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Abstract

For application as a data storage entitled to magnetic hard disk drives, the

magnetic domains are widely used. Each domain represents unit of stored in-

formation, and the region between domains is known as domain walls (DWs).

For the promising memory and logic devices, it has been proposed to shift

the information by coherent moving these DWs through a magnetic nanowire,

called racetrack memory. This concept has led to the establishment of a quickly

evolving new research field which investigates the mechanisms moving the DWs.

This mechanism is operated by the use of an externally applied magnetic field,

or injecting an electric currents through the nanowire in which the DWs reside.

Recently, perpendicularly magnetized anisotropy (PMA) materials are not only

particularly interesting for these applicational devices, but also new physics is

being found in these materials since finding DW motion driven by spin-orbit-

torque and chiral DW by the Dzyaloshinskii-Moriya interaction (DMI).

This thesis contains several contributions which are right at the heart of

recent developments on DW physics in PMA materials such as Pt/Co/Pt. The

first part of the thesis focuses on maximizing the motion of DWs by adjustment

of thickness of metal (upper and bottom Pt layers) contacted by magnetic layer.

In particular, it is shown that by changing the each Pt thickness, the PMA is

altered in such a way that DW speed is affected. This phenomena is successfully

explained by the creep law with scaling law between PMA and DW speed. So

this results offer a method of maximizing the DW speed without changing the

thickness of the magnetic Co layer.

In the second part of the thesis, it deals with topic of fast DW motion
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called, the flow regime. This regime has been widely studied since 1950. All of

the study have been performed the relation between DW speed and driving force

(applied external field). In this thesis, main topic is the DW speed with respect

to in-plane magnetic field (changing the DW energy related DW profile) with

fixed out-of-plane magnetic field (driving force). Based on the 1-dimensional

model, analytic solution is suggested and the result from analytic solution is

well-satisfied with micromagnetic simulation. Furthermore, this analytic result

is well-explaining experimental result, qualitatively: variation of the speed. Im-

portant point is the minimum speed at compensating the field induced by DMI,

and so it can be quantitatively determined the DMI-induced field.

The third part suggests new technique to measure the DMI. This is advanced

technique to overcome such field-strength limit. The core idea is to utilize the

dependence of minimum speed on the tilting an- gle of the DWs with respect to

the direction of the in-plane magnetic field. The present idea can be also demon-

strated to other lms (Pt/Co/AlOx and Pt/Co/MgO), where DMI induced field

is even much larger than the field-strength limit of equipment, and thus enables

the development of an advanced DMI meter based on asymmetric DW motion.

The final part of the thesis is composed of application device by use of

magnetic-field oscillation. For this application, unidirectional motion of mag-

netic DWs is the key concept underlying next-generation DW-mediated mem-

ory and logic devices. In this part, new scheme is suggested and it utilizes the

recently discovered chiral DWs, which exhibit asymmetry in their speed with

respect to magnetic fields. Because of this asymmetry, an alternating magnetic

field results in the coherent motion of the DWs in one direction. Such coherent

unidirectional motion is achieved even for an array of magnetic bubble domains,

enabling the design of a new device prototype—magnetic bubblecade mem-

ory—with two-dimensional data-storage capability. And then the study about
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the optimization of magnetic bubblecade speed is performed. In the operation

of the magnetic bubblecade memory, two major control factors were found to

play the decisive role in determination of the bubblecade speed strength and

tilting angle of the magnetic field. Here, the relation of bubble speed with re-

spect to strength and tilting angle of the magnetic field and obtain the analytic

solution from the creep scaling law is examined. The proposed analytic equa-

tion thus offers the way to predict the optimization condition for the maximum

bubblecade speed in the operation of the magnetic bubblecade memory.

Keywords: DomainWall, Dzyaloshinskii-Moriya Interaction, Flow regime, Creep

regime, Magneto-Optical Kerr Effect Microscope

Student Number: 2011-30121
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Measured ∆rB and ṼB values with respect to f . The er-

ror bars correspond to the standard deviation from data

obtained by sampling 10 times. . . . . . . . . . . . . . . 46

xii



Figure 5.4 Experimental demonstration of ‘bubblecade’, the two-

dimensional coherent unidirectional motion of multiple

bubbles. MOKE images of an arbitrary 5×5 array of

bubbles, (a) initially written on the leftmost side of the

film and taken after application of (b) 32, (c) 64, (d)

96, and (e) 127 pulse sets. Each pulse set is composed of

alternating square magnetic field pulses (H = ±106 mT,

θ=71◦, ∆t=20 ms). (f) The operation timetable of 4-bit

magnetic bubblecade memory. The top panel presents

the alternating magnetic field pulses (H = ±106 mT,

θ=71◦, ∆t=20 ms) that act as the operation clock. The

next four panels show the pulses for the thermomagnetic

writing of the bubbles on each bit in the writing section.

The last four panels show the signals from the CCD

pixels corresponding to each bit of the reading section.

The inset presents the device structure, with the writing

(blue box) and reading (red box) sections indicated. . . . 48

Figure 5.5 VB in Pt/Co/MgO film, with respect to Hx for sev-

eral Hz. The inset illustrates the expected m̂DW (red

arrows) with the left-handed chiral DW configuration.

The dashed lines show the best linear fit from Eq. (S9). . 53

xiii



Figure 5.6 Asymmetric DW speed V∥ with respect to Hx for several

Hz. Data were obtained under the same condition em-

ployed to measure Fig. 2d. The asymmetry with respect

to Hx is known to be caused by a finite DMI[25,26]. For

the condition (with Hz=68 mT and Hx= 40 mT) of the

maximum VB shown in Fig. 2d, the forward and back-

ward DW speeds are measured as V∥(Hz, Hx)= 3.7 m/s

and V∥(−Hz,−Hx)=-V∥(Hz,−Hx)=–1.6 m/s. These speeds

are accordant to the measured maximum VB(=1 m/s) in

Fig. 2d via the relation VB =
[
V∥(Hz, Hx) + V∥(−Hz,−Hx)

]
/2.

This maximum VB is approximately 46% of V∥(Hz, 0)(=2.2

m/s). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Figure 5.7 Bubble speed v with respect to the tilting angle of the

magnetic field θ for various field strength H . . . . . . . 56

Figure 5.8 2 dimensional Bubble speed v with respect to the tilting

angle of the magnetic field θ and field strength Hext . . . 57

Figure 6.1 Sequential images of the DW motion measured by the

MOKE microscope with a constant time step (700 ms).

The directions of the current density J , the magnetic

field H, and the magnetization M are denoted in the

inset. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Figure 6.2 (a) Normalized resistivity ρ/ρ0 with respect to J for the

5- m-wide wire. The solid line is the best quadratic fit.

(b) Normalized resistivity ρ/ρ0 with respect to the tem-

perature ∆T measured in a cryostat. The solid line is

the best linear fit. . . . . . . . . . . . . . . . . . . . . . . 62

xiv



Figure 6.3 (a) v vs. H−1/4 at different temperatures as denoted in

the figure. (b) α with respect to T . (c) v0 with respect to

T . Note that α and v0 are obtained by the best linear fit

for the data shown in (a) based on (1). (d) with respect

toH−1/4. All at different collapses onto a single universal

curve. The solid line shows the best linear fit for all the

data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Figure 6.4 (a) Universal curve of the virtual speed v∗ with respect

to (H∗)−1/4 at all various J as denoted in the figure. For

comparison, the raw data v (b), the normalized speed v†

based on the Arrhenius law (c), and the virtual speed v∗

based on the present method (d) are plotted with respect

to (H∗)−1/4. . . . . . . . . . . . . . . . . . . . . . . . . . 66

xv



List of Tables

Table 2.1 PMA constant K of the Si/SiO2/5.0-nm Ta/td Pt/0.3-nm

Co/tu Pt films with different td and tu. . . . . . . . . . . . 14

Table 2.2 Creep scaling constant α of the Si/SiO2/5.0-nm Ta/td

Pt/0.3-nm Co/tu Pt films with different td and tu. . . . . 18

xvi



Chapter 1

Introduction

In this chapter, basic notions about the energy by use of formation of the do-

main and domain wall are described. At first, part of the energy is composed of

magnetostatic energy, exchange energy, anisotropy energy (cubic, volume, sur-

face, and interface anisotropies), and Zeeman energy. Second part, introduction

of types of the domain wall is described, Bloch and Neel Walls. At the end of

this chapter, the Dzyaloshinskii–Moriya interaction is explained, which is an-

other exchange interaction forming the chiral system. Throughout, SI units are

used.

1.1 Energy

In ferromagnetic materials, magnetic domains are formed in order to mini-

mize the sum of energy terms, such as the magnetostatic, the exchange, the

anisotropy, and the Zeeman energies. For example, the ferromagnetic film has

infinite lateral extension, which is alined uniform magnetization in the film
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plane, the magnetostatic energy is zero. If the film has a finite size, however,

the surface charging has to be taken into account, which leads to a demagne-

tizing field. Due to the demagnetizing field, the film is separated into domains

with different orientations of magnetization (different area) to reduce the mag-

netostatic energy which is long range magnetic interaction. It naturally creates

the boundary between these domains, and it is called the magnetic domain

wall (DW). Inside the wall, the magnetizations, spins, are gradually rotated,

and leads to a certain width of the DW. the DW width is mainly determined

by the competition between two energy terms, the exchange energy and the

anisotropy energy. The role of the exchange energy between neighboring spins

is to increase the wall width. It is natural from the its physical origin. This

means that a larger rotation of spins between two neighbors causes a higher

exchange energy. However, when the DW width is a wider, it induces a higher

anisotropy energy, because inside the DW the direction of magnetization is away

from the easy axis of magnetization. Therefore these two energies lead to short

range interactions, order of nm range.

1.1.1 Magnetostatic Energy

The magnetostatic energy is magnetic dipole energy, and it depends on the

magnetization M , which is the magnetic-dipole moment per volume, arising

from the alignment of atomic magnetic dipoles. The dipoles arise primarily from

electron spins in a solid. Although the orbital motion of electrons is usually less

contribution to the dipole strength, it plays a important role for the magnetic

anisotropy.

The magnetic domains is formed as a consequence of energy minimization

[1]. A single domain with finite specimen has associated with it a large magneto-

static energy. The breakup of the magnetization into localized regions (domains)
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can reduce the magnetostatic energy. If the decrease in magnetostatic energy

is greater than the energy needed to form magnetic domain walls, then multi-

domain specimens will arise. For example, it is the case of an infinitely extended

magnetic film with uniform magnetization along the normal to the surface, for

which the magnetostatic energy can be easily derived. The magnetic dipoles

in the film, M⃗ , can create the stray field, H⃗stray. However, due to the surface

charging, there exists the field which has the same amplitude as H⃗stray inside

the film, but directs opposite to M⃗ , the so called demagnetizing field, Hd. So

the magnetostatic energy, which has the same amplitude to the demagnetizing

energy in this case, will be described with M⃗ and H⃗d as

Kd = −µ0

∫
V
M⃗ · H⃗ddV = −µ0

∫
V
M⃗ · H⃗

2
dV = µ0M

2
S (1.1)

, where M⃗ is exchanged to the saturation magnetization, MS , and H⃗ is a sum

of Hstray and Hd, will have the same field as MS .

1.1.2 Exchange Energy

The energy related with cooperative magnetic ordering is the exchange inter-

action. The exchange interaction energy, Eex, between two spins, Si and Sj,

scales with the exchange integral, J (dimension; J),

Eex = −
∑
i,j

Ji,j S⃗i · S⃗j (1.2)

where S⃗i and S⃗j are the unit vectors of interacting spins on two atoms. The

exchange interaction is a manifestation of the Coulomb interaction between

electron charges and the Pauli principle.

If one estimates the exchange energy in a magnetic domain wall, it will be

convenient to take all spins together, i.e., a continuous model of spin rotation
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in a one-dimensional domain wall, the total Eex inside the wall is,

Eex = A

(
dθ

dx

)2

, (1.3)

where A = s2a2LJNV /2 is the exchange stiffness constant (J/m), and is

temperature dependent. s is the spin quantum number (= 1/2), and aL is the

lattice constant. NV indicates the number of nearestneighbor atoms per unit

volume. q is the angle with respect to the easy axis of magnetization. For simple

cubic (SC) and body centered cubic (BCC), J will be

J = 0.54kBTC for SC and, (1.4)

J = 0.34kBTC for BCC, (1.5)

where kB and TC are the Boltzmann constant and the Curie temperature,

respectively.

It should be noted that the exchange energy plays a role to make a magnetic

DW as wide as possible. Because the exchange energy decreases with decreasing

angle between spins on neighboring atoms inside the DW, the spins gradually

rotate and lead to a certain width of the magnetic DW.

1.1.3 Anisotropy Energy

It depends on the orientation of the magnetization with respect to the crystallo-

graphic axes of the material. This energy term is called the magnetic anisotropy

energy. Basically, it it the result from spin-orbit interaction. Many kinds of fer-

romagnetic films have a uniaxial anisotropy, whether they are polycrystalline or

single crystal, elements or alloys. When it is undisturbed crystal, the anisotropy

energy will be minimized along certain crystal axes. However, anisotropy can be

induced by symmetry breaking of the crystal structure at the interface and sur-

face, by anisotropic modulation of atoms, or by alignment of surface/interface

defects.
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Cubic anisotropy

The cubic anisotropy is magnetocrystalline in nature, and arises from the in-

teraction of the atomic magnetic moments with the intrinsic symmetry of their

crystalline environment via a spin-orbit interaction. The cubic anisotropy en-

ergy density is basically expressed by

EC = K1

(
m2

xm
2
y +m2

xm
2
z +m2

ym
2
z

)
+K2m

2
xm

2
ym

2
z + · · · , (1.6)

where mx, my and mz are the magnetization along x, y and z crystal axes,

respectively. Ki is the ith order anisotropy. Although the second order term

and other higher order terms can be mostly neglected at room temperature,

they are important at low temperature.

Volume and surface/interface anisotropies

Making the magnetic ultrathin films, surface and interface anisotropies have to

be considered, because of missing of neighbor atoms [2]. Surprisingly, a much

stronger anisotropy was found for mono atomic transition metal films compared

with bulk materials [3]. In the case the magnetic film with out-of-plane uniaxial

anisotropy (along the z axis), the energy is symmetric in the film plane. Then

the surface anisotropy energy density is

ES = KS sin2 θ, (1.7)

where θ is the angle between the magnetization and the z axis, and KS the

surface anisotropy.

The volume anisotropy is also not negligible for magnetic thin films. Hexag-

onal or tetragonal crystals (for example, a (0001)-hcp Co [4] or an epitaxially

grown Ni film on a Cu(001) surface [5], respectively) show a uniaxial volume
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anisotropy (Ku) normal to the film plane for a certain thickness range. The

volume anisotropy energy density can be written as

EV = Ku1 sin
2 θ +Ku2 sin

4 θ, (1.8)

where θ is the angle between anisotropy axis and magnetization. Because of

time inversion symmetry, the odd powers do not appear.

The total anisotropy energy density in a magnetic thin film is the following

(with d the film thickness),

E = EV +
ES

d
, (1.9)

1.1.4 Zeeman Energy

Zeeman energy is the interaction energy of the magnetization vector field M⃗

with an external magnetic field H⃗Ext . Then the Zeeman energy is

EZ = µ0

∫
V
M⃗ · H⃗extdV , (1.10)

1.2 Types of the Domain Wall: Bloch and Néel Walls

As mentioned above the magnetic domain boundaries have a certain width.

There are two main types of spin structures inside the domain walls, Bloch

and Néel types. Besides many other kinds of domain walls exist. One of them

is called the cross-tie wall, which is an intermediate state between Bloch and

Néel walls, and it is composed of a mixture of Bloch and Néel walls [1],[6]. The

spin structures of Bloch and Néel walls are shown. The Bloch wall is usually

preferable in bulk materials. Spins rotate in the plane parallel to the wall plane.

The wall width of a 180◦ Bloch wall is most commonly defined by π
√

A
K , where

A and K are the exchange constant and anisotropy energy, respectively [1].

Then the wall profile basically follows a sine law. In thin films, however, a
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Bloch wall induces surface charges by its stray field. Then the Néel wall become

more favorable when the film thickness becomes smaller than the wall width.

In a Néel wall, spins rotate in the film plane. The width and profile of the Néel

wall are difficult to define. The Néel wall has a narrow core and μm-long tails

on both sides. The core width is of the order of the exchange length [=
√
A/Kd

(nm scale)], where Kd is the demagnetizing energy. The Néel wall profile is well

explained in [1].

1.3 Dzyaloshinskii-Moriya Interaction and Chiral Do-

main Wall

Recently, the Dzyaloshinskii–Moriya interaction (DMI), which plays a role as

antisymmetric exchange coupling, has attracted great interest. The origin of the

DMI is the spin-orbit scattering of electrons in an inversion asymmetric crystal

field, and it apears in systems with broken inversion symmetry such as at the

surface (or interface) of magnetic layer(s) and in specific metallic alloys. The

existence of the DMI can induce chiral spin structures such as skrymion and

chiral domain walls.

Spin-dependent energy arising from the Pauli exclusion principle is modeled

as a spin interaction in a vector model. Energy of the Heisenverg exchange

interaction can be written by [7],[8]

Eex = −
∑
i,j

Ji,j S⃗i · S⃗j (1.11)

, where Ji,j (∼ J) denotes the magnetic exchange coupling between local spin

moments Si and Sj on arbitrary lattice sites i and j, respectively. This ex-

pression is universally known as the Heisenberg Hamiltonian, called as the

Heisenverg exchange interaction. It is favor parallel spin orientation for J >0,

whereas antiparallel spin orientation for J <0. By denoting this mechanism,
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this may lead to a variety of magnetic structures, from the ferromagnetic and

antiferromagnetic state to complex, non-collinear spin textures. Though the fer-

romagnetic or antiferromagnetic state can be dominated by a nearest neighbor

exchange interaction, complex magnetic structures often reflect a situation of

competing magnetic interactions.

Contrasted with the Heisenverg exchange interaction (the symmetric energy

term), the Dzyaloshinskii-Moriya interaction (DMI) links the spins via a vector

product and can be written by [8],

EDMI = −
∑
i,j

D⃗i,j · (S⃗i × S⃗j) (1.12)

, where D⃗i,j (∼ D⃗) denotes the Dzyaloshinskii vector. Equation(1.12) explains

the antisymmetric energy term arising from the spin-orbit scattering of elec-

trons in an inversion asymmetric crystal field, and it appears in systems with

broken inversion symmetry such as at the surface (or interface) of magnetic

layer(s) and in specific metallic alloys. It prefers a 90-spin spiral feature and

the sign of D⃗ determine the rotational sense. So it leads to spin structures with

a certain chirality being favored over the opposite chirality. To easily under-

stand, consider a highly symmetric system of two spins, as sketched in the top

of Figure 1.1(a). Going from the left to the right spin, the magnetization rotates

counterclockwise. We perform two energy-conserving symmetry operations: ro-

tation around the x-axis and spin inversion. The result is the same system, but

now with a clockwise rotation of the magnetization. Hence, the clockwise and

counterclockwise configurations have the same energy. This is to be expected

from direct, isotropic exchange: the exchange energy simply depends on the

relative orientation of the spins.

However, the situation changes when the exchange between the two sites is

mediated through spin-orbit coupling by a third site, for example a Pt ion, that
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Figure 1.1 DMI from symmetry arguments. (a) In a symmetric system, a left-

handed spin configuration (top) can be transformed to a right-handed configu-

ration without changing the energy. (b) Applying the same transformations to

a system including a symmetry-breaking third ion, it is not possible to trans-

form the handedness without changing the relative position of this ion, hence

the energy can depend on the chirality.

is situated above the original sites, as shown in Figure 1.1(b). Clearly, this sys-

tem has a reduced symmetry compared to the initial situation. In this situation,

the same symmetry operations can be used to transform from a counterclock-

wise to a clockwise rotation, but now the Pt ion is situated below rather than

above the spins, hence represents a ‘sample’ different from the original one.

Therefore, within the original sample, symmetry allows for a different energy of

the two chiralities, because of the different orientation of the spins with respect
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to the third ion.

The reason, why the DMI favors Néel walls rather than Bloch walls, can

be understood by using (1.12) in terms of magnetization gradients in a 2D

ultrathin film, [9]

EDMI = D

[
mz

∂mx

∂x
−mx

∂mz

∂x
+mz

∂my

∂y
−my

∂mz

∂y

]
(1.13)

If we think about the case of a 1-dimensional nanostrip with a confined width,

it can assume that there are no gradients along the y direction and therefore

the last two terms in (1.13) vanish.

Then, it is easily seen that the energy within the DW depends on its orien-

tation in the x direction: if we invert mx, both energy terms change sign.

The same goes for an inversion of mz. Therefore, assuming a positive D, if

mz rotates from up-to-down the DW minimizes its energy by orienting itself

along -x, whereas in a down-to-up configuration the DW energy is minimal along

+x. This way, the sense of rotation (left-handed versus right-handed) should

always be the same when DMI is present. However, the strength of D has to be

strong enough to overcome the DW shape anisotropy HK which favors Bloch

walls.
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Chapter 2

DW Dynamics in Creep regime

2.1 Maximizing DW Speed via Magnetic Anisotropy

Adjustment in Pt/Co/Pt Films

We report an experimental observation that indicates that a direct relation

exists between the speed of the magnetic domain-wall (DW) motion and the

magnitude of the perpendicular magnetic anisotropy (PMA) in Pt/Co/Pt films.

It is found that by changing the thicknesses of the nonmagnetic Pt layers, the

PMA magnitude can be varied significantly and the field-driven DW speed

can also be modified by a factor of up to 50 under the same magnetic field.

Interestingly, the DW speed exhibits a clear scaling behavior with respect to

the PMA magnitude. A theory based on the DW creep criticality successfully

explains the observed scaling exponent between the DW speed and the PMA

magnitude. The presented results offer a method of maximizing the DW speed

in DW-mediated nanodevices without altering the thickness of the magnetic Co

layer.
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2.1.1 Introduction

The dynamics of the magnetic domain wall (DW) has been actively studied

in recent years because of the interesting physical phenomena related to it

and its promising applications in next-generation memory and logic devices

[10],[11],[12],[13]. For high performance in these applications, it is essential to

achieve a high DW speed, and many studies have been devoted to this purpose

[14],[15],[16]. It has been reported that the DW speed is very sensitive to the

thickness of the magnetic layer, and that in general, a thinner magnetic layer

provides a faster DW speed [17]. Here, to further enhance the speed even in

films with the thinnest feasible magnetic layer, we examined the effect of the

thicknesses of the nonmagnetic layers adjacent to the magnetic layer. Interest-

ingly, the DW speed was found to be strongly affected by the thicknesses of the

nonmagnetic layers. To clarify the origin of this effect, a quantitative analysis

based on the creep-scaling law was adopted, and the correlation between the

analysis results and the magnetic properties is discussed.

2.1.2 Sample Preparation & Experimental Methods

Sample Preparation

For this study, a series of Pt/Co/Pt films with perpendicular magnetic anisotropy

(PMA) with various thicknesses of the upper and lower Pt layers, tu and

td, was prepared via dc magnetron sputtering. The detailed sample struc-

ture is Si/SiO2/5.0-nm Ta/td Pt/0.3-nm Co/tu Pt, as shown in Figure 2.1(a);

td varies in the range between 1.5 and 3.0 nm in 0.5-nm intervals, and tu

varies in the range between 1.0 and 3.0 nm in 0.5-nm intervals. Using a vi-

brating sample magnetometer, the saturated magnetization MS was found to

remain nearly constant at (1.3±0.3)×106 A/m among all samples. The uniaxial
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anisotropy constant K (=HkMS/2) was also determined from the measurement

of the anisotropy field Hk based on an extraordinary-Hall-voltage measurement

scheme [18]. The values of K are summarized in Table 2.1. The positive values

of K indicate that all samples have PMA.

Figure 2.1 (a) Schematic layer structure of the samples. (b) Image of the ex-

pansion of circular domains under an external magnetic field (3.5 mT). This

image was obtained by combining several domain images that were captured

sequentially with a constant time step (350 ms) using a MOKE microscope.

Experimental Methods

The domain images were captured using a magneto-optical Kerr effect (MOKE)

microscope with a field of view of 500 µm × 375 µm. This microscope is

equipped with an out-of-plane electromagnet that produces a magnetic field

within the range of ±0.2 T by means of a bipolar power supply. In a field-driven

DW motion experiment, a reversed domain is initially created in the form of a

circular domain via the thermomagnetic writing technique [19],[20]. A constant

magnetic field H is then applied, and a series of domain images with a constant
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Table 2.1 PMA constant K of the Si/SiO2/5.0-nm Ta/td Pt/0.3-nm Co/tu Pt

films with different td and tu.

time interval is simultaneously captured. Figure 2.1(b) provides an example of

successive circular-domain images of field-driven DW motion under an external

magnetic field (3.5 mT) with a constant time step (350 ms) for a sample with

td=2.5 nm and tu=1.5 nm. This image was constructed by combining several

successively acquired images, and thus, each single image shows several DWs

expanding in time. From these circular DW images, one can measure the DW

speed v from the change in radius with a constant time step. In the present ex-

periment, v was determined from 10 repeated measurements for each H and for

each sample. It was also confirmed that for the same v, identical behavior was

observed for both domain polarities after the strength of the external magnetic

field was carefully calibrated.

2.1.3 Result.1: Large Enhancement of the DW Speed by 50

Times

Figure 2.2 shows the plot of the measured v with respect to H for Sample I,

with td=1.5 nm and tu=2.5 nm, and Sample II, with td=2.5 nm and tu=1.5

nm. Although these two samples are nearly identical except for the fact that

the thicknesses of the upper and lower Pt layers are reversed, they exhibit very

distinct behavior. Sample I exhibits a DW speed of up to approximately 10
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Figure 2.2 Measured v with respect to H for Sample I (td=1.5 nm and tu=2.5

nm) and Sample II (td=2.5 nm and tu=1.5 nm).

m/s, whereas Sample II exhibits a DW speed of less than 0.2 m/s under the

same magnetic field. Note that the speed is enhanced by more than a factor of

50 in Sample I compared to Sample II.

2.1.4 Result.2: DW Speed & Creep Scaling Constant in Pt/Co/Pt

Films

To quantitatively analyze these contrasting DW-motion behaviors, v is plotted

with respect to H–1/4 in Figure 2.3 for samples with several different values of

td and tu. It is clear from the figure that the speed v for each sample follows
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the creep-scaling law [17],[21],[22]

v = v0exp[−
α

kBT
H−1/4], (2.1)

where v0 is the characteristic speed, α is the creep-scaling constant, kB is the

Boltzmann constant, and T is the temperature. It was confirmed that this creep-

scaling behavior was observed in all samples in this study. Note that all analyses

were performed in the creep regime, where the DW speed is slower than a few

mm/s. From the best fit with Eq. (2.1), α was determined and summarized

with respect to td and tu in Table 2.2. The table clearly illustrates that α is

sensitive to both td and tu. The largest value of α corresponds to the sample

with the largest td and the smallest tu, whereas the smallest value of α is seen

for the sample with the smallest td and the largest tu.

2.1.5 Analysis & Discussion & Conslusions

Analysis & Discussion

It is interesting to note that the PMA constant K also exhibits a similar de-

pendence on td and tu, as seen in Table 2.1. Although the values of K are

somewhat scattered, there exists the general trend that K increases as td in-

creases and/or tu decreases. The dependence on td can be easily understood, as

a 1.5-nm bottom Pt layer is not sufficiently thick to fully induce PMA at the

Pt/Co interface and the crystalline structure in the bottom Pt layer becomes

enhanced as its thickness increases from 1.5 nm to 3.0 nm [23]. The influence

of tu might be attributable to the interdiffusion at the upper Co/Pt interface

[24],[25]. For a more quantitative comparison, the correlation between K and

α is plotted in Figure 2.4. Surprisingly, all values (K,α) lie on a single curve,

indicating a direct relation between K and α.
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Figure 2.3 Creep-scaling plot of v with respect toH−1/4 for several samples with

different values of td and tu as denoted in the figure. The solid lines represent

the best fits using Eq. (2.1).

To understand the relation between K and α, we adopt here the creep-

scaling law proposed in Ref. [22]. The definition of α in this creep-scaling law

yields the proportionality α ∝UCHcrit)
1/4, where UC and Hcrit are the scaling

energy constant and the critical field, respectively. According to Ref. [22], the

quantities UC andHcrit, in turn, exhibit the proportionalities UC ∝(f2
pinσDW )1/3

and Hcrit ∝(f4
pin/σDW )1/3, where fpin and σDW are the local pinning force and

the DW energy density per unit area, respectively. Note that fpin is inversely

proportional to the DW width δDW [22]. In ferromagnetic materials with a uni-
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Table 2.2 Creep scaling constant α of the Si/SiO2/5.0-nm Ta/td Pt/0.3-nm

Co/tu Pt films with different td and tu.

axial magnetic anisotropy K, it is well known [26] that σDW and δDW follow

the relations σ ∝K1/2 and δDW ∝K−1/2, respectively. Thus, one can finally

obtain the relation:

α ∝ K5/8. (2.2)

The dotted lines in Figure 2.4 represent the proportionality given by Eq. (2.2).

The good conformity between this proportionality and the experimental data

supports the validity of the above theory in describing the relation between α

and K. Note that the presented analysis was performed in the creep regime for

slow motion under a small magnetic field. Under a large field, the DW exhibits

rapid motion that belongs to the flow regime. Although such rapid motion in

the flow regime is not directly analyzed in this study, a relation similar to that

found in the creep regime is expected in the flow regime, as the DW speed

undergoes a smooth transition between the two regimes [17], and thus, the DW

speed of Sample I remains faster than that of Sample II even in the flow regime,

as seen in Figure 2.2.
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Figure 2.4 Correlation plot of a with respect to K. All values of α and K are

identical to those presented in Tables I and II. The dashed lines represent the

proportionality given by Eq. (2.2).

Conclusions

In summary, we observed that the DW speed is sensitive to the thicknesses of

the nonmagnetic Pt layers in Pt/Co/Pt films. Based on a quantitative analysis,

it was revealed that the primary origin of this dependence can be attributed

to the variation of the uniaxial PMA. The DW speed varied by a factor of

more than 50 among the investigated samples under the same magnetic field.

Our results offer a method of maximizing the DW speed without changing the

thickness of the magnetic Co layer.
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Chapter 3

DW Dynamics & Asymmetric
DW Motion in Flow Regime

The magnetic domain-walls (DWs) motion induced by spin-polarized current

and magnetic field has proposed novel concepts for memory and logic devices

[10],[11]. Recently, many interesting physical phenomena on the chiral DW have

been reported with perpendicular magnetic anisotropy [12]. When applying the

in-plane magnetic field on the DW, it modifies DW structure, forms chiral

DW, and then affects direction of the DW motion as well as magnitude of

its speed [27]. Many researches related with a chiral DW, both current-driven

and field-driven DW motion, have been performed experimentally, calculated

numerically, and carried out micromagnetic simulation [9]. In the current-driven

DW motion which is governed by spin-Hall effect (damping-like torque), once

applying the in-plane magnetic field, DW structure can be formed as right-

handed or left-handed Néel wall, (between them it can be formed as Bloch

wall), and then the direction of the DW motion and magnitude of its speed can

be altered in accordance with the types of the DW. Although this explanation
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can suggest a good physical intuition for comprehending the current-driven DW

motion, in real situation, it is quite difficult to understand due to the presence

of many other effects which are spin-transfer torques and field-like spin-orbit

torque, related with the Rashba effects. In the field-driven DW motion, after

applying the in-plane magnetic field, DW structure is also able to be varied,

and then only the magnitude of the DW speed is changed. Recently, there

exists experimental demonstration in creep regime and it can be explained

successfully by the DW energy model [27]. In this model, in-plane field as the

Zeeman energy competes with the DW anisotropy energy for minimizing the

DW energy which determines the DW angle, and as a consequently DW speed

is varied. This is also similar interpretation in the case of current-driven DW

motion as understanding the phenomenon based on the transition from Néel

to Bloch DW. Similar experimental results are also reported in the flow regime

[12]. In this paper, although they try to interpret this phenomenon caused by

the variation of the DW width from applying to the in-plane magnetic field [28],

it cannot explain well because the simulation cannot realize the experimental

result as well as the discrepancy exists between DW width’s variation and DW

speed’s variation in the simulation. So it is not fully understood the role of

the in-plane magnetic field affecting DW motion in flow regime. In this paper,

we investigate the origin of DW speed variation in flow regime by use of the

1-dimensional q-phi model based on the LLG equation.

3.1 Broken chirality governing asymmetric domain-

wall motion in the flow regime

We now consider the effects of in-plane magnetic field and DMI, which is affected

as effective in-plane field, in 1-dimensional magnetic DW. These contributions
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are added to the Landau-Lifshitz-Gilbert (LLG) equation, which describes the

time evolution of the magnetization M. We use the generalized 1-dimensional

DW motion by constituted by the Slonczewski [29], and then two collective

dynamics equations coupled q and ϕ are

α/∆q̇ + ϕ̇ = γ0Hz, (3.1)

1/∆q̇ − αϕ̇ = γ0 [(Hx +HDMI) sinϕ−Hk sinϕ cosϕ] , (3.2)

where α is a damping constant, ∆ is a DW width, q̇ is the DW speed, ϕ̇ is

angular speed, γ0 is the gyromagnetic ratio, Hz is the out-of-plane magnetic

field, Hx is the in-plane magnetic field, HDMI is the DMI-induced field, Hk is

the wall-anisotropic field, and ϕ is the DW angle from the Bloch wall.

3.1.1 Steadt-State Flow & Walker Breakdown

From the Ref. [29], DW energy σ density is described by,

σ =
2A

∆
+ 2Keff∆+ 2KD∆cos2 ϕ− πMs (Hx +HDMI)∆ cosϕ, (3.3)

where A is the exchange stiffness constant, Keff is the effective anisotropy

energy, Ms is the saturated magnetization. By using the Eq.(3.3), to find the

minimum condition of DW energy with respect to the DW width, solve the

dσ/d∆=0, and then the equilibrium DW width ∆∗ can be obtained as,

∆∗ =

√
A

Keff

√√√√ 1

1 + KD
Keff

cos2 ϕ− πMs(Hx+HDMI)
2Keff

cosϕ
, (3.4)

To determine the equilibrium DW width, we should obtain the equilibrium

angle ϕ∗. By use of the Eqs. (3.1) and (3.2), we eliminate q and obtain the

relation for ϕ only,

ϕ̇ = γ0
1

1 + α2
[Hz − α ((Hx +HDMI) sinϕ−Hk sinϕ cosϕ)] , (3.5)

22



In the steady-state flow regime, where DW angle is fixed (it means ϕ̇=0), DW

speed from Eq.(3.1) is

q̇ = γ0
∆∗

α
Hz (3.6)

And ϕ∗ can be easily obtained from the Eq.(3.5) for condition, ϕ̇=0. Because

this is the biquadratic with respect to cos ∗, it can be calculated numerically.

In this regime called steady-state flow, it is easily to see that all of the in-

plane fields (Hx +HDMI) affect the DW speed as variation of the DW width.

This, which is already reported simulation in previous report [27], explains

the DW speed variation by DW width variation. To estimate the DW speed

variation in this regime, we consider the well-known magnetic parameters [9].

Comparing Hx=0 mT and Hx=200 mT, the variation of DW width is 60%,

as a consequently the possible variation of the DW speed is also ??. It cannot

be shown 500% percent of DW width variation, so it cannot explain about the

recent progressed experimental result.

It is widely known that when we increase Hz, the transition appear from the

steady-state flow into precession flow regime where the dynamics of DW at high

Hz is quite distinct phenomena previous regime. From the Eq.(3.5) considering

(Hx + HDMI)=0, when Hz is much higher than the DW anisotropy field Hk,

there exists a condition of ϕ̇ ̸=0 which means the situation just rotating the DW

magnetization. This transition point about Hz is called as walker breakdown

field HW . From the Eq. (3.5), the HW means the maximum value of Hz at ϕ̇=0.

So HW can be derivative by,

HW = α (Hx +HDMI) sinϕW − αHk sinϕW cos aϕW , (3.7)

where ϕW is the critical angle at walker breakdown and is given by cosϕW =

(Hx+HDMI)±
√

(Hx+HDMI)2+8H2
k

(4Hk
. From this equation, the more Hx increases, the
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high HW is determined. It means that walker breakdown is suppressed by in-

plane magnetic field.

3.1.2 Precession Flow

Next above walker breakdown, it is called precession flow regime where there

coexists the rotational and translational DW motions. Due to the rotating DW

in this regime, it cannot define the DW position by steady-state point of view.

So we consider the average speed of DW by use of the period of precession.

From the Eq.(3.5), the period can be derived by

T =
1 + α2

γ0

∫ 2π

0

dϕ

Hz − α (Hx +HDMI) sinϕ+ αHk sinϕ cosϕ
. (3.8)

In order to arrange the simple form, we estimate each value of the param-

eter. Because Hk is related by NxMs ∼ tens of mT [?], we can estimate

αHk ∼ a few mT, and then this term is quite small compared with Hz −

α (Hx +HDMI) sin aϕ. Therefore, we can rewrite the Eq.(3.7),

T =
1 + α2

γ0

∫ 2π

0

1

Hz − α (Hx +HDMI) sinϕ

[
1

1 + αHk sinϕ cosϕ
Hz−α(Hx+HDMI) sinϕ

]
dϕ.

(3.9)

From the condition of Hz−α (Hx +HDMI) sinϕ ⩾ αHk sinϕ cosϕ, it is possible

to use the Taylor expansion,

T ∼=
1 + α2

γ0

∫ 2π

0

1

Hz − α (Hx +HDMI) sinϕ

(
1− αHk sinϕ cosϕ

Hz − α (Hx +HDMI) sinϕ

)
dϕ.

(3.10)

It can be separated by

T ∼=
1 + α2

γ0

[∫ 2π

0

1

Hz − α (Hx +HDMI) sinϕ
dϕ−

∫ 2π

0

αHk sinϕ cosϕ

Hz − α (Hx +HDMI) sinϕ
dϕ

]
.

(3.11)

From the integration table, the second term is zero. So first term is dominated

for precession and the result is T ∼= 1+α2

γ0
2π√

H2
z−[α(Hx+HDMI)]

2
. By the definition
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of the the angular speed ⟨ϕ̇⟩ = 2π/T , it is possible to write,

⟨ϕ̇⟩ = 2π

T
∼=

γ0
1 + α2

√
H2

z − [α(Hx +HDMI)]
2. (3.12)

From Eq.(3.12), when the Hx is increased, the angular speed is decreased where

it means energy consumption for rotating motion is decreased. In the precession

flow regime, we should consider the average over one period of the Eq.(3.1). So

average DW speed is,

⟨q̇⟩ = ∆

α

(
γ0Hz − ⟨ϕ̇⟩

)
∼=

∆

α

γ0Hz −
γ0

1 + α2
Hz

√
1−

[
α(Hx +HDMI)

Hz

]2 .

(3.13)

For easy to understand Eq.(3.13), we consider the condition,
[
α(Hx+HDMI)

Hz

]2
⩽

1 where Taylor expansion can be used,

⟨q̇⟩ = ∆

α

(
γ0Hz − ⟨ϕ̇⟩

)
∼=

∆

α

(
γ0Hz −

γ0
1 + α2

Hz

[
1− 1

2

[
α(Hx +HDMI)

Hz

]2])
.

(3.14)

⟨q̇⟩ = ∆

α

(
γ0Hz − ⟨ϕ̇⟩

)
∼=

∆

α
γ0Hz

(
1− γ0

1 + α2

)
+∆

αγ0
1 + α2

(Hx +HDMI)
2

2Hz
.

(3.15)

Equation (3.15) is constructed by the two different terms. The 1st term is the

similar to the steady-state flow equation factored by
(
1− 1

1+α2

)
and the 2nd

term is effect of Hx. From the 2nd term, we can easily obtain the minimum

DW speed at Hx = HDMI , which means HDMI is the symmetric axis in the

precession flow regime, similar to the creep regime [27]. And the minimum DW

speed is determined only Hz. It is also found that DW speed is the quadratic

form with respect to the Hx + HDMI . This quadratic form is come from the

rotating DW period, so the cause of DW speed enhancement in the precession

regime is come from the increasing the DW period.
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3.1.3 Numerical Calculation

Taking all of the analytic solutions in the flow regime, we can calculate the DW

speed numerically. Material parameter is A=10×10−12 J/m, Keff=6.5×105

J/m3, Ms=1.3×106 A/m, Hz from 0 to 100 mT, Hx from 0 to 100 mT, and

HDMI=0 mT (becaue DMI is only the symmetric axis shift, we do not consider

this term). Figure 3.1 shows that DW speed with respect to the Hz for various

Hx. In the low Hz regime, it is clearly show that DW speed is linear relation

as a function of the out-of-plane magnetic field. At the end of the steady-state

flow regime, there exist the walker breakdowns for each Hx, which is as a func-

tion of Hx as shown inset of Fig. 3.1. It shows that HW is increased when the

in-plane magnetic field is increased and independent of the sign of Hx. Above

the steady-state flow regime, it shows precession flow regime.

3.1.4 Micromagnetic Simulation

In the previous section, we derive the analytic solution of both flow regimes.

To check the realization of this phenomenon and be compared with analytic

form, we carry out the micromagnetic simulations. Material parameter is same

as numerical calculation as denoted previous section. To compare the both flow

regimes’ DW speed variation, we carry out the simulations at both regimes.

Figure 3.2(a) shows DW speed with respect to the Hz for various Hx. More

specifically, we divide the DW dynamics two ragnes. Figure 3.2(b), which shows

the DW speed with respect to theHx at fixedHz=50 mT. One withHx ≦60 mT

is precession flow regime, which incesres quite large and the other with Hx ≧60

mT is steady-state flow regime, which increase quite small compared with pre-

cession regime. From the Fig. 3.1 and 3.1, thess graphs show the good agreement

of analytic form with the simulation. Note that the variation of the enhance-
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Figure 3.1 Analytic result: Domain wall speed with respect to the Hz for various

Hx

ment of DW speed is about 50% at steady-state flow, whereas enhancement of

DW speed is more than 6 times at precession flow. This also demonstrates that

the high enhancement of the DW speed happen in the precession regime.

3.1.5 Comparision between Experimental Result and Analytic

solution

Finally, we perform the experiment and then compare the results with analytic

explanation. For this, we choose the Pt/Co/Pt film with PMA film [27],[30].

To check the high DW speed about 10 m/s at Hz=51 mT without Hx, we

think this is the flow regime. And then, at fixed Hz=51 mT, we measure the

DW speed with respect to the in-plane magnetic field as shown in Fig. 3.3(a).
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Figure 3.2 Micromagnetic Simulation: Domain wall speed (a) with respect to

the Hz for various Hx and (b) with respect to the Hx at fixed Hz=50 mT

It clearly shows that the symmetric axis appear at Hx=-60 mT, which means

DMI-induced field. The DW speed at Hx=150 mT is 6 times compared with

the speed at Hx=-60 mT. From the Eq.(3.15), it should be check the rate of

increase of the DW speed. Due to α2 ⩽1, we can also apply to the Taylor

expansion from Eq.(3.15) and then derive,

Figure 3.3 (a) Measured domain wall speed with respect to the Hx at fixed

Hz=51 mT and (b) Normalized domain wall speed both experimental result

and analytic result
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⟨q̇⟩ = ∆

α

(
γ0Hz − ⟨ϕ̇⟩

)
∼= ∆αγ0Hz +∆

αγ0
1 + α2

(Hx +HDMI)
2

2Hz
. (3.16)

Variation is related with (Hx+HDMI)
2

2(Hz)2
∼= 6 (Hz=51 mT, Hx=150 mT, and

HDMI=60 mT). It is successfully explain the DW speed variation. To fit the

experimental result from the analytic solution, we use the magnetic parameters

from the Ref. [30]. Figure 3.3(b) shows the analytic result from the best fitting at

fixed these values. Although this result has discrepancy of experimental result,

the tendency of the DW speed variation can be explained qualitatively. In order

to account quantitatively as well as qualitatively, it should be considered the real

situations that the DW motion has the transition regime from creep, depinning,

flow regimes and that other factors will be considered (2-dimensional effect).

Nonetheless this result can suggest the physical intuition that the variation of

DW speed is come from the precession flow regime.

3.1.6 Conclusion

In conclusion, we show the experimental result that varies DW speed as a

function of the in-plane field in Pt/Co/Pt. The reason is come from the walker

breakdown suppression from the in-plane field, as a consequently the angular

period is increased by in-plane field in the precession regime, which explain well

the experimental result. We can also suggest the analytic solution for precession

flow regime. This analytic form is successfully explain the DW speed variation

is directly related with Hx+HDMI and the minimum DW speed is determined

at Hx=HDMI .
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3.2 Universality of Chiral-Domain-Wall Motion by the

Dzyaloshinskii-Moriya Interaction in the Creep and

Flow Regimes

The phenomena related with the chiral domain walls (DWs) induced by the

Dzyloshinskii-Moriya interaction (DMI) have been widely reported for its inter-

esting physical properties and promising technical applications [10],[11]. When

an in-plane magnetic field Hx is applied in these DWs, it modifies the DW

structure and consequently, results in an asymmetric DW motion with a finite

DMI [27]. Recently, there are many studies about this asymmetric motion in

the creep regime, explained by symmetric and asymmetric effects with respect

to the DMI-induced effective field HDMI ; the former is caused by the variation

of the DW energy density [27],[31],[32] and the latter is caused by the chiral

damping (or other mechanism)[31],[32]. In order to extend our understanding

on such asymmetric DW motion, we examine the asymmetric DW motion in the

creep and flow regimes. For this study, we prepared 2.0-nm Pt/0.3-nm Co/2.0-

nm Pt films that exhibit a perpendicular magnetic anisotropy. The DW speed

v was then measured with respect to Hx at a fixed out-of-plane magnetic field

Hz, by use of a magneto-optical Kerr effect microscope. In the creep regime,

the asymmetric DW motion can be explained by the combination between the

symmetric and asymmetric effects. According to the method proposed in ref.

[5], HDMI was quantified as 60±5 mT in creep regime. Interestingly, similar

but a little bit different behavior was observed in the flow regime. Figure 3.4

shows v with respect to Hx at fixed Hz, (a) 1.7 mT for creep and (b) 51 mT for

flow. The figure 3.4(b), at flow regime, clearly shows that the asymmetric effect

is significantly suppressed. By using the method proposed in ref. [5], difference

between DW speed in creep regime has only the symmetric effect, and so the
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symmetric effect has the symmetric axis exactly the same with HDMI in the

creep regime as shown in Fig. 3.5. From this result, it is clearly shown that

the effect from HDMI is universal feature irrespective of the creep and dynamic

regimes. Detail analysis will be discussed in the presentation.

Figure 3.4 DW speed v with respect to the in-plane magnetic field Hx at fixed

out-of-plane magnetic field (a) Hz=1.7 mT for creep and (b) 51 mT for flow.
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Figure 3.5 (a) Difference between DW speeds v with respect to the in-plane

magnetic field Hx (b) DW speed v with respect to the in-plane magnetic field

Hx at fixed out-of-plane magnetic field Hz= 51 mT for flow.
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Chapter 4

DMI meter 2.0

4.1 DMI meter 1.0: Asymmetric Magnetic Domain-

Wall Motion by the Dzyaloshinskii-Moriya Inter-

action

We demonstrate here that ultrathin ferromagnetic Pt/Co/Pt films with perpen-

dicularmagnetic anisotropy exhibit a sizable Dzyaloshinskii-Moriya interaction

(DMI) effect. Such a DMI effect modifies the domain-wall (DW) energy density

and consequently, results in an asymmetric DW expansion driven by an out-of-

plane magnetic field under an in-plane magnetic field bias. From an analysis of

the asymmetry, the DMI effect is estimated to be strong enough for the DW to

remain in the Néel-type configuration in contrast to the general expectations

of these materials. Our findings emphasize the critical role of the DMI effect

on the DW dynamics as the underlying physics of the asymmetries that are

often observed in spin-transfer-related phenomena. In contrast to the general

expectation that an in-plane magnetic field does not induce any force on the
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domain walls to move, an asymmetric FIDWM is observed with respect to the

in-plane magnetic field. This asymmetric FIDWM is found to be caused by a

sizeable DMI. The direction, helicity, and magnitude of the DMI are quantita-

tively analyzed and will be discussed.

4.2 DMI meter 2.0: Measuring the Dzyaloshinskii-Moriya

Interaction based on Angular Dependence of Asym-

metric Magnetic DW Motion

Recently, much attention has focused on the Dzyaloshinskii-Moriya interac-

tion (DMI) in ferromagnetic systems for magnetic-skyrmion-racetrack memory.

In order to form a skyrmion state, it is needed to have the large DMI value

D about 3.5 mJ/m2 which can be converted into the DMI-induced magnetic

field HDMI=636 mT, where DW width is 5 nm and saturated magnetization

is 1.1×106 A/m. Recently, the measuring DMI technique based on asymmet-

ric DW motion has been proposed. In this technique, HDMI can be directly

quantified by observing the shift Hshift of the symmetric axis in the DW speed

v(Hx) measurement with respect to the in-plane magnetic field Hx. However,

in material with skyrmion state where HDMI is too large (>600 mT), it cannot

be applicable due to limitation of the maximum strength Hmax of the applied

in-plane magnetic field.

4.2.1 Result.1: Angular Dependence of Asymmetric Magnetic

DW Motion in Pt/Co/Pt

In this study, we propose an advanced technique to overcome such field-strength

limit. The core idea is to utilize the dependence of Hshift on the tilting an-

gle θ of the DWs with respect to the direction of the in-plane magnetic field

as show in Fig. 4.1(a). Figure 4.1(b) shows the Hshift measurements for the
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tilted DWs with various θ (0◦, 30◦, 60◦, and 90◦) for Pt/Co/Pt film. It is clear

from the figure that Hshift is very sensitive to θ, following a simple relation

Hshift=HDMIcos θ as demonstrated by Fig. 4.2 where the red line shows the

best fit with cos θ. Therefore, with a large θ, Hshift becomes much reduced

possibly less than Hmax. The present idea can be also demonstrated to other

films (Pt/Co/AlOx and Pt/Co/MgO), where HDMI is even much larger than

the field-strength limit of equipment, and thus enables the development of an

advanced DMI meter based on asymmetric DW motion.

Figure 4.1 (a) the DW displacements for each θ. (b)Speed v⊥ normal to the DW

with respect to the in-plane magnetic field Hx for various DW tilting angle θ

(0◦, 30◦, 60◦, and 90◦). The red lines are the best fit with the equation in Ref. 5

and the blue arrows indicate Hshift. The strength of the out-of-plane magnetic

field Hz is 8 mT.

4.2.2 Result.2 Angular Dependence of Asymmetric Magnetic

DW Motion in Pt/Co/Pt, Pt/Co/AlOx, and Pt/Co/MgO

To check the generality, we prepare the 3 different PMA films: Pt/Co/Pt,

Pt/Co/AlOx, and Pt/Co/MgO. Figure 4.3 shows that Hshift is also very sen-
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Figure 4.2 Measured Hshift with respect to θ. The red line is the best fit with

cos θ.

sitive to θ for each sample. Especially, this method is also well-applied in

Pt/Co/MgO with high symmetric-breaking along the z-direction with large

DMI ah shown Fig. 4.3(c). So we demostrate that the present idea (DMI meter

2.0) can be well-operated other samples, where HDMI is even much larger than

the field-strength limit of equipment. Therefore we develop and demonstrate an

advanced DMI meter based on asymmetric DW motion.
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Figure 4.3 Measured Hshift with respect to θ (a) Pt/Co/Pt, (b) Pt/Co/AlOx,

and (c) Pt/Co/MgO. The red lines are the best fit with cos θ.
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Chapter 5

Applicaiton Device: Magnetic
Bubblecade Memory

5.1 Magnetic Bubblecade Memory based on Chiral

Domain Walls

Unidirectional motion of magnetic domain walls is the key concept underlying

next-generation domain-wall-mediated memory and logic devices. Such motion

has been achieved either by injecting large electric currents into nanowires or by

employing domain-wall tension induced by sophisticated structural modulation.

Herein, we demonstrate a new scheme without any current injection or struc-

tural modulation. This scheme utilizes the recently discovered chiral domain

walls, which exhibit asymmetry in their speed with respect to magnetic fields.

Because of this asymmetry, an alternating magnetic field results in the coher-

ent motion of the domain walls in one direction. Such coherent unidirectional

motion is achieved even for an array of magnetic bubble domains, enabling the

design of a new device prototype—magnetic bubblecade memory—with two-

38



dimensional data-storage capability.

5.1.1 Introduction

Recent progress in the control of magnetic domain walls (DWs) has suggested

a number of prospective opportunities for next-generation DW-mediated de-

vices [33],[34],[35],[36],[37]. Among these, coherent unidirectional DW motion

has been proposed to replace the mechanical motion of magnetic media in hard-

disk drives, thereby enabling the creation of a solid-state nonvolatile data-

storage device—so-called racetrack memory—with high storage capacity, low

power, and high mechanical stability[33]. Such coherent unidirectional motion

was first achieved by injecting current into magnetic nanowires[36],[37],[38]. In

this scheme, current-induced spin-transfer[38] and spin-orbit torques[39],[40] ex-

ert forces on DWs by transferring electron spins to the local magnetic moment,

resulting in DW motion along the direction of force. It is therefore possible to

realize the unidirectional motion of multiple DWs, leading to the recent devel-

opment of DW shift registers[36],[37]. Such DW motion, however, requires a

high threshold current, which is inevitably accompanied by high Joule heating9

that may cause severe artifacts. Structural modulation of the nanowires has

therefore been proposed to reduce the threshold current by introducing DW

tension[42]. With wedge-shaped modulation, the DW tension exerts a force on

the DWs to reduce the tension energy and consequently, facilitates the DW

motion toward the apex edge[43]. It has been revealed that periodic struc-

tural modulation allows DW-tension-induced unidirectional motion to be solely

driven by the magnetic field without any current injection, as demonstrated by

magnetic-ratchet shift registers[44]. It has also been demonstrated that ver-

tical composition modulation leads to unidirectional DW motion along the

vertical direction[45]. These schemes are, however, extremely sensitive to tiny
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structural irregularities in the devices and thus, require highly sophisticated

nanofabrication processes. The magnetic bubble memory[46] commercialized

in 1970s also utilizes the unidirectional motion of magnetic bubble domains,

but it requires tiny magnetic guide patterns onto the films to attract and re-

pel the bubble domains under rotating magnetic field. Here, we demonstrate

a new scheme for unidirectional DW motion based on skyrmion-like magnetic

bubble domains[47]. This scheme is applicable even to unpatterned films in

the absence of any current injection or structural modulation. The magnetic

skyrmion[47],[48],[49],[50],[51],[52] is a topological object in which the internal

spins whirl around the core in all directions and thus, shield the core spins

from outer spins of the opposite orientation. Magnetic skyrmions have been

observed in several helical magnets, where the helical spin alignment is caused

by the Dzyaloshinskii-Moriya interaction (DMI)[53],[54]. Recently, it has been

observed that metallic ferromagnetic multilayer films also exhibit finite DMI be-

cause of their asymmetric layer structure, resulting in skyrmion-like magnetic

bubble domains with a Néel DW configuration[55],[56].

5.1.2 Sample Preparation & Experimental Methods

Sample Preparation

For this study, metallic ferromagnetic Ta/Pt/Co/Pt films were deposited on Si

substrates with 100-nm-thick SiO2 layer by means of the dc-magnetron sput-

tering. The thicknesses of the Ta and Co layers are fixed to 5.0 and 0.3 nm,

respectively, and the thicknesses of the upper and lower Pt layers are adjusted

from 1.0 to 3.0 nm to tune the magnetic properties[63]. To enhance the sharp-

ness of the layer interfaces, the films were deposited with a small deposition rate

(0.25 Å/sec) through adjustment of the Ar sputtering pressure (∼2 mTorr) and
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power (∼10 W). All the films exhibit clear circular domain expansion with

weak pinning strength. The results in Figs. 2 and 3 were obtained from 5.0-nm

Ta/2.5-nm Pt/0.3-nm Co/3.0-nm Pt film (Sample A) that shows the fastest

bubble speed under the present experimental condition, possibly due to the

weak coercive field (7.1 mT). The results in Fig. 4 were obtained from 5.0-

nm Ta/2.5-nm Pt/0.3-nm Co/1.0-nm Pt film (Sample B) that allows regular

bubble-array writing with small irregularities due to the relatively large coer-

cive field (16.2 mT). The DMI-induced magnetic field HDMI was measured to

be 40 and 22 mT for Samples A and B, respectively, by analyzing the asym-

metric DW motion[57],[58]. The DMI constant is then estimated to be about

0.3 and 0.1 mJ/m2 for Samples A and B, respectively, by use of the saturation

magnetization (1.3×106 A/m) measured by a vibrating sample magnetometer

and the typical DW width (5 nm).

Experimental Setup and Procedure

The magnetic domain images were observed by use of a magneto-optical Kerr

effect (MOKE) microscope equipped with a charge-coupled device (CCD) cam-

era on the focal plane[42]. To apply the magnetic field onto the films, two elec-

tromagnets and two small coils are attached to the sample stage. One of the

electromagnets is used to apply the in-plane magnetic field bias up to 200 mT.

The smallest coil (∼1 mm in radius) is used to apply the out-of-plane magnetic

field pulses up to 68 mT with a fast rising time (< 1 µs). The combination of

the in-plane electromagnet and the smallest coil was used to obtain the results

shown in Fig. 2. The other coil (∼2 mm in radius) is designed to apply the

alternating sinusoidal magnetic field with adjustable tilting angle, which was

used to obtain the results shown in Fig. 3. For field uniformity over the wide

range (> 2 mm) of the film, two electromagnets were used to apply the in-plane
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and out-of-plane magnetic fields to obtain the results shown in Fig. 4.

Thermomagnetic Writing of Bubble Domains

To create bubble domains, the thermomagnetic writing scheme[64],[66] is adopted.

In this scheme, the magnetization of the film is first saturated by applying an

out-of-plane magnetic field pulse (–30 mT, 1 s). A laser beam (60 mW) is then

focused on a small spot (∼1 µm in diameter) of the film, causing reduction of

the coercive field inside the spot by increasing the temperature. At this instant,

a reversed magnetic field pulse (8 mT, 12 ms) is applied. Since the strength of

the reversed magnetic field is adjusted to be slightly larger than the reduced

coercive field inside the spot, the magnetization reversal occurs only in the

area of the spot. Consequently, a bubble-shaped reversed domain is created.

By repeating this procedure with motorized sample stage, arbitrary pattern

of bubble domain array can be recorded. Due to the time delay for multiple-

bubble recording with stage translation, the clock pulses were interleaved in the

present demonstration of the magnetic bubblecade memory operation shown in

Fig. 4f. The spin-transfer torque scheme with multiple nanopillar structures

will possibly provide a parallel writing capability required for real-time device

operation.

5.1.3 Result.1: Single Bubble Motion

We demonstrate that a sequence of applying magnetic fields leads to a unidirec-

tional motion of magnetic bubble domains. Figure 1a illustrates a skyrmion-like

bubble domain with a Néel DW configuration, where the magnetization m̂DW

(red arrows) inside the DW is oriented radially outward in all directions. Be-

cause of the rotational symmetry with respect to the center of the bubble, the

present bubble expands or shrinks circularly under an out-of-plane magnetic
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Figure 5.1 Schematic descriptions of the unidirectional bubble motion. (a) Illus-

tration of a bubble domain (bright circle) and the DW (grey ring), surrounded

by a domain of opposite magnetization (dark area). The red symbols and ar-

rows indicate the direction of the magnetization inside the DW and domains.

(b) Asymmetric DW-energy distribution under an in-plane magnetic field +Hx

(green arrow), as visualized by the color contrast of the arrows on the DW

according to the scale bar at the bottom. (c) AsymmetricDWexpansion un-

der a magnetic field H(= (+Hx,+Hz)) with a tilting angle θ. (d) Asymmetric

DW-energy distribution under the reversed in-plane magnetic field -Hx. (e)

Asymmetric DW shrinkage under the reversed magnetic field (−Hx,−Hz). The

dashed circles represent the previous DW positions.

field Hz (Ref. [42]). However, if one applies an in-plane magnetic field Hx,

m̂DW becomes tilted to the direction of Hx due to the Zeeman interaction as

illustrated by the arrows in Fig. 1b and thus, the rotational symmetry is broken

since m̂DW is not oriented radially outward in all directions. The different angle

between m̂DW and Hx then results in different Zeeman energy contribution to

the DW energy: the parallel alignment has a lower DW energy, whereas the

antiparallel alignment has a higher DW energy. Such asymmetric DW energy

distribution is shown by the color contrast of the arrow in Fig. 1b. This bubble

domain then exhibits asymmetric expansion under Hz (Fig. 1c) because the
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DW speed depends on the DW energy[57],[58],[59]. At this instant, if one re-

verses the polarity of the in-plane magnetic field (i.e., applies -Hx), then the

asymmetry in the DW-energy distribution is also reversed (Fig. 1d). With ap-

plying −Hz, this bubble domain shrinks toward a different location from the

original position of the domain (Fig. 1e). Consequently, the center of the bubble

shifts along the x axis from the original position. Such a shift of the center can

be continuously generated along the same direction by repeating the process

illustrated in Figs. 1c and e, in which collinear magnetic fields (+Hx,+Hz) and

(−Hx,−Hz) are alternately applied. Therefore, unidirectional bubble motion

can be achieved by applying an alternating magnetic field generated by a single

coil that is tilted by an angle θ(=atan(Hx/Hz)) to the film normal.

The predicted behavior discussed above can be readily verified for Pt/Co/Pt

films (see Supplementary Information 1). Recent studies have revealed that

these films have a positive DMI and thus exhibit the right-handed chiral DW

configuration[57],[58]. Figure 2a presents an image of a bubble domain cap-

tured using a magneto-optical Kerr effect (MOKE) microscope (Ref. [42] and

see Supplementary Information 2). Because of the right-handed chirality, m̂DW

is expected to be oriented outward, as illustrated in the inset. By applying an

alternating magnetic field to this bubble domain, unidirectional bubble motion

was successfully accomplished, as seen in Figs. 2a-c. The exact conformity of

these images with Fig. 1 proves the principle of the present scheme.

5.1.4 Result.2: Speed of Bubble Motion

The speed VB of the bubble motion follows the average rate of DW motion un-

der the alternating magnetic-field pulses. The forward and backward motions of

the DW (blue arrows in Figs. 2b and c) yield the relation VB=[V∥(Hz,Hx)+V∥(-

Hz,-Hx)]/2, where V∥ is the DW speed at the rightmost point of the bubble[56].
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Figure 5.2 Experimental verification of the unidirectional bubble motion from

Pt/Co/Pt film. (a) MOKE image of the initial bubble domain (bright circle)

surrounded by a domain of opposite magnetization (dark area). The red sym-

bols indicate the direction of the magnetization in the domains. The inset illus-

trates the expected m̂DW (red arrows) in the right-handed chiral DW configura-

tion. (b) The expanded bubble domain after application of a (+Hx,+Hz) pulse

(Hx=30 mT, Hz=4 mT, ∆t=100 ms), where ∆t is the pulse duration time.

The blue arrow indicates the DW displacement V∥(Hz, Hx)∆t. The dashed cir-

cle represents the initial DW position. (c) The shrunken bubble domain after

application of a (−Hx,−Hz) pulse. The blue arrow indicates the DW displace-

ment V∥(−Hz,−Hx)∆t. The dashed circles represent the previousDWpositions.

(d) Measured VB with respect to Hx for several Hz. The error bars correspond

to the standard deviation from data obtained by sampling 10 times.

The measured VB is plotted with respect to Hx for several Hz (Fig. 2d). This

plot clearly demonstrates that VB is proportional to Hx within the experi-

mental range of Hx, yielding the expression VBρ1(Hz)Hx (see Supplementary

Information 3). According to Ref. [57], the coefficient ρ1(Hz) is given by C1ln

[V0/|V∥(Hz,0)|] V∥(Hz,0) in the DW creep regime[60][61], where C1 is a constant

related to the Zeeman contribution to the DW energy and V0 is the charac-

teristic speed. In the present sample, C1ln[V0/|V∥(Hz,0)|] is estimated to be
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approximately (86 mT)−1 for the maximum Hz (68 mT) from the present coil

and thus, a VB (=1 m/s) is achieved up to approximately 46% of V∥(Hz,0) (=2.2

m/s) under the maximum Hx (40 mT).

5.1.5 Result.3: Bubble Radius Variation

Figure 5.3 Frequency dependence of bubble motions. Accumulated MOKE im-

ages acquired during bubble motion for various f values, 10 Hz (a), 20 Hz (b),

and 50 Hz (c), respectively. Alternating sinusoidal magnetic field was applied

with an amplitude 3.7 mT and a tilting angle 34◦, and the accumulation time

was fixed to 3 s for all images. The red (blue) circle represents the smallest

(largest) bubble observed during the motion. The blue arrows indicate ∆rB

between the largest and smallest bubbles. The red arrows indicate the displace-

ment of the bubble center between the initial and final positions (white dashed

circles) over the accumulation time. ṼB is then determined by the ratio of the

displacement over the accumulation time. Since these images were captured

over the same accumulation time, almost the same displacements indicate that

ṼB nearly unchanged irrespective of f . (d), Measured ∆rB and ṼB values with

respect to f . The error bars correspond to the standard deviation from data

obtained by sampling 10 times.

The variation ∆rB in the radius of the bubble during its motion can be

controlled by adjusting the frequency f of the alternating magnetic field. Fig-
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ures 3a-c present images of the bubble motion driven by alternating sinusoidal

magnetic field with f= 10 Hz (a), 20 Hz (b), and 50 Hz (c), respectively. Note

that each image was accumulated over a period of 3 s during bubble motion

and thus, the length (red arrow) of the gray area represents the bubble dis-

placement during the image-accumulation time. Additionally, the width (blue

arrow) of the light-gray boundary represents ∆rB between the smallest (red

circle) and largest (blue circle) bubbles. Figure 3d provides a plot of the mea-

sured ∆rB and the average bubble speed ṼB values with respect to f . The

figure clearly demonstrates that ∆rB is inversely proportional to f . Because

ṼB remains nearly unchanged irrespective of f , one can independently reduce

∆rB down to the limiting value defined by the bandwidth of the coil without

changing ṼB.

5.1.6 Result.4: Bubblecade and Memory Operation

Finally, the present scheme was applied to a two-dimensional bubble array. For

this purpose, an arbitrary 5×5 array pattern of bubbles (Fig. 4a) was initially

created on the film using the thermomagnetic writing method (see Supplemen-

tary Information 4). Under the application of alternating magnetic pulses, all

bubbles exhibited coherent unidirectional motion, as shown by the image (Figs.

4b-e and see Supplementary Movie 1) captured during the pulses. Exactly the

same bubble-array pattern was maintained even after traveling more than 1

mm (Fig. 4e). Therefore, the observed two-dimensional coherent unidirectional

motion of the bubbles—hereafter referred to as the bubblecade—can be used to

replace the mechanical motion of the magnetic media with respect to read and

write sensors, enabling a new device prototype ‘magnetic bubblecade memory.’

The writing and reading operation schemes of bubblecade memory are also

demonstrated. Figure 4f illustrates the operation timetable for a 4-bit magnetic
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Figure 5.4 Experimental demonstration of ‘bubblecade’, the two-dimensional

coherent unidirectional motion of multiple bubbles. MOKE images of an arbi-

trary 5×5 array of bubbles, (a) initially written on the leftmost side of the film

and taken after application of (b) 32, (c) 64, (d) 96, and (e) 127 pulse sets. Each

pulse set is composed of alternating square magnetic field pulses (H = ±106

mT, θ=71◦, ∆t=20 ms). (f) The operation timetable of 4-bit magnetic bub-

blecade memory. The top panel presents the alternating magnetic field pulses

(H = ±106 mT, θ=71◦, ∆t=20 ms) that act as the operation clock. The next

four panels show the pulses for the thermomagnetic writing of the bubbles on

each bit in the writing section. The last four panels show the signals from the

CCD pixels corresponding to each bit of the reading section. The inset presents

the device structure, with the writing (blue box) and reading (red box) sections

indicated.
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bubblecade memory. The top panel shows the alternating magnetic pulses that

act as the operation clock. The next four panels specify the bubble-writing

pulses (see Supplementary Information 4), which are applied to each bit of the

writing section (blue box) of the device depicted in the inset. At present, bubble

writing is achieved using the thermomagnetic writing scheme, but it may also

be possible to implement using the spin-transfer torque writing scheme with a

nanopillar structure[50]. The bottom four panels illustrate the reading signal

from each bit of the reading section (red box) of the device. At present, the

reading signals are detected by the corresponding pixels of a charge-coupled

device (CCD) camera, but it may also be possible to read out these signals

using tunneling magnetoresistive sensors in the future[62]. The figure clearly

shows that all written two-dimensional data bits are successively retrieved from

the reading section, demonstrating shift-register-based memory operation (see

Supplementary Movie 2).

5.1.7 Discussion & Conclusions

Further optimizing the design of the coils will enhance the operation speed of

the magnetic bubblecade memory, because the present maximum of the bub-

blecade speed is not limited by the sample. Since it is possible to achieve the

bubblecade speed to be about a half of the DW speed and the DW speed has

been demonstrated to reach a few hundreds m/s (refs [36],[38]), it is expected to

achieve the speed compatible to the practical operations with elaborated design

of microcoils. The data rate is then governed by the bubblecade speed and the

storage density. Recent discovery of the skyrmion crystals signals the possibility

to enhance the storage density of the present scheme up to the packing den-

sity of the skyrmions in the skyrmion lattice[51], which is possibly optimized

to be larger than a few hundreds of Gbits/in2 with the typical skyrmion size

49



smaller than a few tens of nm (ref. [50]). Furthermore, the two-dimensional bub-

blecade operation on unpatterned films enhances the compatibility toward the

three-dimensional data storage by stacking the films. For better scalability, the

stray-field-induced crosstalk and the size-dependence of the bubblecade speed

have to be further investigated by exploring the proper materials and layer

combination[63] including the antiferromagnetically coupled layer structures.

In summary, we present here a proof-of-principle experiment demonstrating the

two-dimensional coherent unidirectional motion of multiple bubble domains, of

which the speed is a significant fraction of the DW speed. Such bubble mo-

tion is attributed to the helical magnetic configuration caused by the asym-

metric layer structure and therefore, further exploration of materials and layer

combinations[63] together with the optimization of the coil design will further

enhance the potential of this technology for various applications. The present

scheme can eliminate the necessity for the mechanical motion of the media in

hard-disk drives and thus, enables the development of a new prototype solid-

state data-storage device, so-called the magnetic bubblecade memory.

5.2 Magnetic Bubblecade Motion in Creep Regime

By adopting the Taylor expansion with respect to Hx, the DW speed V∥ at the

rightmost point of the bubble domain can be written as,

V∥(Hz, Hx) = V∥(Hz,0) +
∞∑
n=1

ρn(Hz)H
n
x , (5.1)

where ρn(Hz)≡ 1
n!

∂nV∥(Hz ,Hx)

∂Hn
x


Hx=0

. Since V∥ is an odd function with respect to

Hz, V∥(−Hz,−Hx) is equal to −V∥(Hz,−Hx) i.e.

V∥(−Hz,−Hx) = −V∥(Hz,0)−
∞∑
n=1

ρn(Hz)(−Hx)
n, (5.2)
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From the relation VB=[V∥(Hz,Hx)+V∥(-Hz,-Hx)]/2, the speed VB of the bubble

motion can be thus expressed as

VB(Hz, Hx) =

∞∑
n=0

ρ2n+1(Hz)H
2n+1
x , (5.3)

The experimental observation (Fig. 2d) indicates that it is good enough to

approximate Eq. (5.3) as

VB(Hz, Hx) ∼= ρ1(Hz)Hx, (5.4)

within the present experimental range of Hx, by confirming that the higher-

order terms are negligible compared to the linear term.

According to Ref. 25, the DW energy density σDW is given by a function of

Hx as

σDW =

 σ0 − πλMS
2HD

(Hx +HDMI)
2 for |Hx +HDMI | < HD

σ0 + 2KDλ− πλMS |Hx +HDMI | otherwise
,

(5.5)

where σ0 is the DW energy of the Bloch configuration, λ is the DW width,MS is

the saturation magnetization, and HDMI is the DMI-induced effective magnetic

field. Here, HD (≡4KD/πMS) is the DW anisotropy field that is required to

rotate m̂DW from the Bloch configuration to the Néel configuration, where KD

is the DW anisotropy constant. Based on the assumption that the dependence

of V∥ on Hx is solely attributed to the variation of σDW due to Hx, one finds

the relation

ρ1 ≡
∂V∥

∂Hx


Hx=0

=
∂V∥

∂σDW


σDW=σDW (0)

· ∂σDW

∂Hx


Hx=0

, (5.6)

which is then written as

ρ1 =


−πλMS

HDMI
HD

∂V∥
∂σDW


σDW=σDW (0)

for |HDMI | < HD

−πλMSsgn(HDMI)
∂V∥

∂σDW


σDW=σDW (0)

otherwise
, (5.7)

51



In the creep regime, V∥ follows the creep scaling law V∥(Hz, Hx)=V0exp[-

α(Hx)H
−1/4
z ], where V0 is a characteristic speed and α is a constant related

to the scaling energy constant, the critical magnetic field, and the thermal

fluctuation energy[S1]. By use of the relation α(Hx) ∝ [σDW (Hx)]
1/4 proposed

in Refs. 25 and 26, one finds the relation

∂V∥

∂σDW


σDW=σDW (0)

=
1

4σDW (0)
V∥(Hz, 0)ln

(
V0

|V∥(Hz, 0)|

)
. (5.8)

Since |HDMI |>HD in the present Pt/Co/Pt films as demonstrated in Ref. 11

and HDMI>0 in the present experimental condition, VB can be finally written

as

VB(Hz, Hx) ∼= C1ln

(
V0

|V∥(Hz, 0)|

)
V∥(Hz, 0)Hx, (5.9)

where C1
∼= πλMS

4σDW (0)sgn(HDMI).

For alternating sinusoidal magnetic field (Hz sinωt,Hx sinωt), the average

speed ṼB of the bubble motion can be written by

ṼB(Hz, Hx) ∼=
C1ω

π

∫ π/ω

0
ln

(
V0

|V∥(Hz sinωt, 0)|

)
V∥(Hz sinωt, 0)Hx sinωtdt,

(5.10)

ṼB(Hz, Hx) ∼= C2VB(Hz, Hx), (5.11)

where C2 = 1
π

∫ π
0 exp

[
ln
(

V0
|V∥(Hz ,0)

) (
1− (sin τ)1/4

)]
(sin τ)3/4dτ . Numeri-

cal evaluation reveals that C2 is a slowly-varying function of V∥(Hz, 0) within

the range from 0.3 (for V∥(Hz, 0) ∼=1 mm/s) to 0.5 (for V∥(Hz, 0) ∼=100 m/s) in

the present samples.

According to Eq. (5.9), the direction of the bubble motion i.e. sgn(VB) is

given as

sgn(VB) = sgn(HDMIV∥(Hz, 0)Hx). (5.12)

Since the direction of V∥ is determined by the relative alignment of the out-

plane magnetic field Hz with respect to the out-of-plane component mbubble
z of
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Figure 5.5 VB in Pt/Co/MgO film, with respect to Hx for several Hz. The

inset illustrates the expected m̂DW (red arrows) with the left-handed chiral

DW configuration. The dashed lines show the best linear fit from Eq. (S9).

the magnetization inside the bubble domain, one can replace sgn (V∥(Hz, 0))

by sgn(mbubble
z Hz). Then, sgn(VB) can be rearranged as

sgn(VB) = sgn(κDMI) · sgn(θ), (5.13)

where the DW chirality κDMI is defined by HDMI mbubble
z inside the DW at

the rightmost point of the bubble domain and the tilting angle θ of the magnetic

field is defined by atan(Hx/Hz).

We confirmed the dependence on sgn(θ) by a repeated experiment with op-

posite sign of θ (not shown). Such dependence on sgn(θ) can be also verified even

in the present experimental results, by rotating the observation coordinate by
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Figure 5.6 Asymmetric DW speed V∥ with respect to Hx for several Hz. Data

were obtained under the same condition employed to measure Fig. 2d. The

asymmetry with respect to Hx is known to be caused by a finite DMI[25,26].

For the condition (withHz=68 mT andHx= 40 mT) of the maximum VB shown

in Fig. 2d, the forward and backward DW speeds are measured as V∥(Hz, Hx)=

3.7 m/s and V∥(−Hz,−Hx)=-V∥(Hz,−Hx)=–1.6 m/s. These speeds are ac-

cordant to the measured maximum VB(=1 m/s) in Fig. 2d via the relation

VB =
[
V∥(Hz, Hx) + V∥(−Hz,−Hx)

]
/2. This maximum VB is approximately

46% of V∥(Hz, 0)(=2.2 m/s).

180 degree with respect to the z axis. On the other hand, to confirm the depen-

dence on κDMI , we repeated the experiment by use of Pt/Co/MgO films that

are known to have the left-handed chirality[S2], opposite to the right-handed

chirality in the Pt/Co/Pt films[25,26]. Figure [S1] summarizes the results from

the Pt/Co/MgO films. The results truly show that the direction of the bubble

motion in the Pt/Co/MgO films is opposite to that of the Pt/Co/Pt films (Fig.

2), verifying Eq. (S12).
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5.3 Optimization of Magnetic Bubblecade Speed via

Strength and Angle of Magnetic Field Adjustments

Unidirectional coherent motion of magnetic domain walls (DWs) is one of the

key factors for the next-generation promising memory and logic devices. Many

concepts have been suggested and demonstrated by either injection of electric

current into nanowires, structural modulation to induce the DW tension, or

application of oscillating magnetic field to induce magnetic bubblecade [67].

Among these schemes, the magnetic bubblecade memory has been recently

demonstrated [67], as shown by Fig. 5.4. In the operation of the magnetic bub-

blecade memory, two major control factors were found to play the decisive role

in determination of the bubblecade speed v: strength H and tilting angle θ

of the magnetic field. Here, we examined the relation of v with respect to H

and θ. For this study, we prepared the 2.5-nm Pt/0.3-nm Co/1.0-nm Pt with

perpendicular magnetic anisotropy film. Then, v was measured by use of a

magneto-optical Kerr effect microscope. Figure 5.7 shows v versus θ for various

H. The figure clearly shows that v shows the maximum value at a critical angle

θc for a given H, where θc slightly depends on H. A theory based on the DW

creep criticality successfully explains the relation between θc and H, as shown

by the solid lines in the figure 5.8. The proposed analytic equation thus offers

the way to predict the optimization condition of H and θ for the maximum

bubblecade speed in the operation of the magnetic bubblecade memory.
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Figure 5.7 Bubble speed v with respect to the tilting angle of the magnetic field

θ for various field strength H
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Figure 5.8 2 dimensional Bubble speed v with respect to the tilting angle of the

magnetic field θ and field strength Hext

57



Chapter 6

Temperature Dependence of DW
Motion in Creep Regime

6.1 A Method for Compensating the Joule-Heating

Effects in Current-Induced Domain Wall Motion

We propose here a method for compensating the Joule-heating effects in the

current-induced domain wall motion (CIDWM). In CIDWM experiments, the

current induces not only the spin-transfer torque (STT) effects but also the

Joule-heating effects, and both effects influence the domain wall (DW) motion.

It is thus desired to develop a way to compensate the Joule-heating effects,

in order to determine the pure STT effects on the DW motion. Up to now, in

studies of DW creeping motions, such Joule-heating effects have been eliminated

based on the Arrhenius law by assuming the temperature-independent creep

scaling constants. However, here we find that such scaling constants are sensitive

to the temperature, from the DW creeping experiment in Pt/Co/Pt wires with

temperature control in a cryostat. By accounting the temperature dependence
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of the scaling constants, we demonstrate that all the DW speeds with various

temperatures exactly collapse onto a single universal curve, which enables us

to examine the pure STT effects on the DW motion.

6.1.1 Introduction

Current-induced domain wall motion (CIDWM) has been extensively studied

nowadays, motivated by perspective application opportunities with abundant

interesting physics [68],[69],[70],[71],[72]. Such CIDWM occurs through the spin-

transfer torque (STT) effects between conduction electron spins and local mag-

netic moments [73],[74],[75]. For a small current, the CIDWM exhibits creeping

motions [76], [77], of which the speed v follows the Arrhenius-type criticality as

v = v0exp[−
α

kBT
H∗−1/4], (6.1)

where v0 is the characteristic speed, α is a constant related with the domain

wall pinning energy, kB is the Boltzmann constant, and T is the temperature.

Here, H∗ denotes the effective field caused by the current and magnetic field

[78]. In such CIDWM, the current also induces the temperature rise due to the

Joule heating, which makes it hard to resolve the pure STT effects [77],[79],[80].

Up to now, the temperature rise effects in the kBT part have been compensated

within the context of the Arrhenius law by assuming that v0 and α are con-

stant irrespective of T [77],[81],[82]. Such assumption has been used in a recent

experiment on Pt/Co/Pt nanowires [77], where the temperature dependence

of v0 and α is ignorable due to a small temperature rise. However, for a large

temperature range, it is essential to include the temperature dependence of v0

and α. In this study, we propose a method to compensate the Joule-heating

effects in the CIDWM with the temperature dependence of v0 and α.
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6.1.2 Sample Preparation & Experimental Methods

Sample Preparation

For this study, metallic ferromagnetic Ta(5.0 nm)/Pt(2.0 nm)/Co(0.3 nm)/Pt(1.0

nm) films are prepared onto a 100-nm-thick SiO2 layer on a Si wafer by dc-

magnetron sputtering. The film exhibits a perpendicular magnetic anisotropy.

By adopting a photolithography technique, magnetic wire structures with 5.0

μm in width and 500 µm in length are patterned. Then, 100-nm-thick Au elec-

trodes are stacked onto both ends of the wire structure for current injection.

Experimental Methods

The domain images are monitored by a magneto-optical Kerr effect (MOKE)

microscope which has the field of view (200 µm×150 µm). The microscope is

equipped with an electromagnet that produces a magnetic field up to 0.2 T by

use of a bipolar power supply (Kepco 50-4M), as well as equipped with a current

source (Keithley 6221) to inject the current up to a few 1011 A/m2 in dc. The

current density J through the wire is estimated by the relation J=I/wtf , where

I is the current, w is the wire width (5 µm), and tf is the total film thickness

(8.3 nm). A cryostat is employed tocontrol the temperature between the liquid

helium temperature and 500 K.

Figure 6.1 shows the MOKE images of field-driven domain wall (DW) mo-

tion. A DW is initially created by the thermomagnetic writing scheme [82] with

a 658-nm laser. To create a DW, the film is first saturated by a magnetic field

(10 mT) and then, a laser beam (75 mW) is focused onto a small spot (5 µm in

diameter) on the wire under a reversed magnetic field (–1.6 mT) smaller than

the coercive field (–8.1 mT). Once a DW is formed, the DW is pushed to a side

by applying current and/or magnetic field. Each image in Fig. 6.1 is taken at
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Figure 6.1 Sequential images of the DW motion measured by the MOKE micro-

scope with a constant time step (700 ms). The directions of the current density

J , the magnetic field H, and the magnetization M are denoted in the inset.

successive times with a constant time step (700 ms) under an external magnetic

field (–3.75 mT). It is clearly seen from the figure that the magnetic domain

expands linearly with time.

The wire temperature is estimated by the temperature dependence of the

electric resistivity [83]. In this method, the resistivity ρ of the wires is measured

with respect to the current density J as shown by Fig. 6.2(a). Due to the Joule

heating, the resistivity exhibits a quadratic dependence on J as shown by the

best quadratic fit (solid line) with the equation ρ/ρ0=1+σJJ
2, where ρ0 is the

resistivity at the ambient temperature T0 (297.3 K) and σJ is a proportionality

constant. The measured resistivity is converted to the temperature rise ∆T by

use of the relation ρ/ρ0=1+σT∆T with another proportionality constant ∆T ,
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Figure 6.2 (a) Normalized resistivity ρ/ρ0 with respect to J for the 5- m-wide

wire. The solid line is the best quadratic fit. (b) Normalized resistivity ρ/ρ0

with respect to the temperature ∆T measured in a cryostat. The solid line is

the best linear fit.
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which is preliminarily measured with respect to the temperature T in a cryostat

as shown by Fig. 6.2(b). Note that the quadratic dependence on J comes from

the Joule-heating effects and the linear dependence on T generally appears for

a small ∆T . Combining these two measurements, we estimate the temperature

rise as ∆T=(σJ/σT )J
2. In our experiments, σJ and σT are estimated to be

2.48×10−23 m4/A2 and 2.75×10−2 K−1, respectively.

6.1.3 Results & Discussion

From the linear DW motion as exemplified in Fig. 6.1, the DW speed v can

be easily measured as a function of the external magnetic field H. Note that

for this case of the purely field-driven DW motion, H∗ in (1) is identical to H

since there is no STT effect on H∗. Figure 6.3(a) shows the creep scaling plot of

v(H) with respect to (H)−1/4 for several different temperatures from 297.3 to

327.1 K as denoted in the figure. From the best linear fitting with (1), the creep

parameters α and v0 can be determined for each temperature. Figures 6.3(b) and

(c) show the determined values of α and v0, respectively. Figure 6.3(b) shows

that α is linearly dependent on the temperature in the experimental range. The

best fitting with a linear equation α=aT+b determines the fitting parameters a

and b as –(29.6±0.8)×10−23 JT−3/4 and (10.6±0.2)×10−20 JT1/4, respectively.

Similarly, v0 also shows a linear dependence as log(v0)=cT+d with the best

fitting values c=–(6.9±0.2)×10−2 K−1 and d =(23.8±0.5) in the experimental

range. Since α and v0 are sizably changed within the experimental range, it is

necessary to generalize (6.1) as

v = v0(T )exp[–α(T ){H∗}−1/4/{kBT}], (6.2)

by replacing the constants α and v0 by the temperature-dependent values α(T )

and v0(T ), respectively.

63



Figure 6.3 (a) v vs. H−1/4 at different temperatures as denoted in the figure. (b)

α with respect to T . (c) v0 with respect to T . Note that α and v0 are obtained

by the best linear fit for the data shown in (a) based on (1). (d) with respect

to H−1/4. All at different collapses onto a single universal curve. The solid line

shows the best linear fit for all the data.
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Now, if we define a virtual DW speed v∗ driven by the same H∗ but at the

ambient temperature T0, the virtual speed v∗ is then written as

v∗ = vRT
0 exp[–αRT

0 {H∗}−1/4/{kBT0}], (6.3)

where, vRT
0 =v0(T0) and αRT

0 =α(T0). By removing H∗ in (6.3) by using (6.2),

v∗ is finally given by

v∗ = vRT
0 exp[lnv/[v0(T )]{αRT

0 /α(T )}{T/T0}], (6.4)

Note that all the parameters in the right side of (6.4) can be experimentally

determined. It is also worthwhile to notice that v∗ is the DW speed as if the DW

moves at a constant ambient temperature T0 without any temperature change

and thus, v∗ should be solely determined by H∗. Figure 6.3(d) summarizes the

results by plotting v∗ with respect to the (H∗)−1/4. The figure clearly shows that

all the speeds at different temperatures collapse onto a single universal curve,

verifying the validity of the present technique to remove all the temperature

effects.

To check whether the present technique is applicable to the Joule heat-

ing case, we adopt the present technique to the DW motion driven by both

the current and field. In the DW creep, the effective field H∗ is given by the

function of H and J as H∗ = H–εJ–ηJ2(H–εJ)1/2 + (2/5)η2J4+. . ., where ε

and η are the STT coefficients for the nonadiabatic and adiabatic STTs, re-

spectively [77],[78],[84],[85],[86],[87]. Following the analysis method based on

the two-dimensional contour map of v∗ proposed as in [77], the STT coeffi-

cients ε and η are estimated as –(1.3±0.1)×10−14 Tm2/A and –(2.8±0.6)×10−24

T1/2m4/A2, respectively. Figure 6.4(a) shows the reconstruction of the univer-

sal curve for the case of the DW motion driven by both the current and field

for various J in the range between ±5.8×1010 A/m2. It is clear from the figure
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Figure 6.4 (a) Universal curve of the virtual speed v∗ with respect to (H∗)−1/4

at all various J as denoted in the figure. For comparison, the raw data v (b),

the normalized speed v† based on the Arrhenius law (c), and the virtual speed

v∗ based on the present method (d) are plotted with respect to (H∗)−1/4.
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that all the DW speeds with different J (i.e. different Joule-heating effects)

collapse onto a single universal curve, which is solely given by the function of

H∗. It thus verifies that the present method is applicable even for the case of

the Joule heating. For comparison, the raw data of the measured speed v and

another renormalized speed v† used as in [10] are plotted in Figs. 6.4(b) and

(c), respectively. Here, v† is defined as v†=vRT
0 exp[ln{v/(vRT

0 )}{T/T0}], where

the temperature rise effect only in the kBT part is compensated based on the

Arrhenius law, by assuming the temperature-independent scaling constants α

and v0. Figure 6.4(d) shows the virtual speed v∗ proposed here. It is clearly

seen from the figures that the present method provides the best convergence

onto the single universal curve.

6.1.4 Conclusions

We propose an experimental technique to compensate the Joule-heating effects

on the CIDWM. By measuring the temperature dependence of the creep scaling

constants v0(T ) and α(T ), the Joule-heating effects can be completely removed

in the DW creeping speed, resulting that all DW speeds with different J (i.e.

different temperatures) collapse onto a single universal curve. Based on this

method, we demonstrate that the pure STT effects and precise STT efficiencies

are determined.
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Chapter 7

Other Works

-2-Dimensial Feature of the DW Motion Driven by Current and Field (6.2)

-DMI sign and magnitude effect (DMI=0 or DMI=constant) (6.3)

7.1 Distinct Universality Classes of DomainWall Rough-

ness in Two-Dimensional Pt/Co/Pt Films

We demonstrate here that the current-driven domain wall (DW) forms a facet

roughness, distinctive to the conventional self-affine roughness induced by a

magnetic field. Despite the different universality classes of those roughness,

both the current- and feld-driven DW creeping motions belonging to the same

universality class, only with different angular dependences. Such angular de-

pendences result in a stable facet angle, from which a single DW image can

unambiguously quantify the spin-transfer torque efficiency, an essential param-

eter in DW-mediated nanodevices.

68



We studied current-induced domain wall motions (CIDWMs) in two dimen-

sional Pt/Co/Pt films. This two dimensional researches discovered unknown

features of CIDWMs. Firstly, the domain wall structure driven by the electric

current forms ‘facet’ structure and the structure drastically reduces the domain

wall speed converge to zero. This is contrary to the conventional field-driven

domain walls which has ‘self-affine’ shape and constant speed. The origin of

these differences are an opposite angular dependence of the domain wall mo-

tions with respect to the driving forces that result in opposite sign of nonlinear

terms in the KPZ (Kadar-Parisi Zhang) equation. Secondly, from the quantita-

tive measurements of the domain wall speed with respect to angles between the

current and the domain wall, we found out that the speed of the domain wall

motions are determined by the normal component of the current to the domain

wall. Through the decomposition of the current, we established the generalized

creep equation which includes fields and currents as well as arbitrary domain

wall angles. Finally, we found out a new way for determining the efficiency of

the current induced force. The angle is obtained when the field and the current

respectively drive the domain wall in opposite direction. In order to cancel out

two forces, the domain wall should have fixed angle and there is a restoring force

to the angle when the domain wall angle deviates from the stable angle. From

this stable facet angles, the efficiency of the current induced force is unambigu-

ously determined. We think that all the above findings represent a milestone

towards the complete understanding of the STT-induced DW motion.
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7.2 Determination of Magnetic Domain-Wall Types

Using Dzyaloshinskii– Moriya-Interaction-Induced

Domain Patterns

In materials with perpendicular magnetic anisotropy, current-induced domain-

wall (DW) motion has been received a great attention for technological appli-

cation towards spintronic devices such as racetrack memory. Very recently, it

was found that the Néel-type DW, which is stabilized by the Dzyaloshinskii-

Moriya interaction (DMI), maximizes the efficiency of the current-induced DW

motion. It is therefore important to get the information about the DW types

and the strength of the DMI. Here, we propose an experimental technique to

determine DW types (either Néel or Bloch) by analyzing the domain expan-

sion patterns. For this study, Pt/Co/Pt (Sample I), Pt/Co/Pd (Sample II),

and Pd/Co/Pd (Sample III) films were deposited on Si/SiO2 substrates by use

of DC-magnetron sputtering. Magnetic domains were then observed by use of

magneto-optical Kerr effect microscope. The DW velocity of these three samples

with respect to applied in-plane magnetic fields. According to Ref. [27], the shift

of the symmetric axis shown in the figures is the direct measure of the DMI-

induced effective magnetic field HDMI . Since Samples I, II, and III exhibits

different signs and magnitudes of HDMI (+85, <–200, and 0 mT, respectively),

the DW types of these samples are different with each other: right-handed Néel-

type, left-handed Néel-type, and Bloch-type, respectively. Interestingly, these

different DW types are closely related with the DW expansion patterns. The

figures clearly show that these samples exhibit distinct domain expansion pat-

terns: elongations parallel (Sample I), antiparallel (Sample II), and perpendicu-

lar (Sample III) toHx, respectively. Therefore, the DW types can be determined

by observing the elongation directions of the domain expansion patterns.
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초록

차세대 메모리 소자에 응용 가능성으로 자구벽 운동에 대한 연구가 널리 수행되어

왔다. 자구벽은 자기장 혹은 전류로 구동을 시켜 여러가지 형태의 메모리가 제안

되었는데, 그 중 racetrack memory가 가장 활발하게 연구되어 왔다. 메모리 소

자로서 구현하기 위해서는 적은 구동힘으로 자구벽을 이동시키는 것이 중요하다.

최근 chiral 구조를 가진 자구벽에서 구동힘이 전류일 때 높은 효율을 가져 높은

자구벽 운동이 보고되었다. 이에따라 chiral 구조의 자구벽 운동에 대한 심도 깊은

이해가 필요하다.

본논문은크게 4가지연구를수행하였다.첫째시료의구조적인특성을변화시

켜자구벽운동을최적화시키는연구를수행하였다.자구벽운동에가장큰역할을

하는 층은 자성층으로, 기존 연구에서는 자성층이 얇을 때 높은 속력을 가진다는

것이 보고되었다. 본 연구에서는 자성 성질을 가지는 가장 얇은 자성층 두께에서

인접한금속물질(Pt)두께를바꿔가며자구벽속력의변화를조사해보았다.이연

구에서, 아래층 Pt이 얇을 수록 위쪽 Pt층이 두꺼울 수록 자구벽이 빠른 속력으로

움직이는 것을 관찰하였다. 이 현상을 광자기 Kerr 현미경을 이용해 관찰하였고,

원인을파악하기위해,자기성질을측정하여자기이방성에너지와자구벽속력사

이에 상관 관계가 있음을 발견하였다. 이 현상은 creep 이론을 이용하여 두 물리량

사이에 관계식을 얻어, 실험으로 관찰한 현상을 설명할 수 있었다. 이 연구를 통해

자구벽속력을최적화시킬수있는방법을제공하였고,관련현상을이론적으로도

잘 이해할 수 있었다.

두번째 연구는 chiral구조 자구벽 운동에 대한 연구를 수행하였다. chiral 구조

자구벽은 전류인가 자구벽 운동에서 매우 중요한 역할을 하는데, 특히 수직 자기

이방성 물질에서 Dzyaloshinskii-Moriya (DM) 상호작용이 이런 구조를 만드는

데 중요한 역할을 한다. DM상호작용과 관련된 자기장 인가 자구벽운동은 기존에
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Creep영역에서 활발히 연구되었다. 이러한 연구로 자구벽 운동에 DM상호작용

으로 비대칭 자구벽 운동이 일어남을 잘 이해할 수 있었다. 그러나 최근 chiral

damping이라는 새로운 이론적인 모델로 비대칭적 자구벽 운동이 발생할 수 있

음이 제안되었다. 본 연구에서는 chiral damping이 일어나지 않는 flow영역에서

비대칭적 자구벽 운동을 관찰하였다. 이 영역에서도 수평방향의 자기장에 따라

(수직방향 자기장은 고정: 구동힘은 고정) 자구벽 속력이 달라졌는데, 이런 현상은

기존에 제안된 방법으로 설명이 되지 않았다. 본 연구에서는 1차원 자구벽 모델

을 이용하여 해석적인 식을 유도, 이를 통해 관련 현상을 정성적으로 이해할 수

있었다. 특히 이런 모델에서 자구벽 속력의 최소 지점이 DM상호작용에 의한 자

기장 값을 나타내어 실험적으로 속력 최소값을 잘 설명하고, DM상호작용 값을

측정하는 모델을 제시하였다.

세번째 연구는 DM상호작용에 대한 새로운 측정법을 제시하였다. 기존 연구

에서는 DM상호작용을 측정하기 위해서는 수평방향 자기장크기에 따라 자구벽

속력을 측정한 다음, 최저속력 지점에 해당하는 자기장 값으로 DM상호작용을 측

정하였다. 그러나 이 방법은 DM상호작용 크기가 측정 자기장 범위보다 큰 경우,

즉 측정범위 안에서 최저 속력이 관찰이 되지 않으면 사용 할 수 없었다. 본 연구

에서는 자구벽 각도를 바꿔가며, 각각의 각도에서 수평방향 작기장 크기에 따른

자구벽 속력을 관찰하였다. 관찰한 결과 최저 속력에 해당되는 수평 자기장 값

이 자구벽 각도가 바뀜에 따라 변함을 확인하였다. 놀라운점은 둘 사이의 관계가

cosine함수 형태로 바뀜을 확인 할 수 있었다. 이런 현상은 DM상호작용에 의한

자기장은 자구벽에 수직으로 작용하는데, 자구벽 각도가 달라지게 되면 수평 자

기장 방향으로 작용하는 DM상호작용에 의한 유효 자기장 성분값이 계속 다르게

작용하기 때문에 일어나는 것이다. 이러한 결과를 이용하여 큰 자구벽 각도에서

DM상호작용에 의한 자기장값이 측정 범위보다 큰 경우에도 측정할 수 있었다.

이러한 방법은 기존 DM상호작용 측정기의 한계를 극복하여, 더 큰 값을 측정하는

방법으로 유용하게 이용될 수 있었다.

마지막으로 chiral 자구벽을 이용하여 새로운 메모리 소자를 구현하였다. 기
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존에 자구벽을 구동하기 위한 방법으로 전류를 많이 사용하였는데, 이런 방법은

전류 인가시 시료의 온도 증가가 발생하고, 공정작업이 수반되어 연구를 하는데

많은 어려움이 있다. 본 연구는 기울인 자기장을 교류로 인가하게 되면 자구벽이

이동하는 새로운 현상을 제안하고, 현상을 관찰하여 보고하였다. 특히 임의의 구

조의 원형 자구 배열을 만들어 수 mm까지 잘 이동함을 실험적으로 보여주었고,

4비트 메모리 소자도 구현하였다. 이러한 새로운 메모리를 자기 Bubblecade라

명명하였다.

본 연구들을 통해 자기장 인가 자구벽 운동에 대한 물리적인 이해를 높일 수

있었고, 관련 현상은 DM상호작용 chiral 자구벽 운동에 많은 도움이 될 것으로

생각이 된다. 특히 이러한 연구는 차세대 메모리 소자를 구현하는데 많은 도움이

될 것이다.

주요어: Domain Wall, Dzyaloshinskii-Moriya Interaction, Flow regime, Creep

regime, Magneto-Optical Kerr Effect Microscope

학번: 2011-30121
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