMMA layer. However, thicker PMMA makes pattern resolution worse. In
order to pattern on the micro or nano-meter scale, the focusing level of an electron
beam is very important and the size of an electron beam is optimized at 30 nm ~ 40
nm.
The size of the CoFeB patterns varies from 250 nm x 250 nm to 16µm x 16µm and
the thickness of the CoFeB patterns also varies from 6nm, 13nm, 18 nm, 28nm,
35nm, 48nm, 50nm, to 63nm . The edge-to-edge distance between the CoFeB patterns
is 10 µm. IPA:MIBK(1:3) is used as a developer material and is developed for nearly
60 seconds. Figure 3.1 shows the images of the CAD design showing the outlines of
various patterns of the sample. Before CoFeB deposition, O2 plasma ashing is
performed in order to remove the residue of the e-beam resist. At 100W of RF power
and a base pressure of 200 mTorr, O2 plasma is applied to the e-beam patterned
sample for fifteen seconds.
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Figure 3.1 E-Beam writing design file for patterning of CoFeB islands.
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For the formation of the domain structure, CoFeB is deposited with a DC magnetron
sputter from a Co60Fe20B20 target under a base pressure of 1x10-6 Torr for ten
minutes. After the lift-off process, the devices were annealed at a constant
temperature of 400 ºC for 1hour.

Figure 3.2 Images after develop process(left) and after lift-off process (right).

3.3 Sputtering process
The sputtering process is widely used in the semiconductor industry, mainly for the
creation of metal films or the modification of electrical characteristics. In the optics
industry, dielectric material film is necessary. Plasma sputtering is also an important
branch in physical vapor deposition (PVD) technology. In 1852, the sputtering
deposition was initially found by William Robert Grove and the method has been
well developed and applied to industry for 200 years and continues to modern time.
Compared to e-beam evaporation deposition, the advantages of sputtering
deposition are the following: capability to deposit and sustain complex alloys, ability
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to deposit high-temperature and refractory metals, and get higher energy atoms,
smaller grain size, and better adhesion.
The main operation begins with filling the vacuum chamber with a argon. A
significant aspect of sputtering is the transformation of the ionized argon gas into
plasma. When a high voltage is applied to the vacuum chamber, the argon will arc to
the plasma state. Argon is relatively heavy and is a chemically inert gas so it acts as
the ion species for the sputtering process. Argon gas also does not react with the
growing film or the target.
When a high-energy electron ranging from 500 to 5,000 eV hits the neutral argon,
outer electrons and a positively charged argon ion are separated by the collision. This
energetic particle is used to strike the negatively charged target material to be
sputtered. When the positive argon ions hit the surface of the target material, the
momentum of the argon ion transfers to the target material to dislodge one or more
atoms. This process is based on momentum transfer. The positively charged argon
ions will move to the negative potential of cathode with high speed as they pass
through the voltage drop of the glow-discharge dark space. The target atom or
molecule will attach to the substrate surface and condense as a film.
The target atom is knocked out by the positive argon ion. The knock force is great
and can accelerate the target atom to a high speed. With such velocity, the target atom
can strike and attach to the surface of the wafer substrate deeply, so the sputtered film
density is better than the evaporation film density. Figure 3.3 shows the image of
sputtering process.
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Figure 3.3 Image of sputtering process[35].

In this experiment, DC sputtering is used for deposition of CoFeB islands
Magnets placed around and behind the material target are used in order to capture and
restrict the electrons. The ion bombardment rate of the target increases with the
creation of more secondary electrons, which then also increases the ionization rate
during the plasma formation. As a result, more ions lead to more sputtering of the
target, which develops the deposition rate. The magnetron sputtering is developed for
improved deposition rate, which explains why sputtering has become the principal
process for aluminum and contact alloys used in metallization.
At first, the sample finished by e-beam patterning is transferred through the
loading chamber into the high vacuum deposition chamber. For the sputtering
process, the base pressure is 5.5 mTorr and the operation power is set up to 69 watt
for a stable process. The deposition time is determined by the desired CoFeB film
thickness with various times of 1 minute, 2 minutes, 3 minutes, 5 minutes, 7 minutes,
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9 minutes, 12 minutes, and 15 minutes. With the operation power set to 69 watts for
a stable sputtering process, the deposition rate is about 6.5 nanometers per minute.

Figure 3.4 DC Sputtering process[36].
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3.4. Lift-off
Lift-off is the process to directly make a pattern of the ferromagnetic material by
using a solvent to dissolve the remaining e-beam resist underneath the ferromagnetic
material. The process sequence is comparable to the normal photolithography
process. The process is summarized in figure 3.5.
For positive e-beam resist like PMMA 495/950, after the substrate has been
exposed, another step is performed to create the desired overhanging profile
necessary for lift-off. The ferromagnetic material like CoFeB is deposited onto the
substrate. Once the e-beam resist is removed, the ferromagnetic material covering the
e-beam resist is also removed (lifted off). Sometimes the ultrasonic bath and slight
mechanical scrubbing with a clean room swab is necessary for assistance in the liftoff process.

Figure 3.5 Lift-off process.
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3.5 Annealing
The ferromagnetic films deposited by the sputtering process are generally not in
saturated equilibrium and under residual stress. This is removed by moderate
annealing. The samples are annealed in an ultra-high vacuum (UHV) chamber by
direct resistance heating. The base pressure of the UHV chamber is 3 ×10

−9

mTorr,

with the maximum attainable temperature of 400 ºC. During the annealing, samples
are gently placed on 20 mm × 20 mm Tantalum plate which is connected to the
heating filament. The annealing is performed at the constant temperature of 400 ºC
for 1 hour. Figure 3.6 shows the total experiment process from sample preparation to
MFM measurement.

Figure 3.6 Experiment process from sample preparation to MFM measurement.
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3.6 Magnetic force microscopy (MFM)
3.6.1 Introduction
For observation of magnetic domain images of ferromagnets like Ni, Co, and Fe,
magnetic force microscopy (MFM) has been one of the most extensively utilized
tools because commercial MFMs have been relatively inexpensive and the sample
can be imaged without any special preparation. A combination of those reasons with
sub-micron

resolution

capabilities

has

made

MFM

useful

for

magnetic

images[37][38][39].
In this experiment, a Multi-Mode MFM with a Nanoscope III controller, both from
Digital Instruments, was used. The probe used was also purchased from DIGITAL
Instruments. The probes are etched silicon with a magnetic material. In this case
cobalt-chromium is deposited on the very end of a cone shape apex to provide the
magnetic interaction.
A magnetic tip coated with 20nm thick cobalt-chromium film is pre-magnetized
upward along the tip axis and used to scan in a tapping-lift mode. An especially low
moment probe is used at a lift height of 60nm to minimize the measurement-induced
domain wall motion[40][41].

3.6.2 Principle of operation
Figure 3.7 shows the principles of MFM Lift modes. The basic principal of
operation of MFM equipment for obtaining magnetic images is explained with the
following steps : First, in tapping mode, a cantilever attached to a special magnetized
AFM tip is first scanned to profile the topographic information of the sample surface.
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Next, in Lift mode, the tip is forced to retrace the topography of the sample surface by
the influence of magnetic fields from a set distance above the surface. Lastly, those
influences between the applied magnetic field and the magnetized AFM tip are
measured by force gradient detection for producing a magnetic image. Figure 3.7
explains the main principles of MFM Lift modes.

Figure 3.7 Principles of MFM Lift modes.

During the operation, the cantilever is forced to oscillate at its resonant frequency
by a set of piezoelectric bimorphs. The resonant frequency is controlled by a tuning
process of the Digital Instruments software. The sample was moved beneath the
MFM tip by other piezoelectrics in order for to the tip to raster over a rectangular area
of the sample. While the tip gets close to the sample surface, a change in oscillation
occurs due to the magnetic interaction between the tip and the sample. The variation
of oscillation is observed by a photo-detector placed in the scanning head of the
MFM. A light is bounced off the back of cantilever and is detected by a photo36

detector. The light beam is directed at the portion of the cantilever directly on the
other side of the tip to give the maximum deflection. The deflection is processed by a
series of steps into the images created by the MFM. Figure 3.8 shows the schematic
of the MFM.

Figure 3.8 Schematic diagram of MFM implementation.

It is possible to obtain information of magnetic interaction by phase detection,
which measures the cantilever’s phase of oscillation relative to the piezo drive. In
phase detection, the tip is used as a damped forced harmonic oscillator. This
approximation is valid since the oscillation amplitude is small relative to the length of
the cantilever and tip to consider the displacement to be only in the vertical direction.
The equation related to the change in phase of oscillation with the force derivative of
the tip can be expressed as the following[42][43] :
37

(3.1)

In equation 3.1, m is the mass of the tip, Wr is the resonant frequency, and Q is the
quality factor. Also, Q is affected by the damping coefficient, b.

(3.2)
However the relation between the force derivative and the stray fields from the
sample still needs to be considered. For this consideration, the probe is modeled as a
magnetic dipole with moment m located where the tip is.
The following equation 3.3 expresses the relations between the force gradient and
the stray fields from the sample.

(3.3)
However, in practice, the vector surface magnetization from the scalar data
generated by the MFM is difficult to determine exactly.
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3.7 Applying in-plane magnetic field with an electromagnet
3.7.1 Electromaget
It is significant to investigate the change of magnetic domains with externally
applied magnetic fields, so an electromagnet is very useful in this experiment. The
electromagnet was placed on the stage of the MFM and the sample was then placed
so that the surface of the array was flush with the top surface of the electromagnet.
Figure 3.9 shows a schematic of an electromagnet with a cooling system. In this
electromagnet, a permeable “C” shape core with a winding of thin magnet wire is a
very significant part.
The necessary magnetic field is induced by the core and coil device. The core is
chosen to be a permalloy alloy material for obtaining a high permeability. Thin wire
has an advantage considering the high number of turns for limited space, but it
reduces the maximum current. The magnetic field generated in the gap of length Lg
can be estimated[43]

Bg = Ug x NI / Lg ,

(3.4)

Where N is the total number of turns, I is the current through the coil, and Ug is the
permeability of free space. Equation 3.4 is derived from Ampare’s law and assumes
that the permeability of permalloy is much larger than the permeability in free space.
High currents necessary for high field produce substantial resistive heat which cause
the thermal drift of the magnetic field image and alter the magnetic property of the
sample.
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For this reason, a thermo-electric cooler and water-cooling line was incorporated
into the design as shown in Figure 3.9. The larger copper block is also used as a heat
sink. The thermo-electric cooler delivers the heat from the electromagnet to the
copper block and chilled water driven by a mechanical motor flows through the line
inside the copper block. This electromagnet system generates 3 kOe without serious
thermal effects.

Figure 3.9 Schematic diagram of an electromagnet with a cooling system.

For calibration of the applied voltage and the measured magnetization, the
electromagnet and a gauss-meter are used. The Hall probe is placed in the gap of the
electromagnet so that the gap holes of the magnet were parallel to the face of the
probe. The electromagnet was then connected to a Keithley 220 Programmable
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Voltage Source and the magnetic fields were measured as a fuction of voltages. While
the voltage is applied from 0V to ± 10Volts, the magnetic fields were measured. This
electromagnet system generates 3 kOe without serious thermal effects, but in this
experiment, the magnetic fields were applied with the range from 0 Oe to ± 1,000 Oe
for a stable thermal state. Table 3.1 and 3.2 shows the calibration between applied
voltages(±) and measured magnetic flux density(±).

Table 3.1 Calibration data of applied voltages(+) and measured magnetization(+).
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Table 3.2 Calibration data of applied voltages(-) and measured magnetization(-).
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3.7.2 Applying magnetic field to the sample.
In order to apply in-plane magnetic field in the gap between the electromagnets,
the sample is diced into 2mm x 10mm pieces and an electromagnet with a cooling
system was used with the applied voltage range from 0V to +4.5/-3.5V.

Figure 3.10 Flow process of MFM measurement with electromagnet.

Figure 3.10 explains the MFM measurement flow of the CoFeB pattern. As the
magnetic field is applied to the sample by the electromagnet through a voltage
supplied with increments of 0.5V, MFM measurements are performed in order to
observe the change of the magnetic domain with magnetic vortex-antivorex pairs. If
the applied magnetic fields saturate the sample, when there exist no magnetic
features, the magnetic field is decreased until the magnetic field arrives at the
opposite saturated state. In the following chapter 4, several MFM images of 50nm
thick CoFeB patterns under different applied voltages are shown to study the creation
and annihilation of vortex-antivortex pairs.
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Chapter 4. Results and discussion
4.1 Magnetic domains into 7 categories.
Generally, magnetic domain configurations are classified into seven types of
domain configurations. The seven domain configurations are divided into two
categories: solenoidal and non-solenoidal. In the case of solenoidal domains, closure
loops are created within the overall island with zero net magnetization. A nonsolenoidal domain configuration has a net magnetization resulting from free poles so
the magnetization does not create closed loops within the pattern.

Figure 4.1 Seven types of magnetic domain configurations.
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The following types A through D are the domain patterns of the solenoidal
configurations. Type A is a four-domain closure pattern with 90º walls separating the
domains and is usually observed in square patterns. The magnetizations of
neighboring domains are perpendicular to one another.
Type B is a seven-domain closure pattern with a mixture of 90º and 180º walls that
removes free poles. The well-defined seven domains show the aspect ratio of nearly
two between the length and the width of the domains. This pattern is sometimes
observed in the intermediate state between a non-solenoidal and solenoidal state. In
this domain, there exist some interior vertices, a core of a vortex, which creates a
closure loop due to in-plane magnetization.
Type C is a four-domain closure pattern with both four 90º walls and a 180º wall.
This could be a modified type A configuration of which top and bottom domains are
lengthened compared to the side domains. So, in the top and bottom domains, the
magnetization is anti-parallel with one another, but in the left and right end domains
the magnetizations are perpendicular to the top and bottom domains. The line
dividing the top and bottom domains is a 180º wall. This is commonly found in a
pattern whose aspect ratio is near two.
Type D is a variation of type C with cross-ties and Bloch lines included along the
180º wall. As the cross-tie wall exists in the boundary between the top and bottom
domains, the magnetostatic energy of the 180º wall is reduced. In the case of a high
aspect ratio between the length and the width, several cross-ties in one 180º wall are
likely to be generated.
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The other types of domain configurations are all non-solenodal. Type E formation is
a quasi-single domain with closure ends. In this pattern the remanent state of the
interior region is always magnetized along the long axis. However, breaking up both
ends into smaller closure domains lowers the magnetostatic energy involved with
having free poles at the ends. In these domains, perfect closure patterns cannot be
created, but free magnetic charges at the edges of the pattern are removed. The MFM
image of this pattern shows a bright distinction at one closure end and dark at the
other with a constant magnetization in the middle of the pattern. At both of the ends,
individual domain walls can be observed making the edge structure.
Type F is a variation of type E like a true single domain. In this case, the pattern is
also magnetized along its long axis but the end structures cannot be resolved. The
MFM images of this domain type show the domain to be dark at one end and bright at
the other with no comparison in the middle area. This domain pattern shows no
domain walls and is usually observed in very narrow islands. The next chapter will
explain the requirement for the formation of a single domain.
Type G is a complex type of non-solenoidal multi-domain configuration with
curved domain walls within the pattern. In this pattern, the magnetization is usually
shown by a dark contrast at the top and bright at the bottom or vice versa. This
domain configuration is complicated with no apparent regularity. It does not have a
well-defined arrangement of domain walls. When an external magnetic field is
applied to the various islands, MFM images of the islands have continuously shown
this pattern is reproducible. This pattern is the preferred domain configuration for
large islands when saturated with an applied magnetic field. The presence of the
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curved walls in this island may result in induced uniaxial anisotropy of the islands, so
the creation of domains oriented perpendicular to this axis would be energetically
costly, which explains why the type G has a predominance in the large islands. The
size of the domain becomes too large and the cost of maintaining a domain of that
size is energetically very expensive so the islands would break up into more domains.

4.2 Interpretation of the MFM images with the aid of micromagnetic
modeling
The magnetic structure of cross-tie walls observed in magnetic thin films is one of
the most attractive structures for the study of vortices, since it includes two types of
magnetic vortex structures: a defined vortex and an antivortex. It has been possible to
use the classic theories of magnetism to model the domains of small elements with
advanced computers. Smyth et al. have investigated the effects of particle size, aspect
ratio, and interparticle spacing on the hysteretic properties of the ensemble and
compared them with calculations[44]. Zhe et al. has shown that their modeling of the
micro-magnetic behavior of exchange biased ten micron patterns is in good
agreement with experimental observation.[45] Schrefl et al. have studied the effects
of edge geometry on the switching dynamics of submicron Permalloy elements[46].
Since it is possible to obtain information about magnetic divergence and not
information about the magnetization itself by MFM images, micro-magnetic
modeling work is useful in the modeling of micron and submicron sized CoFeB
patterns. The divergence plots from the Objected Oriented Micro Magnetic
Framework (OOMMF) program, developed by National Institute of Standards and
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Technology (NIST) can be utilized as a check against the MFM data to assure that the
classifications of the walls are indeed the correct ones. As shown in figure 4.2, micromodeling(left) and MFM(right) images of a rectangular CoFeB island of 16 µm x 8
µm at remanent state describe the existence of two cross-tie structures with a
magnetic vortex between them. The left image shows especially the distribution of

ρ
the magnetization M for the cross-tie wall. The equilibrium magnetization is found
by solving the dynamic Landau–Lifshitz–Gilbert equation. Only the magnetostatic
energy and the exchange energy are considered.
The magnetization is also expressed by the arrows while the divergence is shown by
the shaded regions. This pattern also has four 90º domain walls starting from all
corners of the pattern. Apparently, it shows that the magnetizations of the domain
separated by the walls are perpendicular to one another. At the cores of the vortex and
antivortex, the existence of a spot with perpendicular magnetization has been
theoretically predicted. In the vicinity of the vortex core, the angle between adjacent
spins would become increasingly larger if the spin directions were confined in-plane.
Therefore, at the core of the vortex structure, the magnetization within a small region
will turn out-of-plane not to increase the exchange energy. Analyzing these figures, it
is possible to confidently identify the types of domain walls and structures in the
MFM data.
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Figure 4.2 Magnetization pattern (Left) and MFM image(right) of a rectangular island
with the size of 16µm x 8µm.
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4.3 Magnetic domain configurations with different thicknesses

From figure 4.3 to figure 4.10, MFM images of CoFeB islands with different
thicknesses islands are shown. In all MFM images, each pattern is first classified
according to the type of magnetic domain, referred in the previous section 4.1 and is
marked with the micron dimensions.
Figure 4.3 shows the MFM image of 7 nm thick CoFeB islands with different sizes
from 250 nm to 16 µm. The CoFeB film is too thin such that no magnetic features
like magnetic domain wall or magnetic vortex are observed in the MFM image.

Figure 4.3 MFM images of CoFeB islands with 7 nm thickness.
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Figure 4.4 shows the MFM image of 13 nm thick CoFeB islands with different sizes
from 250 nm to 16 µm. As the thickness increases, magnetic domains appear.
Especially in the CoFeB islands of the size 16µm x 8µm and 16µm x 4µm, 4-domains
or 7 domains are observed. Also, in the circles of CoFeB pattern, magnetic features
like a magnetic vortex or an antivortex are found.

Figure 4.4 MFM images of CoFeB islands with 13m thickness.
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Figure 4.5 shows the MFM image of 19 nm thick CoFeB islands with different sizes
from 250 nm to 16 µm. In the square patterns of 1µm x 1µm, 2µm x 2µm, 4µm x
4µm and 8µm x 8µm, 4-domain structures with a 90º domain wall are observed and
in 4µm x 16µm, 5µm x 15µm, and 4µm x 12µm islands, 7-domain structures with a 2
or 3 aspect-ratio between the length and width are found. In other patterns with the
aspect ratio higher than 8, usually a single domain with uniform magnetization is
formed, but 4-domain structures with cross-tie walls are still not found.

Figure 4.5 MFM images of CoFeB islands with 19nm thickness.
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Figure 4.6 shows the MFM image of 28 nm thick CoFeB islands with different sizes
from 250 nm to 16 µm. In the rectangular pattern of 8µm x 16µm, a cross-tie domain
with a magnetic vortex is observed. Also in the patterns with aspect-ratios of 2 or 4,
magnetic domains are seen much clearer than in the previous thin film. However, in
the circle pattern, a magnetic vortex or antivortex is still not found clearly.

Figure 4.6 MFM images of CoFeB islands with 28nm thickness.
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Figure 4.7 shows the MFM image of 37 nm thick CoFeB islands with different
sizes from 250 nm to 16 µm. As shown in figure, the devices of 2µm x 4µm, 4µm x
2µm, 4µm x 16µm, 8µm x 4µm, 8µm x 2µm, and 8µm x 16µm have a cross-tie
domain wall with a vortex-antivortex pair. Interestingly, in the case of the circular
pattern with 4 and 8 µm diameters, it shows a single magnetic domain. Similar to the
previous figure 4.1, square patterns have a 90º domain structure. Islands with an
aspect ratio larger than 8 show a single domain as the domain structure.

Figure 4.7 MFM images of CoFeB islands with 37nm thickness.
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Figure 4.8 shows the MFM image of 45 nm thick CoFeB islands with different sizes
from 250 nm to 16 µm. Still, the square patterns of 1µm x 1µm, 2µm x 2µm, 4µm x
4µm and 8µm x 8µm, show the 4-domain structure with 90º domain wall. The
domain structure of other islands, including 8µm x 8µm-square and 8µm x 16µm,
4µm x 16µm and 4µm x 8µm rectangular patterns became complicated, much as a 4domain structure changes to a 7-domain structure. In the case of the 8µm x 16µm
rectangular pattern, the number of cross-tie walls increased compared to the thinner
same sized pattern. In the circular patterns of 4µm x 4µm, a magnetic vortex is not
clearly observed.

Figure 4.8 MFM images of CoFeB islands with 45nm thickness.
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Figure 4.9 shows the MFM image of 52 nm thick CoFeB islands with different sizes
from 250 nm to 16 µm. Interestingly, 8µm x 8µm and 4µm x 4µm square patterns
(left) became much more complicated, changing from a 4-domain to a 7-domain
structure with two cross-tie walls. Patterns with a 3 aspect-ratio show a 4-domain
structure with a magnetic vortex-antivortex pair. However, in the case of the circular
patterns, no magnetic features are shown.

Figure 4.9 MFM images of CoFeB islands with 52nm thickness.

Figure 4.10 shows the MFM image of 63 nm thick CoFeB islands with different
sizes from 250 nm to 16 µm. Most patterns with 2, 4 and 8 aspect ratios became
much more complicated with more cross-tie walls. In the case of the islands with an
aspect ratio of 3, MFM images show the combination of a 7-domain and a 4-domain
structure with a magnetic vortex-antivortex pair. In the patterns with an aspect ratio
higher than 8, a single domain structure is observed.
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Figure 4.10 MFM images of CoFeB islands with 63nm thickness.

Lastly, figure 4.11 summarizes the MFM images with different thicknesses of
CoFeB film, focusing on the 9 patterns with the size of 4µm x 4µm, 4µm x 8µm, 4µm
x 16µm, 8µm x 4µm, 8µm x 8µm, 8µm x 16µm, 16µm x 4µm, 16µm x 8µm, and
16µm x 16µm. The thickness of CoFeB patterns varies from 7 nm, 13nm, 19nm,
28nm, 37nm, 45nm, 52nm to 63nm. In the case of two patterns, 8µm x 16µm and
16µm x 16µm, magnetic domains are created and the number of magnetic vortexantivortex in cross-tie walls increases as the thickness of CoFeB film increases,
except for the 45 nm thickness. Square patterns like 4µm x 4µm, 8µm x 8µm, and
16µm x 16µm appear to form a 4-domain structure with 90 º domain wall as the
CoFeB film thickness increases, except for the 28 nm thickness. MFM images of the
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16µm x 4µm rectangular pattern shows the complicated structure of the combination
of a 4-domain and a 7-domain structure.

Figure 4.11 MFM images of CoFeB islands with different thickness.
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Quite generally but with some exceptions, the trend on all patterns is the increase in
the number of vortex-antivortex pairs as a function of thickness. The reason is that the
Néel wall energy increases with thickness, making it energetically more favorable to
create crosstie walls.
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4.4 Vortex–antivortex creation and annihilation in CoFeB patterns
with a cross-tie wall
The previous section showed several types of magnetic domain structures. Out of
several CoFeB patterns, the pattern of size 16µm x 4µm is chosen in order to focus on
the Landau domains with crosstie walls [47].
An in-plane magnetic field is applied to the pattern using an electromagnet with a
controlled supply voltage from 0 V to +4.5 V/-3.5V while MFM measurements are
taken at different voltages. This procedure is designed to investigate how vortexantivortex pairs are created and annihilated.
Figure 4.12 shows representative data at the onset of vortex-antivortex pair
generation starting from the hard-axis saturated state.

The complete series of

measurements are in the Appendix 1. In the figure 4.12 (A), the MFM image is taken
with an applied magnetic field, H= 328 Oe, which explains why it is relatively
featureless except for bright and dark areas along the edges. Since the MFM works by
sensing magnetic charges, the image shows that the volume charge density (-div*M)
in the interior is nearly absent but the normal components of the magnetization, the
magnetic surface charge density at the opposite side exists.
A CoFeB pattern is expected to be more or less uniformly magnetized along the
short axis.

As the Zeeman energy, the interaction energy of the magnetization

vectors, is reduced, the torque that aligns the moments along the hard axis is reduced,
which causes the magnetic charges at the edges to diffuse toward the interior. Figure
4.12 (B) evidently describes the partitioning of the island into three distinct regions
that are bounded by strained walls at H= 262 Oe. As the applied magnetic field is
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lowered, the middle section that is predominantly aligned with the magnetic field
dwindles in size. This phenomenon occurs as when the strained walls are combined
and zip upward as the middle section of the magnetic domain collapses from the
bottom. By the merger, a 180o Néel wall is generated along the center forming a
vertex, a core of magnetic vortex, with the strained walls as shown in the figure 4.12
(C). As the magnetic field is reduced to about H= 89 Oe, the Néel wall stretches into
the bottom and the top part. The motion ceases and the strained walls are transformed
into unstrained 90o walls that settle into a 45o angle. Note the smoothness of the 90 o
wall versus the jaggedness of its strained precursor walls. The boundaries of the top
closure structure are created by the 90 o walls. In this point, it is more interesting how
closure domains are formed to lower the energy. In the top as shown in figure 4.12
(D), the closure domain has a low magnetostatic energy. However there remains still
a relatively high-energy state in the rest of the CoFeB pattern. The Néel wall is
uniformly magnetized along its entire length and the bottom edge remains highly
charged. There is an energy barrier that prevents the simultaneous formation of the
top and bottom closure domain structures. This formation happens because the
chiralities of the top and bottom vortices are identical, possible only by reversing part
of the Néel wall. The transformation into a closure pattern happens at a slightly lower
field and is accompanied by the creation of a vortex-antivortex pair that
accommodates the reversal of a segment of the Néel wall. This affects the beginning
formation of a crosstie wall, which is fortuitously captured in the figure 4.12 (E) at
H=22 Oe, undoubtedly expedited by the small fringing field from the probe. As the
magnetic field is reduced, more vortex-antivortex pairs appear and the number of

61

vortex-antivortex pairs is dependent on the balance between the savings in the
magneto static energies against the expense of forming cross-ties. However, other
experimental data shows the number of cross-ties is diverse between saturation
magnetization cycles, suggesting that vortex-antivortex generation can be affected
profoundly by local pinning effects or slight variations in the switching fields.

Figure 4.12 Formation of vortices from a saturated state. MFM images were taken in
the presence of field applied along the short axis, sequentially decreasing from A) 328
Oe, B) 262 Oe, C) 185 Oe, D) 89 Oe, E) 22 Oe and F) 11 Oe. The thin arrows
indicate the orientation of the magnetization in the domains, and bold arrows indicate
the direction of applied field and relative strength.
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In figure 4.13, the annihilation process is observed, as the field is increased
from zero to H= 185 Oe. These MFM images consist of a representative subset of a
large number of images taken every ~10 Oe. At the remanent state, there exist 10
vortex-antivortex pairs and each one is designated by unprimed and primed numbers.
It is significant to note that the first and last “vortices” (which are the vertex of the
closure pattern) are created in different environments than those in the interior.

Figure 4.13 Annihilation of vortices from remanent to saturation. This is a subset
obtained from many images at various field increments. Images shown at A) H=0,
B)30 Oe, C) 59 Oe, D) 89 Oe, E) 118 Oe, F) 147 Oe, G)185 Oe. On A), vortices and
vortices are labeled with primed and unprimed numbers.
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In figure 4.14, the vortex-antivortex locations versus externally applied magnetic
fields elicited from the MFM images are summarized for facilitation of the analysis.
In this process, several characteristics are obtained. First, the mobility of vortices is
higher relative to the antivortices. This observation has been previously discussed by
others investigating the stiffening of the antivortices due to the charges created from
the transverse Néel wall. Second, with one exception, all the vortices move in the
same direction, downwards. This discovery is possible since the vortex motion occurs
as a result of the expansion of the sections of the 180o Néel wall parallel to the
direction of the applied magnetic field. All segments can only be extended in one
direction because the other end is anchored by a fixed antivortex. Third, in a range of
the applied magnetic field between H= 38 Oe to 78 Oe, most of the displacement
occurs. Below H= 38 Oe, vortex motion does not happen; a threshold field is
necessary for origination of the movements. Several pairs annihilate within this range
(3,3’, 4,4’ and 5,5’) and all other vortices move by relatively large distances. As
shown in figure 4.14, it is suggested that the vortex displacement is proportional to
the initial pair spacing. So the vortices appear to move fairly easily until they reach a
specific distance from their antivortex partner, beyond which they need higher field
increments to draw them closer. Apparently, the magnetic charge density becomes
greater between the pairs as the distance between vortex-antivortex decreases. As a
result, the demagnetization fields increase, but the local susceptibility is reduced. The
motion of the pairs in the vicinity of the top closure domain appears to be somewhat
different from those farther into the interior. The top vortex (1) moves downward as
the closure domain enlarges. At H= 44 Oe, it instantaneously appears that anivortex
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1’ and vortex 2 merge and continue to persist at higher fields until it combines with
the highly stable antivortex 2’.

Figure 4.14 Plot of the location of all vortices and antivortices. The uncertainty for
determining the core position is +/- 0.2 um, shown in the error bar.
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Finally, the annihilation process of vortex-antivortex pairs is discussed. This
phenomenon is influenced by many factors and an accurate explanation could not be
conclusively established in one experiment. For example, the effect of the variations
of the local coercivity, which is a necessary field for changing the direction of
magnetization, and other defects cannot totally be decided. However, some
qualitative insights can be taken from the data. Apparently, there is a distribution of
annihilation field (Hx) starting from H= 44 Oe to 185 Oe. As shown in figure 4.14,
the most persistent pair is (6,6’), followed by (2,2’) and (9,9’). These structures are
nearly equidistant from each other, which suggests that the annihilation process is
determined by long-range interaction as opposed to the nanoscale structure. This is a
general phenomenon observed consistently in almost all samples. Indeed, the
minimization of the magnetostatic energy of the wall appears to be the main
determinant of annihilation. Similarly spaced Néel walls between vortex-antivortex
pairs ensure the equal distribution of the magnetostatic energy across the entire length
of the cross-tie wall.
This leads us to the role of the core polarity. Despite its relatively small size, it is
possible to discern the orientation from the contrasts of high-resolution MFM
images[48]. However, in this specific sample, it is difficult to conclusively establish
the core polarity in all cases because of the limited number of pixels per core
consistent with the large field of view. Nevertheless the relative polarity for each pair
can be discerned from the differences in contrasts between the vortex and antivortex
cores. Based on careful inspection, it cannot be inferred that the core polarity plays a
role in the annihilation process. Our results are different from the findings of others
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who discovered that antiparallel vortex-antivortex cores are more difficult to
annihilate. The main difference is the size and shape of the islands. In their case, the
islands only are hundreds of nanometers large, and can support a single vortex core.
Thus, they were able to isolate the core effects. However, our results indicate that the
role of polarity can be masked in a series of many vortex-antivortex pairs.
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Chapter 5. Future work
5.1 Control of core direction of vortex-antivortex with applying outof plane magnetic field
As shown in chapter 4.4, magnetic cross-tie domains with vortices and antivortices were observed in the CoFeB islands of 55 nm thickness. Creation and
annihilation of vortex-antivortex pairs are shown by MFM images, when an in-plane
magnetic field is applied to the patterns. Based on this result, control of core polarity
between vortex and antivortex pairs will be possible if an out-of–plane external
magnetic field with is applied[49]. Controlling core direction of vortex-antivortex
pairs at a certain magnetic field will be employed by vortex-random access memory
(VRAM)-antivortex-random access memory (AVRAM)[3].
Figure 5.1 shows experimentally obtained MFM images of the cross-tie wall and
expected schematic illustrations of the magnetization confined in a rectangular pattern
with the size 9 µm x 3 µm. The blue and red spots at the cores of the vortices
correspond to the direction of the perpendicular magnetization component, since the
direction at all cores aligns to that of the applied field for the image in figure 5.1.
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Figure 5.1 Obtained MFM image and expected schematic illustrations of realized
magnetization distribution.

5.2 Investigation of CoFeB patterns on MgO[100] substrate
Recently, the importance of CoFeB/MgO/CoFeB structures has been recognized
and applied to the Spin Transfer Torque (STT) device as well, for obtaining a high
Tunneling Magneto Resistance (TMR) effect. In the structure of a magnetic tunnel
junction (MTJ) device, CoFeB electrodes might be crystallized locally near the
interfaces after annealing at a temperature of around 400 ºC for 1 hour, because the
MgO[001] layer could act as a template to crystallize a CoFeB layer[33][34][35].
Instead of Si/SiO2 substrate, magnetic domains in CoFeB islands on an MgO[100]
substrate will be investigated to study the crystallization of the CoFeB layer. In this
experiment, there are two possible methods for the formation of CoFeB patterns.
With a cleaned MgO substrate, first a CoFeB film is uniformly deposited by
sputtering without any patterning. The e-beam writing process is performed on the
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CoFeB film for formation of micron/nano-sized patterns and ER patterns are formed
by developing with the developer of MIBK:IPA(1:3). Then, CoFeB is patterned by a
dry etching such as an ion milling process, where the ER acts as a hard mask during
etching process[51]. Next, ER patterns are removed by Acetone and favorable CoFeB
patterns are identified. In figure 5.2, the fabrication process of CoFeB pattern using
an etching technique is shown.

Figure 5.2 Fabrication process of CoFeB pattern using etching technique.

Another way is to create selective patterns before deposition of CoFeB as follows.
First, two kinds of e-beam resist (ERs) are deposited respectively, to create an
undercut structure for the e-beam writing process. Because MgO substrate is
dielectric material, electrons cannot penetrate the MgO layer directly without a thin
metal layer like Al. For solving this problem, Al film is additionally deposited with a
10~20 nm thickness on the ER layers and the e-beam writing process is performed for
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the formation of micron/nano-sized patterns. CoFeB is deposited by sputtering for
formation of domain structure, and the devices were annealed at the constant
temperature of 400 ºC for 1hr, after the lift-off process.
Before the developing process, the Al layer is removed with an Al etchant like
OPD 4262 and ER patterns are developed with MIBK:IPA(1:3). In figure 5.3, the
total lift-off process is shown.

Figure 5.3 Fabrication process of CoFeB pattern using lift-off technique.
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5.3 Ferromagnetic resonance (FMR) experiment using cross-tie walls
of CoFeB islands[7][8]
Recently, magnetization dynamics of CoFeB patterns like vortex-antivortex
creation and annihilation, domain wall motion, and ferromagnetic resonance (FMR)
have been extensively gaining much attention because of the possibility of the
application to storage and spintronics applications[52][53][54][55]. However,
broadband electrical detection of magnetic phenomena at the micro/nanoscale is very
different. Measurement sensitivity is strongly affected by on the physical process of
detection and in many cases it leads to a small signal-to-noise ratio (SNR) for
individual micro/nanoscale devices. A possible approach is the use of a ferromagnet
with cross-tie domain walls[56][57][58][59]. However, magnetostatic and dynamic
interactions of the ferromagnet device, controlled by size and thickness of the device,
influence the response and therefore the response may not express the property of an
individual pattern.
In this research, all-electrical measurements to characterize the field dependence
of static magnetization states as well as magnetization dynamics within periodical
magnetic patterns are used and differential resistance dV/dI, spin rectification effect,
inductive techniques, and rf/microwave transmission measurements will be
included[60][61][62][63][64].
First, a CoFeB ferromagnet is formed, cross-tie walls with vortex-antivortex pairs
are observed within micron-nanoscale structures, and contact pads fabricated by
Ti/Au are added for electrical contacts, to investigate FMR through measurement. In
this experiment, differential resistance (dV/dI) measurements give information on the
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static magnetization states as a function of applied. The dV/dI technique utilizes the
anisotropic magneto-resistance (AMR) effect to detect changes in magnetization.
Magnetization dynamics in non-saturated elements are characterized by dV/dI
measurements combined with a radio frequency (RF) driving field. For saturated
elements, the rectification effect is also utilized. Figure 5.4 shows the fabrication
process of a FMR device from sample cleaning to ferromagnet formation to contact
pad formation. Considering several measurement methods, two types of photo-masks
are designed and shown in the following appendix. In Figure 5.5 and 5.6, microscopic
images after formation of the CoFeB ferromagnet and the Ti/Au contact pads are
shown.
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Figure 5.4 Fabrication process of FMR device.
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Figure 5.5 microscopic images after formation of CoFeB ferromagnet and Ti/Au
contact pads.
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Figure 5.5 microscopic images after formation of CoFeB ferromagnet and Ti/Au
contact pads.
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Chapter 6. Conclusion
The main objective of this thesis is to investigate how vortex-antivortex pairs are
created and annihilated according to the externally applied in-plane magnetic fields in
CoFeB islands on Si substrate.
First, this experiment shows several magnetic domain configurations of CoFeB
islands with different sizes, film thicknesses, and aspect ratios between length and
width. The domain configuration depends on intrinsic material properties, dimensions
of the pattern, and the method of film growth. To make some types of magnetic
domain in a specific ferromagnetic material, the aspect ratio, thickness and crystalline
direction are controlled.
To investigate the creation and annihilation of vortex-antivortex pairs, a pattern
with the size of 16 µm x 4 µm and a thickness of 50nm, where cross-tie domain walls
with magnetic vortex-antivortex pairs are observed, is chosen from several patterns
and measured by MFM while applying in-plane magnetic field. As a result, the
quasistatic process of creation and annihilation of a linear array of vortex-antivortex
pairs exhibit rich and interesting characteristics that are governed by the macroscopic
minimization of energy.
Future directions in further developing this experiment are to investigate the
controlling of the core polarity of vortex-antivortex pairs by applying out-of plane
magnetic fields and use a new substrate like MgO[100], instead of a Si substrate. In
addition, ferromagnetic resonance (FMR) measurements using CoFeB ferromagnets
are expected to show how the cross-tie walls with magnetic vortex-antivortex pairs
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change. We will implement this investigation using FMR measurements and this part
is the topic of a Ph.D dissertation.
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Appendices
A.1 MFM images of 16µm x 4µm CoFeB islands over a complete
magnetization cycle.
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A.2 MFM images of 16µm x 4µm CoFeB islands over a complete
magnetization cycle.

80

A.3 MFM images of 9µm x 3µm CoFeB islands with various applied magnetic
fields
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A.4 MFM images of 9µm x 3µm CoFeB islands with various applied
magnetic fields

82

A.5 MFM images of 9µm x 3µm CoFeB islands with various applied
magnetic fields
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A.6 Fabrication procedure of CoFeB patterns on the Si substrate

Step

Description

Spin coating

Resist : PMMA 495A, Speed : 5,000 RPM, Time : 1 min

Bake resist

Bake type : Hot plate, Temperature : 170℃, Time : 15 mins

Spin coating

Resist : PMMA 950K, Speed : 5,000 RPM, Time : 1 min

Bake resist

Bake type : Hot plate, Temperature : 170℃, Time : 15 mins

Exposure

E-beam current : 15 ~ 18 pA, Does paramenter : 250 µC/cm2

Develop

Developer : IPA:MIBK(1:3),Time : 1 min, Rinse : IPA

Plasma etching

Gas : O2, Power : 100W, Time : 15 secs

Sputtering
(CoFeB)

Sputtering type : DC sputtering,
Base pressure : 5.5 mTorr
Deposition rate : 6 nm / min

Lift-off

Solvent : Acetone, Time : overnight
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A.7 Fabrication procedure of an FMR device

Step

Description

Spin coating

Photo resist : 906-10, Speed : 5,000 RPM, Time : 1 min

Bake resist

Bake type : Hot plate, Temperature : 95℃, Time : 1 min

Exposure

Power : 12 mW, Time : 3.2 secs

Post bake

Bake type : Hot plate, Temperature : 120℃, Time : 1 min

Develop

Developer : OPD 4262, Time : 1 min, Rinse : DI water

Plasma etching

Gas : O2, Power : 100W, Time : 15 secs

Sputtering
(CoFeB)

Sputtering type : DC sputtering, Power : 73 Watt
Base pressure : 5.5 mTorr, Deposition rate : 6 nm / min

Lift-off

Solvent : Acetone, Time : overnight

Spin coating

Photo resist : 906-10, Speed : 5,000 RPM, Time : 1 min

Bake resist

Bake type : Hot plate, Temperature : 170℃, Time : 15 mins

Exposure

Power : 12 mW, Time : 3.2 secs

Post bake

Bake type : Hot plate, Temperature : 120℃, Time : 1 min

Develop

Developer : OPD 4262, Time : 1 min, Rinse : DI water

Plasma etching

Gas : O2, Power : 100W, Time : 15 secs

Evaporation
(Ti/Au)

Evaporation type : E-beam, Base pressure : -2 x 10-6 Torr,
Deposition rate : 6 Å / sec, Thickness : 10 nm(Ti)
/100nm(Au)

Lift-off

Solvent : Acetone, Time : overnight
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A.8 Photolitho-mask design of FMR device
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