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Abstract 

Controlling domain-walls (DWs) by electric current promises the 

realization of future spintronic memory and logic devices. Since the first 

theoretical possibility of manipulating magnetic DWs by electric currents was 

suggested in the 1980s, now it is found that there are three important 

ingredients for the current-driven domain wall-motion, that is, spin-transfer 

torque (STT), spin-orbit torque (SOT) and Dzyaloshinskii-Moriya interaction 

(DMI). In this thesis, the current-driven DW motion in perpendicularly 

magnetized Pt/Co/Pt system was investigated in the framework of these up-to 

dated mechanisms.  

For this study, scanning magneto-optical Kerr effect (MOKE) 

microscope, equipped with out-of plane and in-plane electromagnets, was 

developed to observe the magnetic domain and DW dynamics. The out-of-

plane electromagnet was used to drive the DW motion and the in-plane 

electromagnet was used to control the DW structure which is crucial factor for 

the effect of SOT on DW. 

We first investigate the DW structure dependence of magnetic field-

driven DW motion. Interestingly, we observe a symmetry-breaking in DW 

dynamics under in-plane bias field. This symmetry-breaking is found to be 

caused by the existence of DMI in Pt/Co/Pt system. From the observation of 

asymmetric DW dynamics, we developed a simple method to evaluate the 

built-in DW chirality stabilized by DMI. 

Based on the determined DW chirality, we then succeed in separating 

both effects of STT and SOT. From the analysis, we found that there exists a 

new degree of freedom in STT—the negative STT (nSTT)—that pushes DWs 
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to the opposite direction of standard STT mechanism. The efficiency of nSTT 

is found to be comparable to that of SOT, signalling the possibility of a 

promising operation mechanism for the emerging spintronic devices. 

As an effort in the application, we also study the extrinsic method to 

obtain single domain pattern which is important for the simple operation of 

DW motion-based devices. By reducing the width of ferromagnetic wire, we 

observe the transition from dendrite to single domain that gives the 

breakthrough in the limit of intrinsic material properties. 

Our findings in this thesis provide the latest understanding of 

current-driven DW motion in ultrathin Pt/Co/Pt system and trigger further 

researches about the asymmetric field-driven DW motion and engineering 

DMI and STT in various materials. 

Keywords: Magnetic domain, domain wall, spin-transfer torque, spin-

orbit torque, Dzyaloshinskii-Moriya interaction, chiral domain wall, 

perpendicular magnetic anisotropy 

Student number: 2009-20431 
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Chapter 1 

Introduction 

There have been passionate efforts to understand the interaction 

between spins of electric currents and magnetization in ferromagnetic 

materials. As a representative subject of the efforts, the response of magnetic 

domain-walls (DWs) to the electric currents, i.e. current-driven DW motion, 

has been intensively studied due to the potential application for the next-

generation spintronic memory and logic devices [1-4]. Apart from this 

importance in applications, the current-driven DW motion has drawn 

fundamental curiosity due to the observations of unexpected DW motion, that 

is, the DW motion along the current flow observed in perpendicularly 

magnetized material [4-8], which is contrast to the prediction of standard spin-

transfer torque (STT) theory [9,10]. Historically, the first possibility of 

manipulating DWs by electric current was suggested by STT theory where the 

electric current can drive DWs to the direction of electron flow by transferring 

the spin angular momentum of conduction electrons to DWs [1,11]. The 

contradictory observations with existing theory then initiated extensive 

researches to find the hidden mechanisms which resolve this controversy. 

Recently, the spin-orbit torque (SOT) mechanism, originated from spin-Hall 

effect (SHE) [12-14] and/or Rashba effect [6,15-19], was suggested and 

demonstrated that it can provide a resolution for the controversy with proper 

DW chirality lifted by Dzyaloshinskii-Moriya interaction (DMI) [20-24]. 

This thesis is also motivated by the current-driven DW motion along 

the current direction [4-7] observed in Pt/Co/Pt system. In this thesis, we will 

investigate and dissect the driving mechanisms of current-induced DW 
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motion in the framework of STT, SOT and DMI. For the exact evaluation of 

SOT mechanism, of which effect is determined by the DW chirality, we 

developed a simple and exact method to measure the DW chirality and we 

find that there exist sizeable DMI even in Pt/Co/Pt system with symmetric 

structure [25]. With the quantitatively determined DMI, we separated each 

driving force from STT and SOT respectively. Interestingly, however, we find 

that the SOT mechanism cannot explain the DW motion along the current 

direction. Instead, negative STT (nSTT), which is the same with standard STT 

mechanism except that nSTT acts to the opposite direction of standard STT, 

provide the resolution for the contradictory motion. Our finding of nSTT 

offers a new degree of freedom for manipulating DWs by current and provide 

hidden ingredient for understanding current-driven DW motion in 

perpendicularly magnetized materials.  

This thesis is organized as follows. In chapter 1, basic concepts of 

field-driven DW motion, STT, SOT, chiral DW and DMI will be briefly 

described as an introduction. The development of scanning magneto-optical 

Kerr effect (MOKE) microscope and its expandability for various experiments 

will be presented in chapter 2. We then show the asymmetric magnetic field-

driven DW motion caused by sizeable DMI in chapter 3. In this chapter, a 

simple and novel method to investigate the DW chirality and the validity of 

this method will be described. Chapter 4 deals with the investigation on the 

current-driven dynamics of chiral DW in Pt/Co/Pt system. By decomposing 

the driving force into SOT component and STT component, we show that the 

major driving force in Pt/Co/Pt system is not SOT but nSTT. We end this 

chapter with discussing the possible origins of negative value of STT and its 

considerable strength in our samples. In chapter 5, as an effort for the 

applications, we show the engineering of DW growth pattern by the nano-
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fabrication techniques. Finally, we will conclude this thesis and discuss the 

future outlook in chapter 6.
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1.1 Field-Driven Domain-Wall Motion 

1.1.1 DW Creep in a disordered medium 

In a ferromagnetic material with perpendicular magnetic anisotropy 

(PMA) [26], perpendicularly applied field 𝐻𝑧 induces DW motion through 

the expansion of the magnetic domain, of which magnetization is parallel with 

external field, to minimize the Zeeman energy. In real materials, however, the 

field-driven DW motion is not that simple due to the presence of randomly 

distributed disorders which act like pinning sites. The disorders are steps in 

anisotropy (anisotropy boundaries) originated from defects or imperfection in 

crystal structure. DW in this disordered medium then can be modeled as a 

particle on the energy landscape as shown in Fig. 1.1. To get depinned from 

the potential well, the DW has to overcome the energy barrier. The 

perpendicularly applied magnetic field then can help the DW depinning by 

tilting the energy landscape and thus lowering the energy barrier. At 0 K, if 

the applied field is not strong to make the energy barrier disappear, the DW 

can never escape the potential well. At finite temperature, however, the DW 

depinning and, thus, DW motion can be achieved by smaller field with the 

assist of thermal energy of DW. This is thermally activated creep motion. The 

DW velocity 𝑉 in this creep regime is given by [27-32] 

𝑉 = 𝑉0exp(−
𝜅𝐻𝑧

−
1
4

𝑘B𝑇
)   (1.1) 

where 𝑉0 is the characteristic speed, 𝜅 is a constant, 𝑘B𝑇 is the thermal 

fluctuation energy. This creep velocity basically follows the Arrhenius law 

𝑉 ∝ exp(−
𝐸B

𝑘B𝑇
) with the energy barrier 𝐸B = 𝜅𝐻𝑧

−1/4 which is scaled by 

power-law. 
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Fig. 1.1 DW in a disordered medium. 

 

1.1.2 DW energy density and Creep 

In this section, we consider the connection between DW energy and 

DW velocity in creep regime. The creep theory starts with the consideration of 

the change of DW free energy. As shown in Fig. 1.2, when a small DW 

segment of length 𝐿 is displaced by 𝑢 under the presence of 𝐻𝑧, then the 

change of DW free energy Δ𝐹 is given by [27,30] 

Δ𝐹 = 𝜎DW
𝑢2

𝐿
− 𝑀S𝐻𝑧𝑡𝐿𝑢   (1.2) 

where 𝜎DW is the DW energy density, 𝑀S is the saturation magnetization 

and 𝑡 is the magnetic layer thickness. The first term is the elastic energy 

which is proportional to the change of DW length (from the Pythagorean 

theorem) and the second term is the change of Zeeman energy. From the eq. 

(1.2), we can qualitatively understand the relation between the DW motion 

and DW energy density. For large DW energy density 𝜎DW, the DW does not 

like to move because of the high cost in elastic energy. Whereas, for low DW 

energy, the DW motion is easily achieved since the gain in Zeeman energy is 
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larger than the cost in elastic energy. This simple concept will be helpful to 

understand the asymmetric DW motion by the asymmetric DW energy in the 

presence of Dzyaloshinskii-Moriya Interaction in Chapter 3. 

 

 

Fig. 1.2 Creep motion of a small segment of DW. 

 

1.2 Spin-Transfer Torque 

The spin-polarized currents passing through the ferromagnetic layer can 

give rise to a direct force on the DW. That is the spin-transfer torque (STT). In 

a magnetic material, the majority of the conduction electron spins are aligned 

with the local magnetization (with the assumption of positive spin polarization 

𝑃 > 0). If the spin-polarized current passes the DW, the current spins also 

have to change its direction to follow the DW spin structure (action on current 

spins). This will result in the reaction on the DW (spin transfers its 

momentum to DW) and it induced DW motion. Because the electric current is 
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the flow of electrons, the predicted direction of STT-induced DW motion is 

along the electron flow.  

There are two components in STT named adiabatic STT and 

nonadiabatic STT. The adiabatic STT [33-36] refers to the case when the 

conduction electron spins adiabatically follows the local magnetization. For a 

narrow wall, however, the nonadiabatic STT take place due to spin-

mistracking or spin reflection when there is radical gradient of magnetization 

of DW [37,38]. In the Landau-Lifshitz-Gilbert (LLG) equation, which 

describes the dynamics of magnetization �̂�, the adiabatic and nonadiabatic 

STTs on DW are expressed as follow [33]. 

∂�̂�

∂𝑡
= −𝛾0�̂� × �⃗⃗� 𝑒𝑓𝑓 + 𝛼�̂� ×

∂�̂�

∂𝑡
− 𝑏J�̂� × (�̂� ×

∂�̂�

∂𝑥
) − 𝑐J�̂� ×

∂�̂�

∂𝑥
. (1.3) 

Here the first term is precession term, the second term is dissipation 

(damping) term, the third term is adiabatic STT and the final term is 

nonadiabtic term. Note that the nonadiabatic STT is perpendicular to the 

adiabatic STT, indicating that the nonadiabatic STT refers to the other 

possible component of torque other than that of adiabatic STT. As an example, 

we will think about the effective fields induced by each STT on the Bloch 

wall (Fig. 1.3). The effective field from the nonadiabatic STT is along the 

easy-axis (perpendicular direction) while the adiabatic STT-induced field is 

along the hard-axis. Thus we can conclude that the nonadiabatic STT-induced 

field can lead DW motion as the similar way of field-driven DW motion in 

section 1.1.1. In this reason, later, we can directly and experimentally 

compare the effect of external out-of plane field and that of the nonadiabatic 

STT in Chapter 4. Of course the details of effects from adiabatic STT and 

nonadiabatic STT is not that simple, however, under low current density and 

in creep regime, the above statement can give an insight about the nature of 
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STT on DW motion. 

 

 

Fig. 1.3 STT-induced effective fields of each component. 

 

1.3 Spin-Orbit Torque 

To obtain PMA, the ferromagnetic layer (FM) is sandwiched between 

nonmagnetic heavy metal layer (HM) and oxide layer (or HM). Due to this 

stack structure, spin-orbit coupling related phenomena, such as spin-Hall 

effect (SHE) from HM [12-14] and Rashba effect from the HM/FM interface 

[15-19], can be introduced as shown in Fig. 1.4. Thus we refer this spin-orbit 

coupling related torque as spin-orbit torque (SOT) [39-44]. In the SHE 

mechanism, under electric current, the electrons with different spins separate 

inside the HM and diffuse into FM by the SHE. This spins from NM then can 

exert torque on magnetization. The Rashba effect [15] arises from the 

structural inversion asymmetry (SIA). Due to the SIA and the uncompensated 

interfacial effect then result in electric field (the discontinuity in electronic 

structure at the interface) along the perpendicular direction. Then the electric 

current flowing at the interface feels the electric field as the Rashba field via a 

relativistic effect. Through the exchange coupling, the Rashba field exerts 

torque on magnetization. 
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Fig. 1.4 Spin-Hall effect picture (a) and Rashba picture (b) of spin-orbit torque. In the 

SHE, the accumulated spin current induced by SHE diffuses in to FM layer thus exert 

torque on magnetization. In the Rashba effect picture, the electric currents passing 

through FM/HM interface are affected by Rashba field and exert torque to FM layer.  

 

Despite the different physical origin, both effects produce two types 

of effective fields on magnetization: longitudinal field (induced by damping-

like torque) directed along m̂ × �̂� and transverse field (induced by field-like 

torque) directed along �̂�, where m̂ is a unit magnetization and �̂� is a unit 

vector in the film plane and perpendicular to the current direction. Generally 

longitudinal field is larger than transverse field in SHE-SOT, whereas the 

opposite is expected in Rashba-SOT [40].  

Both effective fields differently act on DW [20,22,24]. In PMA 

material, the DW magnetization is in the film plane as shown in Fig. 1.5. For 

a longitudinal field on the Néel wall, the direction of the field is along the 

±𝑧-axis, thus the effective field can induce DW motion along both electron 

and current directions depending on the Néel wall magnetization direction in 

PMA. For the Bloch wall, however, the field is zero, so this field has no effect 

on Bloch wall. The transverse field also does not induce DW motion apart 

from rotating the DW magnetization to the transverse field direction. In this 
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regards, we will only refer to the longitudinal field as a SOT-induced effective 

field in chapter 4. 

 

 

Fig. 1.5 SOT-induced longitudinal field HL on Bloch wall (a) and Néel wall (b). Since 

the HL is along the easy axis for Néel wall, HL directly drives the DW. The direction 

of DW motion is determined by the direction of DW magnetization.   

 

 

Fig. 1.6 Heisenberg exchange interaction (a) and Dzyaloshinskii-Moriya interaction 

(b). In the Heisenberg exchange interaction, the two spin configurations are in the 

same energy state. In the DMI, however, the two spin configurations are no longer the 

same due to the symmetry-breaking by the presence of impurity. 
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1.4 Dzyaloshinskii-Moriya Interaction and Chiral 

DWs 

The reason why the SOT is highlighted is because the SOT can explain 

the unexpected DW motion along the current flow which cannot be explained 

by the STT. To explain the DW motion along the current direction by the SOT 

mechanism, however, all the DWs in the film should have Néel wall structure 

with the same chirality. Moreover, since the Bloch wall structure is favored 

than Néel wall structure in magnetostatic enegy, the stabilization of Néel wall 

structure with universal chirality (chiral DW) seemed unnatural. At this point, 

the Dzyaloshinskii-Moriya interaction (DMI) provides the right piece of the 

puzzle [20]. 

Unlike the Heisenberg exchange interaction (Fig 1.6a) of symmetric form, 

The DMI is the simplest anti-symmetric energy term arise from the spin-orbit 

coupling in a system with broken-inversion symmetry (Fig 1.6b), which is 

given by [45-47] 

𝐸DMI ∝ �⃗⃗� ⋅ (𝑆 1 × 𝑆 2)   (1.4) 

where 𝑆  denotes the spin and �⃗⃗�  is the Dzyaloshinskii vector parallel to 

�⃗� 1 × �⃗� 2. Although the direction of �⃗⃗�  can be derived by the calculations 

including the spin-orbit scattering from the impurities which break the 

inversion symmetry [46,47], we can also easily determine the direction of �⃗⃗�  

from simple symmetry arguments [46]. Figure 1.7a present two kinds of 

Bloch walls. Since the system has mirror symmetry with respect to x-z plane 

and the two Bloch walls are the mirror image of each other, the two Bloch 

walls are degenerate and �⃗⃗�  should be in the y-z plane to have the same 𝐸DMI. 
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In the case of Néel walls in Fig. 1.7b, however, the two Néel walls with 

different chirality are no longer the mirror image of each other. In this case, 

the x-y plane seems to provide the right mirror to reproduce the same DW 

structure of each other. But above statement is not true. Here we should 

remember that the inversion symmetry is broken due to the asymmetric stack 

structure (under layer). Including the under layer (Fig. 1.7c), we can never 

reproduce the right handed-chiral Néel wall from left-hnaded Néel wall by the 

mirror symmetry, indicating that the degeneracy is lifted and two types of 

Néel walls are totally different. Hence, to have different 𝐸DMI, the �⃗⃗�  should 

be parallel along the y axis. 

The most important result of the above discussion to the DW 

dynamics is that the DMI induces the formation of chiral Neel walls [48-51]. 

Normally Bloch wall is favored than Néel wall because the magnetostatic 

energy of Néel wall is much higher than that of Bloch wall [52]. In the 

presence of DMI, however, the magnetic system can have Néel wall structure 

with universal chirality which is favored by the DMI. In this regard, the SOT 

supported by DMI comes to the front as a major mechanism which possibly 

explains the DW motion along the current flow. 

The effect of DMI on DW can be considered as an internal field 

along x direction [20,25]. To extend Eq. (1.4) to the entire domain structure, 

we transform 𝑆 1 to unit magnetization �̂�(𝑥) and the neighboring spin 𝑆 2 

into �̂�(𝑥) + 𝑎
𝜕�̂�(𝑥)

𝜕𝑥
 where corresponds to the lattice constant. Then we have 

𝐸DMI ∝ 𝐷 (𝑚𝑧
𝜕𝑚𝑥

𝜕𝑥
− 𝑚𝑥

𝜕𝑚𝑧

𝜕𝑥
).   (1.5) 

By taking −∇�̂�𝐸DMI and considering the DW configuration (𝑚𝑧 = 0), we 

find that the DMI-induced effective field �⃗⃗� DMI is directed to x axis. 
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Fig. 1.7 Determination of Dzyaloshinskii vector from symmetry arguments. The 

vector �⃗⃗�  denotes the chirality vector �⃗⃗� 𝟏 × �⃗⃗� 𝟐.  
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Chapter 2 

Development of Scanning Magneto-Optical 

Kerr Effect Microscope 

Ferromagnetic materials provide important advantages for the 

realization of memory devices. To enhance the storage capacity of the devices, 

nano-fabrication techniques and diagnostic techniques for the nano-sized 

devices are essential. This chapter presents the development of Scanning 

magneto-optical Kerr (MOKE) microscope in the aspects of diagnostic and 

measurement techniques. In addition to this, diverse modifications and 

performances of the measurement system are briefly introduced.  
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2.1 Setup and specification of Scanning MOKE 

microscope 

For this thesis, we developed scanning MOKE microscope. In this 

measurement system, the out-of plane component of magnetization is 

monitored by measuring real time polar MOKE signal. The scanning MOKE 

microscope is composed of MOKE microscope part and scanning part as 

shown in Fig. 2.1. For the MOKE microscope part, we use fiber-coupled laser 

source of wave length 780 nm (Thorlabs, S1FC780) as a probe beam. To 

minimize the possible artifacts, such as local heating and degeneration of 

sample by probe beam, the power of probe beam was kept lower than 200 

𝜇W. The basic principle of the measurement of polar MOKE signal is shown 

in Fig. 2.1. The probe beam from the light source is polarized by the polarizer 

(Thorlabs, GL-10B) and injected to the objective lens via beam splitter 

(Thorlabs, BSW11). The probe beam is then focused to the sample, with angle 

of incidence of zero, by the objective lens (Nikon, CFI L Plan EPI SLWD 

100X, WD 6.5). Due to the high NA of 0.7, the optical resolution is estimated 

by 557 nm from the Abbe’s criterion, enabling the test of the nanostructured 

magnetic devices. The probe beam is then reflected from the sample and 

incident to the photo detector via the analyzer. We use Wollaston polarizer 

(Thorlabs, WP10) as an analyzer and balanced detector (Newfocus 2307) to 

remove the noise from the mechanical noise and to enhance the SNR. Owing 

to the high responsibility at 780 nm of the detector, the SNR is also enhanced. 

Finally, the data acquisition of polar MOKE signal is then achieved by use of 

DAQ (NI PCI-6143) with 250 KHz sampling rate. To apply the magnetic field 

to the sample, the home-made out-of plane electro magnet is also equipped. 

The maximum out-of plane field of the electromagnet with an iron core is 
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560 Oe at sample position and the operation current is applied by a bi-polar 

power supply (Kepco, BOP 50-4M). To remove the fluctuation in the 

operation current during the rising time, the capacitor is connected in parallel 

with electromagnet. 

 

 

Fig. 2.1 Schematic diagram of scanning MOKE microscope. 

 

In the test of nanostructured devices, it is essential to obtain the 

precise positioning of probe beam with high spatial resolution and high 

repeatability. This is achieved by the two-axis motorized linear stages 

(Newport, GTS070 and GTS150) which consisting the scanning part. Due to 

the high motion sensitivity of 100 nm, we can easily scan the sample surface 

and locate the probe beam at any position of the sample.  
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All the measurement processes using the scanning MOKE 

microscope are automized with the help of the development of measurement 

algorisms and the communication technique with other equipments, enabling 

the stable measurement over a few days. Figure 2.2 shows the measurement 

system and details of each part. 

 

 

Fig. 2.2 Pictures of scanning MOKE microscope and the details of parts. a. The low 

temperature scanning MOKE setup combined with cryostat (a), scanning head (b), 

MOKE microscope part (c) and scanning part (d). 
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2.2 Modifications and Performances of the 

scanning MOKE microscope 

2.2.1 In-plane Magnet Setup 

To study the DW chirality dependence of DW motion, the control of 

DW magnetization is essential. The control of DW magnetization is achieved 

by the home-made in-plane magnet setup as shown in Fig 2.3. Most of the 

measurements in Chapter 4 are carried out by use of this in-plane magnet set-

up. Moreover, the in-plane magnet setup also enables the study of SOT-

induced shift of hysteresis loop as shown in Fig 2.4 by tilting the 

magnetization [18]. The maximum field of the in-plane electro magnet is 

1800 Oe which is sufficiently large to fully rotate the DW magnetization 

overcoming the shape anisotropy field of DW. 

 

 

Fig. 2.3 In-plane magnet setup. 
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Fig. 2.4 SOT-induced shift of hysteresis loop. The loops under J are shifted to the 

opposite direction respectively by the SOT-induced effective field. 

 

2.2.2 Low Temperature MOKE microscope 

We can also study the temperature dependence of DW dynamics 

[36,53-57] by the combination of the scanning MOKE microscope and optical 

cryostat (Cryo Industries of America, CFM-1738-102). In developing the low 

temperature MOKE microscope system (Fig. 2.2a), fixing the position of 

sample during measurements is most important for the reliable repetitive 

measurement. The thermal drift is caused by the thermal expansion and 

thermal contraction of the cold finger during the temperature control feedback. 

To minimize the thermal drift, we modified the cryostat by adopting the 

copper-braid setup as shown in Fig. 2.5. The copper-braid setup resolved the 

thermal drift problem because the sample holder is isolated from thermal drift 

of cold-finger. Moreover, the mechanical vibrations are also decoupled, 

enabling stable scanning during long time (thermal drift of 1μm over 10 min) 

as shown in Fig. 2.6. 
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Fig. 2.5 Modification of cryostat with adoption of copper-braid. 

 

 

Fig. 2.6 a. Distortion of scanning image due to the thermal drift of cold-finger. b. The 

thermal drift problem is improved by use of copper-braid.  

 

2.2.3 DW velocity measurement 

Arrival Time Measurement 

The first way to measure the DW velocity is to measure the DW 
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arrival time. We first write DW into the device by use of external field method 

or Oersted field writing method. Then we monitor the DW arrival time at a 

distant from the created DW. To enhance the accuracy of arrival time, both the 

MOKE signal and the trigger signal are simultaneously measured with respect 

to time as shown in Fig 2.7. The abrupt change in MOKE signal means the 

passage of DW through the probe beam. We then can calculate the DW 

velocity by dividing the travel distance by the arrival time. Due to the limit of 

time resolution (1ms), however, we have limit of measuring high speed DW 

motion. 

 

 

Fig. 2.7 simultaneously monitored MOKE signal (a) and trigger signal of driving 

source (b) with respect to the to the time. 
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DW displacement measurement 

The limit of measuring high speed DW motion can be solved by 

measurement of DW displacement. Figure 2.8a shows the line scanned profile 

of initial domain configuration and DWs. We then inject current pulse into the 

magnetic wire and rescan the magnetization profile. Figure 2.8b,c show the 

successive profiles after injecting the current pulse. From these successive 

profiles, we can measure the DW displacement by electric current and thus 

calculate DW velocity. 

 

 

Fig. 2.8 line-scanned profiles along the wire direction. The initial position of DW (a) 

is displaced by successive electric current (b,c). By measuring the DW displacement 

we can determine the DW speed. 

 

2.2.4 Short current pulse injection system 

For the successful realization of DW motion based spintronic devices, 

it is necessary to achieve high velocity current-induced domain wall motion 

which is normally achieved by high current injection. The current injection of 
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high current density, however, results in severe Joule heating inside the 

ferromagnetic materials that causes the degeneration of sample properties [57]. 

For these reasons, a driving current of high density should be injected during 

very short time in a few ns. To inject such ns-long current pulses, we 

developed short-pules injection system as shown in Fig. 2.9. For the 

successful transmission of ns-current pulse to the ferromagnetic devices, we 

made and tested many samples with various wave guide structures of which 

the rising time is short and the impedance is not quite different with 50Ω. 

Although the wave guide structure inevitably breaks at the contact part 

between the sample holder and samples due to the wiring, that does not make 

problem because, for the propagating ns-current pulses with speed of light, the 

typical length of the wire at the contact part (<10 mm) is very short. In the ns-

pulse injection technique, however, we should keep in mind that the most 

important point is the injection of current pulse into the ferromagnetic device 

not the transmission through the sample. We should be careful not to let the 

current pulse jump through the capacitor bypassing the device as illustrated in 

Fig. 2.10. For the injection of current pulses into the device no the capacitor, 

we make multiple wires connected in parallel to reduce the resistance and the 

impedance of the device. 

Material optimization for fast current-induced domain wall motion 

also carried out. We made many Pt/Co/Pt nanowires which have perpendicular 

magnetic anisotropy schematically changing the Pt and Co thickness. Among 

them, thinner Pt bottom layered devices show easy propagation meaning that 

the pinning strength is weak [58]. From these efforts, we finally achieved very 

fast current-induced domain wall motion of about 20 m/s (Fig. 2.11). That is 

1,000 times of enhancement in velocity compared to the previous report [7]. 
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Fig. 2.9 Schematic diagram of short pulse injection system. 

 

 

 

Fig. 2.10 Wave guide structure and corresponding circuit diagram. Here the current 

pulse can jump through the capacitor without flowing through the ferromagnetic 

nanowire denoted by R. 
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Fig. 2.11 Fast current-induced DW motion obtained by DW displacement method and 

using short pulse injection system. 
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Chapter 3 

Observation of the Symmetry-Breaking in 

Field-Driven DW Motion and Determination 

of Dzyaloshinskii-Moriya Interaction 

For the exact evaluation of the current-driven mechanisms, i.e. STT 

and SOT, it is substantial to discern the DW chirality and the DMI. This 

chapter present the itinerary to the detection of chiral nature of DWs. First, we 

show the observation of asymmetric field-driven DW motion which is 

unexpected phenomena at the first glance. We demonstrate that such peculiar 

DW motion signals the presence of Dzyalolsinskii-Moriya interaction that the 

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. Furthermore, from the analysis of 

the asymmetry, we propose a new method to detect the DW chirality [25] 

which is crucial for the detailed operation of SOT-driven mechanism.  
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3.1 Introduction 

The current-induced magnetic domain wall (DW) motion has 

attracted great interest due to the technological opportunities towards the 

spintronic devices [1] as well as the academic debate on the major DW 

driving mechanisms [6,22]. In particular, the DW motion in ultra-thin films 

with perpendicular magnetic anisotropy (PMA) has received considerable 

attention, motivated by the recent demonstration of the DW motion much 

faster than 100 m/s [6]. One peculiar thing of such fast DW motion is that the 

direction of the motion is opposite to the prediction of the conventional spin-

transfer torque theory [4-7]. Such opposite motion can be explained by the 

spin-orbit torques—from either the spin-Hall effect [22] or the Rashba effect 

[6]—combined with a specific DW configuration [14,19,21]. Fairly recently, 

it is proposed that the Dzyaloshinskii-Moriya interaction (DMI) can be 

responsible to such specific DW configuration (Néel-type configuration) [20], 

which promptly motivates extensive efforts to verify the presence of the DMI 

and to clarify its role on the current-induced DW motion in several materials. 

However, up to now, most of the DMI studies have been mainly based on the 

current-induced DW motion [23,24], which is inevitably accompanied with 

considerable artifacts caused by the spin Hall effect and/or Rashba effect. It is 

therefore essential to develop a way to examine the DMI effect without 

injecting current. In this paper, we report that the purely field-driven DW 

motion exhibits an asymmetry caused by the DMI effect, which enables us to 

quantitatively determine the sign and magnitude of the DMI-induced field in 

ultra-thin ferromagnetic Pt/Co/Pt films with perpendicular magnetic 

anisotropy. 

 



37 

3.2 Experimental details 

For this study, 5.0-nm Ta/2.5-nm Pt/0.3-nm Co/1.5-nm Pt films with 

perpendicular magnetic anisotropy are deposited on a Si substrate with a 100-

nm-thick SiO2 layer by dc-magnetron sputtering. The DW images are then 

observed by a magneto-optical Kerr effect microscope [59] equipped with an 

out-of-plane and an in-plane electromagnets. The in-plane magnetic field is 

carefully aligned until both the DW images under +Hx and -Hx show the same 

behavior if one of the images is rotated by 180. In the present experiment, 

the in-plane magnetic field is estimated to be aligned to the film plane within 

an accuracy of 0.2. The DW motion is then examined by capturing the 

successive DW images with constant time interval by use of a CCD camera. 

 

3.3 Observation of asymmetric field-driven DW 

motion 

We first observe the field-driven DW motion in perpendicularly 

magnetized Pt/Co/Pt films under an in-plane magnetic field to see whether the 

in-plane magnetic field affect the field-driven DW motion or not. Interestingly, 

even without the current-induced spin Hall effect or Rashba effect, an in-plane 

magnetic field is found to affect the purely magnetic-field-driven 

magnetization dynamics, as demonstrated in Fig. 3.1. Each image in the figure 

is obtained by adding several sequential images; thus, each image shows 

several DWs in motion simultaneously. The circular domain is magnetized 

along the +z direction as shown by the brighter contrast. The figure clearly 

shows that when a circular domain expands under an out-of-plane magnetic 
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field, the center of the circular domain shifts along the direction of the in-

plane magnetic field (Fig. 3.1b), which contrasts the concentric expansion 

without an in-plane magnetic field (Fig. 3.1a). This observation appears 

strange at first because the in-plane magnetic field does not generate any 

energy gradient for the center of the domains to move. 

 

 

Fig. 3.1 Circular DW expansion driven by an out-of-plane magnetic field H
z
 (3 mT), 

(a) without an in-plane magnetic field and (b) with an in-plane magnetic field H
x
 (50 

mT). Each image is obtained by adding four sequential images with a fixed time step 

(0.4 s), which are captured using a magneto-optical Kerr effect microscope. The white 

arrow and the symbols indicate the directions of each magnetic field. The blue box in 

(b) designates where the DW displacement is measured. The dashed red circles in (b) 

show the calculation results based on Eq. (3.5) with an extension to arbitrary angles. 

 

One of the possible origins of this phenomenon might be the 

symmetry breaking related to the anti-symmetric exchange interaction—the 

so-called Dzyaloshinskii-Moriya interaction (DMI) [45-47]—which prefers a 

helical magnetic order and consequently forms the Néel-type DW [49,50,51] 

instead of the Bloch-type DW in perpendicularly magnetized thin films. This 

DMI was originally studied in chiral magnets [60-64], but a sizeable DMI was 

recently observed in ferromagnetic thin films with an asymmetric layer 

structure [48-51,65]. For a circular domain, the DMI induces an effective 

magnetic field on the DW in the radial direction and maintains the rotational 

symmetry with respect to the axis parallel to the out-of-plane magnetic field. 
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Therefore, it is natural to observe an isotropic DW expansion as shown in Fig. 

3.1a. However, with the application of an in-plane magnetic field, such 

rotational symmetry is broken and thus, it becomes possible for the DW to 

show anisotropic expansion as shown in Fig. 3.1b. 

 

3.4 DW Energy Modification by in-plane field and 

DMI 

To examine whether this scenario actually occurs, we examine the 

DW motion that is driven by an out-of-plane magnetic field H
z
 with varying 

in-plane magnetic field bias H
x
. Figure 3.2 shows the two-dimensional 

contour map V(H
x
,H

z
) of the DW speed V as a function of H

x
 and H

z
. Here, V 

is measured by detecting the DW displacement at the rightmost place of the 

circular domain (indicated by the blue box in Fig. 3.1b), where the DW lies 

normal to H
x
 and displacement occurs along the +x axis [66]. Because the 

color in the map corresponds to the magnitude of V with the scale shown on 

the right, each color traces an equi-speed contour [7]. Several equi-speed 

contours are highlighted by the circular symbols, of which the position (H
x
,H

z
) 

indicates the value of H
z
 for each H

x
 on each equi-speed contour. 
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Fig. 3.2 Two-dimensional equi-speed contour map of V as a function of H
x
 and H

z
. 

The color corresponds to the magnitude of V with the scale on the right. The symbols 

with error bars show the measured positions (H
x
,H

z
) on several equi-speed contours. 

The black solid lines show the best fit using Eq. (3.2). The purple line indicates the 

symmetric axis H
x
=H

0
 for inversion. 

 

The contour map clearly shows that all equi-speed contours exhibit 

an inversion symmetry with respect to the axis H
x
=H

0
, where H

0
 is a constant. 

The symmetry axis is shown with the vertical purple line on the map. For 

better visualization, the cross symbols are added on the map at positions (2H
0
-

H
x
,H

z
), which are the mirrored positions of the circular symbols at (H

x
,H

z
). It 

is clear from the figure that the two types of symbols are overlapped onto the 

same curves to manifest the inversion symmetry with respect to H
0
. The best 

value of H
0
 is -26.50.5 mT. Such non-zero offset H

0
 of the symmetry axis 

can be attributed to the DMI effect because DMI induces an effective 

magnetic field H
DMI

 along the x axis in this geometry; thus, the DW 

experiences the resultant magnetic field H
x
+H

DMI
. For this case, the 
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experimental value H
0
 can be considered a direct measure of H

DMI
, and the 

negative sign indicates that the direction of H
DMI

 inside the DW is parallel to 

the +x axis, which points from the domain that is magnetized along the +z axis 

to the domain that is magnetized along the -z axis. 

 

 

Fig. 3.3 (a) H
z
/H

z

*
(V) and (b) *

 with respect to H
x
. The solid lines show the best fit 

using Eq. (6). The inset shows V vs. *
H

 z

-
 for all experimental data. Each color of the 

symbols corresponds to a different H
x
. The solid line shows the best linear fit. 

 

Next, we consider the possible effects of DMI on the shape of the 

equi-speed contours. Figure 3.3a plots the values H
z
/H

z

*
(V) of the circular 

symbols in the map, where H
z

*
(V) denotes the value of H

z
 at H

x
=0 on the 

contour with speed V. Interestingly, the results show that all of the data are 
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collapsed onto a single curve. This observation indicates that all normalized 

values H
z
/H

z

*
(V) follow a unique function, which is denoted as f(H

x
) hereafter. 

The observed relation can be then written in the form of a separation of 

variables as follows 

 

   xzz HfVHH  * .   (3.1) 

 

The present definition of H
z

*
 leads to the relation f(0)=1. 

For the conventional field-driven DW motion with H
x
=0, it is well 

known that the DW motion follows the DW creep scaling law [27-29] in the 

present experimental range of H
z
. In the creep law, the DW speed V is given 

by V=V
0
exp(-H

 z

-
), where V

0
 is the characteristic speed, and  is a scaling 

constant. The creep scaling exponent  is 1/4 [29-30]. This conventional law 

can be modified to the relation H
z

*
(V)=[ln(V

0
/V)/]

-1/
 based on the definition 

of H
z

*
. By adopting Eq. (3.1) into this relation, one finds that the DW speed 

with H
x
0 also follows an identical creep scaling law as given by 

 

    μzHαVV  *

0 exp ,   (3.2) 

 

except  is replaced by *
, which is defined as 

  

*
f


(H

x
).     (3.3) 

  

The experimentally determined values of *
(H

x
) from the best fit are plotted 

in Fig. 3.3b. To check the validity of this approach, the inset shows V vs. *
H

 z

-
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 for all of the experimental data. It is clear from the figure that all data are 

collapsed onto a single curve, confirming that all the data follows the same 

scaling law given by Eq. (3.2). The best fitting value of V
0
 is found to be 

(8.40.4)10
3
 m/s. 

The scaling constant  is originally defined as U
C
H



crit
/kBT in the DW 

creep theory [27], where U
C
 is the energy constant, H

crit
 is the critical 

magnetic field, and kBT denotes the thermal fluctuation energy. According to 

Ref. [30] (Supplementary Information V), U
C
 and H

crit
 are defined as 

U
C
[u

C
/2(+1)]

 
DW

t
f
u

2

C
/(1+)L

C
 and H

crit


DW
/M

S
L

2

C
, respectively, 

where  is the correlation length of the disorder potential, u
C
 is the roughness 

of the DW segment with length L
C
, and L

C
 is the Larkin length that is the 

characteristic length of rigid microscopic DW segments. M
S
, t

f
, and 

DW
 are 

the saturation magnetization, the film thickness, and the DW energy density 

per unit area, respectively. Applying the relation L
C
=(2

DW
t
2

f
2

/)1/3
 [31] with 

the pinning strength  of the disorder,  can be written as a function of , , u
C
, 

, t
f
, kBT, M

S
, and 

DW
. Because all other parameters except 

DW
 do not 

depend on a magnetic field, the field dependence of  can be solely attributed 

to the field dependence of 
DW

, i.e., (H
x
)[

DW
(H

x
)]

1/4
 or  

 

(H
x
)=(0)[

DW
(H

x
)/

DW
(0)]

1/4
.    (3.4) 

 

Note that Eq. (3.4) is identical to the empirical Eq. (3.3) by equating 

f(H
x
)=

DW
(H

x
)/

DW
(0). It is therefore possible to conclude that the 

experimentally-observed H
x
-dependence of the DW speed and consequently, 
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the shape of the equi-speed contour are attributed to the variation of the DW 

energy density with respect to H
x
. 

Recent studies [20,49] on the DMI effect on DWs have proposed that 


DW

 is given by 

 

     coscos2, DMIS

2

D0DW HHMKH xx  , (3.5) 

 

where 
0
 is the Bloch-type DW energy density, K

D
 is the DW-anisotropy 

energy density [52], and  is the DW width. The angle  of the magnetization 

direction inside the DW is defined as the azimuthal angle from the +x axis. 

From the minimization condition 
DW

/=0, the equilibrium angle 
eq

 can 

be obtained as cos
eq

=M
S
(H

x
+H

DMI
)/4K

D
. Then, the DW energy with the 

equilibrium angle is given by 
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 , (3.6) 

  

where 4K
D
/M

S
 is the magnetic field required to saturate 

eq
 to 0. The best fit 

using Eqs. (3.4) and (3.6) is plotted with the black solid lines in Figs. 3a and b 

and also, the equi-speed contour lines in Fig. 3.2. The best fitting parameters 

are found within the range of the typical values known for Pt/Co/Pt films, 

which are 
0
=4.70.3 mJ/m

2
 and K

D
=(1.40.1)10

4
 J/m

3
 with M

S
=1 T [32,58] 

and =5 nm. The value of H
DMI

 estimated from Fig. 3.2a is used in the present 

fitting. The good consistency with the experimental data verifies the role of 

H
DMI

 on the DW energy density and the shape of the equi-speed contours. 
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The present theory can be readily extended for a magnetic field with 

an arbitrary angle by simply inserting the term -M
S
H

y
sin into Eq. (3.5). 

The dashed red circles in Fig. 3.1b show the calculation results of the DW 

shape after the asymmetric expansion using the best fitting parameters 

determined from Fig. 3.3b. The exact match to the shape of the circular image 

validates the concept of the present theory, which explains the asymmetric 

DW expansion with respect to H
x
. 

Finally, we examine the helicity of H
DMI

 with respect to the 

magnetization direction of the neighboring domains. For this examination, 

another experiment with opposite magnetic polarities is performed, in which a 

circular domain is magnetized along the –z direction and the outer domain is 

magnetized along the +z direction. Note that all polarities of the domains in 

this latter experiment are opposite to those shown in Fig. 3.1 for the former 

experiment. To expand the circular domain, a magnetic field is applied along 

the –z direction. Figure 3.4 summarizes the results. It is clear from the figure 

that the latter experiment exhibits essentially an identical behavior, except the 

opposite sign of H
DMI

 in comparison to the former experiment. This 

observation implies that H
DMI

 is always pointing from the domain magnetized 

along the +z direction to the domain magnetized along the -z direction. 

Therefore, the chirality is maintained identical for both experiments in 

accordance with the prediction on the basic properties of H
DMI

 [20,49,50,51]. 

In the latter experiment, if we rotate the observation coordinate by 

180 with respect to the x axis, all polarities of the domains and the external 

magnetic field in the new coordinate become identical to those shown in Fig. 

1 for the former experiment. Nevertheless, the signs of H
DMI

 of these two 

experiments remain opposite to each other. The opposite sign of H
DMI

 is 

inevitably attributed to the flipping of the sample in the new observation 
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coordinate for the latter experiment; thus, the layer structures in the two 

experiments have opposite asymmetries. It is therefore natural to understand 

that the H
DMI

 values have opposite signs because the DMI effect is caused by 

the asymmetry of the layer structure [48,49]. Thus, the present experiments 

prove the direct relation between the sign of H
DMI

 and the asymmetry of the 

layer structure. 

 

 

Fig. 3.4 *
 vs. H

x
 of the latter experiment with opposite magnetic polarities. The solid 

line is obtained using the best fitting values for Fig. 3.3, except the opposite polarity 

of H
DMI

. The inset shows the equi-speed contour map. The symbols and the lines are 

identical to those in Fig. 3.2. 

 

However, it is surprising that the magnitude of H
DMI

 is notably strong, 

although it is commonly expected [12,13,20,22] that the asymmetry is small 

in the present sample because the magnetic Co layer is sandwiched between 

identical nonmagnetic Pt layers and because the layer structure (5.0-nm 

Ta/2.5-nm Pt/0.3-nm Co/1.5-nm Pt) is almost symmetric with only a small 

thickness difference. Note that the measured H
DMI

 is larger than the DW 
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anisotropy field 4K
D
/M

S
 (=222 mT). Thus, the DWs in this sample are 

expected to spontaneously remain in the Néel-type configuration even without 

any in-plane magnetic field. 

 

 

3.5 Presence of DMI in Pt/Co/Pt Films 

Such sizeable H
DMI

 might be caused by the asymmetric interface 

formation because the interface that is formed by depositing Co atoms onto a 

Pt layer is generally different from the interface that is formed by another 

sequence [8,67]. Then, such a different interface structure induces the 

asymmetric interfacial structure. These interfacial effects are expected to be 

crucial in the present sample because the sample has only approximately 1.5 

monolayers of Co atoms. Thus, all Co atoms must be completely influenced 

by the interfacial structure. A sizable H
DMI

 is observed for the films with the 

Co layer thickness up to 1.1 nm, up to which the perpendicular magnetic 

anisotropy is maintained.  

It is also revealed experimentally that the magnitude of H
DMI

 is 

sensitive to the environment of the interfaces including the Pt layer thickness. 

We examine the Pt layer thickness dependence of the DMI in Pt/Co/Pt films 

with structures of 5.0-nm Ta/x-nm Pt/0.3-nm Co/y-nm Pt with systematically 

adjusting the thickness of lower (x) and upper (y) Pt layers as shown by Fig. 

3.5. Interestingly, the DMI-induced asymmetry is found to be changed 

systematically with respect to the sample structures: The DMI-induced 

asymmetry is sensitively decreased with increasing lower Pt layer thickness 

(Fig. 3.5(a)), whereas it is insensitive to the upper layer thickness ((Fig. 

3.5(b)). The samples with thick (>5 nm) lower Pt layer exhibits almost 

symmetric behavior as shown by Fig. 3.6 [22,23]. This observation clearly 
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signals that the interface properties are quite influenced by the growth 

environment of the interfaces, especially with the lower layer. 

 

 

Fig. 3.5 The DMI-induced asymmetry in V with respect to Hx depending on the 

thickness of (a) the lower (x) and (b) the upper (y) Pt layers. For each curve, the 

applied Hz is determined to induce similar velocities with those of other curves and 

the definition of V is identical with Fig. 3.2. 
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Fig. 3.6 Almost symmetric V with respect Hx obtained from films with thick Pt layers. 

The black dotted line is shown as a reference of the asymmetric DW motion. The 

definition of V is identical with Fig. 3.5. The letters a, b, and c indicate the thicknesses 

of Ta buffer layer, lower Pt layer, and upper Pt layer respectively. 

 

3.6 Conclusion 

In conclusion, we demonstrate here that the asymmetric expansion 

observed in purely field-driven DW motion is attributed to the DMI effect. 

This DMI effect modifies the DW energy density by tilting the magnetization 

direction inside the DW and consequently affects the DW creeping speed. Our 

experiment on the asymmetry directly quantifies the DMI-induced effective 

field, which is found large enough to induce the Néel-type DW in 

ferromagnetic Pt/Co/Pt films. 

 

3.7 Validity Check of the DMI-induced effective 

field measurement 

 As a validity test of our method, we will interpret the DW motion in 

the Pt/Co/AlOX in terms of SOT and chiral DW mechanism. In Pt/Co/AlOX, it 

is reported that the DW moves to the direction of current flow [5,6]. To 

determine the sign of DMI in this material, we measure the asymmetric 
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domain wall velocity under in-plane magnetic field as shown in Fig. 3.7. The 

data corresponds to the velocity of up-down DW moving along the +x 

direction. Although we cannot determine the magnitude of 𝐻DMI from the 

curve, the direction of 𝐻DMI can be determined. Since the slope of velocity at 

𝐻𝑥 = 0 mT is negative, the direction of 𝐻DMI for up-down DW is along the 

-x direction, indicating the left-handed chirality as shown in Fig. 3.8. 

Furthermore, since the inversion symmetry axis is not observed in the present 

𝐻𝑥 range, the magnitude of 𝐻DMI is larger than 90 mT. 

 

 

Fig. 3.7 Up-down DW velocity in Pt/Co/AlOx with respect to 𝑯𝒙. 

 

With the measured chirality here, we can predict the direction of the 

SOT-driven DW motion here. In Pt/Co/AlOX, the spin current from Pt layer 

exert torque on this DW with left-handed chirality, then the effective field on 

DW is upward as shown in Fig. 3.8. Then the SOT-induced effective field 

pushes the up-down DW to the current direction. This prediction well 

reproduces the experimental reports and we can see that our new method for 

DMI quantification works well [25,68]. 
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Fig. 3.8 Prediction of SOT-induced DW motion in Pt/Co/AlOx. 
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Chapter 4 

Spin-Transfer Torque and Spin-Orbit Torque 

Driven Dynamics of Chiral DWs 

We finally developed a method to determine the chiral nature of 

DWs in our films [25]. In this chapter, by using the method, we will 

investigate the contributions of spin-transfer torque and spin-orbit torque, 

respectively. From the investigation, we report another origin of the DW 

motion along the current flow, which has been the most controversial issue of 

the DW dynamics. We demonstrate existence of negative STT (nSTT) that 

plays a major role in determining the direction of the DW motion in a series 

of Pt/Co/Pt samples. In these samples, all the DWs move along the current 

direction irrespective of the sign and magnitude of the SOT. The driving force 

responsible for all of these DW motions has a peculiar dependence on the DW 

structure, which is found to be attributed to the nonadiabatic component of the 

nSTT. The efficiency of the nSTT is observed to be comparable and additive 

to that of the SOT, enabling us to boost up the total DW-motion efficiency—

the critical parameter in emerging spintronic devices.  
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4.1 Introduction 

In the last decade, there have been remarkable advances in the study of 

current-induced domain wall (DW) motion as the key operation principle of 

emerging memory and logic devices. It is now possible to attain high DW 

speeds up to 400 m/s, low operation current densities down to 10
9
 A/m

2
, and 

precise DW position control with an accuracy better than 1 μm [3,6,7]. All 

these achievements enhance the opportunities for high-speed, low-power, and 

high-density next-generation spintronic devices, as demonstrated by recent 

developments of multi-bit shift registers [4]. 

Despite these technological advances, the understanding of the 

underlying mechanisms of the current-driven DW motion remains to be 

clarified. The most prominent example of the controversy is the unexpected 

experimental observations of ‘DW motion along the current direction [4-7] 

(DWM-CD)’. This direction is opposite to the prediction of ‘DW motion 

along the electron direction (DWM-ED)’ in the standard spin-transfer torque 

(STT) theory [9,10]. To explain this DWM-CD, the spin-orbit torque (SOT)—

generated by the spin-Hall effect [12] (SHE) and/or the Rashba effect [15]—

has been proposed. It has been demonstrated that the SOT can exert a force in 

the direction of the current on chiral DWs, for which the chirality is initially 

controlled by applying an in-plane magnetic field [22]. Recent observation of 

the built-in DW chirality [25,51] due to the Dzyaloshinskii-Moriya interaction 

(DMI) enables one to accomplish the DWM-CD without a magnetic field 

[23,24,69,71]. Therefore, the SOT combined with the DMI has been 

extensively studied as the underlying mechanism of the DWM-CD. 

However, surprisingly, experiments on the current-driven DW motion in 

a series of Pt/Co/Pt samples reveal that all the samples exhibit the DWM-CD 
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irrespective of the direction of the SOT, indicating that the SOT is not the 

major driving mechanism for the DWM-CD. Here, we demonstrate the 

existence of the nSTT, which is observed to be the major driving mechanism 

for DWM-CD in Pt/Co/Pt samples. 

 

4.2 Determination of Spin-Orbit Torque in 

Pt/Co/Pt Samples 

For this study, a series of 5-m-wide strips made of (2.5-nm Pt/0.3-nm 

Co/𝑡Pt
𝑢  Pt) films with different thicknesses 𝑡Pt

𝑢  of the top Pt layer was used in 

this study. This structure was chosen because the sign and magnitude of the 

SOT can be tuned by adjusting 𝑡Pt
𝑢  , and the DW magnetization can be easily 

controlled using a small in-plane magnetic field due to the weak DMI in this 

structure. Hereafter, we will denote the strips with 𝑡Pt
𝑢=1.5, 2.5, and 3.5 nm as 

Sample I, Sample II, and Sample III, respectively. 

First, the direction of the SOT in these samples was measured by 

observing the current-induced perpendicular magnetization switching 

[12,16,22]. When the unit magnetization vector �̂� is tilted toward the x-axis 

(i.e., 𝑚𝑥 ≠ 0) under an in-plane magnetic field 𝐻𝑥 , the SOT induces a 

nonzero perpendicular component 𝐻SOT,𝑧  of the effective magnetic field, 

which is given as 𝐻SOT,𝑧 = 𝛼SOT𝑚𝑥𝐽, where 𝛼SOT is a parameter related to 

the sign and strength of the damping-like SOT [22-24] and 𝐽 is the current 

density along the x-axis. Such 𝐻SOT,𝑧  then causes the perpendicular  

magnetization switching. One can thus determine the sign of 𝛼SOT  by 

observing the switching direction with respect to the signs of 𝐻𝑥 and 𝐽. 

Figure 4.1 presents the experimental results. The results clearly indicate that 
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𝛼SOT has different signs for Samples I (𝛼SOT < 0), II (𝛼SOT ≈ 0), and III 

(𝛼SOT > 0), respectively. These different 𝛼SOT signs are known to be caused 

by the uncompensated SHE contribution from the top and bottom Pt layers of 

different thicknesses (see section 4.7.4), as already verified from similar 

Pt/Co/Pt stacks [22]. 

 

 

Fig. 4.1 Determination of the SOT direction. a-c, Current-induced magnetization 

switching behavior of Samples I (a), II (b), and III (c). In this experiment, an in-plane 

field bias 𝑯𝒙=+140 mT was applied and current pulses with 𝑱=1.210
11

 A/m
2
 for 

40 ms (a, c) and 𝑱=1.710
11

 A/m
2
 for 200 ms (b) were injected. 

 

4.3 Determination of DW chirality 

The built-in DW chirality was then analyzed based on the DW speed 

𝑉 with respect to 𝐻𝑥 [25]. Figure 4.2 shows 𝑉(𝐻𝑥) of the down-up (red 

symbols) and up-down (blue symbols) DWs for each sample. The DW type, 

either down-up or up-down, denotes the polarities of the neighboring domains, 

as depicted in the figure. This figure clearly demonstrates that each 𝑉(𝐻𝑥) 

represents the inversion symmetry with respect to the value 𝐻𝑥
o (dashed line). 
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According to Ref. 25, 𝐻𝑥
o is the direct measure of the DMI-induced effective 

field 𝐻DMI inside the DW (see section 1.4), providing the relation 𝐻DMI =

−𝐻𝑥
o. The determined direction and magnitude of 𝐻DMI are denoted at the 

bottom of each plot. The results clearly demonstrate that all the samples have 

the same built-in DW chirality, which is right-handed chirality, as illustrated 

in Figs. 4.2d-f. 

 

Fig. 4.2 Determination of the built-in DW chirality. a-c, Field-driven DW speed 𝑉 

of the down-up (red) and up-down (blue) DWs for Samples I (a), II (b), and III (c) 

with respect to 𝐻𝑥. In this experiment, the magnitude of 𝐻𝑧 was 1 mT, 3.5 mT, and 1 

mT for Samples I, II, and III, respectively. The axis of the inversion symmetry is 

represented by the dashed lines, indicating the value of 𝐻𝑥
o for each DW. d-f, The 

value of 𝐻DMI determined inside the DWs for Samples I (d), II (e), and III (f). All the 

samples exhibit negative (positive) 𝐻DMI for down-up (up-down) DW, resulting in a 

right-handed chirality. 

 

4.4 SOT-based prediction of DW motion direction 

 These experimental results enable us to predict the direction of the 

SOT-induced DW motion. Table 4.1 summarizes all the experimentally 

determined values and the predicted directions of the DW motion. Because 
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𝛼SOT is opposite for Samples I and III, the directions of the DW motion in 

these samples are predicted to be opposite to each other, whereas Sample II is 

expected to exhibit no (or slow) DW motion with a small 𝛼SOT. The bottom 

row of Table 4.1 therefore lists the predictions of DWM-ED, no (or slow) 

motion, and DWM-CD for Samples I, II, and III, respectively. 

 

Table 4.1 SOT-based prediction with the determined sign of 𝛂SOT and built-in 

DW chirality. 

 Sample I Sample II Sample III 

Sign of SOT < 0 ~ 0 > 0 

    

Built-in DW chirality right-handed right-handed right-handed 

    

Predicted direction of 

SOT-driven DW motion 
DWM-ED no (slow) motion DWM-CD 

The SOT-based prediction is determined by considering 𝐻SOT,𝑧 and 𝑚𝑥
DW, where 

𝑚𝑥
DW is the direction cosine of the DW magnetization inside the DW along the x-axis. 

For example, the up-down DW in Sample I has 𝑚𝑥
DW parallel to the +x axis (Fig. 

3.2d), and then, a positive 𝐽 generates 𝐻SOT,𝑧 parallel to the z axis (Fig. 3.1a). 

This 𝐻SOT,𝑧energetically prefers the down domain to be expanded, and consequently, 

the up-down DW moves along the x axis, i.e., the direction of electron flow. 

 

4.5 Observation of Negative STT 

Surprisingly, the present SOT-based predictions are completely 

inconsistent with the experimental observations. Figures 4.3a-c show the DW 

displacement solely induced by current pulses for Samples I (a), II (b), and III 

(c), respectively. It is clearly seen from the figure that all the DWs in these 

samples exhibit DWM-CD, regardless of the prediction listed in Table 4.1. 

Therefore, the DWM-CD observed in the present Pt/Co/Pt samples cannot be 
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explained by the SOT, signaling the presence of another origin accounting for 

the DMW-CD. 

To uncover the origin of the present DWM-CD, the current-induced 

effective magnetic field 𝐻𝑧
∗ on the DWs was quantified based on the DW 

speed 𝑉(𝐻𝑧, 𝐽), where 𝐻𝑧 is the out-of-plane magnetic field. By comparing 

𝑉(𝐻𝑧, +𝐽) and 𝑉(𝐻𝑧, −𝐽), 𝐻𝑧
∗ can be determined as a function of 𝐽 (see 

section 4.7.2). The measured 𝐻𝑧
∗  was observed to be proportional to 𝐽 , 

yielding the relation 𝐻𝑧
∗(𝐽) = 𝜀𝐽  with the current-to-field proportionality 

constant 𝜀. Figures 4.3d-f show the 𝐻𝑥 dependence of 𝜀 for the down-up 

(red dots) and up-down (blue dots) DWs of the samples. Note that the abscissa 

is scaled by 𝐻𝑥 + 𝐻DMI for each DW using the value of 𝐻DMI determined in 

Fig. 4.2. With this abscissa, one can directly compare the same DW 

configurations between the down-up and up-down DWs with respect to this 

abscissa because the DW configuration is stabilized by the total magnetic 

field 𝐻𝑥 + 𝐻DMI on the DW. 

Samples I and III exhibit a typical behavior in 𝜀 that, with varying the 

total magnetic field, 𝜀  is saturated in the Néel configurations at high 

magnetic fields through a gradual transition over the Bloch configuration at 

near-zero magnetic field; but the 𝜀 of Sample III shows the opposite slope 

with respect to that of Sample I. This observation indicates that a sizeable 

SOT-induced contribution exists in 𝜀, because the SOT-induced contribution 

𝜀SOT is proportional to the x component of the DW magnetization [20,22], 

which exhibits the same behavior with respect to the DW configuration. Thus, 

the opposite slopes in 𝜀 vs. 𝐻𝑥 + 𝐻DMI graphs indicate that the samples 

have the opposite signs of 𝛼SOT, in accordance with the observation in Fig. 

4.1. It is noted that, however, there exists significant difference between the 

up-down and down-up DWs, manifesting that the sole contribution of the 
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SOT cannot fully explain the behavior of 𝜀 . This large deviation is 

emphasized in Sample II, for which the SOT is almost compensated by the 

symmetric layer thicknesses of the top and bottom Pt layers. 

 

Fig. 4.3 Determination of 𝜺. a-c, Scanned magneto-optical Kerr effect (MOKE) 

images of the purely current-induced DW displacements in Samples I (a), II (b), and 

III (c). In this experiment, current pulses with 𝐽=6.110
10

 A/m
2
 for 0.4 s (a), 

𝐽=1.110
11

 A/m
2
 for 1.5 s (b), and 𝐽=6.910

10
 A/m

2
 for 0.5 s (c) were injected. The 

red and blue arrows indicate the direction of 𝐻𝑧
∗ inside the down-up and up-down 

DWs, respectively. d-f, 𝜀  of the down-up (red) and up-down (blue) DWs with 

respect to 𝐻𝑥 + 𝐻DMI  for Samples I (d), II (e), and III (f). g-i, Decomposed 

components 𝜀1 (purple) and 𝜀2 (green) of Samples I (g), II (h), and III (i). The 

dashed line represents the predicted 𝜀SOT . The vertical red lines indicate the 

saturation field 𝐻S to the Néel configuration. 

 

It turns out that the observed field-dependence of 𝜀 is a combination of 

two origins. Because the deviations of the down-up and up-down DWs are 

opposite to each other, we calculate the deviation 𝜀1  as (𝜀down-up −
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𝜀up-down)/2 with the average 𝜀2 (=(𝜀down-up + 𝜀up-down)/2). Figures 4.3g-i 

present plots of 𝜀1 (purple line) and 𝜀2 (green line) for the samples. It is 

interesting to see that 𝜀2 precisely follows the predicted 𝜀SOT [22,71,72] 

(dashed line, see section 4.7.2), indicating that this contribution is truly 

attributed to the SOT i.e., 𝜀2 = 𝜀SOT . The most surprising and salient 

observation in these graphs is that all the 𝜀1s also exhibit exactly the same 

functional shape, signaling the existence of a common origin. The negative 

sign of 𝜀1 implies that a negative (positive) effective field is applied on the 

down-up (up-down) DWs, as illustrated in Figs. 4.3a-c, resulting in the 

DWM-CD. Because the maximum magnitude of |𝜀1| is found to be larger 

than that of |𝜀SOT| in all the samples, one can conclude that 𝜀1, rather than 

𝜀SOT, provides the major driving force responsible for the DWM-CD in these 

Pt/Co/Pt samples. 

The negative sign of 𝜀1 could be a consequence of namely the nSTT, of 

which the sign is opposite to that predicted in the standard STT theory. In the 

standard STT theory, the nonadiabatic STT [33] induces the current-to-field 

efficiency 𝜀STT, as given by 𝜀STT = 𝛽𝑃ℏ/2𝑒𝑀𝑆𝜆, with the nonadiabaticity 𝛽, 

spin polarization 𝑃 , Planck constant ℏ , electron charge 𝑒 , saturation 

magnetization 𝑀S, and DW width 𝜆. In contrast to the presumption that all 

the parameters are positive in the standard STT theory, recent theoretical 

studies have revealed the possibilities of a negative 𝑃 in CoPt alloys with 

dilute Co concentration [73] and a negative 𝛽 in DWs narrower than several 

nanometers [74]. Although we are presently unable to verify these 

possibilities, our experimental situation is relevant to a dilute Co 

concentration with very thin Co layer sandwiched by thicker Pt layers and/or 

the formation of narrow DWs, as discussed below. 
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The peculiar shape of 𝜀1 can then be explained by the variation of 𝜆 

and the tilting of the magnetization outside the DW. Figure 4a shows the 

micromagnetic prediction (see section 4.7.2) that 𝜆 varies with respect to 𝐻𝑥 

via the transition of the DW configurations. Such variation of 𝜆 is caused by 

the counterbalance between the magnetostatic energy and the Zeeman energy 

inside the DW. Owing to the inverse proportionality of 𝜀STT  on 𝜆, this 

variation of 𝜆 results in the variation of 𝜀STT/|𝛽𝑃| (red line), as shown by 

Fig. 4.4b. The 𝐻𝑥-induced tilting of the magnetization outside the DW is 

observed to further enhance the variation of 𝜀STT  and consequently, the 

micromagnetic prediction (blue symbols, see section 4.7.2) agrees 

qualitatively to the experimental shape of 𝜀1 . This observation therefore 

strongly supports the idea that the nSTT is the origin of 𝜀1 and consequently, 

the origin of the DWM-CD in the Pt/Co/Pt strips. 
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Fig. 4.4 Variation of 𝝀 and 𝜺STT/|𝜷𝑷| with respect to 𝑯𝒙 . a, Micromagnetic 

prediction of 𝜆 with respect to 𝐻𝑥. b, Predicted 𝜀STT/|𝛽𝑃| with respect to 𝐻𝑥. The 

red line is calculated using the relation 𝜀STT/|𝛽𝑃| = −ℏ/2𝑒𝑀𝑆𝜆. The blue symbols 

show the micromagnetic prediction. 

 

4.6 Origin of the Considerable Nonadiabatic STT 

 In contrast to the recent reports that 𝜀STT is negligibly small in other 

samples [8,22-24,75,76], the magnitude of 𝜀1 in our samples is considerable. 

This considerable magnitude might be consequence of the ultra-narrow 𝜆 

[74,77-80] in our samples because 𝜀STT is inversely proportional to 𝜆 and 

the nonadiabaticity 𝛽 is expected to vary drastically in the range of narrow 𝜆. 

The formation of ultra-narrow 𝜆  is experimentally supported by the 

experimental observation that the present samples exhibit a large saturation 

field 𝐻S (the red lines in Figs. 4.3g-h), which is needed to saturate the DW to 

the Néel configuration by overcoming the DW anisotropy energy. From the 
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micromagnetic calculation, we find the general relation (see section 4.7.3) 

between 𝐻S  and the Néel-wall width λNW  at 𝐻S , which is given by 

𝐻S = 𝜅
𝑡𝑀S

𝜆NW
 with proportionality constant 𝜅  and ferromagnetic layer 

thickness 𝑡, giving rise to 𝜆NW = 1.1nm as shown in Fig 4.4a. Such a 

narrow 𝜆 is known to appear in ultrathin magnetic films due to the large 

contribution of the interface magnetic anisotropy
 
and smaller exchange 

stiffness than the typical bulk value. Based on this relation, 𝜆 in the present 

samples is estimated by roughly 10 times narrower than the previous reports 

because of the several times larger 𝐻S and two times thinner 𝑡 than those of 

other reports, and thus results in notably large nonadiabatic STT governing 

the DW motion. 

Although the calculated 𝜀STT  with the assumption of constant 𝛽 

reproduces well the qualitative features of 𝜀1, the experimentally observed 𝜀1 

exhibits much larger change than 𝜀STT . This larger change might be 

associated with the variation of nonadiabaticity 𝛽 depending on 𝜆, which is 

theoretically predicted in the narrow DW, whereby the 𝜆  becomes 

comparable to the transport scales such as spin-diffusion length and Larmor 

precession length of a few nanometers. Even considering the case of 

maximum variation of 𝜆 and the tilting effect of adjacent domains in the 

present 𝐻𝑥 range, the variation of 𝜀1 suggests that the nonadiabaticity 𝛽 

should change drastically, at least 3.5 times of increase between the maximum 

and the minimum, to achieve the quantitative agreement with experimental 

data. This result signals the possibility of tuning and enhancing the 

nonadiabaticity 𝛽  by controlling the interfacial anisotropy, exchange 

stiffness and consequently DW width 𝜆. 
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4.7 Supplementary Information and Conclusion 

4.7.1 Sample Preparation 

(5.0-nm Ta/2.5-nm Pt/0.3-nm Co/𝑡Pt
𝑢  Pt) films were prepared on 

Si/SiO2 substrates using d.c. magnetron sputtering under an Ar sputtering 

pressure of ~2 mTorr with a sputtering power of ~10 W. The base pressure 

was kept lower than 310
-8

 Torr. A Ta seed layer was used to enhance the 

adhesion of the Pt layer and to optimize the perpendicular magnetic 

anisotropy. 5-m-wide ferromagnetic strips were patterned on the films using 

ion milling (Fig. 4.5). To create DWs in the strip, a DW writing line was 

attached across the strip. Finally, Au electrodes were deposited for current 

injection and DW writing. 

4.7.2 Details of Methods 

Measurement of 𝑽 driven by 𝑯𝒛 and 𝑱 

In this experiment, 𝑉 was measured using a scanning magneto-

optical Kerr effect (MOKE) microscope with a scanning resolution of ~100 

nm. After saturating the magnetization of the strip by applying an out-of-plane 

magnetic field pulse (±40 mT, 1 s), a DW was created by the local Oersted 

field from a current pulse (∓60 mA, 40 ms) passing through the DW writing 

line. Then, a small out-of-plane magnetic field pulse (∓0.6 mT, ∓3 mT, and 

∓0.6 mT for Samples I, II, and III, respectively) was applied until the DW 

was dragged to the center of the initial position of the probing laser spot. The 

probing laser spot with a diameter of ~1 μm was positioned at a location of 

the strip to detect the DW arrival by monitoring the in-situ MOKE signal. 

After the DW was placed at the initial position, the laser spot was moved to 
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the final position, which was 20 μm away from the initial position. Then, 𝐻𝑧 

and 𝐽 were simultaneously applied to the strip, and the DW arrival time to 

the final position of the laser spot was measured. The DW speed 𝑉(𝐻𝑧, 𝐽) 

was then calculated based on the measured arrival time and the travel distance. 

Here, 𝐽 was estimated with the assumption of a uniform current distribution 

inside the strip because the total layer thickness was much smaller than the 

mean free path of the electrons. 

 

Determination of 𝛆 

Figure 4.5 plots the measured 𝑉 with respect to 𝐻𝑧 for opposite 

current bias +𝐽  (red dots) and −𝐽  (blue dots). The figure clearly 

demonstrates that the two curves precisely overlap (cross symbols) if one 

shifts the curves along the abscissa by either +∆𝐻𝑧 (for +𝐽) or −∆𝐻𝑧 (for 

−𝐽). According to Ref. 7, the amount of parallel shift ∆𝐻𝑧 corresponds to the 

current-induced effective field 𝐻𝑧
∗ . The measured 𝐻𝑧

∗  is observed to be 

proportional to 𝐽  (Fig. 4.6), yielding the relation 𝐻𝑧
∗(𝐽) = ε𝐽 . In this 

experiment, the temperature rise due to the Joule heating was shown to be 

negligible (<0.5 K) over the experimental range of 𝐽 (1.410
10

 A/m
2
) 

 

Calculation of 𝜺SOT  

The dashed lines in Figs. 4.3g-i show the best fit based on the 

relation 𝜀SOT = 𝛼SOT𝑚𝑥
DW , where 𝑚𝑥

DW  is the direction cosine of the 

magnetization inside the DW along the x-axis. The stable 𝑚𝑥
DW  was 

determined by the counterbalance between the DW anisotropy energy and the 
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Zeeman energy [25], where the Zeeman energy is generated by the total 

magnetic field 𝐻𝑥 + 𝐻DMI on the DW. 

 

 

Fig. 4.5 Determination of 𝑯𝒛
∗. 𝑉 with respect to 𝐻𝑧 for opposite current bias +𝐽 

(red) and 𝐽 (blue), respectively, where 𝐽 = 1.0 × 1010A/m2. The cross symbols 

show the data shifted along the abscissa by either +∆𝐻𝑧 (for +𝐽) or −∆𝐻𝑧 (for 

−𝐽) , respectively. The inset shows the secondary electron microscope image of the 

sample. The electrodes E1 and E2 are used to inject the current through the 

ferromagnetic strip (S) and the electrodes E1 and E3 used to inject the current through 

the DW writing line (W). 
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Fig. 4.6 Determination of 𝜺. 𝐻𝑧
∗ with respect to 𝐽 for the up-down (blue) and 

down-up (red) DWs, respectively. The dashed lines show the best fit based on the 

relation, 𝐻𝑧
∗(𝐽) = ε𝐽. 

Micromagnetic simulations 

The micromagnetic calculation was performed by OOMMF with the 

STT module [81]. In the calculation, the typical values [58] of the saturation 

magnetization (1.410
6
 A/m), the exchange stiffness (1.010

-12
 J/m), the 

uniaxial anisotropy constant (2.010
6
 J/m

3
), and the Gilbert damping constant 

(0.5) for the Pt/Co/Pt films were used. The size of the cubic simulation cells 

was selected to be 0.3 nm, which is sufficiently smaller than . For numerical 

calculation, 8,000 (x-axis)  1 (y-axis, periodic boundary condition)  1 (z-

axis) cells were employed. After full relaxation,  was determined using the 

relation 𝑚𝑧(𝑥) = tanh[(𝑥 − 𝑥0)/𝜆], where 𝑥0 is the center of the DW. For 

the calculation of 𝜀STT , 𝑉(𝐻𝑧, ±𝐽)  was calculated by tracing 𝑥0  with 

respect to the simulation time, where 𝑃 and 𝛽 were set to 0.5 and -0.4, 

respectively. To exclude the effect from the magnetostatic field, 𝑉  was 

measured at the center of the strip. The procedure to determine 𝜀STT was 
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exactly the same as that used to determine 𝜀 based on 𝑉(𝐻𝑧, ±𝐽). 

 

4.7.3 Estimation of domain-wall width by measuring 𝑯𝐒 

One simple way to estimate domain-wall (DW) width 𝜆 is to use 

the equation 𝜆 = √
𝐴

𝐾eff
, where 𝐴 is exchange stiffness and 𝐾eff is effective 

uniaxial anisotropy. However, in ultrathin ferromagnetic films, due to the 

difficulties in the measurement of 𝐴  and the possibility of significant 

reduction of 𝐴 from the bulk value, the determination of 𝜆 can contain 

some uncertainty. As an alternative way, here, we find a universal relation 

between the 𝜆 and experimentally measurable field 𝐻S, which is needed to 

rotate the domain wall to the Néel structure overcoming the domain wall 

anisotropy energy.  

Figure 4.4a shows the result of micromagnetic simulation that the 

DW width 𝜆 and 𝜓, the angle between DW magnetization and x-axis, vary 

with respect to applied in-plane field 𝐻𝑥 for a given magnetic properties such 

as 𝐴, 𝑀𝑆 , 𝑡  and 𝐾eff . In this figure, the 𝐻S  is the point where cos𝜓 

becomes to 1 with increasing 𝐻𝑥 and 𝜆NW is the Néel wall width at 𝐻S. 

The obtained 𝐻S and 𝜆NW for arbitrary magnetic properties are plotted in 

Fig 4.7 with taking the abscissa as 
𝑡𝑀S

𝜆NW
. Surprisingly, the result show that all 

data with arbitrary magnetic properties collapse on the single line, which is 

given by 𝐻𝑆 = 𝜅
𝑡𝑀S

𝜆NW
 with proportionality constant 𝜅 = 1.6 × 10−7Tm/A. 

With this universal relation for 𝑡 = 0.3nm , 𝑀S = 1.4 × 106A/m  and 

𝐻S = 60mT, we find 𝜆NW = 1.1nm in our samples as shown in Fig. 4.4a. 
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Fig. 4.7 General relation between 𝑯𝐒  and 𝝀  obtained from arbitrary magnetic 

properties. 

4.7.4 Estimation of the spin diffusion length and the spin-

Hall angle of Pt 

According to Ref. 82, the net spin-Hall current 𝐽SH
net from the top and 

bottom Pt layers can be written as 𝐽SH
net = 𝜃SH

Pt 𝐽[sech(𝑡Pt
top

/𝜆sf) − sech(𝑡Pt
bottom/

𝜆sf)], based on the relation 𝐽SH = 𝜃SH
Pt 𝐽[1 − sech(𝑡Pt/𝜆sf)] of the spin-Hall 

current 𝐽SH from a single Pt layer, where 𝜆sf is the spin diffusion length in 

Pt and 𝑡Pt is the thickness of Pt layer. The experimentally determined ratio (-

1.830.05) of 𝜀SOT  between Samples I and III (Figs. 4.3g and i) thus 

quantifies 𝜆sf as 1.350.04 nm, which is close to the reported value [83] 

(1.40.3 nm). By adopting the relation [20] 𝜀SHE = 𝜋ℏ𝜈𝜃SH
Pt/4𝑒𝑀S𝑡f with 

𝜈 = sech(𝑡Pt
top

/𝜆sf) − sech(𝑡Pt
bottom/𝜆sf), 𝜃SH

Pt  is estimated to be 0.0620.02, 

which is again close to the values from the previous report [83] (0.05~0.08). 

These estimations confirm again that the SOT in the present sample is largely 

attributed to the SHE. The small discrepancy with the reported values might 

be caused by the Rashba effect, which is presently not possible to quantify. 
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4.7.5 Conclusion 

In summary, we experimentally demonstrate here the existence of the 

nSTT, whose magnitude is even larger than that of the SOT in Pt/Co/Pt films. 

The nSTT is therefore the hidden key factor to solve the long lasted issue; 

why the DW moves in the direction opposite to the standard STT theory. In 

contrast to the recent consensus that the SOT solely explains this issue, it is 

found that the nSTT also provides the key mechanism in DW motion. Since 

the nSTT is additive to the SOT, further optimizing the material properties 

with the proper selection of materials and layer structures will enhance the 

efficiency of the current-driven DW motion and thus, enhance the feasibility 

of emerging DW-mediated logic and memory devices.. 
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Chapter 5 

Extrinsic Transition of DW Growth Pattern 

As an effort in the application, this chapter presents the extrinsic 

method how to obtain single domain configuration from ferromagnetic films 

which intrinsically show dendritic growth pattern. We report on the basis of 

experiments that magnetic domain structures exhibit a transition between 

single and dendrite domains with respect to the width of ferromagnetic 

nanowires. The transition is directly observed in CoFe/Pt multilayered 

nanowires having a width in the range of 580 nm to 3.5 μm with a magnetic 

force microscope. The nanowires wider than 1.5 μm show typical dendrite 

domain patterns, whereas the nanowires narrower than 690 nm exhibit single 

domain patterns. The transition occurs gradually between these widths, which 

are similar to the typical widths of the dendrite domains. Such a transition 

affects the strength of the domain wall propagation field; this finding was 

made by using a time-resolved magneto-optical Kerr effect microscope, and 

shows that the domain wall dynamics also exhibit a transition in accordance 

with the domain configuration. 
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5.1 Introduction 

Ferromagnetic nanowires have been studied extensively due to their 

potential uses in memory and logic device applications [1,84]. In the recent 

past, nanowires with perpendicular magnetic anisotropy (PMA) have attracted 

considerable interest owing to their unique advantages: smaller domain 

structures and better stability [85]. PMA films exhibit three distinct domain 

configurations: single, dendrite, and scattered-dot domains [86-90], which are 

formed by domain-wall motion, dendrite growth, and nucleation processes, 

respectively. The formation of such distinct domain configurations is 

determined by the counterbalance between the magnetostatic and domain wall 

energies [11,92]. However, recently, it has been proposed that the geometry of 

magnetic nanostructures also modifies the domain configurations, resulting in 

a transition from the dendrite domain to the single domain with a decrease in 

the nanowire width [85,93]. Magnetic nanostructures with such a single-

domain configuration are advantageous for use in domain-wall-mediated 

applications, because of wall-motion-dominant domain dynamics in this 

configuration. In this paper, we report an experimental demonstration of the 

dependence of the domain-configuration transition in ferromagnetic CoFe/Pt 

multilayered nanowires on the nanowire width. 

 

5.2 Experiment 

In this study, Si/100-nm SiO2/5-nm Ta/2.5-nm Pt/(0.5-nm Co90Fe10/1.0-

nm Pt)10 multilayered films were prepared by dc-magnetron sputtering with a 

low (~0.25 Å /sec) deposition rate. The sputtering power was kept to be 10 W 

and the Ar sputtering pressure was 2 mTorr. The base pressure was lower than 
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-8

 Torr. The films exhibited a strong PMA, as confirmed by the square 

magnetic hysteresis loop from a polar magneto-optical Kerr effect (MOKE) 

measurement as shown in Fig. 5.1(a). The coercive field of the films was 

measured to be about 13010 mT. The ferromagnetic nanowires with various 

widths w—ranging from 580 nm to 3.5 μm—were then patterned by electron-

beam lithography and ion milling on CoFe/Pt multilayered films, as shown in 

Fig. 5.1(b). In the lithography process, an electron beam resist (maN-2403) 

was used. The ion-milling process was done with the two incident angles (15 

and 75) to reduce the wire edge roughness. The coercive field of the 

nanowires was slightly increased to 130-160 mT, depending on the wire width 

[30,31]. 

In order to examine the magnetic domain structures, we created domains 

by using thermomagnetic writing, as depicted in Fig. 5.1(c). The 

magnetization of the nanowires was initially saturated in –z direction, 

perpendicular to the film plane, by applying a magnetic field much larger than 

the coercive field. A magnetic field (about 80% of the coercive field) was then 

applied in +z direction and simultaneously, a laser pulse was focused on a 

local spot of the nanowire, to heat up and consequently, reduce the coercive 

field to selectively reverse the magnetization at the spot. The duration of the 

laser pulse was 500 ns and the power was about 5 mW on the wire. The 

typical size of the reversed domains was about 500 nm, in accordance with the 

size of the laser spot. Once such reversed domain was formed, we turned off 

the laser and then, applied a magnetic field pulse (1255 mT and 500-1,500 

ms) to further expand the reversed domain, up to several microns in size. 

Finally, the reversed domain images were observed by use of a magnetic force 

microscope (MFM). In these MFM measurements, the scanning height was 50 

nm and the scanning step was 58 nm. 
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Fig. 5.1 (a) Out-of-plane MOKE hysteresis loop of the film. (b) Secondary electron 

microscope (SEM) image of the nanowires with different widths. The lighter contrast 

indicates the wires, whereas the darker contrast corresponds to the substrate. (c) 

Schematics of the thermomagnetic domain writing, domain expansion, and MFM 

measurement procedure. 

 

 

5.3 Wire Width Dependent Transition of Domain 

Growth Pattern 

Figure 5.2(a) shows MFM images of the magnetic domains in the 

nanowires with various widths w. The darker area corresponds to the reversed 

domains. It is interesting to note that the observed domain patterns exhibit a 

smooth transition with a decrease in w. In wide nanowires, dendrite-domain 

patterns appear, whereas single-domain patterns are observed in narrower 

nanowires. The transition occurs gradually with the wire width between 690 

nm and 1.5 μm. Note that this transition width is similar to the width 

dispersion of the dendrite domains observed in the wide nanowires. 

In order to understand the observed transition of the domain patterns, a 
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numerical simulation is carried out on the basis of a Monte Carlo algorithm 

[86]. In the simulation, the nanowire is assumed to be composed of identical 

hexagonal single-domain cells (thickness tF = 15 nm and cell-to-cell distance 

dC = 12 nm) in a film plane with periodic boundary condition [94]. Each cell 

is assumed to have a saturation magnetization MS of 0.6 T, a uniaxial 

anisotropy KU of 1.8510
5
 J/m

3
, and a domain wall energy density σW of 1.75 

mJ/m
2
, which are typical values for cells in CoFe/Pt multilayered films. In Fig. 

2(b), we have shown the simulated domain patterns for nanowires with 

various widths. Note that the simulation results basically exhibit fairly similar 

behavior, compared with those indicated by the MFM images. 

In order to examine whether this transition has any influence on the 

domain wall dynamics, the domain wall propagation field HP was measured 

with respect to w. Here, HP is defined as the minimum magnetic field required 

for domain propagation. For this measurement, a scanning MOKE detection 

setup was used [95]. Initially, a reversed domain was created by 

thermomagnetic writing as described above and the MOKE detection spot was 

located at a position, 2 μm away from the reversed domain. A magnetic field 

was then applied in +z direction. The magnitude of the applied magnetic field 

was increased from zero, until an abrupt change of the MOKE signal was 

detected. Such abrupt change of the MOKE signal indicates the passage of the 

domain wall through the detection spot. This measurement procedure enabled 

us to determine HP as the smallest magnetic field for the domain propagation. 

This measurement procedure was repeated for the nanowires with various w. 

The results are summarized in Fig. 5.3. The figure clearly shows that in 

narrow nanowires, HP exhibits a linear relation with the inverse of w; it is well 

known that such dependence on 1/w can be ascribed to the domain wall 

pinning due to edge roughness [30,31,96,97].
 
In such cases, HP is known to be 
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the sum of intrinsic depinning field HD and the extrinsic depinning field HE 

[31]. For the single-domain configuration, it has been analytically predicted 

[31,97] that HE shows a 1/w dependence, which is given by 

HE=(W sin/2MS w), with the angle of edge roughness θ. On the other hand, 

in case of wide nanowires, such a linear relation is not valid for widths above 

width 950 nm. The observation that nanowires wider than 950 nm exhibit 

dendrite domain patterns shows that the domain configuration influences the 

domain wall propagation process. This observation may be explained by two 

features of the dendrite domain patterns: a domain wall having a large length 

has more intrinsic domain wall pinning sites [31] and the expanding region of 

dendrite growth takes a longer time (in comparison to the time taken for the 

unidirectional growth of the single-domain patterns) to approach the probing 

point. 

 

 

Fig. 5.2 (a) MFM images of magnetic domains in CoFe/Pt multilayered nanowires for 

different values of the wire width w. The wire widths are denoted in each image. (b) 

Domain patterns predicted by the Monte Carlo simulations. 

 



77 

 

 

Fig. 5.3 The relationship between the domain wall propagation field HP and the wire 

width w. The solid line is the best linear fit for narrow nanowires. 

 

5.4 Conclusion 

In summary, we demonstrate a transition from dendrite to single domain 

with respect to the width of ferromagnetic nanowires. The domain patterns are 

found to change gradually with reducing the width and finally, single domain 

pattern was realized in nanowires narrower than 690 nm, which is much wider 

than the typical size of modern magnetic nanodevices. This result implies that 

the films—originally exhibiting dendrite domain patterns—can be used in 

domain-wall-mediated nanowire applications. 
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Chapter 6 

Outlook 

In this thesis, we have investigated the DW driving mechanisms in 

the frameworks of spin-transfer torque, spin-orbit torque and Dzyaloshinskii-

Moriya interaction. For the exact evaluation of the SOT contribution on DW 

motion, we developed a method which enables to determine the chiral nature 

of DWs in ferromagnetic devices. With the help of the determined DW 

chirality, we succeeded to separate the contribution and STT and that of SOT , 

and thus, found that the STT is the governing driving mechanism in Pt/Co/Pt 

systems. Moreover, the STT is found to be having opposite sign with the 

standard STT. These are contradictory results with the current consensus that 

the STT contribution is negligibly small and the SOT is the major mechanism 

for DW motion. We believe that these are timely findings that will enable us 

to establish a complete picture of the recently discovered and fascinating 

current-induced DW phenomena. 

Despite of the recent progresses in the field of DW dynamics, 

however, we still have several challenges. First, the origin of negative STT, 

whether its negative value is originated from the negative spin polarization or 

negative nonadiabaticity, should be verified. Considering the theoretical 

possibility of negative nonadiabaticity in the ultra-narrow DW [74], we need 

to design other experiment without DW, for example, STT-induced 

magnetization switching in similar systems. 

Second, we need to study why the STT contribution is large in our 

system and how can engineer the sign and magnitude of it. Due to the ultra- 

thin ferromagnetic layer (few mono-layers) in perpendicularly magnetized 
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materials, it is natural to expect negligible STT contribution [75]. Although, 

we ascribed the considerable magnitude of STT to the formation of ultra-

narrow DW, we do not know why and how the narrow DW can be formed in 

our system. At this point, there can be more realistic model for the 

ferromagnetic layer in stack structure. The possible formation of alloy with 

the adjacent nonmagnetic material [98,99] or the proximity effect-induced 

magnetization [69, 100] should be considered in the realistic model. All these 

considerations might provide the resolution of the formation of ultra-narrow 

DWs and enables the exact evaluation of total current responsible for the STT. 

Finally, as an outlook, we are faced to the new era of spintronics, that 

is, the interface physics of spintronic devices. Recent researches have shown 

that all the interesting and promising phenomena, such as STT, SOT and DMI 

(skyrmion), are have close relationship with interfacial effect [70,101]. In 

spite of the importance in spintronics, however, the study of interface is still 

lacking. In this regard, it is essential to find how we study the interfacial effect 

and how we can engineer the interface. These efforts will bring forth the 

realization of the new type of spintronic device such as skyrmion-based 

memory [102]. 
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국문 초록 

 전류에 의한 자구벽 운동은 차세대 메모리를 구현하는 구동 

원리로 각광을 받고 있다. 전류 구동 자구벽 운동은 1980 년대에 

처음 이론적 가능성이 제시된 이래 꾸준한 발전이 이루었고, 이제 

인류는 그 구동 원리에 스핀 전달 토크, 스핀 오비탈 토크, 

Dzyaloshinskii-Moriya (DM) 상호작용의 3 가지 요소가 존재함을 

알게 되었다. 이 박사학위 논문에서는 수직 자기 이방성을 가지는 

Pt/Co/Pt 자성 박막에서의 자구벽 운동을 이 3 가지 구성 요소를 

기반으로 설명하였다. 

 본 연구를 위해 주사형 자기 커 (Kerr) 현미경을 개발했다. 

이 장비는 나노 소자에서의 자구벽 운동을 관측하기 위해 

제작되었고 특히 수평 전자석이 결합 함으로써, 자구벽의 자화 

방향에 따른 자구벽 운동을 관측할 수 있다. 또한 저온 광학계 

(optical cryostat)과의 결합을 통해 저온 상황에서의 자화에 

대해서도 연구 할 수 있다. 

  전류에 의한 효과를 배제한 상태에서 DM 상호작용에 의한 

나선형 자구벽에 대해 연구하기 위해, 수평 자기장에 의해 자화 

방향을 조절해 가며 자기장에 의한 자구벽 운동을 관측하였다. 수직 

자기 이방성을 가지는 물질에서 수평 방향의 자기장은 대칭성을 

깨트리지 않는다는 상식과 달리, 자구가 비대칭적으로 확장하는 

현상이 관측되었다. 이 현상은 DM 상호작용에 의한 나선형 자구벽 

형성에 의한 것으로 설명되었고, 본 현상을 통해 DM 상호작용의 

방향과 크기를 측정 할 수 있다. 

 앞서 개발된 측정 방법을 기반으로, Pt/Co/Pt 에서의 자구벽 

운동을 3 가지 구성 요소로 해석했다. 이 실험에서 스핀 전달 

토크와 스핀 오비탈 토크를 정확하게 분리하는데 성공했다. 

놀랍게도 Pt/Co/Pt 에서는 기존 스핀 전달 토크 이론과 

반대방향으로 작용하는 스핀 전달 토크가 존재하고 이것이 스핀 

오비탈 토크 보다 더 크다는 것을 밝혀 내었다. 이를 통해 

스핀소자의 구현에서 중요한 구동 원리로써 스핀 전달 토크의 

가능성을 제시했다. 

 응용적인 측면에서의 노력으로, 수직자성박막 제작 시 

고유하게 결정되는 자구 확장 패턴을 나노 패터닝을 통해 
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후천적으로 변화시킬 수 있음을 보였다. 자구벽 운동을 이용한 소자 

제작에서의 단순한 구동을 위해서는 단일 자구벽 운동이 유리한데, 

나노 소자의 폭을 줄임으로써 돌기형에서 단일 자구형으로 변화 

시킬 수 있음을 실험적으로 보였다. 

 이러한 연구들은 전류 구동 자구벽 운동에서 DM 

상호작용과 스핀 전달 토크 조절에 대한 더 많은 연구를 촉진할 

것으로 기대한다. 
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