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Abstract 

 
 
 
 

Despite of so many diversities of natural phenomena, they are 

classified by a few universality classes because the phenomena have 

something in common. These common is stemmed from that the almost 

natural phenomena occurs on interfaces and the interface properties 

determine the natural phenomenon. Among the interface properties, the 

shape of the interface is the static property and depends on the 

symmetry and dimension of the system. Another property of interface is 

dynamic property that is a speed. The speed depends on driving force 

and the speed exhibits characteristic force-speed relation determines the 

universality class of the interface. Thus so many researches 

concentrated on the intensity of the driving force from old times.  

Here, we researched a new possibility which determines the 

universality class of the interface. That is kinds of driving force. In 

nature, there are many driving forces and the forces exert a force to 

same interface, respectively. So, the study concentrated on the type of 

the driving forces should be done. For this study, it is very useful to 
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observe the same interface which has two kinds of driving forces which 

are clearly distinguishable respectively. 

A magnetic domain wall (DW) has two distinct driving forces 

such as the magnetic field and the electric current. So, the DW owns 

suitability for studying the interface motions driven by different forces. 

The DW motion driven by the magnetic field has been well known in 

the last century. According to the researches, the field driven DW 

motion belongs to the universality class of the creep scaling. Recently, 

the current is known as another driving force of the DW. Despite of the 

short time to study the current driven DW motions, novel applications 

based on a wire geometry such as race track memory devices were 

suggested and then explosive studies are has being done. Among the 

properties of the current driven DW motion, the DW speed induced by 

the current determine the device operating speed thus, many researcher 

studied the speed of the DW. Recently, it was known that the current 

driven DW motion also belongs to the creep scaling just as the field 

driven DW motion.  

If this result is true, the shape of the DW induced by the field 

and the current should be the same. However, there are no researches 

on the DW shape of the current driven case due to Joule heating 

problem. To solve this problem, we fabricate ultra clean perpendicular 

magnetic anisotropy (PMA) films. This films show clear circular 
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domains expansion by the field, implying that there are a few disorders 

and the film appropriate for studying the current driven DW motions.  

Using these fabricated films, we investigate the uniaxial 

anisotropy constant of the PMA films with respect to the repetitions of 

multilayer structure. When the anisotropy constant is higher, the DW 

exhibits more clear morphology. We develop extraordinary Hall effect 

(EHE) probe and rotation stage for measuring the anisotropy constants 

then find out that the anisotropy constant has the maximum value at the 

one repetition of the PMA structure. 

Next, we investigate the field driven DW dynamics. By using 

magneto-optical Kerr effect (MOKE) microscope, we measure the 

expansion and shrinking speed of the radius of the clear circular 

domains. We find out that there exists a long-range tension effect which 

is induced by the DW energy density.  

We also investigate the electric current driven DW motions 

with circular and linear DWs. Quite interestingly, the DW speed 

depends on the DW tilting angle with respect to the current directions. 

From the angle dependence of the DW speeds, fully two dimensional 

DW driving equation with field and current was established. 

Finally, we measure the DW motion in long-time range. 

Surprisingly, the current driven DW forms facet-like geometry and the 

speed of the DW drastically reduce after facet formation. But, the field 
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driven DW shows a smooth shape with a constant speed. This 

discordance comes from the sign of the nonlinear coefficient of the 

motions. 

All of our findings enhance the fundamental understanding of 

the universality class with different driving force and also, provide 

technological as well as theoretical foundation to the novel devices 

based on DW motions. 

 

 

Keywords: driving force, magnetic domain, domain wall, facet, 

creep, spin transfer torque, perpendicular magnetic anisotropy 
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Chapter 1 

 

 

Introduction 

 

Magnetic domains in the magnetic material are certain areas 

which have uniform magnetization direction [1,2]. At the position of 

the dividing line of neighboring domains, the magnetization direction 

alters from one direction to the other direction and the dividing line is 

called as a magnetic domain wall (DW). It has been well known that 

the magnetic field moves the domain walls. And there are many 

researches on the field driven domain wall dynamics on the film 

geometry [3-5] as well as wire geometry [6-8].  

Recently, it was discovered that the DW has another driving 

force. The second driving force is the electric current. The current drive 

DWs and this phenomenon is called “spin transfer torque (STT) effect” 

[9-12]. STT has two parts such as adiabatic STT and non-adiabatic STT. 

The adiabatic part has the origin on the process that the direction of the 

spin of the conduction electron and the direction of the local 

magnetization always parallel similar to adiabatic process. But the non-

adiabatic part comes from the process that the spin direction of 
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conduction electron strays from the local magnetization directions. 

Then LLG equation with STT term show as below. 
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(1.1) 

Despite of the lateness of STT discovering, there has be done 

so many works on STT due to STT provide a new door to next-

generation memory and logic devices based on a wire geometry [13-16]. 

So, STT studies were concentrated on the wire geometry and the DW in 

the wire geometry deals with single parameter to represent the DW 

position in the wire. However, DW is an interface rather than a point 

particle. So, interfacial study of DW should be done for all of the DW 

applications. 

To study the interfacial motion of the DW, we select 

perpendicular magnetic anisotropy (PMA) films as samples (Fig. 1.1). 

PMA films are optimized to study the interface motion of the DWs 

because there exist only two types of domains (up and down) and the 

DW clearly formed at the boundary of different domains. 

In Chapter 2, we develop two technics—electrical and optical 

methods for measuring properties of PMA films. The electrical method 

is based on the extraordinary Hall effect (EHE) and the optical method 
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is based on the magneto-optical Kerr effect (MOKE). In Chapter 3, we 

optimize the repetition of PMA layers by using the EHE probe to 

maximize the anisotropy for clear DW motions. The optimized film 

shows clear circular domain expansion induced by the magnetic field. 

To investigate interfacial motions of the DW, MOKE microscope with a 

charge-coupled device (CCD) camera measures the magnetization 

states of the PMA film. In Chapter 4, we measure the DW energy 

density from circular domain motions which is the basic parameter of 

the DW. Chapter 5 shows the speed dependence of current driven DW 

motion on the DW angle and also shows both field and current belong 

to same universality class. In Chapter 6, the DW morphology with 

different driving forces such as the field and the current are quite 

 
 

Figure 1.1 Perpendicular magnetic anisotropy film. There are two types 

of domains and domain wall are formed at the boundary of different 

domains. 
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different, especially current driven DW transforms facet-like geometry 

and we discuss the universality classes of the DW motions. 
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Chapter 2 

 

 

Development of experimental technics  

 

 This chapter describes development of two measurement 

technics. The first technic is optical method that can visualize 

magnetization states of the PMA films. To investigate interfacial 

motion of the DW, it is necessary to observe large area in same time. So 

we developed a magneto-optical Kerr effect (MOKE) microscope with 

a charge-coupled device (CCD) camera and described in Section 2.1. 

Image processing method and thermomagnetic writing method are also 

explained. The second method is electric method using typical voltage 

measurement with current flow through the sample. In Section 2.2, we 

briefly explain the electrical measurement setup. 
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2.1 Optical measurement technic 

 

 

2.1.1 Development of MOKE microscope 

 

 

Figure 2.1 shows a schematic diagram of the MOKE 

microscope with a CCD camera. The microscope (Carl Zeiss, Axiotech 

vario) has mercury vapor short-arc lamp as a light source. The lamp 

exhibits light intensity with ~100 W and has the maximum power peak 

at the wave length 365 nm and in 436 nm at visible light range. Several 

Objective lenses (Carl Zeiss, Epiplan-Neofluar) with several 

magnification ranges from 100× to 2.5× provide various observation 

ranges of space. The light passes through the polarizer then the light 

has liner polarization. The polarization of reflected light form magnetic 

material is rotated due to the MOKE and the rotation depends on the 

surface magnetization. The transmittance through an analyzer is varied 

by magnetization state of the sample. Especially, the PMA film has two 

(up and down) domains and shows signal difference according to the 

magnetization states. The images are directly captured by the charge-

coupled device (CCD) camera placed at the focal plane of the 

microscope. We used a CCD camera (Samsung, SHC-745) which is 
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very sensitive to the light difference thus optimized to measure the 

MOKE signal. Obtained image with typical video rate (~image/ 33ms) 

directly transfers to a computer and passes through the image 

processing such as subtracting background signal and averaging images. 

To apply the magnetic field, we made an electromagnet with a bipolar 

power supply (Kepco, BOP 50-4). The maximum field generated by the 

magnet is ~600 Oe (without iron core) and ~2300 Oe (with iron core). 

 

 

Figure 2.1 Shematic diagram of MOKE microscope setup. 
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Figure 2.2 Typical hysteresis loop of PMA film measured by the MOKE 

microscope. 
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2.1.2 Method of image processing 

 

- Background signal subtraction 

  

PMA film has two stable magnetization states such as up and 

down. We obtain two magnetization images after saturation, 

respectively. And then we normalized the magnetization image using 

two saturation images. Figure 2.3 show typical image normalization of 

the circular domain. After normalization, we can cutoff the value to 

produce a black and white image.   

 

 

 

Figure 2.3 Typical image processes using circular domain. Original 

image (left), background subtracted image (middle) and black and 

white image (right). 

 

 

- Finding DW position 
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It is important to find out the DW position exactly for the DW 

shape observation. We employ two methods to find the DW position. 

The first method started from black and white image. Each pixel data 

was compared with nearest neighboring pixel data. If at least one data 

is different we assume that there exists DWs. This method simple and 

past but obtained wall position has relatively large error range (~2 pixel 

of the image). Figure 2.4 shows the radius finding of the circular 

domain wall. Obtained radius with respect to the angle shows typical 

digitizing error. The second method is wall position finding by fitting. 

We extract the pixel data along fixed axis and the data are fitted by a 

tangent hyperbolic function. The function has transition value near the 

DW position. This method is more accurate but spends more time for 

fitting. 

 

Figure 2.4 Radius of the circular domain of fig .2.3 with respect to the 

angle. The upper data shows typical digitizing error. Lower data is 

obtained by fitting.  
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2.1.3 Thermomagnetic writing 

 

We develop a powerful technic for studying the DW motion in 

the PMA film. Arbitrary shaped domains formed by a writing method. 

This method based on thermally assisted magnetization reversal 

process. A focused laser beam heats the PMA film in the focused 

region. Heated area of the film increases temperature. If the 

temperature increase is sufficiently large, the magnetization can easily 

reverse at the low biased magnetic field. So there are formed a small 

region with reversed magnetization. Using writing method and 

motorized X-Y stage, we can write arbitrary domains. Figure 2.5 shows 

a schematic diagram of a writing setup and a writing result. 

 

 

Figure 2.5 Thermomagnetic writing setup and image writing. 
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2.2 Electrical measurement technic 

 

 

Electric measurements are widely used to detecting 

magnetization states of the sample because there are several electro-

magnetic interaction such as anisotropic magneto resistance [17-20], 

extraordinary Hall effect [21], and giant magneto resistance [22,23]. So, 

we also develop electric measurement equipment which mainly 

composed by a single axis electromagnet, electric measurement parts 

and rotation stages. The homemade electromagnet with iron core 

generate magnetic field up to 2300 Oe with a bipolar power supply 

(Kepco, BOP 50-4). The electric part is composed with a current source 

(Keithley, 6221) and a voltmeter (Keithley, 2182A). Figure 2.5 show a 

schematic diagram of setup and a rotation stage. The rotation stage has 

 
 

Figure 2.6 Schematic diagram of electric setup and sample stage. 
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two independent rotation axes. One axis connected to a motorized 

rotation stage and the other axis can be rotated in manually. By using 

two rotation axes, the magnetic field with arbitrary direction can be 

applied to the sample. 

  

 
 

Figure 2.7 Typical hysteresis loop of the PMA film measured by the 

electric setup. 
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Chapter 3 

 

 

Anisotropy constant of PMA film 

 

 Thin ferromagnetic films which have perpendicular magnetic 

anisotropy provide perspective challenges in high density data storage 

applications such as the hard disk [24,25], the spin-transfer-torque 

random access memory [26], the racetrack memory [13,27], etc. The 

static and dynamic properties are essentially influenced by the strength 

of the anisotropy in these materials and thus, precise measurement of 

the anisotropy is of importance to design and optimize the device 

performance. However, since most of the films with the perpendicular 

magnetic anisotropy are realized in ultrathin layered structures typically 

with a-few-angstrom thickness [28-30], it is hard to detect the weak 

signal from the small volume, by use of the conventional bulk 

techniques such as the torque magnetometry and the ferromagnetic 

resonance. In addition, the films with the perpendicular magnetic 

anisotropy generally exhibit complex magnetization reversal behaviors 

in competition between the wall motion and the nucleation, other than 

the coherent rotation [31-33]. It is thus hard to extract the sole 
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information of the anisotropy from the complex magnetization process. 

     In this chapter we propose a simple experimental technique to 

measure the perpendicular magnetic anisotropy field. The technique is 

based on the extraordinary Hall effect measurement, which preserves 

strong signal even in ultrathin films thus the effect is used as a useful 

tool for measuring the magnetization state [34]. The extraordinary Hall 

voltage is monitored with rotating an external magnetic field in a small 

angle around the easy axis and then, analyzed based on the Stoner-

Wohlfarth theory with small angle deviation to extract the value of the 

anisotropy field. We confirm the perfect consistency between the 

experimental data and the theoretical prediction, which evidences the 

validity of the technique and consequently, provides the precise 

experimental value of the anisotropy field. 

Section 3.1 represents theoretical description of Stoner-

Wohlfarth theory and the anisotropy constant. Section 3.2 shows 

measurement of magnetization angle by EHE measurement system. 

Section 3.3 devotes to exhibit the results of the anisotropy constant 

variation of repetitions of PMA layers.  
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3.1 Stoner-Wohlfarth single domain theory and 

anisotropy constant 

 

The extraordinary Hall voltage is monitored with rotating an 

external magnetic field in a small angle around the easy axis and then, 

analyzed based on the Stoner-Wohlfarth theory with small angle 

deviation to extract the value of the anisotropy field. We confirm the 

perfect consistency between the experimental data and the theoretical 

prediction, which evidences the validity of the technique and 

consequently, provides the precise experimental value of the 

anisotropy field. 

     For a magnetic system with uniaxial magnetic anisotropy, the 

magnetic energy E  of the system is given by 

( )fqq ---= coscos SU HMKE 2 , as first proposed by Stoner and 

Wohlfarth [35]. Here, UK  is the uniaxial anisotropy, SM  is the 

saturation magnetization, and H  is the external field. The angles q  

andf  are the angles of the magnetization and the external field from 

the easy axis, respectively. Note that the easy axis is normal to the film 

for the case of the perpendicular magnetic anisotropy. Normalized by 

UK , the equation is rewritten as ( )fqaqe ---== coscos/ U 22KE  

with a single characteristic parameter US KHM 2/=a . The 
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equilibrium angle of the magnetization is then determined by 

0=¶¶ qe /  i.e. ( ) 022 =-+ fqaq sinsin . The equation provides multi-

case solutions of ( )faq ,  depending on the initial condition, as given 

by Ref. [36] or readily solved by use of Mathematica. For heuristic 

purpose, we solely focus here on the case of 0~f  and 0~q , from 

which the other case of pf ~  and pq ~  can be easily derived by 

the symmetry argument. For small f  and q , the solution can be 

written by the Fourier series expansion as 

×××++++= 6
6

4
4

2
21 fffq AAAcos , where the Fourier coefficients are 

given by 
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Figure 3.1 shows the Fourier coefficients with respect to a . 

As clearly seen from the figure, the higher order coefficients are 

negligibly smaller than 2A . It is thus quite reasonable to put the 

asymptotic solution as 
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+@cos ,  (3.2) 

 

for fairly wide range of f . In the experiments we restrict 6/pf £  to 

avoid the switching of the magnetization. We confirm that 

inclusion/exclusion of the fourth order term 4A  does not make any 

noticeable change in comparison with the experimental accuracy. 

  

 

Figure 3.1 The Fourier coefficients  with respect to . 
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3.2 Measurement of magnetization tilting angle  

 

The magnetization angle q  is experimentally measured by 

means of the Hall effect. In the measurement setup, four wires are 

bonded at each corner of square-cut samples. One pair of diagonal 

corners is connected to the current source and the other pair is used for 

the voltage probe suggested as van der Pauw method [37]. However, in 

our experiment, it is not important to measure the exact value of the 

Hall voltage, so the electric connections make no significant problems. 

Figure 3.2 shows the wire connections of the samples. When a 

constant current 10 mA flows, transverse electric voltage is induced by 

 
Figure 3.2 The measurement geometry of the sample. 
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the Hall effect. The Hall voltage HV  is expressed as 

,zszoH IMRIHRV +=  fcosz HH = , and qcossz MM = . oR  is the 

ordinary Hall coefficient, sR  is the extraordinary Hall coefficient, and 

I is the current flow in the sample [38]. The voltage probes thus detect 

the out-of-plane components of the magnetization and the external 

field, which are proportional to qcos  and fcos , respectively.  

To measure f -dependence of the magnetization angle q , a 

constant external magnetic field is applied normal to the film and then, 

the film is rotated by f  with the rotation axis, parallel to the current 

flow. In this method, the ordinary Hall voltage can be easily subtracted. 

During one rotation of f  from -180° to 180°, the ordinary Hall effect 

generates the signal proportional to fcosH . The amplitude of the 

ordinary Hall voltage linearly depends on the external field. Hence, we 

can exactly subtract the ordinary Hall voltage by measuring with 

different applied fields. However, in realistic cases, the ordinary Hall 

effect is negligible because it is much smaller than the extraordinary 

Hall effect due to so RR <<  and sMH < . Finally, one readily 

calibrates qcos  after normalization with the relation, 

}/)/{}/)({cos HminHmaxHminHmaxH 22 VVVVV -+-=q . HmaxV and  HminV  

are the maximum and minimum values of HV in the one round rotation 

measurement. 
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3.3 Anisotropy constant with respect to repetition of 

PMA layer 

 

The present measurement technique is applied to CoFe/Pt 

multilayer films. 50-Å Ta/25-Å Pt/(5-Å Co90Fe10/10-Å Pt)n films are 

deposited on Si substrate with natural SiO2 layer using dc-magnetron 

sputtering with changing the number of repeats n from 1 to 5 [39]. 

From the magneto-optical Kerr effect measurement, all the films are 

revealed to exhibit squared out-of-plane hysteresis loops, evidencing 

 
Figure 3.3 The extraordinary Hall voltage  and normalized  

with respect to the sweeping angle  for the film with n=2. The 

black line is the best fit with Eq. (3.2) by c-square fitting. The 

magnetic field strength  is 200 mT. 
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the strong perpendicular magnetic anisotropy. The coercive field is 

monotonically increased with increasing n as listed in Table 3.1. The 

saturation magnetization SM  per Co volume is 2.0±0.2 T for all the 

films, measured by the alternating gradient magnetometer. 

     Figure 3.3 plots the extraordinary Hall voltage HV  with 

respect to the sweeping angle f  for the film with n=2. HV  is jump 

up and down at the angles -90° and 90° due to the magnetization 

reversal shown in the inset. The normalized value of qcos  is shown 

 
Figure 3.4 The Fourier coefficient  with respect to the external 

field  for the films with different n—(a) 2, (b) 3, (c) 4, and (d) 5, 

respectively. The black lines are the best fits with Eq. (3.1). 
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in the right side of the plots. The rotation sense does not induce any 

noticeable changes near the angles 0° and 180°, which confirms that 

the magnetization process in this angle range is fairly reversible and 

therefore, compatible with the Stoner-Wohlfarth model. qcos  is well 

fit to the parabolic function given by Eq. (3.2). From the best fit shown 

by the black line in figure 3, one can obtain the Fourier coefficient 2A . 

The coefficient is then converted to the anisotropy field KH  by 

 
2
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or to the uniaxial anisotropy UK  if the value of SM  is provided. The 

Fourier coefficient 2A  is measured with respect to the external field 

H . Figure 3.4 shows ( )HA2  for the films with different n—(a) 2, (b) 

3, (c) , and (d) 5, respectively. The solid line is the best fit by 

( ) ( )22
2 2 HHHHA K += /  as given by Eq. (3.1). The absolute 

conformity verifies the validity of the present measurement technique, 

as well as provides fairly reliable values of KH . The experimental 

values of KH  and UK  are summarized in Table 3.1. The 

perpendicular magnetic anisotropy is found to be monotonically 

decreased with increasing n. It is possibly ascribed to the accumulation 

of the CoFe/Pt interfacial irregularities such as atomic misfits, defects, 
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dislocations, and crystalline misorientations with increasing the 

number of layers. 

 

 

n  
(T) 

 
(106 J/m3) 

 
(mT) 

1 1.39±0.16 1.11±0.25 11.3 

2 1.37±0.03 1.09±0.13 27.2 

3 1.28±0.05 1.02±0.15 29.5 

4 1.20±0.02 0.96±0.12 36.0 

5 1.13±0.01 0.90±0.10 36.3 

 
TABLE 3.1. The anisotropy field , perpendicular magnetic 

anisotropy , and the coercive field  of the CoFe/Pt 

multilayers with different number of repeat n. 
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Chapter 4 

 

 

DW energy density of PMA film  

 

 This chapter is devoted to reviews the field driven DW 

dynamics, especially circular domain. The circular domain wall 

expansion and shrinking speed observation revels a long-range tension 

effect. From the tension effect, we can measure DW energy which is 

basic parameter of the DW.  

 Section 4.1 shows experimental result of circular domain 

motion driven by the magnetic field. It is clearly seen that a shrinking 

force exists on the circular domain wall motion. And the effective 

magnetic field obtained from the shrinking force exhibits inverse 

proportional to the domain radius. Section 4.2 explains what the origin 

of the effective field is. The DW tension and dipolar field are the 

answer. And the DW energy density is rigorously determined from 

effective field and that is discussed in Section 4.3.  
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4.1  Circular DW motion driven by magnetic field 

 

4.1.1 Introduction 

 

Magnetic domain walls (DWs) in ultrathin films have recently 

attracted great technological attention due to the possible applications 

such as DW logic [14] and racetrack memory [13]. Up to now, the 

dynamic nature of DWs has been successfully analyzed by a rigid DW 

model [40,41] for magnetic-field- and/or current-induced DW motions 

related to intrinsic pinning [12,42] resonance frequency [40,43] and 

DW mass [40,44]. The DWs, however, inherently exhibit an elastic 

nature that minimizes the DW length because of a finite DW energy 

density sw. Such elastic nature is an important ingredient in the 

determination of the universality classes of the DW creep [4.8]. and 

Barkhausen [45,46] criticalities as well as the DW depinning field from 

geometric constraints [47,48] In the general sense, the elastic tension is 

known to exhibit a sizeable effect only for short-range distances. 

However, we report here a long-range elastic tension effect that subsists 

more than 20 μm from nucleation center. By observing circular 

domains expanding (or shrinking) under a constant magnetic field, a 

tension-induced magnetic field is measured that is inversely 

proportional to the radius of the circular domains. From the inverse 
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proportionality over a few tens of micrometers, sw is quantitatively 

estimated. 

 

4.1.2 Experiment and result 

For this study, Ta (50 Å) / Pt (25 Å) / Co (3 Å) / Pt (15 Å) 

films are deposited on a Si substrate with a natural SiO2 layer by dc-

magnetron sputtering. The magnetization state as well as the magnetic 

domain images of these films is observed by a magneto-optical Kerr 

effect (MOKE) microscope equipped with an electromagnet. Figure 

4.1(a) shows the polar MOKE hysteresis loop, which exhibits that the 

films have perpendicular magnetic anisotropy (PMA) with a small 

coercive field (30.0±0.5 Oe). These films exhibit magnetization 

reversal dominated by circular domain expansion. The domain 

dynamics is observed by the following procedure. A sufficiently large 

field (>300 Oe) normal to the film plane initially saturates the 

magnetization of the film and then, a reversed field is applied with a 

short rising time (<1 ms). When the applied field is larger than the 

coercive field, a reversed domain—formed at a natural nucleation 

site—expands circularly. After expanding up to a sufficiently large 

radius (but before coalescence to the adjacent domains), the applied 

field is reversed again to induce the domain shrinking motion. The 

polarity of the applied field is defined as positive when the applied field 
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is parallel to the magnetization of the circular domain. The expanding 

and shrinking domain images are observed in real time by the MOKE 

microscope. The images are directly captured with video rate by a 

charge-coupled device (CCD) camera placed at the focal plane of the 

microscope. The images are then processed by background subtraction 

(with the use of two positively/negatively saturated images) and noise 

reduction (with the use of a median filter). The observed domain is 

finally fitted by a concentric circle centered at the nucleation site, 

which enables us to measure the radius of the circular domain. Figure 

4.1(b) shows a typical image of a circular domain. The dotted line (red) 

shows the circle with a radius r, centered at the nucleation site. Figures 

4.1(c) and 4.1(d) show the domain radius r with respect to the elapsed 

time t after application of a magnetic field (±23.5 Oe) at t=0. In Fig. 

4.1(c), after the nucleation of a domain at about 0.2 s, the domain 

expands in time. It is interesting to see from the figure that the domain 

expansion speed varies in time from zero to a typical value as guided 

by the dotted lines. Such speed variation in time is also observed in Fig. 

4.1(d) for domain shrinking motion. These speed variations are 

universally observed at all the nucleation sites in the films, irrespective 

of the nucleation time that is determined stochastically by thermal 

activation for each nucleation site. Considering the time scale of these 

speed variations (about a few hundred milliseconds), they are irrelevant 
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to the domain-wall acceleration [49] under a constant magnetic field, 

which occurs within about a few nanoseconds. The field rising time (<1 

ms) is also irrelevant since it is significantly faster than these speed 

variations. 

We find that the speed variations depend on the domain radius 

 
 

Figure 4.1 (a) Hysteresis loop measured by MOKE microscope with 

magnetic field normal to the film plane. The sweep rate is 1 Oe/s. (b) 

A typical domain image. The red circle shows the fitted circle with 

radius r, centered at the nucleation site. The circular domain radius r 

with respect to the elapsed time t for (c) expanding and (d) shrinking 

domain motions. The applied field is kept constant at +23.5 Oe for (c) 

and –23.5 Oe for (d). The dotted lines guide the constant speed at a 

large r. 
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rather than the elapsed time. Figure 4.2 shows the speed v—either 

expanding (red) or shrinking (blue)—with respect to the domain radius 

r. The speed v is measured from the subsequent two images with 

different radius r1 and r2 taken at t1 and t2, respectively, where |t2-t1| is 

33 ms. The speed v is then determined by (r2-r1)/(t2-t1) and r is given 

by (r2+r1)/2. In the plot, different symbols indicate the results from 

several repeated measurements. It is clear from the figure that all the 

speeds with different symbols are collapsed onto a single curve as a 

function of r, for each expanding and shrinking motion. Note that, 

when the radius plotted with respect to time, as shown in Figs. 4.1(c) 

and 4.1(d), the repeatedly-measured r(t) do not overlap onto each other, 

since the nucleation time varies stochastically for each measurement.  
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To explain the dependence of v on r, we first check v vs. Hext 

relation for a large r regime. Figure 4.2 shows that with increasing r, 

the r dependence vanishes and v is saturated to a value vs for both the 

expanding and shrinking motions. The inset of Fig. 4.2 summarizes the 

vs vs. Hext relation measured for r>50 mm. It is clear from the figure 

that the relation exhibits the well-known creep scaling [4] ln vs=ln v0 + 

α{Hext}–1/4, where α is a field-independent constant related to the 

energy barrier and the thermal energy and v0 is the characteristic speed. 

Figure 4.2 Speed v with respect to the domain radius r, for expanding 

(blue) and shrinking (red) motions. The different symbols indicate the 

results for each repeated measurement. Inset: Creep plot between ln 

vs and {Hext}–1/4. The line shows the best linear fit. 
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From the best linear fitting, the values v0 and α are determined to be 

397 m/s and –33.7 Oe1/4, respectively. On the other hand, for a small 

radius regime (r<30 mm), a clear r dependence is observed. Such r 

dependence possibly comes from the change in the disorder pinning 

potential [6] and/or the effective field [50]. The former is expected to 

be negligible because the disorder correlation length (~10 nm) as well 

as the Larkin length is significant shorter than the domain radius (>1 

mm) in our experiments. Note that the curvature of the domain walls 

produces an arc length 0.001% longer than the straight line of ~10 nm 

length. We thus exclude the effect of the disorder pinning potential 

change and focus on the latter. To do this, we introduce a concept of 

the local effective magnetic field Heff and we consider that the speed 

v(r) is governed by the total magnetic field Htot (=Hext+Heff). Then, the 

total magnetic field Htot has the relation ln[v(r)]=ln v0 +α{Htot}–1/4, 

replacing Hext in the typical creep equation. By use of v(r) in Fig. 2, 

Htot can be estimated by Htot(r)=({ln[v(r)] - ln v0}/a)–4 with respect to r 

and finally, Heff is determined by Heff(r)=Htot(r)–Hext.  

Figure 4.3 exhibits Heff with respect to 1/r for various 

strengths of Hext. It is very interesting to see that (almost) linear 

relations exist between Heff and 1/r, irrespective of Hext. The shapes for 

the expanding and shrinking motions are identical except the sign 

(negative for expanding motion and positive for shrinking motion). 
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Note that Heff induces a force to shrink the circular domain, since 

Heff>0 for the shrinking motion and Heff<0 for the expansion motion. 

  

Figure 4.3 Local effective magnetic field Heff with respect to the 

inverse of the radius r for various external magnetic fields Hext. The 

gray lines show the best fit with effective field Heff (=Hw+Hd). 
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4.2  Effective field induced by DW tension and dipolar 

field 

  

The 1/r dependence in Heff can be explained by the DW 

tension and the magnetostatic dipolar interaction. The DW tension is 

caused by the DW energy Ew due to the finite DW energy density ed 

per unit length. The effective magnetic field Hw induced by the DW 

tension is then defined as Hw=–dEw/dM, where M is the total 

magnetization of the film. Here, dEw and dM denote small changes of 

Ew and M, respectively. When a circular domain of the radius r 

expands concentrically by dr, dEw is given by the change in the DW 

length as ed(2pdr) and dM is given by the change in the domain area as 

±(2MStf)(2prdr). Here, MS is the saturation of the magnetization and tf 

is the film thickness. The sign indicates the polarity of the 

magnetization in the circular domain. The effective magnetic field Hw 

is then given by 

 

rtM
H

fS

d
w 2

e
m= ,   (4.1) 

 

which clearly shows a 1/r dependence on Hw. It is also worthwhile to 

note that the sign of Hw is always opposite to the magnetization of the 
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circular domains, acting as a tension to shrink the circular domain, in 

accordance with our experimental observations. 

The magnetostatic dipole interaction also results in a quasi-1/r 

dependence of the effective field Heff. Considering a circular domain of 

a radius r with a finite DW width λ and assuming that the 

magnetization inside the DW lies in the plane (i.e., no perpendicular 

component inside the DW), the out-of-plane component of the dipolar 

field Hd can be derived as Hd(r)=±(MStf/r)F(λ/r,tf/r) at the center of the 

DW, where the dimensionless factor F is analytically given by 

F(a,b)=[a2+b2]–1/2–G+(a/4,b/4)–G–(a/4,b/4), where 
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Since the domain radius r in this experiment is much larger 

than the film thickness tf and the DW width λ, eq. (2) can be simplified 

by the Taylor expansion [51] with respect to tf and λ, finally resulting 

in 
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which clearly exhibits quasi-1/r dependence. The value of the terms 

inside the parentheses of eq. (4.3) is less sensitive to r (in comparison 
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with 1/r outside the parentheses) and remains close to unity in our 

experimental situation. The sign indicates the magnetization polarity of 

the circular domain and thus, the dipolar field prefers to expand the 

circular domain, oppose to Hw. 
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4.3  Domain wall energy density 

  

The local effective field Heff in Fig. 4.3 is then analyzed by 

use of the relation Heff=Hw+Hd. To do this, we assume the Bloch wall 

configuration in our films, since the Bloch wall has certainly lower 

energy than the Neél wall due to the narrow DW formation in our films. 

Replacing λ by pεd/(4tfK) based on the Bloch wall configuration, and 

by use of the experimental values MS=1.6±0.2 T determined by an 

alternating gradient magnetometry (AGM), the anisotropy constant 

K=(8.3±0.2)×105 J/m3 determined by an angle-dependent extraordinary 

Hall effect measurement [21], and tf=0.3 nm, the data Heff in Fig. 3 are 

fitted by the formula Heff with a single fitting parameter εd as shown by 

the gray lines, resulting in the best fit value εd=(1.3±0.2)´10-12 J/m. In 

our Pt/Co/Pt films, the DW tension field Hw is found to be about 4 

times larger than the dipolar field Hd. However, it is interesting to note 

that due to the different tf-dependence of eqs. (4.1) and (4.3), Hd can be 

dominated in thicker films as well as there exists a critical thickness in 

which Hw and Hd are almost compensated, i.e., no local effective field. 

The DW energy density per unit area sw (=εd/tf) is finally 

determined to be 4.5±0.7 mJ/m2, which is typical in Co and Pt based 

PMA films [52-59]. It is worthwhile to compare our experimental 

value sw with the Bloch wall energy formula sw=4(AK)1/2 where A is 
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the exchange stiffness. By use of the experimentally determined values 

sw and K, the exchange stiffness A is estimated to be (1.5±0.5)×10–12 

J/m, which is about one order smaller than the bulk value. Such 

reduction might be possibly caused by the formation of the fine 

polycrystalline grain boundaries in ultrathin magnetic films. It is 

worthwhile to note that for the case when all the grain boundaries have 

the similar properties, the pinning strength should be isotropic in large 

scale even though the DW exhibit roughness according to the grain 

boundaries in small scale. It is thus possible to form large regular 

circular domains even with large amount of polycrystalline grain 

boundaries. 

In summary, we report an experimental observation of a long-

range domain wall tension effect which subsists over 20 mm. The 

tension-induced field as well as the magnetostatic dipolar field is found 

to be inversely proportional to the radius of the circular domain, which 

enables us to directly determine the DW energy density. 
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Chapter 5 

 

 

Generalized DW dynamics in PMA 

films 

 

This chapter shows the first observation of angle dependences 

of the DW speed driven by electric current. From the angle dependence, 

we find out the generalized creep equation in fully two-dimensional 

system. 

Section 5.1 shows brief experiment which exhibit the speed of 

the DW depends on the DW angle from the observation of the circular 

domain shapes transformation induced by the electric current. In 

Section 5.2, experiment with linear DWs is shown. Section 5.3 reveals 

that generalized creep equation in full two-dimension. In Section 5.4, 

we discuss the origin of angle dependence. 
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5.1 Shape transformation of DW driven by electric 

current 

 

Typical magnetic domain wall (DW) motions driven by the 

magnetic field are observed in Chapter 4. Now, we observe the 

current driven DW motions on the same PMA film. A domain with a 

small area ~15 × 15 μm2 is formed by the thermomagnetic writing 

method at the film with saturated magnetization state (Fig. 5.1(a)). A 

constant magnetic field pulse with 35 mT in intensity, 500 ms in 

duration is applied to the film. After the field pulse, clear circular 

domain is formed (Fig. 5.1(b)). Another same field pulse is applied to 

the film then larger circular domain expands (Fig. 5.1(c)). Red dashed 

circles represent the domain wall positions of figure 5.1(a), (b). The 

center of the circles and the radius variations are identical. So, it is 

reasonable to assume that the domain wall propagate to the radial 

direction with the same speed. When the circular domain expansions 

are observed at the wall position, wall propagates to the normal 

direction of the wall itself. These propagation properties are basically 

due to symmetry of the film. Film is isotropic to any in-plane direction.  

We inject the electric currents in the film and observe the 

magnetization state change. For current injection, gold electrodes 

deposited at the end of the film. The current pulse density in the film is 
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3.4 × 1010 A/m2 and duration is 2 ms. Current flows to h direction. 

The current density is sufficiently small so that Joule heating problem 

is not significant [59-61]. According to the STT equation [9-12], 

circular domain wall shift to the direction of current flow with same 

distance at any positions of domain wall thus circular domain preserve 

its shape. However, amazingly, the circular DW transforms to a bullet 

shape. Figure 5.1(d), (e) show consecutive magnetization states of the 

film after injection of 100 times pulses to circular domain state (fig. 

5.1(c)). Top position of domain, marked as A in Fig. 5.1, moves the 

longest distance along h direction and also bottom position C move 

same distance with A. However, edge positions B shows no DW 

motions. This drastic difference of moving distance at each DW 

position is the cause of the shape transformation. 

 

 

Figure 5.1 Domain wall motion driven by field (a)-(c) and driven by 

current (c)-(e).  
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5.2 Angle dependence of current driven DW motion 

 

The current passes through the DW walls normally at the 

position A and C in Fig. 5.1 but parallel at position C. So we expect that 

the reason of distance difference is the DW tilting angle to the current 

direction. To verify this assumption, we write a linear DW with 

constant tilting angle. And we inject constant field or current pulse. 

From before and after images, we obtain the DW position and draw it 

in same image. Then moving distances of the DW by the pulse are 

directly shown. Figure 5.2 shows typical motions of linear domain 

walls with several constant tilting angles θ driven by constant field (35 

mT, 300 ms) and current (7×1010 A/m2, 0.12 ms) respectively. θ is the 

angle between h axis and the normal direction of the DW slope. The 

Field driven DW moves normally to the DW thus the motions are 

independent on the tilting angle. However, for the current cases, DW 

motion has apparent angle dependences. Current flows to h direction. 

As increase θ from 0° to 90°, the displacements of the DW 

monotonically reduces. From these results, we find out that the DW 

angle is an important parameter of the current driven DW motions. 
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Figure 5.2 Field and current driven DW motions with constant tilting 

angles. Image size is 50μm x 50μm. Before and after DW positions are 

shown as black and red line, respectively. DW moving distance 

denoted by s’ measured along perpendicular direction of the DW. s’ is 

independent on the tilting angle in field cases. But current cases clearly 

show speed dependence on angle.  
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5.3 Generalization of creep scaling in two dimension 

 

DW speed driven by magnetic field shows well known creep 

scaling behavior. For small field H, the effective energy barrier scales 

as power law H-μ with creep exponent  . Then the speed flows  =  (−/)  due to Arrhenius law of thermal 

activation.  is a characteristic speed,  is a scaling constant, and  is the thermal energy (see Appendix). Recently, Ryu et al. reveal 

that the electric current corresponds with the magnetic field in the DW 

motion [62,63]. Current density J and magnetic field H compose the 

Effective field H* shown as,  

 ∗(, ) =  −  −  −  +  () + () (5. 1) 

 

Here,  and  are constants. And the speed flows creep law, 

 

(, ) =  exp −[∗(, )]  

  (5. 2) 

 

 This equation assumes that the direction of the electric current 

is perpendicular to the DW. So the moving  direction driven by the 
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magnetic field and the electric current is always parallel in equation 

(5.2).  

Firstly, we measure the field driven DW motions with the 

perpendicular DW (θ = 0°). We write linear DWs and then measuring 

the speed with constant magnetic field. Figure 5.3 shows perfect 

scaling behaviors of the field driven DW motion. Then we also 

measure the DW speed with several constant currents and fields. To 

compensate the Joule heating effect, we measure the temperature 

elevation at each current density and convert the measured speed Vm to 

adjusted speed V at the room temperature based on Arrhenius law and 

temperature dependent the field creep measurements. Figure 5.4 shows 

contour map of the DW speed as a function of field and current. 

 
 

Figure 5.3 Scaling behavior of field driven domain wall motion. The 

line shows the best linear fitting line. 
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According to equation (5.1), equi-speed line in figure 5.4 written as  = ∗ +  + √∗. To obtain the  and , we fitted equi-speed 

line. Then we find best fitting parameter  = −(1.8 ± 0.1) ×10 	[Tm2/A].  is negligible in experiments current range so, we 

set  = 0. Then, certain magnetic field and electric current in figure 

5.4 is easily converted to Effective magnetic field H*. Figure5.5 shows 

clear creep scaling of DW speeds with respect to the effective fields. 

Through these processes, we verify generalized creep equation when 

DW moving direction and the current flow direction is parallel. 

Next, we repeat same experiments with several DW angles. 

The DW speed is measured along perpendicular direction of the DW 

and measured speeds are fitted by the effective field H* as, 

(a)                                 (b) 

 
 

Figure 5.4 (a) Speed contour map with respect to field and current. 

Solid lines represent equi-speed lines which denote the effective 

magnetic field H*is same. (b) Generalized creep scaling with respect to 

effective field H*. All of the data in figure collapse to one single line. 
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 ∗(, ) =  −  cos   −  cos   −  cos  
+ 25 ( cos  ) + (). 

(5. 3) 

Figure 5.5 shows creep fitting of several angles. All of data collapse to 

the field creep curve shown in Fig.5.3. Surprisingly, when the DW are 

parallel to the current direction, effective field well meet to the field 

(a)        (b) 

 
 
(c)    (d) 

 
 
Figure 5.5 Various angle results (a) 30°, (b) 60°, (c) 0°. All of data are 

collapsed to the field creep result (black line). (d) Definition of angle 

of the DW and current. Measured speed direction is perpendicular to 

DW. 
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creep case.  

From these experiments, one can directly drive generalized 2-D 

creep equation with arbitrary shape or slope of DW. The current density  is replaced by  cos  or ⃗ ∙  in vector form. Here,  is normal 

direction of the DW. We rewrite (5.2) as a vector equation. 

 

⃗, ⃗ ∙  =  exp −∗, ⃗ ∙   

 (5. 4) 

 We obtain generalized creep equation with arbitrary shaped 

DW in fully two dimensions.  
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5.4 Origin of angle dependence 

 

The current can be separated by a perpendicular component 

and a parallel component to the DW. The parallel component cannot 

move the DW because the spin transfer torque is proportional to the 

magnetization gradient along current direction. Thus, parallel 

component of the current generate no STT to the DW. In addition to 

this zero STT, parallel motion of DW driven by parallel current is 

undistinguishable. So, we should think only the perpendicular current 

density which can generates distinguishable DW motion. The 

perpendicular current density is simply  cos . 

 

 

 

 

 
 

Figure 5.6 Origin of angle dependence. Perpendicular current density 

varied with respect to the angle of DW. Distinguishable motion of DW 

can be generated by only perpendicular current density. 
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Chapter 6 

 

 

Facet formation and universality class 

transition 

 

This chapter devote to the DW shape. We observe final pattern 

of DW driven by field and current, respectively. In field driven DW 

case, the DW exhibits ordinarily interface motion with smooth shape. 

But the current driven DW made facet pattern due to negative nonlinear 

term in interface growth equation.  

Section 6.1 describes the DW patterns formation from initially 

linear DW. In Section 6.2, we investigate DW pattern transition with 

respect to the current and the field intensity. Universality classes of the 

DW motions are discussed in Section 6.3. 
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6.1 Pattern formation driven magnetic field and 

electric current 

 

The DW motions can be approximately described by quenched 

Kardar-Parisi-Zhang (QKPZ) equation [64-68] because both the DW 

motion and QKPZ equation describe the motion of an interface in a 

disordered media. According to the QKPZ equation, interface high h at 

position x and time t is described by, 

ℎ =  +  ℎ + 2 ℎ + (, ℎ) 
   (6.1) 

 

Where, ν is surface tension, λ is a coefficient of nonlinear term 

and η is noise term. Among these parameter, ν and η has the same value 

regardless of field and current driven cases because the wall energy and 

the quenched disorder have no dependence on the driving forces. 

However, λ depend on the type of the driving forces. 

To find out λ, we obtain DW moving distances from Figure 5.2 

once again. Rather than obtain moving distance along perpendicular 

direction to the DW, the distance measured along fixed axis parallel to 

the current direction. Figure 6.1 shows obtained moving distances. 

Field driven case exhibits increasing moving distance with respect to 
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the DW angle increase. It is a coordinate rotation effect. The current 

driven cases show decreasing moving distance when the angle 

increases despite of coordinate rotation effect. The moving distance 

dependence on DW angle shows clear opposite tendency according to 

the type of driving forces shown as in figure 6.2. Field driven case, the 

coefficient of nonlinear term is positive. But the current case, λ has a 

negative sign.  

This opposite nonlinear coefficient induces different interface 

morphology. Figure 6.3 shows typical domain patterns driven by a 

constant field with initially linear DW (θ~0°). When the DW meet 

strong disorder during motion, the DW deformation occurs like a 

bowstring. Form the DW deformation, the DW has non zero θ near the 

pinned position. In the field driven DW motion, increase θ assists the 

 
 

Figure 6.1 DW moving distances along fixed h direction. 
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DW motion to the direction of the overall motion due to positive 

nonlinear coefficient. More deformation induces more positive force 

then the DW easily depins from the pinning site as time passes. Thus, 

the field driven DW roughly conserve its initial smooth shape. On the 

contrary to the field case, the current driven DW hardly depin from 

pinning site and forms facet. Figure 6.4 shows domain evolution 

patterns with constant current at the same position. The deformation of 

the DW generates a negative force due to negative λ. So, when the DW 

meet the strong pinning site, the DW never depins from the pinning site 

and entire DW morphology form facet geometry [67,68]. After the 

 
Figure 6.2 Normalized moving distance measured along fixed h axis 

with respect DW angles.  
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facet formation, the speed DW is drastically reduced. Magnetization 

changes are depicted in figure 6.5. 

 

 
 

Figure 6.3 Typical DW patterns driven by a constant field (~4 Oe). 

Initially, a linear DW introduced in the PMA film. After the constant 

field applied, DW propagates upper direction. Field driven DW move 

with constant speed with smooth DW shape. Image size is 375 μm × 

375 μm. 
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Figure 6.4 Typical DW patterns driven by a constant current 

(~1.2×1010 A/m2). Initially, a linear DW introduced in the PMA film. 

After the constant current applied, the DW propagates upper direction. 

Current driven DW pined by strong pinning site and forms facet-like 

geometry. After facet formation, DW speed drastically reduced. Image 

size is 375 μm × 375 μm. 

 
 

Figure 6.5 Magnetization changes induced by field and current. 
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6.2 DW Pattern transition 

 

 

When two driving forces push same interface at the same time 

with opposite direction, the interface can be stopped. From equation 

(5.3), we extract the DW stop condition. If the current and the field 

drive the DW in opposite direction, the stop condition is shown as 

below.  = − cos  

   (6.2) 

Figure 6.6 shows stabilized facets for various magnetic field 

with fixed positive current density (1.7×1010 A/m2). Applied field 

oppose the driving force induced by current. When the field is zero, the 

facet has very sharp geometry. The angle of facet is almost 90° which 

 
 

Figure 6.6 Stabilized pattern of DW with different bias field. Image 

size is 375 μm × 500 μm. 
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is expected from equation (6.2). Increasing the applied field strength, 

the facet angle decreases. Formed facet geometries are stable in time 

and DW stop. We plot facet angle with respect to applied fields in 

figure 6.7 and also plot equation (6.2) then we can confirm that two 

results are well meet to each other. So, we find out new way for 

determining the STT efficiency [62,69-71]. 

Next, we observe the DW motions when magnetic field assists 

the current for the DW motions. In this case, there are no stable facet 

DW and the DW never stop. The DW continuously inflates due to the 

assisting magnetic field. Figure 6.8 shows typical magnetization state 

 
 

Figure 6.7 Facet angle with respect to applied field strength. Black line 

is obtained from equation (6.2). 
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change. The DW pinned by strong pinning site but depinning easily 

occur. The magnetization reversal induced by the DW motion occur 

through the entire of the film only small unreversed region left due to 

the dipolar field. 

 

 

 

  

 
 

Figure 6.8 Typical pattern of DW when the field assists DW motion 

driven by current. Unstable facet formed and DW never stops. Image 

size is 375 μm × 500 μm. 
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6.3 Universality class of DW motion driven by field 

and current 

 

 

Different DW morphologies represent that the DW motions 

driven by the field and the current belong to different universality class, 

respectively. However, according to the speed observation in Chapter 

5, both the field and the current belong to the creep universality class 

with the creep exponent 1/4. This discordance comes from the 

observation range of the position and the time. Relatively short range in 

the position and the time, there is no influence to the DW by strong 

pinning site due to the probability of encounter with the strong pinning 

sites is sparse. Thus the DW speed obeys the generalized creep law. We 

measure the speed of the DW only before the facet formation. After 

encounter the strong pinning sites, the current driven DW speed reduce 

as time goes on and slowly converge to zero. So, the universality class 

of the DW motions depends on the range of measured space and time.  
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Chapter 7 

 

Conclusion  

 

In this thesis, we research interfaces which are driven by two 

distinct driving forces. For this study, we observe magnetic DWs in 

perpendicular magnetic anisotropy films. The research is mainly 

concentrated on two characters of the DW. One is the speed of the DW 

and the other is the shape of the DW. 

Firstly, the speed of the DW driven by the magnetic field is 

well known as creep scaling law. In addition to this field creep scaling 

law, we find out that the current driven DW also belongs to creep 

universality class. Then we establish generalized creep equation for 

arbitrary angled DW.  

Secondly, we observe shape of DWs driven by the field and the 

current. The DW shape in the field driven case forms smooth DW but 

current case generates facet like DW. This drastic difference comes 

from opposite nonlinearity which denotes angle-speed dependence. The 

field driven DW has positive nonlinearity but negative for current 

driven DW. Different shapes mean that the field and the current are 

belongs to different universality classes, respectively. It is quite 
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peculiar because speed observation represent same universality class. 

This contradiction represents that universality class depend on 

observation range of space and time. In relatively short range, the DW 

motions belong to the creep universality class regardless driving forces. 

However, in relatively long range for the DW encounter strong pinning 

sites, the universality class of the DW motion are separated in creep for 

the field driven case, stop for the current driven case. From this result, 

we can expect that density distribution of pinning sites is important 

parameter to determine universality class. Thus, it is valuable to study 

disorder density distribution in PMA film. 

To conclude this research, we wonder what the fundamental 

difference of field and current is. We think that the answer is 

directionality of the driving forces. The field pushes the DWs always in 

normal direction of DW itself, because the maximum energy gradient 

generated by Zeeman energy exists along perpendicular direction of 

DW. So, it is natural that field has no directionality or normal 

directionality to move the DW in the PMA films. However, the current 

has obvious directionality because current is a flow. Thus, directionality 

is a fundamental property which classifies driving forces. 
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Appendix 
 
Creep criticality 
 
Let’s assume that there exist random pinning sites in 2 dimensional film 

structures and the DW move through the pinning sites. 

 

 
Here, the DW segment is L and the small displacement is u. Then the 

total free energy of the segment is as follows. 

F(u, L) = 12 ϵ uL − ∆ξL −MHtLu 

Let’s find the origin of the each term. 

 

First term: tension energy (DW energy) 

 

The DW energy is proportional to the DW length. If we obtain the 

length of the DW segment, 

length ∶ 	 1 + dydx dx =  1 + 12 dydx



 dx				where dydx~0 



 

74 

pinf

≈ L + 12 (uL)L = L + 12uL  

Then, 

∆E = E − E = 12 ε 	 uL 						where, ε = 4t√AK(DW	energy	per	unit	length) 
 

Second term: pinning energy 

 

Consider a finite-sized harmonic potential well (x : the characteristic 

length of the disorder potential) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

is the pinning force from the pinning site. The pinning site can 

either push or pull the DW depend on the pinning origin (magnetic 

inclusions or non-magnetic inclusions). The origin of the pinning site 

might be the extrinsic defect or intrinsic defect such as anisotropy 

variation. 

ξ 
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The number of pinning sites affecting DW ~ inL ´´x  (Where in is 

the surface density of pinning sites) 

Pinning energy of each pinning site ~ x´pinf  

 

Total pinning energy : 

( ) 2/12

22

    

L

Lnf

nLf

ipin

ipin

x

xx

xx

D=

´××=

´´´´

where ipin nf ××=D x2     

 

Third term: Zeeman energy 

 

One can easily obtain the total Zeeman energy which is proportional to 

the volume of magnetic system.  

 

 

 

 

 

 

 

 

 



 

76 

Definition of LC 
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Definition of Hcrit 
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To obtain the creep criticality, we first obtain the maximum energy 

barrier of the system and then obtain the velocity based on the 

Arrhenius law. 

 

Obtain the maximum energy barrier 
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Recall the total energy follows. 

HtLuM
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),( e  

There are two variables of u and L which are explained by roughness 

exponent as, 
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In our magnetic films, the roughness exponent is 2/3 
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Here the UC and Hcrit are defined as follows. 
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The final total energy is 
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To obtain the energy barrier of the system, we have to differentiate the 

total energy. 
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The maximum energy barrier is determined at the length LM 
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Where, 
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국문 초록 

 

자연계에서 발생하는 현상들은 수 많은 다양성에도 

불구하고 공통점에 의해 몇 가지 범주로 나누어진다. 이러한 

범주를 결정하는 공통점이 존재하는 이유는 대부분의 

자연현상들이 표면에서 일어나고 계면의 성질이 자연현상을 

결정하기 때문이다. 계면의 성질 중 형태는 계면의 정적인 

성질로 대칭성과 차원에 의해 결정된다. 다른 성질로 동적인 

성질인 속력이 있다. 속력은 구동력에 의존하고 구동력에 대한 

특징적인 구동력-속력 관계를 나타낸다. 이 구동력-속력 

관계에 의해 자연현상의 범주가 결정된다고 알려져 있다. 

따라서 구동력의 세기에 따른 많은 연구들이 진행되었다.  

여기서 우리는 자연현상의 범주를 결정할 수 있는 

새로운 가능성을 찾아내었다. 새로운 가능성은 바로 구동력의 

종류이다. 자연에는 수많은 구동력이 존재하고 각각의 

구동력은 한 개의 계면에 힘을 줄 수 있다. 그래서, 구동력의 

종류에 따른 연구가 이루어져야 한다. 이러한 연구를 위해 두 

개의 구동력을 가지는 한 개의 계면이 필요하다.  

자구벽은 자기장과 전류라는 두 가지 구동력에 의해 
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이동하기 때문에 다른 구동력으로 이동하는 계면을 

연구하는데 적합하다. 자기장에 의한 자구벽 이동현상은 이미 

이전부터 잘 알려져 왔던 사실이다. 연구들에 따르면 

자기장으로 이동하는 자구벽의 속력은 크립 (creep) 이라는 

범주에 속한다. 전류에 의한 자구벽 이동현상은 최근에 밝혀진 

현상이다. 자기장보다 상대적으로 발견 시기는 많이 늦고 

연구시간도 짧았지만, 전류에 의한 자구벽 이동현상을 이용한 

다양한 응용가능성들이 제시되면서 많은 연구가 폭발적으로 

이루어졌다. 특히 나노선구조를 기반으로 하는 자구벽 메모리 

소자 (DW race track memory)가 대표적이다. 전류로 이동하는 

자구벽의 성질 중 전류에 의한 자구벽의 속력은 장치의 동작 

속도와 직결되어 있기 때문에 속력에 대한 많은 연구가 

진행되었다. 연구에 따르면 전류에 의한 자구벽의 이동 속력 

역시 자기장일 때와 마찬가지로 크립의 범주에 속한다는 것이 

밝혀졌다.  

이러한 발견이 사실이라면 자기장과 전류로 이동하는 

자구벽의 형태 역시 같은 특성을 가져야 한다. 하지만 전류로 

이동하는 자구벽의 형태에 대한 연구는 전무하다. 왜나하면 

자구벽을 이동시킬 정도의 전류를 시료에 흘리면 전류에 의해 

발생하는 줄 열 문제가 심각하기 때문이다. 이 문제를 
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해결하기 위해 우리는 극도로 깨끗한 수직 자기이방성 박막을 

제작하였다. 이 자성 박막에 자기장을 인가하면 깨끗한 

원형자구가 형성된다. 이는 제작된 박막에 존재하는 결점의 

수가 극히 적고 계면을 연구하는데 있어 적합함을 의미한다. 

우리는 우선 이렇게 제작된 박막의 적층 횟수에 따른 

수직 자기이방성을 탐구해 보았다. 수직자기이방성상수가 

클수록 자구벽은 깨끗한 형태로 만들어진다. 측정을 위해 특이 

홀 효과 (extraordinaly Hall effect) 측정장비와 회전 스테이지를 

구성하였다. 측정결과 수직 자성층의 적층 횟수가 한 층일 때 

가장 큰 수직 자기이방성을 나타내는 것을 확인하였다. 

이렇게 최적화된 자성박막을 이용하여 자기장에 의한 

자구벽 이동현상을 관찰하였다. 박막의 자화상태를 관찰하기 

위해 광자기 현상 (magneto-optical Kerr effect) 현미경을 

사용하였다. 원형자구의 확장과 수축을 관찰하여 자구벽의 

에너지를 구하였다. 

또한 전류에 의한 자화상태 변화도 관찰하였다. 원형과 

선형 자구에 전류를 흘리면서 자화상태 변화를 관찰한 결과 

흥미롭게도 자구벽의 속력은 전류방향에 대한 자구벽의 

기울기에 크게 의존하는 것으로 밝혀졌다. 이러한 속력의 각도 

의존성을 연구하여 우리는 2차원박막에 존재하는 임의의 
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형태를 가지는 자구벽의 속력식을 완성하였다. 

마지막으로, 상대적으로 긴 시간에서 자구벽 이동을 

관찰하였다. 놀랍게도 전류로 이동하는 자구벽은 시간이 

지날수록 산 모양 (facet)을 형성하였다. 또한 산 모양을 

형성한 자구벽의 속력은 급격하게 감소한다. 하지만 

자기장으로 이동하는 자구벽은 평평한 형태와 일정한 속력을 

나타낸다. 이러한 차이를 만드는 이유는 비선형성계수의 

부호인 것으로 밝혀졌다.  

이번 연구에 의해 두 가지 구동력에 의해 한 계면의 

성질이 어떻게 결정되는지 밝혀내었고 또한 자구벽 이동을 

이용한 소자들을 개발하는 데 있어 이론적인 기술적인 기반을 

제공하였다.  
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