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The characteristics of patterned CoFeB films have attracteth attention for spin
configurations and magnetization processes of nanostructured elemiratisCoFeB
has desirable properties including magnetic softness, largeeteagnpedance, high
spin polarization, and epitaxial registry with MgO(100). In this expent, micron-
sized CoFeB islands with various thicknesses, deposited by a sgupieycess, were
investigated in order to study their slow micro-magnetic pragseds a function of an
externally applied magnetic field as well as their remanent domain acatfigns.
Magnetic Force Microscopy (MFM) of the array at zero i@dplield revealed that
despite a large variation in CoFeB thickness, the remanent domdigucations

could be classified into several unique domain configurations. Seléedtands of



dimensions from 0.25pum x 0.25um to 16pm x 16um were studied using MFM
equipment.

In addition, the creation and annihilation of magnetic vortex and atexvpairs in
cross-tie walls on CoFeB islands of 16 pym x 4 um were investigating MFM in
the presence of an applied field. The first vortex-antivortex ipaiucleated in a 4-
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in local susceptibility. There is a spread in the annihilatielddi that does not depend

upon the core polarity but is determined by energy minimization.
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Chapter 1. Introduction

The experiments described in this thesis relate to the rg@nérging and rapidly
growing field of spin electronics, or “Spintronics”. Ferromagnetiaterials like Ni,
Co, or Fe have the magnetic property of a collective interactioveba the electron
spins. This characteristic can be explained as a magneticmhontech leads much
interest concerning basic physics and technical applications[1][2].

In this thesis, the investigation is focused on magnetic domain caatfms with
different CoFeB thicknesses and the dynamics of vortices and ttlogical
counterparts, the anti-vortices. A novel theoretical description afdieetrajectory in
the linear and nonlinear regime of excitation is outlined. Theckimig process of the
orientation of the core magnetization is described, and possibleajapig of vortex
random access memory (VRAM) or of an anti-vortex as anti-vadagom access
memory (AVRAM) are presented[3].

The main purpose of this thesis is to study the creation and atiainitf the
vortex and anti-vortex pairs in cross-tie walls on CoFeB islandka presence of

externally applied magnetic fields.

This thesis is organized as follows.

Chapter 2 reviews the relevant fundamental background material
ferromagnetism. The phenomenon of the domain formation in the femetnag
islands will be explained along with a brief account of the raelevheories on

magnetic energies, magnetic domain walls, and magnetic vortex+aex pairs.



Chapter 3 provides the discussion on the fabrication process of Cofe8 isl
devices using e-beam writing and CoFeB thin film deposition usiregtdaurrent
sputtering in an ultrahigh vacuum (UHV) system. This chapter alstribles the
basics of magnetic force microscopy (MFM), the workhorse exyatial technique
used throughout this work. MFM measurement was performed with elkferna
applied magnetic field by the use of an electromagnet[5].

In chapter 4, the results of this experiment are presented andssksl. MFM
images of the remanent state in CoFeB islands of differeskndsses placed on Si
substrate are shown along with micro-magnetic modeling o€tteB island. Next
the vortex-antivortex creation and annihilation in CoFeB patterns are didcuss

Chapter 5 deals with the future work related to this investigatFirst, the
possibility of controlling the core direction of vortex-antivortexrpan CoFeB
islands with externally applied out-of plane magnetic fields xplagned[6].
Fabrication processes are described for creating CoFeB paiteamsMgO substrate,
instead of a Si substrate. Similarly, a ferromagnetic resmn&MR) measurement
experiment using the vortex-antivortex pairs of CoFeB patternstisduced 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 wdibplied
magnetic fields in the CoFeB island ofrA x 3 m are shown, as well as the details
concerning the device structure and fabrication process afetviee are included in
the appendix. This appendix is geared to those who wish to replieagxpleriment

and recipes



Chapter 2. Domain theory of Ferromagnetism

2.1 General Background

Ferromagnetic materials like iron, nickel, or cobalt exhibibragirange ordering
phenomenon at the atomic level which causes the unpaired electronoslongs up
parallel with each other in a region called a magnetic ddejflo][11].
Ferromagnetism exhibits itself in the fact that a smatiéreally imposed magnetic
field, say from a solenoid, can cause the magnetic domaingetapi with each other
and the material is said to be magnetized. The driving maghekt will be
increased within the material by a large factor, which isr¢hegtive permeability for
the material. Another attribute of ferromagnetism is thatnhgnetization can non-
linear with respect to the applied magnetic field. This propsrballed a hysteresis.

A generic hysteresis curve is shown Fig. 2.1, where the yiaxtbe magnetic

induction,B H M, H is the applied magnetic field and is the

0
magnetization. The fraction of the saturation magnetization thatasied when the
driving field is removed is called the remanence of the métevlach for obvious
reasons is a significant factor in permanent magnets. Thetli@glccauses the zero-
crossing of the magnetic induction is referred as the coegraVithe material. This
parameter is of paramount importance in magnetic recording, meamatyfield

sensing applications.
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Figure 2.1 Hysteresis loop of ferromagnetic material.

All ferromagnets have a maximum temperature where the fegroetia property is
lost as a result of thermal agitation. This temperature etk as the Curie

temperature and a short list for some ferromagnetic mistenia shown in the table

below[12].
Material Curie Temperature(°C)
Fe 770
Co 1115
Ni 354
CoFe 1327
MnAs 45
EuO -4
FeB 742

Table 2.1 Curie temperatures of some ferromagnetic materials.



2.2 Domain Theory

The premise of domain theory of ferromagnetism is the factatfietromagnetic
material exhibits spontaneous magnetization in the demagnetized \tahin a
domain, large numbers of atomic moments are aligned, typit@atf10" over a
large volume [11]. In any given domain, the magnetization is saturatt@laays
lies in the so-called crystallographic easy axis in the alesehan externally applied
field.

Domains result because of the lowering of the total energy afytem, which, in
general, arise from the competition between the lowering of nagjaéc energy
against the cost of domain wall formation. This process is ilkestrechematically in

Figure 2.2, starting a uniformly magnetized specimen in Fig. 2.ZThe magnetic

poles (or surface magnetic charghk, n, N being the surface normal unit vector) at
the surface of the specimen produce an internial fiet is opposite to the direction
of magnetization. This is called the demagnetizietd, Hy. The exact analytical
expression for the demagnetizing field can be d¢aled only in the case of an
ellipsoid, but in general, demagnetizing field mversely proportional to the aspect
ratio (length to diameter). In fact, it can be shaWat the magnetostatic energy goes

as 1/N.
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Figure 2.2 Schematic of the break-up of magnebmatito domains.

Another mechanism to lower the energy, depictedignre 2.2(d) is the
formation of so called closure domain” patterns. The magnetization is always
parallel with the surface, thus producing no swefelsarges, no demagnetization field
and zero magnetostatic energy. The magnetostageggns contributed by the

variation of the magnetization along the domain rutawies corresponding to the

volume charge density ( M ). Closure patterns are found on materials that do
not have a strong uniaxial anisotropy that forga@eht domains to be at 180° to each

other.



2.3 Magnetic energies

In the films used in this study, the relevantgmetic energies are magnetostatic,

exchange, anisotropy and Zeeman energy.

2.3.1 Magnetostatic or Demagnetization energy
Magnetostatic energy originates from the cladsisteractions between magnetic

dipoles and is explained by the effect of magngbmaM, the magnetic-dipole
moment per volume, which arises from the alignnéragtomic magnetic dipoles. In
magnetic materials, electron spins lead to thetioreaof magnetic dipoles. Even
though the dipole strength is not affected grelaglyhe orbital motion of electrons, it
has an important effect on the formation of magnatisotropy[10].

In a single magnetic domain with a finite silegre exists a great magnetostatic
energy, which leads to the separation of the volumagnetization into localized
domains. Multiple domains will be created in a mateuntil an energy equilibrium is
reached between magnetostatic energy and domaienely.

In addition, the magnetostatic energy can ls#lyeaxplained with the example of

an infinite plane magnetic film magnetized unifoyrpkerpendicular to the surface.
The stray field,Hsway, IS generated by magnetic dipoles in the fiifn, Surface
charges create a field inside the film which has shme amplitude ablsyay, but

directs opposite tM, called demagnetizing fieldl 4.



In this case where the magnetostatic energy thassame magnitude as the

demagnetizing energy, the energy is given Wthand Hq as

Kni = —lp /‘A’Vfﬁnﬂc’”y = —HUo /‘j:f Edlv = ‘HfOAwg
JV JV 2 2 (2 1)

In equation 2.1 M is taken as the saturation magnetizatidg, and H is the total
field sum of Hsyay and Hg.

Hstray:Hd Hy= Hstray+ Hq =2 Hyg (2.2)

2.3.2. Anisotropy energy

The direction of magnetization related to thdl-vaefined crystallographic axes of
the material also affects the magnetic energy, Wwhs defined as the magnetic
anisotropy energy. The magnetic anisotropy enesgysually generated from spin-
orbit interaction of the electrons. In the caséenfomagnetic materials, there exists a
uniaxial anisotropy regardless of crystallizatidats or composition. Usually the
anisotropy is determined along the crystal oriéoaih pure crystal materials.

Anisotropy is created from the following sourcesparation of the crystal structure
at the substrate interface, anisotropic modulatdnatoms, or by alignment of

interface/surface defects.

2.3.2.1 Cubic anisotropy
The cubic anisotropy energy is usually explaiaganagnetocrystalline in nature, so
it results from the interaction of the atomic magnenoments with the intrinsic

symmetry of their crystal structure via a spin-bibieraction.



The cubic anisotropy energy density is calculdtgd

Ec =Kymém> mé m2+ m/” m?) + Komém/ m2 ..., (2.3)

In, equation 2.3Ky, Ky, etc.are the anisotropy constants, ang m,, andm;, are the

magnetization ok,y andz crystal axesK;is theiy, order anisotropy constant.

2.3.2.2 Volume, surface and interface anisotropy

In the case of magnetic films with nano-sizettkihess, surface and interface
anisotropy should be considered due to missingcadjaatoms. A much stronger
anisotropy was observed for single atomic transiticetal films, in comparison to
bulk materials. In magnetic films with uniaxialisotropy perpendicular to the film
plane, the anisotropy energy is symmetric. So tinase anisotropy energy density is
expressed by

Es=Kgsirf (2.4)

In equation 2.4Ks is the surface energy and is the angle between the
magnetization and the film normal. The volume aimggwy is insignificant for
magnetic films with nano-sized thickness. In hexagoor tetragonal crystals, a
uniaxial volume anisotropyK() normal to the film exists for a certain thickness
range, where the volume anisotropy energy dersitalculated by

Ev = Ky sif  +Ky;sin (2.5)
In equation 2.5, is the angle between the magnetization and thew@mops/ axis and

the odd power is not considered because of timergnan symmetry.



The total anisotropy energy density is written as

E
E =E, +=
Vo (2.6)

2.3.2.3 Field induced anisotropy

Uniaxial anisotropy is observed in ferromagneti@terials with an applied
magnetic field and applied heat. As a result, ihection of magnetization is affected
by the direction of applied magnetic field, so & defined as a field-induced
anisotropy. Sometimes this induced anisotropy imébin single crystal films. In
addition, this type of induced anisotropy can bpl&xed by the magnetic annealing
effect. The film is usually strained in the diiectof the field, when it is deposited at
some temperature with an applied magnetic fieldth&stemperature decreases to the
room temperature, the film adheres to the subst&aibsequently, the atoms cannot
diffuse to relieve the strain caused by the magmettriction and the magnetic

anisotropy along the direction arises from the @nipy distortion.

2.3.3 Exchange energy

Exchange energy is described by the basic ictierawhich leads to cooperative
magnetic ordering. Betweef and S, with scales with the exchange integral,

J(dimension ; J), the exchange energy is expresged b
E\':*J"AS‘:"LS:'
ex = J 21)

In the equation 2. 5§ and§ are the unit vectors of interacting spins on times.

10



The exchange interaction is explained by the Coblameraction between the Pauli
principle and electron charges. In a magnetic domall, the exchange energy is
also explained by a continuous model of spin rotatn a one-dimensional domain
wall.

So the sum dE.«inside the wall is expressed as

Em‘ :A(E,

(2.8)
In the equation 2.8\ = Sa 2JNv /2 is the temperature dependent exchange stiffness
constant(J/m)s is the spin quantum numb8«(l/2), anda, is the lattice constaniv
indicates the number of nearest-neighbor atomspiervolume. is the angle with
respect to the easy axis of magnetization. In #se ©f simple cubic (SC) and body
centered cubic (BCC), J will be
J=0.54K, T, (2.9)
In the equation 2.8, and T; are the Boltzman constant and the Curie temperature,
respectively. The exchange energy favours a magrkimain wall as wide as
possible.
2.3.4. Zeeman energy

Zeeman energy is the term which arises from ititeraction energy of the

magnetization vector fieltl with an external magnetic field gx:

EZ:_‘U(} [;W-ﬁgwdpr
: (2.10)

11



2.3.5 Formation of magnetic domains

In general, the minimization of the total magmetnergy which is the sum of
magnetostatic, exchange, anisotropy and Zeemargyenéetermines the magnetic
domain sizes.

= Eex + Ea + Ez + Eq (2.11)
The occurrence of a domain increases the wholeggrarthe specimen, so
that division into domains persists only as longtlas reduction in magnetostatic
energy is greater than the energy required to finendomain wall. The energy of a
domain wall depends on the wall area and the domadgith, which in turn are
determined by the intrinsic characteristics of atemal such as the magneto-
crystalline anisotropy and the strength of the exge interaction between
neighboring atoms. Strong magneto-crystalline dropy will favor a narrow wall,
whereas a strong exchange interaction will favowider wall. A bulk minimum
energy determines the specific size and numberoofiaths. The effect of the
Zeeman energy is to favor the growth of domainssehmagnetization is parallel to

the applied field.

Figure 2.3 Schematic representation of a RfGnain wall.

2.4 Magnetic domain walls

12



2.4.1 Bloch wall

In ferromagnetic material like Fe, Co or Ni, timagnetic structure of films usually
consists of magnetic domains, inside of which tlegnetization is largely uniform,
separated by transitional regions where the maxptein vector rotates. These
transition regions are defined as magnetic domaafiswBoth static and dynamic
magnetic properties of multi-domain thin films degecrucially on the structure of
the domain walls. In addition, magnetic domaing & formed in order to reduce the
material energy, while between the domains a domaith will also be created to
transition different directions of magnetizationsudlly there are two types of
magnetic domains walls: Bloch walls and Neel waBdoch walls are usually
energetically more favorable in bulk materials.

In figure 2.4, a cross section of a thin film wahdomain wall between two anti-
parallel in-plane domains is described [13]. Thedtion of the magnetization in the
domain wall is perpendicular to the plane of thmfand the magnetic moments in

the wall rotate about an axis perpendicular tonhk axis.

a
Figure 2.4 Schematic of a Bloch wall in a thin film
The thicknesdD of the film is comparable to the width of the wadl. Since

magnetic poles are created on the film surfacegatbe wall axis, a demagnetizing
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field will exist in the wall. The energy related the demagnetizing field can be
estimated by Néel's approximation. In Néel's apjpmation, the demagnetizing
energy of the wall is equivalent to the demagnetjztnergy of an elliptic cylinder
with a magnetization along its easy axis and inetlth the space of the magnetic

domain walls shown in figure 2.5.

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

The demagnetizing surface energy can be calculatdide following

__2ma’M?

a+D

€

m

12)
In equation 2.12ais the width of the wall an® is thickness of the wall. For
calculating the total energy of the Bloch wall, thaface energy of the wallg will
be added to the total wall energy from anisotropg eaxchange interaction with the

following equation[14] :

w

1
£y =300 (G +5)
(2.13)

The total Bloch wall energy can be calculatethwhe sum of the demagnetizing

energy, and the wall energy of anisotropy and exglanteraction[14].
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(2.14)

The Bloch domain wall type is shown in the fig@ré.

R

Bloch wall

Figure 2.6 Domain wall type of Bloch wall.
2.4.2 Neel wall.

Néel walls will replace the Bloch wall when tfien thickness becomes smaller
than the wall width, because of the large increagbe wall energy. In a Néel wall,
spins rotate in the film plane and the widths oENgalls are difficult to define. The
Néel wall can be analyzed with a magnetized edlipgilinder model and figure 2.7
shows a cross-section depiction of a Néel wallfimaand its approximation.

In a Néel wall, the wall energy of anisotropy axghenge interaction will also
be added to the demagnetizing energy and thedot&aby 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 nediged elliptic cylinder.

To first order, the magnetostatic energy of tleeNwvall can be assumed to be the
same as the demagnetizing energy of the elliptimagr shown in figure 2.8. The
demagnetization surface energy of the wall is jhetj14]

__ 2ma’DM?

Em a+D
13)

The anisotropy and exchange energy is undtarfgppm the form given in

eqguation 2.15 so that total energy of the Néel wefl be written

2maDM?

a+D (2.16)

_1 %G, @
SN_ZGO(a+aO)+

The Néel wall is shown in the figure 2.8.
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Neel wall

Figure 2.8 Schematic of a Néel wall.

2.4.3 90° and 180° walls and cross-tie structure

There are two orientations of domain wall® ®alls and 189 walls, which are

created according to the degree of formed wall locB and Néel walls. A $0wall
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divides two domains with magnetizations perpendictd each other. As shown in
figure 2.9, a 45angle center-point magnetization between the teroains is formed

in the 90 wall[9].

\\\\\T

Figure 2.9 Schematic of a @8omain wall.

In the case of a 180wall, adjacent domains have an anti-parallel dioac of
magnetizations. As shown in figure 2.10, the®wall has the role of separating the

domains and the wall center-point magnetizatigueipendicular to each domain[9].

L
-

DU K

.l
Ty

Figure 2.10 Schematic ofi®0° domain wall.
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The cross-tie wall is observed in somewhat #nickims. It is like a periodic
microstructure of Néel walls and Bloch walls. Irmsteof a single Néel wall, the
material chooses an energetically favorable straobfi longer, but lower-angle Néel
walls. In the case of a long 1B@all, the exchange energy can become very high.

Lower exchange energy is found in wall strucdwalled cross-tie walls, which will
be created in the 180° walls. While as every spkes flips in a 180wall, groups of
spins will become aligned according to the samection and the direction usually
will be changed with 180 angle. In addition, a e&raintivortex structure will be
created at the points in which the direction of nedgation of a 180wall will
reverse due to the formation of closure loop ofispi

As the magnetostatic energy is continuously ceduthe closure loops contribute to

the formation of vortex and anti-vortex structures.

N~/

LI

= AN

Figure 2.11 Schematic of a crossdmmain wall.

Cross-tie walls are characterized by an altematf Bloch-like vortex and anti-
vortex transitions along the domain wall segmeriigd®0° Néel walls of opposite
chirality in figure 2.11[15]. As the specific engrgf a 90° Néel wall is significantly

lower than that of a 180° Néel wall, the complice®@)° domain wall network of the
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cross-tie wall saves energy, compared with a redu88° domain wall. In the cross-
tie arrangement the magnetic flux of the long-ramggnetic tails is partially closed
in the vicinity of the walls. The occurrence of ssetie walls in low anisotropy
CoFeB films is limited to a narrow thickness ofrtenagnetic materialt{) range.
Below tr 10 nm, 180° Néel walls exist and abotge100 nm, asymmetric Bloch
walls form. In the intermediate of ferromagnetictenel thickness of cross-tie wall
stability, the cross-tie spacing scales inversely with the magnetic anisotropy gyner
constant, ¢ or anisotropy fieldHy ({16]. This behavior is found experimentally and
only basic features can be modeled theoreticalljf87. For a given film thickness,

the experimentally found dependency gfon anisotropy of a single F layer is

ct (Ku,eff)_n = (Hk,F) -n , (n =0.5, ..., 1.0) (2.17)

In equation 2.17, the exponentdepends on the ferromagnetic film thickness. This
relation provides merely a rough guidance for thenge of ¢ with anisotropy and is
only valid for small values of anisotropy. Neveldss, . serves as a sensitive
measure of changes in the effective anisotropyerrfmagnetic thin films. Above a
certain value of anisotropy, the cross-tie walhsfarms into a symmetric 180° Néel
wall. This is due to an increased energy contrdsufrom the Bloch lines inside the

domain wall with smaller cross-tie spacing, increBich line density.
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Figure 2.12 Domain model of a cross-tie domain walicture with a characteristic

cross-tie spacing.{19] .
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Figure 2.13 Wall energy as a function of film thelss[14].
What is of particular interest is a comparis@tvween Bloch, Neel and Cross-Tie
walls as a function of the film thickness. In figu2.13, the transition point above

Néel type walls are more preferable and below wBidth walls preferred[14].

2.4.4 Magnetic vortex
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As explained in the previous chapter, the Blochl vgaleplaced by Néel walls
in thin ferromagnetic material. Magnetic vorticag @&reated when two Néel walls
cross with each other or when the circular dot dartfsickness in the ferromagnetic
material is much smaller than the circular diamefethe dot[20][21][22]. Magnetic
vortices are magnetic configurations with an insglanagnetization but an out-of-
plane center region of the magnetization. Theyfamaed in soft magnetic thin-film
elements with a lateral size of a few hundred naeters to a few microns when the
demagnetization energy forces the magnetizatioalign parallel to the sample’s
surface, which for thin films is the in-plane ditiea[23]. At the vortex’s center
region, where magnetization vectors would alignipamgllel to each other, the
exchange energy leads to an alignment of the magtieth vectors out-of-plane
either up or down and thus forms the magnetizatame. Magnetic vortices possess a
rotationally symmetrical in-plane magnetizationiwihe vortex core as the symmetry
axis[24].

The counterpart of a magnetic vortex is a magnstiticture with similar
properties, known as an antivortex. Both vortex antivortex have a magnetic core
which is magnetized perpendicular to the plane.oitex and an antivortex can
annihilate when they meet. Besides the fact traatimihilation is connected with an
emission of spin waves, not much is known abouinthgnetization dynamics of the
vortex-antivortex annihilation process.

The annihilation of a vortex and an antivortex bagn investigated with finite-

element micro-magnetic simulations based on thelaarlifshitz-Gilbert equation.
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A specific description of this previously unexpldreundamental magnetization
process was produced by those calculations. Asudtré is shown that the process is
affected strongly by the relative direction of ttewe magnetization of both the vortex
and the antivortex[25][26][27][28][29].

If the core direction of the vortex and antiearare antiparallel to each other, the
annihilation process includes the propagation Bfazh point, which leads to a burst
like dissipation of exchange energy via spin wavamsidering the proposed use of
magnetic vortices in data storage and magnetolagproaches, it will be necessary
to manipulate the dynamic property well. Analyzithg annihilation dynamics of a
vortex and an antivortex is a significant task idey to reach a precise description of
the complicated dynamic magnetization processestarong the temporary
formation of vortices[30].

Creation and annihilation of magnetic vortices amdtivortices can only be
possible pairwise and never individually. The perpendicular oriergatiof the
magnetization in the vortex and antivortex coremdiiced due to the ferromagnetic
exchange interaction. A full in-plane magnetizatioould lead to a singularity of the
exchange energy density, which is avoided if thgma&izationturns out of the plane.
The orientation of the magnetization in the corefien defined as thpolarization
Unlike the vortex structure, an isolated antivortexot stable because it does not
develop naturally. An antivortex can be createarivss-tie domain wall structures,
where they are enclosed by two vortices with thmesaense of rotation[31][32].

Figure 2.14 shows two types of magnetic vortetvartex 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 daegular pattern(left) and in

disks(right).

2.5 Properties of CoFeB alloy

In recent years, CoFeB alloy has recently athenuch attention for magnetic
applications like high tunneling magnetoresistan(EMR)-magnetic tunnel
junction(MTJ) devices. In the case of single la@eFeB film, it has a high saturation
magnetization, a near zero hard axis coercivitpywaeasy axis coercivity , extremely
high permeability, and high anisotropic magnetatasice. In the structure of an MTJ
device, CoFeB electrodes might be crystallizedllpceear the interfaces because the
MgOJ[001] layer could act as a template to a criig@lCoFeB layer. Basically,
CoFeB shows similar properties to CoFe and hascepl CoFe for a higher TMR
effect[33][34].

The conduction band of CoFeB has 4s and 3d sulsba@ significant property of
this band structure is that the effective mass &d &lectron is much greater than one

of 4s electronsmys ~ 1/10ms~me, Where them is free electron mass. As a result, the
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4s electrons behave almost as free electrons anekénemely mobile charge carriers.
By contrast, the 3d electrons are much slower duedir heavy mass, and they can
be considered mostly as localized around a single.aBecause of the intra-atomic
exchange, each electron with spin = 1/2 acquiretiadal energy and one band

splits into two corresponding to the two spin value

25



Chapter 3. Experimental procedure

3.1 Cleaning process

Before device fabrication, a Si/SiO2 wafer i$ icio 10 mm x 10 mm pieces and
cleaned in order to remove residual organic mdtand particles. First, a device is
put in Chloroforum liquid T = 100 °C for 20 minutes get rid of residual organic
material, then cleaned for five minutes in an glrsc cleaner. The device is cleaned
again in an ultrasonic cleaner by Acetone and Mwuth#&or ten minutes and five
minutes, respectively. It is rinsed with DI-watardadried by N-gas. In order to

remove remaining moisture, it is baked on a 9068phate for 1 minute.

3.2 Formation of CoFeB patterns

CoFeB islands are patterned by e-beam lithographist, PMMA 495A(4%) is
coated on the cleaned device and baked for fifteerutes at 170 °C, and again
PMMA 950K(2%) is coated on the device and bakedltominutes at a temperature
of 170 °C. For e-beam lithography, a double-layjencsure is formed by PMMA
495A and PMMA 950K, positive Electron-beam ResiR& and the acceleration
voltage and area dose are respectively 50 KV ard Z9cnf. The sensitivity of
PMMA is controlled by the molecular weight of PMMARost-baking is performed
after spinning of each PMMA layer. The top layetsam mask the bottom layer,
which is more sensitive to exposure and developngwing the sharp under-cut of
the bottom layer which makes the lift-off proceasier. The bottom layer should be

at least two times thicker than the film thicknesgrevent the film from touching the
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bottom PMMA layer. However, thicker PMMA makes patt resolution worse. In

order to pattern on the micro or nano-meter saake focusing level of an electron
beam is very important and the size of an elech®am is optimized at 30 nm ~ 40
nm.

The size of the CoFeB patterns varies from 28xr250 nm to 16m x 16 m and
the thickness of the CoFeB patterns also varies fe(om, 13nm, 18 nm, 28nm,
35nm, 48nm, 50nm, to 63nm . The edge-to-edge disthatween the CoFeB patterns
is 10 m. IPA:MIBK(1:3) is used as a developer material edeveloped for nearly
60 seconds. Figure 3.1 shows the images of the @&dign showing the outlines of
various patterns of the sample. Before CoFeB dé&posiO, plasma ashing is
performed in order to remove the residue of theaabresist. At 100W of RF power
and a base pressure of 200 mTorg, flasma is applied to the e-beam patterned

sample for fifteen seconds.
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Figure 3.1 E-Beam writing design file for pattemgiof CoFeB islands.

28



For the formation of the domain structure, Cok®Beposited with a DC magnetron
sputter from a Co60Fe20B20 target under a basesymeof 1x18 Torr for ten
minutes. After the lift-off process, the devices reveannealed at a constant

temperature of 400 °C for 1hour.
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Figure 3.2 Images after develop process(left) diteat hft-off process (right).

3.3 Sputtering process

The sputtering process is widely used in the sendigotor industry, mainly for the
creation of metal films or the modification of diecal characteristics. In the optics
industry, dielectric material film is necessaryastha sputtering is also an important
branch in physical vapor deposition (PVD) technglotn 1852, the sputtering
deposition was initially found by William Robert @ and the method has been
well developed and applied to industry for 200 gesmrd continues to modern time.

Compared to e-beam evaporation deposition, tHeardages of sputtering

deposition are the following: capability to def@sid sustain complex alloys, ability
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to deposit high-temperature and refractory metats] get higher energy atoms,
smaller grain size, and better adhesion.

The main operation begins with filling the vaouwchamber with a argon. A
significant aspect of sputtering is the transfororatof the ionized argon gas into
plasma. When a high voltage is applied to the vacabhamber, the argon will arc to
the plasma state. Argon is relatively heavy anal chemically inert gas so it acts as
the ion species for the sputtering process. Argas also does not react with the
growing film or the target.

When a high-energy electron ranging from 500 t®8,8V hits the neutral argon,
outer electrons and a positively charged argorarenseparated by the collision. This
energetic particle is used to strike the negativeiarged target material to be
sputtered. When the positive argon ions hit thdaser of the target material, the
momentum of the argon ion transfers to the targatenal to dislodge one or more
atoms. This process is based on momentum trangfier.positively charged argon
ions will move tothe negative potential of cathode with high speed &y thass
through the voltage drop of the glow-discharge dsplace The target atom or
molecule will attach to the substrate surface ardlense as a film.

The target atom is knocked out by the positivgoarion. The knock force is great
and can accelerate the target atom to a high spééa such velocity, the target atom
can strike and attach to the surface of the waflestsate deeply, so the sputtered film
density is better than the evaporation film dendiygure 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 dépws of CoFeB islands
Magnets placed around and behind the materialttargeused in order to capture and
restrict the electrons. The ion bombardment ratehef target increases with the
creation of more secondary electrons, which theo aicreases the ionization rate
during the plasma formation. As a result, more it@#l to more sputtering of the
target, which develops the deposition rate. Thermatgn sputtering is developed for
improved deposition rate, which explains why spuitg has become the principal
process for aluminum and contact alloys used iratnzdtion.

At first, the sample finished by e-beam patterniagtransferred through the
loading chamber into the high vacuum depositionndiex. For the sputtering
process, the base pressure is 5.5 mTorr and thatmpepower is set up to 69 watt
for a stable process. The deposition time is detethby the desired CoFeB film

thickness with various times of 1 minute, 2 minusinutes, 5 minutes, 7 minutes,
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9 minutes, 12 minutes, and 15 minutes. With {eration power set to 69 watts for

a stable sputtering process, the deposition ratbasit 6.5 nanometers per minute.

Background gas
) Neutral target atom
@ Electron

Cuibttrates Anad & lonized atom
- to be coated in cathode material

DC plasma sputtering

Pasdasissscanananssnanaan

Target/Cathode

- containing raw material that is
sputtered off by the positive
fons impacts

Figure 3.4 DC Sputtering process[36].
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3.4. Lift-off

Lift-off is the process to directly make a pattefnthe ferromagnetic material by
using a solvent to dissolve the remaining e-beastrenderneath the ferromagnetic
material. The process sequence is comparable tontmmal photolithography
process. The process is summarized in figure 3.5.

For positive e-beam resist like PMMA 495/950teafthe substrate has been
exposed, another step is performed to create ttsrede overhanging profile
necessary for lift-off. The ferromagnetic mateliae CoFeB is deposited onto the
substrate. Once the e-beam resist is removedeth@iagnetic material covering the
e-beam resist is also removed (lifted off). Somesinthe ultrasonic bath and slight

mechanical scrubbing with a clean room swab is seang for assistance in the lift-

off process.
# Fabrication Process of CoFeB islands on Si Substrate
., .
) =y !
Si Substrate Cleaning ER coating / Baking 1. E-Beam Lithography

2. ER Developing

Ve |

CoFeB Deposition Lift-off

Figure 3.5 Lift-off process.
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3.5 Annealing

The ferromagnetic films deposited by the spirtteiprocess are generally not in
saturated equilibrium and under residual stresds T& removed by moderate
annealing. The samples are annealed in an ultfa~mguum (UHV) chamber by
direct resistance heating. The base pressure dfthé chamber is 3 x13 mTorr,
with the maximum attainable temperature of 400PGring the annealing, samples
are gently placed on 20 mm x 20 mm Tantalum platéchvis connected to the
heating filament. The annealing is performed atdbestant temperature of 400 °C

for 1 hour. Figure 3.6 shows the total experinggotess from sample preparation to

MFM measurement.

Step 1 Step 2 Step 3 Step 4

o-o-9-

Si Substrate  CoFeB pattering Annealing @ 400°C MFM Measurement

Preparation : E-Beam Lithography for 1 hourin UHV system  With Electromagnet
(Cleaning) DC Sputtering

Figure 3.6 Experiment process from sample premarati MFM measurement.
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3.6 Magnetic force microscopy (MFM)

3.6.1 Introduction

For observation of magnetic domain images afofeagnets like Ni, Co, and Fe,
magnetic force microscopy (MFM) has been one of riest extensively utilized
tools because commercial MFMs have been relativeypensive and the sample
can be imaged without any special preparation. Wihkioation of those reasons with
sub-micron resolution capabilities has made MFM fulsefor magnetic
images[37][38][39].

In this experiment, a Multi-Mode MFM with a Nasuwpe Il controller, both from
Digital Instruments, was used. The probe used st urchased from DIGITAL
Instruments. The probes are etched silicon with agmatic material. In this case
cobalt-chromium is deposited on the very end obaecshape apex to provide the
magnetic interaction.

A magnetic tip coated with 20nm thick cobaltamium film is pre-magnetized
upward along the tip axis and used to scan in pirtggift mode. An especially low
moment probe is used at a lift height of 60nm taimize the measurement-induced

domain wall motion[40][41].

3.6.2 Principle of operation

Figure 3.7 shows the principles of MFMft modes. The basic principal of
operation of MFM equipment for obtaining magnetitages is explained with the
following steps : First, inappingmode, a cantilever attached to a special magnetized

AFM tip is first scanned to profile the topographitformation of the sample surface.
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Next, inLift mode, the tip is forced to retrace the topogragitthhe sample surface by
the influence of magnetic fields from a set distaabove the surface. Lastly, those
influences between the applied magnetic field amel magnetized AFM tip are
measured by force gradient detection for produ@ngagnetic image. Figure 3.7

explains the main principles of MFM Lift modes.

Magnetic Fields

1. Cantilever traces surface topography on the first trace.

2. Cantilever retraces surface topography on the first retrace.

3. Cantilever ascends to Lift scan height.

4. Lifted cantilever profiles topography while responding to magnetic influences on the second trace.
5. Lifted cantilever profiles topography while responding to magnetic influences on the second retrace.

Figure 3.7 Principles of MFM Lift modes.

During the operation, the cantilever is forcedoscillate at its resonant frequency
by a set of piezoelectric bimorphs. The resonaquency is controlled by a tuning
process of the Digital Instruments software. Then@a was moved beneath the
MFM tip by other piezoelectrics in order for to thy to raster over a rectangular area
of the sample. While the tip gets close to the daraprface, a change in oscillation
occurs due to the magnetic interaction betweeriphand the sample. The variation
of oscillation is observed by a photo-detector @thin the scanning head of the

MFM. A light is bounced off the back of cantilevand is detected by a photo-
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detector. The light beam is directed at the portérihe cantilever directly on the
other side of the tip to give the maximum deflecti®he deflection is processed by a
series of steps into the images created by the MFMure 3.8 shows the schematic

of the MFM.

Lockin-phase detector
Diode Laser

Reference —
Mirror mm—

Digital Oscillator
Quad photo detector

« Electromagnet

L S XY raster

Z Feedback

Figure 3.8 Schematic diagram of MFM implementation.

It is possible to obtain information of magneinteraction by phase detection,
which measures the cantilever's phase of oscihateative to the piezo drive. In
phase detection, the tip is used as a damped fdneechonic oscillator. This
approximation is valid since the oscillation amydié is small relative to the length of
the cantilever and tip to consider the displacen@be only in the vertical direction.
The equation related to the change in phase ollatsmn with the force derivative of

the tip can be expressed as the following[42][43] :
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In equation 3.1m is the mass of the tip); is the resonant frequency, and Q is the

quality factor. Also, Q is affected by the dampaoagfficient, b.

AW
szbr

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

the stray fields from the sample.

oF 9B 9°B 9°B
—Z=m, £ 4+m 1}-|'Tﬂz—zz
9z (3.3)

29z * 3z2 Y az?

However, in practice, the vector surface magaébn from the scalar data

generated by the MFM is difficult to determine ekac
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3.7 Applying in-plane magnetic field with an electomagnet

3.7.1 Electromaget

It is significant to investigate the change of metgn domains with externally
applied magnetic fields, so an electromagnet iy wseful in this experiment. The
electromagnet was placed on the stage of the MFtla@ sample was then placed
so that the surface of the array was flush withttigesurface of the electromagnet.
Figure 3.9 shows a schematic of an electromagnit avicooling system. In this
electromagnet, a permeable “C” shape core withraliwg of thin magnet wire is a
very significant part.

The necessary magnetic field is induced by thre @and coil device. The core is
chosen to be a permalloy alloy material for obtagna high permeability. Thin wire
has an advantage considering the high number of téor limited space, but it
reduces the maximum current. The magnetic fielcegied in the gap of length,

can be estimated[43]

B =UgxNI/Lg, (3.4)

WhereN is the total number of turns,is the current through the coil, abg is the

permeability of free space. Equation 3.4 is derifredh Ampare’s law and assumes
that the permeability of permalloy is much lardeaurt the permeability in free space.
High currents necessary for high field produce tafigl resistive heat which cause
the thermal drift of the magnetic field image anigrathe magnetic property of the

sample.
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For this reason, a thermo-electric cooler andeweboling line was incorporated
into the design as shown in Figure 3.9. The lacg@per block is also used as a heat
sink. The thermo-electric cooler delivers the higatm the electromagnet to the
copper block and chilled water driven by a mechameotor flows through the line
inside the copper block. This electromagnet sysgemerates 3 kOe without serious

thermal effects.

Figure 3.9 Schematic diagram of an electromagntt a/cooling system.

For calibration of the applied voltage and the mea$ magnetization, the
electromagnet and a gauss-meter are used. Theidak is placed in the gap of the
electromagnet so that the gap holes of the mageet warallel to the face of the

probe. The electromagnet was then connected to ithléde 220 Programmable
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Voltage Source and the magnetic fields were medsase fuction of voltages. While
the voltage is applied from OV to + 10Volts, thegnetic fields were measured. This
electromagnet system generates 3 kOe without setivermal effects, but in this
experiment, the magnetic fields were applied whth tange from 0 Oe to + 1,000 Oe
for a stable thermal state. Table 3.1 and 3.2 shbesalibration between applied

voltages(x) and measured magnetic flux density(z).

(+V) (-G) (V+) (+G) (+V) (+G) (+V) (+G)
0 1.7 105 747 30 9.5 675

1581
05 36.6 11 783 20 1265 9 641
1 736 115 816 19 1250 8.5 605
15 110 12 846 185 1203 8 574
2 147 125 880 18 1183 7.5 541
2.5 185 13 911 17.5 1159 7 504
3 220 135 944 17 1133 6.5 471
35 257 14 976 16.5 1108 6 437
4 292 145 1008 16 1075 5.5 403
45 328 15 1039 155 1048 5 367
5 365 155 1065 15 1019 4.5 332
3.5 400 16 1099 145 991 4 298
6 437 16.5 1123 14 961 3.5 262
6.5 471 17 1152 13.5 932 3 226
7 508 175 1179 13 896 25 191
75 541 18 1207 125 868 2 156
8 578 185 1233 12 836 IS 120
8.5 612 19 1259 115 803 1 84
9 646 20 1312 11 771 0.5 43
9.5 680 30 1615 10.5 738 0 11.2
10 715 29 1706 10 706

Table 3.1 Calibration data of applied voltages{d eneasured magnetization(+).
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(-V) (-G) (-V) (-G) (-V) (-G)
(4] 12 726 10 637

10.5
0.5 25.3 11 765 9 594
1 614 115 828 8 545
15 98.2 12 860 7 487
2 134 125 878 6 422
25 170 13 891 5 356
) 208 13.5 922 4 2866
3.5 242 14 948 3 218
4 281 145 978 2 147
45 315 15 1014 1 75.7
5 350 20 1297 0 48
5.5 386 25 1500
6 420
6.5 456
7 490
7.5 525
8 560
8.5 595
9 630
9.5 662
10 695

Table 3.2 Calibration data of applied voltagesf ameasured magnetization(-).
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3.7.2 Applying magnetic field to the sample.

In order to apply in-plane magnetic field in thgpdsetween the electromagnets,
the sample is diced into 2mm x 10mm pieces andlectremagnet with a cooling

system was used with the applied voltage range 69rno +4.5/-3.5V.

- MFM Measurement Flow -

Decrease
Magnetic field

> MFM Saturated
Measurement Magnetic field?

Increase
Magnetic field

Figure 3.10 Flow process of MFM measurement widttebmagnet.

Figure 3.10 explains the MFM measurement flow & @oFeB pattern. As the
magnetic field is applied to the sample by the tetecagnet through a voltage
supplied with increments of 0.5V, MFM measuremests performed in order to
observe the change of the magnetic domain with etagrortex-antivorex pairs. If
the applied magnetic fields saturate the samplegnwthere exist no magnetic
features, the magnetic field is decreased until niegnetic field arrives at the
opposite saturated state. In the following chagteseveral MFM images of 50nm
thick CoFeB patterns under different applied vatagre 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 arassified into seven types of
domain configurations. The seven domain configareti are divided into two
categories: solenoidal and non-solenoidal. Incdme of solenoidal domains, closure
loops are created within the overall island witlrozeet magnetization. A non-
solenoidal domain configuration has a net magnedizaesulting from free poles so

the magnetization does not create closed loopsmitie pattern.
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Figure 4.1 Seven types of magnetic domain configums.
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The following types A through D are the domaiattprns of the solenoidal
configurations. Type A is a four-domain closurét@a with 90° walls separating the
domains and is usually observed in square pattefile magnetizations of
neighboring domains are perpendicular to one anothe

Type B is a seven-domain closure pattern withix@ure of 90° and 180° walls that
removes free poles. The well-defined seven domstiasv the aspect ratio of nearly
two between the length and the width of the domaiiss pattern is sometimes
observed in the intermediate state between a nlemadal and solenoidal state. In
this domain, there exist some interior verticegoee of a vortex, which creates a
closure loop due to in-plane magnetization.

Type C is a four-domain closure pattern withhbioiur 90° walls and a 180° wall.
This could be a modified type A configuration of ielintop and bottom domains are
lengthened compared to the side domains. So, irnojmeand bottom domains, the
magnetization is anti-parallel with one anothet, inuthe left and right end domains
the magnetizations are perpendicular to the top laoiiom domains. The line
dividing the top and bottom domains is a 180° waklis is commonly found in a
pattern whose aspect ratio is near two.

Type D is a variation of type C with cross-teesd Bloch lines included along the
180° wall. As the cross-tie wall exists in the badary between the top and bottom
domains, the magnetostatic energy of the 180° wakduced. In the case of a high
aspect ratio between the length and the width,rakeeoss-ties in one 180° wall are

likely to be generated.

45



The other types of domain configurations areati-solenodal. Type E formation is
a quasi-single domain with closure ends. In thigegpa the remanent state of the
interior region is always magnetized along the larts. However, breaking up both
ends into smaller closure domains lowers the magtegic energy involved with
having free poles at the ends. In these domaedeq closure patterns cannot be
created, but free magnetic charges at the edgé® gfattern are removed. The MFM
image of this pattern shows a bright distinctioroaé closure end and dark at the
other with a constant magnetization in the middléhe pattern. At both of the ends,
individual domain walls can be observed makingdtige structure.

Type F is a variation of type E like a true ssndomain. In this case, the pattern is
also magnetized along its long axis but the endctires cannot be resolved. The
MFM images of this domain type show the domaindaalark at one end and bright at
the other with no comparison in the middle areais Tdomain pattern shows no
domain walls and is usually observed in very narrslands. The next chapter will
explain the requirement for the formation of a &mdpmain.

Type G is a complex type of non-solenoidal radéimain configuration with
curved domain walls within the pattern. In thistpat, the magnetization is usually
shown by a dark contrast at the top and brighthat dottom or vice versa. This
domain configuration is complicated with no appamagularity. It does not have a
well-defined arrangement of domain walls. When atemmal magnetic field is
applied to the various islands, MFM images of #lands have continuously shown
this pattern is reproducible. This pattern is thefgrred domain configuration for

large islands when saturated with an applied magrieid. The presence of the
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curved walls in this island may result in inducedaxial anisotropy of the islands, so
the creation of domains oriented perpendicularhie &ixis would be energetically
costly, which explains why the type G has a pred@amce in the large islands. The
size of the domain becomes too large and the dostamtaining a domain of that

size is energetically very expensive so the islamaigld break up into more domains.

4.2 Interpretation of the MFM images with the aid d micromagnetic

modeling

The magnetic structure of cross-tie wallsepbsd in magnetic thin films is one of
the most attractive structures for the study otiges, since it includes two types of
magnetic vortex structures: a defined vortex amdrativortex. It has been possible to
use the classic theories of magnetism to modebltdmains of small elements with
advanced computers. Smyth et al. have investightedffects of particle size, aspect
ratio, and interparticle spacing on the hystergtioperties of the ensemble and
compared them with calculations[44]. Zhe et al. $laswn that their modeling of the
micro-magnetic behavior of exchange biased ten anicpatterns is in good
agreement with experimental observation.[45] S¢heehl. have studied the effects
of edge geometry on the switching dynamics of seboni Permalloy elements[46].

Since it is possible to obtain information abauagnetic divergence and not
information about the magnetization itself by MFNhages, micro-magnetic
modeling work is useful in the modeling of microndasubmicron sized CoFeB
patterns. The divergence plots from the Objecteder@d Micro Magnetic

Framework (OOMMF) program, developed by Nationatilnte of Standards and
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Technology (NIST) can be utilized as a check agaimsMFM data to assure that the
classifications of the walls are indeed the coroeas. As shown in figure 4.2, micro-
modeling(left) and MFM(right) images of a rectarmjuCoFeB island of 16 pm x 8
pm at remanent state describe the existence of dwes-tie structures with a

magnetic vortex between them. The left image shesgecially the distribution of

the magnetizatiorM for the cross-tie wall. The equilibrium magnetiaatis found
by solving the dynamic Landau-Lifshitz—Gilbert etjoa. Only the magnetostatic
energy and the exchange energy are considered.

The magnetization is also expressed by the armile the divergence is shown by
the shaded regions. This pattern also has fourd®@fain walls starting from all
corners of the pattern. Apparently, it shows tlint magnetizations of the domain
separated by the walls are perpendicular to onthandAt the cores of the vortex and
antivortex, the existence of a spot with perpenldicumagnetization has been
theoretically predicted. In the vicinity of the #ex core, the angle between adjacent
spins would become increasingly larger if the spinections were confined in-plane.
Therefore, at the core of the vortex structure,rttagnetization within a small region
will turn out-of-plane not to increase the exchaegergy. Analyzing these figures, it
is possible to confidently identify the types ofnalin walls and structures in the

MFM data.
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Magnetization Pattern MFM Image

Figure 4.2 Magnetization pattern (Left) and MFM geé&ight) of a rectangular island

with the size of 16pum x 8um.
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4.3 Magnetic domain configurations with different hicknesses

From figure 4.3 to figure 4.10, MFM images of keé® islands with different
thicknesses islands are shown. In all MFM imageshepattern is first classified
according to the type of magnetic domain, refeirethe previous section 4.1 and is
marked with the micron dimensions.

Figure 4.3 shows the MFM image of 7 nm thick k&ands with different sizes
from 250 nm to 16 um. The CoFeB film is too thirtlsuhat no magnetic features

like magnetic domain wall or magnetic vortex arserved 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=€B islands with different sizes
from 250 nm to 16 pm. As the thickness increaseagnetic domains appear.
Especially in the CoFeB islands of the size 16p8&um and 16um x 4um, 4-domains
or 7 domains are observed. Also, in the circle€oFeB pattern, magnetic features

like a magnetic vortex or an antivortex are found.

Figure 4.4 MFM images of CoFeB islands with 13nckhiess.
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Figure 4.5 shows the MFM image of 19 nm thick=€B islands with different sizes
from 250 nm to 16 pm. In the square patterns of Mubum, 2um x 2um, 4pm X
4um and 8um x 8um, 4-domain structures with a @0fian wall are observed and
in 4um x 16pum, 5um x 15um, and 4um x 12um islaiedomain structures with a 2
or 3 aspect-ratio between the length and widthf@ued. In other patterns with the
aspect ratio higher than 8, usually a single domwth uniform magnetization is

formed, but 4-domain structures with cross-tie svalie still not found.

Figure 4.5 MFM images of CoFeB islands with 19nmkhess.
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Figure 4.6 shows the MFM image of 28 nm thick=€B islands with different sizes
from 250 nm to 16 um. In the rectangular patter8join x 16pum, a cross-tie domain
with a magnetic vortex is observed. Also in thetqgras with aspect-ratios of 2 or 4,
magnetic domains are seen much clearer than iprtheous thin film. However, in

the circle pattern, a magnetic vortex or antivoitestill not found clearly.

025051

Figure 4.6 MFM images of CoFeB islands with 28nnkhess.
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Figure 4.7 shows the MFM image of 37 nm thiakF€B islands with different
sizes from 250 nm to 16 pm. As shown in figure,degices of 2um x 4um, 4pm X
2um, 4pm x 16pum, 8um X 4pum, 8um x 2um, and 8um pnitave a cross-tie
domain wall with a vortex-antivortex pair. Interegly, in the case of the circular
pattern with 4 and 8 um diameters, it shows a singhgnetic domain. Similar to the
previous figure 4.1, square patterns have a 90°dorstructure. Islands with an

aspect ratio larger than 8 show a single domatheasglomain structure.

Figure 4.7 MFM images of CoFeB islands with 37nimkhess.
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Figure 4.8 shows the MFM image of 45 nm thick-€B islands with different sizes
from 250 nm to 16 pm. Still, the square patterh$pon x 1um, 2pum x 2um, 4pm X
4um and 8um x 8um, show the 4-domain structure Wk domain wall. The
domain structure of other islands, including 8umm-square and 8um x 16um,
4um x 16pm and 4pm x 8um rectangular patterns becamplicated, much as a 4-
domain structure changes to a 7-domain structareéhé case of the 8um x 16um
rectangular pattern, the number of cross-tie waliseased compared to the thinner
same sized pattern. In the circular patterns of 4uéum, a magnetic vortex is not

clearly observed.

Figure 4.8 MFM images of CoFeB islands with 45nimkhess.
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Figure 4.9 shows the MFM image of 52 nm thick-€B islands with different sizes
from 250 nm to 16 pum. Interestingly, 8um x 8um &pdn x 4um square patterns
(left) became much more complicated, changing fem-domain to a 7-domain
structure with two cross-tie walls. Patterns witl3 aaspect-ratio show a 4-domain
structure with a magnetic vortex-antivortex painwéver, in the case of the circular

patterns, no magnetic features are shown.

Figure 4.9 MFM images of CoFeB islands with 52nimkhess.

Figure 4.10 shows the MFM image of 63 nm thiakd=€B islands with different
sizes from 250 nm to 16 um. Most patterns withl Znd 8 aspect ratios became
much more complicated with more cross-tie wallsthia case of the islands with an
aspect ratio of 3, MFM images show the combinatiba 7-domain and a 4-domain
structure with a magnetic vortex-antivortex pair.the patterns with an aspect ratio

higher than 8, a single domain structure is obskrve
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Figure 4.10 MFM images of CoFeB islands with 63hmkness.

Lastly, figure 4.11 summarizes the MFM imageshwdifferent thicknesses of
CoFeB film, focusing on the 9 patterns with theessz 4um x 4pum, 4um x 8um, 4um
X 16pm, 8um X 4um, 8um X 8um, 8um x 16pum, 16pm mAA6um x 8um, and
16pum x 16um. The thickness of CoFeB patterns vdrms 7 nm, 13nm, 19nm,
28nm, 37nm, 45nm, 52nm to 63nm. In the case of patberns, 8um x 16um and
16pm x 16pum, magnetic domains are created and uh@er of magnetic vortex-
antivortex in cross-tie walls increases as thektiess of CoFeB film increases,
except for the 45 nm thickness. Square patteres4jkm x 4pum, 8um x 8um, and
16pm x 16um appear to form a 4-domain structurd W ° domain wall as the

CoFeB film thickness increases, except for the @8tlmckness. MFM images of the
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16pum x 4um rectangular pattern shows the compticateicture of the combination

of a 4-domain and a 7-domain structure.

Figure 4.11 MFM images of CoFeB islands with digferthickness.

58



Quite generally but with some exceptions, teadron all patterns is the increase in
the number of vortex-antivortex pairs as a functbthickness. The reason is that the
Néel wall energy increases with thickness, makirenergetically 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 ofnetagdomain structures. Out of
several CoFeB patterns, the pattern of size 16w is chosen in order to focus on
the Landau domains with crosstie walls [47].

An in-plane magnetic field is applied to thetpat using an electromagnet with a
controlled supply voltage from 0 V to +4.5 V/-3.5hile MFM measurements are
taken at different voltages. This procedure is gle=il to investigate how vortex-
antivortex pairs are created and annihilated.

Figure 4.12 shows representative data at the afsedrtex-antivortex pair
generation starting from the hard-axis saturatedest The complete series of
measurements are in the Appendix 1. In the figut@ 4A), the MFM image is taken
with an applied magnetic field, H= 328 Oe, whichplans why it is relatively
featureless except for bright and dark areas aloagdges. Since the MFM works by
sensing magnetic charges, the image shows thatothene charge density (-div*M)
in the interior is nearly absent but the normal ponents of the magnetization, the
magnetic surface charge density at the oppositeesitbts.

A CoFeB pattern is expected to be more or lesrmly magnetized along the
short axis. As the Zeeman energy, the interacénargy of the magnetization
vectors, is reduced, the torque that aligns the emisnalong the hard axis is reduced,
which causes the magnetic charges at the edgelusedtoward the interior. Figure
4.12 (B) evidently describes the partitioning oé tisland into three distinct regions

that are bounded by strained walls at H= 262 Oeth&sapplied magnetic field is
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lowered, the middle section that is predominantlgned with the magnetic field
dwindles in size. This phenomenon occurs as wherstitained walls are combined
and zip upward as the middle section of the magmdimain collapses from the
bottom. By the merger, a 180léel wall is generated along the center forming a
vertex a core of magnetic vortex, with the strained svalt shown in the figure 4.12
(C). As the magnetic field is reduced to about89-Oe, the Néel wall stretches into
the bottom and the top part. The motion ceasesranstrained walls are transformed
into unstrained 90walls that settle into a 4&angle. Note the smoothness of the®90
wall versus the jaggedness of its strained precwsdls. The boundaries of the top
closure structure are created by thé @@lls. In this point, it is more interesting how
closure domains are formed to lower the energyhéntop as shown in figure 4.12
(D), the closure domain has a low magnetostaticggnéiowever there remains still
a relatively high-energy state in the rest of the=€B pattern. The Néel wall is
uniformly magnetized along its entire length and thottom edge remains highly
charged. There is an energy barrier that prevémssimultaneous formation of the
top and bottom closure domain structures. This &on happens because the
chiralities of the top and bottom vortices are iteal, possible only by reversing part
of the Néel wall. The transformation into a clospadtern happens at a slightly lower
field and is accompanied by the creation of a woeaetivortex pair that
accommodates the reversal of a segment of the WaklThis affects the beginning
formation of a crosstie wall, which is fortuitoustgptured in the figure 4.12 (E) at
H=22 Oe, undoubtedly expedited by the small friggiield from the probe. As the

magnetic field is reduced, more vortex-antivorteairp appear and the number of
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vortex-antivortex pairs is dependent on the balabewveen the savings in the
magneto static energies against the expense ofirfgroross-ties. However, other
experimental data shows the number of cross-tiedivierse between saturation
magnetization cycles, suggesting that vortex-ant&xo generation can be affected

profoundly by local pinning effects or slight varans in the switching fields.

Figure 4.12 Formation of vortices from a saturatde. MFM images were taken in
the presence of field applied along the short aaguentially decreasing from A) 328
Oe, B) 262 Oe, C) 185 Oe, D) 89 Oe, E) 22 Oe andIFPe. The thin arrows

indicate the orientation of the magnetization i@ tomains, and bold arrows indicate

the direction of applied field and relative stréngt
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In figure 4.13, the annihilation process is obsénes the field is increased
from zero to H= 185 Oe. These MFM images condist @presentative subset of a
large number of images taken every ~10 Oe. At &manent state, there exist 10
vortex-antivortex pairs and each one is designbyednprimed and primed numbers.
It is significant to note that the first and lasbftices” (which are the vertex of the

closure pattern) are created in different enviromisi¢han those in the interior.

Figure 4.13 Annihilation of vortices from remanedaot saturation. This is a subset
obtained from many images at various field increthelmages shown at A) H=0,
B)30 Oe, C) 59 Oe, D) 89 Oe, E) 118 Oe, F) 147®#&85 Oe. On A), vortices and

vortices are labeled with primed and unprimed nusbe
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In figure 4.14, the vortex-antivortex locatiomsrsus externally applied magnetic
fields elicited from the MFM images are summaritedfacilitation of the analysis.
In this process, several characteristics are obdairFirst, the mobility of vortices is
higher relative to the antivortices. This obsemathas been previously discussed by
others investigating the stiffening of the antivaes due to the charges created from
the transverse Néel wall. Second, with one exceptdl the vortices move in the
same direction, downwards. This discovery is pdssilmce the vortex motion occurs
as a result of the expansion of the sections of 8@ Néel wall parallel to the
direction of the applied magnetic field. All segrteeigan only be extended in one
direction because the other end is anchored byea fantivortex. Third, in a range of
the applied magnetic field between H= 38 Oe to & Most of the displacement
occurs. Below H= 38 Oe, vortex motion does not kappa threshold field is
necessary for origination of the movements. Seymab annihilate within this range
(3,3, 4,4 and 5,5’) and all other vortices movg telatively large distances. As
shown in figure 4.14, it is suggested that the esodisplacement is proportional to
the initial pair spacing. So the vortices appeantwe fairly easily until they reach a
specific distance from their antivortex partnerydie which they need higher field
increments to draw them closer. Apparently, the meéig charge density becomes
greater between the pairs as the distance betwaexyantivortex decreases. As a
result, the demagnetization fields increase, baiidbal susceptibility is reduced. The
motion of the pairs in the vicinity of the top dwe domain appears to be somewhat
different from those farther into the interior. Ttup vortex (1) moves downward as

the closure domain enlarges. At H= 44 Oe, it mstaeously appears that anivortex
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1’ and vortex 2 merge and continue to persist gldm fields until it combines with

the highly stable antivortex 2'.

Figure 4.14 Plot of the location of all vorticesdaantivortices. The uncertainty for

determining the core position is +/- 0.2 um, shamwthe error bar.
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Finally, the annihilation process of vortex-anttex pairs is discussed. This
phenomenon is influenced by many factors and aarate explanation could not be
conclusively established in one experiment. Fomgla, the effect of the variations
of the local coercivity, which is a necessary fiéd changing the direction of
magnetization, and other defects cannot totally dexided. However, some
gualitative insights can be taken from the datapakently, there is a distribution of
annihilation field Hy) starting from H= 44 Oe to 185 Oe. As shown gufe 4.14,
the most persistent pair is (6,6’), followed by2(2and (9,9’). These structures are
nearly equidistant from each other, which sugg#sas the annihilation process is
determined by long-range interaction as opposadegmanoscale structure. This is a
general phenomenon observed consistently in alnafistsamples. Indeed, the
minimization of the magnetostatic energy of the Iwappears to be the main
determinant of annihilation. Similarly spaced Negllls between vortex-antivortex
pairs ensure the equal distribution of the magnaticsenergy across the entire length
of the cross-tie wall.

This leads us to the role of the core polariBespite its relatively small size, it is
possible to discern the orientation from the catgraof high-resolution MFM
images[48]. However, in this specific sample, idifficult to conclusively establish
the core polarity in all cases because of the déichinumber of pixels per core
consistent with the large field of view. Nevertrssdehe relative polarity for each pair
can be discerned from the differences in contriaste/een the vortex and antivortex
cores. Based on careful inspection, it cannonberried that the core polarity plays a

role in the annihilation process. Our results afferent from the findings of others
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who discovered that antiparallel vortex-antivortegres are more difficult to

annihilate. The main difference is the size and shape ofdlamds. In their case, the
islands only are hundreds of nanometers large candsupport a single vortex core.
Thus, they were able to isolate the core effectsvéver, our results indicate that the

role of polarity can be masked in a series of maoriex-antivortex pairs.
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Chapter 5. Future work

5.1 Control of core direction of vortex-antivortexwith applying out-

of plane magnetic field

As shown in chapter 4.4, magnetic cross-tie dosnavith vortices and anti-
vortices were observed in the CoFeB islands of Bb thickness. Creation and
annihilation of vortex-antivortex pairs are shownMFM images, when an in-plane
magnetic field is applied to the patterns. Basedhasresult, control of core polarity
between vortex and antivortex pairs will be possilil an out-of-plane external
magnetic field with is applied[49]. Controlling @direction of vortex-antivortex
pairs at a certain magnetic field will be employsdvortex-random access memory
(VRAM)-antivortex-random access memory (AVRAM)[3].

Figure 5.1 shows experimentally obtained MFM iem@f the cross-tie wall and
expected schematic illustrations of the magnebratonfined in a rectangular pattern
with the size 9 um x 3 um. The blue and red spotthe cores of the vortices
correspond to the direction of the perpendiculagmesization component, since the

direction at all cores aligns to that of the applield for the image in figure 5.1.
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Figure 5.1 Obtained MFM image and expected schenilaistrations of realized

magnetization distribution.

5.2 Investigation of CoFeB patterns on MgO[100] sidirate

Recently, the importance of CoFeB/MgO/CoFeB dcitmes has been recognized
and applied to the Spin Transfer Torque (STT) dews well, for obtaining a high
Tunneling Magneto Resistance (TMR) effect. In sticture of a magnetic tunnel
junction (MTJ) device, CoFeB electrodes might bgstallized locally near the
interfaces after annealing at a temperature ofratelD0 °C for 1 hour, because the
MgO[001] layer could act as a template to crystallh CoFeB layer[33][34][35].

Instead of Si/SiO2 substrate, magnetic domainsaReB islands on an MgO[100]
substrate will be investigated to study the cryigtation of the CoFeB layer. In this
experiment, there are two possible methods fofdiraation of CoFeB patterns.

With a cleaned MgO substrate, first a CoFeB filmuisformly deposited by

sputtering without any patterning. The e-beam wgitprocess is performed on the
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CoFeB film for formation of micron/nano-sized pati® and ER patterns are formed
by developing with the developer of MIBK:IPA(1:3)hen, CoFeB is patterned by a
dry etching such as an ion milling process, whaeeER acts as a hard mask during
etching process[51]. Next, ER patterns are remdyedicetone and favorable CoFeB
patterns are identified. In figure 5.2, the fabtima process of CoFeB pattern using

an etching technique is shown.

Figure 5.2 Fabrication process of CoFeB patterngustching technique.

Another way is to create selective patterns bedfi@gosition of CoFeB as follows.
First, two kinds of e-beam resist (ERs) are depdsitespectively, to create an
undercut structure for the e-beam writing proceBecause MgO substrate is
dielectric material, electrons cannot penetrateMg® layer directly without a thin
metal layer like Al. For solving this problem, Almh is additionally deposited with a

10~20 nm thickness on the ER layers and the e-lva@ing process is performed for
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the formation of micron/nano-sized patterns. CokeBleposited by sputtering for
formation of domain structure, and the devices wan@ealed at the constant
temperature of 400 °C for 1hr, after the lift-ofbpess.

Before the developing process, the Al layer is remdowith an Al etchant like
OPD 4262 and ER patterns are developed with MIBK(1IP3). In figure 5.3, the

total lift-off process is shown.

Figure 5.3 Fabrication process of CoFeB patterngukit-off technique.
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5.3 Ferromagnetic resonance (FMR) experiment usingross-tie walls

of CoFeB islands[7][8]

Recently, magnetization dynamics of CoFeB pattdike vortex-antivortex
creation and annihilation, domain wall motion, dadcomagnetic resonance (FMR)
have been extensively gaining much attention becafsthe possibility of the
application to storage and spintronics applicafle?l53][54][55]. However,
broadband electrical detection of magnetic phen@atrihe micro/nanoscale is very
different. Measurement sensitivity is strongly aféel by on the physical process of
detection and in many cases it leads to a smaiflakip-noise ratio (SNR) for
individual micro/nanoscale devices. A possible apph is the use of a ferromagnet
with cross-tie domain walls[56][57][58][59]. Howavemagnetostatic and dynamic
interactions of the ferromagnet device, controldgdsize and thickness of the device,
influence the responsand therefore the response may not express thenyopf an
individual pattern.

In this research, all-electrical measurements tratierize the field dependence
of static magnetization states as well as magrtedrzalynamics within periodical
magnetic patterns are used and differential remstdV/dl, 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-tielsvaith vortex-antivortex pairs
are observed within micron-nanoscale structures, @mntact pads fabricated by
Ti/Au are added for electrical contacts, to invgastte FMR through measurement. In

this experiment, differential resistana®/(dl) measurements give information on the
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static magnetization states as a function of agpliénedV/dl technique utilizes the
anisotropic magneto-resistance (AMR) effect to detshanges in magnetization.
Magnetization dynamics in non-saturated elements eraracterized bydV/dl
measurements combined with a radio frequency (RRK)nd field. For saturated
elements, the rectification effect is also utilizédgure 5.4 shows the fabrication
process of a FMR device from sample cleaning toofeagnet formation to contact
pad formation. Considering several measuremertadst two types of photo-masks
are designed and shown in the following appendidEigure 5.5 and 5.6, microscopic
images after formation of the CoFeB ferromagnet e 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€B ferromagnet and Ti/Au

contact pads.
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Figure 5.5 microscopic images after formation oFF€B ferromagnet and Ti/Au

contact pads.
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Chapter 6. Conclusion

The main objective of this thesis is to investgghow vortex-antivortex pairs are
created and annihilated according to the exterragdplied in-plane magnetic fields in
CoFeB islands on Si substrate.

First, this experiment shows several magnetic alonconfigurations of CoFeB
islands with different sizes, film thicknesses, aspect ratios between length and
width. The domain configuration depends on intansiaterial properties, dimensions
of the pattern, and the method of film growth. Tak® some types of magnetic
domain in a specific ferromagnetic material, theeas ratio, thickness and crystalline
direction are controlled.

To investigate the creation and annihilationvoftex-antivortex pairs, a pattern
with the size of 16 um x 4 um and a thickness afd0where cross-tie domain walls
with magnetic vortex-antivortex pairs are obsenisdzhosen from several patterns
and measured by MFM while applying in-plane magndield. As a result, the
guasistatic process of creation and annihilatioa éhear array of vortex-antivortex
pairs exhibit rich and interesting characteristitat are governed by the macroscopic
minimization of energy.

Future directions in further developing this esment are to investigate the
controlling of the core polarity of vortex-antivext pairs by applying out-of plane
magnetic fields and use a new substrate like MgQ@j[lidstead of a Si substrate. In
addition, ferromagnetic resonance (FMR) measuresnaesing CoFeB ferromagnets

are expected to show how the cross-tie walls widgmetic vortex-antivortex pairs
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change. We will implement this investigation usfigR measurements and this part

is the topic of a Ph.D dissertation.
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Appendices

A.l MFM images of 16um x 4um CoFeB islands over a complete

magnetization cycle.
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A.2 MFM images of 16um x 4um CoFeB islands over a complete

magnetization cycle.
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A.3 MFM images of 9um x 3um CoFeB islands with various applied ntiggne

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

magnetic fields
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A5 MFM images of 9um x 3um 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 : hmi

Bake resist | Bake type : Hot plate, Temperature : 170Time : 15 mins

Spin coating | Resist : PMMA 950K, Speed : 5,000 RPM, Time : hmi

Bake resist | Bake type : Hot plate, Temperature : 170Time : 15 mins

Exposure E-beam current : 15 ~ 18 pA, Does paramenter : Z50nT

Develop Developer : IPA:MIBK(1:3),Time : 1 min, Rinse : IPA
Plasma etching Gas : Q, Power : 100W, Time : 15 secs
Sputtering Sputtering type : DC sputtering,
CoEeB Base pressure : 5.5 mTorr
(CoFeB) 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, Timemirl
Bake resist Bake type : Hot plate, Temperature :"95Time : 1 min
Exposure Power : 12 mW, Time : 3.2 secs
Post bake Bake type : Hot plate, Temperature : 120Time : 1 min
Develop Developer : OPD 4262, Time : 1 min, Rinse : DI wate

Plasma etching

Gas »Power : 100W, Time : 15 secs

Sputtering Sputtering type : DC sputtering, Power : 73 Watt
(CoFeB) Base pressure : 5.5 mTorr, Deposition rate : 6 nmn/
Lift-off Solvent : Acetone, Time : overnight

Spin coating Photo resist : 906-10, Speed : 5,000 RPM, Timanirl

Bake resist Bake type : Hot plate, Temperature : 170Time : 15 mins
Exposure Power : 12 mW, Time : 3.2 secs
Post bake Bake type : Hot plate, Temperature : 120Time : 1 min
Develop Developer : OPD 4262, Time : 1 min, Rinse : DI wate

Plasma etching

Gas »Power : 100W, Time : 15 secs

Evaporation type : E-beam, Base pressure : -2%THr,

Evaporation . . .
(TIiJI Au) Deposition rate : 6 / 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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